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A B S T R A C T 
We characterize the kinematic and magnetic properties of H I filaments located in a high Galactic latitude region (165 ◦ < α < 
195 ◦ and 12 ◦ < δ < 24 ◦). We extract three-dimensional filamentary structures using fil3d from the Galactic Arecibo L -Band 
Feed Array H I (GALFA-H I ) surv e y 21-cm emission data. Our algorithm identifies coherent emission structures in neighbouring 
velocity channels. Based on the mean velocity, we identify a population of local and intermediate velocity cloud (IVC) filaments. 
We find the orientations of the local (but not the IVC) H I filaments are aligned with the magnetic field orientations inferred from 
Planck 353 GHz polarized dust emission. We analyse position–velocity diagrams of the velocity-coherent filaments, and find that 
only 15 per cent of filaments demonstrate significant major-axis velocity gradients with a median magnitude of 0.5 km s −1 pc −1 , 
assuming a fiducial filament distance of 100 pc. We conclude that the typical diffuse H I filament does not exhibit a simple 
velocity gradient. The reported filament properties constrain future theoretical models of filament formation. 
Key words: ISM: clouds – ISM: kinematics and dynamics – ISM: magnetic fields – ISM: structure. 

1  I N T RO D U C T I O N  
Filamentary structures thread the Milky Way on almost every length- 
scale (Molinari et al. 2010 ; Hacar et al. 2013 ; Zucker, Battersby & 
Goodman 2015 ; Kalberla et al. 2016 ; Clark & Hensley 2019 ). These 
linear structures are observed in various molecular clouds and their 
ubiquity may be linked to the physics of star formation (Kutner et al. 
1977 ; Molinari et al. 2010 ; Arzoumanian et al. 2011 ; Palmeirim 
et al. 2013 ; Hacar et al. 2022 ). Recent observations confirm that a 
similar intricate network of filaments exists in H I clouds in a range of 
Galactic environments (McClure-Griffiths et al. 2006 ; Clark, Peek & 
Putman 2014 ; HI4PI Collaboration et al. 2016 ; Peek et al. 2018 ; 
Soler et al. 2020 ). 

Despite their pre v alence, the detailed physics that shapes filamen- 
tary structures is not well understood. There is some evidence that 
the magnetic field plays an important role, as non-self-gravitating 
filaments are observed to be aligned with the magnetic field in 
both dust and atomic gas (Miville-Desch ̂ enes et al. 2010 ; Clark 
et al. 2014 ; Panopoulou, Psaradaki & Tassis 2016 ). Diffuse H I 
filaments are particularly well-aligned with the ambient magnetic 
field traced by both starlight polarization (Clark et al. 2014 ) and 
polarized dust emission (Clark et al. 2015 ; Kalberla et al. 2016 ). 
Similar behaviour is observed in low column density dusty filaments 
(Planck Collaboration XXXII 2016 ); at a higher column density, the 
relative alignment between the magnetic field and filament long axes 
trends towards perpendicular (Soler et al. 2013 ; Planck Collaboration 
XXXII 2016 ; Stephens et al. 2022 ). 

Various physical mechanisms for filament formation have been 
proposed. Filaments of cold gas in the warm ISM, for instance, are 
# E-mail d.kim3@columbia.edu 

proposed as a product of thermal instability and turbulent compres- 
sion and shear (Heitsch, Naab & Walch 2011 ; Inoue & Inutsuka 
2016 ). The joint influences of turbulence and magnetic fields can 
form thin, elongated density structures (Smith et al. 2016 ; Gazol & 
Villagran 2021 ). Furthermore, stretching induced by turbulence alone 
can form filaments that are confined by the Lorentz force (Hennebelle 
2013 ; Seifried et al. 2020 ; Ib ́a ̃ nez-Mej ́ıa, Mac Low & Klessen 2022 ). 
Because a filamentary geometry can result from a variety of physical 
scenarios, the fact of filamentarity does not on its own specify the 
filament formation mechanism; there may be multiple mechanisms 
operating across interstellar environments (e.g. Hacar et al. 2022 ). In 
addition to its morphology, the kinematic structure of filaments can 
help to constrain the physics of their formation. 

Although a comprehensive analysis of diffuse H I filament kine- 
matics has not yet been disclosed, some visually-inspected tentative 
velocity gradients along H I filaments are reported (Kalberla et al. 
2016 ). The kinematic structure of filaments has been analysed more 
thoroughly in molecular environments. Clear velocity gradients are 
sometimes identified in molecular filaments, either running length- 
wise along the filament long axis (Dobashi et al. 1992 ), or along the 
orthogonal axis (Fern ́andez-L ́opez et al. 2014 ). Non-self-gravitating 
filaments (‘striations’) in the vicinity of a dense filament of the Taurus 
molecular cloud display a large-scale velocity gradient suggestive of 
accretion along the striations (Goldsmith et al. 2008 ; Palmeirim et al. 
2013 ). The kinematic description of some filaments depends on both 
the spatial scales and conditions. For instance, Hacar et al. ( 2013 ) 
suggests that the Taurus B213 filament is actually composed of many 
distinct velocity structures, while a level of turbulence and type of gas 
tracers influence the alignment level of the filament (Heyer, Soler & 
Burkhart 2020 ). To further search for clues on the formation and 
evolution of filamentary structures in this paper, we examine the 
kinematics of H I filaments. 
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Figure 1. An o v erlay of inte grated intensity (moment 0) maps e v aluated at dif ferent velocity ranges gridded on both ICRS and galactic projections. The blue 
plot shows the moment 0 evaluated in the velocity range [ −50, −20] km s −1 and the red plot shows the moment 0 evaluated from [ −20, 20] km s −1 . 

To access the kinematics of H I filaments, we utilize three- 
dimensional data from the Galactic Arecibo L -Band Feed Array 
H I (GALFA-H I ) surv e y (Peek et al. 2018 ). As Clark et al. ( 2014 ) 
demonstrated, angular resolution and sensitivity are critical for 
identifying and characterizing slender H I filaments. We use GALFA- 
H I ’s highest available spatial and spectral resolution (4 arcmin and 
0.184 km s −1 , respectively) to study coherent structures in position–
position–velocity space, i.e. the kinetic structure of 3D filaments 
(Beaumont et al. 2013 ; Clark, Peek & Miville-Desch ̂ enes 2019 ). 

In this paper, we investigate the kinematic properties and mag- 
netic field orientation of filamentary H I structures at high Galactic 
latitudes. The paper is organized as follows. In Sections 2 and 3 , 
we introduce the data and outline the steps to extract the 3D H I 
filaments. Section 4 discusses our methods to examine the magnetic 
field orientation and kinematic properties of individual filaments. In 
Section 5 , we present our results. Finally, we discuss the possible 
implications of our results in Section 6 and conclude in Section 7 . 
2  DATA  
H I filaments are extracted from cubes of neutral hydrogen produced 
by the Galactic Arecibo L -Band Feed Array H I (GALFA-H I ) Surv e y 
(Peek et al. 2018 ). GALFA-H I is a high angular and kinematic res- 
olution surv e y of Galactic H I co v ering 13 000 deg 2 (approximately 
1/3 of the sky) with 4 arcmin spatial resolution. We use the publicly 
available GALFA-H I data, which have a pixel size of 1 arcmin 2 
and 0.184 km s −1 channel spacing o v er the v elocity range | v| < 
188.4 km s −1 . All velocities are measured in the LSR frame. The 
median rms noise is 352 mK at this resolution. In this paper, we 
focus on filaments residing in a high Galactic latitude region with 
an area of 360 deg 2 at 165 ◦ < α < 195 ◦ and 12 ◦ < δ < 24 ◦, which 
spans Galactic coordinates: l = [210 ◦, 340 ◦], b = [59 ◦, 90 ◦]). 

In Fig. 1 , we show an o v erlay of integrated intensity maps 
e v aluated in two different velocity ranges o v er the spatial region 
we co v er. The blue map is inte grated o v er −50 ≤ v ≤ −20 km s −1 , 
while the red is integrated over −20 ≤ v ≤ 20 km s −1 . As shown, H I 
structures are visually distinct at different velocities. 

We also employ the Planck 353 GHz (PR3.1) Stokes linear 
polarization maps (Planck Collaboration III 2018 ). The native spatial 
resolution of the Planck data is FWHM = 4.9 arcmin, comparable to 

GALFA-H I (Planck Collaboration XIX 2015 ). For our analysis, we 
smooth the data to FWHM = 1 ◦ to impro v e the signal-to-noise of 
the Planck data. 
3  DETECTI NG  3 D  FI LAMENTS  
We outline a procedure to extract 3D filaments from an emission 
cube. This algorithm is referred to as fil3d and will be described 
further and released to the public in a forthcoming work (Putman et al. 
in prep). To extract filamentary structures embedded in the diffuse 
ISM in the Milky Way, we first filter out large-scale diffuse Galactic 
emission. We apply an unsharp mask (USM), which ef fecti vely 
performs a high-pass spatial filter on the raw data. For this step, 
we first smooth each velocity slice of the data cube with a 30 arcmin 
Gaussian beam, then subtract the smoothed version from the original, 
and finally threshold the smoothed, subtracted data at zero. We then 
run FilFinder (Koch & Rosolowsky 2015 ) to identify filamentary 
structures on each velocity channel of USM GALFA-H I data. 
FilFinder employs the techniques of mathematical morphol- 

ogy to identify and segment two-dimensional filamentary structures 
o v er a wide dynamic range in brightness (Shih 2009 ; Koch & 
Rosolowsky 2015 ). To eliminate irregularities while maintaining 
a main structure, the algorithm first flattens and smooths the 
image, then applies an adaptive threshold to pick out all linear 
structures. These possible filament candidates are then trimmed to 
a pixel-wide skeleton with minimum connectivity using a Medial 
Axis Transform (Arcelli & Di Baja 1985 ). The resulting skele- 
tons are ‘pruned’ to be final filamentary structures by removing 
short branches that trace small deviations from the long axis of a 
filament. With the abo v e procedures e x ecuted o v er the GALFA- 
H I velocity range | v| ≤ 188 . 4 km s −1 , we end up with collections 
of two-dimensional filamentary structures in individual velocity 
channels. We will refer to each FilFinder -detected 2D filament 
as a ‘node’. From these, we search for spatially o v erlapping node 
objects in neighbouring velocity channels to obtain velocity-coherent 
structures. For instance, we start with a node at one channel, then 
search for objects at the next velocity channel that significantly 
o v erlaps (share 85 per cent of pixels in common) with the first 
node. This search is e x ecuted one node at a time and continues 
until there are no objects found to yield a significant o v erlap 
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Figur e 2. The mer ged mask of all 269 extracted 3D filaments projected along the line of sight. The filaments shown have aspect ratios greater than 6:1. The 
colour denotes the central channel of the detected velocity range for each filament. 

Figure 3. Channel maps of one of the 3D filaments. The background image shows the brightness temperature from the raw data (before the USM is applied). 
The red contours outline the shapes of the nodes at velocity channels within the fil3d velocity width. This same filament will be used for several of the 
following plots. 
in subsequent channels. As fil3d parameters, we assume the 
distance to be 100 parsecs and set the characteristic scale width 
as 0.1 parsec, which is the resolution of the GALFA-H I data at this 
distance. 

Each collection of 2D nodes forms a 3D filament and if a node 
is not matched with another in either adjacent velocity channel, it 
is rejected. We verify that all 3D filaments are unique in that each 
occupies a distinct set of spectral and spatial coordinates. The final 
projected shape of the 3D filament is defined by the line-of-sight sum 
of its constituent 2D nodes: we refer to this shape as the ‘merged 
mask’ of the 3D filament. 

In the high Galactic latitude region studied here, we initially find 
325 3D filament candidates and apply the below filters to obtain 
269 3D filaments for our final sample. For the final sample to 
ensure filament-like morphology, we only accept 3D structures with 
merged masks with an aspect ratio (the ratio between the length 
of the major axis to its minor axis) of at least 6:1. We also apply 
a linewidth filter (see Section 4.1 ), which remo v es an additional 
10 per cent of the candidate filaments in our region. Roughly 1 
per cent of the H I flux in this region of the sky corresponds to 3D 
filaments. 

Fig. 2 shows the merged masks of our final selection of 3D 
filaments. An example of the individual nodes (or channel maps) 
for a filament as found by fil3d is shown in Fig. 3 . 

4  ANALYSI S  M E T H O D S  
4.1 Linewidth estimation 
The thermal linewidth is a useful indicator of the physical nature 
of ISM structures. fil3d catalogues filamentary structures which 
span greater than two velocity channels, and over half of the 3D 
filaments found occupy only two channels. Considering the fine 
spectral resolution of GALFA-H I (0.184 km s −1 ), such a narrow 
velocity width deems unphysical. Cold gas in the Milky Way has a 
typical linewidth of around 2–3 km s −1 (Kalberla & Haud 2018 ). 

Upon inspection of the two-channel filaments, many were found 
to have additional emission within the merged mask in adjacent 
channels that was not captured by our criteria as clearly filamentary. 
Thus, rather than adopting the fil3d velocity range as the filament 
velocity width, we define a procedure for fitting a line profile that 
we consider to be more representative of all the emission associated 
with each filament. 

To derive the linewidth of each filament, we find the median USM 
intensity for each channel within the filament’s merged mask area for 
channels ±10 km s −1 from the filament’s central velocity, as shown 
in Fig. 4 . For this analysis, we re-bin the data into 4 arcmin pixels, to 
approximately match the GALFA-H I angular resolution. In Fig. 4 , 
the blue dots denote the data points, and the orange line indicates a 
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Figure 4. A spectrum of the filament shown in Fig. 3 . The x -axis shows the 
velocity and the y -axis denotes the USM median intensity within a merged 
masked area of the filament (blue dots). The orange curve is the best-fit 
Gaussian of this velocity spectrum. The grey region indicates the fil3d - 
detected velocity range. The physical velocity width of a filament is defined 
as the FWHM of the fitted Gaussian. The best-fit Gaussian peaks near the 
fil3d -detected velocity range, and we confirm via visual inspection that 
emission within the Gaussian-selected velocity range is associated with the 
fil3d -detected filament. 
best-fit Gaussian to the data. The linewidth we adopt going forward 
for each filament is the full-width at half-maximum (FWHM) of the 
orange curve. Fig. 4 shows two intensity peaks, one at ≈ 0 km s −1 
and another at ≈ 2 km s −1 . The peak near the fil3d detected range 
is associated with the selected filament, while the 0 km s −1 peak 
corresponds to contamination from another filament. 

We further implement a two-step examination to eliminate fila- 
ments from unassociated emission that is not coincident with the 
peak velocity in the intensity spectrum. As the first step, we check 
that the fil3d -detected channels are located within 1 σ of the peak 
of the fitted Gaussian. For filaments that meet this criterion, we then 
examine the individual channel maps to make sure that the filament 
emission is located within the merged mask area and does not 
extend significantly beyond it. Approximately ten per cent of the total 
detected filaments are eliminated in these two-step examinations. 
4.2 Magnetic field orientation 
The thermal emission from interstellar dust is linearly polarized 
because the short axes of dust grains are preferentially oriented 
parallel to the ambient magnetic field (Purcell 1975 ; Andersson, 
Lazarian & Vaillancourt 2015 ). Thus, the linear polarization of this 
radiation is orthogonal to the plane-of-sky magnetic field orientation 
in the dusty ISM. To measure the magnetic field orientation towards 
H I filaments, we use Planck polarization maps (Planck Collaboration 
III 2018 ) at 353 GHz, a frequency dominated by thermal dust 
emission. It is important to note that photometric dust polarization 
measures emission integrated over the line of sight and is therefore 
not v elocity-resolv ed as our 3D filaments are. 

The polarization fraction ( p ) and polarization angle ( ψ) in our 
analysis follow the IAU convention in Equatorial coordinates and 
are defined with the observed Stokes parameters ( I , Q , U ): 
p = √ 

Q 2 + U 2 
I , (1) 

ψ = 0 . 5 × arctan ( −U, Q ) . (2) 

To obtain the mean dust polarization fraction and polarization 
angle for an individual filament, we apply equations ( 1 ) and ( 2 ), 
respectively. We define the plane-of-sky magnetic field orientation 
( φ) to be rotated 90 ◦ from the measured polarization angle ( ψ). 
We compute the magnetic field orientation for each filament by 
measuring the mean Stokes parameters within the merged mask area. 

The propagated statistical uncertainties (used in Section 6.2 ) are 
computed from the noise covariance matrices and quantified in 
Planck Collaboration XIX ( 2015 ) as 
σφ = 28 . 65 ◦σP × 1 

P 
√ 

Q 2 C UU + U 2 C QQ − 2 QU C QU 
Q 2 C QQ + U 2 C UU + 2 QU C QU , (3) 

where C QQ , C UU are the internal variances and C QU denotes the off- 
diagonal terms of the noise covariance matrix. The uncertainty on 
the polarized intensity is given by 
σ 2 

P = 1 
P 2 ( Q 2 C QQ + U 2 C UU + 2 QU C QU ) . (4) 

4.3 Filament position–velocity diagrams 
Given the relative orientation of the filaments with respect to 
the magnetic field and the resolution of the H I observations, we 
focus on analysing the velocity gradients along the long axis of 
the filaments. To compute the velocity gradient, we employ the 
position–velocity (PV) diagram of each filament. A PV diagram 
measures the distribution of velocities along a projected position and 
has been employed in understanding the large-scale kinematics of 
gaseous structures (Garc ́ıa-Burillo et al. 2003 ; Veena et al. 2018 ). We 
construct PV diagrams here to determine the direction and magnitude 
of any velocity gradient. For consistency, we define the direction of 
the gradient to point from the lowest velocity to the highest velocity. 

To ensure, we capture the internal kinematics of filaments, we 
construct two distinct PV diagrams with the USM data. The first 
PV diagram e v aluates the intensity within spinal pixels τ ( x ′ , y ′ ), or 
pixels that pass through the long axis spine (central region) of a 3D 
filament. Fig. 5 shows the contour of the mask of a full 3D filament 
o v er the brightness temperature map of the filament at different 
velocity channels. 

For the first PV diagram, we construct the spinal pixels of 3D 
filaments by rotating the masks of the 3D filament to project onto a 
global horizontal axis. Here, the amount of rotation ( θ ) is the angle 
between the spinal pixels of the non-rotated filament τ ( x , y ) and the 
global horizontal axis. After the rotation, all pixels are projected onto 
grids of equal size. The spinal pixels are the central pixels in every 
column of this projected mask: 
τ ( x ′ , y ′ ) = Median ( R ( θ ) · τ ( x , y )) , (5) 
where prime indicates the rotated frame and R ( θ ) represents a 
rotation matrix written as 
R ( θ ) = [cos θ −sin θ

sin θ cos θ
]

. (6) 
In the second PV diagram, we e v aluate the median brightness 

temperature along the long axis of a filament. As shown, a majority 
of the 3D filaments hav e irre gular shapes that the spinal pixels may 
not al w ays capture the full extent of a filament. Addressing this 
account, we e v aluate the range of velocities at the median brightness 
temperature along a given column of the rotated merged mask. In 
the right-hand panel of Fig. 6 , we show the range of velocities at 
the median brightness temperature along a given column of the 
rotated merged mask. As shown in Fig. 6 , not surprisingly, both 
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Figure 5. Channel maps similar to Fig. 3 , but the white contours outline the merged mask area of the 3D filament (combined shape of all nodes) and the 
background is made with the USM data instead. 

Figure 6. Two PV diagrams are built for each filament. The PV diagram on the left is based on the spinal pixels, while the right is built based on the median 
brightness temperature of each column for the merged mask (see text). The position ( x -axis) denotes the projected length of the merged mask under an assumption 
that the distance is 100 pc. The velocity axis covers the FWHM range from Fig. 4 . The colour bar range is identical to Fig. 5 . 
the ‘spinal row’ and ‘median brightness temperature’ PV diagrams 
are highly correlated. This similarity shows that either method is 
broadly representative of the filament velocity structure. 
4.4 Measuring velocity gradients 
We determine the presence (or lack) of velocity gradient along the 
major axis of filaments using PV diagrams from Section 4.3 . To 
extract a single velocity value along a filament and evaluate the mag- 
nitude and direction, we use the intensity-weighted mean velocity 
along each projected position (the position used as the x -axis of Fig. 
6 ) and fit a slope to the points (as shown in Fig. 7 ). For example, the 
intensity-weighted mean velocity at position P = p j is expressed as 
ω ( p j ) = ∑ 

v fwhm v · I ( p j , v) 
( ∑ 

v fwhm I ( p j , v) ) , (7) 
where v fwhm abo v e is e v aluated o v er the FWHM from the v elocity 
width fit in Section 4.1 at a given position. 

In the top row of Fig. 7 , we show the intensity-weighted mean 
velocity along the projected long axe of a filament ( x -axis). With 
these data for each filament, we perform a weighted least squares 
regression to obtain a best-fit linear model (solid line). The second 
moment, ξ 2 , is used as the weight in the regression. At each pixel ( p j ): 
ξ ( p j ) = √ ∑ 

v fwhm ( v − ω ( p j )) 2 I ( p j , v) 
∑ 

v fwhm I ( p j , v) , (8) 

which shares the same notation as equation ( 7 ). We show the square 
root of the second moment ( ξ ) in the bottom row of Fig. 7 . The 
magnitude of the slope represents the magnitude of a potential 
velocity gradient, and the sign of the slope denotes the directional 
component parallel to the filament’s long axis. 

Not all filaments demonstrate velocity gradients (examples are 
shown in Fig. A3 ). To select filaments that have significant velocity 
gradients, we e v aluate the goodness of the linear fit to the data. This 
can be assessed from the coefficient of determination ( R 2 ), which 
is the ratio of the variance explained by a fitted model to the total 
v ariance. The v alues for R 2 range from 0 to 1. An ideal model which 
perfectly explains all the variance in an observation will result in 
R 2 = 1. A poor fit, on the other hand, will result in a R 2 close to 0. 
We e v aluate R 2 independently for the two PV diagrams described in 
Section 4.3 as both capture related yet separate kinematics of a given 
filament. We consider a filament velocity gradient significant if one 
of the PV diagrams has the R 2 slope fit greater than 0.5 (see Fig. 8 ). 
5  RESULTS  
5.1 Local and IVC filament populations 
Fig. 9 shows the central velocity distribution of the 3D filaments 
and suggests they can be separated into two distinct groups. The 
first group, 157 filaments, has a central velocity near v ≈ 0 km s −1 , 
which suggests the filaments belong to local gas co-rotating with the 
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Figure 7. The intensity-weighted mean velocity translated from the PV diagrams in Fig. 6 (top) and the square root of the second moment of velocity, ξ
(bottom), along the major axis of a filament. The x -axis denotes the projected filament length in parsecs (at an assumed distance of 100 pc) and the y -axis 
is the intensity-weighted mean velocity e v aluated in each column of the PV diagram. The grey bands represent the model uncertainty derived from one 
sigma uncertainty of fitted parameters. The label indicates the best-fit slope magnitude (equi v alent of gradient magnitude) and its uncertainty and has units of 
km s −1 pc −1 . We e v aluate R 2 to determine the goodness-of-fit and consider R 2 > 0.5 fits to have statistically significant gradients. 

Figure 8. Histograms of the velocity gradient slope magnitudes e v aluated 
from spinal and median brightness temperature PV diagrams using a uniform 
distance of 100 pc. The high R 2 samples (orange) have preferentially higher 
magnitudes, around 0.1 to 1 km s −1 pc −1 , compared with the total distribution 
(blue). 

Figure 9. A kernel density estimate (KDE) plot of central velocities of all 
H I filaments. The distribution shows a clear bi-modality, separating the local 
and IVC filaments in our sample. 

local standard of rest (LSR). The second group has 48 filaments with 
velocities v < −30 km s −1 . This second group of filaments is likely 
part of a previously identified intermediate velocity cloud (IVC) that 
has velocities that deviate from a simple model of Galactic rotation 
(Wakker 2004 ; Putman, Peek & Joung 2012 ). 

We assess the properties of the local and IVC filaments separately. 
In Fig. 10 , we compare the line widths, median column densities, and 
lengths of the two populations. In general, we make use of the USM 
data because the raw data can be affected by some contamination 
from diffuse Galactic emission. The raw data is used when estimating 
column densities. 

As shown on the left of Fig. 10 , the IVC filaments tend to have 
larger velocity widths (linewidths of filaments are e v aluated using 
the technique described in Section 4.1 ). The mean linewidth of the 
local filaments is 3.1 km s −1 , consistent with the typical thermal 
linewidths of cold H I structures in the Milky Way, and with the 
theoretical cold neutral medium (CNM) temperatures (Wolfire et al. 
1995 ; Kalberla & Kerp 2009 ). The IVC filament linewidths peak at 
6.2 km s −1 , indicating this is a population of warmer filaments. This 
would be expected for filaments directly associated with an IVC 
complex (Haud 2008 ). 

We e v aluate the column densities of the filaments and compare 
them in Fig. 10 . The column density N H I is computed with 
N H I = 1 . 824 · 10 18 ∫ v n 

v 0 T b ( v) d v cm −2 , (9) 
where T b ( v) is the brightness temperature for a given point within 
the merged mask area at one velocity channel v and ∫ | . . . | indicates 
the moment 0 e v aluated o v er the linewidth of each filament. As 
demonstrated from the centre plot of Fig. 10 , the median column 
densities of the two populations are comparable with a median 
of ≈10 19 . 6 cm −2 . These values are derived from the raw data 
because the USM data o v ersubtracted the column density. Thus, 
the estimated column densities with the raw data may be biased high 
by the inclusion of diffuse Galactic emission un-associated with the 
filaments. 
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Figure 10. Left: Comparison of velocity widths between the local and IVC filaments derived from USM data. Centre: The median column density comparison. 
The column density is computed from the raw data using equation ( 9 ) with the integral over the velocity width from the FWHM estimation. Right: The length 
of the filament major axes, when a uniform ‘fiducial’ distance of 100 pc is assumed. 

Figure 11. Left: Difference between the filament orientation ( θ ) and the magnetic field orientation inferred from the Planck 353 GHz polarization observations. 
( φ). Right: Mean angle uncertainty of the magnetic field orientation at the position of the filaments in the Planck data. 

The rightmost panel of Fig. 10 shows the major-axis filament 
lengths for each filament population, assuming all filaments are at a 
fiducial distance of 100 pc. The distributions of the two populations 
are fairly consistent. Ho we ver, if the likely distance difference 
between the IVC and the local filaments is taken into account, the 
length distribution of the IVC filaments will shift further right. 

5.2 Alignment with the magnetic field 
The magnetic field orientation ( φ) of individual filaments is measured 
using the Planck 353 GHz Stokes parameter maps (see Section 
4.2 ). The left-hand panel of Fig. 11 demonstrates the difference 
between the mean magnetic field orientations ( φ) and spatial ori- 
entations ( θ ) of filaments, while the right-hand panel shows the 
measurement uncertainty e v aluated from the smoothed Planck Stokes 
covariance using equation ( 4 ) o v er the area of the filament merged 
mask. 

Consistent with Clark et al. ( 2014 ), Fig. 11 demonstrates that 
the majority of the 3D H I filaments are well-aligned with the 
ambient magnetic field with relatively low φ uncertainties in general. 
Ho we ver, we find different behaviour when we compare the local and 
IVC populations. Fig. 12 compares the relative orientations of the 
filaments and the magnetic field ( | θ − φ| ) for the two populations. As 
shown, the local filaments are well aligned with the ambient magnetic 
field, and most perpendicular filaments in Fig. 11 are identified to 
be the IVC filaments. The dust polarization traces the plane-of-sky 

Figure 12. The comparison in absolute difference distribution between 
the spatial orientations of the filaments ( θ ) and the mean magnetic field 
orientations ( φ) from the Planck 353 GHz data. Local filaments tend to 
be more aligned with the ambient magnetic field compared with the IVC 
filaments. 
component of the magnetic field orientation in a density-weighted 
integral along the line of sight. 

To further e v aluate the relati ve orientation between the major 
axes of filaments and the magnetic field, we compute the extended 
projected Rayleigh statistics (PRS, Jow et al. 2018 ). The global PRS 
value ( Z x ) quantifies the level of agreement between the orientations 
of the filaments and their av erage relativ e orientation with respect to 
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Figure 13. Directional component of the filament velocity gradients expressed in the form of arrows that point to the direction of the higher velocity. The 
colours of the arrows indicate the filaments’ central detected velocity. The darker outlined arrows denote the ones with significant velocity gradients with R 2 > 
0.5. The background shows the first moment of the region evaluated from −10 to 10 km s −1 , but the colour-scale is saturated for a better demonstration. 
the local magnetic field: 
Z x = ∑ N 

i cos | ( θi − φ′ 
i ) | √ 

n/ 2 , (10) 
where θ denotes a projection angle, φ′ and n are the mean mag- 
netic field orientation measured in the same frame as θ and the 
number of filaments, respectively, and Z x ( 0 indicates strong 
parallel alignment while Z x ) 0 indicates strong perpendicular 
alignment. 

We obtain Z x = 14.4 and σZ x = 0 . 94 for the o v erall filament 
population. The number density averaged Z x of the local filaments 
is greater than that of the IVC filaments, which re-confirms what we 
visually inspect from Fig. 12. While the H I filaments at high Galactic 
latitudes are generally well-aligned with the ambient magnetic field, 
the local filaments are better aligned with the field. We find no 
significant correlation between the column densities of filaments and 
the level of magnetic field alignment, consistent with the findings 
for low-density dust filaments in Planck Collaboration XXXII 
( 2016 ). 
5.3 Filament kinematics 
We examine the internal kinematics of the filaments by analysing 
the velocity gradients. As mentioned in Section 4.3 , we extract 
velocity gradients parallel to major axes of filaments with two types 
of PV diagrams, then fit linear models to estimate the magnitudes 
and the directions of gradients. To select filaments with significant 
velocity gradients, we compare the R -squared metric on the fitted 
linear models. Approximately 15 per cent of the H I filaments have 
R 2 > 0.5 for at least one of two PV diagrams, and we consider those 
samples to demonstrate statistically significant velocity gradients. 
The estimated gradients from the two PV diagrams are highly 
correlated; the Spearman correlation coefficient between the two 
methods is 0.96. The strong agreement between these two methods 
builds confidence that our gradient inference is robust to particular 
choices in the PV diagram construction. 

A majority of filaments do not show significant velocity gradients 
along their length. One driving factor for this seems oscillatory 

patterns observed in the PV diagrams. Oscillations in the intensity- 
weighted mean velocity along the length of filaments, as seen in Fig. 7 
and multiple examples in the Appendix, can suppress the magnitude 
of a slope and yield a lower R 2 value. 

Gradient magnitudes are computed assuming a fiducial distance 
of 100 pc, roughly the distance to the Local Bubble (LB) wall 
(Lallement et al. 2022 ). Our velocity gradient measurements are 
limited by the GALFA-H I sensitivity and resolution: we are only 
sensitiv e abo v e 10 −2 km s −1 pc −1 for a typical filament. The magni- 
tude distribution shown in Fig. 8 demonstrates that the statistically 
significant gradients ( R 2 ≥ 0.5) all have a magnitude greater 
than the GALFA-H I resolution limit and have a median velocity 
gradient of 0.5 km s −1 pc −1 . If the distance to the IVC filaments 
are taken account, their gradient magnitude would be smaller than 
O(0 . 1) km s −1 pc −1 . 

Fig. 13 illustrates the direction of gradients. The background is 
the moment 1 map e v aluated in the [ −10, 10] km s −1 range, and the 
arrows are positioned at each filament’s location and point in the 
direction of increasing velocity. The colours of the arrows denote 
the central channel detected by fil3d , and the bold arrows show 
the filaments with R 2 > 0.5. Although no global trend is evident, 
some regions of local bulk flow seem to be captured (for example, 
the bottom right) by our analysis. 

The filaments with significant velocity gradients do not appear to 
correlate with other physical properties such as the filament’s central 
velocity , column density , or magnetic field alignment; ho we ver, 
there is a weak correlation with filament length. Shorter filaments 
are more likely to have a statistically significant gradient, and the 
local filaments tend to be somewhat shorter than the IVC filaments 
in the sk y. F or instance, 92 per cent of the local filaments with 
v elocity gradients hav e their major ax es shorter than approximately 
5 parsec (72 per cent of all local filaments have lengths less than 
5 parsec). 

We attempted to e v aluate the gradient perpendicular to the major 
axis of filaments; ho we ver, at most only two resolution elements 
are available across the minor axis of a filament. We performed a 
preliminary investigation of the kinematic structure perpendicular to 
the major axis o v er a region slightly wider than the filament masks. 
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Though a few filaments show gradients, we did not find clear evidence 
for perpendicular velocity gradients. To investigate a perpendicular 
gradient, much higher spatial resolution data of the filaments are 
needed. 
6  DISCUSSION  
6.1 Origin and galactic environment 
The H I filaments can be placed into two groups based on their 
mean detected velocities as shown in Fig. 9 . The first group clusters 
around v = 0 km s −1 , which is consistent with gas associated with the 
solar neighbourhood (we refer to this filament population as ‘local’). 
The second group of filaments clusters around at −60 km s −1 < v < 
−30 km s −1 , and can be associated with an IVC. The bimodality in 
the filament population is robust to fil3d parameter choices. 

Given their low absolute velocities and position at high Galactic 
latitude, the ‘local’ filaments are likely located relatively nearby. A 
prominent feature of the nearby ISM is the wall of the LB. The LB is a 
low-density cavity of the ISM that surrounds the Sun (Lallement et al. 
2014 ; Pelgrims et al. 2020 ). The column densities of our filaments 
imply they are located at a distance at least as far as the wall of the 
LB. The distance to the LB wall varies as a function of position in 
the sky, but is at least 100 pc away in most directions (e.g. Cox & 
Reynolds 1987 ; Snowden et al. 2000 ; Murray, Peek & Kim 2020 ; 
Lallement et al. 2022 ), thus, we set 100 pc as a lower-limit for 
filaments’ estimated distance. 

The formation of the local filaments is plausibly be linked to the 
formation of the LB. The winds from massive stars and explosions 
from nearby supernovae (Cox & Smith 1974 ), perhaps from the 
Sco-Cen association (Crutcher 1982 ), injected the energy needed to 
stretch the cavity wall and redistribute the interstellar medium o v er 
spatial scales of a few hundred parsecs. In this process, filamentary 
structures can be created from the compressed interstellar magnetic 
fields in the walls or shells of H I gas shaped by the expanding 
bubbles (Alves et al. 2018 ; Frisch & Dwarkadas 2018 ). Under this 
scenario, the projected magnetic field follows the curvature of the 
expanding bubble, which leads to a large-scale correlation between 
H I geometry and magnetic field orientation. The existence of IVC 
filaments with similar properties, ho we ver, suggests that if the abo v e 
bubble-linked formation mechanism is correct, it must be a sufficient, 
but not necessary, filament formation catalyst. 

Our IVC filaments directly o v erlap with the large IVC complex 
called the Intermediate-Velocity Arch (IV Arch), which stretches 
from ) ≈ 115 ◦, b ≈ 35 ◦ to ) ≈ 200 ◦, b ≈ 70 ◦ (Wakker 2004 ). 
The IV Arch is at a z-height abo v e the Galactic plane between 
0.8 and 1.5 kpc (Kuntz & Danly 1996 ), and has a local maximum 
N H I column density in the spatial and kinematic region of our IVC 
filaments. The physical environment of the IV Arch is not well 
known, but its physical properties, including the magnetic field, local 
energy sources, and ISM composition, are unlikely to be identical 
to those of the LB. Despite these differences, 3D filaments are 
still found, indicating a variety of physical conditions can produce 
them. 

The difference in distance between the IVC and the LB leads 
to a natural size disparity between the two filament populations. 
The rightmost panel of Fig. 10 shows that the two filament groups 
have a similar length; ho we ver, the IV Arch is approximately ten 
times further away than the neutral wall of the LB, which leads 
the IVC filaments to have lengths of around tens of parsecs. The 
line width dif ference between the two populations may represent the 
lower-pressure environment of the IVCs. Future work that maps 

filaments across the sky at a range of velocities will be key to further 
investigating the properties of H I filaments in different Galactic 
locations. 
6.2 Implications of filaments’ magnetic field alignments 
Fig. 11 demonstrates that a majority of the H I filaments are well 
aligned with the plane-of-sky magnetic field orientation inferred from 
the Planck dust polarization angle. This agrees with previous analyses 
of H I filaments (Clark et al. 2015 ; Clark & Hensley 2019 ), which find 
that structures in the diffuse medium are preferentially oriented to the 
local magnetic field. These previous works quantified the orientation 
of linear H I structures in individual velocity channel maps using the 
Rolling Hough Transform (Clark et al. 2014 ). Distinct from previous 
work, we explicitly measure the orientation of three-dimensional, 
velocity-coherent H I filaments. 

When comparing the relative magnetic field orientations between 
the local and IVC filament populations, we find the IVC filaments 
are less aligned to the Planck 353 GHz magnetic field. This is 
perhaps not surprising. Polarized dust emission is a line-of-sight 
(LOS) integrated quantity. Along a single LOS, multiple layers of 
dust clouds with different spectral energy distributions (SEDs) and 
magnetic properties may exist, each contributing to the measured 
polarization angle (Clark 2018 ; Pelgrims et al. 2021 ). While ‘local’ 
gas within the LB has a relatively uniform galactic dust-to-gas 
emission ratio with a moderate H I column density (Jones et al. 1995 ), 
the dust content significantly decreases for more distant gas clouds 
(e.g. IVCs and HVCs) (Peek 2013 ). A lower dust content may result 
from lower metallicities, usually related to the amount of dust, of 
distant clouds (Wakker & van Woerden 1997 ), or less heating from 
the interstellar radiation field due to their distance from the Galactic 
disc (Saul, Peek & Putman 2014 ). 

The density-weighted dust polarization at high Galactic latitudes 
is dominated by the local ISM because the mean dust column of 
the local ISM is approximately twice that of the IVCs (Panopoulou 
et al. 2019 ). In other words, a lack of alignment between the dust 
polarization and the IVC filaments does not necessarily indicate the 
IVC filaments are not well aligned with their local magnetic field. 
F or instance, P anopoulou et al. ( 2019 ) estimated the plane-of-sk y 
magnetic field orientation as a function of distance using stellar 
distance and starlight polarization measurements. They found that 
two clouds at different distances (IVC and LVC) exhibit significant 
differences in column density and polarization properties; not only do 
the two clouds differ in p , but also the mean magnetic field orientation 
at the distance of each cloud differs by 60 ◦. Clark & Hensley ( 2019 ) 
found that the linear H I structures at the velocities coincident with 
these two clouds agree well with the magnetic field orientations 
measured by Panopoulou et al. ( 2019 ). In order to examine the 
relative orientation of the IVC filaments to their ambient magnetic 
field, this type of tomographic investigation (e.g. Pelgrims et al. 
2023 ) is required to disentangle the magnetic field structures along 
the LOS. 
6.3 Velocity gradients 
A number of theoretical models predict velocity gradients along 
various ISM filaments. H I filaments, if created by thermal instability 
and turbulent compression and shear, are aligned with the local 
magnetic field due to the turbulent shear strain induced at the shock 
front (Inoue & Inutsuka 2016 ; Ntormousi et al. 2016 ). Some literature 
predicts bulk gas motions along filaments as the magnetic field 
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directs the assembled flow along the field lines (Crutcher et al. 2010 ; 
Tritsis & Tassis 2016 ). 

In our study, only approximately 15 per cent of the identified H I 
filaments demonstrate small velocity gradients along their major 
axes. Because the majority of filaments do not exhibit clear velocity 
gradients, we conclude that long-axis velocity gradients are not a 
ubiquitous characteristic of this filament population. Furthermore, 
the filaments’ velocity gradients are not strongly correlated with 
their magnetic field alignments or column densities. Only a weak 
anticorrelation between the length of filament and velocity gradients 
is observed. 

The viewing angle between the 3D filament orientation and the line 
of sight may contribute to an anticorrelation between filament length 
and velocity gradient magnitude (Fern ́andez-L ́opez et al. 2014 ; Chen 
et al. 2020 ). For fixed values of gas velocity gradient and filament 
length, filaments oriented more parallel to the line of sight should 
exhibit stronger radial velocity gradients and have shorter plane-of- 
sk y e xtents. Although we see a hint of this e xpected anticorrelation 
in the data, we cannot conclude this trend is physically meaningful 
since most of our filaments do not exhibit clear velocity gradients 
in the first place. Moreo v er, we find that longer filaments are more 
likely to include knots of emission with more complicated velocity 
structures, as seen in Fig. 7 and A3 , which results in a lower R 2 
score. This physically or unphysically associated emission that is 
often present in the PV diagrams of longer filaments dilutes the 
magnitude of the velocity gradients and affects the goodness of fit. 

Periodic velocity structures, somewhat similar to what is seen 
here, are also reported along the lengths of molecular filaments 
(Hacar et al. 2013 ; Barnes et al. 2018 ; Liu, Stutz & Yuan 2019 ; 
Henshaw et al. 2020 ; Hacar et al. 2022 ). Velocity oscillations are 
present o v er different scales in the molecular filaments, and their 
origin is often assumed to be related to small-scale gravitational 
accretion or outflows of young stellar objects (Hacar & Tafalla 2011 ; 
Liu et al. 2019 ; Henshaw et al. 2020 ). We note that the mean gradient 
magnitudes between the molecular and our H I filaments are similar 
(Goodman et al. 1993 ; Hacar & Tafalla 2011 ; Fern ́andez-L ́opez 
et al. 2014 ; Jim ́enez-Serra et al. 2014 ; Dhabal et al. 2018 ; Chen 
et al. 2020 ). Although a strong correlation between the H I and 13 CO 
gas velocities is noted in molecular cloud candidates (Soler et al. 
2019 ), our H I filaments are not self-gravitating, nor near star-forming 
re gions. An y similarity between the kinematic structure of H I and 
molecular filaments must either be coincidental or related to other 
physics. Further studies are needed to explore the similarity between 
the velocity structures of atomic and molecular filaments. 
7  C O N C L U S I O N  
In this work, we study the kinematics and magnetic field alignment 
of 3D H I filaments at high Galactic latitude. The highlights of our 
findings can be summarized as follows. 

(i) We use a new filament-finding algorithm, fil3d , which 
searches for velocity-coherent filamentary structures. fil3d first 
finds filamentary (‘node’) objects in every velocity channel with 
FilFinder (Koch & Rosolowsky 2015 ), and then constructs three- 
dimensional filaments by extending nodes that significantly o v erlap 
with neighbouring velocity channels. We run fil3d on GALFA-H I 
in a high Galactic latitude region, and identify 269 3D H I filaments 
after aspect ratio and velocity profile filtering. 

(ii) We observe our 3D filaments can be separated into two groups 
based on their mean detected velocities. The two groups differ in 
line widths, magnetic field alignments, and physical sizes, but share 

similar morphological properties. The results suggest the two groups 
of filaments originate from the LB and the IV-Arch, respectively. 

(iii) We derive physical line widths of H I filaments by fitting a 
Gaussian to the USM intensity spectrum of individual filaments. 
The estimated velocity widths agree well with those of CNM 
structures. The typical linewidth of local and IVC filaments are 3.1 
and 6.2 km s −1 , respectively. 

(iv) We find the local H I filaments are well-aligned with the 
ambient magnetic field measured from the Planck 353 GHz data. IVC 
filaments do not show the same level of alignment. This difference 
is likely due to the fact that the polarized dust emission is LOS 
integrated and the IVC filaments do not dominate the column. A 
further tomographic effort is needed to disentangle the magnetic 
field structures along the line of sight. 

(v) We develop a method of assessing filament velocity gradients 
from two types of PV diagrams. We find 15 per cent of our filaments 
show significant velocity gradients along their long axes with their 
typical gradient amplitudes ranging between 0.1 to 1.2 km s −1 pc −1 . 

The results of this work show the importance of velocities and 
spectral and spatial resolution in studies of H I filaments. This 
paper presents the first finding of the alignment of velocity-coherent 
filamentary structures with the magnetic field and the presence of 
these structures at the Milky Way’s disc-halo interface in the IVCs. 
Future tomography of the Galactic magnetic field will provide further 
insight into the alignment of filaments with the magnetic field at 
varying distances (Tassis et al. 2018 ). The finding that H I filaments 
do not typically display long-axis velocity gradients sets constraints 
on theoretical models of diffuse filament formation. 
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APPENDIX :  GA LLERY  O F  VELOCITY  
G R A D I E N T S  
Here, we show PV diagrams of H I filaments located in different 
parts of the sky as shown in Fig. A1 . The letters on the filaments in 
Fig. A1 correspond to following PV diagrams. Fig. A2 shows the PV 

diagrams using the two methods discussed in the text, and Fig. A3 
shows the intensity-weighted mean velocity translated from the two 
types of PV diagrams. The R 2 is e v aluated for each method and the 
grey band represents the one sigma uncertainty of the fitted models 
(see text). 

Figure A1. Location of Reference Filaments. 
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Figure A2. PV diagrams of referenced filaments. We assume the distance to these filaments to be 100 pc. 
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Figure A3. Slope fits for the referenced filaments. 
This paper has been typeset from a T E X/L A T E X file prepared by the author. 
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