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The interstellar medium contains filamentary structure over a wide range of scales. Under-
standing the role of this structure, both as a conduit of gas across the scales and a diagnostic tool
of local physics, is a major focus of star formation studies. We review recent progress in studying
filamentary structure in the ISM, interpreting its properties in terms of physical processes, and
exploring formation and evolution scenarios. We include structures from galactic-scale filaments
to tenth-of-a-parsec scale filaments, comprising both molecular and atomic structures, from both
observational and theoretical perspectives. In addition to the literature overview, we assemble a
large amount of catalogue data from different surveys and provide the most comprehensive census
of filamentary structures to date. Our census consists of 22 803 filamentary structures, facilitating
a holistic perspective and new insights. We use our census to conduct a meta-analysis, leading to a
description of filament properties over four orders of magnitudes in length and eight in mass. Our
analysis emphasises the hierarchical and dynamical nature of filamentary structures. Filaments do
not live in isolation, nor they generally resemble static structures close to equilibrium. We propose
that accretion during filament formation and evolution sets some of the key scaling properties of
filaments. This highlights the role of accretion during filament formation and evolution and also
in setting the initial conditions for star formation. Overall, the study of filamentary structures
during the past decade has been observationally driven. While great progress has been made on
measuring the basic properties of filaments, our understanding of their formation and evolution
is clearly lacking. In this context, we identify a number of directions and questions we consider
most pressing for the field.

1. THE FILAMENTARY ISM:
A CENTURY OF DISCOVERIES

“Among the most surprising things in connection with
these nebula-filled holes are the vacant lanes that so fre-
quently run from them for great distances. These lanes

Protostars and Planets VII

undoubtedly have had something to do with the forma-
tion of the holes and with the nebula in them.” (Barnard
1907). With these words, E. E. Barnard first reported the di-
rect connection between filaments (dark lanes), dense cores
(holes), and stars (nebulae). This description precedes ob-
servations of molecular line emission (Wilson et al.||1970),
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and hints at a connection between the geometry of inter-
stellar matter and the star formation process. More than
a century and many groundbreaking observations later, we
are still trying to unravel the multiscale physics of star for-
mation, and the meaning of a ubiquitous ISM geometry:
filaments.

A series of theoretical and observational works investi-
gated the basic physical properties of filaments in molecular
clouds in the following decades. The geometrical simplic-
ity of idealized filaments allowed semi-analytic derivations
of hydrostatic equilibrium solutions (Stodolkiewicz]|1963;
Ostriker||1964) and quasi-static gravitational fragmentation
(Larson|1983)). These were later extended to include the in-
fluence of magnetic fields (Nagasawal(1987; \Hanawa et al.
1993) and external pressure (Fiege and Pudritz|[2000). Ex-
tinction and infrared (IR) observations illustrated the fil-
amentary nature of clouds, showing signatures of regular
Jeans-like fragmentation (Schneider and Elmegreen||1979)
and promoting the formation of cores and stars at high
efficiencies (Hartmann [2002). Polarization measurements
quantified the relative orientation between magnetic fields
and filaments (Hall|1955;|Vrba et al.||]1976;|Goodman et al.
1990). In parallel, large-scale molecular maps first ex-
plored the internal kinematics of filaments (Loren| [1989b)
typically exhibiting multiple velocity components (Duvert
et al.|[1986). Limited in resolution and sensitivity, most of
these early works targeted “prototype” filaments in the solar
neighbourhood, such as the B213-L1495 filament in Tau-
rus (Mizuno et al.||1995), the Ophiuchus Streamers (Loren
1989a)), or the Integral Shape Filament (ISF) in Orion (Bally
et al.|[1987). Later, these studies were extended to other fil-
aments in our Galaxy, with particular attention paid to fil-
aments with extraordinary mass (Schneider et al.|[2010) or
length (Jackson et al.|2010).

The detailed study of filaments was revolutionized by the
Herschel Space Telescope wide-field far-infrared (FIR) con-
tinuum maps (Pilbratt et al|2010). The unprecedented dy-
namic range of Herschel highlighted the high degree of fila-
mentary organization of the gas in molecular clouds (André
et al.|2010; Molinari et al.|2010). Its enhanced sensitivity
provided the first homogeneous measurements of filament
masses, radial profiles, and characteristic radii across entire
clouds (Arzoumanian et al.|[2011, 2019} |Palmeirim et al.
2013; |Konyves et al.[2015). The filaments exhibited a char-
acteristic density profile with a nearly constant diameter of
0.1 pc (Arzoumanian et al.|2011). The strong influence of
these initial Herschel results merited a chapter in the pre-
vious Protostars & Planets VI (PPVI, |André et al.|2014),
becoming one of the most cited papers of this series.

After PPVI, a new generation of studies is transform-
ing our description of filaments. Continuum and line ob-
servations have now identified filaments over an enormous
range of scales and environments, from sub-parsec struc-
tures within clouds (Hacar et al.|2013) up to kpc-sized ob-
jects associated with spiral arms (Zucker et al.|2015), and
from the densest high-mass star-forming regions (Zrevisio-
Morales et al.|2019)) to the atomic ISM (Clark et al.|2014).

A Physical Description of the Filamentary ISM

High-resolution ALMA observations have revealed com-
plex networks of filaments related to massive star formation
(Peretto et al. 2013} |Hacar et al.|[2018)) and Infrared-Dark
Clouds (IRDCs, |Henshaw et al.|2014; |Barnes et al.|2021)).
Novel theoretical works explored different formation mech-
anisms for filaments at different scales (Hennebelle|[2013;
Inoue and Fukui|2013; [[noue et al.|2018; |Chen et al.|2016;
Duarte-Cabral and Dobbs|2017;|Abe et al.|2021). In con-
trast to a classical static description, modern simulations
show how filaments dynamically evolve and interact with
their environments over time (e.g. Smith et al.||2014b).
Zoom-in simulations illustrate filaments with a complex
substructure that greatly depart from idealized cylinders
(e.g.|Li and Klein|2019). The widespread detection of fil-
aments in many types of simulations and observations sug-
gests that while the physical processes that underlie fila-
ment formation must be anisotropic, they are not necessar-
ily unique.

This chapter reviews the state-of-the-art observational
and theoretical research on the filamentary nature of the
ISM by the time of the Protostars & Planets VII confer-
ence in 2022. By synthesizing the substantial efforts of the
star formation community over the last 10 years, we aim
to provide an updated description of filaments at different
scales and environments. This chapter introduces a novel
meta-analysis of multiple filament surveys presented in the
literature. Our goal is to articulate what is currently known,
and to illuminate the path forward for future studies of ISM
filaments. We restrict our discussion to filamentary struc-
tures with linear scales between ~ 500 pc and ~ 0.01 pc,
a range of scales that excludes larger-scale structures like
Galactic spiral arms, and structures below the scale of pro-
tostellar core collapse. Our aim is to describe the initial
conditions for the formation of individual stars and clusters
in the Milky Way, setting the scene for further discussions
on the origin and evolution of stars and disks (see PPVIIL
reviews by Pineda et al and Pattle et al).

2. DEFINITIONS AND HYDROSTATIC EQUILIB-
RIUM

The total mass, M, and length, L, are two properties of-
ten derived from observations of filaments. Both M and
L values are typically obtained from the analysis of maps
of the column density, /N, derived either from continuum
(given a gas-to-dust ratio) or molecular line (assuming a
molecular abundance) observations. Mass and length define
a filament’s line mass m (mass per unit length), typically in

units of M, pc

m= . (1

The gas dynamics inside filaments are inferred from
the direct measurement of the line full-width-half-maximun
(Av) and line centroids (vpgg) in molecular line spec-
tra. The total gas velocity dispersion (oiot) along the
line-of-sight (LOS) can be derived from the observed ve-
locity dispersion of a given molecular tracer i (oobs,; =
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Awv;/v/81n 2) via the non-thermal gas component
Tt = Oobsi — Othi 2)

with oy, = +/ksT/u;mp, where p; is the molecular
weight of the observed species (e.g. u (F3CO)=29), m,

the proton mass, kp the Boltzmann constant and 7' the
(independently-determined) gas kinetic temperature. Using
the thermal velocity dispersion of the gas

[ kT
Cs = Oth,gas — ,ufn ’ (3)
p

with ¢ =2.33 or 1.27 for molecular or atomic gas, respec-
tively, and combining it with oy results in the total gas ve-
locity dispersion

2 2 | 2
Opy = 0pp +Co . “)

Additional parameters describing the global gas motions,
such as the velocity gradient at scale L (Vvrsg =
Avpgr/AL) and centroid dispersions (o(vpsr)), can be
obtained from the statistics of the line centroids across fil-
aments. The comparison between oy (or ovrsr) and cg
indicates whether the non-thermal motions inside filaments
are subsonic (ony < ¢g), transonic (cs < opt S 2¢g), Or
supersonic (o, > 2c¢s).

The critical line mass of a filament is derived from a hy-
drostatic, isothermal cylinder model (Stodolkiewicz|[1963;
Ostriker||1964):

2¢2

_ s r -1
mcm(T)fG 16.6<10K) Mgpc™t. (5

Filaments can be categorized in terms of gravitational sta-
bility, by considering the ratio of the line mass to a critical
line mass (Ostriker(|1964; \Fischera and Martin|2012a),

m

f= . (6)

Merit

Filaments with f > 1 (supercritical) become radially unsta-
ble and must collapse under their own gravity, while only
those with f < 1 (subcritical) can remain in hydrostatic
equilibrium. This critical line mass plays the same role
as the isothermal Jeans mass in early studies of molecu-
lar clouds (e.g. |Klessen et al.||2000): it relies on a series
of assumptions (hydrostatic equilibrium, isolation, isother-
mality) that may or may not be applicable to observed fila-
ments. This is readily apparent from the fact that many fil-
aments have line masses well in excess of the critical value
(f > 1). To include the contribution from non-thermal mo-
tions to the filament’s stability, the term ¢, can be replaced
by the total velocity dispersion to obtain the virial line mass

Otot
-1
lkms

2 2
mvir(atot) = % ~ 465 (

2
) Mg pct. (7)

This effectively increases the line mass compared to Eq. [
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Furthermore, the stabilising contribution of the magnetic
field can — approximately — be accounted for by adding the
square of the Alfvén speed vy = % , 1.e. the magnetic
pressure supporting the filament against radial collapse as
exerted by a field oriented parallel to the filament to Eq. ]
If we instead assume that the magnetic field is oriented per-
pendicular to the filament, then in the limit of very strong
field myiy < ¢¢ (Tomisakal|2014; Kashiwagi and Tomisaka
2021)), where ¢, is the magnetic flux through the filament
per unit length. This results in less support against gravity
compared to a parallel field configuration (see also |Seifried
and Walch|2015)).

The column density profiles of filaments are often
parameterized by Gaussian functions (see §4.3) or by
Plummer-like curves (Nutter et al.|2008;|Arzoumanian et al.
2011),

nORﬂat
P(1+ (2/Rpat)?) P~ D/27

N(z)= A ®)
where x is the projected distance from the filament spine,
and A, is a proportionality constant. The corresponding
three-dimensional density structure

(1+ (r/Raat) )P/

can be inferred as function of the central volume density
ng and radius r. The filament’s (inner) flat radius is related
to its central column density N(x = 0) = Ny as Rga; =
No/(Apng). The full-width-half-maximum FWHM of the
column density distribution is

®

n(r) =

1/2
FWHM = 2R (22/ (r=1) _ 1) (10)
This definition assumes a filament in isolation, i.e. the half-
maximum refers to a background column density of N = 0.
The isothermal Ostriker filament corresponds to p = 4,
A, =m/2,and
2¢2

2 11
=Gpo’ an

2 _
Rﬂat -

with pg = pumpng, which leads to No = SnoRaay and
FWHM =~ 1.53Rg,t. This solution can be generalized
to include the effects of turbulence, magnetic fields, and
rotation (Nakamura et al.|1993; |Hanawa et al.|1993).
According to a linear stability analysis, hydrostatic fila-
ments can fragment under the influence of gravity if pertur-

bations are larger than their critical value
Acrit = 3.93 - Rfat ) (12)

showing a maximum growth rate for Apax ~ 2 X Acpit
(Stodolkiewicz|1963;|Nagasawal1987} | Inutsuka and Miyama
1992)).

3. A NEW ERA OF GALACTIC SURVEYS

We present an overview of observational studies of fil-
amentary structures on various scales (0.01-500 pc) in the
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ISM. A classification into distinct, well-separated groups of
filaments is difficult or even impossible. For this reason, we
present results sorted by filament families (§3.1H3.8)). These
categories are commonly presented in the literature and can
sometimes depend on the technique, resolution, and sen-
sitivity of the observations used. Consequently, filament
families can partly overlap and individual filaments might
belong to several families. We illustrate some characteristic
examples of each of these families in Fig. [T}

3.1.

The filamentary, parsec-scale substructure of molecu-
lar clouds closer than roughly 500 pc has been a subject
of intensive study using the Herschel satellite data (Ar-
zoumanian et al.|[2011; |Palmeirim et al.|[2013; |Benedettini
et al.|2015; Arzoumanian et al.|2019}; Konyves et al.|2020;
Pezzuto et al.||2021), and techniques from dust emission
to extinction and molecular line emission (Malinen et al.
20125 \Hacar et al.||2013};\Seo et al.|2015; |[Kainulainen et al.
20165 | Arzoumanian et al.|2018; |Orkisz et al.|2019; Suri
et al.|2019). These works employ a variety of algorithms
and techniques to identify filaments from the cloud maps
(see §B3.10). Typical methods identify complex networks
of structures, comprising tens or even hundreds of indi-
vidual, but often connected, (sub-) parsec-scale filaments.
Filaments defined with these methods make up 2-11% of
the area within the cloud maps (Arzoumanian et al.|2019).
However, the filamentary network dominates the mass bud-
get at high column densities (Ay > 7 mag) and harbors
most of the star-forming cores in the clouds (Konyves et al.
2015}, 12020). The filaments are analysed individually, lead-
ing to a census of their properties. Overall, these works
have now built a detailed view of the parsec-scale filamen-
tary networks within the clouds at a resolution of roughly
10 000 AU (0.05 pc).

Arzoumanian et al.| (2019) conducted a homogenous,
systematic study of the properties of filaments in dust-
emission-derived column density maps of eight nearby
molecular clouds. This census focuses on the basic pa-
rameters of the filaments and their distributions, i.e., line
masses, lengths, and radial profiles. Typically, these fila-
ments span a range of line masses of 5-17 Mg, pc~! and
lengths of 0.3-0.8 pc. They reach peak column densities of
3-9 x 10%! cm™2 and dust-based temperatures of 14-16 K.
The radial density profiles of the filaments have received
ample attention because of their connection to the basic
physics of hydrostatic cylinders (see §4.3). Studies based
on dust emission maps from Herschel measure the distribu-
tion of inner widths to have the mean value of about 0.1 pc
with a typical spread of a factor of 2 (Arzoumanian et al.
2011} [2019). Similar values have been measured in C**O
filaments (Orkisz et al.|2019; |Suri et al.|2019), while ob-
servations of denser gas tracers indicate smaller widths at
least for a subset of structures (Hacar et al.|2018, see also
§3.5]and §4.3). The robustness of these results and whether
they indicate a characteristic scale for filament widths con-

Filaments in nearby molecular clouds
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tinue to be debated (Panopoulou et al.|2017; |Ossenkopf-
Okada and Stepanov|2019; |Panopoulou et al.| 2021} see
also §6.5). The radial profiles of the filaments tend to be
well-described by Plummer-like profiles with exponents p
around 1.5-2.5. Observations of polarized dust emission
reveal correlations between the orientation of the magnetic
field and the long axis of filaments: filaments at column
densities below ~ 102* cm~2 are preferentially parallel to
the local magnetic field, while at N > 10?2 cm~2 they are
oriented preferentially perpendicular to the magnetic field
(Planck Collaboration XXXV|[2016; Jow et al.|2018], and

$.3).

3.2. Filaments from Galactic plane surveys

The most substantial Galactic plane filament surveys to
date have been the dust-emission based HiGal (Molinari
et al.|2010; |Schisano et al.|2020), ATLASGAL surveys
(Schuller et al|[2009: |Li et al|2016), and the 3CO and
C80 survey SEDIGISM (Schuller et al.| 2017} IMattern
et al.|2018a). These surveys covered large, continuous sec-
tions of the Galactic plane, resulting in large samples that
enable statistical, Galaxy-wide studies. For example, about
18,400 individual filaments were characterized using the
HiGal survey (Schisano et al.|2020). However, survey re-
sults may be biased in ways difficult to quantify, due to lim-
ited resolution and sensitivity; for example, typical resolu-
tions of the surveys are roughly 15-30", translating to about
0.25-0.5 pc at 3.5 kpc distance. The mass sensitivities are
tracer- and distance-dependent, but are typically on the or-
der of a few 100 M. Thus, filaments detected in Galactic
plane surveys likely include some population of filaments
similar to those detected within nearby clouds (§3.1), but
also larger-scale filaments, substructure of which is not re-
solved at distances of several kpc.

The properties of the filaments detected in the Galactic
plane surveys vary with survey sensitivity. The most sensi-
tive survey to date (HiGal, see |Schisano et al.|2020) finds
filaments with typical lengths of about 5-10 pc, masses of
500-1 000 M, line masses of 20-200 Mg pc~!, and tem-
peratures of 10-35 K. For comparison, the typical filaments
from the ATLASGAL survey are almost an order of magni-
tude more massive, reflecting the poorer sensitivity of AT-
LASGAL. The majority of ATLASGAL survey emission
(~ T0%, |Li et al.|2016)) is in filamentary structures. This is
analogous to the result from nearby clouds that most of the
dense gas is in the filamentary network (§3.1), however, a
direct comparison is difficult because of the different spa-
tial scales the survey probes. So far, only ATLASGAL-
identified filaments have been systematically studied with
molecular lines, with measured 3CO velocity dispersion
around 0.6-2 km s~ (Mattern et al.|2018a). A high frac-
tion of ATLASGAL filaments are detected in '3CO (2-1),
but only a small minority in C*30 (2-1) (Mattern et al.
2018a)). Ongoing surveys in CO will enable substantial im-
provements in coverage and statistics (Su et al.|2019).
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GALFA-HI 21 cm

Fig. 1.— Observations exemplifying each of the filament families identified in section Clockwise from top: (1) HI filaments (
shown in a three-color GALFA-HI intensity map from|Clark] (2018b), where red, green, and blue represent the HI brightness temperature
in sequential velocity channel maps with Av ~ 3kms ™. (2) Hub-filament structures ( in OMC-1 as observed by ALMA (Credit:
ESO/H. Drass/ALMA (ESO/NAOJ/NRAO)/A. Hacar: http://eso.org/public/news/eso1809/| ; see also [Hacar et al][2018). (3) IRDC
G11.11-0.12 from GLIMPSE (Kainulainen et al][2013). (4) “Nessie”, the prototypical giant filament (§3.4) (Jackson et al][2010;
[Mattern et al|[2018D). (5) Herschel 250 pm maps show nearby filaments in Taurus, with two levels of inset figures: a zoom-in to a
region containing striations (§3.6) and a region with dense fibers (§3.3).

3.3. IRDC filaments

Infrared Dark Clouds (IRDCs) commonly show filamen-
tary morphologies, either overall, or in parts. Their proper-
ties have been investigated mostly in case studies
ler al|2014; [Henshaw et al|2014}; [Busquet et al.|2016; [Hen-|
[shaw et al|2016; Williams et al|2018}; [Chen et al]2019}
Sokolov et al.|2019; |[Kong et al.|2019; |Baug et al|2020; [Li
let al|2021b). The filamentary IRDCs are commonly identi-
fied from the Spitzer/GLIMPSE survey by eye as prominent
absorption features. Due to selection effects, the studied ob-
jects are typically located at distances of a few kiloparsecs
(Rathborne et al]2016}; IRygl et al]2010), reach high col-
umn densities (N 2> 50 x 10?* cm~2) and high line masses
(m 2 100 Mg pc™!), and have lengths between roughly
one and a few tens of parsecs. Detailed studies of the
column density structure have uncovered filamentary net-
works and hub-filament structures within them
let al|2016} [Ohashi et al|2016}; [Henshaw et al|2017).

While IRDC filaments have been extensively studied in
the continuum, studies of their kinematics have been more
sparse until recently (e.g. Peretto et al.|2014}; Henshaw et al.|

tionary/environmental stage. Even less well studied are the
magnetic field properties of IRDCs, with only a few clouds
having dedicated investigations (Pillai et al|2013} [Santos|
let al|2016; [Busquet et al.|[2016}; [Afiez-Lopez et al.|[2020}
[Wang et al|2020a}; [Tang et al|2019; Liu et al)2018| see §6]
for further details).

3.4. Giant Filaments

A recent focus in filament studies has been the search
for the longest, most massive filamentary structures in the
Milky Way. The general driver of these works is to un-
derstand the galaxy-scale distribution and organisation of
dense gas that is thought to correspond to kiloparsec-scale
continuous structures commonly seen in external galaxies
(Elmegreen et al|[2018). For brevity, we refer to these
structures as ’Giant Filaments’, noting that further sub-
categories have been proposed based on their physical prop-
erties (Zucker et al.|2018)) and that their properties may de-
pend on the galactocentric radius (Colombo et al|2021).
The first systematic works have identified tens of Giant Fila-
ments (Ragan et al.[|2014} Abreu-Vicente et al.[|2016} | Zucker|
lef al 2013 (Wang et al|2015} 2016} |Li et al]2016}; [Colombo)

|Arzoumanian et al|[2022). A homogeneous analysis of the
kinematics of these structures would greatly enhance our
ability to categorize these structures in terms of their evolu-

et al.|[2021)), varying from tens to hundreds of parsecs in
length, the longest potentially being up to 2 kpc long

let al | 2021)). They cover a wide range of masses up to some
10% M, and their aspect ratios range from about 4 to 100.
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Typical line masses are around 1000 M, pc~!. The studies
use a wide variety of approaches to identify structures based
on dust extinction and emission signatures and CO line
emission. In the abscence of homogeneous criteria, possi-
ble biases arising from different identification mechanisms
are difficult to quantify. Reflecting the variety, the struc-
tures are commonly referred to with various names, e.g.,
’Bones’, ’Galactic filaments’, Giant Molecular Filaments’,
or Large-scale filaments’. Most of these structures are de-
tected in the galactic plane surveys (at least partially), how-
ever, they are usually broken down into smaller structures
by the filament finding algorithms of those studies. Gener-
ally, the Giant Filaments harbor rich sub-structure consist-
ing of a hierarchy of clumps and cores and smaller-scale
filaments (e.g., Jackson et al|2010; |Mattern et al|2018b;
Wang et al.|2020Db).

Zucker et al.| (2018)) analysed the properties of filaments
from different surveys homogeneously, finding qualitative
differences between filament sub-samples. |Zucker et al.
(2018) identified three distinct categories within the pa-
rameter space of dense gas mass fraction versus aspect ra-
tio: high aspect ratio giant molecular clouds, networks of
dense compact sources, and highly elongated, high column-
density filaments (’the Bone candidates’). These categories
may have differing physical origin and they may be domi-
nated by different physical processes. Specifically, the high
aspect ratio, high column-density filaments were suggested
to be the best candidates to trace the spiral arms of the Milky
Way. For a subset of their objects, [ Zucker et al.| (2018) de-
rived steeper radial profiles than what is obtained for nearby
filaments (§3.1).

Zhang et al.|(2019)) also presented a homogeneous anal-
ysis of the physical properties of Giant Filaments, specif-
ically focusing on scaling relations and star formation ac-
tivity. Giant filaments follow scaling relations similar to
Larson’s relations and dense gas vs. star formation rate re-
lations similar to those found in molecular clouds in gen-
eral. Thus, their study promotes a view that long filaments
are not special in terms of their star formation activity, but
follow the same general scaling behavior as other clouds
despite their elongated morphology.

3.5. Dense fibers

The analysis of the gas kinematics in nearby clouds such
as B213-L.1495 in Taurus, or the Integral Shape Filament in
Orion revealed a new type of dense molecular filaments
at small scales, named dense fibers. First reported by
Hacar et al.| (2013)), fibers are distinguished as velocity-
coherent structures in Position-Position-Velocity space.
They have (tran-)sonic velocity dispersions (o < 2 X ¢5)
and smooth oscillatory velocity profiles with local velocity
variations (0vys < ¢). Fibers are commonly observed
in diffuse (e.g. C'80) and dense (e.g. NyH™) molec-
ular tracers, and rank among the lowest-mass molecu-
lar filaments (M ~ 5-10 My). They typically show sub-
parsec lengths (L < Ipc), and have line masses close
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to critical (m ~ mei; see |Hacar et al.|[2018], for a sta-
tistical description). Fibers also exhibit high central gas
densities ng > 10* cm ™3, and small characteristic widths
(FWHM=0.02-0.1 pc; see |[Ferndndez-Lopez et al.|2014]
Hacar et al.|2018; Monsch et al.|2018; |Schmiedeke et al.
2021), making them narrower than most of the Herschel
filaments identified in dust continuum. The first polariza-
tion measurements within fibers indicate random magnetic
field orientations with respect to their main axis (Doi et al.
2020). The magnetic field orientation also changes be-
tween neighbouring fibers and appears different from the
magnetic field detected at scales > 1pc (Arzoumanian et al.
20195 Doi et al.|[2020).

Fibers correspond to the fine substructure within larger
and more massive objects identified in the continuum (e.g.
André et al.|2014). When observed at high enough reso-
lution, an increasing number of works report a rich fibrous
substructure in low-mass clouds (Arzoumanian et al.|2013;
Fehér et al|2016), intermediate mass clusters (Ferndndez-
Lopez et al.|2014; |Hacar et al.|[2017a), IRDCs (Henshaw
et al.| 2014} |Chen et al.|[2019; |Sokolov et al.|2019), and
high-mass star-forming regions (Hacar et al.|2018;|Trevirio-
Morales et al.|[2019} \Shimajiri et al.|2019; |Li et al.|2021b;
Cao et al|[2021). The presence of an ensemble of of
(sub-)critical fibers (Xgpers) in filamentary regions such as
Taurus, Perseus, and Orion might explain the substruc-
ture of what are apparently highly supercritical filaments
(m > mei) at larger scales (i.e. m o< Xgpers; [Hacar et al.
2018).

Simulations with high levels of refinement (Smith et al.
2014b; \Moeckel and Burkert||2015; |Kirk et al.|2015;|Li and
Klein|2019) show filament bundles with a rich substruc-
ture of fibers. Some of the fibers extracted in observations
may not correspond to real gas structures but rather to arte-
facts produced in the line intensity profiles of low-density
tracers (e.g. CO; |Clarke et al.|[2017; |Zamora-Avilés et al.
2017). Nonetheless, the excellent correspondence between
most fibers and the column density distribution within fila-
ments (André et al.|[2014)), as well as their detection in high-
density tracers (e.g. NoH™; Hacar et al.|[2018), suggests
that artifacts are neglibible in large samples.

Some fibers harbour individual or small groups of cores
regularly spaced at distances consistent with their corre-
sponding Jeans length (1afalla and Hacar [2015)). Com-
bined with their (tran-)sonic velocity dispersions up to
parsec-scales, periodic velocity oscillations are found to
relate the positions of these cores with the streaming mo-
tions produced by gravitational fragmentation along their
main axis (Hacar and Tafalla|2011; |[Hacar et al.||2017aj
Heigl et al.|[2018b)). Fibers are proposed to be the first
sonic-like structures formed at the end of the turbulent cas-
cade, which then impart their sonic-like properties to the
embedded cores (Hacar and Tafalla|2011]).
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3.6. Striations

The diffuse parts of several nearby molecular clouds
feature elongated structures termed ‘striations’ (see Her-
schel images of Taurus, Chamaeleon-Musca, Polaris Flare,
L1642 in |Kirk et all|2013; |Cox et al.| 2016; Miville-
Deschénes et al.|2010; \Malinen et al.|2016| respectively).
Striations were first identified by |Goldsmith et al.|(2008)) in
a large dynamic range image derived from CO observations
of the Taurus molecular cloud. Their distinctive character-
istics are that, (a) they appear quasi-periodically spaced
and, (b) they are parallel to the magnetic field (Chap-
man et al.|2011; |Panopoulou et al.||2016; Malinen et al.
2016). Striations are typically found at column densities
of N(Hz) ~ 10%° — 10?! cm™2. While sometimes ob-
served to be connected with dense, star-forming filaments
(Palmeirim et al.|[2013)), striations are also found in areas
devoid of denser material (Goldsmith et al.|[2008}; |Miville-
Deschénes et al.|2010).

Striations may be related to flows parallel to the mag-
netic field that channel material onto denser filaments
(Palmeirim et al.|2013;|Cox et al.|2016). |Heyer et al.|(2016))
studied the velocity structure of striations and found oscilla-
tory behavior in cuts perpendicular to their axis. They pro-
posed that this might be a signature of Kelvin-Helmholtz
instability or of magnetohydrodynamical (MHD) waves.

In a dedicated numerical study, |Tritsis and Tassis| (2016)
quantified the observational properties of molecular cloud
striations in Taurus. While flows along/perpendicular to
the field or Kelvin-Helmholtz instabilities were unable to
reproduce the observed column density contrast (~ 25%),
the propagation of MHD waves was able to match the ob-
served properties. The MHD wave model for the forma-
tion of striations has made two predictions that have so
far been confirmed: the existence of normal modes in en-
vironments where the waves are trapped (7ritsis and Tas-
sis|[2018) and the correspondence of the velocity and col-
umn density power spectra which follow the dispersion re-
lation of MHD waves (found in HI data, [Tritsis et al.[2019).
Chen et al.|(2017) proposed that corrugations of sheets can
be caused by the thin shell instability, yet, this mechanism
over-predicts the column density contrast of observed stria-
tions. Striation-like structures are found in numerous sim-
ulations when considering strongly magnetized (trans- to
sub-Alfvénic) media (e.g |Beattie and Federrath| 2020, see
also §5.1.3).

There is evidence that striations are not a feature of the
molecular phase only, but may also exist in the more diffuse
atomic phase of the ISM (e.g. |Tritsis et al.|2019). |Wareing
et al.|(2016) performed simulations to investigate the role of
the thermal instability in forming filamentary structures and
found striations in their strongly magnetized models which
reproduced the column density contrast of molecular cloud
striations, but formed in the diffuse atomic medium.

Numerous works identify diffuse filaments parallel to
magnetic field lines (Planck Collaboration XXXII 2016
Clark et al.|2014; |Inutsuka et al.|[2015;|Li and Klein|2019)),
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however care must be taken to determine which of these
show the quasi-periodic spacing, low column density con-
trast and oscillatory velocity profiles that are characteristic
of striations. We note that the term ‘striations’ has some-
times been used to refer generally to diffuse filaments paral-
lel to the magnetic field (e.g. \Busquet et al.|2013; |Miettinen
2020), however this choice could lead to confusion. More
work is needed to quantify the properties of striations in a
larger sample of clouds.

3.7. Hi Filaments

Sensitive, high-resolution observations of diffuse HI emis-
sion reveal ubiquitous filamentarity: the sky is patterned
with slender, linear HI filaments, or H1 “fibers” (Clark et al.
2014). Similarly, fine HI filaments are seen in absorption
toward the Galactic Center (McClure-Griffiths et al.|2000).
In both cases typical column densities are < 1020 cm =2
(Kalberla et al|2016| see also). An even more striking
property of the HI filaments is their excellent parallel align-
ment with the local magnetic field orientation, as probed
first by starlight polarization (McClure-Griffiths et al.|2006j
Clark et al.||2014)) and later by polarized thermal dust emis-
sion (Clark et al.|[2015; Martin et al.|2015}; |Kalberla et al.
2016). The HI filaments are well-aligned with the mea-
sured plane-of-sky magnetic field orientation on average,
with some measurable misalignment that may be a useful
probe of turbulence in the nearby ISM (Huffenberger et al.
2020; |Clark et al.|[2021).

The HI filaments have very high aspect ratios, partic-
ularly as seen in the 4’-emission measured in the Galac-
tic Arecibo L-Band Feed Array Survey (GALFA-HI; |Peek|
et al|[2018] see Fig. [[). However, their magnetic align-
ment is still distinctly measurable in lower-angular reso-
lution data like HI4PI (HI4PI Collaboration et al.|[2016),
an all-sky HI map made by combining the 9 EBHIS data
(Winkel et al.|[2016) with the 16" GASS survey (McClure-
Griffiths et al.|[2009). Polarization maps “predicted” from
HI geometry via the assumption that HI filaments are per-
fectly aligned with the magnetic field bear a striking resem-
blance to real measurements of the polarized dust emission
(Clark|2018a; |Clark and Hensley|2019).

Because the HI filaments studied by |Clark et al.|(2014)
are particularly prominent in narrow velocity channels,
Lazarian and Yuen|(2018) argued that these structures were
“velocity caustics”: an imprint of the turbulent velocity
field uncorrelated with the underlying density field (e.g.
Lazarian and Pogosyan)2000). This interpretation has been
ruled out by a number of independent analyses. |Clark et al.
(2019) tested the velocity caustics picture in the diffuse
HI by computing the correlation between velocity channel
emission structure and dust emission traced in broadband
measurements of the FIR, which is insensitive to the gas
velocity field. This analysis finds no measurable velocity
caustic effect. Furthermore, |Clark et al.|(2019) find that the
ratio of FIR/Nyy increases toward sightlines that contain
small-scale structure in the HI channel map emission. In-
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deed the FIR/ Ny ratio is positively correlated with the cold
neutral medium (CNM) fraction in the diffuse HI (Murray
et al.|[2020), and with the intensity of small-scale structure
(Kalberla et al.|[2020). Moreover, |Peek and Clark| (2019)
showed that the equivalent width of Nar absorption is more
sensitive to the HI column density in small-scale channel
map structure than to the total HI column density. Together
these results support the interpretation that the HI chan-
nel map filaments are real density structures that occupy a
colder, denser phase of the HI gas than the warmer, more
diffuse medium.

Although a prominent feature of the high Galactic lati-
tude sky, HI filaments are not confined to diffuse regions of
the ISM. The Riegel-Crutcher cloud, backlit by bright radio
emission from the Galactic center, contains many magnet-
ically aligned HI filaments that are detected in absorption
(McClure-Griffiths et al|2006). These filaments are remi-
niscent of the high Galactic latitude HI filaments detected
in emission, with similar aspect ratios and somewhat higher
column densities (c.f. |Clark et al.|2014). Surveys of the
Galactic plane reveal ubiquitous filamentary structure in HI,
including extremely massive structures that are apparently
coherent both spatially and spectrally. [Soler et al.| (2020)
and |Syed et al.|(2022) report a particularly extended HI fil-
ament that, assuming the circular rotation distance estimate
of 17 kpc is accurate, would be over 1 kpc long. A similar
giant HI filament (length 1.1 kpc) was recently reported by
Li et al.|(2021a). These structures are qualitatively different
than the diffuse HI filaments for which properties consid-
ered in this work (e.g. Table[I)) are derived.

3.8. Hubs, ridges, and networks

Filaments can also form complex associations. In the so-
called hub-filament structures (HFS), or simply hubs, mul-
tiple filaments extend radially up to several parsecs away
from a central parsec-size clump with column densities of
> 1022 cm~2 and several hundreds of M, in mass (My-
ers|[2009a). Line and continuum observations show con-
verging filaments in a multitude of IRDCs (e.g. |Peretto and
Fuller|2010; |Peretto et al.||2013; |Busquet et al.|2013) and
Galactic plane clumps (Kumar et al.|2020). Elongated HFS,
sometimes referred to as ridges, have central FWHM up to
~ 0.5 pc (Hennemann et al.|2012; |Russeil et al.|2013)) and
are among the most massive filaments in the Galaxy. Ob-
served line masses m ~ 300 Mg, pc™! significantly exceed
the critical hydrostatic limit f > 1 (Schneider et al.|2010;
Hill et al|2011)). Nearby examples of these HFS are found
in regions such as NGC 1333 and OMC-1 (Myers|[2009a)),
DR21 (Schneider et al.|2010), or Mon-R2 (Trevirio-Morales
et al.|2019)).

Hubs and ridges are associated with the earliest phases
of high-mass and cluster formation (see Motte et al.|2018|
and references therein). All nearby young stellar associa-
tions exceeding 25 stars pc~2 (Myers|2009a) as well as a
large fraction of the massive galactic pre- and protostellar
clumps (Kumar et al.|2020) are found in these filamentary
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systems. Many HFS appear to be highly dynamic objects.
Longitudinal velocity gradients (Vvrsr > 1kms™! pc™!)
and filamentary accretion flows (> 30 Mo Myr~1!) are ob-
served along filaments feeding their central hub (Kirk et al.
2013; |Peretto et al.||2013],2014; |Hacar et al.|[2017b; |Baug
et al.| 2018 |Williams et al.|2018;|Chen et al.|2019; Saajasto
et al.|2019; |Dewangan et al.|[2020; [Liu et al.|2021}; |[Ren
et al|2021). Evidence for gas acceleration following free-
fall velocity profiles (Hacar et al.|[2017a; \Williams et al.
2018), spiral patterns (Treviiio-Morales et al.||2019), and
hour-glass shaped and close-to-critical magnetic fields (Pat-
tle et al.||2017), denote gravity as the main driver of these
inflow motions at parsec-scales (see also §5.3.4).

At sub-parsec scales, densely populated fiber networks
are also observed within hubs such as OMC-1 (Wiseman
and Ho||1998}; |Hacar et al.|2018), Serpens (Ferndndez-
Lopez et al.|2014), NGC 6334 (Arzoumanian et al.|2021}
Li et al.|2021b) or DR21 (Cao et al|2021), among oth-
ers. Fibers in these systems show large longitudinal (Hacar|
et al.|[2018)) and lateral (Dhabal et al.| 2018} |Chen et al.
2020c) velocity gradients, as well as a variable magnetic
field morphology (Arzoumanian et al.||2021} |Pattle et al.
2021), sometimes exhibiting rapid changes with respect to
the magnetic field at cloud scales (Doi et al|[2020). The
complexity of these fiber arrangements appears to increase
with total mass of the host clump (Hacar et al.|2018). The
most massive (supra-Jeans) cores in these regions are typi-
cally located at the network nodes (local hubs) (Hacar et al.
2017b; |Zhang et al.|2019) suggesting that junctions, colli-
sions, and gravitational focusing effects between fibers may
become important in dense systems. Simulations indicate
that cores formed in these nodes exhibit larger masses than
those formed during the fragmentation of individual fibers
(Clarke et al.|2020; |Hoemann et al.|2021). Additional fil-
amentary accretion into these nodes may contribute to the
rapid assembly of massive stars and disks (Banerjee et al.
2006; |Smith et al.|2011}; | Kirk et al.|2015; |Smith et al.[2016).
High resolution observations of massive clumps precursors
reinforce this interpretation (Beuther et al.|2020).

3.9. Other filaments

The study of filaments is necessarily restricted to data
with which we can resolve filaments. Naturally, filaments
also exist in other galaxies, and large-scale filaments have
been identified in the Magellanic Clouds (Fukui et al.|2019;
Tokuda et al.|2019) and M100 (Elmegreen et al.|2018). An-
other frontier in the study of ISM filaments is the Galactic
center, an extreme environment relative to the rest of the
Galactic disk (see PPVII review by Henshaw et al). The
low star formation rate in the Galactic center relative to its
high surface density makes it an intriguing case study for
the theory of star formation. G0.253+0.016 (“The Brick™)
is a famous IRDC that has an unusually high mass, but very
little evidence of ongoing star formation (Kauffmann et al.
2013; |Pillai et al.|2015; |Henshaw et al.|2019). For most of
this work, we focus on filaments in environments more typ-
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ical of the Galactic disk, but we note that the Galactic center
is an excellent testbed for theories of filament formation and
evolution (e.g. |[Kruijssen et al.|2019).

The ISM is home to a wealth of other “filaments” beyond
those considered here. These include the non-thermal radio
filaments at the Galactic center (Yusef-Zadeh and Morris
1987} |Heywood et al.||2022)), radio polarimetric filaments
and depolarization canals (Haverkorn et al.|2000), filaments
in the ionized medium traced in Ha (Planck Collabora-
tion XXV||2016), polarization gradient filaments |Gaensler|
et al.|(2011); Campbell et al.|(2021), and filamentary struc-
tures associated with ISM shocks or supernova remnants
(McCullough and Benjamin| 2001} |Bracco et al.|2020), in-
cluding large angular scale structures associated with super-
shells.

3.10. Filament identification algorithms

New families of filaments have proliferated concomi-
tantly with new filament identification algorithms. The
techniques in use range from specialized, physically-
motivated algorithms to general-purpose feature identifi-
cation codes. Each carries particular biases that inform
the filament classification and subsequent analysis. Each
algorithm optimizes for the detection of a certain class of
structures: this is the de facto definition of a filament.

DISPERSE (Sousbie|2011)) is a widely-used algorithm
for identifying filaments, especially in continuum data.
Originally developed for quantifying cosmic web struc-
tures, it was quickly applied to Herschel observations of
Galactic filaments (Arzoumanian et al.|2011} |Peretto et al.
2012; |Hill et al.|2011). DISPERSE’s provenance as a code
for identifying structures in the distribution of large-scale
structures informs what it identifies as “filaments”. The
cosmic web is structured by gravitational forces, and cos-
mic web filaments connect dark matter halos. This property
motivates DISPERSE’s definition of filaments as ascending
I-manifolds: one-dimensional structures connecting over-
densities in a Morse decomposition of data. Thus, the ap-
plication of DISPERSE to filament detection in ISM image
data carries the implicit definition of a filament as a lin-
ear structure connecting image overdensities. For example,
DiSPERSE identifies filaments on images consisting en-
tirely of randomly placed cores (Panopoulou et al.|[2014).
The output of DISPERSE is one-dimensional: a filament
“spine” along which properties of the structure may be an-
alyzed.

Other algorithms similarly define filaments by their
skeletons via some quantifiable aspect of image morphol-
ogy. The code GETFILAMENTS and its successor GETSF
(Men’shchikov| 2013}, 2021), which identify filaments via
the application of a series of Gaussian smoothing kernels,
define filaments as structures that are persistent over mul-
tiple scales and substantially anisotropic (elongated along
one axis). FILFINDER employs a multi-step preprocess-
ing scheme before defining a filament spine via a medial
axis transform (Koch and Rosolowsky|[2015)). These are, in
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essence, matched filter algorithms that detect a known sig-
nal in the presence of noise by convolving a measurement
(in this case an image of the ISM) with a filter designed
to maximize the signal-to-noise in the presence of the de-
sired signal. An important caveat is that the definition of
a good skeleton has been entirely subjective. However, re-
cently \Green et al.|(2017) introduced a measure of skeleton
“goodness-of-fit”, the mean structural similarity index, to
remove visual bias in filament identification. Jaffa et al.
(2018)) introduce the method of J-plots, which is based
on the moment of inertia, to characterise the morphology
of (already identified) objects in 2D. It differentiates sin-
gle filaments, circular or ring-like structures and condensed
cores, at least for simple object geometries.

Identifying filaments in molecular line emission is an
inherently three-dimensional problem, and one that must
contend with the ambiguities inherent in inferring 3D spa-
tial information from position-position-velocity (PPV) data
(e.g., \Beaumont et al|[2013). Friends In VElocity (FIVE)
approaches this problem via a friends-of-friends search in
PPV space, seeded by high signal-to-noise spectral com-
ponents (Hacar et al.|[2013; \Hacar et al.|[2018). FIVE
then trawls the PPV cube, defining velocity-coherent struc-
tures that meet some additional criteria. Another approach
is to construct 3D filaments from stacks of 2D filaments
identified in velocity channel maps. FIL3D is a recently-
developed algorithm that takes 2D channel map filaments
(as delineated by FILFINDER or a similar algorithm) and
identifies 3D filaments where such structures are substan-
tially overlapping and continuous in velocity space (Putman
et al. in prep). FIL3D was motivated by application to fila-
ments in HI channel maps (Kim et al. in prep).

Other techniques focus on quantifying filamentarity in
image data, rather than identifying filaments as discrete ob-
jects. Many of these algorithms borrow from edge detec-
tion methods in machine vision. As filaments can be un-
derstood as sharp discontinuities in image space, they are
highlighted by spatial gradients (Koch et al.||2013; |Soler
et al.|2013;\Planck Collaboration XXXV|2016; |Orkisz et al.
2019). The direction of the maximum gradient is a simple
metric for the orientation of a filament, or any other “edge”
in the image plane. One can measure the second derivative
of image intensity by computing the Hessian matrix, which
computes the local curvature of structures (Molinari et al.
20115 |Polychroni et al.| 2013} |Planck Collaboration XXXII
2016). A filament can then be defined as an image feature
with negative curvature along one dimension. Each of these
methods identifies filaments at a preferential scale: image
gradients and higher-order derivatives are local operators,
and thus high-pass filters. These methods are most sensi-
tive to filaments with widths that are similar to the scale of
the derivative kernel. Other methods effectively set a mini-
mum spatial scale for filamentary structure.

Some authors have studied the filamentary ISM by sim-
ply applying a high-pass filter or unsharp mask to im-
age data (Kalberla et al.||2016} |Clark et al.|[2019). This
method does not explicitly parameterize filaments, but re-
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moves smoothly varying emission at large angular scales.
To the extent that the emission studied is inherently filamen-
tary, selecting the small-scale structure via an unsharp mask
has the effect of highlighting filaments. An unsharp mask is
the first step in the Rolling Hough Transform (RHT), which
parameterizes the linearity of image data as a function of
orientation (Clark et al.|2014). The RHT quantifies the
probability that any given image pixel is part of a line in
image space at any given orientation. Thus, while not ex-
plicitly a filament finder, it can be used to identify linear
features, or to measure the orientation of filaments identi-
fied via other algorithms.

With such a variety of approaches to filament detec-
tion, cross-comparison between various algorithms is a use-
ful way to identify sources of systematic discrepancy be-
tween derived filament properties. |Chira et al.|(2018) com-
pare DISPERSE, FILFINDER, and minimal spanning tree
algorithms (e.g., Wang et al.|2016)) applied to dendrograms
(e.g., |Goodman et al|2009). DISPERSE returns consis-
tently higher line masses than the other two methods.

One defining characteristic of many of the algorithms
described here is that they are maximally sensitive to fil-
aments at a particular angular scale. Some algorithms have
instead adopted explicit descriptions of multi-scale struc-
ture (e.g. |Ossenkopf-Okada and Stepanov| 2019} |Robitaille
et al.|2019, |2020; |Allys et al.|[2019). Such treatments de-
scribe structure as a function of angular scale, and are thus
capable of quantifying hierarchical morphology.

4. A CENSUS OF MILKY WAY FILAMENTS

The increasing number of observational results describ-
ing the filamentary properties of the ISM provide a panchro-
matic view of these gas structures across our Galaxy. As
illustrated in however, the physical characteristics of
these filaments may significantly differ depending on the
family, observational technique, or scales considered in
each case. For the first time, the maturity of this field al-
lows a direct analysis of filament populations in the ISM
beyond studies of individual targets or regions.

We have created a census of filaments across the Milky
Way to perform a meta-analysis of their physical charac-
teristics. We restrict ourselves to the main physical prop-
erties of these filaments typically reported in the literature,
namely (and when available), their total mass (M), length
(L), central column density (/Ng), width (FWHM), gas ki-
netic temperature (71"), total (o) and non-thermal (o) ve-
locity dispersion, internal gradients (VuLsr), and magnetic
field strength (By). The assembly of this catalog requires a
homogenization of distinct measurements, including stan-
dard conversions into total gas masses and velocity disper-
sion from different molecular datasets. Our catalog includes
information of 49 individual observational works, includ-
ing continuum, molecular line, and polarization surveys,
together with dedicated works on specific targets. In mul-
tiple occasions we combine several independent but com-
plementary studies describing distinct properties in well in-
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vestigated targets (e.g. B213-L1495). Our catalog includes
a total of 22803 filaments (entries) across the Galaxy. The
mean statistical properties classified by families, including
all references, are listed in Tables[T] &2

Several caveats should be considered during the analy-
sis of our filament sample. By construction, our sample
is limited by the targets and surveys included in individual
studies in the literature. As a result, the number of targets
per filament family significantly varies across our sample,
from the handful of striations characterized in the literature
to the thousands of filaments in nearby clouds and Galactic
plane surveys. Our filament catalog is also largely inhomo-
geneous including multiple entries with only partial mea-
surements. Similarly, some entries may not be unique as
the same targets may be included in multiple catalogs. Due
to the availability of these observations, our sample is dom-
inated in number (83%) by the mass and length estimates
provided by large continuum surveys with a smaller frac-
tion (<5%) of targets including kinematic measurements
and magnetic field estimates.

Not all quantities might be equally accurately deter-
mined. Continuum and line observations provide robust
measurements of M, L, and N, of filaments. In contrast,
parameters such as the FWHM are indirectly inferred from
modeling or assuming some filament shape (e.g. uniform
cylinder). Distance uncertainties are not always quoted in
the original catalogs, and are therefore unaccounted for in
the majority of the data. Gas kinetic temperatures are some-
times equated to the dust temperatures as these are easier
to obtain in FIR observations (i.e. T~ Ty,s). Other pa-
rameters, such as oy or oy, might depend on the molecu-
lar tracer used. Magnetic fields are inferred via the Davis-
Chandrasekhar-Fermi method (§4.5). While standard prac-
tice in the field, this inhomogeneity in determining param-
eters should be considered during the interpretation of our
results.

This meta-analysis provides a panchromatic view of the
filamentary properties at different scales and environments.
The compilation reflects not only the current state-of-the-art
but also the large community effort and achievements de-
scribing the filamentary nature of the ISM combining dif-
ferent surveys, observational techniques, and tracers. We
will use this sample to describe the statistical properties and
global trends within and between filament families (§4.1] -
[4.6). We describe the dynamic properties of filaments (§3))
to interpret the observed correlations (§6) and we identify
future avenues for the study of filaments in the ISM (§7).

4.1.

The most comprehensive overview of different filaments
reported in the literature can be obtained from the descrip-
tion of their mass and length shown in Fig. 2] To facili-
tate their comparisons, different filament families and pro-
totypes (see §3) are marked in this plot.

Observations report filaments across almost eight orders
of magnitude in mass, from ~ 0.01 to 5x10% Mg, and

Filaments across scales: tracers of ISM physics
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TABLE 1

A Physical Description of the Filamentary ISM

FILAMENT FAMILIES (I): FUNDAMENTAL PROPERTIES (")

Family#) Targets M L FWHM Ny T
Me) (pc) (pc) (10?' cm™?) (K)
Nearby Filaments 707 2.1-134 04-1.0 | 0.07-0.16 32-9.0 13-16
Galacfic Survey 18854 | 98-23E3 | 3.6-14 | 03-13(?) | 5.9-144 15-19
IRDCs 115 46-239 | 12-28| ~0.3(?) 13- 40 16 - 25
Giant Filaments 153 | 7.8E3-1.5E5 | 32-83 ~1(?) 6.0-8.4 15-19
Dense fibers 127 1.5-15.0 02-051| 0.03-0.10 12 - 69 10-22
Striations 20%) 25-5.6 1.0 0.2-0.4() 0.5-1.0 15-20
HI filaments 2823 0.1-0.5 14-36 ? < 1) 100

(M values correspond to the interquartile [Q25%,Q75%] range for each measured quantity. (2) Typical molecular
gas temperatures at low column densities (e.g. |Planck Collaboration et al.||2011). (3) Typical temperature for the
CNM. (?) Unknown or poorly constrained. (*) Limited statistics.

(#)References: Nearby Filaments: |Arzoumanian et al.| (2013} 2019); |Palmeirim et al.|(2013));\Nagahama et al.
(1998); |[Kainulainen et al.| (2016); |Hacar et al.|(2016a); |Chung et al.| (2021). Galactic Plane Surveys: |Schisano
et al.| (2020); |Li et al.|(2016)); Wang et al.| (2016); |Mattern et al.| (2018a); Xiong et al.|(2019). IRDCs: |Schneider
et al.|(2010); Hennemann et al.|(2012); |Kainulainen and Tan|(2013)); |Peretto et al.|(2014);|Lu et al.|(2014);|Beuther
et al.|(2015); |Pillai et al.| (2015); |Chen et al.| (2019); |Busquet et al.|(2016); Santos et al.| (2016); |Treviiio-Morales
et al.| (2019); |Leurini et al.| (2019); Arzoumanian et al.| (2021}, 12022). Giant Filaments: |Contreras et al.| (2013);
Ragan et al.| (2014); Zucker et al.| (2018); Zhang et al.| (2019); |Colombo et al.| (2021). Dense fibers: |Hacar and|
Tafalla|(2011);|Hacar et al.|(2013}2016b, 2017b); |[Hacar et al.|(2018);|Lee et al.|(2014); Tafalla and Hacar|(2015));
Seo et al.| (2015); |Dhabal et al.|(2019); |[Eswaraiah et al.|(2021); \Schmiedeke et al.|(2021); \Dhabal et al. (2018)); |Li]
et al.|(2021b). Striations: |Chapman et al.| (2011); |Panopoulou et al.|(2016). HI Filaments: |Clark et al.| (2014),

Putman et al. in prep.

four orders of magnitude in length, from ~ 0.03 to 300 pc.
The molecular filaments describe a continuous distribution
in mass and length, including all the nearby filaments and
fibers and extending towards the longest Galactic Plane
and Giant Filaments, with an approximate scaling relation
L oc M (. Only the HI fibers clearly depart from
this general trend.

The large range in mass and length indicates that fila-
ments possess different stability and dynamical properties
depending on the scale. Most of the filaments detected at
scales L > 10 pc show very high m (up to > 100 Mg, pc~1)
and thus largely exceed the expected m; for a hydro-
static filament (Eq.[3). This indicates that these objects are
dynamically evolving. Many of the shorter filaments are
closer to, but still slightly above, mc; with line masses of
15-30 M pc—!. On the opposite side, a non negligible
fraction of (sub-)parsec scale filaments show sub-critical
m suggesting them to be either evolving or transient struc-
tures. Itis thus clear that filaments identified in the literature
do not form a unique or homogeneous population. Instead,
different filaments probe distinct ISM properties depending
on the scale, from large cloud complexes (i.e. Giant Fila-
ments) to small substructures within clouds (e.g. filaments
and fibers in nearby clouds).

Filament prototypes require a special mention. Targets
such as B213-L.1495, Musca, Nessie, or DR21 may define
the typical (sometimes extreme) properties of other fila-
ments within the same mass and length ranges. However,
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it is unlikely that objects with dissimilar properties are gov-
erned by the same physical processes (see also §3). Giant
Filaments such as Nessie are likely affected by processes at
galactic scales (e.g. shear or spiral arms) that have a small
influence in the evolution of small scale filaments within
clouds. On the other hand, it is expected that gravity plays
a more dominant role in massive filaments such as DR21
than in HI filaments, despite having comparable sizes (see
also the discussion on formation mechanisms in §5.1). The
extrapolation of these prototypes for the interpretation of
filaments at different scales should be avoided or at least
treated with extreme caution.

Several observational biases can be identified during the
classification and study of different filaments (see mean
values in Tables [I] & [2). First, distance appears as one
of the primary discriminators between families. Using
the same observational techniques (e.g. Herschel), Galac-
tic Plane surveys identify cloud-size filamentary structures
much larger in size (L > 10 pc) and mass (M > 100 M)
(e.g. Schisano et al.|2020) than the corresponding (sub-
) parsec long (L ~ 0.5-5 pc) and low-mass (M ~ 1-
10 My,)) filaments reported in nearby studies (e.g. Arzou-
manian et al.|2019). The latter describe the small-scale fila-
ments within molecular clouds likely unresolved when ob-
served at kpc distances across the Galactic Plane. Similarly,
observational criteria artificially bias the study of smaller
filaments in nearby clouds. For example, limiting the fil-
ament length to L > 3 FWHM in combination with un-
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Fig. 2.— Mass and length measurements for all filaments in our catalog (@). Points are colour-coded according to the corresponding
filament families described in §3} Nearby Filaments, Galactic Plane Surveys, IRDCs, Giant Filaments, Dense Fibers, Striations, and
HI Filaments (see legend). In the case of Galactic Plane Surveys a subcategory identifies those detected by ground-based observations
(GB). Some prototypical filaments are also included in this plot (see symbols in legends). Black dotted lines indicate constant m = 1, 10,
100, 1000 M pc~! values, the black dashed line corresponds to merit(10 K) = 16.4 M pc™!. The expected maximum filament size
set by the Toomre length for the Galactic midplane at the Sun’s radius is indicated by a blue dashed line. The red solid line shows i
(Eq. including turbulent motions. The red dashed line corresponds to the column density Nynieia required for self-shielding (Eq.[22)).

resolved widths may suppress shorter filaments. The com-
bination of these effects directly translate into systematic
differences in the corresponding line mass derived in these
studies.

Second, sensitivity limits ground-based Galactic sur-
veys to the detection of filaments with extreme m values
(> 500 Mg, pcY) (e.g. |Li et al.|2016; | Zucker et al.[2019)
within the general population of Galactic Plane targets (see
ISchisano et al.||2020, for a discussion). Similarly, the use of
molecular tracers might restrict the detection of filaments to
the densest targets at a given scale (e.g. fibers,
2018).

Third, observational techniques may create artificial dis-
tinctions in the otherwise continuous distribution of fila-
ments across scales. For example, filamentary IRDCs are
observationally identified by their high extinction in the
mid-IR (e.g. |Peretto and Fuller|2010), while their mass and
length cannot be distinguished from an average filament in
the Galactic plane.

The observed range of filament lengths is intimately con-
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nected to the fragmentation properties and characteristic
timescales of the ISM. The maximum length of a filament in
our Galaxy is limited to ~ 200 pc by the Toomre instability
for a typical midplane gas surface density of 10 M, pc™2
(e.g.[Li et al2017). At the opposite end, star formation oc-
curs within parsec-size filaments at densities > 103 cm ™3
where gravity dominates their fragmentation forming quasi-
spherical cores (see §5.4). These scale-dependent proper-
ties may change with the Galactocentric distance (with dif-
ferent Toomre values), elevation with respect to the mid-
plane (e.g. HI filaments), local environment (e.g. CMZ),
and local gas density (e.g. high-mass clouds). Function-
ing as gas compasses, the detailed characterization of the
filamentary properties of the ISM can thus provide unique
insights of its most fundamental physical properties.

4.2. Thermal Physics of Filaments

Filaments cover not only a large parameter space in mass
and length (Fig. [2), but also in thermal pressure (Fig. [3),
suggesting that they exist in a wide variety of environments
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Fig. 3.— Thermal pressure as function of the filament density.
The thermal equilibrium curve corresponds to a shielding column
of N = 102! cm™? and an interstellar radiation field strength of
Go = 1 (Wolfire et al]1995)). Symbols are similar to Fig.[2] In the
case of HI the temperature and density are assumed similar to the
CNM. The horizontal line indicates the typical Galactic midplane
pressure of ~ 2 X 10* K cm™2 (Cox]2003).

and evolutionary stages (Rivera-Ingraham et al.[2017). The
thermal pressure of HI filaments is only about 10% of the
Galactic midplane pressure (2 x 10* K cm~3, |Cox 2005).
Magnetic fields aligned with the HI filaments (McClure-
Griffiths et al.| 2006} |Clark et al|2014) could provide the
“missing” pressure component. Thermal pressures sub-
stantially above the Galactic midplane pressure may be set
by the filament’s self-gravity, by pressurization due to the
“weight” of the ambient cloud (Lada et al.[|2008)), or by ac-
cretion (§5.2.7). Sustained flow compressions could also
lead to overpressures, with the thermal pressure balancing
the ram pressure of the inflowing gas (Vdzquez-Semadeni
et al.|2006). All filaments are close to thermal equilib-
rium curves (Wolfire et al.||1995; |Koyama and Inutsuka
2002), suggesting that radiative cooling timescales are short
compared to dynamical timescales (Audit and Hennebelle
2005)).

Average filament temperatures vary only slightly be-
tween filaments (Tab. [T} see also Fig. [3). Temperature pro-
files inferred from dust temperatures (Arzoumanian et al.
20115 \Palmeirim et al.|[2013} | Arzoumanian et al.|2019) in-
dicate a temperature drop of AT ~ 2 — 3 K toward a fil-
ament’s spine. For the Integral Shape Filament (ISF) in
Orion A, |Schuller et al.|(2021)) find temperature changes of
AT ~ 20 K corresponding to 100% in terms of the central
temperature when compared to its environment. Along a fil-
ament gas and dust temperatures seem to vary mostly only
within a few Kelvin (Sokolov et al.[2017)). Simulations of
individual filaments, including chemistry and radiation at-
tenuation, (Seifried and Walch)[2016} Seifried et al.|[2017a)
are consistent with observed temperature profiles, though
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some studies show strong temperature increases toward the
center (Anathpindika and Francesco|[2021). Observed and
modeled filament profiles do not support the assumption
of isothermality, with temperatures increasing by at least
= 25% outwards. Such temperature profiles result in an ef-
fective adiabatic exponent of v < 1, consistent with ther-
mal equilibrium models (Koyama and Inutsukal|2002)). The
effective equation of state P o p is relevant for the ra-
dial stability of a filament (Toci and Galli|2015). Filaments
with veer > 1 are unconditionally stable. Isothermal (Os-
triker) filaments have a critical point at infinite overdensity,
and filaments with . < 1 become critical at finite over-
densities. [Toci and Galli| (2015) state that observed temper-
ature ranges are smaller than those predicted by polytropic
models and thus motivate non-thermal support, yet this con-
clusion seems to depend on the specific value of v.s and on
the assumed filament width.

4.3. Radial profiles

The radial density profiles of filaments have received
broad attention (e.g. Arzoumanian et al.|2011) due to the
connection to the basic physics in hydrostatic cylinders di-
rectly inferred from three main observables: the central col-
umn density (/Vy), the radial dependence (via the power-law
index p), and the full-width half maximum (FWHM) of the
column density profile of filaments (see definitions in §2).

Filaments cover more than three orders of magnitude
in column density, from the atomic and diffuse HI fila-
ments (Ny < 1020 cm™2) to the densest filamentary IRDCs
and fibers (Ny > 5 x 10?2 cm~2) (see Table [1). Resolved
nearby filaments typically show higher Ny values (~ 6 —
7 x 102! cm~2;|Arzoumanian et al.|2011,[2019) than those
detected in Galactic Plane surveys (~ 2 — 3 x 102! cm~2;
Schisano et al.|2014). Positive correlations are found be-
tween Ny and the star-forming properties of resolved fila-
ments (e.g. star-forming clumps and lines mass m), as well
as between Ny and the filament column density background
Nyg (Schisano et al.|2014; |Arzoumanian et al.|2019).

The radial dependence of the column density profile pro-
vides insights about the stability, equation of state, and pres-
sure confinement of filaments (§5.2.1). An isothermal hy-
drostatic cylinder has a radial density profile of n o r~?
with p =4 (Stodolkiewicz||1963} |Ostriker||1964), although
this dependence is rarely observed in filaments (Pineda
et al.||2010; |Hacar and Tafallal2011}; |Fischera and Mar-
1in||2012b; \Monsch et al.|2018; |[Zucker et al.|2018)). Instead,
most filaments tend to be well-described with Plummer-like
profiles with exponents around p ~ 1.5-2.5 (Arzoumanian
et al.|2011;|Palmeirim et al.|2013)) which can be interpreted
as a departure from equilibrium (e.g. Kawachi and Hanawa
1998).

Shallow (p < 4) profiles are expected for magnetized
(Fiege and Pudritz 2000} [Tomisaka||2014; |[Kashiwagi and
Tomisaka|2021; Kirk et al.|2015)) and externally pressurized
filaments (Fischera and Martin|[2012a)). Non-isothermal
(Recchi et al| 2013} |Smith et al.|[2014b) or polytropic
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(Gehman et al.||[1996a) equations of state as well as rota-
tion (Recchi et al.|2014) will also flatten the profile. The
observational distinction between these scenarios is how-
ever hampered by the limited column density contrast (i.e.
No/Nypg, see above) in most resolved filaments (see Arzou-
manian et al.|2019), and measured values of p may vary
with location in a filament (Fischera and Martin|2012b)).

The dust-based Herschel studies in local clouds suggest
that the distribution of inner widths has a mean universal
value of about FWHM ~ 0.1 pc with a typical spread of
a factor of 2 (Arzoumanian et al.|2011, 2019; |Palmeirim
et al.|2013; André et al.|[2014; \Schuller et al.||2021). Sim-
ilar mean values, although showing larger dispersion, are
also found in molecular observations of resolved filaments
using tracers such as C'30 (Orkisz et al.|2019; Suri et al.
2019). The measured filament widths may, however, de-
pend on the filament scale and density (§6.5). Larger widths
of FWHM ~ 0.26-0.34 pc are reported in more distant
ridges (Hennemann et al|2012)) and Galactic Plane fila-
ments (Schisano et al.|2014) using Herschel, and in nearby
filaments observed in '3CO (Panopoulou et al.|2014). At
the opposite end, narrower widths of FWHM < 0.05 pc are
measured in denser sub-filaments and fibers using interfero-
metric observations of dense molecular tracers (Ferndndez-
Lopez et al.|[2014} |Hacar et al.|2018; |Dhabal et al.|[2018},
Monsch et al.|[2018). The inverse FWHM-N, relation
predicted for pressurized filaments (Fischera and Martin
2012a; |Heitsch)|2013a)) has not been observed yet (Arzou-
manian et al.|2019; Suri et al.|2019). Resolution (Schisano
et al.||2014) and confusion (Suri et al|2019) may also af-
fect the resulting FWHM measurements. The interpretation
and robustness of a possible characteristic scale is thus a
matter of on-going debate (e.g. |Panopoulou et al.|2017;
Ossenkopf-Okada and Stepanov|2019; |Arzoumanian et al.
2019) and deserves a careful re-evaluation of both physical
and observational arguments (see also §[6.3)).

4.4. Filaments as hierarchical structures

The self-similar nature of molecular clouds (e.g.|Falgar-
one et al.||1991) is imprinted in its internal filamentarity.
Filaments at different scales are identified within the same
region depending on resolution and density thresholds (e.g.
Schneider et al.|2011). Orion A may serve as an example
(Fig.[). At large-scales, Orion A appears as an elongated
~ 90 pc-long cloud (Grofssched! et al.|2018) of more than
10° Mg, (e.g.|Lombardi et al.|2014; Stutz and Kainulainen
2015)), comparable to some of the largest Giant Filaments
detected in Galactic Plane surveys. At intermediate scales,
this cloud resolves into dozens of parsec-size filaments with
masses between ~ 10% and 10* M, detected by single-dish
observations of diffuse-gas tracers (e.g. [INagahama et al.
1998)), including the famous Integral Shape Filament (Bally
et al.||1987; Johnstone and Bally|1999). Denser molecular
tracers show most of these filaments are heavily structured
into sub-parsec-like sub-filaments with a few M, in mass at
interferometric resolutions (Wiseman and Ho||1998; |Hacar
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et al.|2018; \Monsch et al.|2018}; \Surt et al.|[2019).

As a result, the choice of scale may result in diverging
interpretations of the same region. In Fig. [ (left panel)
we display the position in the M — L plane of different fila-
mentary structures reported in Orion A (cyan), B213-L.1495
(red), and Musca (green) using a variety of observational
techniques and resolutions (see references in the figure cap-
tion). When considered at parsec-scales, filamentary clouds
(squares) and large filaments (plus symbols) systematically
exhibit line masses m ~ 50 — 300 My, pc~! suggesting
them to be super-critical (f > 1) and therefore gravita-
tionally unstable. Smaller bundles of fibers (triangles), sub-
filaments (pentagons), and individual fibers (circles) within
the same region show line masses closer to mg.;; (f ~ 1)
and appear to remain radially stable. This observed hier-
archy allows us to connect the near and far observational
results (see §4.1). According to the left panel of Fig. {]
the massive filaments reported in Galactic Plane surveys are
likely resolved out into smaller (trans-) critical filaments
similar to those detected in nearby clouds once observed
at higher resolutions (see also Schisano et al.|[2014), ques-
tioning the interpretation of their stability in terms of their
global line mass. Examples of this behaviour are already
present in the literature (Henshaw et al.|2014} |Chen et al.
2019; |Shimajiri et al.|2019, among others).

Filaments at different scales effectively sample distinct
gas densities in the ISM. Fig. [4| (right panel) compares the
filament lengths with their effective gas densities, where
the latter is calculated as (n) = m/(m(£¥H2)2) in those
cases where estimates of the filament FWHM were avail-
able. Overall, the mean gas density in molecular filaments
increases with decreasing length. Filaments identified at
parsec scales have average densities of ~ 103 —10%% cm—3
compared to the 2> 10° cm ™3 seen in sub-parsec filaments
and fibers. The relation between filament density and length
for molecular filaments (black solid line, right panel in
Fig.[) is given by a least-square fit

7\ L0l
(n) ~ (1.2 +0.3) x 10* (pc> cm™®  (13)
despite a relatively large (~ 1 dex) dispersion due to the
choice of different tracers and mass thresholds.

The observed filament M — L distribution shows a sub-
linear relation

L M0.5:t0.2 (14)

(black, solid line, left panel). Qualitatively speaking this
dependence is expected if large-scale filaments are actually
networks of smaller structures (see §6.1] for details). In-
deed, nearby filaments are characterized by some authors as
multi-fractal structures embedded within the mono-fractal
cloud gas (Ossenkopf-Okada and Stepanov|2019;|Robitaille
et al.|2019, 2020; |Yahia et al.||2021). Beyond their mor-
phological identification, this nested structure of filaments
within filaments should be considered for the interpretation
of both observations and simulations.
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et al]2019).

In general, this hierarchical structure could arise from
both top-down fragmentation, as in [Hacar et al| (2013)),
and from a bottom-up process whereby gravitational col-
lapse assembles larger filaments from gas containing pre-
existing filamentary structure, as in[Smith ef al|(2014b). In
reality both large and small filaments may be formed simul-
taneously. Hierarchical structure formation would move the
distribution diagonally downwards to the left of Fig. [ (left
panel; see arrows) as opposed to other mechanisms such
as longitudinal collapse (moving down), ablation (moving
left) or stretching/shear (moving to the top left).

While individual clouds tend to follow a relatively tight
M — L relation (see color-coded symbols for each cloud),
the normalization of the individual relations varies between
clouds. The normalization is set by the line mass of the
largest hierarchical structure, and it may be determined by
the specific cloud environment (see §6.116.3).

Ridges and hubs (crosses in Fig. ) appear to depart from
the mass-length and density-length correlations observed in
most other filamentary clouds, showing approximately an
order of magnitude larger masses and effective densities
than filaments with comparable lengths. The large contrac-
tion timescales (§6.2) and small velocity gradients observed
at parsec scales (§4.6) rule out the longitudinal collapse of
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larger filaments as the main origin for these structures (i.e.
a vertical displacement in the left panel of Fig.[d). Instead,
local accretion and/or merging of multiple filaments (see
[Myers|2009a}; |Kumar et al.|2020) or cloud-cloud collisions
(Inoue and Fukui|2013;|Inoue et al.[|2018};|Fukui et al.|2021])
will all move filaments rightward in the plot. In combina-
tion with homologous collapse (see|Peretto et al.|2013), this
appears to be the more plausible mechanism for the origin
of these massive filamentary clouds.

The origin of the mass-size relation L oc M has been
classically attributed to the hierarchical nature of molecular
clouds imprinted by turbulence and fragmentation (e.g.
[son|[198T} [Myers|[1983}, [Stutzki et al|[1998}; [Kauffmann et al.|
[2010b; [Roman-Duval et al|[2010). Clouds are expected
to follow a mean mass-size relation such as L oc M52
(or M o< L'?), equivalent to the third Larson’s relation
(n o< L~;|Larson|[1981), also found in simulations (e.g.
[Beattie et al|2019). Shallower distributions are found in
different cloud surveys (o = 0.27 — 0.4;
while steeper correlations and different
normalizations are found in resolved clouds and clumps
(see [Kauffmann et al|2010alb; [Barnes et al|R021], o ~
0.5 — 0.7). These variations can be at least partly attributed
to observational biases such as sensitivity and superposi-
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tion (e.g. |Ballesteros-Paredes et al.|[2019). Our filament
survey shows a similar global mass-size relation with ap-
proximately L oc M5 while individual clouds may present
slightly steeper values.

4.5. Magnetic fields

The properties of the magnetic field within and around
filamentary structures are most commonly measured via
polarized dust emission or stellar polarization, which both
trace the magnetic field orientation as projected on the plane
of the sky (POS). Our catalog contains estimates of the POS
magnetic field strength, Bpogs, derived from observations
of polarized dust emission via the Davis-Chandrasekhar-
Fermi (DCF) method (Davis| 1951} |Chandrasekhar and|
Fermi|[1953)). This method relies on measuring the disper-
sion of polarization angles, as well as the density and the
velocity dispersion of the gas, and has a number of limita-
tions (e.g., |Ostriker et al.|2001}; |Heitsch et al.|2001bj |Cho
and Y00,[2016; Liu et al.|[2021}; |Skalidis and Tassis|[2021).
Furthermore, for several objects, the DCF results are ob-
tained on a different scale (both larger and smaller) than the
filament width. In addition, although magnetic fields have
been mapped in many star-forming regions, the magnetic
field strength is typically not measured for individual fila-
ments.

Fig. [5|shows the magnetic field strength against the col-
umn density of filaments in our catalog. Most of the mea-
surements in the catalog refer to a single cloud from (Ar-
zoumanian et al.|[2021| yellow diamonds). For compari-
son, we also show the magnetic field measurements from
Crutcher (2012) (grey dots), which have been obtained us-
ing observations of the Zeeman effect (probing the line-
of-sight magnetic field). The black dashed line indicates
where the ratio of the mass to the magnetic flux is equal to
the critical value (Spitzer 1968 Mouschovias and Spitzer
1976)), which roughly matches the data points at high N
(= 1022 cm~2). While the data in the filament catalog seem
consistent with the Zeeman observations, more statistics are
needed to quantify the agreement.

In addition to the field strength, the orientation of the
magnetic field with respect to the filament axis can also in-
form us about the effect of the field on filaments (e.g.|Nagai
et al.|[1998; |ILi et al.| 2013 |Palmeirim et al.|2013} IMali-
nen et al.|2016; |Panopoulou et al.|2016; |Planck Collabo-
ration XXXV|2016; |Soler and Hennebelle|2017; Jow et al.
2018; |Fissel et al.|2019;|Soler|[2019). Low-column density
HI filaments (§3.7) tend to be aligned parallel to the local
magnetic field orientation (McClure-Griffiths et al.|2006
Clark et al.|[2014] [2015)). Statistical evalulations of the rel-
ative orientation between the magnetic field and filamen-
tary structures (Soler et al.|[2013} |Jow et al.|2018) reveal
a strong dependence with column density: magnetic fields
are preferentially parallel to column density structures at
low N but can become preferentially perpendicular to fil-
aments at high V. The transition in relative orientation
appears at N ~ 1021 =22 cm~2, which approximately coin-
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cides with the column density at which the magnetic field
strength starts to increase (Fig. [ and [Crutcher[2012)). For
an interpretation of these results we refer to §5.1.3|(see also
the chapter by Pattle et al. in this book).

The number of magnetic field measurements in the lit-
erature and thus in our catalog is rather limited compared
to other properties of filaments (e.g. mass, length, veloc-
ity dispersion). Given the potential wealth of information
stored in the magnetic field structure and strength on the
evolution of filaments (see §5.1.3), a more detailed inves-
tigation of the magnetic field properties in individual fila-
mentary objects is warranted.
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Fig. 5.— Magnetic field strength versus filament column den-
sity. The field strength in our catalog (colored, large symbols) is
obtained via the DCF method (except the data point for HI). The
dashed black line corresponds to a mass-to-flux ratio equal to the
critical one. The data from our catalog seem to be broadly consis-
tent with data from |Crutcher (2012) (gray dots and error bars).

4.6. Gas kinematics

The gas velocity field at different scales within filaments
can be characterized using both line-of-sight (o, and oy)
and POS (Vv sr) measurements (see definitions in §2)). We
report the change of oy, /cs with the total filament length
L in the left panel of Fig.[6] We use ¢, for each filament
individually for normalisation. However, due to the small
temperature variations found between individual filaments
(see §4.2), using a constant ¢, for all filaments would not
change our overall findings.

Resolved nearby filaments and fibers show total velocity
dispersions close to the sonic speed (oi1/cs >~ 1 — 2) (e.g.
Hacar and Tafalla| 2011} |Hacar et al.|2013}; |Arzoumanian
et al|2013). On the other hand, larger Galactic Plane and
Giant Filaments exhibit highly supersonic velocity disper-
sions (oyor/cs > 1) (e.g. \Wang et al|[2016; Mattern et al.
2018a). The large dynamic range covered by our sample
allows an empirical parametrization of the observed o-L
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TABLE 2
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FILAMENT FAMILIES (II): DYNAMIC PROPERTIES(™)

Family(#) Otot ONT m f VoLsr,| By

(kms™1h) (kms™) | Mg pc™h) | (=m/mei) | (kms™!pct) (1G)
Nearby Filaments 0.28-132 | 021-130 | 4.4-186 02-0.7 1.02 - 1.60 70 -70
Galacfic Survey Fils. | 1.02-1.55 | 1.00-1.54 | 23-191 0.8-6 0.22-0.55 ?
IRDCs 0.40-0.62 | 0.35-0.62 | 31-115 09-25 0.20 - 0.90 45 - 500
Giant Filaments 1.1-3.57 | 2.43-3.93 | 250-2513 15-35 0.04 - 0.08 ?
Dense fibers 0.26-0.36 | 0.15-0.24 | 9.3-33.5 03-14 0.35-3.23 | 40- 10002
Striations 0.71-0.90 ? 25-5.6 0.1-0.2 ? 26 - 30
HI fibers 0.88(?) 0.65(?) | 0.05-0.15 ? ? 5)

M Values correspond to the interquartile [Q25%,Q75%] range for each measured quantity. 2 Inferred from the surrounding
medium. ) Standard By value for the diffuse medium (n < 10® em™2, [Crutcher et al.|[2010). (?) Unknown or poorly

constrained. #) See Table/|1lfor references.

scaling in filaments as

iy

(dashed line in the left panel of Fig. [)) with uncertainties
of £0.2 pc for the length normalization and £0.2 for the
exponent. The relative increase of oy With respect to cs can
be attributed to an increasing contribution of non-thermal
motions at larger scales as oy /cs L5 reminiscent of the
velocity dispersion-size relationship observed in the ISM
(Solomon et al|19877 see also §5.3.2).

As shown in the right panel of Fig.[6] a similar correla-
tion is observed in terms of the line mass m. Filaments with
m < 100 Mg pc*1 exhibit sonic-like oy, values while in-
creasing values are seen in targets with m > 100 M pc~ 1.
The change of o, with m was first investigated by |Arzou-
manian et al|(2013), finding that o /cs o< m®-36 (dotted
line in the right panel of Fig.[6). Our new results indicate a
somewhat steeper correlation with

L
0.5pc

Otot
Cs

5)

0.5

(16)

Utot/cs xXxm

(dashed line). The interpretation of this g« —m correlation
is, however, non-trivial (see §5.2.2) and subject to strong
observational biases. While velocity dispersions in local
filaments are obtained from resolved, single-velocity com-
ponents of density-selective tracers, measurements in large
filaments in Galactic Plane surveys typically make use of
more diffuse tracers (e.g. 13CO; Mattern et al|2018al), and
average large-scale motions (see below) as well as multiple
velocity components blended within a beam (e.g. |Sokolov
et al.|2019)).

Velocity gradients Vursg can be employed to quantify
the bulk gas motions inside filaments. We find systematic
variations of Vurgg with L as shown in Fig. Nearby
parsec-scale filaments show typical longitudinal gradi-
ents along their main axis of Vursg ~ 1-2kms~! pc~!
(Loren|1989b; |Bally et al.[|1987;|Schneider et al.|2010; |Kirk
et al.|2013; |Lu et al.| 2018} |[Hu et al.|2021), for additional

references see also §3.8). While cloud-size IRDCs (e.g.
Tackenberg et al.|2014} |Sokolov et al|2019) and large-scale
filaments (Ragan et al.|2014) show similar or even smaller
Vuisr,) values, shorter fibers (at scales < 1 pc) show larger
gradients up to Vusg 2 10kms!pc! (Lee er al
2013; |Hacar et al.||2018; |Dhabal et al.|[2018; |Chen et al.
2020c!b) following an approximate Vupgg || o L~ rela-
tionship (dashed line). For an interpretation of the observed
correlation we refer to §5.3.1]

We find no clear correlation between Vv g, || and m (not
shown) suggesting that most filaments do not show a global
homologous collapse (see also §6.2) with only few potential
cases reported in the literature (e.g. Zernickel et al.|[2013).
Similarly, gradients associated with edge effects (Burkert
and Hartmann|2004) appear to be an exception (Dewangan
et al.|2019). Local collapse can nonetheless become dom-
inant, as converging velocity gradients at scales of ~ 1 pc
are seen in hub-like structures (e.g. |Peretto et al.[2013}|Kirk
et all|2013} [Hacar et al 20170 see also §3.8)

5. FILAMENTS AS DYNAMIC STRUCTURES

Measured line masses (§4.1) and internal non-thermal
motions (§4.6) indicate that filaments are highly dynamical
structures, significantly different from the hydrostatic case
outlined in §2] Furthermore, their hierarchical nature (§4.4)
suggests that filaments and their interstellar environments
both exhibit a complex 3D structure that greatly departs
from idealized cylinders, which complicates the interpreta-
tion of POS-projected observations. As illustrated in Fig.[§]
simulations provide unique insights into the gas velocity
field, internal mass distribution, and magnetic field struc-
ture of filaments in space and time. This section reviews
the status of numerical simulations in shaping our current
interpretation of the filamentary structure of the ISM.

5.1.

Filaments are definitionally anisotropic, which suggests
that their formation is at least affected — if not controlled

Filament formation mechanisms
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Fig. 6.— Velocity dispersion in units of the sound speed (ovwt/cs) as function of the filament length L (left panel) and line mass

m (right panel). The observed correlations of %" =

comparison, the previously reported oot /cs x m

d %" o< m®?® are indicated by dashed lines. For

0.5
1+ ﬁpc (Eq. D an :
0-36 by |Arzoumanian et al.|(2013) is also indicated in the right panel. In both plots, the
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— by anisotropic agents, such as large-scale gas motions
sweeping up material (§5.1.1), shock interactions induced
by turbulence (§5.1.2)), magnetic fields (§5.1.3), feedback
(§5.1.4), or global environments such as Galactic spiral
arms (§5.1.3)). The abundance of anisotropic physics across
a wide range of physical scales may explain why filamen-
tarity is ubiquitous in the ISM. The relative unimportance of
thermal pressure at least on large scales in molecular clouds
gives credence to gravitational contraction as a key ingredi-
ent in filament evolution (Vdzquez-Semadeni et al|[2019).
Moreover, many mechanisms create networks of filaments
rather than single objects, which contributes to the hierar-
chy of filaments throughout the ISM.

5.1.1.

In the classical picture, filaments can form in infinite
sheets due to gravitational instabilities (equivalent to the
Jeans instability in 3D; [Tomisaka and Tkeuchi|[1983}; [Lar-|

1985; [Miyama et al.|[1987alb; INagai et al|[1998},
2014), once the wavelength of a perturbation is

above a few times the thickness of the sheet. For a sheet in
pressure equilibrium with a thickness of approximately the
Jeans length, this results in filaments with near-critical line
masses (Miyama et al.|1987al).

However, under realistic conditions, the planar shock
fronts that form in the ISM (e.g. due to cloud-cloud col-
lisions, stellar feedback-driven bubbles, or cascading turbu-
lent motions) will not be infinite in their lateral extension.
The behaviour of a finite sheet is markedly different

Classical Formation via sheets
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[2001}, [Burkert and Hartmann|2004% [Hartmann and Burkert]
[2007). In general, the sheet will undergo global collapse,
and gravitational focusing will lead to a concentration of
mass at the edge of the sheet rather than fragmentation in-
side the sheet. Elongated sheets will collapse into filamen-
tary structures with density enhancements at either end.

5.1.2.  Turbulence-induced formation

In the absence of gravity, interactions of sheets can lead
to the formation of filaments. This has been seen for more
than two decades in simulations of turbulent boxes intended
to represent parts of molecular clouds (e.g. |Porter et al.
[1994}, [Padoan and Nordlund [1999}, [Heitsch et al|2001al;
|\Padoan et al.|2001;|Pudritz and Kevliahan|2013;|Hennebelle|
[2013t ILi and Klein|2019} [Federrathl2016} [Federrath et al))
2021, and many more). The turbulent motions must be
both supersonic and super-Alfvénic in the magnetised case.
They create shock planar fronts (sheets), which can collide
obliquely to form a filament at the intersection with a tur-
bulent wake behind it (Pudritz and Kevlahan|2013)).

Turbulence is a natural mechanism for forming networks
of filaments that trace the underlying gas velocity field. The
turbulent energy cascade generates an internal hierarchy of
filaments from the driving scale downwards, as seen in ob-
servations (see §4.4). A turbulent origin has also been pro-
posed to explain the intertwined fibers inside filaments, al-
though their exact origin remains under debate: In a top-
down scenario, the large-scale coherence and parallel orga-
nization of fibers with respect to the main filament reported
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Fig. 7.— Parallel velocity gradients Vv g as function of the
filament length L. The velocity gradient follows roughly a L'
relation (black dashed line).

in regions such as B213-L.1495 suggest that these struc-
tures might form out of their parental filament (fray and
fragment scenario; |Tafalla and Hacar|2015; |Clarke et al.
2017). Alternatively, some simulations favour a bottom-up
approach, with small subsonic filaments forming in a turbu-
lent medium first, and then being gathered by collapse and
shear flows (fray and gather scenario; Smith et al.|2016).

5.1.3.  Magnetic field-assisted formation

Since magnetic fields exert anisotropic forces, they can
assist the formation of filaments in various ways depending
on the relative strength of the magnetic field with respect to
the gas motions.

Shock compression of a magnetised clump: If a mag-
netised clump is hit by a shock wave, the clump is swept
up and becomes deformed in a kink-like fashion together
with the magnetic field threading the clump. The resultant
kinked magnetic field structure focuses the gas flow in the
post-shock gas towards the convex point of the deformed
shock, leading to the formation of an elongated structure
(Inoue and Fukui| 2013} \Vaidya et al.|[2013} [Inoue et al.
2018; |Fukui et al.|[2021)). |Abe et al.| (2021) argue that this
mechanism is dominant when the unshocked gas is super-
sonic and super-Alfvénic, but becomes sub-Alfvénic behind
the shock.

Stretching of overdensities: Magnetic fields may affect
filament formation most strongly in the diffuse atomic gas,
and in the lower-density molecular gas as traced by e.g.
12C0, where gas motions are sub- to trans-Alfvénic. In
such regions, magnetic fields introduce anisotropy because
motions perpendicular to the magnetic field are impeded by
the Lorentz force, while gas can move freely along the field
lines. Thus overdensities will be stretched out by (turbu-
lent) shear flows preferentially along field lines (Hennebelle
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2013 Inoue and Inutsuka|2016}; | Xu et al.|2019)). This mech-
anism may explain the observed predominance of filaments
that are parallel to the local magnetic field at column densi-
ties below ~ 102122 cm~2 (§4.5). This is particularly pro-
nounced for the HI filaments, which are well aligned with
the Galactic magnetic field (§3.7). These possibly originate
from overdensities which are created by thermal instabil-
ity and are subsequently stretched out (lnoue and Inutsuka
20165 \Wareing et al.|2021]).

Converging flow-assisted formation: Around N
1021=22 cm~2 the preferred relative orientation of filaments
and magnetic fields switches from parallel to perpendicular
(see §4.35), a trend also seen in a number of simulations
including turbulence and strong magnetic fields (Heitsch
et al.||2001a; |Ostriker et al.| 2001} |Li and Nakamural2004;
Nakamura and Li 2008 |Collins et al.|[2011; |Hennebelle
2013 \Soler et al.| 2013 |Chen and Ostriker| 2015} |[Li et al.
20155 |Chen et al.|2016; |Zamora-Avilés et al.|2017; IMocz
and Burkhart||2018}; |Li and Klein||2019; |Chen et al.|2020a;
Seifried et al.|[2020; \Dobbs and Wurster| 2021}, but see also
Hennebelle and Inutsuka|2019| for a recent review). The
observation that high-column density filaments are prefer-
entially perpendicular to the ambient magnetic field admits
multiple interpretations for how magnetic fields, gas flows,
and gravity might interact in the filament formation process.

Soler and Hennebelle| (2017)) argue that the transition
from a parallel to a perpendicular field orientation indi-
cates an anisotropic and converging (accretion) flow. The
anisotropy is introduced by a dynamically important mag-
netic field on larger scales (causing aligned magnetic fields
and filaments); the converging flow can be caused by ei-
ther shocks (Kortgen and Soler||2020) or gravitational col-
lapse (Seifried et al.|2020). For the latter case, the rela-
tive orientation of the magnetic field is related to its rel-
ative strength with respect to gravity and in the end to
the formation of filamentary structures: for high (column)
densities (n ~ 10% - 103 cm ™3, N ~ 10?722 cm~2) grav-
ity starts to dominate over the magnetic force (Seifried
et al.|2020; \[bariez-Mejia et al.|[2021). For the converg-
ing flow mechanism to work the motions are globally sub-
Alfvénic but become super-Alfvénic on smaller scales (if
they were globally super-Alfvénic, we would end up with
the turbulence-induced formation mechanism described in
§5.1.2). [Chen et al|(2016) argue that locally super-Alfvénic
motions alone are sufficient to create filaments perpendic-
ular to the magnetic field. More recent simulations find
that super-Alfvénic motions are necessary but not sufficient
(Soler and Hennebelle|2017} |Seifried et al.|2020).

A common conclusion of these analyses is that the geo-
metrical configuration of the magnetic field with respect to
the filament can provide insights into its formation mech-
anism. An example is the bow-like structure of magnetic
fields around filamentary structures, which is caused when
a dynamically weak field is dragged along with the filament
(see right panel of Fig.[8). This configuration is found in
both simulations (e.g. |[Hartmann|2002} [[noue et al.|2018];
Li and Klein 2019; |Reissl et al.|[2021), and observations

~
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\

Fig. 8.— Left panel: Filamentary density structure (depicted with various isocontours between ~100 and 2000 cm~?) of a simulated
molecular cloud. The red arrows show the complex velocity field in the vicinity of the filamentary structures suggesting features
like accretion along filaments (A), accretion onto filaments (B1, B2) and accretion onto a hub-like system (C). Right panel: Volume
rendering of the density structure in a simulated molecular cloud showing cold and dense filaments (blue-green) as well as warm and
diffuse gas in its surrounding (pink). Both the density structure as well as representative fields lines associated with filaments show the
internal complexity of these objects, e.g. a kinked/bow-like field structure towards the spine of filaments. Simulations are taken from

Seifried et al| (2017b} [2020)

(Heiles| 1997}, [Heiles and Robishaw| 2009}, [Tahani et al.
2018}, 2019] [2022). Helical magnetic fields, suggested to
explain the radial stability of filaments (Fiege and Pudritz|
2000), have — to the authors’” knowledge — to date not been
found in any simulation and would also be difficult to dis-
tinguish from a bow-like structure (Reiss! et al|[2021] see
also [Tahani et al.|2019, for a comparison between different
field geometries around Orion).

5.14. Feedback-induced filaments

Filaments can also be shaped (and enhanced) by the
pressure effects of mechanical and radiation feedback on
pre-existing density inhomogeneities on the cloud surfaces
and edges. Two types of filaments occur in the context
of feedback. Filaments orthogonal to the wind direction
will show asymmetric radial profiles (Peretto et al|2012)
that can be enhanced by the effects of radiation (Suri et al]
2019). On the other hand, pillar-like filaments elongated
along the wind direction exhibit signatures of head com-

pression (e.g. |[Bally et al.|2018) and Kelvin-Helmbholtz in-
stabilities (Berné et al.|2010). In both cases magnetic fields
can play a crucial role in shaping the filaments

2017). While initially constructive, the continuous
action of these feedback mechanisms eventually destroys

these filamentary structures via photo-dissociation, erosion,
and ablation of their molecular material over time (e.g.
|Goicoechea et al.|2016)).

These wind-shaped filaments are typically low-mass, are
found at parsec scales within clouds, and are located in
the vicinity of the high-mass stars that supply winds and

20

radiation (e.g. 2019). Examples of filaments

sculpted by externally-applied forces have been classically
reported in connection to HI expanding shells (e.g. L204;

and stellar winds (e.g. Oph Streamers;
[1989b). High-sensitivity atomic ([C11]; [Pabst et al.|[2020)
and molecular observations (CO; have
identified these feedback-induced filaments at the walls of
HI1 regions.

5.1.5.  Shear, Differential rotation and Galactic Dynamics

A common feature of the above models is the presence
of shear due to turbulence, which enhances the filamentar-
ity of gas structures. However, the mechanisms discussed in
§5.1.2] and §5.1.3| usually only consider turbulent motions
within molecular clouds. Simulations have shown that on
larger scales (~100 pc or more) Galactic rotation can play
an important role in forming the Giant Filaments discussed
in §3.4] (e.g.[Wada et al|[2002; [Smith et al|20144). For ex-
ample, [Duarte-Cabral and Dobbs| (2017)) zoomed into the
Giant Filament population of an isolated galaxy simulation
to show that Giant Filaments form predominantly through
galactic shear.

Giant Filament formation is aided by instabilities such

as the Parker instability (e.g. [Kim et al|[2002} [Machida
et al| 2013} [Kortgen et al]2018), and the thermal insta-

bility which rapidly drives gas from the warm to the cold
phase (Hennebelle and Audit|2007} Kim et al.|2010). These
filaments are then further elongated by differential rota-
tion as they move between arms as, due to the their length
(2,100 pc), the ends of the filaments are at different galactic
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radii (Smith et al.[2020). Within spiral arms, dense filamen-
tary clouds known as ‘bones’ such as the Nessie filament are
proposed to form from gas compressed as it falls into the
Milky Way spiral potential (Goodman et al.| 2014} | Zucker
et al.|2015,[2019).

5.2. Environment

Filaments do not exist in isolation. Fig.[3](see also
suggests that — depending on the line mass — the pressure
of the ambient gas (§5.2.1)) or accretion (§5.2.2) driven by
the filament’s gravitational potential might play a role in
filament structure and evolution.

5.2.1

Whether pressure confinement is required to prevent the
filament from expanding depends on the effective equa-
tion of state (7Toci and Galli|2015)), on the line mass (Fis-
chera and Martin|[2012a), the global gravitational poten-
tial (Ballesteros-Paredes et al.|[2009) and on the magnetic
field geometry (Fiege and Pudritz|2000). The Galactic mid-
plane pressure of ~ 2 x 10* K cm—3 (Cox|2005: |Blitz and
Rosolowsky|[2006) provides a lower limit for the external
pressure. Magnetic pressure (Hennebelle |2013, see also
Kalberla et al.|2016|for HI filaments) and ram pressure (Au-
dit and Hennebellel2005; |Duarte-Cabral and Dobbs|2017;,
Chira et al.|2018) of the ambient gas can provide additional
pressure confinement.

Ram pressure confinement suggests dynamical or even
transient filaments, since it entails a mass inflow leading
to accretion (Heitsch|[2013b, §5.1). Ram pressure exerted
by turbulent flows (Audit and Hennebelle|[2005; |Duarte-
Cabral and Dobbs|[2017};, |Chira et al|2018) in combina-
tion with magnetic stresses (Hennebelle|[2013) can provide
a confining pressure.

Assuming a truncated Ostriker filament, the role of pres-
sure confinement can be quantified by the steepness of the
column density profile (Fischera and Martin|[2012a) as a
function of the criticality parameter f (Eq.[6). Beyond the
inner radius Rpg, (Eq. @, filaments show column density
profiles consistent with power-law slopes of 1.5 < p < 2.5,
though steeper slopes approaching p = 4 have been mea-
sured (see §4.3]and reference therein). It remains to be seen
— for example by correlating the power-law slope p with the
estimated central pressure — whether flatter profiles indeed
indicate stronger confinement as predicted by |Fischera and
Martin| (2012a). The effective equation of state (Toci and
Galli2015)), turbulence (Gehman et al.||1996a) or magnetic
fields (Fiege and Pudritz/2000) may also play a role for
shaping the filament profiles.

Pressure confinement can also be interpreted as radial
compression of a filament at constant line mass. How a fil-
ament responds to an external pressure increase depends on
the effective equation of state and magnetization. Isother-
mal filaments cannot be squeezed into collapse, since the
internal and gravitational energy increase with the same de-
pendence on the radius (Fiege and Pudritz|2000), yet, pres-

External Pressure
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surization affects the critical and maximum wave number
for longitudinal fragmentation (Eq. [I2} [Nagasawal[1987).
For equations of state softer than isothermal (e < 1), in-
creasing the external pressure leads to collapse (Toci and
Galli|2015) and affects the longitudinal fragmentation and
resulting shape of cores (Heigl et al.|2018b; |Hosseinirad
et al.|2018};|Anathpindika and Francesco|2021; Motiei et al.
2021).

5.2.2.  Accretion onto filaments

Line observations of the medium surrounding filaments
show velocity gradients often roughly perpendicular to
the main axis of the filament, suggestive of gas accretion
onto the filament (Schneider et al.|2010; Kirk et al.|2013;
Palmeirim et al.| 2013 |Beuther et al.||2015; |Dhabal et al.
2018} |(Williams et al.|2018; |Shimajiri et al.|[2019; |Bonne
et al.|2020; |Chen et al|2020c; |Gong et al|2021). Such
ongoing accretion onto filaments is also evident in 3D sim-
ulations of filamentary molecular clouds (see positions la-
belled B1 and B2 in the left panel of Fig. [§). Estimates of
the associated accretion rates, m, range from a few 10 to
a few 100 Mgy Myr—! pc=! (Kirk et al.| 2013} \Palmeirim
et al.|2013; |Schisano et al.|2014} |Bonne et al.|2020; |Gong
et al.|2021). These estimates are somewhat higher but still
in rough agreement with simulations of filaments located
inside molecular clouds giving accretion rates of a few to
a few 10 Mg, Myr—! pc~Y(Gémez and Vizquez-Semadeni
2014; |Chira et al.|2018). Variations in the observed ac-
cretion rates can in part be attributed to environmental ef-
fects, as m is found to correlate with the column density
(Heitsch|2013a;|Gomez and Vdzquez-Semadeni[2014). This
is supported by the observation that higher-mass filaments
are preferentially embedded in environments with a higher
background column density (Rivera-Ingraham et al.|2016).

The above accretion rates lead to accretion timescales

- m

Tace = —» (17
m

on which a filament would double its mass, as short

as 0.1 Myr. The implications of such short accretion

timescales for the evolution of filaments will be discussed

further in §5.4.3and §6.2]

The geometry of accretion flows and their relation to
the ambient magnetic field are still under discussion. |Shi-
majiri et al.| (2019) argue that the accretion in B211/B213
in Taurus occurs within a sheet-like structure (see |Chen
et al.|2020b} for a simulation counterpart), consistent with
a formation scenario via sheets (see §5.1.1). [Palmeirini
et al.| (2013) suggest that accretion occurs along the stria-
tions which are oriented perpendicular to the main filaments
B211/213 but parallel to the local magnetic field (see also
e.g. [Hennemann et al.||2012). This relative orientation of
magnetic fields and filaments was first proposed by |[Nagai
et al.|(1998) and subsequently confirmed in numerous ob-
servational and theoretical works (see and the review
article of Pattle et al. in this book). This geometry suggests
a magnetic field strong enough to channel the gas flow.
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Mass accretion can drive turbulence in molecular clouds
(Klessen and Hennebelle| 2010; |Goldbaum et al.| | 2011)).
While 3D simulations show that mass accretion leads to tur-
bulence within a filament (Seifried and Walch|2015} |Clarke
et al.|[2017} |Heigl et al.|[2018a)), |Heigl et al.| (2020) point
out that the resulting turbulent pressure does not contribute
to the stability of the filament since the turbulent pressure
profile is flat. If accretion is driven by gravity, invoking
accretion-driven turbulence as a stabilization mechanism
against gravitational collapse conflicts with energy conser-
vation. Turbulence driven by (gravitational) accretion im-
plies that kinetic energy flows from the outside in, and is
dissipated on a crossing timescale (Mac Low et al.||{1998;
Klessen and Hennebelle|[2010). If accretion-driven turbu-
lence were to support the filament against collapse, the tur-
bulent kinetic energy (mo2) would have to grow faster than
the gravitational energy (|m?G/), a proposition difficult to
reconcile with energy conservation, since it is the gravita-
tional potential that drives the accretion in the first place.
Moreover, the conversion efficiency between the kinetic en-
ergy of the inflow and the resulting turbulent energy is only
a few percent (Klessen and Hennebelle||2010), resulting in
trans- to mildly supersonic turbulence (Seifried and Walch
2015 |Clarke et al.|2017;|Heigl et al.[2018a),2020) in agree-
ment with observations (Hacar and Tafalla [2011} |Hacar
et al|2013}, [Arzoumanian et al]2013] see §4.6). Therefore,
accretion cannot result in filament stabilization, but it may
induce fragmentation (§5.4).

5.3. Filament Dynamics

5.3.1. Coherence

One of the characteristic features of filaments is their co-
herence. This is illustrated in two ways 1) in the POS veloc-
ity gradients along their length, and 2) in the LOS velocity
dispersion where there is a transition to sonic motions at
small scales (see §5.3.2).

We first consider the large-scale longitudinal coherence
shown in Fig. [/| in the observed velocity gradients of our
filament families. Two distinct classes emerge. On scales
larger than ~ 1 pc, average POS velocity gradients of only
1 km s~! pc™! or less are observed, independent of the fil-
ament’s length. This is particularly apparent for the Giant
Filaments on 100 pc scales. This large-scale longitudinal
coherence is likely due to two factors. First, it is often an ex-
plicit condition in the algorithm used to identify filaments,
particularly in the case of Giant Filaments (e.g.|Ragan et al.
2014; \Wang et al.||2015; |Zucker et al.|[2015; Wang et al.
2016). Second, coherency may simply be a necessary fea-
ture of survival, as any larger gradient may lead to a rapid
destruction of the filament. Simulations of galactic-scale
filaments (e.g.|\Duarte-Cabral and Dobbs|2016; |Smith et al.
2020) exhibit similar coherency in large-scale structures.

However, velocity gradients rise on smaller scales. Fig.
shows that below scales of 1 pc gradients can exceed val-
ues of 10 kms~! pc™! and there is a tentative indication
that the dispersion scales inversely with the filament length,
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Vusr,)| L~1. Such an effect could be due to a num-
ber of reasons. First, larger gradients along the filament
could be a sign of global collapse, possibly also connected
to fragmentation. Second, feedback effects such as outflows
may disrupt filaments locally on small scales. |Smith et al.
(2020) investigated the velocity gradients along filamentary
cloud networks formed as a result of galactic-scale dynam-
ics (their Figure 12) and found a similar distribution to that
seen in Fig. In this case the gradients at small scales
were high in both i) a massive filament system undergo-
ing significant collapse and fragmentation and ii) a highly
turbulent filament system undergoing disruption by super-
novae - suggesting that both mechanisms play a role in the
velocity dispersion scaling behaviour.

An additional contribution to the increasing velocity gra-
dient at small scales could arise from projection effects.
Considering a hypothetical filament with length L and con-
stant velocity gradient g, one obtains Ly, = L cos a and
Jobs = g tan a, where « is the angle between the filament

and the POS. It follows that « = arccos(Lobs /L) = arccos(z)
V1—x2

and thus ges = g tan(arccos(x)) = g Y which, for
r < 1, gives 1/z. Hence, the observed gradient would scale
as 1/x, i.e. Vorgg,| o< L.

532

Coherence is also observed in the velocity disper-
sion of filaments, but only on small scales (< 1 pc) were
s < Ot < 2¢5 (Fig. [6). Such behaviour is reminiscent of
the transition to sonic coherence seen in star forming cores
at ~ 0.1 pc (e.g.|Goodman et al.|1998). Despite the com-
plications in measuring filament widths (§4.3] §6.5), it is
clear that the FWHM of filaments with L < 1 pc is typ-
ically less than 0.2 pc (see §6.5), and hence in the sonic
regime. Subsonic filaments are a natural consequence of
supersonic turbulent shocks (see §5.1.2). This would imply
that the transition to coherence in molecular clouds occurs
before star-forming cores are formed, i.e. at the filament-
formation stage (Hacar and 1afalla|2011). Hence, the cores
simply inherit their subsonic nature when they are formed
by filament fragmentation (§5.4).

However, o« becomes increasingly supersonic for larger
filament lengths (Fig. E], Eq. . The scaling o oc L% is
reminiscent of the second Larson relation (Larson [1981).
For a constant column density > o Rgy, such an ex-
ponent would be consistent with an energy equipartition
of Ex/|E,| = 0?Rau/2GM ~ 1/2 as expected from the
Virial theorem.

Non-thermal motions are commonly interpreted as evi-
dence for internal turbulence, potentially driven by large-
scale accretion flows. Interpretation of such non-thermal
motions is further complicated as different tracers are used
(e.g. NoH™ for small, nearby filaments, and 13CO for large,
distant filaments) resulting in a larger column of gas and
more diffuse material being included in the measurement of
larger structures. Given the hierarchical nature of the fila-
mentary ISM, this can lead to superposition effects. Better-

The o4,; — L relation and the sonic regime
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resolved nearby clouds break into networks of filaments. If
a network of small trans-sonic fibers with different centroid
velocities were averaged into a single beam, the measured
linewidth would be supersonic (Hacar et al.|2016a).

5.3.3.  Filament rotation and angular momentum

In addition to their longitudinal gradients Vurgg | (§@]
and §5.3.1)), orthogonal velocity gradients inside filaments
are also reported for both fiber-like (Ferndndez-Lopez et al.
2014;|Dhabal et al.|2018)) and nearby filaments (Palmeirim
et al[2013) with values of Vorsg 1 < 10 km s=! pe~t.
These gradients could represent a continuation of the accre-
tion onto the filaments from larger scales (§5.2.2)). Orga-
nized, large-scale velocity gradients are observed in some
cloud-size filaments (Vursg, 1 ~ 2 km s ipct, Alvarez-
Gutiérrez et al|[2021) and massive IRDCs (Vursr, 1 >
20 km s~! pc1; |Beuther et al|2015).

Turbulence simulations also show filament velocity gra-
dients (Smith et al.|2016; |Chen et al.|[2020b). Orthogonal
gradients may be related to filament formation mechanisms
such as self-gravity or turbulent shocks, which can be dis-
tinguished by comparing the transverse kinetic and gravi-
tational energies at different radii (Chen et al.|2020b). Ve-
locity gradients across filaments could also be interpreted as
rotation along the long axis of the filament (Levshakov et al.
2016: |Alvarez-Gutiérrez et al|2021). Rotation can provide
additional support against collapse (Recchi et al.|2014)) and
may play an important role in determining the angular mo-
mentum of cores formed within them (Hsieh et al.|[2021).
Alternative explanations for perpendicular velocity gradi-
ents include magnetic reconnection events from clump col-
lisions with misaligned magnetic fields (Kong et al.|2021).

5.3.4.  Accretion flows and velocity oscillations along fila-
ments

The observed longitudinal velocity gradients discussed
in §4.6]and §5.3.1] often extend coherently along large parts
of the filament, with values from ~0.5 km s—1 pc*1 to a
few 10 km s~! pc~!. In particular in hub systems, accre-
tion flows appear directed towards the intersection point,
supporting their gravitational origin (see and the loca-
tion labelled C in the left panel of Fig.[8). Together with the
radial extent and the local density of the filament, velocity
gradients enable estimation of the accretion rates at which
cores accumulate mass. Accretion rates estimated from the
aforementioned observations cover a wide range from 10!
- 10* Mg Myr—L.

The mass growth of cores via accretion along filaments
was first proposed by |Gehman et al.| (1996b) and stud-
ied subsequently in a number of numerical and theoreti-
cal works (Balsara et al.|2001} |Banerjee et al.|[2006}; |My-
ers|[2009b; \Smith et al|[2011} 2016} (Gomez and Vdzquez-
Semadeni| |2014; \Gomez et al.|2018}; |Li and Klein [2019).
Such an accretion flow along a filament is also visible in
the left panel of Fig. [§]at position A.|Gomez and Vazquez-
Semadeni| (2014) suggest that the accretion flow along the
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filament is fed by the accretion onfo the filament (such an
accretion flow conversion might occur between location B1
and C in the left panel of Fig.[§). Due to mass conserva-
tion, the accretion rate increases along the filament towards
the central core reaching values up to 107% M, yr—!. Ev-
idence for similar accretion flow patterns has been seen in
observed filaments (Schneider et al.|2010; |Kirk et al.|2013;
Chen et al.[2020c]).

Besides coherent velocity gradients over the entire
length of a filament, velocity gradients may take the form
of oscillations along the filament spine (Heiles||1988;|Loren
1989b; |Hacar and Tafalla| 2011; |Henshaw et al.|2014;
Hacar et al.|2017a; \Barnes et al.|[2018; |Liu et al.|2019;
Sokolov et al|2019). According to |Henshaw et al.| (2020),
velocity oscillations are present at different scales in the
ISM, from sub-parsec to kpc scales. Indeed, theoretical
studies by |Gritschneder et al.|(2017) have shown that long-
lived, stable oscillations can be driven in hydrostatic fila-
ments due to the action of gravity upon small bends within
the filament. Large-scale velocity oscillations have been
proposed to also produce stellar ejections via a slingshot
mechanism under the presence of helical magnetic fields
(Stutz and Gould|2016)).

In a few tantalising cases velocity gradient and density
oscillations appear to have the same wavelength A but be
systematically shifted by \/4 (Hacar and Tafalla| 2011}
Henshaw et al.|[2016). This could be evidence for accre-
tion flows within filaments onto cores, which in turn sug-
gests gravitational instabilities as the origin for these mo-
tions (Gehman et al.||[1996bj |Heigl et al.|2016). However,
such a “dephased” behaviour between the velocity and den-
sity perturbations is not observed in all cases (Zafalla and
Hacar|[2015). As stated by |Gehman et al.| (1996b), this
could be due to turbulent motions which superimpose a dif-
ferent velocity pattern on the gravitational flow thus break-
ing the correspondence of velocity and density oscillations.

5.4. Fragmentation

Accretion onto and along filamentary structures both in-
crease the gas density, either locally (e.g. at the intersection
points of filaments in hub systems) or globally along the
entire length of the filament. This directly influences the
instantaneous fragmentation properties by decreasing the
Jeans length of the structures. Furthermore, as discussed in
filaments are turbulent, and supersonic compression
creates local over-densities and thus seeds fragmentation
before the turbulent energy decays (Mac Low et al.||1998;
Mac Low|1999). Hence, fragmentation most likely does not
occur in the perfectly smooth hydrostatic filaments as de-
scribed in but instead within a hierarchy of structures
which have complex motions. The end point of this frag-
mentation process is the formation of dense cores that may
go on to form stars (see also §6.6). Does filamentary frag-
mentation determine the properties of these cores?
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54.1.

Theoretical studies on the evolution of quiescent fila-
ments of finite length have shown that gravitational focus-
ing causes an enhanced collapse at either end of the fila-
ment (Bastien|1983; \Burkert and Hartmann|2004;|Pon et al.
2011, 20125 [Toald et al.|2012; |Clarke and Whitworth 20155
Hoemann et al|2021). The timescale for the filament to
fully collapse along its long axis is proportional to the free-
fall time, 74y = \/37/(32Gpp), modified by the aspect ra-
tio A = L/FWHM of the filament (Pon et al.|2012} [Toald
et al.[2012),

Edge fragmentation

V324 ne  \-1/2
Tiong = - T = 19A1/2 (m) Myr

(18)
The actual onset of edge collapse, however, should be ob-
servable much earlier (Seifried and Walch2015)).

However, observationally there are only a few filaments
observed with clear indications for a pure edge fragmenta-
tion (Zernickel et al.|2013} |Friesen et al.|2016};|Kainulainen
et al.|2016; \Dewangan et al.[2019; |Yuan et al.|2020;|Cheng
et al.|[2021} |Gong et al.||2021). Indeed, moderate density
perturbations, supercritical line masses (Seifried and Walch
2015), or localised radial inflow (Heigl et al.|2021) can ef-
fectively mask this fragmentation mode by causing frag-
mentation inside the filament proceeding on a comparable
or even faster timescale than at the edges. Moreover, any
tapering of the edge will reduce the extreme accelerations
caused by gravitational focusing (L#2001). The paucity of
observational evidence for edge fragmentation is thus not
surprising.

In summary, given the turbulent nature of the ISM, it
would thus be difficult to find a filament that shows edge
collapse exclusively, specifically if the presence of proto-
stars is used as an indicator. Line-of-sight velocity informa-
tion may provide a clearer diagnostic tool (Heitsch|2013a).

5.4.2.  Fragmentation spacing

Isothermal cylinders can fragment for perturbations at
wavelengths A exceeding Acrit >~ 4Rgar (Eq. [I2). Thus
(sub-)critical filaments (f < 1) are expected to gravita-
tionally fragment to form equally spaced cores with typi-
cal masses of Mcore ™ Merig Acrit OF ~ Mjeans. The sepa-
ration of these cores is set by the fastest growing unstable
mode Apax, Which is equivalent to about 2 times the critical
wavelength (Nagasawal||1987}; |Larson (19835} |[nutsuka and|
Miyamal[1992). The e-folding time for the fastest growing
mode at A\ ax 1S

o

—1/2
W) Myr.— (19)

3
rag = ——=— = 1.66
Thrag 2\/71’Gp() (

The growth rate o< Tf;;g vanishes for perturbations with in-
creasing A for an isothermal, unmagnetized filament, but
it can remain finite for a non-isothermal equation of state
(Gehman et al.|1996a; Hosseinirad et al.|2018;|Motiei et al.
2021). Axial magnetic fields increase the factor in Eq. [T9)]
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from 1.66 to 1.84 (Nagasawa||1987). A supercritical fila-
ment will collapse faster radially than it can fragment lon-
gitudinally, unless it is seeded with sufficiently high pertur-
bations (lnutsuka and Miyamal||1997, their Fig. 11).

Observed core spacings rarely align well with these ide-
alised models. Frequently filaments do not exhibit regular
spacing at all (e.g. |Kainulainen et al.|[2017; |Mattern et al.
2018b), or — when regular spacing is observed — it is not at
Amax but at At (Tafalla and Hacar|[2015) or shows a sig-
nificant scatter (Beuther et al.|[2021). First-order diagnos-
tics such as the median core-to-core separation may omit
information on the clustering of fragmentation and can give
varying results depending on the statistical method (e.g.
Clarke et al.|2019). Indeed there is evidence that the frag-
mentation spacing may be hierarchical, with smaller chains
of regularly spaced cores consistent with Jeans fragmen-
tation embedded within clumps whose spacings are deter-
mined by the large-scale, gravitationally-unstable modes of
the filament (Teixeira et al.|2016)) or the dominant turbulent
mode (Seifried and Walch|2015}; |Clarke et al.|2017), but see
also §5.4.3). Herschel filaments have median spacings sim-
ilar to the filament width (e.g. |Zhang et al.|2020; |Konyves
et al.|2020), while in other sources they only become com-
patible with idealised models if an additional source of sup-
port, such as turbulence, is included beyond the thermal
case (Jackson et al|2010; |Busquet et al.|2013; |Lu et al.
2014)). Analysing core separations requires care, as in addi-
tion to the potential presence of more than one characteris-
tic fragmentation length scale, a significant number of cores
(N > 20) is required to obtain statistically meaningful re-
sults (Clarke et al.|[2019).

5.4.3. Fragmentation in a turbulent environment

The discussed results depict a complex picture of fila-
ment fragmentation. This could indicate an effect of accre-
tion flows on the fragmentation behaviour of filaments, in
particular as the timescales for fragmentation of (Eq. [I9)
and accretion onto a filament (Eq. [T7) can be comparable.
Indeed, numerical simulations show that ongoing accretion
of material onto the filament affects gravity-induced frag-
mentation (Clarke et al.|2016)), which deviates significantly
from fragmentation of initially quiescent, pre-existing fila-
ments (lnutsuka and Miyamal|1992). Moreover, due to the
turbulent energy cascade, the accreted material is expected
to be moderately turbulent as shown by the filament veloc-
ity dispersions (see §4.6] and §5.3.2). Simulations show
that in the trans- to mildy supersonic regime, fragmen-
tation is shifted from a gravity-dominated to turbulence-
dominated process, where fragment locations are seeded by
turbulent motions (Seifried and Walch|[2015; |Clarke et al.
2017). Both these studies show that the observed fragmen-
tation spacing strongly depends on the dominant turbulent
length scale. Furthermore, [Chira et al.| (2018) show that
filament fragmentation might set in before the critical line
mass is reached, further emphasising the importance of tur-
bulent motions and moderate density enhancements (see
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also |Seifried and Walch [2015)) during the formation phase
of filaments. Consequently, core formation can take place
at any point along the filament, in agreement with observa-

tions (§5.4.2).

6. TOWARDS A PHYSICAL INTERPRETATION
OF FILAMENTS

6.1.

Observed filaments show a wide range of values for the
line mass m (Fig.[2). Close inspection of the data indicates
that there might not be a single powerlaw L oc M describ-
ing the entire distribution (left panel of Fig. @ and Eq. [T4).
In the following we speculate on the origin of the observed
M — L relation.

The Mass - Length (M — L) scaling relation

6.1.1.

The observed M — L relation may originate from the hi-
erarchical structure of the filamentary ISM (§4.4). To build
intuition, we consider how a parent filament may populate
the M — L plane with filamentary substructures. Simple
longitudinal segmentation of the parent filament (neglect-
ing longitudinal contraction of the fragments, see §5.4.1)), in
combination with mass conservation, necessitates L o M,
as each sub-filament will by definition have the same line
mass. This is significantly steeper than the observed scal-
ing relation L oc M with a ~ 0.5 (Eq. [T4).

Assuming a top-down (fray and fragment) filament-
formation scenario (Zafalla and Hacar|2015), we consider
the following toy model to explain the observed scaling.
We note that a similar argument can be made for a bottom-
up (fray and gather) scenario (Smith et al.|[2016). Picture
a straight filament of length Ly and mass M, embedded
in a turbulent cloud of the same size. Turbulent motions
will bend and stretch the filament. For self-gravitating fil-
aments, any bends in the filament will enhance local grav-
itational forces, resulting in fragmentation. Assuming the
filament’s length Ly does not change, and equating the tur-
bulent bending with a random walk process, the filament
will fragment into N sections of length L = Ly /+/N each.
If the filament does not accrete an appreciable amount of
mass during this random walk process, each fragment has a
mass of M = My/N. Eliminating N thus leads to

1/2
LZL()( ) s

similar to the relation found in Fig. [Z_f} Hence, the random
walk toy model appears to be a viable first-order approxi-
mation of the substructure generated by turbulent motions.

We add, however, some words of caution: First, this
picture certainly oversimplifies the hierarchical, filamen-
tary structure inside the parental object. Second, if ran-
dom column density perturbations, e.g. due to observa-
tional noise or choices in the filament identification algo-
rithm (e.g. [Panopoulou et al|2014} and §3.10), dominate
the identification of sub-filaments, this could also mimic a

The scaling and scatter of the M — L relation

M

M, (20)
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random walk behaviour. Thirdly, not all of the mass M
might be assigned to the smaller-scale filaments, e.g. due
to different density dependences of observational tracers,
causing the relation in Eq.[20[to become shallower.

We emphasise that Ly and M in Eq. [20] are set by the
conditions on the largest scale and can thus be different for
different objects. This motivates Fig. [0 where we plot the
M — L relation for separately Musca, Taurus, and Orion A.
Turbulent effects in combination with fragmentation will
cause filaments to evolve down along the colored, dashed
lines, which represent hierarchical fragmentation originat-
ing at the cloud-scale My, Ly (Eq. . Because a filament
might continue accreting or contracting longitudinally, its
sub-filaments are not expected to exist above the dashed
line. Indeed, for all three cases the sub-filaments sit be-
low the corresponding line, suggesting that accretion does
play a role. For Orion A, we additionally plot the observed
dense fibers, suggesting an additional level of hierarchy.

Though the entire distribution (neglecting the HI fila-
ments) roughly follows a L oc M'/? relation, for a given
M there is a significant scatter in L of about 0.5 - 1 dex. A
number of factors may contribute to this scatter. First of all,
environmental effects for individual objects (Fig.[9) seem to
introduce a vertical scatter in the overall distribution. Also
inclination can account for a small part of the vertical scatter
(~ 0.1 dex), as can be derived from geometrical consider-
ations, similar to the effect of blending of unresolved sub-
filaments along the LOS (Juvela et al.|2012; Moeckel and
Burkert|2015). The identification algorithm (§3.10) can in-
fluence the determination of the length and filament radial
extent (e.g. [Schisano et al.|[2014), thus introducing scatter
in both M and L. As longitudinal collapse would make
the M — L relation steeper (in contradiction to the obser-
vations), we speculate that this process is subdominant, but
may contribute to the intrinsic scatter at a given M. Accre-
tion from the ambient medium can introduce a horizontal
shift in M for constant L. Further study is needed to isolate
the relative importance of each of these processes.

6.1.2. The lower and upper envelopes of the M — L dis-

tribution

In a first attempt to understand the envelopes of the
global M — L distribution, we compare the distribution to
equilibrium filaments. We replace the total velocity disper-
sion (Eq.[d)) used to determine m.;; (Eq.[7) with the relation
inferred from our catalog (Eq.[I3), yielding:

(1+ >

In Fig. 2] we show this relation using 7" = 10 K (red solid
line). It divides the M — L plane into two regions. Above
the line, a combination of thermal and non-thermal pressure
dominates. The latter may be caused by turbulence or in-
fall. Below the line, gravity dominates, leading to collapse
and fragmentation (§6.2). The line approximately traces
the lower envelope of the filament distribution, suggesting
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Fig. 9.— Top to bottom: Regimes of dominant timescales in the
M — L plane for Musca, L.1495-B213 (Taurus) and Orion A, com-
pared to the full filament population in our sample (grey dots, see
also Fig.[). Dotted black lines mark values of constant m. Frag-
mentation (and possibly longitudinal collapse) dominates over ac-
cretion below the solid colored line (equating Egs. 23] and 24).
Coloured dashed lines show Eq. 20] originating from the corre-
sponding main filament (cross) towards associated sub-filaments
(coloured circles), indicating a hierarchical structure. For Orion
(bottom panel) we include two hierarchical levels: from the Orion
A cloud (dark blue square) to its parsec-scale filaments (dark blue
crosses) and from the ISF (cyan crosses) to its fibers (cyan cir-
cles). L and M values for the ISF are from the ISF-extended re-
gion (cyan cross; Nagahama et al.|1998)), but are similar to values
for the ISF-alone filament (Bally et al][1987). The lower panel
also includes the mass-size relations (dotted/dashed black lines)
previously reported for clumps (see §6.3).
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that both pressure components together set the maximum
achievable line mass.

The distinction into these two regions is not exact, for at
least three reasons. First, decreasing the scaling length of
0.5 pc in Eq. [2T] or increasing 7" would shift the red curve
slightly downwards/to the right, but would not affect the
overall scaling behaviour. Second, also inclination effects
might shift the curve somewhat downwards. Third, Eq. [21]
could be modified to include the contribution from a radi-
ally isotropic magnetic pressure (e.g. by a field parallel to
the filament’s main axis) by adding the term (va /c;)? inside
the bracket. By assuming a scaling relation of the magnetic
field strength with density of B = 10 uG - (n/300 cm™3)?
and the specific case of 3 = 0.5 (Tritsis et al|2015), v, be-
comes constant, i.e. independent of n. This term acts to
slightly shift the solid line towards lower L for a given M.
A more in-depth investigation of the magnetic contribution
to this M — L relation, however, would also have to take
into account the effect of magnetic field geometry: a per-
pendicular field orientation with respect to the filament and
typically observed field strengths (Fig. [5) would increase
Merit (EQ. |§|) by a factor or ~ 2 — 3 only, compared to a

factor of ~ 10 for a parallel orientation (Tomisakal2014;

[Seifried and Walch|2015} [Hanawa et al|2017}, [Kashiwagi
land Tomisaka|2021)).

An upper limit for the distribution in the M — L plane
— at least for molecular filaments — could be caused by
the requirement of a sufficient shielding against UV radi-
ation to form molecular gas (here we assume CO). The
column density of a filament available for shielding is
Nniela = (m/pwmp)/Raa. Assuming that the central den-
sity (required to calculate Rg,; Eq. ﬂ;fl) is 10 times the av-
erage density (Eq.[I3) yields the relation

0.65 —0.65
L~15 < ) ( ) pc. 22)

We note that this represents only a rough estimate as also
the material in the environment of the filament contributes
to the shielding and as it is based on the assumption of
a filament in hydrostatic equilibrium. Despite this sim-
plification, this relation (red dashed line in Fig. [2] using
Nipield = 1021 em =2, Ay ~ 1™%9; van Dishoeck and Black]

988)) roughly matches with the upper envelope of the data
distribution. This could indicate that the upper envelope of
the distribution of (molecular) filaments is set by a shield-
ing column density typically required for molecular gas to
form. Consequently, this line also roughly separates the
HI filaments from the rest.

Overall, the solid and the dashed red lines in Fig. |Z|
bracket the distribution of data points in our catalog. The
physical parameterization introduced in Egs. [21] and [22]
could be used to predict the expected M — L distribution
of molecular filaments in different Galactic environments
depending on oy, B, ¢g, and Nghielq-

M

Mg

Nihield
1021 cm—2
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6.2. Timescales and the )/ — L relation

Timescales of dominant physical processes can iden-
tify characteristic domains in the M — L plane. We con-
sider three characteristic timescales, namely the accretion
timescale (Eq. , the (linear) fragmentation timescale
(Eq.[19), and the timescale for longitudinal (edge) collapse
(Eq.[I8). The latter two timescales are variants of the free-
fall time where T¢ag is always shorter than 714, for aspect
ratios A > 1. For this reason, in the following we focus on
the accretion and fragmentation time scales, but note that, in
particular for filaments with a low A and hub-like filaments,
longitudinal collapse might become important as well. To
place the timescales in the M — L plane, we use the density-
length scaling (Eq.[13) inferred from Fig. 4 resulting in

Tacc — Mi/L 23)
m
L 0.55
Tiag =~ 0.5- () Myr 24)
pc

These timescales delineate two regions in the M — L
plane (Fig. 0). Both regions are dominated by one pro-
cess, the upper by accretion, the lower by fragmentation
(and in parts longitudinal collapse). However, none of
the processes act exclusively: rather, all processes will
compete, one having the shortest timescale. Each panel
uses the observed accretion rates (14 My pc™! Myr~!
for Musca (Bonne et al.|[2020); upper limit for Taurus at
50 My, pc—t Myr~! (Palmeirim et al.|2013); estimate for
Orion at 300 Mg, pc~! Myr~1). For all main filaments, ac-
cretion dominates, while sub-filaments straddle the bound-
ary between accretion and fragmentation or longitudinal
collapse. In general, for long, massive filaments, accretion
tends to dominate — longitudinal collapse will be present,
but will not control filament evolution.

Main and sub-filaments in the individual panels in Fig.[9]
are bounded toward lower L by the transition from accre-
tion to fragmentation (solid lines), and toward higher L by
their hierarchical structure (Eq. dashed line). We thus
suggest the following evolutionary picture for filaments: (i)
Filaments and their hierarchical sub-structure(s) “move” di-
agonally downwards, (ii) then accrete mass and move hor-
izontally to the fragmentation-dominated regime and (iii)
finally form cores rapidly and get dispersed (§6.6). There-
fore, the majority of filaments are expected lie above the
solid line, which indeed seems to be the case for the three
examples shown. Our results tentatively suggest that the
distribution in the M — L plane could be used to estimate
the accretion rate in the system. Comparisons with syn-
thetic filament evolutionary tracks for different simulations
in the M — L plane could shed more light on the interpre-
tation of the observed M — L relation in clouds.

The narrowness of the filament distribution between the
(dashed) fragmentation line and the (solid) accretion limit
in Fig.[Q)may place a limit on filament evolution timescales.
Rivera-Ingraham et al.| (2017) estimated timescales of 1 —
2 Myr for nearby filaments in the Galactic Cold Core Her-
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schel sample, while |Gong et al| (2021) find an age of
~ 2 Myr for the Serpens filament based on timescales for
C'80 freeze-out. These timescales are consistent with the
spatial correlation between gas and YSOs (Hacar et al.
2017b)), a characteristic property of nearby (resolved) star-
forming regions (Hartmann et al.|2001).

Short characteristic timescales are also expected for
massive and compact HFS such as NGC1333 or Mon-R2
(see grey crosses in Fig. [9). After a likely high accretion
phase in earlier stages, their current position in the M — L
phase-space suggests that these filamentary clouds could
undergo a global collapse in ~ 1 Myr (see Eq. [I8). This
rapid evolution may explain large velocity gradients and
high infall rates reported in these objects (see §3.8). Addi-
tional analysis of different HFS are needed to confirm these
conclusions.

6.3. Normalization

The origin of the mass-size relation (sometimes referred
to as mass-radius relation for clumps and cores) has been
widely discussed in the literature (e.g. |Elmegreen and Fal-
garone|[1996). In addition to the slope variations (see §4.4),
the comparison of the mass-size relations obtained in re-
solved clouds reveals systematic offsets between regions
(Kauffmann et al|2010alb). The combination of hierar-
chical fragmentation (Eq.[20) and differing accretion rates
(Eq.[I'7) provides a potential interpretation of these different
normalization values as seen in regions such as Musca, Tau-
rus, and Orion (see §6.2). Fig.[9](bottom panel) also shows
the mass-size relation obtained for the most massive clumps
in the solar neighborhood, M = 400 Mg, - (Reg/pc)t”
with Reg corresponding to the object’s effective radius,
and where we assume L = 2R.;s (black dashed line;
Kauffmann et al.|2010a). For these local regions our fil-
amentary models predict a maximum accretion rate of
~ 300 M, pc~! Myr~! similar to Orion.

Our analysis could also shed some light on the origin of
high-mass stars in our Galaxy. High-mass stars are found
in regions with M > 870 Mg, - (Reg/pc)!-33, implying a
minimum mass limit for the formation of massive stars
(Kauffmann_and Pillai) 2010). When displayed in Fig. [9]
(black dotted line in the bottom panel), this threshold ap-
pears to separate most of the “standard” filaments from the
more massive and compact HFS. The location of HFS in the
M — L parameter space tentatively suggests that they form
under high accretion rates with 712 > 500 M, pc~* Myr—1.
This would reinforce the connection between the origin of
high-mass stars and the dynamic evolution of massive fila-

mentary hubs (see §3.8).

6.4. Revisiting Larson’s relations

The scaling relations derived in this work bear resem-
blance to the classical relations first described by Larson
(Larson|1981}; |Solomon et al.|[1987}; |Heyer et al.|2009). We
can examine the similarities and differences between the
scaling relations, and further, re-interpret Larson’s relations
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by taking into account the filamentary geometry. Impor-
tantly, Larson assumes spherical geometry. Cylindrical ge-
ometry naturally allows varying geometries via aspect ratio.
Thus, different filament types or families may play a role in
setting the scaling relations.

The first similarity occurs for the scaling of our ooy — L
relation of filaments (Eq. and that of galactic clouds
(first Larson’s relation: oy, o L9°; see e.g. \Solomon
et al||1987): both show the same power-law exponent.
Secondly, the power-law exponent of our n — L relation
(Eq. is consistent with that of the third Larson’s rela-
tion: n oc L1,

Larson’s M o L9 relation (contained in the data but
not explicitly shown in |Larson||[1981)) combined with a
spherical geometry leads to the aforementioned n — L rela-
tion, which suggests a constant column density. In contrast,
for a filamentary picture, i.e. under the assumption of cylin-
drical geometry, our observed scaling of M oc L? does not
directly lead to n L1, This is because, in addition to
M and L, the radius (FWHM), or alternatively the average
column density, must be determined independently. Fur-
thermore, the column density of filaments in our catalog is
not constant (indeed it covers almost three orders of magni-
tude in dynamical range) and is uncorrelated with L. It is
thus remarkable that the classical n — L relation appears to
hold in the view of a filamentary ISM.

An analysis using the first (¢ — L) and second (¢ — M)
Larson’s relations in a spherical configuration is interpreted
as a manifestation of energy equipartion independent of
scale (Larson|[1981). In the case of filaments the ¢ — m
relation (Eq. [I6) would imply energy balance in the radial
direction only. Fragmentation could still occur in the lon-
gitudinal direction, and of course, energy equipartition is
consistent with a range of scenarios from virial equilibrium
to free-fall collapse.

Finally, under the assumption of cylindrical geometry,
our observed n — L and M — L relation directly necessi-
tate that the two geometrical scales of filaments are linked,
i.e. that the filament width F'W HM oc L7 with -y close to
unity. Given the large dynamical range of L (see Fig.2)) this
is an independent indication that the width of filaments can
in general not be constant.

A definition issue should be emphasised when consider-
ing filament widths over the wide dynamic ranges the scal-
ing relations span. It is not clear how to reconcile the con-
cept of width for a hierarchical structure. Current filament-
definition approaches only consider filaments at one given
scale (§3.10). For example, giant filaments whose widths
have been measured in parsecs (Zucker et al.|2018), harbor
— or are composed of — filaments whose widths are much
smaller (Mattern et al.[2018b). A better description and un-
derstanding of the filament hierarchy is necessary also for
the interpretation of the scaling relations.
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6.5. Filament widths: intrinsic properties vs observa-
tional artefacts

One of the main findings from Herschel is the narrow
distribution of filament widths measured in nearby clouds
with the Herschel Gould Belt Survey. Arzoumanian et al.
(2011)) first found that the distribution of widths is centered
around ~0.1 pc, which is inconsistent with the Jeans length.
Theoretical models have attempted to explain this observa-
tion (Fischera and Martin|2012alb; |Hennebelle and André
2013;|Federrath|2016; Auddy et al.|2016), ( some have since
been excluded |Hennebelle 2013 INtormousi et al.|[2016)
while none of the remaining models are applicable to the
wide range of filament column densities in the sample of
Arzoumanian et al.|(2011)). On the other hand, an increas-
ing number of filament widths significantly different from
0.1 pc are reported in a variety of regions with the use of
different gas tracers and observational techniques (§4.3).
Here, we re-examine the understanding of filament widths,
in light of existing measurements of filament properties. We
briefly summarize three factors that may affect the filament
width: (a) physical processes, (b) observational tracers, (c)
biases in the measurement method.

A variation of the filament width across environments
and over time is theoretically expected due to various phys-
ical processes (e.g. accretion, gravitational collapse, am-
bipolar diffusion, varying magnetic field geometry, cos-
mic ray ionization rate, sonic Mach number, see |Heitsch
2013a; |Smith et al.|[2014b; |Van Loo et al.|2014; |Seifried
and Walch| 2015} |Federrath|2016; INtormousi et al.| 2016}
Seifried et al|[2017a). Some evidence for environmen-
tal dependence and time evolution has been found (Hacar
et al.| 2018 |Schmiedeke et al.|[2021). However, observa-
tions are hampered by biases from chemistry (7ritsis et al.
2016} |Seifried et al.|2017a; |Priestley and Whitworth|2020;
Schuller et al.|[2021)), radiative transfer (Juvela et al.|2012;
Howard et al.|2019), resolution (Schisano et al.|2014) and
the exact method of measuring filament widths (averaging,
confusion, choice of fitting function and range, see |Mali-
nen et al.|2012;Smith et al.|2014b;|Panopoulou et al.|2017;
Arzoumanian et al|2019; [Suri et al.|[2019} |Priestley and
Whitworth|[2020). Complementary approaches have been
developed to characterize filamentary structures, which do
not suffer from the same biases as profile fitting (e.g. power
spectrum, wavelet analysis, see §3.10/and §4.4).

By examining data in our catalog we have found that
filament width measurements are still affected by a more
classical problem: the distance determination. There is a
correlation between the width and length of filaments in the
data from [Arzoumanian et al.| (2019). This becomes even
more apparent in the left panel of our Fig. [I0] when using
more recent distance estimates (Panopoulou et al.|2021),
which are based on 3D dust extinction (Zucker et al.|2019,
2020 |Leike et al.|2020). This correlation is directly linked
to a distance issue: filaments in more distant clouds have,
on average, larger FWHMs (Fig. [I0] middle panel). We
show the observed FWHM as opposed to the reported ‘de-
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Fig. 10.— Left panel: Observed filament widths, FWHM (in parsec), as function of the filament length, L, in 7 nearby clouds as seen
by Herschel (from Arzoumanian et al.||2019). The data for Ophiuchus (red), Aquila (yellow), Orion B (blue), and IC5146 (magenta)
are highlighted in all panels. The distances to the clouds have been updated based on the latest 3D dust extinction maps, see text and
Panopoulou et al.|(2021). Middle panel: Observed FWHM as a function of the cloud distance, summarised for the various clouds in the
form of a violin plot. The plot includes the maximum, minimum and mean of each FWHM distribution. Right panel: Same as in the
middle panel, but now the FWHM is in units of the beamsize (18.2 arcsec). In all panels, the value of 0.1 pc is shown by a dotted line.

convolved” FWHM by |Arzoumanian et al|(2019) (as ‘de- into dense star-forming cores. Cores identified on and off
convolution” assuming a Gaussian profile does not correct  filaments may even have different properties. |Polychroni
for beam effects | Panopoulou et al.||2021). The FWHM and et al.| (2013) find that cores in Orion A located in fila-
L have been rescaled to the new estimated distance (from  ments (71% of total) have a different mass function and
Panopoulou et al|[2021). The mean FWHM per cloud are  peak mass (4 M) compared to those outside filaments
equal to 3-5 times the Herschel-SPIRE beam of 18.2” (the (0.8 Mg). [Schisano et al.|(2014) studied the properties of
resolution of the N-maps used in|Arzoumanian et al.[2019).  cores observed in the Galactic Plane, and find that cores
As seen in Fig. [T0] (right panel), a constant width of 0.1 pc  exceeding the theoretical thresholds for massive star for-
(black, dotted line) does not describe the data well. The mation (~ 1 g cm™3, Krumholz and McKee|[2008) are only
scaling of mean width with distance suggests that filament  located on filaments, and not outside them. These results
widths are resolution-dependent (Panopoulou et al.|2021}). suggest that the properties of filaments are crucial in deter-
We note that |Arzoumanian et al.| (2019) did investigate  mining the properties of star-forming cores.
the effect of distance and concluded that the mean width
(for the entire ensemble of clouds) is not significantly af-  0-6-1.  Core Mass Function
fected by the choice of distance. However, the trend is clear In addition to the spacing of the fragments (§5.4.2), one
when we break up the data in separate clouds: the width  can also consider the effect of filament fragmentation on
of the entire filament distribution remains similar, but the the I‘esu][ing mass distribution of cores. |[[nutsukal (2001)
mean width per cloud clearly increases with distance. used the Press-Schechter function to predict the Core Mass
We observe an almost linear scaling of FWHM oc L°?"  Function (CMF) that would arise from a turbulent power
(fit to the data in Fig. [T0} left), consistent with the expec-  spectrum of fluctuations within a filamentary geometry over
tation from §6.4] At the same time, a scaling of width with  time, and showed that it evolves towards a dependence of
distance, similar to what we find, has also been observed % x M~2% within approximately one free-fall time.
for Hi-GAL filaments (Schisano et al.|2014) and for Her-  More recently, steady-state models by [Lee et al.| (2017) ex-
schel cores (Rivera-Ingraham et al.|2016) and has been con-  amined the expected masses of fragments of the observed
nected to resolution effects. Thus, disentangling intrinsic filament popu]ation, noting that a realistic CMF could on]y
variation of filament widths from possible resolution biases  arise from a superposition of multiple filaments with a char-
is an issue that requires further scrutiny. acteristic m distribution. Early observational works suggest
a tentative mass dependence for the filament mass func-
tion (FMF) of 427 oc M~ for parsec-scale filaments (Na-
Star-forming cores are associated with filaments (Schnei-|  |gahama et al.|1998). Resolved filaments in nearby star-
der and Elmegreen| (1979} |Hartmann|[2002; André et al| forming regions have a power-law like distribution of both
2010; Molinari et al.|[2010). For example, in Aquila 75%  the FMF, STA/; o M~2% and filament line mass function
of the Herschel core population lies within gravitationally  (FLMF), % o m~24, respectively, which will naturally
super-critical filaments (Konyves et al.|2015). As discussed  lead to a power-law distribution of core masses (André et al.
in §5.4] parsec-size filaments can gravitationally fragment  [2019). The first complete surveys of entire filament popu-

6.6. Initial conditions for star formation
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lations inside clouds (e.g.|Orkisz et al.|2019) appear to be a
promising avenue for investigating the connection between
the filament and core mass distributions.

While Jeans-like cores are likely formed in fragment-
ing filaments, the origin of more massive supra-Jeans cores
inside filaments is less clear. Massive cores are observed
within highly super-critical parsec-scale filaments (e.g. |Shi-
majiri et al.| 2019} |[Konyves et al|2020). This could sim-
ply be due to the fact that cores of similar size in a higher-
column density medium will be more massive, or it could be
due to the most massive cores being preferentially at junc-
tions (§3.8] and references therein) where cores may merge
or grow by accretion (§5.3.4). Additional high-resolution
(e.g. ALMA) observations of massive filaments and hubs
are needed to explore these different scenarios (e.g. |Hacar|
et al.|2018} |Louvet et al.|2021} |Motte et al.|2021).

6.6.2. Environmental variations

Although resulting in the same mass distribution, the ini-
tial conditions for the formation of cores inside filaments
may depend on the environment. According to Fig. Ol
all filamentary regions roughly follow the same L oc M-
dependence, but with a different normalization (§6.1.1).
Shorter filaments are seen in regions with higher accre-
tion rates (such as Orion) in comparison to more quies-
cent clouds (such as Taurus). This effect is likely produced
by the enhanced fragmentation of filaments with higher ac-
cretion rates. This trend could extend into more massive
ridges, hubs, and filament networks (§3.8), suggesting that
filament properties may vary with local accretion rates.

We speculate that some of these environmental varia-
tions may also determine the densities and rates in which
cores and stars originate inside filaments. As a result of
a vertical displacement in the M — L plane (shortening
L), filaments with the same mass are expected to exhibit
higher central densities ng in regions with higher accretion
rates (see also Fig. ] right panel). Higher accretion rates
would thus translate into shorter dynamical timescales Tiong
(Eq. and Ty (Eq. [19), as well as shorter fragmenta-
tion spacing Aric (Eq. [12). Also shortening the free-fall
timescales once a core is formed (7 o 1y 1/ 2), stars in-
side filaments showing high accretion rates would form at
higher star formation rates (SF'R « 1/7) and surface den-
sities (Xgp o 1/Ai). This scenario may explain the ori-
gin of stellar clusters in dense fiber networks (Hacar et al.
2018)). Detailed measurements of the local accretion rates
onto filaments and their comparison with their core and stel-
lar populations are needed to further explore this hypothe-
sis. If confirmed, the environmental properties of the fil-
amentary ISM would uniquely shape the initial conditions
for the formation of cores, disks, and stars explored in other
chapters of this series.
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7. CONCLUSIONS & OUTLOOK
7.1.

We have reviewed the main advances in studying fila-
mentary structures in the ISM, focusing on the progress
since Protostars and Planets VI. Bringing together the lat-
est data provided by the community has enabled us to take
a major step forward: we present a comprehensive census
and meta-analysis of 22,704 filamentary structures gathered
from 41 major studies in the literature. This facilitates a
new, holistic view on filaments in the ISM, ultimately lead-
ing to new insights on the observed properties of filaments.

New observational studies have identified a plethora of
filamentary structures over a wide range of conditions and
scales in the ISM (§3] §4). These studies range from de-
tailed observations of individual filaments at high resolu-
tion to large, Galaxy-scale surveys. Overall, these works
have given rise to “filament families”, (e.g., fibers, nearby
filaments, and giant filaments). These families are primar-
ily operationally defined and any physical distinction be-
tween them remains largely unknown. Each of the families
is subject to distinct selection effects and biases, hamper-
ing direct comparisons between some studies. We review
the basic properties of the different families, including their
mass distribution, internal kinematics, and magnetic field
structure. Despite the heterogeneity of the data, some dis-
tinctions and trends seem to prevail, allowing us to build
physical insight across the spectrum of observed structures.

The formation of filaments remains a crucial open ques-
tion. While progress has been made in proposing and
describing various scenarios, observational constraints for
such scenarios remain few. Anisotropic mechanisms are
particularly important for filament formation. Magnetic
fields may play a key role in filament formation, and dur-
ing the stages in which the gas is atomic and/or relatively
diffuse. The role of magnetic fields during filament frag-
mentation and collapse seems less significant.

The basic filament properties give rise to scaling rela-
tions that span wide ranges of filament lengths, masses,
densities, and kinematic properties. The most striking of
these is the M — L relation that shows how filaments are
well-described by an L oc M5 scaling over eight orders of
magnitude in mass. This relation, however, must immedi-
ately be accompanied by the notion that filaments show hi-
erarchy. A tens-of-parsec-scale filamentary cloud can har-
bour parsec-scale filaments within, and those may further
break down into smaller and smaller filaments. Crucially,
our meta-analysis shows that this hierarchy within clouds
follows the L o< MY scaling, with the intercept of the re-
lation set by the mass and length at the largest scales (Figs.
[ and 0). Understanding the hierarchical nature of these
filamentary networks may provide a strong constraint for
cloud and filament formation and evolution scenarios.

Particularly interestingly, our meta-analysis points out
that the measured filament widths depend on the dis-
tance from the Sun, especially when we use the latest,
arguably most accurate distances for the clouds. Deter-

Conclusions
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mining whether this dependence reflects resolution effects,
physical differences, or both, requires further study.

A large number of recent observational and numerical
works — and our meta-analysis — promote a highly dynami-
cal, non-idealized picture of filament evolution. At the heart
of this dynamical picture lies the fact that filaments do not
form, nor live, in isolation. Accretion from the surround-
ing media onto filaments seems inevitable and significant.
This is likely to have a strong effect on filament evolution
due to the short accretion timescales. Similarly, accretion
along the filament seems common, making filament dy-
namics complex. This complexity increases at length-scales
smaller than roughly 1 pc, as best evidenced by increased
plane-of-the-sky velocity gradients below that scale. How-
ever, there is also a transition to coherence below roughly
1 pc, as measured by the trans-sonic velocity dispersion be-
low that scale. Crucially, this suggests that the transition to
coherence occurs before star-forming cores are formed, and
that cores inherit their sub-sonic nature from the parental
filament. Clearly, these kinematic complications together
severely hamper the applicability of evolution (fragmenta-
tion) analyses arising from hydrostatic models. Indeed, ob-
servations of fragment spacing rarely align well with such
models, showing more complex patterns.

The above hierarchical and dynamical nature of filamen-
tary structures leads us to propose a new scenario for recon-
ciling the observed mass-length scaling of filaments (§6.1]
and §6.2). We propose that the observed hierarchy of fila-
mentary structures can be understood in terms of turbulent
fragmentation in which one filament fragments into further
filaments. This leads to a L oc M5 scaling between the
large-scale filament and its sub-filaments and gives a new
perspective on the observed M — L relation of all molec-
ular filaments: it originates in effect from the observable
lifetime of a filament. At one end, the lifetime is limited by
the formation of molecules and thus the appearance of the
structure as a molecular filament. At the other end, the life-
time is limited by the radial and longitudinal collapse and/or
fragmentation. These limits bound the space in the M — L
plane in which the observable molecular filaments gather:
the hierarchy necessitates the L oc M%® scaling of indi-
vidual filaments, and the lifetime considerations limit the
intercepts to the observed range. As a result, the observed
M — L relation emerges. Further, comparing and contrast-
ing the scaling relations of L, M, N, R and ¢ with Larson’s
relations open a door to new physical interpretations (§6.4).
Finally, this scenario has an important consequence: the lo-
cation of the filaments in the M — L plane depends on the
accretion rate, and hence, it should be possible to predict
the accretion rate of the filament based on its observed sub-
structure. This prediction could be tested by determining
the internal hierarchy of more filaments (as in Fig.[9) and —
independently of that — their accretion rates.
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7.2. Future directions

The above results give rise to some key development
points for the future, which in equal measure apply to obser-
vational and theoretical studies. First, our understanding of
the hierarchical nature of filamentary structures is limited.
Our current observational descriptions of the filament hier-
archy are largely incomplete, as are theoretical frameworks
necessary for its interpretation. This hampers our under-
standing of the formation and early evolution of filaments.

The hierarchical nature of filaments also calls for re-
thinking the concept of “environment” of filamentary struc-
tures: in some cases, filaments at larger scales provide the
environment of the filaments at smaller scales. This hierar-
chy is connected via gas accretion, as the structures at small
scales accrete from their parental structures. Only at their
largest scales do filaments blend into what can be consid-
ered an ambient environment. Thus, more studies focus-
ing on the density, temperature, kinematics, and magnetic
fields of the large-scale or diffuse gas surrounding filamen-
tary networks are crucial. Similarly, studies focusing on
the early, possibly starless, phase of filament evolution are
key for understanding the build-up of the filament hierarchy.
It is unclear if the properties of evolved, star-forming fila-
ments carry observable information on the filament forma-
tion process. From the theoretical perspective, the study of
evolutionary tracks of simulated filaments in a phase-space
such as the M — L plane (§6.2) appears to be one key to de-
coding the information embedded in the filament hierarchy.

Finally, our ability to study filament hierarchy is ham-
pered by the inability of the commonly-used analysis tech-
niques to consider filaments as hierarchical or multi-scale
objects (§3.10). This also applies to numerical simulations
that need to span wider ranges of physical scales to cap-
ture this hierarchy, e.g. by dedicated zoom-in studies. Most
existing tools restrict us to consider filaments (only) as iso-
lated, singular objects. Progress is needed in developing
more tools to describe filamentary networks — or more gen-
erally the structure of the media — in a manner that enables
some description of its hierarchy. We encourage broader
recognition of the inevitably biased nature of all detection
algorithms, as concretely evidenced by the heterogeneity of
the filament data in the literature (§3).

We identified filament formation as a chronically open,
crucial question. Theoretical works have firmly established
that filamentary networks can form via a variety of pro-
cesses (§5.1), but it remains unclear what properties of that
network are meaningful diagnostics of the different forma-
tion processes. What are the fingerprints of the filament
formation scenarios? How do they manifest themselves in
observable quantities? These key questions need to be more
systematically addressed using numerical experiments to
make progress.

Another key future direction emerges from the fact that
our detailed knowledge of internal filament properties is
still limited to the Galactic environment of the Sun. While
Galactic plane surveys have described some bulk properties
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of filaments in larger sections of the Galaxy, their resolu-
tion does not enable the study of the internal structure of
the detected filaments. Further — arising again from the hi-
erarchical nature of filaments — it is unclear how the proper-
ties of structures identified at different distances should be
reconciled together. As a result, the key question about the
dependence of filament properties on the Galactic environ-
ment remains open. There is ample evidence, both Galactic
and extragalactic, that molecular cloud properties depend
on the Galactic environment — does this dependence also
extend to the cloud substructure, i.e., the filaments?

Being limited to the nearby Galactic environment trans-
lates to being limited to low-mass star formation (with some
well-known exceptions like Orion, NGC6443, and DR21).
How do filamentary structures manifest themselves in clus-
tered, high-mass star-forming regions and what is their role
for star formation in such objects? Are filamentary struc-
tures the dominant morphology throughout the spectrum of
star formation? Further, which of the end-products of star
formation (stellar masses, SFR, or clustering) depend on
the properties of the parental filamentary network remains a
major open question in the field that can only be addressed
by more comprehensive observations. Following the exist-
ing Galaxy-wide surveys in continuum (e.g. Herschel), a
similar community effort is needed to statistically investi-
gate filaments’ internal kinematics and magnetic field struc-
ture at different scales. Indeed, new surveys taking steps to
that direction are in the making, building a base for statisti-
cal studies in the future (§3.2] §3.7).

Filaments have been one central topic of the ISM and
star formation studies over the past decade. Their study has
focused on identifying filaments — extracting them from the
surrounding media — and analysing their intrinsic proper-
ties. But despite these fruitful works, perhaps not all im-
portant physics are encapsulated in the detailed properties
of isolated filaments. Our review and analysis proposes an
intriguing, alternative perspective: filaments can be seen as
an inevitable byproduct of the physics involved in the holis-
tic, multi-scale process of gas accumulation, collapse, and
recycling. Filaments are unavoidable, “transitory” morpho-
logical features of the gas on its way to stars. Adopting this
difference in perspective immediately elevates the role of
the environment and evolution, and properties such as ac-
cretion or multi-scale mass flows, as the central concepts
of filamentary networks. To date, we have gained little
knowledge on these; refocusing on them, especially using
the emerging generation of surveys, may be one trigger of
fundamental advances during the coming decade.
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