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ABSTRACT

The interstellar medium is threaded by a hierarchy of filaments from large scales (~100 pc) to small scales (~0.1 pc). The masses
and lengths of these nested structures may reveal important constraints for cloud formation and evolution, but it is difficult to
investigate from an evolutionary perspective using single observations. In this work, we extract simulated molecular clouds
from the ‘Cloud Factory’ galactic-scale ISM suite in combination with 3D Monte Carlo radiative transfer code POLARIS to
investigate how filamentary structure evolves over time. We produce synthetic dust continuum observations in three regions with
a series of snapshots and use the FILFINDER algorithm to identify filaments in the dust derived column density maps. When the
synthetic filaments mass and length are plotted on an mass—length (M-L) plot, we see a scaling relation of L oc M** similar
to that seen in observations, and find that the filaments are thermally supercritical. Projection effects systematically affect the
masses and lengths measured for the filaments, and are particularly severe in crowded regions. In the filament M-L diagram
we identify three main evolutionary mechanisms: accretion, segmentation, and dispersal. In particular we find that the filaments
typically evolve from smaller to larger masses in the observational M—L plane, indicating the dominant role of accretion in
filament evolution. Moreover, we find a potential correlation between line mass and filament growth rate. Once filaments are

actively star forming they then segment into smaller sections, or are dispersed by internal or external forces.

Key words: ISM: clouds —ISM: evolution — ISM: general.

1 INTRODUCTION

A thorough examination of molecular cloud evolution offers insights
into the cycle of the interstellar medium (ISM) and star formation
across the galaxy, which is a critical field of study in astrophysics
(McKee & Ostriker 2007; Kennicutt Jr & Evans 2012; Krumholz
2014). However, molecular clouds have life-cycles of order 107 yr
(Heyer & Dame 2015), making it challenging to directly track their
evolution through observations. Simulations serve as valuable tools
to bridge this research area. With the use of simulations, we are
able to track the evolution of molecular clouds and investigate the
outcomes under various conditions, to study the underlying physics
of large-scale mechanisms such as turbulence, magnetic fields, and
galactic rotation, which are integral to our understanding of star
formation and galactic evolution.

Observations in many different tracers reveal that molecular clouds
commonly exhibit an internal filamentary structure. These filaments
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can be identified through extinction maps at optical and infrared
wavelengths (Schneider & Elmegreen 1979; Hatchell et al. 2005;
Myers 2009; Jackson et al. 2010), as well as through molecular
line observations (Loren 1989; Mizuno et al. 1995; Schneider et al.
2010). Far-infrared and submillimeter dust emission maps have also
shown the presence of filaments. In particular, the Herschel survey
revealed the ubiquity of filaments and their importance in the star
formation process with dense star-forming cores being distributed
along filaments akin to beads strung along a thread (Schneider &
Elmegreen 1979; André et al. 2010; Molinari et al. 2010; André et al.
2014). This illuminates a possible picture where the dense gas within
molecular clouds first assembles into dense filaments and then forms
dense star-forming cores through fragmentation, as already proposed
by Schneider & Elmegreen (1979).

It has long been suggested that molecular clouds have a fractal
nature, with a hierarchy of structures from clouds to clumps to cores
(Scalo 1990; Falgarone, Phillips & Walker 1991; Williams, Blitz &
McKee 1999; Heyer & Dame 2015). Similarly, observations show
that filamentary structures span several orders of magnitude in scale
(see e.g. the review by Hacar et al. 2023), from large-scale giant
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molecular filaments associated with spiral arms on scales of dozens to
hundreds of pc (Jackson et al. 2010; Goodman et al. 2014; Wang et al.
2015, 2016; Zucker, Battersby & Goodman 2015; Zhang et al. 2019;
Ge & Wang 2022), to filaments on scales of 1-10 pc (Kainulainen
& Tan 2013; Li et al. 2016; Xiong et al. 2019; Schisano et al. 2020),
and even down to fiber structures on scales of 0.1 pc (Hacar et al.
2013; Kainulainen et al. 2016; Chung et al. 2021). This continuous
distribution over such a vast range of scales suggests that filaments
possess a hierarchical nature. For example, Orion A, when observed
at large scales, appears as an elongated filamentary cloud extending
up to ~90 pc (GroBschedl et al. 2018). At intermediate scales, Orion
A can be resolved into numerous parsec-size filaments (Johnstone
& Bally 1998; Nagahama et al. 1998), while at higher resolutions,
small-scale sub-parsec filaments can be identified (Wiseman & Ho
1994; Takahashi et al. 2013; Hacar et al. 2018; Suri et al. 2019).

Notably, the choice of scale may result in divergent conclusions
regarding filament stability. Larger-scale filaments tend to be super-
critical, meaning they have line masses exceeding the critical
threshold for gravitational collapse, exhibiting greater line masses.
In contrast, smaller-scale filaments are more inclined towards sub-
critical states, where their line masses fall below this threshold,
thus exhibiting smaller line masses (Hacar et al. 2013; Henshaw
et al. 2014; Chen et al. 2019). Filaments at various scales effectively
sample distinct gas densities within the ISM. The mean gas density
in molecular filaments has been observed to decrease with increasing
length (Hacar et al. 2023). Parsec-scale filaments typically exhibit
average densities of ~10°~10* cm™3, while sub-parsec filaments,
commonly referred to as fibres, display densities of >103 cm ™.

Many theoretical works have sought to investigate the formation
and evolution of filaments at different scales. Turbulence plays a
crucial role in the formation of large-scale filament networks. The
origin of the intricate fibres within filaments is a subject of ongoing
debate. One proposed scenario, known as the top-down approach,
suggests that these structures may arise from their parental filaments,
as indicated by the large-scale coherence and parallel organization of
fibres with respect to the main filament, as seen in regions like B213-
L1495 (Tafalla & Hacar 2015; Clarke et al. 2017). However, some
simulations support an alternative bottom-up mechanism, in which
small subsonic filaments initially form within a turbulent medium and
are subsequently gathered through collapse and shear flows (Smith
et al. 2016).

Hacar et al. (2023) integrated observations from the past decade
to provide an updated description of filaments at different scales
and environments, and identified a scaling relation for filament
mass and length L o« M%, which is derived from the Ist and 2nd
Larson relations (Larson 1981). Hacar et al. (2023) suggest that the
distribution of filaments in the mass—length (M-L) diagram might
be controlled by how they evolve in terms of a balance between
accretion, fragmentation, collapse and destruction. Various studies
show velocity gradients tend to be perpendicular to the main axis
of the filament, suggesting ongoing gas accretion on to filaments
(Schneider et al. 2010; Beuther et al. 2015; Dhabal et al. 2018;
Williams et al. 2018; Shimajiri et al. 2019; Chen et al. 2020). The
estimated accretion rates, denoted as 1, typically range from a few
10 to a few 100 Mg Myr~!' pc~! (Kirk et al. 2013; Palmeirim
et al. 2013; Schisano et al. 2014; Bonne et al. 2020; Gong et al.
2021). Environmental effects play a role in influencing the observed
accretion rates, as higher mass filaments tend to be embedded in
regions with higher background column density, which is expect to
obtain a higher accretion rate over 500 Mg Myr~! pc™! (Heitsch
2013; Gémez & Vdazquez-Semadeni 2014; Rivera-Ingraham et al.
2016). Moreover, studies suggest that accretion may not stabilize the

Evolution of M—L relationship for filaments

6371

filaments against gravitational collapse, it can induce fragmentation
leading to the formation of dense cores and possibly star formation
(Mac Low et al. 1998; Hacar & Tafalla 2011; Arzoumanian et al.
2013; Hacar et al. 2013; Seifried & Walch 2015; Clarke et al. 2017;
Heigl, Gritschneder & Burkert 2020).

Accretion along filamentary structures heightens gas density,
thereby influencing instantaneous fragmentation properties by re-
ducing the Jeans length of these structures, especially at filament
intersection points or along the filament’s entire length. Large-
scale filaments are inherently turbulent, with supersonic compression
creating local overdensities and thus instigating fragmentation before
the decay of turbulent energy (Mac Low et al. 1998; Mac Low
1999). Numerical simulations further reveal that ongoing material
accretion on to the filament significantly impacts gravity-induced
fragmentation, deviating notably from the fragmentation of initially
quiescent, pre-existing filaments (Inutsuka & Miyama 1992; Clarke,
Whitworth & Hubber 2016). Due to the turbulent energy cascade,
accreted material is expected to be moderately turbulent, with
fragment locations determined by turbulent motions in the trans-
to mildly supersonic regime where fragmentation is shifted from
a gravity-dominated to turbulence-dominated process, highlighting
the significance of turbulent motions and moderate density enhance-
ments during filament formation (Seifried & Walch 2015; Clarke
etal. 2017; Heigl, Gritschneder & Burkert 2020). Chira et al. (2018)
suggest that filament fragmentation must occur before reaching the
critical line mass. This is because once the filament line mass exceed
the critical line mass, the filament will collapse radially in a free-fall
time.

This paper is organized as follows. Section 2 introduces the
methodology with our simulation, algorithms, and properties cal-
culation. Section 3 presents the basic result of the simulated gas
properties. We discuss the evolution scenarios and the hierarchical
characteristics of filaments in Section 4. Our main conclusions are
presented in Section 5.

2 METHODS

2.1 The Cloud Factory simulations

The Cloud Factory simulations are a suite of high-resolution numer-
ical simulations designed to study the behaviour of the interstellar
medium (ISM) in a typical spiral galaxy across various scales,
ranging from the entire galaxy down to individual filaments and
clumps within specific molecular clouds (Smith et al. 2020). The
Cloud Factory simulation suite utilizes a modified version of the
AREPO code (Springel 2010; Pakmor et al. 2016), which includes
various physical and chemical modules that account for different
processes occurring in the cold molecular ISM. The model includes
a galactic gravitational potential, time-dependent evolution of CO
and hydrogen chemistry, ultraviolet extinction, dust absorption,
star formation via sink particles, and feedback from supernova
explosions.

For the galactic gravitational potential, to minimize computational
effort, an analytical approach is adopted to model the large-scale
galactic potential. The self-gravity of the gas is calculated using the
standard AREPO gravitational tree (Springel 2010). The axisym-
metric component of our analytical gravitational potential is based
on the best-fitting potential described in McMillan (2016), which
was developed to align with various observational and theoretical
constraints for the Milky Way. We incorporated a spiral perturbation
to the axisymmetric potential, following the method outlined in
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Smith, Glover & Klessen (2014), incorporating a four-armed spiral
component from Cox & Gémez (2002).

The chemical evolution of the gas in this study follows the model
described in Smith, Glover & Klessen (2014) and incorporates the
hydrogen chemistry framework proposed by Glover & Mac Low
(2007a, b). The formation and destruction of CO are treated in a
simplified manner based on Nelson & Langer (1997). The hydrogen
chemistry model encompasses processes such as H, formation on
grains, H, destruction via photodissociation and collisional dissoci-
ation of atomic hydrogen, H' recombination in both gas and grain
phases, and cosmic ray ionization Glover & Mac Low (2007a). The
evolution of the CO abundance is determined by assuming a limited
CO formation rate through an initial radiative association step, and
the CO destruction rate is primarily due to photodissociation. Full
details of the combined network and a comparison of its accuracy
and efficiency with other approaches can be found in Glover & Clark
(2012).

We utilize the framework of sink particles, which are non-gaseous
cells that serve as representations of star formation sites. Cells that
surpass a critical density, p., are considered potential candidates for
conversion into sink particles. However, these cells must successfully
pass a series of energy checks first to confirm whether the gas
is unambiguously gravitationally bound and has inwardly directed
velocities and accelerations. Moreover, prior to the transformation
into a sink particle, a cell must be situated at a local gravitational
potential minimum and outside the accretion radius of any existing
sink particle. For more details on the methodology used for the
creation of sink particles, please refer to the work by Tress et al.
(2020). The formation of sinks below protostellar densities implies
that not all mass is converted into stars. The formation density and
accretion radius in the simulation are determined based on specific
criteria and physical constraints. Sink particles are created in cells
with densities exceeding a critical density, p.. These cells also need
to undergo energy checks to ensure they are gravitationally bound
and have inward velocities. The accretion radius of the sink particles
is initially set to correspond to the Jeans length at their creation
density. Over time, the accretion radius increases in order to maintain
a constant acceleration at the sink surface. This process ensures
that the sinks can effectively accrete mass from neighbouring bound
cells. The formation density and accretion radius are adjusted based
on the target mass resolution, ensuring accurate representation of
star-forming regions and preventing artificial fragmentation in the
simulation (Greif et al. 2011). We use a star formation efficiency of
33 per cent in keeping with Matzner & McKee (2000) because we
place our sinks at densities typical of protostellar cores. The stellar
content of the sinks is obtained by multiplying the sink mass by the
assumed star formation efficiency.

To estimate the supernova feedback rate, we use two methods:
(1) random supernova explosions, and (2) supernovae tied to sinks.
In the first approach, we randomly select points from the initial
gas density profile chosen for the disc, assuming a rate of one
supernova per 300 yr. This is typical for Type la supernovae in
the Milky Way (Diehl et al. 2006), which should be decoupled from
the gas distribution. However, purely random feedback may result
in unrealistic cloud properties when considering self-gravity, as it
fails to destroy large molecular cloud complexes (Gatto et al. 2015;
Walch et al. 2015) and does not consider the causal link between
massive stars and supernovae. Our secondary feedback method aims
to account for this issue by incorporating a randomly distributed
supernova component, with a frequency of one supernova every
300 yr, as proposed by Tsujimoto et al. (1995), to simulate Type
Ia supernovae. Additionally, supernovae from sink particles are also
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included in the model, irrespective of the refinement level at which
they were formed. We employ the stellar initial mass function (IMF)
as outlined in Kroupa (2002) and determine the number of high mass
stars within the stellar composition of sink particles based on the
methodology described by Sormani et al. (2017). As the supernovae
from each sink explode individually, this naturally results in clusters
of supernova explosions. For further details on our supernovae model,
see Tress et al. (2020) and Smith et al. (2020).

It also includes a four-armed spiral component and a consistent
spiral perturbation to the potential. The gas chemistry description
adopts a simplified treatment that assumes a direct conversion
between the C* and CO abundances, following the approach of
Nelson & Langer (1997). The non-equilibrium hydrogen chemistry
involves reactions between molecular (H,), atomic (H), and ionized
(H") hydrogen, electrons, cosmic rays, dust grains, and the UV
radiation field. The star formation model uses a hybrid approach
based on sink particles, which can represent either individual stellar
systems or clusters of stars.

In this study, three star-forming molecular complex regions are
chosen from the feedback-dominated Cloud Factory model. We
identify the filamentary structures and examine them from an
evolving viewpoint using time-evolved snapshots of these regions.
These regions are selected based on their distinctive characteristics.
Region A is a large molecular complex spanning over 100 pc in size.
Itis in the early stages of evolution, with barely any sinks. Region B is
arelatively small molecular cloud with a low column density and low
star formation. Region C contains multiple independent molecular
clouds, and it is more evolved than the other two regions.

By examining these three regions, our objective is to span a range
of scenarios that are likely to occur for molecular clouds of different
sizes and evolutionary stages. The regions are tracked for varying
time periods based on their ability to maintain consistency as objects
in the time evolution.

2.2 Radiative transfer

To generate synthetic observations, we perform the radiative transfer
simulation using the POLARIS code (Reissl, Wolf & Brauer 2016),
which is publicly available. To ensure consistency in resolution and
physical quantities, we utilized the same Voronoi grid as the AREPO
simulations as in Izquierdo et al. (2021). We use the pre-calculated
optical properties by Draine & Flatau (2013), which consist of a
mixture of 62.5 per cent silicate and 37.5 per cent graphite. However,
this model does not account for the formation of ice mantles around
cores, which lead to increased brightness within cores (Ossenkopf &
Henning 1994). To address this, we increase the maximum radius to
8 x 107° m to obtain a value of ¥ ~ 1 cm? g~!, consistent with the
results from Ossenkopf & Henning (1994) (see also in prep).

We use a fixed dust temperature, Ty, as an input parameter for
our radiative transfer simulations. This is because the preceding
Cloud Factory simulation does not include accretion luminosity or
photoionizing feedback, resulting in a dust temperature that was
relatively low compared to real observations. To address this, we
fix T4 to a pumping value of 20 K, which is similar to the peak of
the temperature distribution in the probability distribution function of
actual observations (Lin et al. 2016). However, this is still a simplified
assumption for the dust model. In future work, we plan to improve the
sink model to further enhance the accuracy of the dust temperature.

For each snapshot of the target regions, we extract Voronoi grid
data from the Cloud Factory, using a default box size of 200 pc as
input. We then model dust emission at 70, 160, 250, 350, and 500
pm by following the Herschel PACS instrument (Poglitsch et al.
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2010) and the SPIRE instrument (Griffin et al. 2010) guidelines. As
input parameters to POLARIS, the specified distance and grid sizes
can be easily changed, which provides us with a method to model
the same region at different distances, resulting in different spatial
resolutions. Specifically, we adopt a fixed angular resolution of ~20
arcsec, which is comparable to Herschel observations (Hennemann
et al. 2012; Lin et al. 2016; Arzoumanian et al. 2019). We choose
three distinct distances for the observer detector parameter: 2.5, 5,
and 10 kpc. This allows us to examine the same region at three
distinct physical resolutions, simulating the effects of distance.

The output data is a uniform grid with different space resolutions
of 800 x 800, 400 x 400, and 200 x 200 pixels, corresponding to
0.25, 0.5, and 1 pc pix~!, respectively.

2.3 Calculation of properties for synthetic dust observations

In order to derive the properties of the clouds in a manner analogous
to observations, we need to perform spectral energy distribution
(SED) fitting. SED fitting involves comparing the observed flux
densities of an object at different wavelengths with model SEDs
that assume a single blackbody component in each line of sight. By
fitting the observed SED with a model SED, the physical properties
of the object, such as temperature and mass, can be determined.
Generally, the SED-fitting method requires adjusting the observed
flux density in different bands to a common angular resolution that
matches the longest wavelength band. In our case, since we use the
same resolution for all bands during the radiative transfer simulation,
we do not need to perform any smoothing prior to SED fitting.

We use a dust opacity law that is mentioned by Hildebrand (1983).
This law expresses the flux density S, at a given observing frequency
v as

S, = QB,(Tg)(1 —e™™) (D
and,
Ty
Ny, = 2)
Koy my

B, is the Planck function for a given temperature 7y, derived by

B,(Ty) = 2hv3 1 3)
) exp(hv/kTy) — 1

where

o = k(o) @
v PP 230GHL

is the dust opacity, 8 is the dust opacity index, 2 is the considered
solid angle, u = 2.8 is the mean molecular weight, my is the mass
of a hydrogen atom, and k53p = 0.09 cm? g~ ! is the dust opacity per
unit mass at 230 GHz. We interpolate the opacity «, from Ossenkopf
& Henning (1994). A gas-to-dust mass ratio of 100 is assumed.

We use the method described in Lin et al. (2016) to fit the
molecular hydrogen column density Ny, with all the radiative
transfer simulation bands (70, 160, 250, 350, and 500 um). We fix
the value of Ty equal to 20 K as discussed in Section 2.2, therefore,
the T4 has no physical meaning, and we only consider the Ny, result
for subsequent analysis.

After deriving the maps of Ny,, we define the boundaries of the
clouds by creating masks for each region where Ny, is greater than
10?! cm~2. We then calculate the gas mass for each pixel using the
H, column density maps, based on the formula

M= umHDz/N(Hz)dQ, 5)
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where 1 is the mean molecular weight per hydrogen molecule, which
is assumed to be 2.8 in this work. The mass of atomic hydrogen
is represented by my, and D represents the distance to the object.
The solid angle element is denoted as dS2. Finally, we sum all the
pixels within the mask to obtain the total ‘observed’ gas mass of the
molecular clouds. Additionally, we calculate the mean Ny, within
the boundary mask. The calculated gas mass is denoted as My, 4,
for synthetic dust data and My, ,, for original projection data, while
My, is calculated with the projection H, column density map from
the original simulation data. In the Cloud Factory simulations, dense
star-forming cores are represented by sink particles. These particles
are associated with both a stellar mass Mgy, (33 per cent of the
sink mass) and a gaseous mass Mg (67 per cent of the sink
mass). Consequently, the H, mass derived from radiative transfer
calculations misses a significant portion of the total cloud mass. To
address this issue, when calculating the total mass for the filament,
we consider the ‘missing’ gaseous component of the corresponding
sink mass, in addition to the molecular gas mass derived from
radiative transfer column density maps. Additionally, we examine
the discrepancies between the raw data sets and the data produced
by POLARIS. The detailed results can be found in Appendix A.
Notably, there is a good alignment in column density between the
two data sets within the dense gas regions.

2.4 Filaments identification and profile calculation

In this work, we primarily use the FILFINDER algorithm (Koch &
Rosolowsky 2015) to identify structures. This extracts filaments
from a column density map by creating a mask beyond an adaptive
column density threshold, derived from the intensity image, and then
reducing the mask to a skeleton via the Medial Axis Transform. It
returns all the possible filamentary structures across the input map
and is able to extract hierarchical filament structures uniformly (Liu
& Li 2018; Zucker, Battersby & Goodman 2018; Xiong et al. 2019;
Zhang et al. 2021). However, FILFINDER can only be applied to 2D
diagrams, although Kim et al. (2023) recently presented a method for
identifying filaments in 3D position—position—velocity data based on
applying FilFinder to velocity channel maps.

We apply FILFINDER on the H, column density maps originating
from the RT simulated dust emission, as described in Section 2.3.
We first define a setting of ‘flatten_percent = 99.9° to emphasize the
main structure. This means that during image contrast adjustment,
intensities up to the 99.9th percentile of the data are retained.
This approach helps to minimize the impact of extreme brightness
values in the image, which can interfere with subsequent image
processing steps like filtering and feature detection. As the clouds
are in different evolutionary states, their density varies significantly,
so rather than choosing a single threshold, we aim to create a mask
with a threshold over the top 1 per cent of the data for each region
such that only the dense structure is included. This is similar to
real observations, where no universal threshold defines a filament.
Instead, different thresholds are applied to various regions based
on the column density contrast with their environment, aiming to
highlight the morphological features.

The value of the threshold for each mask is shown in Table 1. The
column density threshold is kept constant for each region for different
snapshots. It should be noted that this threshold is relatively low and
is only used for a pre-process to maintain most of the structures.
Using the mask, the algorithm generates skeletons and branches.
The shortest lengths of these are set by two variables: ‘skel_thresh’
and ‘branch_thresh’. ‘skel_thresh’ is set to 8 pc, which corresponds to
8, 16, and 32 pixels in three respective resolutions. On the other hand,
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Table 1. H; column density threshold for FILFINDER filament identification
and the corresponding snapshot series of three regions.

Region Ny, threshold Snapshots®
102! cm?

A 1.7 3,8,13,18,23

B 0.5 34.5,6

C 4.5 3,5,7,9,11,13,15

¢ The number of the snapshots series indicate the evolving time with a unit
of 10° yr.

‘branch_thresh’ is set to 4 pc, corresponding to 4, 8, and 16 pixels
in the three resolutions, respectively. The skeleton and the branches
trace the bones of the filament. The skeleton is the longest part of the
main structure, and the branches are shorter parts connected to the
skeleton. Here, we only focus on the skeleton part of the filaments
when defining the length. The algorithm also derives the widths of
the filaments, which are fitted by a Gaussian with a mean fixed to 0
and a constant background.

With the length and width determined, the algorithm also creates
a boundary mask of filaments containing both skeleton and branches
with a threshold larger than 10?! cm~2, as shown in Fig. 1. This mask
enables the calculation of the total mass of the filaments from the
input image. The length of the filament is computed as the product
of the total pixel number of the identified skeleton and the physical
length of a pixel. Using the modelled skeleton and width, we generate
the filament mask and calculate the mass of each pixel from the
column density map. Subsequently, we sum up the mass of the pixels
within the mask to obtain the mass of the filament. Finally, we extract
the sink data from the original Cloud Factory data set, where each
sink comprises 67 per cent of the gas portion and 33 per cent of
the stellar mass. If the sink position is within the filament mask, we
then sum up the mass derived from the radiative transfer dust image
and 67 per cent of the sink mass to obtain the total mass of each
filament.

3 RESULTS

3.1 Cloud properties

Before identifying filaments within our data set, it is important to
determine how the gas around the filaments affects them. Fig. 2
displays the synthetic H, column density maps for the first and
last snapshots of each of the three regions. Table 2 summarizes
the column densities and masses for the synthetic observations
with a resolution of 0.25 pc pix~!, which were calculated using the
methodology described in Section 2.3. Notably, the molecular gas
mass My, ,, in Table 2 excludes the portion of gas within the sinks,
as the radiative transfer simulation is restricted to modelling gas that
has not transitioned into a sink.

We trace different durations and use varying time steps for
the snapshots of these three regions, due to their distinct stellar
evolutionary stages. For Region A, as indicated in Table 2, the stellar
mass, Mgelar, in the initial snapshot 3 is significantly lower than in
the other regions, with almost no star formation. As a result, the
evolutionary duration of Region A is the longest, spanning 2 Myrs.
In contrast, Region C has a substantial amount of star formation right
from its initial snapshot, leading us to track it for the shortest duration
of 0.4 Myrs. This is because of the omission in our simulation
of early stellar feedback components, including jets, outflows, and
photoionization. Consequently, filament evolution becomes distorted
after significant star formation, making further evolutionary tracking
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Figure 1. An illustration of how FILFINDER is used to extract filament RAF2
in snapshot 3. Top: The skeleton of all the identified filaments generated
by FILFINDER via the column density map. The rectangle shows the area of
Filament RAF2 in the column density map. Bottom: The intensity diagram
masked by the fitting filament models is used for property calculation. The
black line shows the skeleton of the filament. The background shows the Hj

column density. The identified filament is first identified in the column density
map, and their properties are then derived from the mask and the skeleton.

less meaningful. Region B is intermediate between the two, with
a tracked duration of 1.2 Myr. In this case, we opted for different
time-steps to ensure a comparable number of snapshots across the
three regions.

Region A comprises a complex molecular system with a mass
of molecular gas My, ., ~ 2 x 10° M in the masked region. We
examine 5 snapshots, 3, 8, 13, 18, and 23, representing the time (in
increments of 10° yr) since we zoom into the region in the Cloud
Factory simulation. However, due to its complex molecular structure,
it is difficult to track the evolution of the individual identified
filaments in Region A from beginning to end, as these filaments
interact and even intertwine with each other.
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Figure 2. H; column density maps derived from radiative transfer dust image with 0.25 pix pc™
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! resolution. The top panels are the first snapshot of three regions,

and the bottom panels are the last snapshot of three regions. The background shows the Hy column density. The column density maps show the morphology

change between the initial snapshots and the final snapshots.

Table 2. The gas properties in three regions, as derived from all snapshots
of the highest resolution (0.25 pc pix~!) synthetic observational data and the
original simulation data.

Region SHaPShOt NHZ MHZ,dusl MSinkgas Mseltar
10%° cm? Mo Mg Mo
1 (@3] (3) ) (%) (6)
A 3 591 71680 96 64
A 8 6.44 71339 1014 676
A 13 6.57 68 008 1500 1000
A 18 6.28 65333 1796 1197
A 23 5.77 63101 2028 1352
B 3 2.61 25337 1706 1137
B 5 2.61 24105 2414 1609
B 7 2.59 22355 3620 2413
B 9 2.65 20440 4572 3048
B 11 2.65 18590 5249 3499
B 13 2.60 17409 5868 3912
B 15 2.61 16445 6302 4201
C 3 4.52 71442 18024 12016
C 4 4.54 68925 21027 14018
C 5 4.61 67708 23501 15667
C 6 4.80 62836 28485 18990

Note. (1) Region of clouds (2) Evolving time snapshot, in units of 10 yr
(3) The mean H, column density of clouds derived by SED fitting via dust
emission (4) Total mass of all clouds in this region, derived from dust emission
(5) Total mass of the gas portion in sinks (6) Total mass of the stellar portion
in sinks.

Region B consists of a single cloud that we analyse from snapshot
3 (0.3 Myrs) to snapshot 15 (1.5 Myrs) with a time-step of 0.2 Myrs.
The total gas mass in this region is My, ~ 3 x 10* M. The
column density of Region B is lower compared to the other regions,
and we can track one particular filament over a longer time period
because of the region’s simplicity.

Region C contains multiple isolated filamentary objects, making
it a suitable case for tracing the average properties of multiple
filaments evolving over time. The total mass of Region C is
My, 4 ~ 3 x 10° M(y. We analyse four snapshots, from snapshot
3 (0.3 Myrs) to snapshot 6 (0.6 Myrs).

3.2 Filament properties at different resolutions

In this work, we identify filaments across the three regions at three
distinct resolutions. However, the number of filaments identified
varied depending on the resolution and the specific snapshot in time.
Initially, we find a total of 189 filaments across all snapshots and
resolutions combined. The filament mass My, length Lg;, and the
stellar mass M, Of these filaments are derived using the method
mentioned in Section 2.3. The line mass (mass per unit length) of the
filaments is defined as m = Mpg/Lg,.

One of the chief findings of Hacar et al. (2023) is that filament
structures are hierarchical, with nested smaller sub-structures con-
tained within larger filaments. Thus, a filament that appears to be
a single object may reveal smaller substructures when observed at
higher resolution. Fig. 3 shows the identified filament skeletons in
Region A at three different resolutions for snapshot 3. As expected,
for the higher resolution, more filaments are identified, while for the
lowest resolution, only two filaments are identified. The filaments
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Figure 3. The identified FILFINDER skeleton for Region A of snapshot 3 for different resolutions. The background shows the integrated intensity diagram, and
the black lines show the identified filament skeletons. The resolution of each panel is labelled in the top-right of the subplots.

seen at higher resolution are not nested within the structures identified
at lower resolution but rather are new objects that have not been
previously identified. At lower resolutions, these new objects cannot
be identified because their morphology remains unresolved, causing
them to appear as ‘blobs’ with a skeleton length shorter than the
threshold. Specifically, we find 82 filaments at a resolution of
0.25 pc pix~! in all snapshots across the three regions, 61 filaments
at 0.5 pcpix~!, and 46 filaments at 1 pc pix~'.

The mass probability distribution functions (PDF) of the filaments
identified at different resolutions are shown in Fig. 4. Panel (a)
indicates that there is a different distribution of mass among the
filaments at different resolutions. For example, the 0.25 pc pix~!
resolution filaments exhibit numerous low-mass filaments, with
two peaks at ~ 200 M and ~ 5000 M, whereas the 1 pc pix~!
resolution filaments have a mass distribution with only one peak
at ~ 7000 M. Meanwhile, the length PDF shown in Fig. 4 (b)
reveals that the FILFINDER filaments distribute from ~8 pc up to
~90 pc, with 0.25 pcpix~!' resolution filaments exhibiting two
peaks at 10'7 pc (~60 pc) and at 10'! pc (~12 pc). 0.5 and
1 pcpix~! resolution filaments also exhibit a two-peak distribution
with similar peak values. However, as the resolution becomes lower,
the proportion of longer filaments increases while the proportion
of shorter filaments decreases. The mass and length of filaments
display a distinct bimodal distribution in the PDF, without any
indications of hierarchy. Hierarchical structures should manifest as
self-similar patterns characterised by a power-law PDF. This might
be due to the resolution variation being insufficient to show the
nested structures and the sample numbers being inadequate. The
bimodal distribution is due to the limitations of our sample, which
only showcases typical samples that the algorithm can identify
within these three regions at specific resolutions.

The line mass of FILFINDER filaments varies over a large range,
from ~5 to ~ 500 M pc™'. Filaments with 0.25 and 0.5 pc pix ™
resolutions have a peak at ~ 100 Mg pc™!, while those with
1 pcpix~! resolution have a higher peak at ~ 200 M, pc~'. Unlike
the other quantities, the line mass distribution does not show a clear
bimodal profile, indicating a narrower range of line mass. This may
suggest that underlying mechanisms are constraining the distribution.

3.3 Mass-length relation
Fig. 5 presents the mass and length properties of all our samples

(including different resolutions) in log-space.

MNRAS 528, 6370-6387 (2024)

We follow the approach of Hacar et al. (2023) to compare the
distribution of our filament sample to equilibrium filaments. We first
compare our results with the critical line mass, which is analogous
to the isothermal Jeans mass of molecular clouds (e.g. Klessen &
Burkert 2000, 2001; Larson 2005). The grey solid line in Fig. 5
represents the critical line mass of a hydrostatic, isothermal cylinder
(Stoddlkiewicz 1963; Ostriker 1964):

2

2c T
Mmei(T) = GS ~ 166(1071() M@ pC_l (6)

where c; is the sound speed, which is given by

kgT

pm,

O]

c =

Here kg is the Boltzmann constant, m, is the proton mass, the
molecular weight u = 2.8, and T is the gas kinetic temperature.
Filaments with a line mass m > m,;, (supercritical) are unstable and
undergo collapse due to their own gravity, while those with m < mg;
(subcritical) can remain in hydrostatic equilibrium.

The red solid line represents the virial line mass m,;, which is
given by

M 2052(1 n L
My = — =
' 0.5pc

AR ) (®)

It is important to note that this virial mass includes an extra
non-thermal pressure contribution based on the emission line-width
scaling seen in Milky Way filaments (see fig. 2 in Hacar et al. 2023).
The thermal-only case is shown by the grey line, and thus, between
the grey and red lines, the filament is only stable if the observed
supersonic velocity dispersion is interpreted as a supportive pressure
force. Below the red line, gravity dominates, resulting in collapse and
fragmentation. Above this line, a combination of thermal and non-
thermal pressure dominates, potentially attributable to turbulence.

In our case, as shown in Fig. 5, most of the filaments are distributed
below the thermally critical line mass.This might be because the
model for thermally critical line mass is based on several simple
assumptions, including that the filament is in hydrostatic equilibrium,
isolated, and isothermally. However, filaments are generally more
complex than the ideal model, which can result in differences from
the theoretical predictions.

The yellow solid line indicates an upper limit for the filament
distribution to remain molecular, driven by self-shielding against
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Figure 4. The PDF of filament properties. The three panels show PDFs of filament properties for three different spatial resolutions (Purple: 0.25 pc pix~!,
Green: 0.5 pcpix !, Blue: 1 pcpix~!). Left-hand panel: PDF of filament mass derived from the column density maps. Middle panel: PDF of filament length.
Right-hand panel: PDF of line mass. The PDF shows that the distribution of filament properties varies with spatial resolution. The higher resolution shows more
filaments with smaller masses, shorter lengths, and lower line masses. The distribution in mass, length, and line mass suggests they are different populations of
filaments.
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Figure 5. The M-L correlations of our simulated filaments are observed in all regions across all snapshots. The colours of the evolutionary paths connecting
different snapshots of a filament represent different regions: green for Region A, blue for Region B, and red for Region C. The colour of the markers indicates the
order of time evolution, starting with dark and ending with light. The grey circles in the background represent the entire filament population. The number refers
to the ID of the filament and marks the position of the first snapshot in each time series, which is connected with a line. The grey solid line corresponds to the
critical line mass of a filament derived from a hydrostatic isothermal cylinder model (see equation 6). The red solid line shows my;, including turbulent motions
(see equation 8). The yellow solid line corresponds to the column density Nhield required for self-shielding (see equation 9). Almost all samples lie between
the yellow and red lines, corresponding to the upper and lower limits. The blue dashed line represents the scaling relation L oc M? fitted to our samples. The
evolved filament paths show a tendency to shift rightward, indicating overall accretion.

10°

UV radiation. Its relation is derived from (Hacar et al. 2023): density and the filament is in hydrostatic equilibrium. However, the
upper limit relation is only a rough estimate because materials in the

pc 9) surrounding environment also contribute to the shielding effect.
Most of the filaments in our sample lie in the regime between the

where Ngiela = 10?!'ecm~2 (Van Dishoeck & Black 1988). It is based yellow and red lines (with only one exception, which is slightly below
on the assumption that the central density is 10 times the average the virial mass line). This is consistent with the observed distribution

M Nihield
L~15 0.65 0.65
(M@) (1021 cm—z)
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of filaments in the Milky Way (Hacar et al. 2023), and suggests
that the distribution of our simulated filaments aligns well with the
expectations from these simple models. However, this does not imply
that the filaments are static objects because they can still grow (by
moving rightward), shrink (by moving leftward), and fragment to
form stars as the evolutionary paths shown in Fig. 5. We will discuss
this evolutionary path in more detail in Section 3.4.

3.4 Evolution of filament properties

Hacar et al. (2023) show that molecular filaments follow a continuous
distribution across a large range of mass and lengths, corresponding
to an approximate scaling relation L oc M®3. Over this range,
filaments possess different stability and dynamical properties. For
example, filaments that exceed the expected m,; for a hydrostatic
filament would be more susceptible to collapse and fragmentation.
On the other hand, many of the shorter filaments in Hacar et al.
(2023) display a sub-critical line mass, suggesting these filaments
might be transient structures or evolving (Hacar et al. 2023). In this
case, the distribution of filaments in the M- L diagram might be able
to trace the evolving status of filaments.

Here, we use the highest resolution (0.25 pc pix ') when tracking
the evolutionary path, as this identifies the greatest number of
filaments. We examine all of these filaments and select only those that
were clearly identifiable in at least three snapshots for our subsequent
analysis of their evolution, which we refer to as tracked-filaments.
This is because the small structure undergoes significant morphology
changes during evolution, particularly in complex surrounding gas
environments, which make it difficult to track with an automatic
algorithm. The properties of these tracked-filaments are listed in
Table 3. The ID number of the tracked-filaments corresponds to
the region they belong to. For example, ‘RBF1’ stands for Region
B Filament 1. We finally track three filaments in Region A, one
filament in Region B, and five filaments in Region C. Not all tracked-
filaments can be identified in every snapshot because of the changing
morphology. RAF2 and RCF4 are lost from our tracking before the
final snapshot. RAF1 is the only filament that is lost and re-found due
to the algorithm bias. After we trace the time evolution of filaments,
we can now test how filaments evolve in the M-L diagram.

3.4.1 Accretion

Fig. 5 shows that 7 of 9 filaments undergo a pronounced accretion
process as they move from left to right on the M—L plot. This is
the dominant evolutionary path for all the filaments in our samples.
This process can result in either an increase in both mass and length
or a significant increase in mass with little change in length. In
both scenarios, the filamentary structures accrete material from their
surroundings. Filaments RAF1, RBF1, RCF2, and RCF3 all exhibit
a significant accretion path with continuous mass increases.

We consider the filament growth rate by comparing the line mass
of two adjacent snapshots to assess the rate of line mass increase.
The equation employed for calculating the growth rate is presented
below:

m = Alm) (10)
At

where m is the line mass of the filament, m = M/L, while M refers

to the mass of the filament and L represents its length. The time

between the two snapshots is denoted by A ¢ with a unit of Myr.

A positive filament growth rate might be due to accretion or length

shortening. We remove the negative values caused by segmentation.
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Table 3. Tracked-filaments in the three regions and their

properties for a resolution of 0.25 pc pix~!.

id Snapshot Mass  Length m Mstellar
Mo pc  Mo/pc Mo
(1) 2 (3) 4) ) (6)
RAF1 t3 544 14 38 0
8 721 13 55 0
t18 1024 18 56 135
23 1465 22 66 289
RAF2 3 4287 38 114 64
t8 5860 50 118 542
t13 4790 43 112 596
t18 5072 45 112 643
23 9899 78 127 692
RAF3 3 2771 43 65 0
t8 4459 50 89 58
t13 4450 40 111 193
t18 2296 40 57 129
RBF1 t3 3760 59 64 643
t5 4426 59 76 1073
t7 4714 58 81 1609
t9 5739 65 38 2032
tl1 6089 57 107 2333
t13 5723 49 116 2608
t15 5687 32 177 2801
RCF1 3 8556 43 198 2895
t4 8988 48 188 3309
t5 8597 41 208 3179
t6 8820 42 210 3188
RCF2 3 4653 58 30 59
t4 5986 62 96 873
t5 7177 63 114 1687
t6 9128 59 154 3034
RCF3 t3 2309 16 144 930
t4 2465 16 153 1072
t5 2623 17 154 1188
t6 2796 20 143 1414
RCF4 t3 919 9 102 359
t4 997 9 111 379
t5 819 7 117 300
RCF5 3 5362 31 173 2128
t4 4612 19 245 2395
t5 4852 18 264 2472
t6 5328 26 201 2770

Note. (1) The ID number of the filament (2) Time snapshot (3)
The total gas mass, including the gas portion within the sink
mass (4) The length of the skeleton identified by FILFINDER (5)
The line mass (6) The mass of the stellar portion of the sinks,
which is 33 per cent of the sink mass.

This is because the line mass of filaments is not uniform, so it might
lead to a decrease in line mass after segmentation. Since we are only
interested in studying the relationship between accretion and line
mass, such drastic changes are not considered.

RBF1 is the longest-tracked filament in our samples, and it is
relatively independent, simple, and at an early stage of evolution
with little star formation. Therefore, we chose RBF1 for further
study to analyse the long-term evolution process of the filament (10°
yr). Fig. 6 shows a simplified version of the M—L plot containing
only RBF1. As shown in Table 3, RBF1 increases in mass and length
in the earlier part of the evolution and then drops in the later part.
Meanwhile, the line mass increases the whole time.

In Fig. 7(a), we present the evolution of the filament growth rate
across the snapshots. For RBF1, the mean filament growth rate in
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Figure 6. The evolution of the M-L correlation of filament RBF1. The
surrounding subplots display the H, column density maps of each snapshot,
along with their corresponding evolution times indicated in the top-left of the
subplots. Filament RBF1 experiences an accretion at the beginning and then
undergoes a dispersal process.

dust is 94 Mg pc~! Myr~!. The filament growth rate hovers around
a few dozen before the last snapshot and then increases to 300
Mg pc~! Myr~! in the final snapshot. However, this final increase is
driven more by a decrease in the length of the filament, as we will
discuss in the next section.

3.4.2 Segmentation

The mass and length of the filaments do not uniformly increase
at all times. Fragmentation often occurs when star formation begins
during the latter stages of filament development, causing the filament
to segment into multiple smaller pieces. RCF5 is one of a filament
sample that undergoes such a segmentation process and then resumes
growth, as is shown in Fig. 8.

At snapshot 4, the filament RCF5 breaks into two parts and
combines with RCF4 at snapshot 6. These processes lead to a ‘U’-
turn trend in the M—L diagram (see the purple path 5 in Fig. 5). The
segmentation of RCF5 splits the filament into an upper and bottom
part, with the upper part having a mass of approximately 900 My and
alength of 16 pc, while the bottom part is the main part with a mass of
approximately 4600 M, and a length of 18 pc. When gas is consumed
by star formation in the filament, gaps appear along its length, and
it is broken into smaller pieces by the filament-finding algorithm. In
the last snapshot, the upper segment splits from the bottom and is no
longer identified as a single structure by the algorithm. During this
process, the gas gathers into dense cores, eventually transforming
into stellar mass.

The skeleton determined by the algorithm is sensitive to the
column density threshold in these regions. This sensitivity can
significantly alter the skeleton path since the algorithm draws the
path based on the surrounding pixels. For instance, the choice of
threshold is likely responsible for the segmentation and merging of
RCF5.

Evolution of M—L relationship for filaments
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In the M-L diagram, filaments tend to move to the right due to
accretion until they are disrupted by segmentation (shift towards the
bottom-left), and then they resume moving rightward. For example,
although RAF3 and RCF5 show a significant decrease in mass in
the last snapshot, it is probably due to the segmentation mechanism
changing the structure of the filament identified rather than a rapid
change in the gas density.

As suggested by Hacar et al. (2023), the balance between fragmen-
tation and accretion also determines whether a filament can survive.
If fragmentation is too rapid, all the gas in the filament will be in
the fragments rather than a continuous density structure, and so a
filament will not be identified. Fig. 7 panel (b) show the accretion
and fragmentation time of filament RBF1 calculated using the below
relations (Hacar et al. 2023):

m

- 1)
m

Tace =

L oss

Tfrag = 0.5 ((pc)) (12)

The mean accretion time-scale is 1.8 Myrs, similar to that found in
the Galactic Cold Core Herschel sample (1-2 Myrs; Rivera-Ingraham
etal.2017), while the mean fragmentation time-scale is 2.5 Myrs. The
fragmentation time-scale Ty, is consistently larger than 7,.. during
the evolution period for Filament RBF1. The longer time-scale of
fragmentation shows that filament RBF1 more rapidly accretes gas
from its surroundings than it can fragment into smaller structures.
This is also shown by the increasing line mass. This accounts for why
filament RBF1 can be followed for over 1 Myr in our simulations,
as the gas is replenished as the filament evolves despite the ongoing
star formation.

Fig. 7 panel (c) presents the conversion time-scale for all the gas
in the filament gas to be transformed into stars, derived by

Mgy

13)

Tconvert =
Stellar

where Mgenar = AMgeiar/ At is the stellar mass conversion rate.
The conversion time-scale increases from ~ 1.7 to ~ 6 Myrs, with
an average value of 3.3 Myrs. Compared to the mean accretion time-
scale (1.8 Myrs), the conversion time-scale is similar at the early stage
of the evolution and much larger at the end. The mass conversion rate
Menar also supports this conclusion, as it decreases from 2800 to
1000 Mg, Myr~! over the evolution, representing a decline of nearly
2/3. In this specific case, the reduction in star formation is due to
the densest part of the filament being converted into stars and the
remainder of the filament being less dense and, consequently, less
actively star forming.

3.4.3 Dispersal

The final mechanism we see is ‘dispersal’, where rather than the
filament being consumed by internal star formation, it is disrupted
due to external forces. Sources of external pressure may come from
mechanical and radiation feedback or compression by the galactic
spiral potential, acting at different scales. When an external force
interacts with a filament, it may undergo a morphological change
resulting in a shorter length due to a combination of compression of
the dense gas and removal of the more diffuse gas. This is exemplified
well by Filament RBF1, which, as seen in Fig. 6, undergoes a sharp
decrease in length at the end of its evolution while retaining most of its
mass. Alternatively, filaments may also be stretched by shear Smith
et al. (2016) or by differential rotation (Smith, Glover & Klessen
2014; Duarte-Cabral & Dobbs 2017). The surrounding subplots in
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time-scale is increasing while the stellar mass rate drops.
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Figure 8. The evolution of filament RCFS5. The black dashed line is the filament structure, including the skeleton and branches identified by FILFINDER. The
background red contour is the H, column density map. The label in the top-left corner of each panel shows the corresponding snapshot. Filament RCF5 segments
into two parts in snapshot 4, and merges with filament RCF4 by the algorithm in the last snapshot 6. The segment from RCF5 becomes more split and cannot

be identified in snapshot 6.

Fig. 6 show the morphology change of REF1, with the contour of H,
column density. It can be clearly seen that the upper gas structure is
moving downward, causing a dispersal with length shortening.

To determine the reason for this, we first inspect the location of
RBF1 in the galaxy. RBF1 is located in between two spiral arms,
as shown in Fig. 9. We then examine the supernovae locations from
the Cloud Factory model. However, we find no supernova explosion
within a distance of 50 pc from RBF1 during the time frame under
consideration. Considering RBF1 is not in the spiral arm, we suggest
the dispersal of RBF1 is probably due to the differential rotation
of gas moving between the arms. Such dispersal can be visually
observed in Fig. 2. In the last snapshot 15, the bottom part of RBF1,
which shows active star formation, appears denser than in the first
snapshot 3. This indicates that diffuse gas from the upper part has
moved to the bottom part during this time period.

However, we only find one filament associated with this mecha-
nism. This is likely due to the fact that only Region B is located in
the interarm region, and we stop tracing the evolution before many
possible supernova explosions could occur after active star formation.

3.4.4 Summary
We therefore propose that the evolutionary progression of filaments

in our models in the M-L phase diagram can be reduced to three
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physical processes, which are illustrated in Fig. 10. Fig. 10(a) shows
the directionality of the evolutionary path, while the corresponding
four physical mechanisms are displayed in the sub-figures below
in (a). Fig. 10(b) displays accretion, which is characterized by an
increase in filament mass over time, while the length may either
increase or remain steady. The entire gas filamentary structure
is undergoing accretion from its surrounding material, leading to
significant increases in mass.

The remaining two mechanisms result in a decrease in mass and
length. Segmentation of filaments due to the conversion of gas into
stars, as shown in Fig. 10(c), causes both a decrease in filament mass
and length. Meanwhile, Fig. 10(d) illustrates dispersal, characterized
by a significant decrease in length with little change in mass. This
mechanism is attributable to external forces acting on the filament,
such as shocks generated by supernovae or shear resulting from
larger-scale galactic motions.

In our samples, 7 out of 9 tracked-filaments exhibit significant
accretion paths, except RCF1 and RCF4. Both RCF1 and RCF4 are
active star-forming regions and have only evolved for a short period
of time. Three filaments (RAF3, RCF4, and RCF5) experience a
segmentation process, while only one filament, REF1, undergoes
a dispersal process. These results indicate that accretion is the
dominant mechanism in filament evolution. However, it is important
to note that these mechanisms are merely observed in our samples and
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Figure 9. Illustration of the location of RBF1. The blue dot is the position
of RBF1, and the background red contour is the surface density face-on
projection map of the feedback-dominated galaxy from the Cloud Factory.
RBF1 is located in the inter-arm region.
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Figure 10. Illustration of the mechanisms of filament evolution. (a) The
arrows show how the position in the M—L diagram changes under different
mechanisms. (b) Accretion: Gas is accreted on to the spine. (c) Segmentation:
Filaments undergo segmentation due to star formation within them. (d) Dis-
persal: External forces impact the filament, causing a change in morphology.

do not represent all possible scenarios. All these mechanisms control
the distribution of filaments in the M—L diagram, maintaining the
hierarchical nature of filaments in a large spread range of scale.

We want to emphasize that we do not incorporate internal dispersal
mechanisms in our study because our simulation lacks early stellar
feedback components such as jets, outflows, and photoionization.
The absence of these factors in our paper should not be interpreted
as an indication that filament dispersal through these mechanisms
is unimportant; it simply means that we have not included them in
our current models. We plan to investigate these internal processes
in future research.
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Figure 11. The change in line mass of all tracked filaments is measured by
comparing it with their first snapshot: Am = m; — mg, where m represents the
line mass of the initial snapshot and m; represents the line mass of subsequent
snapshots. It is observed that the majority of filaments experience an increase
in line mass.

4 DISCUSSION

4.1 The prominent mechanism in filament evolution: Accretion

In Section 3.4, a rightward shift in the M-L diagram for most
filaments pointed to accretion as a probable cause. To validate this,
we first focus on the line mass m, a parameter sensitive to accretion
activity.

Chira et al. (2018) find that the average line masses of filaments in
their simulation always increase with time. We also notice the same
trend as shown in Fig. 11. Most of our tracked-filaments samples (7 of
9) end up with a higher line mass compared to their first snapshot. The
increasing line mass is reflected in the M—L diagram as filaments tend
to shift towards the right, as shown in Fig. 5. In the maximum case,
the line mass can increase by over 100 Mg pc~' Myr~! compared to
the initial line mass (RBF1).

However, the observed increase in line mass may also be in-
fluenced by algorithmic identification, as structural variations in
the same filament across different snapshots could affect the line
mass calculations. To eliminate this potential confounding factor, an
analysis of the raw simulation data was conducted for the filaments.

In real observation, the kinematics of molecular gas can be
inferred through the Local Standard of Rest (LSR) velocity Vigsgr.
For example, a velocity gradient perpendicular to the filament may
suggest rotational motion or gravitational infall within the filament.
Alternatively, it might indicate the projection effects of an inclined
planar structure or the parallel overlapping of multiple narrow
filaments (Ferndndez-Lopez et al. 2014; Storm et al. 2014).
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Figure 12. The figure provides a detailed visualization of a filament spine and its associated velocity components. In the top panel, the column density map
of Region A at snapshot 3 is displayed, with a designated rectangle highlighting the area expanded upon in the bottom panels. The bottom panels present the
velocity structures from the Cloud Factory simulation raw data within the selected region. The left-hand, centre, and right-hand panels represent the XY, XZ, and
YZ plane projections, respectively. The background colourmap shows the standardized velocity components of V., V,, and V,. The colourbar representing the
standardization velocity component is displayed in the centre of the picture. The purple contours indicate the dense gas structures. The black arrows represent
the velocity vector in its respective projection. All three bottom panels show an ongoing accretion process.

In Fig. 12, we present the velocity structure of a segment of the
spine of a filament in Region A snapshot 3 to further inspect the
ongoing accretion process within the filament. Across the three
different projected view angles, the velocity components exhibit
symmetrical distribution, indicating gas convergence towards the
center of the filament from all directions. It should be noted that
the velocities used here are derived directly from simulation raw
data, and thus cannot be simply compared with Vigg from real
observations.

In addition, although there is a broadly symmetrical distribution
of velocities, there are also complex patterns present. The XZ plane
projection reveals that the filament is not an ideal cylinder object,
but instead exhibits a curvature. The projected velocity components
(shown by black vectors) do not always follow a perpendicular trend
to the filament spine, but might also be parallel to it. In fact, the
velocity vectors appear to be oriented towards the densest region.
This indicates that the gas accretion is shifting towards the dense
core, either from the surroundings or along the filament itself.
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One might expect accretion to have a more substantial influence in
regions where the line mass is high. Hacar et al. (2023), for example,
proposes that the normalization of filaments in the ML plot is set by
accretion with high line masses seen in high accretion environments.
Fig. 13 illustrates the relationship between the filament growth rate
and the line mass and shows there is a potential relationship between
the two in our models. We performed a linear regression on the
logarithmic transformation of m and i to obtain the fit parameters.
The standard error of the fit was calculated from the mean squared
error, and the 99 per cent confidence intervals were derived by
exponentiating the fitted values £ 2.58 times the standard error,
providing an error band around our linear model. As discussed in
Section 3.4.1, a positive filament growth rate can relate to both mass
increasing and/or length shortening. To further investigate the role
of accretion, we plotted a bar for each point, corresponding to m
multiplied by a length correction factor L’"L“, to demonstrate the
impact of length variation on riz. We observe that the corrected values
tend to be closer to the fitted linear relationship. This suggests that
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Figure 14. The M-L correlations evolution of Region C filaments based on
different view angle, same as Fig. 5.

accretion drives the line mass relation and that variations in length
due to algorithmic variations introduce scatter on top.

4.2 Projection effect of the three-dimension structure

In the preceding sections, we have delved into the evolution pathways
of filaments in the M-L diagram and discussed the probable role of
accretion. However, it is important to note that filament identification
largely depends on 2D projections of inherently 3D structures.
Consequently, this projection effect may introduce systematic errors
in our understanding of filament properties and their evolution. In
this section, we aim to discuss the implications of these projection
effects on our analysis.

In our previous radiative transfer realisations, the detector’s line-
of-sight is aligned along the Z-axis. As a result, the dust continuum
images represent a projection on to the X—Y plane. We now simulate
projections on to the X—Z plane by selecting the Y-axis as the new line-
of-sight direction with POLARIS and applying the same analytical
procedures. Fig. 14 displays the evolutionary paths of filaments in
different projections in Region C and shows that the length and mass
of the filaments can vary due to projection. However, despite these
variations, a similar trend in the evolutionary paths was observed

Evolution of M—L relationship for filaments

6383

for most filaments, except for RCF5. This consistency is largely due
to the dispersed distribution of filaments in Region C, allowing the
algorithm to identify individual filaments with ease. For RCF5, the
example we use for the segmentation process in Section 3.4, the
filament also became segmented in the X— Z plane.

However, RCF5 appears as multiple fragmented segments in the
X— Z plane, making it difficult to correlate these parts with the more
unified structure observed in the X—Y plane. Filaments in Region A
are also difficult to correlate to individual structures across different
projection planes. This is primarily because the molecular gas envi-
ronment in Region A forms a continuous molecular complex. Areas
of relatively low-density diffuse gas interconnect dense regions,
significantly affecting how the algorithm identifies distinct filament
structures in different projections. In other words, filaments of Region
A identified in different projections are barely the same objects.
These findings underscore the critical need to consider projection
effects and the limitations of our current identification algorithm
when analysing filamentary structures in diverse environments.

4.3 Resolution effect: hierarchical filament structures?

The Mass-Radius relationship of molecular clouds has been ex-
tensively studied and is found to be linear, as evidenced by both
observations and simulations (Larson 1981; Stutzki et al. 1998;
Simon et al. 2001; Kauffmann et al. 2010; Lombardi, Alves & Lada
2010; Roman-Duval et al. 2010; Qian, Li & Goldsmith 2012). The
origin of this linear relationship may be attributed to the hierarchical
structure induced by turbulence and fragmentation (Kauftmann et al.
2010). Similarly, based on extensive observational data, Hacar et al.
(2023) have provided the mass-length relationship of filaments with
approximately L oc M%3 and explored their hierarchical structure.

There are generally two mechanisms for the hierarchical structure
of filaments. One mode of filament formation is the top-down
process, where larger filaments fragment to form smaller filaments
(Hacar et al. 2013). The other mode is the bottom-up process, where
small filaments are assembled onto pre-existing larger filaments
under the influence of gravity to make them larger (Smith, Glover &
Klessen 2014). It is worth noting that both mechanisms may coexist.
As we mentioned in Section 3.2, the bimodal distribution of filament
sizes is clearly seen in the PDF distribution in Fig. 4 and can also
be observed in the M-L diagram in Fig. 5. The grey triangles in Fig.
5 can be clearly divided into two parts, one with a mass of up to
10* Mg, and the other with a size of around 10 pc and a mass ranging
from 10? to 10° M. However, due to the resolution limitation, we
are not able to identify those smallest fibre-like structures with a size
of around 0.1 pc. In most cases, especially in Regions B and C, the
filaments are distinct and separate. This means we cannot link these
filaments to the two mechanisms because we do not find any cases
where filaments are within filaments.

Fig. 15 shows the tracked-filaments paths in different resolutions in
Regions A and C. The filaments in Region C are clearly separated and
distinct, providing a relatively simple environment for comparing the
impact of resolution on their identification. Generally, the filaments
identified at the lowest resolution have the highest masses, while
those identified at the highest resolution have lower masses. The
evolutionary paths show similarities across different resolutions,
except for filament RCF1, where there is a large change in the mask.

Fig. 16 illustrates the impact of resolution on the observed
properties of filaments (Mg, and m). As the resolution changes from
0.25 to 1 pcpix~', there is a noticeable trend of increasing mean
values for both M,,s and m, with the predominant distribution of
the violin plot contours shifting upward. This trend is consistent
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Figure 16. The violin plot represent the distribution of filament properties
Mgas (blue) and m (red) at different resolutions, with corresponding sample
numbers of 82, 61, and 46 for 0.25,0.5, and 1 pc pix~!. The contours represent
the density distribution, with central black lines indicating the mean values.
The violin plot demonstrates the impact of spatial resolution on observed
filamentary structures.

with the findings presented in Fig. 15, corroborating the influence of
spatial resolution on the characterization of filaments. In conclusion,
the small structures are difficult for the algorithm to discern at low
resolutions. This explains how it is challenging to identify filaments
with a mass distribution spanning several orders of magnitude in a
single observation. Still, when the statistics of all the filaments from
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different observations are combined and placed in the log-axes M—-L
diagram, these filaments exhibit a linear relationship. We conducted
a linear regression on the log-transformed mass and length. In our
case, we identified a fitted relation of L o« M** as shown in Fig. 5,
which is indistinguishable from observations. The four mechanisms
in Section 3.4.4 maintain this linear relation with a dispersion that
falls within the upper and lower limits predicted by the theoretical
models.

5 CONCLUSIONS

We examined three molecular cloud regions in the Cloud Factory
galactic-scale ISM suite, using synthetic dust observations using
the radiative transfer code POLARIS. We observed the evolution
of filaments, which are identified in the observational plane, with
FILFINDER.

We identified 189 filaments across the three regions at different
resolutions in all snapshots and analysed their properties. We plotted
their mass and length on an M-L plot and found a scaling relation
L o« M°% similar to that seen in observations. The distribution of
our simulated filaments aligns well with that presented by Hacar
et al. (2023). Comparisons with equilibrium models (virial line mass
myi; and critical line mass m;) suggest that most filaments are
supercritical when considering only thermal support, making them
susceptible to collapse and fragmentation. However, when turbulence
is included, these filaments are found to be above the virial line,
indicating a more complex stability balance.

We identified 9 filaments that could be tracked over an extended
time period and studied their evolution process in a galactic-scale
environment. Filaments are dynamic objects that can grow and
fragment to form stars, as in the evolutionary paths shown in
Fig. 5. By studying their evolution, we found three main filament
evolution mechanisms that dictate the evolutionary progression of
filaments in the M-L phase diagram. Accretion leads to a mass
increase, while length might increase or remain steady. Segmentation
causes significant mass and length decreases, while dispersal leads
to reduced length with little change in mass.

Most tracked filaments in our samples exhibit paths from smaller
masses to larger masses in the M-L plot, indicating the dominant
role of accretion in filament evolution. We also found a potential
linear trend between filament growth rate and line mass, suggesting
gravity-dominated accretion.

These three mechanisms determine the distribution of filaments in
the M—L diagram. However, we acknowledge that internal dispersal
mechanisms, such as stellar feedback from jets, outflows, and
photoionization, are not included in our current simulation. Magnetic
fields, which might help keep filaments more coherent and linear, are
also not included. We plan to explore their impact in future research.

We investigate the effects of projection on filament evolution
in the M-L diagram and find that it introduces systematic errors
in the identification and analysis of filamentary structures. The
general trend of the evolutionary paths of individual filaments in
a simple environment is preserved in different projections. However,
measurements like length and mass may vary. In more complex
regions, projection affects the accuracy of our current identification
algorithms, meaning the structures identified at different viewing
angles do not correspond to each other. These findings emphasize
the need for caution when interpreting results based solely on 2D
projections.

Finally, we inspect the hierarchical nature of the filaments. We
compare the filaments identified at different resolutions. The higher
resolution images reveal more filaments with smaller masses, shorter
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lengths, and lower line masses. However, due to the resolution
limit and algorithmic limitations, we could not find any instances
of filaments nested within their parental filaments.
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APPENDIX A: COMPARISON BETWEEN RAW
SIMULATION AND SYNTHETIC OBSERVATION

When simulating synthetic observations with the POLARIS al-
gorithm for radiative transfer, it’s crucial to ensure the physical
properties of the original data from the Cloud Factory is well-
preserved. In this appendix, we conduct a thorough comparison
between the original data sets and the data generated by POLARIS.
The main goal of this comparison is to evaluate the reliability and
relevance of the data after being simulated by POLARIS.

As shown in Fig. A1, My, ,,, and My, ,, are not identical for the
whole area. The stellar mass (33 per cent of the sink mass) increases
in all regions with time as expected. However, the gas mass derived
without radiative transfer My, ., shows little variation in regions B
and C, and only a slight increase in region A. In the mean time,
Mu, 4, shows a decreasing trend. My, ,,, can be bigger or smaller
than My, ., with a maximum difference of ~30 per cent seen in
snapshot 3, of Region B.

To further study the difference between the raw data and the
radiative transfer simulation data, we generate projection column
density maps from raw data and compare them to the dust-derived
column density maps. Fig. A2 shows the weighted cumulative dis-
tribution function (Weighted CDF) for column density Ny, for data
associated with Region B (RB). It is evident from the figure that the
weighted CDF exhibits a pronounced disparity between the raw and
RT synthetic data sets for values below 10" cm~3. This distinction
is manifested not only as a clear separation but also as an inverse
trend observed over the course of evolving snapshots. However, in
the relatively high column density which over 10'° cm~3, the CDF of
two data sets converge and show a similar trend, suggesting a good
match in high-density regions.

We also inspect the mass in the high-density regions, as shown in
Table Al. It should be noted that it is difficult to compare the same
area between the radiative transfer synthetic dust continuum data and
the raw data, since the dust continuum data is two-dimension and
the raw data is three-dimension. Moreover, the data format of the
Cloud Factory is an irregular Voronoi grid, making it very difficult
to match positions with dust data on a one-to-one basis. Therefore,
we simply compared the H, gas mass in high-density pixels/cells for
column density (10*! cm™2) or volume density (10> cm™3). Unlike
comparing the total H, mass aggregated across all cells, we found
certain similarities between the My, quse and The My, raw in the high-
density area in regions A and C for the mass variation. Region
B shows a different trend in early snapshots (3,5,7); however, we
found that this difference disappears when we increase the volume
density threshold to 10* cm™3. This finding suggests the synthetic
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Figure A1. The evolution of properties in three regions. The dark green bar
shows the synthetic observational mass My, 4> and the shallow green bar
shows My, ;, from the original simulation data. The blue lines show the
evolved stellar mass Mgjiar- The stellar mass in all three regions increases
over time, and also indicating a different star-forming stage of three regions.

dust data fit well in the high-density region but distorted in the low-
density region. In this work, since we only focus on the dense gas
filament objects, which are the high-density regions, the distortion is
acceptable. In our future work, we will further investigate the reasons
for the inconsistencies between the radiative transfer simulation and
the original data.
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Figure A2. The figure illustrates the weighted cumulative distribution
function (Weighted CDF) for column density Ny, for data associated with
Region B. The blue lines represent the data of snapshot 15 (time evolution
of 15 x 10° yr), with the solid line being the raw projection data from the
Cloud Factory simulation, and the dotted line corresponding to the radiative
transfer simulated observation data using the POLARIS algorithm. Other
snapshots data are visualized using semitransparent black lines. The black
dashed vertical line denotes a reference column density of 10! cm=2. The
two data sets converge and become strikingly similar for higher densities
(> 10" cm~2), indicating a good match between the RT synthetic data and
the raw data in high-density regions.

Table A1. Mass comparison between radiative transfer synthetic data and
raw data.

Region SnaPShOt MHz,dusl MHz,raw MHz.raw
(> 102" cm™2) (> 10> cm ™) All cells
Mo Mo Mo
(1) 2 3) 4) (5)
A 3 22152 17822 55318
A 8 25109 30967 56720
A 13 21584 27896 62878
A 18 16569 21577 64638
A 23 13470 17282 64968
B 3 3727 6595 19371
B 5 3675 7198 19461
B 7 3593 7579 19434
B 9 3152 7550 19523
B 11 2848 7183 19366
B 13 2623 6451 19192
B 15 2578 5700 19077
C 3 31272 52963 86232
C 4 31175 55022 86663
C 5 29803 56105 86922
C 6 27430 56444 85855

Note. (1) Region of clouds. (2) Evolving time snapshot, in units of 10° yr.
(3) Total H, mass in regions where the column density exceeds 102! em~2,
derived from RT synthetic data. (4) Total H, mass accumulated from cells
with a volume density greater than 102 cm 3, derived from raw data. (5) Total
H; mass aggregated across all cells, derived from raw data.
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