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Abstract

Using a population of large-scale filaments extracted from an AREPO simulation of a Milky Way-like galaxy, we
seek to understand the extent to which observed large-scale filament properties (with lengths =100 pc) can be
explained by galactic dynamics alone. From an observer’s perspective in the disk of the galaxy, we identify
filaments forming purely due to galactic dynamics, without the effects of feedback or local self-gravity. We find
that large-scale 2galactic filaments are intrinsically rare, and we estimate that at maximum approximately one
filament per kpc” should be identified in projection, when viewed from the direction of our Sun in the Milky Way.
In this idealized scenario, we find filaments in both the arm and interarm regions and hypothesize that the former
may be due to gas compression in the spiral potential wells, with the latter due to differential rotation. Using the
same analysis pipeline applied previously to observations, we analyze the physical properties of large-scale galactic
filaments and quantify their sensitivity to projection effects and galactic environment (i.e., whether they lie in the
arm or interarm regions). We find that observed “Giant Molecular Filaments” are consistent with being non-self-
gravitating structures dominated by galactic dynamics. Straighter, narrower, and denser “Bone-like” filaments, like
the paradigmatic Nessie filament, have similar column densities, velocity gradients, and galactic plane heights
(z = 0 pc) to those in our simple model, but additional physical effects (such as feedback and self-gravity) must be
invoked to explain their lengths and widths.

Unified Astronomy Thesaurus concepts: Interstellar filaments (842); Galaxy dynamics (591); Spiral arms (1559)

Supporting material: animation

1. Introduction

As spiral arms are a prominent feature of Milky Way-like
galaxies, it is crucial to understand how they affect the
transformation of gas into stars within molecular clouds. We
have known for decades (e.g., Roberts 1969) that molecular gas
responds strongly to dynamical influences, and these dynamical
influences govern the formation of structures on tens of parsec
to kiloparsec scales. For example, simulations have shown that
the formation of spurs and feathers in spiral galaxies may be
caused by shear arising from divergent orbits in the spiral
potential, as dense molecular gas leaves the potential and is
stretched out in the interarm regions (Kim & Ostriker 2002;
Dobbs & Bonnell 2006; Shetty & Ostriker 2006). The arms
themselves may also be critical to the formation of molecular
clouds, with some models suggesting that spiral shocks induce
smaller-scale, high-density structures in the arm, which
agglomerate into molecular clouds (Bonnell et al. 2006; Dobbs
& Bonnell 2008).

We now have resolved molecular cloud catalogs (Rice et al.
2016; Miville-Deschénes et al. 2017; Colombo et al. 2019)
over the entire Galactic disk, with evidence that some
molecular cloud properties (e.g., surface density, cloud bright-
ness) are modestly higher in the spiral arms. A fraction of these
molecular clouds have been shown to have abnormally high
aspect ratios (=5:1-10:1). These so-called “Giant Molecular
Filaments” (or GMFs; Ragan et al. 2014; Abreu-Vicente et al.
2016; Du et al. 2017; Zhang et al. 2019) appear to have masses
and column densities similar to the typical molecular cloud, in
spite of their atypical elongation. In tandem, other studies have
cataloged much more elongated and dense molecular gas

structures (the “Bones” of the Milky Way) after the discovery
by Goodman et al. (2014) that the Nessie filament (Jackson
et al. 2010) is even longer than originally claimed (>150 pc),
aligns with the Scutum—Centaurus arm in position—position—
velocity space, and is likely formed and maintained by larger-
scale Galactic forces due to its incredibly high (>300:1) aspect
ratio.

A recent study by Zucker et al. (2018) develops an
observational pipeline to uniformly characterize the physical
properties of all elongated molecular gas features purportedly
associated with spiral structure, using the same data sets,
statistical techniques, and spiral arm models (Ragan et al. 2014;
Wang et al. 2015, 2016; Zucker et al. 2015; Abreu-Vicente
et al. 2016). While most filaments are preferentially aligned and
in close proximity spatially to the Galactic plane, Zucker et al.
(2018) find that kinematic association with purported spiral arm
models is rarer, with less than half the sample displaying
velocities consistent with spiral features. Zucker et al. (2018)
also find large catalog-to-catalog variations in filament proper-
ties, with some properties varying by an order of magnitude
across the full sample. The filament’s fraction of cold and
dense gas, along with its aspect ratio, is able to broadly
distinguish between different observed filament samples, and
large variations in these properties could be indicative of
different formation mechanisms or evolutionary histories.

Due to their unique morphology, previous numerical studies
suggest that the formation and evolution of these filaments may
be tied to galactic dynamics, with different types of filaments
(“Bones,” “GMFs”) potentially forming in different environ-
ments. Duarte-Cabral & Dobbs (2017), for instance, use a
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smoothed particle hydrodynamics (SPH) simulation to follow
two filaments in their evolution through the disk, finding that
highly elongated filamentary structures are formed in the
interarm regions via galactic shear and only become largely
molecular and aligned with spiral arms at the deepest point in
the potential well, just prior to arm entry. Using the AREPO
moving mesh code, Smith et al. (2014) study a large swath of a
spiral galaxy disk (~30kpc?) at a single time snapshot,
reaching a resolution of 0.3 pc in regions of gas density greater
than 10°cm . Like Duarte-Cabral & Dobbs (2017), Smith
et al. (2014) find that highly elongated filaments, dominated by
CO-“dark” gas, reside in long filaments stretched between
spiral arms due to differential rotation, while the highest-
density filaments may form as a result of shocks in the spiral
potential wells.

While both the Smith et al. (2014) and Duarte-Cabral &
Dobbs (2016, 2017) simulations suggest that the physical
properties of synthetic large-scale filaments may change as a
result of galactic environment,* comparatively little work has
been done to systematically analyze these properties and
contextualize them in light of the growing sample of (very
diverse) filaments observed in our own Galaxy (Zucker et al.
2018). The Smith et al. (2014) simulations provide the
opportunity to analyze the response of these dense molecular
filaments to an external spiral potential at high resolution over a
large fraction of the disk. In this work, we extract a sample of
filaments from the perspective of an observer in the disk of the
Smith et al. (2014) simulation. To facilitate a direct comparison
with observations, we analyze the properties of these filaments
using the same methodology systematically applied to the
observed large-scale filament population in Zucker et al.
(2018). This allows for a direct comparison between the
synthetic and observed filament properties, to determine to
what extent large-scale filament properties can be explained by
galactic dynamics alone. In Section 2 we discuss our method
for extracting grids from the Smith et al. (2014) simulations,
producing realistic H, column density projections, identifying
filaments, and post-processing them to obtain synthetic maps of
molecular emission. In Section 3 we present the physical
properties (length, width, column density, mass, line mass,
galactic plane separation, position angle, velocity gradient) we
compute for the sample. In Section 4, we discuss the variation
in these properties due to projection effects and galactic
environment (arm/interarm regions). We conclude in
Section 5.

2. Methods
2.1. Numerical Simulations

Here we briefly describe the AREPO simulations (Smith
et al. 2014) from which the filaments are extracted. For a
complete overview of the model, see Smith et al. (2014,
Sections 2.2-2.4). AREPO (Springel 2010) is a moving mesh
code, where the unstructured mesh is defined by a Voronoi
tesselation of discrete grid points that move with the flow. This
flexibility of movement allows the mesh to smoothly adjust its
spatial resolution and also provides improved mass refinement
in regions of interest. Its high dynamic range is ideal for study
of large-scale galactic filaments, as it allows one to resolve both

4 Throughout this work we will use the term “galactic environment” to denote
variations in properties due to association with either the arm or interarm
regions.
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the narrow widths of these filaments and the environments in
which they form. To produce a Milky Way analog, Smith et al.
(2014) adopts the galactic potential of Dobbs & Bonnell
(2006), which is an analytic four-armed spiral potential
imposed on a disk of gas. The simulations do not include
local self-gravity or stellar feedback, but they do include a
simple chemical model for CO and H, chemistry, following
Glover & Mac Low (2007a, 2007b) and Nelson & Langer
(1997). This chemical network allows one to track the
molecular hydrogen and CO abundances of the filaments,
which are used to compute the H, column density projections
in Section 2.3 and the synthetic CO spectral cubes in
Section 2.5. These simulations represent the minimum physics
needed, as local self-gravity, stellar feedback, and magnetic
fields may also play a role. Our setup allows us to identify
when these are dominant effects and when they are secondary
ones, which is discussed further in Section 3.

The initial condition of the simulation is a torus with a
thickness of 200 pc, with an inner radius of 5 kpc and an outer
radius of 10 kpc. The galactic center region is excluded both for
computational efficiency and because the gas dynamics in this
region should be strongly influenced by the galactic bar, of
which there is strong evidence in the Milky Way (see Benjamin
et al. 2005). The Dobbs & Bonnell (2006) potential causes the
gas to move clockwise with a radial velocity of 220kms™".
The gas is allowed to evolve over 1.5 rotations (260 Myr). In
order to resolve individual molecular clouds, Smith et al.
(2014) take advantage of AREPO’s mass refinement scheme
and select one section of the disk (=30 kpcz) to increase the
mass resolution to 4 M. This is the section of the disk we
utilize for region extraction in Section 2.2.

2.2. Region Extraction

To focus on regions of interest, we start by dividing the
Smith et al. (2014) “zoom-in"—the region of refined spatial
and mass resolution—into boxes of size 500 pc>. We consider
the area between x = {8 kpc, 14 kpc}, y = {2kpc, Skpc} in
Figure 1. We exclude the spiral arm closest to the galactic
center (y > 5kpc), due to chemically immature gas streaming
in from outside the zoom-in simulation at lower mass
resolution.

For computational expediency, we select only those grids
with appreciable amounts of integrated CO emission (above
1Kkms ') for further analysis, thereby excluding regions
composed predominantly of CO-dark gas. This is consistent
with spectral-line observations of large-scale filaments in the
Milky Way, which all show continuous CO position—velocity
tracks (Zucker et al. 2018). The 31 grids we select for the
search are highlighted in green and overlaid on the highly
resolved section of the disk in the left panel of Figure 1 (with
the CO integrated intensity shown with a pink color scale and
the H, column density shown with a gray scale). The selection
was done by eye, but as is apparent from Figure 1, the
remaining regions have no extended (aspect ratio > 3:1)
structures above W(CO) =~ 1 Kkms ™', which precludes the
possibility of them containing any dense gaseous filaments akin
to those seen in CO observations (Wang et al. 2015; Zucker
et al. 2015, 2018). For each of the green boxes shown in the left
panel of Figure 1, we interpolate the AREPO mesh onto a fixed
grid with a cell size of 1pc’. The resolution obtained by
Herschel in the 500 pm band at the typical distance of observed
large-scale Galactic filaments (3.3 kpc; see Zucker et al. 2018)
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Figure 1. Top-down CO integrated intensity map of a highly resolved section of the disk from Smith et al. (2014). Left: the disk is divided into 500 pc* boxes (black
grid), and boxes containing extended (aspect ratio >3) CO integrated intensity structures (above 1 K km s ") are selected for further analysis (shown in light green).
Our assumed “Sun” position is marked with the yellow circle—(x, y) = (11, 1 kpc)—and is used in the determination of the “Sun-like” projections (see Section 2.3).
Right: after identifying filaments on the regular grids (left panel), we shift each grid so that it is centered on the identified filament, to avoid gridding effects in the
derived physical properties. The AREPO data for these grids are publicly available on the Harvard Dataverse (doi:10.7910/DVN/NNOFLK).

is 0.7 pc, which is on par with the regridded simulations. In
order to avoid gridding effects (e.g., the filaments identified
being split between two grids), we perform this process twice.
That is, we first identify filaments inside the boxes shown in
Figure 1. Then, once filaments are identified, we shift each grid
toward the central coordinate of each filament, so that it is
entirely contained with a single 500 pc’ box and properties like
length are unbiased by our choice of grid. The shifted grids are
likewise shown in green in the right panel of Figure 1. This
procedure is discussed more in Section 2.4.

All the AREPO data used in this work (for the grids shown
in the right panel of Figure 1) are publicly available for
download on the Harvard Dataverse (doi:10.7910/DVN/
NNOFLK).

2.3. Projecting the Data

To produce realistic H, column density maps of the extracted
grids (described in Section 2.2), we project the data in two
ways to identify filaments (hereafter the “perpendicular” and
“Sun-like” projections). The two projections are illustrated in
Figure 2. An animation illustrating these two projections and
their effect on the observed column density distributions is
available in the online version of the article, or at https://
youtu.be /3qbYvreT2AQ, and will greatly aid in the interpreta-
tion of this section.

Each H, column density projection is calculated using the
FITSOffAxisProjection functionality from the vyt
package (Turk et al. 2011). The FITSOffAxisProjection
function integrates the H, number density ny, along a line of

sight [, where the units of the projected field are equal to the
units of the unprojected field times the appropriate length unit.

The OffAxis component indicates that our line of sight [is
an oblique angle and not perpendicular to any face of the cube.
We assume that the projection is centered on the central
coordinate of each 500 pc” grid, with a resolution equal to the
original cell size (1 pc) and a north vector perpendicular to the
disk midplane, pointing toward positive z-values. The line of
sight [ of the observer is dependent on the two projection
schemes and varies from filament to filament. In all cases, the
observer is placed in the disk of the galaxy (z = 0pc), so we
are only changing the orientation of the observer in the x-y
plane (“top-down” view) shown in Figure 2.

The first projection is intended to produce a sample of
filament properties largely free from projection effects (which
can shorten filament lengths, etc.). Consider the box shown in
the top panel of Figure 2. We start by projecting the data such
that the vector pointing toward the observer is perpendicular to
the front plane of the box (parallel to the vertical axis shown in
Figure 2), so that the observer is facing toward the galactic
center. Then, following the procedure outlined in Section 2.4,
we identify filaments first in this projection. In order to estimate
the properties of the filaments without projection effects, we
then measure the 3D orientation of the filaments identified in
2D, by determining the angle between the long axis of the
filament and the vector perpendicular to the front plane of the
cube from a top-down perspective. The spine computed for one
filament in the sample using this procedure is shown in blue
inside the box in the top panel of Figure 2. After identifying the
spine, we then project the cube again, so that the vector
pointing toward the observer is perpendicular to the long axis
of the filament. The position of the observer in this scenario is
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Figure 2. Simple cartoon illustrating the two different projections we utilize. Top: in the “perpendicular” projection, we assume that the vector pointing toward the
observer (normal to the projection plane) is perpendicular to the long axis of the filament. This should mitigate the impact of projection effects on the physical
properties we calculate. Bottom: in the “Sun-like” projection, the vector points toward an assumed Sun position in the galaxy (x, y) = (11, 1 kpc), which is chosen to
roughly mimic the configuration from which we observe the Scutum—Centaurus arm in the Milky Way, where most of the large-scale Galactic filament population
currently resides. For an animated version of this figure, see the YouTube video at https://youtu.be/3qbYvreT2AQ.

(An animation of this figure is available.)

shown via the spaceship in the top panel of Figure 2. We refer
to this projection as the “perpendicular” projection.

The second projection is intended to simulate the properties
we would observe given our position in the Galaxy. We do so
with the “Sun-like” projection, determined by calculating the
angle between the center of each box (shown in the bottom
panel of Figure 1) and an assumed Sun position in the Galaxy.
The Sun position is chosen in order to roughly replicate the
distance and orientation of the near Scutum—Centaurus arm
with respect to the Sun in the Milky Way. The Scutum-
Centaurus arm is the most prominent arm toward the inner
Galaxy, at a distance of roughly 3-4 kpc. Over half of the
sample of observed large-scale Galactic filaments lies closest to
this arm (Zucker et al. 2018). The most prominent spiral arm in
the highly resolved section of the Smith et al. (2014)
simulations lies at a y position of ~~4.0-4.5 kpc, so a position
of (11, 1 kpc) roughly mimics this configuration. Our assumed
Sun position, (x, y) = (11, 1 kpc), is marked with a Sun symbol
in Figure 1. As in the top panel of Figure 2, the orientation of
the observer in the “Sun-like” projection is marked via a
spaceship, with the tail of the spaceship oriented toward our
assumed Sun position.

While in both projections we simulate the correct orientation
of the observer with respect to the filament, it would be
computationally prohibitive to account for column density
unassociated with the filament along the line of sight. Thus, we
only consider the column density locally around the filament,
lying inside the same 500pc’ grid. This means that the
synthetic filaments will have a much lower likelihood of
confusion due to line-of-sight effects compared to observed
filaments.

2.4. Identifying Filaments

A number of approaches to feature identification have been
adopted in the literature, the most common being a dendrogram
analysis (Rosolowsky et al. 2008; Colombo et al. 2015) for
molecular cloud identification, or the DIScrete PERsistent
Structures Extractor (DisPerSE) algorithm (Sousbie et al. 2011)
for identification of filamentary structure. However, neither
approach is optimized for identifying elongated structures on
large scales, and the dendrogram technique in particular has
only been explicitly developed for use with quasi-spherical
molecular clouds (Rosolowsky et al. 2008). Duarte-Cabral &
Dobbs (2016, 2017) employ the SCIMES algorithm (Colombo
et al. 2015), which identifies molecular gas structures in
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dendrograms using the spectral cluster paradigm, which groups
together discrete dendrogrammed regions with similar emission
properties. Using SCIMES, Duarte-Cabral & Dobbs
(2016, 2017) identify only a few clouds with aspect ratios as
high as ~10:1, which is even higher than the maximum aspect
ratio identified for molecular clouds in observations (Rice et al.
2016) using only dendrograms with no spectral clustering. Li
et al. (2016) apply the DisPerSE algorithm to the ATLASGAL
plane survey and identify only a few filaments with lengths
greater than 15 pc, with known large-scale Galactic filaments
from other samples (Wang et al. 2015; Zucker et al. 2015)
being broken into multiple structures (see also Mattern et al.
2018b).

Thus, in the past, the most common method for identifying
large-scale Galactic filaments was to use simple column density
or integrated intensity thresholds (Ragan et al. 2014; Wang
et al. 2015; Zucker et al. 2015, 2018; Abreu-Vicente et al.
2016; Du et al. 2017; Zhang et al. 2019). In almost all cases,
initial filament selection is done by eye in either dust extinction
(e.g., GLIMPSE and MIPSGAL; Churchwell et al. 2009; Carey
et al. 2009) or dust emission (e.g., Herschel; Molinari et al.
2016) before confirming velocity contiguity using either low-
density (*CO) or high-density (N,H", NH3) spectral-line
tracers. This is also consistent with the by-eye identification of
one of the largest molecular filaments in the Milky Way—the
500 pc long “Wisp” presented in Li et al. (2013). Li et al.
(2013) use Spitzer 24 ym emission to track star formation in
two molecular clouds and combine it with '*CO data from the
GRS survey (Jackson et al. 2006) to confirm that the double-
cloud system actually belongs to an elongated molecular
filament.

Zucker et al. (2018) define filament boundaries by setting a
column density threshold 10—20 above the mean background
column density of each Herschel Hi-GAL image (Molinari
et al. 2016), where the “background” column density is defined
using a low-emission region near the filament, following Juvela
et al. (2012). Ideally, we would follow the same procedure as
Zucker et al. (2018) to define boundaries. However, the
dynamic range of the Hi-GAL column density maps spans a
few orders of magnitude, while the dynamic range of the Smith
et al. (2014) AREPO simulations spans around 12 orders of
magnitude. This is partly due to the very small scale height of
the disk, which results in steep dropoffs in column density
beyond 20pc from the midplane. The significantly larger
dynamic range of the AREPO simulations makes the current
observational approach for identifying filament boundaries
challenging. While we do produce column densities for the
filaments consistent with observations (see Section 3), the role
of feedback in setting the scale height of the disk cannot be
underestimated.

Thus, we adopt an alternative, very simple but consistent
approach to identifying the highest-contrast filamentary
features in each image. Specifically, we adopt the 99th
percentile of column density over each image (the “Sun-like”
and “perpendicular” projections; see Section 2.3) as the
threshold for structure identification. We start by selecting all
filaments (aspect ratio =>5) first in the “perpendicular”
projection, where they will appear the longest to an observer.
We then select the same filament in the “Sun-like” projection,
in order to gauge the impact of projection effects on our
analysis and to simulate the range of physical properties we
would observe given the Sun’s position in the Galaxy. The
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boundaries of the same filament (“Fil_x916_y400”) identified
in both H, column density projections are shown in green in
Figure 3. In practice, due to the absence of feedback and local
self-gravity, the highest column density structures in these
simulations are essentially entirely confined to large filaments,
and line-of-sight confusion plays a negligible role, since we
only account for structures inside each 500 pc® grid when
performing the column density projections. Nevertheless, in
both cases we confirm velocity contiguity from an observer’s
perspective by taking a custom position—velocity diagram over
the filament’s boundaries (Zucker et al. 2018) with the glue
visualization software (Robitaille et al. 2017). This is done
using custom C'®0 position—position—velocity cubes computed
for each filament, as discussed in Section 2.5. Following the
procedure outlined in Zucker et al. (2018), if part of the
filament is confirmed kinematically to be an unassociated
structure along the line of sight, we mask out the intervening
column density structure before reapplying the contour. As
discussed in Section 2.2, since some filaments are split between
grids, once the filaments are identified and confirmed, we shift
the center of each grid (Section 2.3) so that it is aligned with the
central coordinate of each filament. We repeat the same process
described here and in Section 2.3 for the new grids, which
results in modest changes to filament properties for structures
located near the boundaries of the grids. The regridded
projections are those we use to derive all filament properties
described in Section 3.

2.5. Radiative Transfer Modeling

We apply the gas line radiative transfer functionality in the
software package RADMC-3D (Dullemond et al. 2012) to
produce synthetic spectral cubes of the filaments identified in
Section 2.4. We use the C'%0 (1—-0) transition because it is
abundant toward observed filaments in the literature (C.
Battersby et al. 2019, in preparation) yet optically thinner than
the '?CO and '>CO lines. For computational expediency, we
downsample the 1 pc’ grids by a factor of two and perform the
radiative transfer modeling on grids with a spatial resolution of
2 pc’. Otherwise, we adopt the same “perpendicular” and “Sun-
like” projections as used for the H, column density maps.

RADMC-3D requires estimates of the dust temperature, dust
density, gas temperature, gas velocity (vy, vy, V), c'®o
abundance, collisional partner abundance, and the microturbu-
lence in each cell. We adopt molecular hydrogen as the
collisional partner, as this is by far the most abundant molecule
in molecular clouds. All these parameters except for micro-
turbulence are extracted or derived from the output of the
AREPO simulation. The dust density is derived from the gas
density assuming a gas-to-dust ratio of 100:1. The C'O
abundance is derived from the AREPO CO abundance
assuming an isotopic ratio of 2CO/C'®0 = 557 (Wilson 1999).
While the microturbulence input is optional, we include it to
account for spatially unresolved turbulent widths, on the order
of 1kms™ !, as determined in Heyer & Brunt (2004).

RADMC-3D allows the user to run in several different line
modes, including both LTE and non-LTE treatments. We adopt
the large velocity gradient (LVG) or “Sobolev” mode, which is
a non-LTE mode, as we cannot assume LTE in the typical
diffuse conditions of the interstellar medium. If the source of
interest undergoes large macroscopic motions, as the filaments
typically do, the LVG mode allows one to make the
approximation that the emission at one end of the cloud is
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Figure 3. H, column density map for the “perpendicular” projection (top) and the “Sun-like” projection (bottom) for “Fil_x916_y400” (see Figure 2). The boundary
defined in each projection is outlined in green. In the “perpendicular” projection, the long axis of the filament is perpendicular to the line of sight of the observer and
should result in longer lengths and lower column densities. The “Sun-like” projection changes from filament to filament and is dependent on how the filament is
oriented in the synthetic galaxy with respect to our assumed Sun position (x, y) = (11, 1 kpc); see Figure 2.

completely decoupled from emission at the other end. This
approximation is frequently applied to gas line radiative
transfer modeling of molecular clouds, as described further in
Ossenkopf (1997). We turn on Doppler catching, which
prevents artifacts in the spectra in regions with LVGs, due to
the Doppler shift in adjoining voxels exceeding the intrinsic
line width of the material.

These cubes are used to confirm velocity contiguity in
identified filaments (as described in Section 2.4), as well as in
the velocity gradient analysis (described in Section 3).

3. Results
3.1. Detection Statistics

In Figure 4 we show a top-down summary of the filaments
identified following the procedure outlined in Section 2.4. The
spines of these filaments are delineated in blue if they are
within 100 pc of the imposed spiral potential wells. Otherwise,
they are highlighted in red, indicating that they lie between
spiral potential wells, in the interarm regions.

In total we identify 27 filaments over the 31 grids we extract
from the highly resolved section of the disk from Smith et al.
(2014). Recall that we only search for filaments over grids that
contain appreciable amounts of CO emission, so an additional
41 grids (mostly in the interarm regions) are excluded based on

this initial criterion. While all observed large-scale filaments
are CO bright, these 41 grids likely contain additional “CO-
dark” filaments that could potentially be observed using dust
tracers. The total area of the zoom-in from the Smith et al.
(2014) simulation we targeted is ~20 kpc?, indicating that we
should expect to identify ~1-2 filaments per square kiloparsec,
assuming that the observer is in the disk of the galaxy.
Extrapolating this to the entire Milky Way disk and assuming a
stellar disk with a radius of 15 kpc, we should expect to identify
at maximum =21000 filaments in the Milky Way. This estimate
is in agreement with that made in Goodman et al. (2014;
several hundreds to thousands), determined by comparing the
mass in Nessie as traced by HNC to the total dense gas mass
fraction in the Galaxy.

It is important to emphasize that that these filaments are
forming under ideal conditions, without stellar feedback or
local self-gravity. Incorporating this additional physics should
change the number of observable filaments. With the inclusion
of the local self-gravity and feedback, these structures would
quickly collapse and form high-mass stars. Feedback from the
stars formed would presumably break filaments into discrete
pieces on short timescales (=a few million years) and also push
them farther from their birthplaces in the gravitational
midplane. In counting filaments, stellar feedback has the
potential to both increase and decrease tallies. If a 300 pc long
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Figure 4. Top-down view of extracted filaments overlaid on the H, column density map from Smith et al. (2014). “Arm” filaments coinciding with the spiral potential
wells are shown in blue, while “interarm” filaments lying in between the spiral potential wells are shown in red. Zoomed-in regions showing the top-down H, column

density distribution for four different filaments are shown inside the pop-out boxes.

filament in the spiral arm is broken apart by feedback, it is
possible that sections of this filament would still be identifiable
as one or more distinct, smaller-scale filaments (=~tens to 100
pc in length). However, in many cases, the filament may likely
also be completely destroyed and no longer identifiable from an
observer’s perspective. This is likely also time and location
dependent and could depend on the filament’s environment, the
number of high-mass stars, and their distribution along the
filament.

Clumps of high-density gas, alongside nascent H I regions,
are observable toward large-scale Galactic filaments in our own
Milky Way (see Jackson et al. 2010; Tackenberg et al. 2013;
Wang et al. 2014). The HII regions make these features harder
to identify as a coherent filamentary structure as they evolve.
Since the formation of these filaments is dominated by galactic
dynamics (rather than local self-gravity, as we see for nearby
filaments; André et al. 2010; Arzoumanian et al. 2011; Hacar
et al. 2013, 2018), these large-scale filaments should constantly
be forming and/or persisting in “special” places in the galaxy
(either in the potential wells of spiral arms or in the interarm
regions). Since we only analyze a single time snapshot in the
current work, we should be able to better characterize this in
future work, by tracking the evolution of these filaments over
time as they cross the spiral potential wells (as in Duarte-Cabral
& Dobbs 2017). This is discussed in Section 3.2.

3.2. Potential Formation Mechanisms

In Figure 4 we find two classes of filaments: one type
(highlighted in blue) lies inside the spiral potential wells, while
the other type (highlighted in red) lies between spiral potential
wells. We identify seven filaments along spiral arms and 20 in
the interarm regions, though these statistics are skewed by the

fact that we include two interarm regions in the search area and
only a single spiral arm. Nevertheless, this is broadly consistent
with the findings of Zucker et al. (2018)—who find that while
most filaments lie in the plane of the Milky Way, only about
30% of large-scale filaments also lie at velocities that are
kinematically consistent with known spiral arm models (see
Reid et al. 2016).

These two classes of filaments—“arm” and “interarm”—
may correspond to two unique formation mechanisms. The
filaments in blue may form as gas enters the spiral potential
wells and becomes shocked and compressed, leading to high-
contrast yet transient filamentary features forming along the
arms. The filaments in red may form due to differential
rotation, as gas is stretched out into lower column density
structures in the interarm regions. While most of the molecular
hydrogen in the interarm regions is CO dark, the emission
coincident with the large-scale filaments we identify are
“islands” of CO-bright emission, as they represent the density
peaks of the interarm gas (see Figure 5 in Smith et al. 2014).
Interestingly, while the interarm filaments may form outside the
potential wells, they appear to form at the same Galactocentric
radius, with most of the interarm filaments forming within
~200 pc of y = 3 kpc in the context of Figure 4. When stitched
together, these filaments could easily be mistaken for an “arm-
like” structure. In this sense, the interarm filaments are tracing a
larger, potentially transient, galactic-scale structure that devel-
ops dynamically in the simulations and often resembles
an “arm.”

Ultimately, however, in order to constrain the formation
mechanisms of the filaments, we must track the evolution of the
gas over megayears, as opposed to a single time snapshot, as
we do in this work. In future work, we plan to build on the time
evolution analysis presented in Duarte-Cabral & Dobbs (2017),
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which tracks two GMFs over 11 Myr, as they undergo interarm
passage and cross a spiral potential well. This in turn will shed
light on whether the properties of the filaments are set by their
formation or their current dynamical environment. This is an
important distinction, given the slow formation of CO-
dominated regions in molecular clouds (Clark et al. 2012)
and our criterion that the synthetic filaments be CO bright.

3.3. Physical Properties

To determine the physical properties of the synthetic large-
scale filaments (length, width, mass, linear mass, column
density, position angle, galactic plane separation, and velocity
gradient), we adopt the same methodology applied to observed
large-scale filaments in Zucker et al. (2018).

In Table 1, we summarize the physical properties for the full
sample, calculated over both the “perpendicular” and “Sun-
like” projections. We briefly describe the method used to
calculate each property in Zucker et al. (2018) in subsections
below, along with the dependence of each property on
projection effects and galactic environment (e.g., whether the
filament lies in an arm or an interarm region). A machine-
readable version of Table 1 is available at the Harvard
Dataverse (doi:10.7910/DVN/SPX2LL).

Due to the simplified physics involved, many of these
properties should be considered upper or lower limits on the
actual values we would observe if feedback and local self-
gravity were included. In Table 2, we include details on which
properties are known to be biased and also highlight whether
the values we calculate should be treated as an upper or lower
limit, along with the physics (or lack thereof) that is driving the
bias itself (e.g., no feedback, no local self-gravity).

3.3.1. Lengths and Widths

To compute the lengths, we utilize the boundaries defined for
the filaments in Section 2.4. Specifically, the area inside each
boundary constitutes a mask, which is skeletonized using a
medial axis transform via the FilFinder package (Koch &
Rosolowsky 2015). The resulting skeleton or “spine” repre-
sents a l-pixel wide geometric representation of the mask
topology, and the length of this spine is the length we adopt for
the filament.

We compute the widths of the filaments using the RadFil
package (Zucker & Chen 2018). The RadFil package
computes filament widths by taking perpendicular cuts across
the spine of the filament. We compute the geometric width of
each filament, by determining where the cut touches the edge of
the mask on either side of the spine. Each cut samples the
“local” width of the filament determined by the column density
threshold. We then take the median of all these cuts to compute
the contour-based width of the filament.?

In Figure 5 we compare (via box-and-whisker plots) how the
distribution of lengths varies due to projection effects and
galactic environment. We find that, on average, the filament
lengths tend to be foreshortened 1.4 x due to projection effects,
with a median length in the “perpendicular” projection of

> Note that this is a different procedure than employed in Zucker et al. (2018).
In that work we fit a Gaussian and Plummer function to the radial column
density profile. However, this is challenging to replicate for the synthetic
filament population for two reasons. First, the filaments are more flocculent
than those in the Milky Way, and second, the large dynamic range (12 orders of
magnitude) and small scale height of the disk in the AREPO simulation make it
difficult to fit and subtract the background column density.
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216 pc and in the “Sun” projection of 152 pc. We find no
difference in the observable length of the filaments due to
galactic environment, with a typical projected filament length
in the arm region of 152pc and in the interarm region of
150 pc. In all cases, the synthetic filaments are typically
1.5-10x longer than what we observe in our own Galaxy
(Zucker et al. 2018). The GMFs, the lowest-density class of
observed large-scale filament, with lengths around 100 pc, are
most consistent with the lengths of the synthetic filaments. The
densest classes of large-scale filaments (the “Bones” and
“Herschel” filaments), with lengths of around 50pc, are
typically shorter by a factor of three.® The distribution of
synthetic filament lengths in all cases should be considered an
upper limit, as the incorporation of feedback (from H II regions
or supernovae) should break the filaments into pieces, making
it harder to identify them as coherent structures from an
observer’s perspective.

Also in Figure 5, we show a box-and-whisker diagram for
the distribution of filament widths. The widths of the filaments
are less dependent on viewing angle, with the typical width in
the “Sun-like” projection of 11 pc, only a few parsecs larger
than the “perpendicular” projection (9 pc). The difference in
width based on environment is modestly more pronounced,
with filaments forming in the arm having moderately smaller
widths (8 pc) compared to interarm filaments (12pc). The
widths we observe for the GMFs in our Galaxy (=13 pc) are
most consistent with the synthetic filaments, particularly for
interarm filaments seen from the “Sun-like” projection. These
simulations are unable to reproduce the widths of the denser
filament catalogs—including Nessie—which have typical
widths of ~1-2 pc. The simulated widths should be taken as
upper limits, due to the lack of local self-gravity in the
simulations. The inclusion of local self-gravity should cause
radial collapse along the filaments, narrowing not only each
filament’s column density radial profile, but also the “mask-
based” width we calculate based on an assumed column density
threshold, as the contrast between filament and background
should be higher in these cases.

3.3.2. H, Column Densities, Masses, and Linear Masses

Column densities, masses, and linear masses are calculated
using the H, column density projections described in
Section 2.3. We compute the median H, column density for
each filament by taking the median column density value inside
each filament mask. To compute the masses following Zucker
et al. (2018), we take the integral of the H, column densities
across the filament mask (Mg = pig,mp f Ny, dA), where
py, = 2.8 (Kauffmann et al. 2008) and the integral is
approximated by taking the sum over the H, column density
of each pixel times its physical area (1 pc). The linear masses
are obtained by dividing these masses by the lengths we
compute in the previous section.

Column density probability density functions (PDFs) are
summarized in Figure 6. For each distribution, we stack all the
pixels inside each filament’s mask, to obtain class-by-class
statistics. As shown in Figure 6, we find a modest increase in

5 The lengths of the “Bone-like” filaments (Zucker et al. 2018) are typically
lower limits, given our methodology of requiring semicontinuous closed
contours despite the presence of H II regions across the filaments. For example,
Zucker et al. (2018) find a length of Nessie of 104 pc, whereas Goodman et al.
(2014) find the length of Nessie to be between 160 and 430 pc, depending on
how generously one connects the different filamentary extinction features.
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Table 1
Synthetic Filament Properties
D Environment Length Width N, Mass Line Mass z 0 %
(pe) (pe) (em™?) M) Mo pe!) (pe) (deg) (kms ' pc )

Perp Sun Perp Sun Perp Sun Perp Sun Perp Sun Perp Sun Perp Sun Perp Sun
@ @ 3 @ () ©) O] ® © 10) an 12) 13) 14 as) (16) an (18)
x1000y265 Interarm 163 89 10 6 5.5e+21 6.8e+21 2.0e+05 1.0e+05 1.2e403 1.2e+03 20 19 1 4 0.027 0.017
x945y255 Interarm 188 87 11 20 6.0e+21 9.5e+21 3.1e+05 3.9e+05 1.6e+03 4.4e4-03 4 4 1 8 0.022 0.049
x887y447 Interarm 343 202 9 12 3.2e+21 4.3e+21 1.9e+05 2.8e+05 5.6e+02 1.4e+03 4 4 0 1 0.012 0.039
x888y300 Interarm 213 128 11 22 5.6e+21 1.1e+22 3.5e+05 6.9e+05 1.6e+03 5.4e+03 1 3 0 5 0.014 0.009
x848y284 Interarm 281 91 9 28 6.4e+21 1.2e+22 3.8e+05 8.2e+05 1.4e+03 8.9e+03 5 6 1 12 0.015 0.029
x830y330 Interarm 271 75 10 34 3.3e+21 5.3e+21 2.1e+05 4.6e+05 7.7e+02 6.0e+03 4 5 1 15 0.012 0.063
x800y200 Interarm 167 94 8 11 5.6e+21 8.7e+21 1.9e+05 2.5e+05 1.1e403 2.6e+03 9 8 7 16 0.034 0.021
x808y295 Interarm 241 124 9 18 6.9e+21 1.3e+22 3.7e+05 7.9e+05 1.5e+03 6.4e+03 9 5 3 9 0.016 0.004
x1350y435 Interarm 247 242 11 11 1.8e+21 1.8e+21 1.1e+05 1.3e+05 4.5e4+02 5.2e+02 3 3 2 2 0.017 0.005
x1330y310 Interarm 150 141 15 16 2.4e+21 2.5e+21 1.3e+05 1.3e+05 8.6e+02 9.3e+02 24 24 1 0 0.007 0.005
x950y420 Interarm 442 239 7 9 5.1e+21 8.4e+21 4.3e405 5.1e+05 9.7e4+02 2.1e+03 1 1 0 0 0.014 0.037
x1312y220 Interarm 182 181 14 16 3.8e+21 5.1e+21 2.1e+05 3.2e4-05 1.2e4-03 1.8e+4-03 5 4 0 2 0.011 0.004
x987y235 Interarm 216 137 12 12 9.5e+21 1.1e4+22 5.6e+05 3.9e+05 2.6e+03 2.8e+03 1 2 0 2 0.018 0.055
x1213y448 Interarm 168 171 15 15 3.4e+21 3.3e+21 2.2e+05 2.2e+05 1.3e+03 1.3e+03 15 15 2 2 0.024 0.023
x1140y225, Interarm 132 128 5 5 7.8e+21 7.6e+21 1.2e+05 1.2e+05 9.3e+02 9.7e+02 4 1 1 0.009 0.012
x1140y225, Interarm 163 160 11 11 9.0e+-21 8.6e+21 3.7e+05 3.6e+05 2.3e+03 2.3e+03 1 1 2 2 0.016 0.018
x1080y425 Interarm 297 267 6 7 3.1e+21 3.3e+21 1.4e+05 1.6e+05 4.7e402 6.1e+02 3 1 1 0.017 0.034
x1087y260 Interarm 236 226 10 12 4.7e421 5.2e+21 2.8e+05 3.1e+05 1.2e4+03 1.4e+03 20 20 3 3 0.017 0.025
x1066y218 Interarm 205 179 9 13 3.1e+21 3.5e+21 1.4e+05 1.8e+05 7.0e+02 1.0e+03 10 10 0 0 0.014 0.018
x1258y432 Interarm 336 322 7 7 7.6e+21 8.0e+21 5.2e+05 4.9e+4-05 1.5e+03 1.5e+03 3 3 2 2 0.024 0.021
x1138y347 Arm 272 297 8 7 3.4e+22 3.3e+22 2.2e+06 2.3e+06 7.9e+-03 7.6e+03 5 5 0 0 0.024 0.024
x843y434 Arm 150 80 11 12 2.3e+22 5.0e+22 9.0e4-05 1.2e406 6.0e+-03 1.5e+04 2 1 0 1 0.034 0.055
x1089y347 Arm 135 100 10 8 3.0e+22 3.0e+22 9.9e+05 6.1e+05 7.3e+03 6.1e+03 5 7 7 9 0.020 0.044
x1049y358 Arm 134 94 6 4 1.5e+22 1.7e+22 2.9e+05 1.9e+05 2.1e+03 2.0e+03 5 5 0 0 0.003 0.035
x916y400 Arm 222 163 4 8 2.8e+22 4.1e+22 6.7e+05 1.3e+06 3.0e+03 8.2e+03 7 7 2 1 0.004 0.036
x1011y365 Arm 221 152 7 9 3.7e+22 4.9e+22 1.6e+06 1.7e4-06 7.3e+03 1.1e+04 12 13 0 0 0.018 0.031
x1338y357 Arm 315 241 6 9 4.2e422 5.4e+422 2.3e+06 2.7e406 7.3e+03 1.1e+04 2 2 0 0 0.021 0.011

Note. A summary of the physical properties we calculate for the full sample shown in Figure 4. For each property, we show the value determined assuming two different observer positions: the “perpendicular” (“Perp”)
and “Sun-like” (“Sun”) projections; see Section 2.3 or Figure 2. In Column (1) we list the ID for the filament, defined using the lower left corner position of the AREPO grid it is identified on in the right panel of Figure 1
(e.g., x1011y365 is equivalent to x = 10.11 kpc, y = 3.65 kpc in the context of Figure 1). In Column (2) we list whether the filament is located in an arm or interarm region. In Columns (3) and (4) we list the length of
the filament for the perpendicular and Sun-like projections. In Columns (5) and (6) we list the width of the filament for the perpendicular and Sun-like projections. In Columns (7) and (8) we list the median H, column
density inside each filament’s mask for both the perpendicular and Sun-like projections. In Columns (9) and (10) we list the mass of the filament for both the perpendicular and Sun-like projections. In Columns (11) and
(12) we list the linear mass of the filament for both the perpendicular and Sun-like projections. In Columns (13) and (14) we list the 2D projected separation between the filament and the midplane, for both the
perpendicular and Sun-like projections. In Columns (15) and (16) we list the 2D projected orientation between the long axis of the filament and the midplane, for both the perpendicular and Sun-like projections. Finally,
in Columns (17) and (18) we list the velocity gradient along the filament, for both the perpendicular and Sun-like projections. A machine-readable version of this table is available on the Harvard Dataverse (doi:10.7910/
DVN/SPX2LL).
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Table 2
Potentially Biased Physical Properties
Property Upper Limit/Lower Limit? Reason?
Length Upper limit No feedback
Width Upper limit No local self-gravity
Mass Upper limit No feedback

No feedback
No feedback

Lower limit
Lower limit

Plane separation
Position angle

the H, column density due to projection effects, with the
median column density for the “Sun-like” projection being
30% higher than in the perpendicular projection
(7.6 x 10 em ™2 vs. 5.8 x 10*! cmfz). Given that we do
not account for intervening column density along the line of
sight, this should be treated as an ideal case, which is only
dependent on the viewing angle. In contrast, the difference in
column density between the arm and interarm filaments is quite
pronounced, with the median column density almost a factor of
seven higher in the arm (4.3 x 10*? cm™?) versus the interarm
regions (6.3 X 10?! cm_z). As a whole, the column densities of
the synthetic filaments agree well with those measured in our

Width (pc)
20
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own Galaxy. The typical column densities of observed
filaments vary from 4.8 x 10" cm * for the lowest column
density class (the “GMFs™) to 1 x 10*?cm 2 for the highest
column density class (the “Bones” and “MST Bones”). Thus,
like the widths, the GMFs tend to be more consistent with the
“interarm” filament column densities, while the denser filament
categories tend to be more consistent with—but not as high as
—the arm filament column densities. The good average
agreement between observations and simulations, despite the
fact that we only consider the column density locally around
each filament, indicates that the observed large-scale filaments
may dominate the total column density along the line of sight.
The column densities of the observed filaments are beam
diluted given the resolution (see discussion in Section 3.2 of
Zucker et al. 2018), so any buildup in intervening column
density along the line of sight in our own Galaxy could be
compensated for by the beam dilution inherent in the column
density measurements we report in Zucker et al. (2018). While
the average column densities are similar, the shapes of the
column density PDFs show significantly less agreement—the
simulations lack the characteristic “power-law tail” (Balles-
teros-Paredes et al. 2011; Burkhart et al. 2017), likely due to
the absence of local self-gravity.

Length (pc)
10

10 30 0 200 300
“Perpendicular
Synthetic L All 1 —
Observations” I_
|| L Bones 1 °
- | . GMFs 1 Hl 1 o
Actual
Observations Il L Herschel . om oo
- MST Bones
Il — o Al 1 H —
“Sun-Like
Synthetic ° ° - Arm i |'-_|
Observations”
|_._| o Interarm |—-—|

Figure 5. Left: box-and-whisker plots of the filament width distribution, over three parameter spaces. In the top left panel, we show the distribution of widths for the
full sample from the “perpendicular” projection (gray). In the middle left panel, we show the observed distribution of filament widths. In the bottom left panel, we
show the distribution of widths for the full sample from the “Sun-like” projection (yellow), as well as for the arm (blue) and interarm (red) subsamples in the same
Sun-like projection. Right: same as in the left panel, but for the distribution of lengths. In both panels the solid line marks the median of the distribution, while the

dashed line indicates the mean.
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Figure 6. H, column density PDFs showing the column density distribution for each filament class as a whole. Each PDF is normalized such that its total area is equal
to 1. The “perpendicular observer” (top panel) and “Sun-like observer” (bottom panel) classes show the distribution of the full sample as seen from the perpendicular
and Sun-like projections. The “arm” and “interarm” classes (bottom panel) show the distribution of column densities for filaments in the arm and interarm regions, as
seen from the “Sun-like” projection. The middle panel shows the observed distributions. The median column density distribution of each class is labeled and marked

with the vertical dashed lines.

In Figure 7 we show the comparisons for mass and linear
mass, over the same parameter space explored in Figure 5. We
find that the mass is only modestly influenced by projection
effects, with the “Sun-like” projection having a typical mass of
3.9 x 10° M, versus 3.1 x 10° M, for the “perpendicular”
projection. Due to their increased H, number densities, and
thus increased H, column densities, the masses of the arm
filaments (1.3 x 10°Mg) are 4x higher than the interarm
filaments (3.2 x 10° M). The masses of the synthetic
filaments are typically one to two orders of magnitude higher
than what we observe in our Galaxy, with most large-scale
Galactic filament masses lying just above 10*Mg. The
exception is the “GMF” class, which has a typical mass of
10° M, in good agreement with the synthetic interarm filament
distribution we calculate. Also in Figure 5, we find that,
unsurprisingly, the influence of projection effects on the linear
mass follows the same trend as for length, with the “Sun-like”
projection (2.3 x 10°Mgpc™') having a linear mass on
average 1.6x higher than for the “perpendicular” projection
(1.4 x 10° Mg pc_l). Like mass and column density, the linear
mass is clearly affected by galactic environment, with filaments
in the arm having linear masses 5x higher than interarm
filaments (8.2 x 10°Mgpc™' and 1.6 x 10°Mgpc ',
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respectively). As for mass, the linear masses of the GMFs
observed in our Galaxy, typically lying around
1.5 x 10° Mg pc ™', show good agreement with the synthetic
“interarm” filaments. Non-GMF observed large-scale filaments,
including filaments like Nessie, have lower linear masses, on
the order of ~500 Mg pc ™"

Like the length and width, we expect the incorporation of
local self-gravity and feedback to affect the masses and linear
masses we infer. Similar to the lengths, the inclusion of
feedback will break apart and potentially destroy entirely
sections of filaments, which could reduce their mass sig-
nificantly. If and how much the linear mass decreases depend
on whether feedback affects both the length and the mass the
same, or whether one property is preferentially affected.
Concurrently, the inclusion of local self-gravity will likely
narrow the filaments (potentially up to a factor of 10, if they are
to be consistent with observations) and also increase the
median column densities we infer. Whether that would
significantly change the linear masses and column densities
will depend on how the decreased surface area of the filaments
balances the anticipated increase in column density.
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Figure 7. Same as Figure 5, but for the distribution of linear masses (left) and masses (right).

3.3.3. Galactic Plane Separation and Position Angle

We calculate the galactic plane separation and position angle
using the location of the gravitational midplane in the Smith
et al. (2014) simulations (the z = 0 pc axis). The galactic plane
separation is the 2D projected separation between the filament
and the disk midplane. We compute it following the
methodology outlined in Zucker et al. (2018), that is, we find
the minimum absolute separation between every point on the
filament’s spine and the closest point in the midplane. The
median of these minima is the plane separation we adopt for the
filament. To compute the position angle, we fit a line to each
filament’s mask, assuming that every pixel in the mask is a
scatter point. The filament position angle can be parameterized
as Oy = arctan(myg;), and the plane position angle can be
parameterized as Opjane = arctan(mpane), Where myg is the slope
of the line fitted to the filament’s mask and mpy,p. is the slope of
the plane (assumed to be zero). The position angle we report is
the absolute difference between the filament position angle and
the plane position angle.

Our results for the plane separation and position angle
distributions are summarized in Figure 8. Neither orientation of
the observer nor galactic environment has any effect on the
galactic plane separation, with a typical height of a5 pc across
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all samples. We find a similar result for position angle, with the
typical position angle across all samples between ~1° and 2°.

Most of the observed large-scale Galactic filaments tend to
lie near and in close proximity to the physical galactic
midplane, typically within 15pc and oriented less than 30°
from parallel. Several filaments in the Ragan et al. (2014) and
Wang et al. (2015, 2016) catalogs have filaments located
>60 pc above the plane. Since a spiral potential is likely the
dominant formation mechanism for such elongated structures,
it is possible that these filaments were pushed to higher
altitudes by an energetic feedback event (e.g., from a nearby
supernova or H II region). Without feedback in the simulations,
it is unsurprising that every filament in the sample forms very
close to and aligned with the gravitational midplane of the
simulation. This could be the “natal” state of these filaments
prior to the influence of feedback.

While the simulation does not include feedback, it also does
not model any warping, flaring, or undulation in the disk,
which causes deviation from a flat midplane, particularly in the
outer disk (see, e.g., Malhotra 1994; Robin et al. 2003;
Momany et al. 2006; Poggio et al. 2018). It is not uncommon to
observe molecular clouds at large separations from the Galactic
plane (>100pc; see, e.g., molecular cloud distributions in
Zucker et al. 2019), so while stellar feedback plays a role, the
warping, flaring, and undulation of the disk at larger
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Figure 8. Same as in Figure 5, but for the distribution of position angle (left) and plane separation (right).

Galactocentric radii cannot be disregarded in trying to
reproduce the scale heights of extended, filamentary, gaseous
structures.

3.4. Velocity Gradients

To determine the velocity gradients for the filaments, we
start by downsampling the filament masks from Section 2.4 by
a factor of two, so they can be applied to the C'®0O spectral
cubes (see Section 2.5), whose spatial grids are downgraded by
a factor of two for computational expediency before running
RADMC-3D. Following the procedure of Zucker et al. (2018),
we divide the downsampled masks into bins of width 20 pixels
(40 pc). In each bin, we collapse over the pixels within the
mask that fall inside the filament mask, and we perform a
single- or multicomponent (up to five) Gaussian fit to each
bin’s spectrum. The Gaussian fitting is performed interactively
using the package pyspeckit (Ginsburg & Mirocha 2011).
Since filaments are confirmed to display contiguous position—
velocity tracks in Section 2.4, in cases of multiple components,
we select the track that aligns with the overall gradient of the
filament in position—velocity space. Our results are shown in
Figure 9.

We find only modest differences in velocity gradient as a
function of both observer position and environment. The
typical velocity gradient for filaments in the Sun-like projection
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is 0.024kms ' pc~', compared to 0.017kms ' pc' for the
perpendicular projection. The discrepancy between the arm and
interarm samples is similar, with velocity gradients in the arm
of 0.035kms™ ' pc™', compared to 0.021 kms™ ' pc™' for the
interarm regions. In all cases, the velocity gradients are very
low, consistent with gradients of only a few kilometers per
second over the entire length of the ~100+ pc long filaments.
While a systematic exploration of velocity gradients has not
been done for the observed large-scale filament population, the
velocity gradients we determine are consistent with those of the
paradigmatic “Nessie” filament. Goodman et al. (2014) find a
velocity %radient across Nessie of 0.025kms 'pc™' (or
~4kms™ " over its 160 pc length).

4. Discussion
4.1. The Origin of GMFs

In Figure 10, we summarize the physical properties of both
the synthetic and observed large-scale Galactic filament
populations (Ragan et al. 2014; Wang et al. 2015, 2016; Zucker
et al. 2015, 2018; Abreu-Vicente et al. 2016). Each filament is
shown as a rectangle with the same length, width, galactic
plane separation, and position angle as computed uniformly
across both the observed and synthetic samples.

Our results indicate that GMFs (shown in green in Figure 10;
Ragan et al. 2014; Abreu-Vicente et al. 2016) appear to be
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Figure 10. Cartoon illustrating the differences between the observed large-scale filament population (left panel) and the synthetic large-scale filament population lying
in the arm and interarm regions (right panel), as seen in the “Sun-like” projection. Each filament is represented as a rectangle with the same length, width, galactic
plane separation, and position angle as computed uniformly across both the observed and synthetic samples.

remarkably consistent with the synthetic interarm filament
population (shown in red in Figure 10), without the need to
invoke either local self-gravity or stellar feedback. Their
lengths, widths, line masses, masses, and column densities all
agree with the properties determined for the synthetic interarm
filaments, when viewed from the projection of a “Sun-like”
observer. This is consistent with the numerical simulations of
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Duarte-Cabral & Dobbs (2016, 2017), who also find associa-
tion of GMFs with the interarm regions. Since we are able to
reproduce the physical properties of the GMFs using purely
galactic dynamics, it is possible that these structures may not be
self-gravitating. While the column densities, masses, and linear
masses are less consistent overall with GMFs being associated
with arms, their lengths and widths are consistent with both the
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arm and interarm categories, so this does not preclude some
GMFs—oparticularly those with higher column densities—from
being found within spiral arms of the Milky Way.

The association of observed GMFs with spiral features in the
Milky Way is uncertain and highly dependent on the study, gas
tracer, and set of spiral arm models used. The study of GMFs
by Ragan et al. (2014) finds the seven original GMFs to be
preferentially associated with the interarm regions, adoptin% the
spiral arm models of Vallée (2008) and using primarily '*CO
data from GRS (Jackson et al. 2006) to confirm velocity
contiguity. However, an expanded follow-up study by Abreu-
Vicente et al. (2016)—using the updated spiral arm models
from Reid et al. (2016) and °CO from ThrtUMMS (Barnes
et al. 2015)—find 9 of 16 GMFs to be associated with arms.
The most recent study by Zucker et al. (2018), which uses the
spiral arm models from Reid et al. (2016) to determine arm
association of large-scale filaments in the first quadrant, find
that only one-third of GMFs show strong association with
spiral arms in both [-b and p-v space. However, Zucker et al.
(2018) mainly consider '*CO data (with ancillary dense gas
information), and only for a subset of the sample. More
broadly, the large-scale filament identification methods from
previous work applied different velocity information, with
some studies relying only on dense gas tracers (Wang et al.
2016), others using only CO (Wang et al. 2015) and others
primarily considering CO but supplementing with dense gas
tracers (Ragan et al. 2014; Zucker et al. 2015, 2018; Abreu-
Vicente et al. 2016). Given the wide variety of kinematic
tracers used through the large-scale filament literature in the
past, a systematic study of the kinematics using consistent
methodologies and spectral-line surveys across the full sample
is needed to better constrain the relationship between GMFs
(and the greater population of large-scale Galactic filaments)
and spiral arms.

4.2. The Origin of Nessie

Unlike the GMFs, we are unable to reproduce the properties
of “Bone-like” filaments similar to Nessie (Goodman et al.
2014; Zucker et al. 2015, 2018) (the light-blue population in
Figure 10) in simulations that only include a spiral potential. As
a result, the formation of “Bone-like” filaments likely requires a
galactic potential in combination with both feedback and local
self-gravity. Nessie is anywhere from 160 to 430 pc long
(depending on the strictness with which one connects different
parts of Nessie disrupted by feedback; Goodman et al. 2014)
and has a width of ~1 pc seen in dust emission. Other dense
“Bone-like” filaments, whose lengths are likely more subject to
projection effects (see Zucker et al. 2018) have lengths on the
order of ~50pc and similar widths. Thus, on average, the
observed “Bone-like” filament population has a factor of 10
smaller width and a factor of a few smaller length when
compared to the synthetic population presented in this work.
Observed Bone samples (Goodman et al. 2014; Zucker et al.
2015, 2018) show strong agreement with spiral arm models in
position—position—velocity space. However, while the column
density of Nessie is significantly higher than the GMFs, the
observed column densities of the Bones from Zucker et al.
(2019) are still lower than the synthetic arm filaments. Recall
that the Zucker et al. (2019) column densities for the Bones are
beam diluted, given that the typical resolution of Herschel
(=1 pc at 3 kpc) is equivalent to the width of Nessie. Assuming
that Nessie dominates the column density along the line of
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sight, higher-resolution column density studies of the filament
—using a combination of VVV (Saito et al. 2012) and Spitzer/
GLIMPSE (Churchwell et al. 2009) data—determine a typical
Ay along Nessie of 20 mag, or Ny, ~ 2 x 10*2cm~2, given
standard conversion factors, in better agreement with the
fiducial column density of 4 x 10?2 cm~2 for the synthetic arm
filaments (see Mattern et al. 2018a).

Nevertheless, because the lengths of synthetic large-scale
filaments in both environments are too long without feedback,
and their widths are too puffy without local self-gravity, it is
difficult to definitively determine which population (arm or
interarm, or both) is most consistent with Nessie-like structures.
It is clear that while a spiral potential is required to form
Nessie-like filaments, both feedback and local self-gravity
likely also play an important role in shaping their physical
properties.

Smith et al. (2019) present an updated treatment of the Smith
et al. (2014) simulations utilized in this work, investigating
how the incorporation of additional physics (including local
self-gravity, random supernova feedback, and feedback tied to
sink particles) influences cloud properties (at ~0.1 pc resolu-
tion) in concert with a spiral potential, over a smaller fraction of
the disk. While Smith et al. (2019) explore the effects of
feedback and self-gravity for smaller-scale filaments (lengths
~a few parsecs, widths ~a few tenths of a parsec), we plan to
revisit the effect of this physics, to better characterize the
relative influence of galactic dynamics, feedback, and local
self-gravity on large-scale filaments coincident with both the
arm and interarm regions.

4.3. Current Galactic Environment Drives Filament Properties

We find that, overall, current galactic environment (“arm”
vs. “interarm”), rather than projection effects, plays the
dominant role in setting the physical properties of the filaments.
Mass, linear mass, width, galactic plane separation, and
position angle (the filament’s 2D projected orientation with
respect to the midplane) are largely invariant to projection
effects. The length is the most sensitive to projection effects,
with the filament lengths we observe from the “Sun-like”
projection typically shortened by a factor of 1.4 compared to
the intrinsic lengths of the filaments (seen in the “perpend-
icular” projection). However, this can be as high as a factor of
three to four for extreme observer viewing angles. Column
density mildly increases due to projection effects (by ~30%),
but the magnitude of the effect we would actually observe is
more uncertain, given that we only consider the column density
locally around the filament and do not consider intervening
column density along the line of sight between the “Sun” and
each filament.

In contrast, galactic environment plays a significant role in
setting the column densities of the filaments, with those in the
arm exhibiting typical column densities /7 x higher than in the
interarm regions. This propagates to the inferred masses and
linear masses, with, again, these properties being significantly
(~3-5x) higher in the arm. All of these differences naturally
follow from the idea that filaments in the arms are subject to
higher pressures as they enter the spiral potential wells.

One property that appears invariant to galactic environment
is the length, which is similar in both the arm and interarm
regions (/2150 pc). It is possible that the inclusion of additional
physics (particularly feedback) could induce larger variations in
length than those seen here. Since most feedback should be
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confined to spiral arms (Bartunov et al. 1994; Aramyan et al.
2016), filaments in the arms are more likely to be broken apart
by feedback events. They are also more likely to merge and
interact with other clouds, and be subject to cloud—cloud
confusion, which could limit their identification on hundred-
parsec scales (Duarte-Cabral & Dobbs 2016, 2017). Regard-
less, the inclusion of both local self-gravity and feedback will
have a fundamental effect on the morphology of dense gas. Our
results should be treated in the context of the properties being
upper and lower limits (as stated in Table 2), until we are able
to explore these effects over smaller areas of the disk in the
more advanced numerical simulations presented in Smith et al.
(2019).

5. Conclusion

The Smith et al. (2014) simulations present an opportunity to
analyze the response of a gaseous disk to an imposed analytic
potential in the context of a simple H, and CO chemical model.
Its large dynamic range (<1 pc resolution in regions with
n > 103 cm™3) over a large area of the disk (=30 kpcz) is ideal
for resolving both the widths of the large-scale filaments and
the galactic environments in which they form. We analyze the
physical properties of synthetic large-scale filaments as a
function of both projection effects and galactic environment
and compare them to observations. Our conclusions are as
follows:

1. Observer viewing angle has a mild effect on filament
properties, with filament widths, masses, plane separa-
tions, and position angles varying by <25% due to the
position of the observer in the Galaxy. The length is most
influenced by projection effects, with the typical filament
length foreshortened by a factor of ~1.5x in comparison
to the idealized “perpendicular” projection. In some
cases, however, when the inclination angle between the
observer and the long axis of the filament is very high, the
length can be foreshortened by 3.

2. There is significant variation in filament properties based
on current galactic environment (arm vs. interarm). This
follows naturally from filaments in the arms likely being
subject to higher pressures as they enter the spiral
potential wells compared to the interarm regions, which
may form via differential rotation. The column densities
of filaments in the arms are typically 7x higher than in
the interarm regions, and their masses and linear masses
are ~3-5x higher.

3. In this simplified, spiral-potential-only case, we are able
to broadly reproduce the lengths, widths, column
densities, masses, and linear masses of the “GMFs”
(Ragan et al. 2014; Abreu-Vicente et al. 2016; Zhang
et al. 2019) using the synthetic “interarm” filament
sample observed from the position of a Sun-based
observer. We cannot reproduce the physical properties
of “Bone-like” filaments like Nessie, as the widths are
10x too large without local self-gravity, and on average
2-3x too long without stellar feedback.

4. We estimate that we should be able to identify no more
than ~1000 large-scale filaments across the whole Milky
Way. These filaments should be destroyed very quickly
(within a few million years) due to internal feedback from
HI regions or supernovae, along with cloud—cloud
collisions in the arms. Nevertheless, they are found in
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“special” places in the galaxy, within the gravitational
midplane, and tracing either the spiral potential wells or
dynamic interarm features that develop in response to a
spiral potential. A time-dependent analysis of the
filaments’ evolution (see Duarte-Cabral & Dobbs 2017)
is needed to further constrain potential formation
mechanisms. More advanced numerical simulations,
which incorporate feedback and local self-gravity (see
the Smith et al. 2019 “Cloud Factory” simulations) will
also allow us to analyze these effects in more detail and
better contextualize the properties of synthetic large-scale
filaments in light of the diverse populations of hundred-
parsec-scale filaments observed in our own Galaxy.
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