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Abstract

We identify a chain of galaxies along an almost straight line in the nearby Universe with a projected length of
~5Mpc. The galaxies are distributed within projected distances of only 7-105 kpc from the axis of the identified
filament. They have redshifts in a very small range of z=0.0361—-0.0370 so that their radial velocities are
consistent with galaxy proper motions. The filament galaxies are mainly star forming and have stellar masses in a
range of 10°'—10'%" M. We search for systems with similar geometrical properties in the full-sky mock galaxy
catalog of the MlllenmumTNG simulations and find that, although such straight filaments are unusual and rare,
they are predicted by ACDM simulations (4% incidence). We study the cold H I gas in a 1.3 Mpc section of the
filament through HI 21 cm emission line observations and detect 11 HIT sources, many more than expected from
the H1 mass function in a similar volume. They have H I masses 10%3—10°° M_, and are mostly within ~120 kpc
projected distance from the filament axis. None of these H1 sources has a confirmed optical counterpart. Their
darkness together with their large HI 21 cm line widths indicates that they contain gas that might not yet be
virialized. These clouds must be marking the peaks of the dark matter and H I distributions over large scales within
the filament. The presence of such gas clouds around the filament spines is predicted by simulations, but this is the
first time that the existence of such clouds in a filament is observationally confirmed.

Unified Astronomy Thesaurus concepts: Large-scale structure of the universe (902); Cosmic web (330); Dark

matter distribution (356); Galaxy formation (595); Neutral hydrogen clouds (1099)

1. Introduction

The dark and baryonic matter in the Universe is predicted to
be distributed over an intriguing pattern, known as the cosmic
web (Y. B. Zel’dovich 1970; J. R. Bond et al. 1996; V. Springel
et al. 2005, 2006). This multiscale and highly interconnected
network consists of knots, filaments, sheets, and voids, with
dense knots at the intersection of filaments and filaments at the
intersection of sheets. And these surround nearly empty void
regions. The filaments, connecting massive galaxy clusters
located at the knots, contain the largest fraction (~50%) of mass
in the Universe (R. Cen & J. P. Ostriker 2006;
M. A. Aragén-Calvo et al. 2010; M. Cautun et al. 2014).
High-resolution simulations show that filaments are sparsely
inhabited by halos and that galaxies make up only a few percent
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of the baryonic mass in the filaments (M. Cautun et al. 2014;
D. Martizzi et al. 2019). The dominating component of baryons
in filaments is predicted to be the low-density, diffuse inter-
galactic medium and mainly at temperatures 10° K <7< 10’ K
(e.g., R. Cen & J. P. Ostriker 2006; D. Martizzi et al. 2019). The
low densities of the filaments suggest that their identifications in
observations are quite challenging.

Only a handful of intercluster filaments have been identified
through the observations of X-ray emission or Sunyaev—
Zel'dovich signal from the warm/hot phase between pairs of
close clusters or inside superclusters in the nearby Universe
(C. Scharf et al. 2000; D. Eckert et al. 2015; G. E. Alvarez et al.
2018; H. Tanimura et al. 2019, 2020b, 2020a). Such studies
(mainly done through stacking) have succeeded in measuring
the density and temperature of the densest parts of the warm/
hot gas in the filaments around clusters. In terms of finding
filaments, the primary approach, though, has been structure-
finding algorithms based on the distribution of galaxies and
galaxy clusters in large sky area databases (T. Sousbie et al.
2008; J. Jasche et al. 2010; E. Tempel et al. 2014; N. Malavasi
et al. 2020; 1. Santiago-Bautista et al. 2020), which has led to
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Figure 1. Left: 6° x 6° image, centered at the position of 2MASX J11093966-—1235116 (G3), showing galaxies with measured spectroscopic redshift listed in
SIMBAD. We have also added LEDA 951348 (G4) with its redshift measured from the HI 21 cm emission line. The gray dashed box marks the frame of the right
panel. Right: 2° x 2° image, showing the eight galaxies (G1-G8) along the narrow filament (see Table 1 for galaxy properties). The gray dashed line shows the best-fit
straight line to the positions of the eight galaxies. In both panels, the color of the points represents the redshift values of the galaxies following the representative color
bars above the panels. The dotted—dashed blue circle (centered at the position of 2MASX J11093966-1235116, G3) marks the JVLA HPBW for the HI 21 cm

emission line observations we present in this Letter.

the identification of a large number of filaments in the nearby
Universe and their geometrical properties such as length and
radius (see also S. Kim et al. 2016). In some cases, filaments
have been identified through weak-lensing techniques (at
z~0.5; J. P. Dietrich et al. 2012; M. Jauzac et al. 2012;
Y. Higuchi et al. 2015; N. Martinet et al. 2016; H. Kondo et al.
2020). At higher redshifts (z>2), detection of rest-frame
ultraviolet Ly« radiation through absorption has resulted in the
identification of a few filaments (e.g., S. Cantalupo et al. 2014;
D. C. Martin et al. 2015; H. Umehata et al. 2019; see also
S. G. Gallego et al. 2018 for a stacking analysis). These studies
have obtained indirect estimates of cold gas mass (7 ~ 10* K)
in the observed sections of the filaments and in some cases
have found it to be significantly larger than what is predicted by
simulations (e.g., S. Cantalupo et al. 2014).

Theoretical studies suggest that streaming of cold gas along
the filaments plays a prominent role in the formation and growth
of galaxies by providing the required gas for star formation
(F. Bournaud et al. 2005; A. Dekel et al. 2009; M. Fumagalli
et al. 2011). This gas component is not only expected to have
very low densities, it is also predicted to comprise only a small
fraction (a few percent) of the baryonic mass in the filaments
(A. Popping et al. 2009; D. Martizzi et al. 2019;
D. Galarraga-Espinosa et al. 2021). There have been attempts
to detect the diffuse cold gas in the nearby filaments through H 1
21 cm emission line observations (e.g., A. Popping & R. Braun
2011a, 2011b, 2011c), but none has been successful to date.

In this Letter, we report the identification of a strikingly
narrow filament of galaxies in the nearby Universe. We
chanced upon this filament while studying the environment of
the galaxy 2MASX J11093966-1235116 (the host galaxy of
gamma-ray burst, GRB, 171205A at z = 0.037; see
M. Arabsalmani et al. 2022). We noticed the alignment of a
number of HI sources that we had detected in the field of the

galaxy along a direction with a position angle of ~45° with
respect to north. We then inspected the Pan-STARRS optical
images of the field of the galaxy in large scales and found a
number of galaxies aligned in the same direction, covering
about 2° in the sky. The tantalizing possibility that these were
marking a cosmic filament prompted us to further observe the
field and investigate the properties of the identified galaxies and
the HI sources, both in radio and optical wavelengths. The
details of the observations used in this study are presented in
Section 2. We describe and discuss our findings in Sections 3
and 4 and summarize them in Section 5. Throughout this
Letter, we wuse a standard flat ACDM model with
Hy=69.6kms ' Mpc™" and €, = 0.286.

2. Observations and Data Analysis

2.1. Karl J. Jansky Very Large Array Data and H I Source
Identification

Observations with the L-band receivers of the Karl J. Jansky
Very Large Array (JVLA) in the B and C configurations were
used to map the HI 21 cm emission in a section of the identified
filament. The observations in the B configuration, originally part
of a program targeting the H I properties of the galaxy 2MASX
J11093966-1235116, were carried out in 2019 March and 2019
May for a total time of ~10.5 hr (proposal ID: VLA /2018-07-
058; PI: Arabsalmani). The JVLA primary beam was centered at
the position of 2MASX J11093966-1235116. With a half-power
primary beamwidth (HPBW) of ~30" at the observed frequency
in the L band, a 1.3 Mpc long section of the filament was
covered within the HPBW (marked in the right panel of
Figure 1).

Follow up C-configuration observations were carried out in
2022 October for a total time of ~17.5 hr (proposal ID: VLA /
2022-00-109; PI: Arabsalmani) in order to study the same
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Table 1
The Properties of the Eight Galaxies That Reside along a Narrow Filament Shown in the Right Panel of Figure 1
ID Name as in Optical Surveys R.A. (J2000) Decl.(J2000) Redshift" log,o(My/Ms) log,o(SFR/M;, yr~1) EB-V)
Gl LEDA 114626 11:10:51.48 —12:56:27.3 0.03695 £ 0.00015 9.75 £+ 0.03 —1.90 £+ 0.07 0.1
G2 2MASX J11105122—-1253193 11:10:51.22 —12:53:19.1 0.03697 £ 0.00015 10.70 £ 0.03 —1.70 £+ 0.07 0.1
G3 2MASX J11093966—1235116 11:09:39.66 —12:35:11.6 0.03702 £ 0.00015 10.15 £ 0.03 0.10 £+ 0.07 0.2
G4 LEDA 951348 11:09:26.97 —12:32:20.6 0.03691 £ 0.00012 9.10 £+ 0.03 —0.80 £+ 0.07 0
G5 LEDA 104056 11:09:06.43 —12:25:51.6 0.03673 £ 0.00022 9.80 £ 0.03 —0.70 &+ 0.07 0.1
G6 2MASX J11084744—1222264 11:08:47.44 —12:22:26.6 0.03671 £ 0.00015 10.45 £+ 0.03 0.10 £ 0.07 0.2
G7 2MASX J11080494—1214422 11:08:04.93 —12:14:42.2 0.03609 £ 0.00015 10.15 £+ 0.08 —0.15 £ 0.18 0.2
G8 2MASX J11052703—1135216 11:05:27.05 —11:35:21.4 0.03674 £ 0.00015 10.20 £ 0.03 —1.30 £+ 0.07 0

Notes. The last three columns list the stellar mass, SFR, and E(B — V) of the galaxies obtained from the SED modeling (see Figure 8 for the best-fit SEDs). G1, G2,
and G8, the three galaxies at the two ends of the filament, appear to be passive galaxies, while the remaining five galaxies are all actively making stars and are among

the main-sequence galaxies.

# The redshifts of G2, G3, G6, G7, and G8 are taken from the Final Release of 6dFGS (D. H. Jones et al. 2004, 2009). The redshifts of G1 and G5 are taken from the
Las Campanas Redshift Survey (S. A. Shectman et al. 1996). For G4 (LEDA 951348), the redshift is obtained from the H121 cm emission line (M. Arabsalmani et al.

2022).

section of the identified filament. For both configurations, we
used the JVLA software backend with 16 MHz bandwidth,
centered on ~1.368 GHz, subdivided into 4096 channels,
yielding a velocity resolution of ~0.9kms™ ' and a total
velocity coverage of ~3500 km s~ '. The bright calibrator 3C
286 and the secondary calibrator J1130-1449 were observed to
calibrate the flux, the time-dependent part of the gain, and the
system bandpass.

Following the procedure described in M. Arabsalmani et al.
(2022), “Classic” AIPS (E. W. Greisen 2003) was used to
calibrate, self-calibrate, subtract the continuum from the
calibrated visibilities for each day's data, and create cumulative
visibility data sets separately for the B and C configurations (see
Appendix A for more details). We also combined the residual
visibilities from the full 5 days in order to create a combined B
+C-configuration data set. The three sets of combined visibilities
(B configuration, C configuration, and B+C configuration) were
Fourier transformed to produce spectral cubes using the task
IMAGR. For each configuration, we created two data cubes with
optimized velocity resolutions of ~34 km s~ ' and ~50 km s~
to improve the statistical significance of the detected HI 21 cm
emission in independent velocity channels while still having
sufficient resolution to accurately trace the velocity field of any
detected source. In order to optimize between the signal-to-noise
ratio (SNR) of the detections and the spatial resolution, robust
factors of 0.5, —0.5, and 0.5 were used for the B-configuration,
C-configuration, and B+-C-configuration visibilities, respec-
tively, when creating the cubes, resulting in angular resolutions
of 7.5 x 6.4, 20.3 x 17.0, and 10.5 x 9"1, respectively. The
properties of the produced cubes are provided in Table 3 in
Appendix A. We also applied the primary beam correction using
the task PBCOR.

Identifications of HI sources were carried out in two steps.
(i) We first did a blind search using the Source Finding
Application (SoFiA) software (see Appendix A for more
details). (ii) Next, for each of the sources identified by SoFiA,
we created two separate spectra from the 35 and 50 km s~ data
cubes. The spectra were extracted from the cubes in the regions
defined based on the moment zero maps created by SoFiA. We
only kept those detected HI sources that have SNRs of 5 and
above in both the 35 and 50 km s ™' cubes (see Figures 6 and 7
in Appendix A). We measured the H1 integrated flux density
by integrating over the adjacent channels with fluxes above the
rms noise and converted this to a HI mass. We also fitted a

Gaussian function to the HI 21 cm emission line to measure the
redshift and the FWHM of the emission.

2.2. CFHT Data and Optical Source Identification

We obtained deep multiband (v, g, r, and i) images of the
same portion of the filament described in Section 2.1 with the
MegaCam camera installed on the CFHT on 2022 April 16
(proposal ID: 22ad91; PI: Le Floc'h). As described in P.-A. Duc
et al. (2015), the images were obtained by (a) consecutively
acquiring seven individual images with large offsets between
them, (b) building a master sky by median-stacking the
individual images, and (c) subtracting a smoothed and rescaled
version of the master sky from each individual image before
stacking them. The final stacked images consist of 4 x 7 frames
with a total exposure time of 82 minutes for the u band,
42 minutes for the g and r bands, and 27 minutes for the i band.
The observations were obtained with an average seeing of 1.1
under photometric conditions. Images were processed by
the low-surface-brightness branch of Elixir (Elixer-LSB).
We estimate the upper limits of 29.5, 29.5, 29, and
28 mag arcsec> for the local surface brightnesses in the u, g,
r, and i bands, respectively.

To detect the possible optical counterparts of the H I sources,
we ran the SExtractor software (E. Bertin & S. Arnouts 1996)
in “double image” mode, using the deepest CFHT r-band
image as the detection reference for all bands. This mode also
ensures that object magnitudes were measured consistently for
all images (e.g., aperture positions and sizes). We used the
SExtractor MAG_AUTO parameter to measure the total flux of
the detected sources in each image. To ensure detection of very
faint optical sources, the detection threshold of SExtractor was
set to 1o, and spurious sources were removed manually after a
visual inspection. In case of nondetection in a band, the image
depth obtained with small blank apertures around the source
position was used as an upper limit.

2.3. Ancillary Data

We used the SIMBAD astronomical database for creating a
list of galaxies identified in optical surveys in the field around
2MASX J11093966-1235116. For the eight galaxies listed in
Table 1, we used all the publicly available photometries (based
on measurements of total fluxes) from the Two Micron All Sky
Survey (2MASS), Galaxy Evolution Explorer (GALEX),
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Figure 2. Left: the perpendicular (on-sky) distance to the filament axis, 8, vs. the distance along the filament axis from a reference point on the line, /. We have chosen
G1 as the reference point, which is located at / = 0 (hence, G8 is located at [ = 4.99 Mpc, the length of the filament). The filament axis is presented with the dashed
line in the right panel of Figure 1. Right: the radial velocity with respect to zmeq = 0.0368 (the median, and also the average, redshift of the eight galaxies on the
filament), v, vs. I. The pink and blue points represent the eight galaxies and the 11 H I sources, respectively, in both panels.

Pan-STARRS, and Wide-field Infrared Survey Explorer
(WISE). For the detected optical source candidates in our
CFHT images, we used the publicly available photometries
from the Legacy and WISE surveys (A. Dey et al. 2019). We
cross-matched the magnitudes obtained from the CFHT images
with those of the Legacy survey and found them to be
consistent.

3. Results
3.1. A Narrow Filament of Galaxies

The left panel of Figure 1 shows the distribution of galaxies
with known spectroscopic redshifts within a 6° x 6° image,
centered on the galaxy 2MASX J11093966—1235116 at
z = 0.037. One can immediately distinguish the assembly of
eight galaxies (hereafter G1-G8) along an almost straight line
at z~ 0.037. The right panel of the figure shows the eight
galaxies G1-G8 lined up, creating a very straight galaxy chain.
The redshifts of all galaxies but G4 are measured from optical
spectroscopic data and are taken from S. A. Shectman et al.
(1996) and D. H. Jones et al. (2004, 2009). For G4 (LEDA
951348), the redshift is derived from our HI 21 cm emission
line observations (M. Arabsalmani et al. 2022). All the redshift
measurements are quite accurate (see Table 1). These are in a
very small range between z = 0.03609 and z = 0.03702, with a
median redshift of z,.q=0.03683, same as the average
redshift.

In order to investigate the structure of the galaxy chain in the
perpendicular direction to the sky, we use the redshift
measurements of G1-G8 and obtain their relative radial
velocities with respect to zyeq =0.0368. These velocities,
presented in the right panel of Figure 2, vary from —212 to 66
km s~', similar to the velocities expected from the proper
motion of galaxies. This implies that G1-G8 are creating a very
straight filament on the plane of the sky. One cannot fully
discount the possibility that the slight differences in the
redshifts of G1-G8 are due to their different distances (and not
their proper motions); i.e., G1-G8 are distributed over a 2D

plane (sheet) rather than being along a filament on the plane of
the sky. Investigating this possibility requires independent
distance measurements to the galaxies, which are exceedingly
difficult, if possible at all, given the distance to the sources and
their properties and magnitudes (see, e.g., I. Steer et al. 2017).
But the even distribution of the radial velocities of G1-G8 with
respect to zn,eq (right panel of Figure 2) indicates that they are
likely on the plane of the sky and hence belong to a filament.

Even more striking is the narrowness of the alignment on the
plane of the sky. We fit a straight line to the positions of
G1-G8 on the sky. This is shown with the dashed line in the
right panel of Figure 1. The eight galaxies reside very close to
this line (hereafter filament axis), with projected (on the sky)
distances varying in a small range between 7 and 104 kpc. This
is very small compared to the projected length of the filament,
which is about 5 Mpc. The left panel of Figure 2 shows the
distribution of the separation from the filament axis, 6, versus
the distance from a reference point along the line, /, both
projected on the sky. We have chosen this reference point to be
the projected position of G1 on the line, so that / is 0 and
4.99 Mpc for G1 and G8, respectively.

In principle, a chance alignment of galaxies in the plane of
the sky can result in the filament we have identified. We cannot
precisely determine the probability of such a chance alignment
given that the identification of the filament was serendipitous
and emerged while studying the field of a nearby GRB (a single
field). However, the probability should be insignificant since
the discovery was not based on a systematic search. Future
studies are planned in order to address the probability of
detecting such aligned systems by examining large data sets.

We note that there are several more objects, identified as
galaxies in large surveys, whose on-sky locations are
coincident with the filament. But these galaxies do not have
spectroscopic redshift measurements (possibly for being too
faint); hence, their association with the filament is not clear. We
do not include these galaxies in this study, but further
spectroscopic observations are planned for these objects in
order to explore their association with the filament.
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Table 2
The Detected H 1 Sources Marked in Figure 3 and Their Properties Obtained from Their HI 21 Cm Emission Lines
ID ZH 1 Avo 037 FWHMy , Jsav log,o(Mm/M:) My /M N(H 1) SNR3s SNRs Array
(kms™h (kms™h (mJy km s~ ") (cm™?)
@ (@) 3 “ (&) ©) )] ®) ©)) 10) an
G3 0.0370 3 317 + 58 501 + 47 9.50 £ 0.04 0.2 6.1 x 10%° 11 10 B
G4 0.0369 —27 117 £ 18 485 £ 53 9.49 £ 0.05 2.5 6.2 x 10% 9 9 B
G5 0.0367 -92 170 + 37 83 £ 14 8.72 +£ 0.07 0.1 2.8 x 10% 6 5 B+C
Mt/ My
S1 0.0356 —428 127 + 34 198 + 37 9.10 £ 0.08 89 2.8 x 10% 5 5 B+C
S2¢ 0.0341 —875 132 + 45 139 £ 29 8.95 £ 0.08 1 2.7 x 10% 6 5 B+C
S3 0.0378 245 209 + 59 102 £ 20 8.81 £ 0.08 2570 6.6 x 10%° 5 6 B
S4 0.0369 —21 112 £ 26 156 + 25 9.00 £ 0.07 10,000 5.9 x 10% 6 6 B
S5 0.0377 199 177 + 56 133 £ 24 8.93 + 0.07 13/5370° 6.7 x 10% [§ 5 B
S6 0.0374 108 178 + 45 198 + 35 9.10 £ 0.08 1000 6.4 x 10% 6 7 B
S7 0.0368 —46 229 + 58 50£9 8.50 + 0.07 316 1.6 x 10% 6 5 B+C
S8 0.0382 369 304 + 105 45+9 8.46 £ 0.09 912 2.1 x 10% 5 7 B+C
S9 0.0377 216 126 £+ 33 110 + 18 8.85 + 0.07 224 1.8 x 10% 6 5 B+C
S10 0.0373 83 424 £ 91 386 + 60 9.39 £ 0.06 15,488 8.1 x 10 6 5 B
S11 0.0364 —-190 134 £ 29 199 + 36 9.10 £ 0.08 96 7.8 x 10%° 6 6 B
S12 0.0366 —124 203 + 42 203 + 31 9.11 £ 0.06 28 9.3 x 10" 7 7 C

Notes. Columns (2)—(6) are, respectively, redshift obtained from the HI 21 cm emission line, velocity offset of the HI 21 cm emission with respect to z = 0.037,
FWHM of the H121 cm emission line, integrated flux density of the HI21 cm emission line, and H I mass. Column (7) is the ratio of the H I mass to stellar mass for
G3-G5 and the lower limit on My 1/M, for the rest of the H I sources assuming that all the optical sources listed in Table 5 in Appendix B are associated with the H 1
sources. Column (8) is the HT column density equivalent to the 3¢ level of emission in a single channel with a velocity width of 34 km s~' (see Figure 5 in
Appendix A for the H I contours). Columns (9)—(11) are the SNRs of the HI 21 cm emission line detected in cubes with channel widths of 35 and 50 km s~' and the
array configuration used for detecting the H I source and obtaining the H I spectrum.

? The H I spectrum of this source is affected by systematics of unknown origin (see Section 3.2 for details). We therefore exclude this source from our analysis.

PR

® For this source, we have provided the My /M, ratio including/excluding the optical source that is outside the H T emission (marked by “e” in Figure 5 in

Appendix A).

We model the spectral energy distribution (SED) of G1-G8
using LePhare (S. Arnouts et al. 1999; O. Ilbert et al. 2006)
through GAZPAR (galaxy redshifts and physical parameters)
community service in order to obtain their stellar properties,
such as stellar mass and star formation rate (SFR) values. These
properties are listed in Table 1 (the fitted SEDs are provided in
Apgpendix B). The galaxy stellar masses are in a range of
10°1—10'%7 M. G1, G2, and GS8, the three galaxies at the two
ends of the filament, appear to be passive galaxies based on
their location on the M,—SFR plane (J. Brinchmann et al.
2004). The color—color diagram analysis (S. Arnouts et al.
2013) confirms that G2 is indeed a passive galaxy but suggests
that G8 is transiting from star forming to passive. The limited
photometries for G1 do not allow studying its position in the
color—color diagram. The remaining five galaxies all lie within
the star-forming main-sequence galaxies on the M, —SFR plane
and are also categorized as star-forming galaxies based on the
galaxy color—color diagram. Using the HI 21 cm emission line
observations in the 1.3 Mpc long section of the filament (see
Section 2.1), we measure the H1 masses for G3, G4, and G5,
listed in Table 2. We find G3 and G4 to be gas-rich galaxies
with HI masses above average for their stellar masses (see
B. Catinella et al. 2018 for the M,—My ; relation of nearby
galaxies). The My /M, ratio of G5, though, is toward the
lower side of the M,,—My | relation.

3.2. Dark H1 Clouds on the Filament

The HPBW of JVLA in our HI 21 cm emission line
observations, marked with a dotted—dashed blue circle in the
right panel of Figure 1, covers a 1.3 Mpc long portion of the

filament centered at G3. We restrict mapping the HI 21 cm
emission line to within the JVLA HPBW in order to only detect
HT emission with high sensitivity. We identify 15 HI sources
in this region, all marked on the r-band CFHT image presented
in Figure 3. The H1 properties of these sources, including the
(spectroscopic) redshift measurements obtained from their H1
21 cm emission lines, are listed in Table 2. The H1 masses are
within a range of 10%5—10%° M., and the H121 cm line widths
vary in a range of 110-420km s~ .

Three of the detected sources are associated with G3, G4,
and G5. Note that we do not detect the HI 21 cm emission line
for G6 as expected, since this galaxy falls out of the JVLA
HPBW. One of the detected HI sources, S2, is spatially
coincident with a spiral galaxy with no measured spectroscopic
redshift in optical surveys. This galaxy resides at a projected
distance of 12 kpc from the filament axis (the dashed line in the
right panel of Figure 1). We obtain a redshift of z = 0.0341
from the HI 21 cm emission line of this source, consistent with
the photometric redshift of z< 0.2 that we obtain from
modeling the SED of the galaxy. However, we detect
signatures of systematics, appearing like absorption features
over a velocity width of ~1000 km s in the HI 21 cm
spectrum of this source (see Figures 6 and 7 in Appendix A).
We examine these features in the intensity map of the source
and find them not to be present. In addition, no continuum
emission in our JVLA observations is detected at the location
of S2. We therefore conclude that the apparent features in the
spectrum are due to systematics of unknown origin. This could
have affected the redshift measured from the HI 21 cm
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the H I sources detected within the JVLA HPBW (listed in Table 2). G3—G6 are
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emission of this source. We therefore exclude this source from
any further analysis.

The remaining 11 sources are distributed along the filament,
with projected distances of 25-424 kpc from the filament axis.
They are marked with blue circles in Figure 2. Nine out of the
11 HI sources are located within 123 kpc from the filament
axis, similar to the ¢ range for G1-G8. Only two sources, S10
and S12, are located at slightly larger distances of § =251 and
424 kpc, respectively. We also derive the radial velocities of
these sources with respect to z;,.q = 0.0368. These are within a
range between —360 and 420 km s~ ' and are shown in the
right panel of Figure 2. The radial velocities of the H1 sources
are somewhat larger than those of G1-G8.

We search for the optical counterparts of the 11 H1 sources
using our deep, multiband CFHT images (see Section 2.2 for
the magnitude limits). For each HI source, we identify all the
detected optical sources within the extent of the HI emission.
This extent is defined by the lo contour of the total HI
emission. For each of the identified optical sources, we model
the SED with LePhare (through GAZPAR) and obtain the
probability distribution of the photometric redshift (zpn) based
on modeling its SED. Most of the identified optical sources are
very unlikely to have Zno < 0.1 (with probabilities of <1%;
see Appendix B for more details).

To very conservatively estimate the lower limit of My /M,
for each HI source, we assume that those optical counterpart
candidates with a 21% probability of having zpne S 0.1 are
associated with the HT cloud. These are marked with yellow
circles in the middle panel of Figure 5 in Appendix A.
Assuming a redshift of z = 0.0368 (the median/average
redshift of G1-G8) for these sources, we model their SEDs and
estimate their stellar masses. By adding the stellar masses of the
associated optical sources for each HI cloud, we obtain the
corresponding My /M, for the HI cloud. The estimated
My (/M values are listed in Table 2. These are within a range
of ~30—15,500, with a median of ~900. Note that the actual
H 1 masses for our detected HI sources should be larger than
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what we have estimated given that the performed JVLA
observations are not sensitive to low column densities
(NHT1) < a few times 10*°cm 2, depending on the array
configuration), making the My /M, estimates even more
conservative. This implies that the HI sources that we have
detected in the filament are quite dim/dark.

4. Discussion
4.1. The Peculiarity of the Filament

Following the identification of large numbers of filaments in
the nearby Universe, mainly through structure-finding algo-
rithms, the geometrical properties of the filaments have been
studied in detail. Filament lengths are reported to vary from a
few Mpc up to ~150 Mpc, with typical lengths of a few tens of
Mpc (e.g., E. Tempel et al. 2014; V. Bonjean et al. 2020;
I. Santiago-Bautista et al. 2020). The radii of the nearby
filaments are found to be around or more than 1 Mpc,
consistent with predictions from simulations (e.g., M. Cautun
et al. 2014). Filament galaxies are typically at distances
>100 kpc from the filament spine (see, e.g., V. Bonjean et al.
2020; 1. Santiago-Bautista et al. 2020; G. Castignani et al.
2022), with typical distances of about a few Mpc in most cases.
In contrast, the filament we present here has all its identified
galaxies residing at distances of <100kpc (mainly a few tens
of kiloparsecs) from its axis, making this system strikingly
narrow (see the left panel of Figure 2). With a ~5 Mpc length,
this filament is among the shortest filaments that have been
identified. D. Galarraga-Espinosa et al. (2020) examined the
geometrical properties of the simulated filaments in TNG
simulations and found that short filaments with lengths of a few
Mpc are puffier than long filaments. Therefore, the short length
of the presented filament here makes its narrowness even more
unusual. In addition to its narrowness, the straightness of this
filament is quite intriguing.

Although the low number of galaxies (eight) in the narrow
filament does not allow a statistical comparison with the
properties of large filament galaxy samples, we find that the
properties of the eight galaxies stand out. Properties of filament
galaxies have been extensively studied in order to explore the
effect of filaments (predicted by simulations) on the formation
and evolution of galaxies (M. Alpaslan et al. 2016;
H. J. Martinez et al. 2016; D. Kleiner et al. 2017; T. Kuutma
et al. 2017; N. Malavasi et al. 2017; K. Kraljic et al. 2018;
C. Laigle et al. 2018; F. Sarron et al. 2019; V. Bonjean et al.
2020; G. Castignani et al. 2022; C. T. Donnan et al. 2022). The
focus of these investigations has been on how the properties of
galaxies change as one moves toward the spines of the
filaments. Most of these studies find an increase in the fraction
of passive galaxies compared to star-forming galaxies when
going closer to filament spines. At fixed stellar mass, C. Laigle
et al. (2018) showed that passive galaxies are found closer to
their filament than active star-forming galaxies. N. Malavasi
et al. (2017) reported the presence of the most massive and
quiescent galaxies closer to the filament axis. G. Castignani
et al. (2022) found the number of quenched galaxies at close
distances to filaments to be significantly larger than that of
active galaxies. Keeping in mind the low number of galaxies, it
is notable that five out of the eight galaxies in this filament are
actively forming stars. This is particularly interesting given that
the eight galaxies are very close to the filament axis
(7—104 kpc). In all the studies mentioned above, the filament
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galaxies are typically at distances >100 kpc from the filament
spine; i.e., the star-forming galaxies are at much larger
distances from the filament spines compared to what we
find here.

It is notable that the star-forming galaxies in the filament are
within its midsection, quite away from the two nodes. These
star-forming galaxies are predicted to fall into the nodes of the
filament where passive galaxies reside. The concentration of
the star-forming galaxies in the middle of the filament might
indicate that the filament is in its initial evolutionary stages.

In order to assess the rarity of the identified narrow filament
based on theoretical predictions, we use the filament catalog of
the TNG300-1 simulations at z = 0 (D. Galdrraga-Espinosa
et al. 2020) to search for filaments with similar galaxy and
geometrical properties in the TNG catalogs. This catalog is
built up using the discrete persistent structure extractor
(DisPerSe) algorithm (T. Sousbie 2011), which operates in
3D and detects filaments based on the galaxy density field. At
first, we select filaments with lengths within a range of
4-6 Mpc containing seven to nine galaxies of stellar masses
10”'=10'"%7 M., within 100 kpc from the filament spine. We
do not put any constraint on the number of galaxies that the
filaments might contain at distances larger than 100 kpc from
their spines. We also allow selecting filaments that contain any
number of galaxies with stellar masses <10”'M. or
>10'"7 M., within 100kpc from their spines. With these
constraints, we find only 13 filaments out of 10,106 filaments
in the filament catalog, but more importantly, none is like the
filament we have identified.

None of the selected 13 filaments is nearly as straight, and all
of them are much thicker, with a few tens of galaxies at
distances of 100 kpc to 1 Mpc from the spine. Several (>10) of
these galaxies have stellar masses of 10'°—10"* M. —well
above the detection limit of large galaxy surveys in the field of
the identified filament. The environment of the filament we
present here is much emptier. There are only three galaxies
detected in large galaxy surveys (with >10'° M) within the
1 Mpc distance of the filament axis (see Figure 1). Two of them
(2MASX J11081033—1154122 and 2MASX J11061093
—1208193), at distances of 630 and 740 kpc from the filament
axis, are at z ~ 0.037, the redshift of the filament, and the third
galaxy (2MASX J11063472—1209059) is at z~0.035
(~—500 km s~ ' with respect to Zpmeq = 0.0368). We also note
that in 11 out of the 13 selected filaments, all the filament
galaxies are passive, and in the remaining two filaments only
one or two of the filament galaxies are star-forming.

The narrow and straight filament we have identified seems to
have no match in the TNG catalog mentioned above. This,
however, could be a result of how the catalog has been built up,
i.e., using the DisPerSe method. For instance, in 10 out of the
13 selected filaments in the catalog, all the filament galaxies are
located in a ~0.5 Mpc long section along the filament. This,
perhaps, is expected given that the DisPerSe algorithm works
based on identifying the peaks of the galaxy density.

In order to further investigate whether the existence of the
filament we have identified challenges ACDM and our
understanding of structure formation, we perform a more
comprehensive comparison with the simulations. To do so, we
make use of the full-sky mock galaxy catalog computed by
M. Barrera et al. (2023) as part of the MillenniumTNG
simulation project (C. Herndndez-Aguayo et al. 2023), using a
740 Mpc box with 4320° simulation particles. The galaxy
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catalog is produced in a completely seamless fashion for the
backward light cone of a fiducial observer. We first select all
galaxies in the redshift interval 0.0360 < z < 0.0371 and with
stellar mass 10° M. < M, < 10'' M., closely matching the
characteristics of our filament galaxies. We then construct a set
of 12,288 observational fields of 2° on a side based on
pointings that uniformly cover the sky with the help of a
Healpix tessellation of the unit sphere. To account for the
centering onto the filament we carry out in our observational
analysis, we first identify all galaxies in a spherical aperture
with a radius of 2° around each of our pointings and then adopt
the center of mass of the identified galaxies as the new center.
We then constrain to the galaxies in a circular region of radius
J2° around the new center and compute a second-order shape
tensor for the 2D distribution of galaxies, allowing us to
determine the major and minor axes. We also turn the galaxy
distribution such that the major axis lies approximately
diagonal and then restrict to a 2° x 2° square-shaped field, just
like in our observations shown in the right panel of Figure 1.
We only keep fields that have between 8 and 12 galaxies in
them, in order to closely mock up the conditions we have in our
observational field. This leaves 1017 fields in our sample.

Finally, for the galaxies in each remaining field, we compute
the average distance (D) of the galaxies to the major axis—
which we identify as the filament spine—and the maximum
extension of the galaxies along the filament direction, L,x. We
then use these two quantities to define a dimensionless
“thinness” quantity 7 = (D) /L.y that measures how narrow
the galaxy distribution is. We can also measure the value of T
for our observed filament, i.e., the eight galaxies G1-G8 plus
the two galaxies that have somewhat larger distances from this
filament spine. This yields Ty = 0.035.

In the top two and bottom left panels of Figure 4, we show
three examples of filamentary galaxy distributions found in this
way, all with 7 values lower than T, They indeed look
comparably straight and narrow. In the bottom right panel of
Figure 4, we examine this quantitatively in terms of the
distribution of T over all 1017 of our fields. The vertical dashed
red line marks the observed galaxy distribution. The observations
are in the tail of the distribution, confirming that the filament is
indeed unusual and rare. But it is not exceptionally uncommon.
About 4% of our fields have comparable or even smaller values
for the thinness parameter, so some fairly straight filaments can be
found and are expected in the ACDM galaxy distribution as well.

4.2. Dark Clouds: Peaks of Dark Matter and H I Distributions

In addition to the peculiarity of the filament in its
geometrical properties, the identification of several dark HI
clouds in the filament is quite intriguing. The number of HI
sources we have detected in the field exceeds the average
number of HI sources that is typically detected in a similar
volume. In order to estimate the excess of the H I source count,
we use the local HI mass function derived for large HI
surveys. We calculate the averasge number of HI sources (i)
within the H I mass range of 108°—10”> M., the mass range of
our detected H I sources, and (ii) in a volume corresponding to
a cylinder with a base as large as the HPBW of JVLA (marked
with a white dashed circle in Figure 3) and a perpendicular
distance of d;(z=0.0382) — di(z=0.0356). Here, dj(z) is the
luminosity distance at redshift z, and z = 0.0382 and
z = 0.0356 are the maximum and minimum redshifts of our
detected HI sources, respectively. Using the HT mass function
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Figure 4. Three examples for 2° x 2° fields in the full-sky galaxy light cone of
the MillenniumTNG simulation, selected to contain galaxies with similar
masses and redshifts as observed and to exhibit a similarly long and narrow
filamentary distribution. We measure the thinness of the galaxy distribution
through a quantity 7 defined as the ratio between the averaged perpendicular
distances (green) between galaxies and the ridgeline of their filament (blue) and
the length of the extension of the galaxy distribution in the filament direction.
The histogram in the bottom right panel shows the distribution of this quantity
for the 1017 fields we have with matching galaxy number density. For our
observed galaxy distribution, the value of the thinness parameter is 7, = 0.035
(vertical dashed line). About 4% of the fields have an equal or lower value for
T, implying that the configuration we have discovered is rare in ACDM, but not
exceptionally so.

of the HIPASS survey presented in M. A. Zwaan et al. (2005;
see their Figure 1 and their best-fit parameters for a Schechter
function), we find the average number of HI sources to be
0.16 4+ 0.04. This is even lower (0.11 £ 0.01) when we use the
HI mass function of the ALFALFA survey presented in
M. G. Jones et al. (2018; see their Figure 2 and their best-fit
parameters for a Schechter function). The number of HI
sources that we have detected (see Table 2 and Figure 3) is
about 100 times larger than that expected from the average
counts in large H1 surveys.

The HT clouds we have detected in the filament have larger
radial velocities compared to the eight galaxies in the filament
(see the right panel of Figure 2). This might imply that they are
at larger distances (in 3D) from the filament axis and hence in
regions with lower densities. On the other hand, the galaxies
(that have formed stars) are in higher-density regions close to
the filament axis. We also note that the typical distances
between the HI sources (the 11 HI clouds and the three
galaxies with detected H I presented in Figure 3) are ~180 kpc.
We do not have sufficient information to infer a robust origin
(e.g., environment, filament characteristics, Jeans scale length,
etc.) for this preferred length scale.

Previous studies of HI in filaments resulted in the
identification of only one HI source with no known optical
counterpart (in DSS images) among 199 detected sources
(A. Popping & R. Braun 2011c). The reported source was
detected at N(HI) ~ 10" cm_z, with a narrow line width of
about 20 km s~ '. The dark H1 clouds that we identiny in the
filament are all detected at N(HI) > a few times 10 Oem~2,
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with HT line widths >100 km s~ . Their H T masses are in the
range 108°—10"° M., and their My /M, lower limits are
within a range of ~30—15,500, with a median of ~900.
Nearby galaxies with M, >10°M. typically have
My /M, <10 (see H. Dénes et al. 2014; B. Catinella et al.
2018 for HIPASS and xGASS surveys). Galaxies with lower
stellar masses, though, are found to have higher HI mass
fractions. In particular, low surface brightness and irregular
galaxies are shown to have My /M, as high as 100 (see, e.g.,
L. Leisman et al. 2017; S. Mahajan et al. 2018).

The extremely large H 1 mass fractions that we obtain for the
HT clouds are comparable with, and in some cases exceed, the
highest HI mass fraction ever reported for dark systems, even
those in galaxy groups and clusters. Several studies have
reported My /M, < 100 for dark galaxy candidates (e.g.,
J. M. Cannon et al. 2015; S. Janowiecki et al. 2015; M. Bilek
et al. 2020; J. Roman et al. 2021). L. Leisman et al. (2021)
measured My /M, ~ 100 for an extended HI cloud with
My 1= 10’2 M_... Even a threshold of My /M, > 200 defines 8
out of the 11 H I clouds we have detected in the filament as
dark. This only decreases to six systems with a threshold of
My /M, >900. Such large HT mass ratios for dark clouds
have only been reported in dense environments such as galaxy
groups and clusters. G. I. G. Jézsa et al. (2022) detected a
massive chain of seven HI clouds in a galaxy group and found
M/M, ~ 1200, still smaller than the H I mass fractions that we
measure for half of the HI clouds in the narrow filament.
K. Lee-Waddell et al. (2014) reported the presence of a HI
cloud with My = 10°2 M., and My /M, ~ 2000 (although
with a velocity width of only a few tens of kilometers per
second) in a galaxy group (see also O. I. Wong et al. 2021 for
dark clouds in galaxy groups; and B. R. Kent et al. 2007;
B. R. Kent 2010; A. Sorgho et al. 2017 for dark clouds in the
Virgo cluster). Very recently, M. G. Jones et al. (2024)
identified an extremely gas-rich, low-mass, star-forming galaxy
in the Virgo cluster formed via extreme ram pressure stripping
events with an extreme H I mass fraction of ~20,000. All these
studies argue that the detected dark HI clouds within galaxy
groups/clusters are the remnants of interacting systems or tidal
features that survive in high-density environments.

Although our HI 21 cm line observations are not sensitive
enough to detect the diffuse HI gas, the dark HI clouds we
have detected must resemble the peaks of the large-scale HI
distribution in the filament. Such H 1 peaks are in fact predicted
by simulations to exist around the filament spines at high
redshifts (e.g., see Figure 1 of Y. S. Lu et al. 2024 for high-
resolution simulations of filaments at z ~ 4). These massive gas
clouds, with no stars, are expected to reside in the dark matter
halos along the filaments. Most of the HI clouds we detect in
the filament have large HI 21 cm line widths for their masses.
This together with their darkness could indicate that they
belong to halos that recently made it to the cold core of the
filament and contain gas that might not yet have virialized, thus
not forming stars, as predicted for high-redshift filaments (e.g.,
Y. S. Lu et al. 2024). Note, though, that the HI clouds we
detect should also contain gas in the “cold neutral phase” with
temperatures of <600 K given their high HI column densities
(N(HT) > a few times 10’ cm™%; N. Kanekar et al. 2011). We
emphasize that the properties of the filament we have identified
in the local Universe can in principle be very different from
those at high redshifts. Nevertheless, the detection of these
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dark/dim HI clouds along a filament confirms what has been
predicted by simulations.

4.3. Interactions in the Filament

The HTI properties of filament galaxies have been character-
ized through a couple of recent studies. D. Kleiner et al. (2017)
found that 10° M., < M,. < 10" M, filament galaxies have H1
mass fractions similar to those of control sample galaxies,
galaxies at distances >5 Mpc from filament spines and selected
in isolation. They also reported that filament galaxies with
M, >10'"" M., have significantly higher gas fractions com-
pared to control sample galaxies, suggesting that the most
massive galaxies are accreting cold gas from the intrafilament
medium. G. Castignani et al. (2022) found an increase in HI
mass and a decrease in H I deficiency with increasing distance
from the filament spine for filament galaxies with
M, > 10° M.... They suggested that the observed H I deficiency
is due to tidal interactions or ram pressure stripping since the
deficient systems were preferentially found in dense regions
within filaments.

The HI mass measurements for three of the galaxies in the
narrow filament (presented in Table 2) show that two of them
(G3 and G4) are quite rich in their gas content (with H 1 masses
above average for their stellar masses; see B. Catinella et al.
2018 for the M, —My ; relation of nearby galaxies). But we do
find signatures of interaction and mergers for these galaxies. A
detailed study of the unusually disturbed HT in G3 is presented
in M. Arabsalmani et al. (2022), revealing a uniquely unusual
morphology and kinematics of HT in this otherwise apparently
normal galaxy. This study explored several scenarios to explain
the unusual HI structure and concluded that the most viable
explanation was the penetrating passage of a satellite through
the disk only a few Myr ago, redistributing the HI in the galaxy
without yet affecting its stellar distribution. The study
mentioned how such disturbed gas could play an important
role in the formation of massive stars like the progenitor of
GRB 171205A. We also find the distribution of HI in G4
disturbed and detect a tail for the HI disk of G5. A detailed
study of the perturbed/unusual systems in the filament will be
presented in an upcoming study (M. Arabsalmani et al. 2025, in
preparation).

E. Tempel et al. (2015) studied the alignment between
satellites and surrounding large-scale structure using the Sloan
Digital Sky Survey and found a significant alignment between
satellite galaxy position and filament axis. Similar results were
found in the Millennium simulations (see E. Tempel et al.
2015, and references therein). The disturbed distribution of gas
in the star-forming galaxies in the filament is therefore likely to
be due to interaction with gas-rich systems in the filament.
Such systems are believed to aid the formation of stars in
galaxies by providing them the required gas reservoirs and by
potential interactions and mergers with them. This scenario is
supported by the presence of the dark clouds that we have
detected in the filament. Deeper HI 21 cm emission line
observations are planned to explore the presence of low-mass,
gas-rich systems in the vicinity of the star-forming galaxies in
the filament.

5. Summary

We have identified an extremely straight and narrow filament
of galaxies in the nearby Universe. The filament has a length of
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5Mpc. The eight galaxies with a spectroscopic, measured
redshift on the filament are within very small distances from the
filament axis, varying from 7 to 104 kpc. The redshifts of these
galaxies are in a small range between z = 0.03609 and
z = 0.03702, so their radial velocity with respect to their
median redshift varies from ~—210 to ~70 km s~ !, similar to
the proper motions of galaxies. Most of these galaxies are
actively forming stars, unlike what is expected from the
statistical studies of filament galaxies in the nearby Universe,
which find the majority of galaxies close to the filament spine
to be passive g7alaxies. Their stellar masses are within a range
of 10'—10'"%" M. We search in the filament catalogs built
based on TNG simulations in order to find filaments with
similar geometrical and galaxy properties. We find no direct
match. This, however, might be due to the methods used in
building up the simulated catalogs, which likely introduce
certain biases in the catalogs. We further use the full-sky mock
galaxy catalog of the MillenniumTNG simulation project and
search for galaxy distributions with similar geometrical
properties. We find that fairly straight filaments can be found
and are expected in the ACDM galaxy distribution as well. Our
analysis shows that the identified filament is indeed unusual
and rare but not exceptionally uncommon.

We study the distribution of cold gas in a 1.3 Mpc long
section of the filament through HI 21 cm emission line
observations and find about a dozen HT sources. Their HI
masses vary between ~10®° and 10°° M., and they are all
detected at HI column densities N(HT) 2 10°°cm ™. All of
these detected H I sources have no confirmed optical counter-
parts in our deep CFHT observations. Their extreme My /M
values imply that they are very dark. This, together with the
large velocity widths of the HI 21 cm emission lines of the
clouds, indicates that they might not yet be virialized and hence
are not yet forming stars. The presence of such clouds in
filaments, although predicted by simulations, had never been
confirmed with observations. This is the first time that the
existence of such clouds in a filament is observationally
confirmed. We suspect that these clouds mark the peaks of the
distribution of HI over large scales within the filament as
predicted by simulations. Further observations are required to
confirm this.
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Appendix A
H 1 Data Reduction and Source Identification

We used the L-band receivers of the JVLA in the B and C
configurations to map the HI 21 cm emission in the field. The
observations in the B configuration were carried out on 2019
March 9, 2019 May 5, and 2022 October 16 for a total time of
~10.5 hr (proposal ID: VLA /2018-07-058; PI: Arabsalmani).
The C-configuration observations were carried out on 2022
October 23 and 2022 October 28 for a total time of ~17.5 hr
(proposal ID: VLA /2022-00-109; PL: Arabsalmani). “Classic”
AIPS was used for the analysis of the data (E. W. Greisen
2003). For each day's data, after initial data editing and flux and
bandpass calibration, a “channel-0” visibility data set was
created by averaging together line-free channels. A standard
self-calibration, imaging, and data-editing loop was applied on
the channel-0 data set until no further improvement was seen in
the continuum image on further self-calibration. At the end of
the loop, the final antenna-based gains were applied to all the
visibilities of the original multichannel data set. The radio
continuum image made using the line-free channels at the end
of the self-calibration cycle was used to subtract the continuum
from the calibrated visibilities using the task UVSUB, following
which the task UVLIN was also run. At this point, cumulative
visibility data sets were created separately for the B and C
configurations by combining the residual visibilities from the
daily observations (2 and 3 days, respectively). We also
combined the residual visibilities from the full 5 days in order
to create a combined B+C-configuration data set.

The three sets of combined visibilities (B configuration, C
configuration, and B+C configuration) were Fourier trans-
formed to produce spectral cubes using the task IMAGR. For
each configuration, we created two data cubes with optimized
velocity resolutions of ~34 km s~ ' and ~50 km s~ to improve
the statistical significance of the detected HI 21 cm emission in
independent velocity channels while still having sufficient
velocity resolution to accurately trace the velocity field of any
detected source. In order to optimize between the SNR of the
detections and the spatial resolution, robust factors of 0.5,
—0.5, and 0.5 were used for the B-configuration,
C-configuration, and B+C-configuration visibilities, respec-
tively, to create the cubes. The properties of the cubes produced
are provided in Table 3. We also applied the primary beam
correction using the task PBCOR. The field of view of the JVLA
has a full width at half-power of ~30" at the frequency of our
observations in the L band. We restrict ourselves to within the
HPBW, where it has a relatively flat response, in order to only
detect HI emission with high sensitivity.

We identified the H1 sources in the field observed following
a two-step process, described below.

(i) We identified the possible HI source candidates in the
field using the SoFiA software, designed for finding H I sources
from 3D cubes (P. Serra et al. 2015; T. Westmeier et al. 2021).
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SoFiA uses a Smooth-+Clip finder, where it creates multiple H I
cubes out of the original cube by smoothing it and clips pixels
below a certain absolute flux level in the (original and)
smoothed cubes, which are then merged over a preset merging
length along the spatial and spectral dimensions to create a
mask, which is then applied to the original cube to get the
source fluxes out. Other than the native spatial and spectral
resolution cube, we instructed SoFiA to also spatially smooth
the data with Gaussian filters that are one and two synthesized
beams in size and spectrally smooth the data with boxcar filters
that are three and five channels in size. The absolute clip flux
density was set to 4 times the (smoothed) rms noise level, with
local noise normalization enabled given the varying noise
across the field due to primary beam correction applied on the
input cube. For the pixels thus selected, we conservatively set
the minimum merging lengths to be 1 pixel only along both
spatial and spectral dimensions. Finally, the reliability para-
meter, which filters out potential real detections based on the
density of positive and negative sources in a certain parameter
space (please see references above for details), was also
conservatively set to a high value of 0.8, and the threshold of
constant integrated SNR in the search space was set to 5.

(i) Next, for each of the sources identified by SoFiA, we
created two spectra from the 35 and 50 kms™' cubes using the
task VIEWER of the Common Astronomy Software Applica-
tions package. The spectra were extracted from the cubes in the
regions defined based on the moment zero maps created by
SoFiA. Only for one source (G5), which was not identified by
SoFIA, do we use the moment maps created in AIPS. This is
one of the star-forming galaxies in the field located very close
to the edge of the HPBW of JVLA. We apply the task MOMNT
to the spectral cube in order to obtain maps of the H I total
intensity and the intensity-weighted velocity field for this
source. MOMNT works by masking out pixels in the spectral
data cube that lie below a threshold flux in a secondary data
cube created by smoothing the original cube both spatially and
along the velocity axis—the smoothing ensures that any
localized noise peaks are ignored, and only emission correlated
spatially and in velocity is chosen. We created the secondary
data cube by applying Hanning smoothing across blocks of
three consecutive velocity channels, whereas, spatially, a
Gaussian kernel of FWHM equal to 12 pixels (about twice
the size of the synthesized beam) was applied. The threshold
flux used to select pixels was approximately 1.5 times the noise
in a line-free channel of the original cube.

Finally, we only keep those detected H I sources that have
SNRs of 5 and above in both the 35 and 50 km s~ cubes. We
measured the HI integrated flux density by integrating over the
adjacent channels with fluxes above the rms noise and
converted this to a HI mass (M. Meyer et al. 2017). We also
fitted a Gaussian function to the HI 21 cm emission line to
measure the redshift and the FWHM of the emission. Our final
list of detected H1 sources is provided in Table 2. The total
intensity maps and the intensity-weighted velocity maps of the
HI 21 cm emission line for the detected HI sources are
presented in Figure 5. The extracted HI 21 cm emission spectra
are shown in Figures 6 and 7.
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Figure 5. (Continued.)
Table 3
Parameters of the JVLA H 1 Data Cubes
Arra Synthesized Beam Channel Width Noise in Line-free Channel
y y
(arcsec x arcsec) (km s ) (mJy beam ")
B 7.5 x 6.4 342 0.20
B 7.5 x 6.4 51.3 0.17
B+C 10.5 x 9.1 342 0.14
B+C 10.5 x 9.1 51.3 0.11
C 20.3 x 17.0 34.2 0.18
C 20.3 x 17.0 51.3 0.15
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Figure 6. H121 cm emission spectra of detected H I sources listed in Table 2. All the spectra are extracted from the cube with 35 km s~ ' channels (see Table 3). The
blue-dotted line marks the rms noise level. The best-fitted Gaussian functions to the spectra are shown with red-dotted—dashed lines. For G3 with a double-horn-like
H I spectrum, we also fitted a busy-function (T. Westmeier et al. 2014) to the HI 21 cm emission line, presented by the purple-dotted—dashed line. This results to a
Avoo37 0of =5 km s~ !, and an FWHMyg of 317 km s, consistent with those obtained by fitting a Gaussian. The H 121 cm emission line from S10 seemed to be like a
double-horn emission line; but after carefully checking the H1 21 cm emission in individual channels, we concluded the emission to originate from at least two
individual components. We therefore fitted a double-Gaussian function to the H I spectrum of this source to have a better understanding of its velocity spread. This is
presented with the purple-dotted—dashed line.
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The optical magnitudes of the eight galaxies (G1-G8) are
provided in Table 4, and the SED models of them are presented

Appendix B
SED Modelings
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Table 4

The Optical AB Magnitudes of the Eight Galaxies That Reside along a Narrow Filament Shown in the Right Panel of Figure 1
D GALEX-FUV GALEX-NUV Pan-STARRS-g Pan-STARRS-r Pan-STARRS-i Pan-STARRS-z
G2 21.08 + 0.17 15.767 + 0.00154 14.9462 + 0.00076 14.55 + 0.00068 14.3274 £ 0.00096
G3 18.76 + 0.12 18.19 + 0.03 15.9313 + 0.00228 15.3308 + 0.00138 15.0497 + 0.00141 14.8951 + 0.00224
G4 19.61 + 0.18 19.07 £ 0.05
G5 20.94 + 0.33 20.04 + 0.10 17.0395 + 0.01315 16.5134 + 0.00333 16.2298 + 0.00291 16.0221 + 0.00459
G6 19.43 +£ 0.15 18.45 + 0.04 15.6338 +£ 0.00145 14.9911 + 0.00103 14.6652 + 0.00081 14.4563 £ 0.00174
G7 19.70 £ 0.17 18.78 + 0.05 16.2019 + 0.00394 15.6776 + 0.00145 15.242 + 0.00150 15.0405 £ 0.00179
G8 21.06 + 0.35 19.34 + 0.07 15.4931 + 0.00087 14.9373 £ 0.00071 14.6468 + 0.00059 14.4661 £+ 0.00090
ID Pan-STARRS-y 2MASS-J 2MASS-H 2MASS-Ks ALLWISE-1 ALLWISE2
Gl 16.70 £+ 0.08 16.56 + 0.10 16.61 + 0.11 17.0 £+ 0.038 17.616 = 0.05
G2 14.0895 + 0.00205 13.773 £ 0.044 13.468 + 0.058 13.688 £ 0.082 14.694 £ 0.023 15.409 £ 0.024
G3 14.6917 = 0.00500 14.515 £ 0.096 14.348 + 0.127 14.181 £ 0.142 16.016 + 0.026 16.51 £+ 0.029
G4 18.498 + 0.053 19.048 + 0.128
G5 15.7913 + 0.01054 16.762 + 0.032 17.229 + 0.045
G6 14.2541 + 0.00254 13.873 £ 0.039 13.701 £ 0.052 13.896 £ 0.080 14.743 £ 0.022 15.302 + 0.022
G7 14.8082 + 0.00375 14.615 = 0.069 14.393 + 0.089 14.265 + 0.100 15.311 +£ 0.023 15.884 + 0.025
G8 14.2366 + 0.00162 14.028 + 0.052 13.76 £+ 0.050 13.847 £ 0.078 15.075 £ 0.033 15.671 £ 0.035
ID MegaCam-u MegaCam-g MegaCam-r MegaCam-i
G3 16.8593 + 0.001 15.8529 £ 0.0004 15.2587 + 0.0004 14.9554 + 0.0006
G4 18.3428 + 0.0027 17.4997 + 0.0014 17.1106 = 0.0014 16.955 + 0.0029
G5 18.2766 + 0.0019 17.1194 + 0.0008 16.3876 + 0.0006 16.0618 + 0.001

Note. Far-UV (FUV). Near-UV (NUV). The CFHT/MegaCam magnitudes are derived as explained in Section 2.2. The urls for obtaining the other magnitudes are listed
below. GALEX: https://galex.stsci.edu/GR6/?page=mastform. Pan-STARRS: https:/ /outerspace.stsci.edu/display/PANSTARRS /. 2MASS: https:/ /irsa.ipac.caltech.
edu/cgi-bin/Gator/nph-scan?submit=Select&projshort=2MASS. ALLWISE: https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?submit=Select&projshort=WISE.
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Figure 8. The fitted SED for the eight galaxies along the filament (G1-G8). The SEDs clearly demonstrate that G3—-G7 are actively star-forming galaxies while G1,
G2, and G8 (the three galaxies at the two ends of the filament) seem to be passive galaxies (with no emission lines). The physical properties of all galaxies, obtained
from the best-fitted SEDs, are listed in Table 1.
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Table 5
The Properties of the Possible Optical Counterparts of the Detected H I Sources, Marked with Yellow Circles in the Middle Panels of Figure 5
H-ID Opt-ID P(Zphoto<0.1) log,o(Mx/Mc) loglO(SFR/M@, yrh EB-V) (My1 /M)
%

S1 b 42 7.1 £0.1 -7.5 £ 0.6 0 89

d 1 6.2+ 04 2.8 £ 0.6 0.7
S2 a 65 9.10 £+ 0.03 13 £0.1 0 1
S3 a 6 54+£02 —-33+03 0 2570
S4 10,000
S5 a 1 6.3 £0.1 —-1.5+02 0.7 13/5370°

b 3 52+03 —-32+03 0

e 100 7.8 £0.1 —2.0 £0.1 0
S6 b 7 6.1 £0.2 —-29+04 0 1000
S7 b 6 6.0 £0.3 —28 £0.5 0.3 316
S8 b 3 55+03 —-29+04 0.4 912
S9 a 1 6.5+0.3 —-27+04 0.5 224
S10 c 1 52+03 —-3.0£03 0.2 15,488
S11 a 5 57+02 —2.6 £ 04 0.3 96

b 5 6.7 +0.3 —2.6 £0.7 0.7

c 4 6.4 £03 —-25+0.6 0.6

d 3 6.7 +0.3 —2.6 £0.7 0
S12 g (93) 100 6.2 £0.2 —-1.7£0.2 0.6 28

m (106) 11 74+ 0.1 —-54+1.0 0.0
p (119) 49 7.3 £ 0.1 —1.4£02 0.5

Notes. For the listed optical sources below, the probability of having a photometric redshift z,p < 0.1 obtained from SED fitting is >1%. Hence, we do not rule
z = 0.037 out for these sources. The first and second columns are, respectively, the identification names and numbers of the H I sources and their possible optical
counterparts. The third column is the probability of a photometric redshift zno < 0.1 for the optical source, obtained from SED fitting. Columns (4)—(6) are,
respectively, stellar mass, SFR, and E(B — V) obtained from SED fitting with assuming z = 0.037. Column (7) is the lower limit on My;/M, assuming that all the
optical sources listed in the table could be associated with the H I sources.

# For this source, we have provided the My;/M,. while including/excluding the optical source that is outside the H I emission (marked by “e¢” in Figure 5).
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