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ABSTRACT

The question of which environmental processes operate in filaments still remains unresolved. Given the ubiquity of filaments and
their importance in feeding clusters, a proper understanding of these mechanisms is crucial to building a more complete picture of
galaxy evolution. Carrying out such an investigation requires access to large galaxy samples with spatially resolved information.
As part of this effort, we analysed resolved Ha maps of 685 galaxies inside and outside the filaments around the Virgo cluster, in
addition to extensive measurements of the integrated physical properties. We created a pipeline to decompose the He images into
individual clumps that trace star-forming regions. We find that the number and average size of clumps in a galaxy are well-defined
functions of distance and angular resolution. In particular, the power-law relation between the number of clumps and the distance of a
galaxy is consistent with a fractal structure of star forming regions. We formulated an algorithm to compare filament and non-filament
galaxies after removing observational differences. Although we do not have any conclusive evidence of a difference in clump size
distributions between filament and non-filament galaxies, we do find that filament galaxies have slightly more peripheral clumps than

their non-filament counterparts.
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1. Introduction

Galaxy clusters have long been linked to increased qui-
escence (e.g. Dressler 1984; Lewis et al. 2002; Wetzel et al.
2012; van der Burg et al. 2020) and early-type fraction (e.g.
Dressler 1980; Postman & Geller 1984; Dressler et al. 1997;
Vulcani et al. 2023). Although these dense environments have
been well studied, the vast majority of galaxies are found out-
side clusters (e.g. Cautun et al. 2014; Cui et al. 2019). Surveys
such as SDSS (York et al. 2000) and 2dF (Colless et al. 2001)
have helped formulate the current picture of the large-scale struc-
ture of the Universe as a cosmic web filled with long structures
known as filaments (e.g. Bond et al. 1996; Kitaura et al. 2009;
Darvish et al. 2014).

As a consequence, the research field exploring how galaxy
evolution is driven or altered by the environment is steadily shift-
ing from comparing galaxy properties in groups and clusters
with those in the field (whose definition is admittedly ill-defined)
to considering the position of galaxies in the cosmic web, includ-
ing the filaments that connect groups and clusters.

* Corresponding author: gautam.nagaraj@epfl.ch

Studies have revealed higher early-type fractions (e.g.
Kuutmaetal. 2017; Castignani etal. 2022a; O’Kane et al.
2024), lower star-forming fractions (e.g. Cybulski et al. 2014;
Blue Bird et al. 2020; Castignani et al. 2022a), higher metal-
licities (Donnan et al. 2022), and smaller star-forming disks
(Conger et al. 2025) in filament galaxies. However, it is not clear
whether filaments enhance (e.g. Kleiner et al. 2017) or repress
H1 gas reserves (e.g. Crone Odekon et al. 2018; Luber et al.
2019). Furthermore, filaments are a heterogeneous environment
and feature a complex intersection with groups. Hoosain et al.
(2024) and Zakharova et al. (2024) reported that while galaxies
closer to filament spines are redder and more HI-deficient, the
dependence can be largely explained by enhanced group mem-
bership in the filament interiors. In addition, most environmental
studies focus on quenched galaxies, so the impact of environ-
ment on star-forming galaxies is less understood. Overall, it is
quite clear that a consensus on the environmental impact of fil-
aments, let alone a full accounting of the underlying physical
processes, is still out of reach.

The central question underpinning these investigations
relates to how galaxies sustain and eventually quench their star-
formation activity, a phenomenon that is also referred to as the
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baryon cycle. A series of seminal studies has revealed the con-
nection between molecular gas and star-forming regions, thanks
to the SINGS (Kennicutt et al. 2003), THINGS (Walter et al.
2008), and HERACLES (Leroy et al. 2009). Bigiel et al. (2008)
found a linear relationship between SFR and H, surface den-
sities (Zspr, Zp,) at sub-kpc scales. Also, Leroy et al. (2008)
showed that the H,-to-H T ratio and, by extension, cloud forma-
tion, strongly depends on the galactocentric distance.

Built on that heritage, pushing spatial resolution down to
< 100pc scales, the PHANGS collaboration has shown that
galaxies with higher stellar mass and more active star forma-
tion tend to host molecular gas with higher surface density and
higher velocity dispersion (Sun et al. 2020). Rosolowsky et al.
(2021) highlighted that the location of clouds is strongly influ-
enced by the presence of stellar bars and spiral arms, pro-
viding the first sign of the relation between dynamical (local)
environment and star formation conditions. The high-resolution,
multi-wavelength journey of PHANGS continues, including
PHANGS-MUSE (Emsellem et al. 2022) and PHANGS-HST
Ha (Chandar et al. 2025), promising to provide constraints on
feedback-regulated star formation.

As yet, there is no comparable high-spatial-resolution study
placing galaxies within their filament environments. One excep-
tion is the work of Vulcani et al. (2019), who presented MUSE
observations and spatially resolved properties of four nearby
galaxies from the GASP sample (Poggianti et al. 2017), embed-
ded in filaments identified by Tempel et al. (2014). These four
galaxies present Ha clouds beyond four times their effective
radii and generally disturbed He distributions, which is quite
unusual outside a cluster environment. However, it is necessary
to assemble a statistically representative sample that will allow
us to assess the impact of filaments.

Thanks to its proximity, the Virgo cluster and its associated
network of filaments offer a unique opportunity for detailed, spa-
tially resolved studies. The work presented here is set within this
context, as part of a series of papers that aims to better under-
stand the full range of environmental conditions around Virgo.
The first study, Castignani et al. (2022a), assembled HT 21-cm
and CO observations of 245 galaxies and carefully quantified
a set of filaments motivated by but independent of Kim et al.
(2016) to understand the environmental impact of filaments on
atomic and molecular gas. Compared with isolated galaxies from
the AMIGA sample (Verdes-Montenegro et al. 2005) and Virgo
cluster galaxies from Boselli et al. (2014), they found a clear
sequence from field to filament to cluster in terms of decreas-
ing gas content and SFRs. The second study, Castignani et al.
(2022b), put together a catalogue of nearly 7000 galaxies inside
and around the Virgo cluster with an extensive collection of
integrated data and basic physical properties (described in more
detail in Sect. 2). Follow-up studies have included the compar-
ison of the gas properties in filaments to results from a semi-
analytic model (Zakharova et al. 2024), an analysis of the effects
of environment on the relative sizes of star-forming and stellar
disks (Conger et al. 2025), and the detailed characterisation of
the disruption of the baryon cycle in the group NGC 5363/5364
based on Ha and H1 data (Finn et al. 2025).

The Ha data used here (Finn et al. 2025) are part of a much
larger effort to obtain resolved observations of 685 galaxies
inside and near the Virgo filaments (Finn et al. in prep.). In
this work, we use the full set of Ha observations to quantify
the morphology of star formation in galaxies inside and outside
filaments. In particular, we identify clumps in the Ha images,
namely, collections of HII regions whose exact sizes depend on
image quality and galaxy distance (see Sect. 3.3).
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The paper is organized as follows. In Sect. 2, we describe the
observations used in this study, including the Ho maps and the
relevant data from the main Virgo catalogue. In Sect. 3, we detail
the process used to quantify the He clump distribution in galax-
ies, the steps taken to ensure a clean sample, and the algorithm
developed to properly compare clumps in different populations
of galaxies. We also discuss the effects of image resolution and
galaxy distance on clump sizes. In Sect. 4, we detail the basic
properties of filament and non-filament galaxies in our sample
for context before moving to the results of the clump analysis
in Sect. 5. Then, we provide evidence of the fractal nature of
Hea clumps in Sect. 6. Finally, we summarize our findings and
suggest future directions in Sect. 7. Throughout this work, we
assume a Hubble constant of Hy = 74 km s~! Mpc™' (Tully et al.
2008).

2. Parent sample and observations
2.1. Sample selection

Our filament galaxy sample was drawn from a catalogue of
6780 galaxies in the Virgo cluster and its surroundings, includ-
ing multi-wavelength photometry, positional and environmental
information (distance and coordinates, nearest filament, group
membership, and local density), and basic integrated proper-
ties (stellar mass, morphology, etc., Castignani et al. 2022a,b).
The galaxies in the catalogue were assembled on the basis
of HyperLEDA (Paturel et al. 2003; Makarov et al. 2014), the
NASA Sloan Atlas (Blanton et al. 2011), and the ALFALFA
100 (Haynes et al. 2018) surveys. The respective authors used
redshift-independent distances from Steer et al. (2017) when
available and computed distances based on details about the cos-
mic flow from Mould et al. (2000) for the other galaxies.

In terms of environmental parameters, the authors use the
position information of the galaxy sample to calculate the fifth-
nearest neighbour densities (n5), used as an estimate of local
density on roughly megaparsec scales. The authors built on the
filament identification by Kim et al. (2016) to present a list of
thirteen filaments around the Virgo cluster, providing parametric
forms of their spines. Castignani et al. (2022b) defined galaxies
as being inside a filament if they are within 2.70 (24~') Mpc
from the filament spine. Group memberships were taken from
Kourkchi & Tully (2017). In this study, we used the following
parameters: distances, local densities (ns), stellar masses, Hub-
ble types, r-band elliptical fits (for galaxy size), morphologies,
and filament and group assignments.

We combined the information stated above with resolved Ha
observations of 685 galaxies inside or in the vicinity of Virgo fil-
aments (from the entire sample of 6780). The observations are
described below in Sect. 2.2. In the process of observing fila-
ment galaxies, we have also been able to obtain Ha imaging of
many galaxies outside filaments. Approximately a third of our
He sample are outside identified filaments and can be used as a
comparison sample.

We show the spatial distribution of the 685 galaxies in the
entire Ha sample in Fig. 1, along with their filament member-
ship (in a filament or not) and group membership (rich group,
poor group, or not in a group). The left panel shows which
galaxies belong (or are closest) to which filament, while the
right panel highlights the complex 3D structure of the filaments
and their constituents. Filaments have a mixture of galaxies in
groups and galaxies not in groups, but there are several groups
that are clearly centred around filament spines, showing the cor-
relations between these environments. In the entire sample from
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Fig. 1. Positions of all 685 galaxies in the Ha sample. Galaxies represented by star symbols are not in galaxy groups, while square symbols are in
poor groups and triangle symbols are in rich groups. Galaxies considered inside filaments (under 2.70 Mpc from the spine of a given filament) have
opaque symbols and thicker black edges while those outside the filament have translucent symbols and thinner black edges. We have indicated
the Virgo cluster as a black circle. The radius corresponds to the virial radius of 1.55 Mpc (McLaughlin 1999). In the left panel, we give the 13
filaments studied in Castignani et al. (2022b) in different colours and use the same colours to mark galaxies as being nearest to a given filament.
In the right panel, we colour both the filaments and galaxies by line-of-sight distance to highlight the complex 3D structure determining filament

membership.

Castignani et al. (2022b) excluding cluster galaxies (for a total
of 5628 galaxies), we find that 61% of filament galaxies are in
groups while only 43% of non-filament galaxies are in groups,
further highlighting this correlation.

2.2. Observations

Observations were conducted with narrow-band filters on four
instruments: the Isaac Newton Telescope Wide Field Camera
(hereafter referred to as INT), the Steward Observatory Bok
Telescope 90Prime (BOK), the WIYN 0.9 m Mosaic 1.1 Cam-
era (MOS), and the WIYN 0.9 m Half-Degree Imager (HDI). In
all cases, the narrow-band images are accompanied by r-band
images. Details on the observations, including the filter descrip-
tions and telescope details, are described by Finn et al. (in prep.).
The data reduction and calibration procedures are reported in
Finn et al. (2025) and we summarise the main points here.

The images were reduced using standard methods to subtract
the bias and dark current and then flattened using either a dome
or sky flat. We used Scamp (Bertin 2010) to solve for the astro-
metric calibration in each image, using the GAIA-EDR3 as the
reference catalogue. The astrometric RMS error with respect to
the GAIA-EDR3 reference positions is significantly less than a
pixel and is typically 0.05”or less. We used SWarp (Bertin et al.
2002) to co-add the images. We determined the AB photometric
zero point by comparing instrumental magnitudes with the ref-
erence r-band magnitude from PAN-STARRS for both the Ha
and r-band image. We created cutout images of each galaxy and
made an accompanying mask that flag pixels not associated with
the galaxy. The masks were made by combining a segmenta-
tion image from Source Extractor (Bertin & Arnouts 1996) with
known positions of GAIA-EDR3 stars. When masking the stars,
we adopted the relationship between stellar magnitude and star
radius used by the Legacy Survey (e.g. Zhou et al. 2023). The
masks were inspected individually to ensure that parts of the
galaxy were not masked out.

The Ha images contain continuum flux in addition to the
line emission. To remove the continuum, we followed the meth-

ods described in Kennicutt et al. (2008) and Boselli et al. (2018).
We used a scaled version of the r-band image to estimate the
continuum in the Ha image. The scale factor depends on the dif-
ference in photometric zero points between the Ha and r-band
images and the colour of the stellar continuum. Therefore, we
included a term that scales with the g — r colour variations within
each galaxy. The g — r colour dependence is determined by inte-
grating a large library of stellar spectra over the r and He filters
(see Boselli et al. 2018 for details). We constructed a g — r image
for each target by re-projecting the Dark Energy Spectroscopic
Instrument (DESI) Legacy Imaging Surveys images (Dey et al.
2019) to match the FOV and pixel scale of the Ha image. The
colour-corrected continuum image was then subtracted from the
He image.

The full widths at half maximum (FWHM) values of the
point spread functions (PSFs) of the Ha images range from
1.1”to 3.6”, with a median of 1.6”. Several galaxies (159 in our
clean sample; see Sect. 3.2) have multiple images because of
poor weather and/or poor seeing conditions the first time. In our
analyses, we consider only the best image (based on FWHM and
visual inspection) for galaxies with multiple observations.

3. Methods

We quantified our galaxies’ resolved star formation by
identifying individual star-forming regions, or ‘clumps’. In
Sect. 3.1, we detail the algorithm we used to divide
the Ha images into clumps, with the manual checks to
ensure a clean galaxy sample described in Sect. 3.2. There
are several clump-finding methods detailed in the litera-
ture, including clumpfind (Williamsetal. 1994), source-
extraction-based (e.g. Bertin & Arnouts 1996) software (e.g.
Guo et al. 2015; Mehta et al. 2021), and machine-learning algo-
rithms (e.g. Colombo et al. 2015; Huertas-Company et al. 2020;
Adams et al. 2025; Bazzi et al. 2026). Our method uses a com-
bination of wavelet analysis and watershed-type de-blending.
Wavelet analysis is useful for decomposing an image into dif-
ferent physical scales, allowing us to efficiently identify clumps.
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Fig. 2. Illustration of the analysis pipeline for galaxy VFID 1035 (NGC 3982). Top: Decomposition of the Ha image into four Scarlet scales. In the
bottom panels, the Ha image is shown in grayscale (in arcsinh scaling). Bottom-left: Scarlet clump mask in burgundy contours, set to the 99.7th
percentile of (~30 above) the noise. Given the seeing FWHM of 1.39”, this mask consists of both Scarlet scale two and three, visible as small
contours within slightly larger contours. The galaxy boundary from the fourth Scarlet scale is marked in the fuchsia curve. Bottom-right: Final
clump map after source detection and de-blending by Photutils. Bottom-left corner: Image PSF for size comparison; here, 95% of the clumps are
larger than the PSF. See the main text for an extensive description of our analysis pipeline.

3.1. Analysis pipeline

To determine the clump structure of the 685 galaxies, we cre-
ated an analysis pipeline, illustrated by Fig. 2 for galaxy VFID
1035 (NGC 3982). First, we used the wavelet analysis code Scar-
let' (Melchior et al. 2018) to define clumpy SF regions in each
galaxy. Wavelet analysis is the representation of functions as a
particular family of orthonormal series (similar to the Fourier
series), with applications for image compression and signal pro-
cessing. In our case, wavelets enable the identification of features
at different physical scales by decomposing the image into var-
ious spatial frequencies. In particular, we decompose galaxies
into four scales. The first scale corresponds to emission peaks,
always smaller than the PSF. The middle scales (second and
third) identify regions of enhanced emission within the galaxy.
The final scale encloses the entire galaxy, which is useful for
marking the entire footprint. We show the decomposition of
VFID 1035 into four scales in the top panel of Fig. 2.

Several empirical tests we have performed show that the
third scale corresponds to physical clumps. For galaxies seeing
FWHM < 1.8” (70% of the sample), the second scale identifies
smaller, more isolated clumps that are sometimes missed by the
third scale. Therefore, our clump mask is defined as the entire
region covered by the third scale as well as the second scale for
galaxies with FWHM < 1.8”. When we quantified the clumps
(see below), we ignored any emission outside this clump mask.
In the bottom-left panel of Fig. 2, we plot the Scarlet clump
mask (burgundy contours set at a threshold described later in the
pipeline) on top of the VFID 1035 Ha image (grayscale, arcsinh
scaling). Given this galaxy’s seeing FWHM of 1.39”, the clump

! https://pmelchior.github.io/scarlet/
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mask consists of scales two and three, visible as small contours
within slightly larger ones.

The fourth scale was used to identify the boundaries of each
galaxy. This is necessary to establish the limits of the clump
mask, avoiding situations where we include extraneous emis-
sion that was not properly masked out or caused by image arte-
facts. In almost all cases, we found (empirically) that including
all pixels at or above the 16th percentile of the fourth-Scarlet-
scale map perfectly envelopes the galaxy. Out of our 685 galax-
ies, we need to manually modify this threshold for 25, with
percentile values ranging from 30-70. These are images with par-
ticularly widespread, low-level diffuse emission (possibly improp-
erly subtracted continuum or brighter dust-scattered Ha halos; e.g.
Seon & Witt 2012), where the regions bounded by the 16th per-
centile contours are much larger than the galaxies. In the bottom-
left panel of Fig. 2, we show the galaxy boundary for VFID 1035
(16th percentile contour of the fourth scale) as a fuchsia curve.

Although this procedure gives us a clump mask that is con-
strained to the galaxy footprint, Scarlet does not separate it into
individual clumps. To identify the positions, sizes, and shapes of
individual clumps, we used the Photutils package (Bradley et al.
2023). First, we ran their source detection algorithm on the
clump mask, which is essentially a division of the Scarlet map
into discrete units, with a few caveats. A region of an image is
considered a clump if it contains at least eight contiguous pix-
els. In addition, we require that at least 5% of the pixels in a
clump are above a galaxy-specific threshold that is defined as
follows. We identified the image background as all regions out-
side the boundaries set using the fourth Scarlet scale. We then
defined the 99.7th percentile of the He ‘emission’ (noise) in this
background map to be the threshold, which is very similar to
setting a 3-sigma detection threshold, but the former makes it
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more stable against outliers. We found, empirically, that the 5%
criterion allows us to retain low-surface-brightness features,
while avoiding clumps without emission that are occasionally
found by wavelet decomposition.

Finally, we allowed for clump deblending. The Photutils
package uses a watershed algorithm to divide Ha emission
regions into individual clumps. We set the following parame-
ters for deblending, chosen through extensive testing to create
clump maps consistent with detailed visual inspection. First, we
set the minimum fraction of the total flux a component of a
clumpy region must contain at 1%. Next, the flux map across
the region was divided into 32 linearly spaced levels for find-
ing saddle points to separate components. In addition, pixels
were considered contiguous when sharing either an edge or a
corner. Finally, we set the minimum number of contiguous pix-
els for a region to be divided into individual clumps as a num-
ber between 8 and 20, depending on the image FWHM (linearly
scaled).

In the bottom-right panel of Fig. 2, we plot the final clump
selection of VFID 1035 as coloured curves on top of the Ha
image (grayscale, arcsinh scaling once again). A comparison of
the individual clumps to the contours in the bottom-left panel
demonstrates the conservation of the Scarlet features, albeit with
compound structures typically de-blended into multiple clumps.
In the lower left corner, we show the PSF for size comparison.
The majority of the clumps (95% for VFID 1035 and 91% for
the entire sample of galaxies) are larger than the PSF (size cal-
culated as 7(FWHM/2)?). Only one percent of the clumps in the
entire sample are less than half the PSF area. As Scarlet does not
care about the PSF in this particular application (decomposition
into spatial scales) and often reports very asymmetric features,
it would be very difficult and even undesirable (given the added
biases) to limit the clump-finding algorithm to those larger than
the PSF. More importantly, we design stringent algorithms to
compare populations of galaxies that take differences in the PSF
into account (see Sect. 3.4).

3.2. Visual checks

To ensure a clean sample of Ha clumps, we visually inspected
each galaxy, where we assigned a general use flag of 0 (unus-
able) to 2 (good). A use flag of 2 corresponds to galaxies with a
clear He signal, typically with a clumpier structure than the con-
tinuum map, indicating a proper continuum subtraction. Galax-
ies with this flag value do not suffer from any artefacts. Exam-
ples of a galaxy that received a 2 in our rating system include
VFID 1035, as presented in Fig. 2. The use flag of 1 is given to
questionable sources, sometimes with large interloper galaxies
partly or fully within the region of the main galaxy that could
not be removed or sources with very little He whose veracity is
difficult to judge. Finally, the use flag of O is for catastrophic
artefacts, complete contamination by a much brighter source,
or a complete lack of He. We only used sources with a use
flag of 2.

We created other flags to indicate issues of masking of con-
taminants (foreground stars and other galaxies) covering parts of
the galaxy as well as very bright central regions for which the
clump-finding algorithm struggled. In addition, we used AGN
classification from the HyperLEDA catalogue (Paturel et al.
2003; Makarov et al. 2014) as assembled by Castignani et al.
(2022b) to create an AGN flag. We found no major impacts
resulting from the flags on our results. In any case, our final sam-
ple, with the use flag 2 and without any AGNs or galaxies with
masking and/or bright-core issues, contains 414 galaxies.

3.3. Effects of distance and image quality on clump
properties

An important question to consider relates the physical signifi-
cance of our measured clumps. Studies have shown that molec-
ular clouds in the Milky Way and M31 have a median radius
of 25 pc and 22 pc, respectively (Miville-Deschénes et al. 2017;
Armijos-Abendafio et al. 2025, based on hierarchical clustering
algorithms). H1I regions in the Milky Way have radii ranging
from ~1-20 pc (Tremblin et al. 2014), with smaller sizes reflect-
ing fewer stars and/or generally higher pressures in a given sys-
tem. On the other hand, Barnes et al. (2026) find a much larger
range of ~1-250 pc for HII regions in nearby galaxies, with
larger values arising from physical resolution limits of the instru-
ments, especially in cases where de-blending is difficult (e.g. in
crowded circumnuclear environments).

Observations of local star-forming galaxies, such as those
in the SINGS sample (Kennicutt et al. 2003), yield star-forming
regions with sizes of tens to hundreds of pc (e.g. Wisnioski et al.
2012), suggesting that clumps are coherent complexes of molec-
ular clouds. In general, it is clear that resolution plays an
important role in determining the sizes and other properties
of star-forming regions (e.g. Livermore et al. 2012; Cava et al.
2018). Kollmeier et al. (2017) compared images of star-forming
regions at different physical resolutions and show the loss of
information on features like shocks and ionisation fronts at
resolutions worse than 25 pc/pixel (see their Fig. 9). Recent
surveys such as PHANGS-MUSE (Emsellem et al. 2022) and
SIGNALS (Rousseau-Nepton et al. 2019) offer a unique oppor-
tunity to probe individual H1I regions in the Local Universe.

As our Virgo filament galaxies span a large range of dis-
tances (6—68 Mpc) and image qualities (PSF FWHMs of 1.1”to
3.6"), the physical resolutions achieved (i.e. FWHM in pc) span
a range of ~1.2 dex, from ~45-720 pc. Therefore, we need to
be able to quantify the evolution of measured clump sizes and
numbers as a function of the distance and angular resolution.

To help us with this task, we ran our analysis pipeline on a set
of five galaxies from the SINGS dataset (Kennicutt et al. 2003):
NGC 2976 (distance of 3.8 Mpc), NGC 3938 (12.7 Mpc), NGC
0024 (8.0 Mpc), NGC 0337 (19.4 Mpc), and NGC 1512 (12.5
Mpc). Their He images have FWHMs of 0.92-2.29”, result-
ing in physical resolutions of 17-141 pc. The usefulness of this
small sample is threefold: (1) the SINGS galaxy NGC 2976, with
a physical resolution of 17 pc, is able to resolve all the way
down to large individual H1I regions, giving us a more physi-
cal anchor to quantify the meaning of our clumps; (2) by using
a completely independent sample and ensuring consistency with
our Virgo galaxy sample, we demonstrate the robustness of our
methodology; and (3) the sample spans a factor of 5.1 in distance
and 2.5 in angular resolution, providing a diverse set of probed
physical scales.

We conducted an experiment, shown in Fig. 3 for NGC 2976,
where we placed the five SINGS galaxies at increasingly large
distances (e.g. at factors of twice, thrice, and four times the dis-
tance) without changing the angular resolution. The algorithm
uses cubic spline interpolation (Scipy module zoom) and con-
serves surface brightness, while shrinking the galaxy footprint
so that the total flux ends up reduced by a factor of distance
squared.

Assuming a Gaussian noise profile, we fit a Gaussian curve
(with mean fixed at 0) to all of the pixels outside the galaxy
mask (based on the fourth Scarlet scale; see Sect. 3.1) in the
original image. Thus, we obtained a value for o to quantify the
noise profile. In the new image, everything outside the galaxy
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Fig. 3. Clumps detected by our analysis pipeline (coloured circles) in SINGS galaxy NGC 2976 at its original distance (first panel), with the galaxy
artificially moved to twice (second panel), then thrice (third panel), and, finally, four times the distance (last panel; see text for details). We can see
that while the clumps are always placed in the same general regions of the galaxy, the number of clumps decreases strongly with the distance.
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Fig. 4. Dependence of the number of clumps on distance for SINGS
galaxies NGC 2976, NGC 3938, NGC 0024, NGC 0337, and NGC
1512, with lines coloured by the original seeing (FWHM) of the galaxy.
The change in the number of clumps has a strong negative correlation
(median R? = 0.983) with increased distance. When considering all five
galaxies simultaneously, we find a slope of —1.35 + 0.07 (black dashed
line). This suggests that Ha clumps are hierarchical (fractal) in nature,
with D ~ 1.3 — 1.4 (see Sect. 6).

mask (now occupying fewer pixels) is populated with random
values taken from the same Gaussian noise profile. This allows
us to mimic the galaxy being at a larger distance, but observed
with the same telescope and night conditions (since background
noise is distance-independent). We can see in Fig. 3 that a cou-
ple of regions were masked out in the original image (left-most
panel) because of bright interlopers but disappeared in the mod-
ified images (other three panels) given the way our algorithm
works. These regions have no impact on the measured clump
distributions.

It is clear that although the general regions of Ha emission
that qualify as clumps are the same at all distances, the num-
ber of clumps decreases rapidly with increasing distance, with
individual clumps generally representing larger physical areas
in the galaxy. In Fig. 4, we show the change in the number of
clumps measured as a function of distance for the five SINGS
galaxies. The points (different markers) show the actual change
in number of clumps in each experiment, while the lines are
best-fit curves through the points. We find that for each galaxy,
there is a strong correlation between the decrease in number of
clumps with the increase in distance (median R*> = 0.983). In
other words, although the behaviour of the changing number of
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clumps with distance is not exactly linear, the best-fit line is a
very good approximation.

In Fig. 4, we colour the five SINGS galaxies (points and
lines) by their angular resolutions (FWHM in arcsec). We find
no clear trend between the slope or intercept and the FWHM,
suggesting that the dependence of number of clumps on distance
is independent of the FWHM. For all galaxies, we included the
point (0,0) as the original image and number of clumps; how-
ever, we did not enforce a y—intercept of O in the fit given our
interest in measuring an accurate slope. For this reason, the best-
fit lines have intercepts close to zero but not exactly zero. The
slopes vary between —1.21 (NGC 0024) and —1.54 (NGC 0337),
but the overall spread in values is not large (standard devia-
tion o0 = 0.13), indicating a relatively uniform behaviour for
a large variety of observing conditions (spanning a factor of 5.1
in distance and 2.5 in angular resolution). This tells us that the
number of clumps is a well-behaved function of distance whose
relatively small scatter does not depend strongly on specific
observational conditions.

A natural corollary of this conclusion is that the results are
applicable to our Virgo filament galaxy sample as well. The
application of the distance experiment to three Virgo filament
galaxies (not shown in the paper) shows this to be the case. Fur-
thermore, the linear behaviour implies self-similarity, which we
discuss in Sect. 6. Specifically, we used the best-fit line for all
five galaxies with a slope of —1.35 = 0.07 to estimate the fractal
dimension of HII regions to be D ~ 1.35 in Sect. 6.

If we were to repeat the same test with the average clump
size, rather than number of clumps (not plotted in the paper),
we would find strong linear correlations (i.e. power laws), but
with positive, steeper slopes. With the same five galaxies, we find
that the best-fit line has a slope of 1.79 + 0.07 (and y-intercept
of 0). If clumps at larger distances were simply shown to be
combinations of clumps at smaller distances, we would expect
a slope of 1.35 (equal to that of the number of clumps, but pos-
itive). The fact that we get a significantly steeper slope implies
that clumps at larger distances also capture the low-density, low-
surface-brightness regions between clumps identified at lower
distances. We used this best-fit line to estimate observationally
induced differences in clump sizes between populations with dif-
ferent median distances in Sect. 5.1.

The other important aspect affecting clump properties is
angular resolution (image quality). In Fig. 5, we present a similar
experiment to that shown in Figs. 3 and 4, but with PSF instead
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Fig. 5. Number of clumps as a function of angular resolution (FWHM)
for the same five SINGS galaxies (NGC 2976, NGC 3938, NGC 0024,
NGC 0337, and NGC 1512), with the curves once again coloured by
the original seeing (FWHM). The curves are well fitted with quadratic
forms (median R* = 0.995) and have a large scatter that is signifi-
cantly correlated with the original angular resolution, suggesting a more
complex relationship with clump properties than distance that is likely
related to the angular scales associated with Scarlet scales two and three.

of distance. For the same five galaxies (NGC 2976, NGC 3938,
NGC 0024, NGC 0337, and NGC 1512), we convolve the initial
PSF (assumed to be Gaussian) with another Gaussian to make
an effectively coarser PSF, up to factors 5x the original FWHM.
Specifically, Alog FWHM is a measure of the logarithmic ratio
of the new FWHM (after convolution) to the original FWHM.
We find that the number of clumps as a function of the increas-
ing PSF is very well modelled by a quadratic function (median
R? = 0.995), rather than a linear function, showing greater com-
plexity with PSF than distance.

Compared to the distance experiment, we found a much
greater scatter between the five galaxies. There is a clear depen-
dence of this scatter on the original angular resolution, although
it is not monotonic: galaxies with higher resolution have a flat-
ter response at small Alog FWHM (with the number of clumps
nearly unchanged), while those with lower resolution immedi-
ately show a decrease in the number of clumps. We found the
same trend, but in the opposite direction for average clump sizes:
galaxies with lower resolution have a flatter response at small
Alog FWHM, while those with a lower resolution immediately
start increasing in terms of the average clump size.

The correlation between the shapes of the curves and the
original FWHM is likely an indication of the effects of the Scar-
let decomposition scales and Photutils deblending parameters we
use: we are effectively probing a minimum angular size given
our selection. In the case of NGC 2976 (dark blue curve), an
angular resolution of 0.92” (which is better than all galaxies in
our sample at a minimum resolution of 1.08") leads to a large
flat response in the curve up to ~0.25 dex in Alog FWHM. This
means we are almost exclusively probing features larger than
the PSF in the original image. Given that the Scarlet scales and
Photutils parameters were designed specifically for our Virgo fil-
ament sample, this is unsurprising and non-problematic.

The quadratic curves and large variance in response due to
differences in the original FWHM highlight the complexities
of the effects of PSF on clump properties. Nevertheless, it is
also clear that the response is well characterised. Furthermore,
94% of our Virgo filament (and non-filament) sample have angu-
lar resolutions of FWHM< 2.29”. This means that based on
Fig. 5 and the corresponding version with average clump size,
we can better understand the effects of PSF on clump proper-
ties in our main sample. We performed the PSF experiment on
a set of 20 Virgo galaxies and confirmed that the responses are

also quadratic, with the same dependence on original FWHM.
We explicitly use the average clump size relations with distance
and FWHM to help understand our result in Sect. 5.1.

In this analysis, we have shown that the behaviour of clump
sizes and numbers is a well-behaved function of distance and
PSF. Furthermore, the effects of distance and PSF are compara-
ble in magnitude: for a very large distance or FWHM increase of
5% (Alog Quantity = 0.7), the number of clumps is decreased by
roughly one order of magnitude. Thus, when comparing clump
distributions of two different populations, by carefully matching
their physical FWHMSs (which combine the effects of distance
and angular resolution), we can minimise observational biases
and learn true differences. We describe our matching algorithm
in Sect. 3.4.

3.4. Creation of comparable populations

In Sect. 3.3, we show that physical resolution (FWHM in pc) is
essential in determining the meaning of individual clump sizes.
As a result, any analysis aimed at understanding clump distri-
butions involving diverse populations of galaxies must account
for resolution effects. All of our resolved clump results involve
comparing the details about the clumps in filament galaxies ver-
sus non-filament galaxies. To ensure that the comparisons we
made were strictly related to the difference between the popula-
tions, we needed to guarantee that their distributions of physical
resolution were nearly identical. The precise details of this pro-
cedure are listed below.

1. We calculated the FWHMs of all the galaxy images in phys-
ical units (i.e. parsecs) based on the FWHMs in pixel units,
pixel scales, and the measured galaxy distances.

2. We divided each galaxy population (of the ones being com-
pared) into equally spaced bins between the range of phys-
ical FWHMs occupied by both populations. Galaxies below
or above the range were immediately removed. The number
of bins is chosen as the floor of the size of the smaller popula-
tion divided by 10. For example, with 252 filament and 162
non-filament galaxies, we selected 16 bins. The number of
bins was chosen empirically to enforce a strong population
match, while avoiding very sparsely populated bins.

3. For a pair of two populations (i.e. filament vs non-filament),
we equalised the histograms. In each bin, we computed the
number of galaxies in that bin divided by the total number of
galaxies for each population. Then, we randomly removed
galaxies from the population with the larger fraction until
the difference is minimised.

4. Since the total number of galaxies changed as we moved
through the bins, the fraction of all galaxies in any given
bin also changed. For instance, after going through bin 1
out of 16, we ended up with 15 filament galaxies and 10
non-filament galaxies in the bin, along with 240 filament
galaxies and 160 non-filament galaxies in the entire sam-
ple (all 16 bins). The fraction of filament galaxies within a
bin 1 would then be 15/240 = 0.0625 and the fraction of
non-filament galaxies would be 10/160 = 0.0625, indicating
that the populations were equalised. After going through the
other 15 bins, there were only 150 filament galaxies and 125
non-filament galaxies remaining in the sample. This means
that the bin 1 filament fraction changed to 15/150 = 0.1,
while the non-filament fraction changed to 10/125 = 0.08,
pushing the populations out of equilibrium. Therefore, we
needed to repeat the process iteratively, with the final con-
dition asserting that the difference in the fraction of total
sources in each bin is the minimum possible value. For
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Fig. 6. Demonstration of the FWHM-compatibility procedure. In the left panel, we show the original sample of 252 filament (purple) and 162
non-filament (green) galaxies comprising the full set of 414 galaxies. After removing 95 filament and 29 non-filament galaxies, we are left with
the distributions on the right, whose FWHM distributions follow each other very closely. In both panels, the median FWHM of each population is

shown as a dotted line. The medians are identical after the procedure.

subsequent iterations, we also allowed the possibility of
adding back removed galaxies. This works in the same way
as the normal procedure in step 3: in a given bin, if the popu-
lation with the smaller fraction already had a list of removed
galaxies, we added them back in random order until the dif-
ference was minimised.

5. Steps 3—4 either removed or added back randomly selected
galaxies in each bin until the fractions ended up as equal as
possible. Thus, we would get a different set of galaxies each
time we conducted the procedure. To provide stable results,
any time we performed the matching process, we repeated it
25 times.

To elucidate this process, we show the distribution of uncor-
rected (left panel) and corrected (right panel) FWHMs of fil-
ament versus non-filament galaxies considered in the study in
Fig. 6. The full population of 414 galaxies is divided into
252 filament and 162 non-filament galaxies. Using the criteria
explained above, we find that the two distributions are initially
incompatible: a Kolmogorov -Smirnov (K-S) 2-sample (two-
tailed) test yields p = 1.5x 1073, suggesting that the distributions
are distinct (which is obvious when viewing the figure). Our pro-
cedure to equalise the population resulted in the removal of 95
filament and 29 non-filament galaxies. The subsequent distribu-
tions are essentially identical (p = 0.93).

4. Integrated properties of filament and
non-filament galaxies

In previous sections, we detail the creation of a sample of 685
galaxies in and around filaments associated with the Virgo clus-
ter, the detection and measurement of He clumps, and manual
checks to ensure purity, leading to a sub-sample of 414 galax-
ies, along with the development of an algorithm to unbiasedly
compare populations of galaxies. For our filament and non-
filament comparison, the matched populations consist of 157
(after removing 95 of the original 262) and 133 (after removing
29 of the original 162) galaxies, respectively, for a final popu-
lation of 290 galaxies (though in fact there are more than 290
galaxies represented since we always take 25 different iterations
of the matching procedure). All subsequent results in the paper
feature the matched populations.
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In this section, we focus on basic (integrated) properties to
provide context for the populations underlying the results in
Sect. 5. It is important to note that our samples are not mass-
complete, as our goal is to highlight our methodology and com-
pare clump distributions with as many galaxies as possible, and
not to make definitive statements on integrated properties. Thus,
the conclusions in this section are mostly limited to our sample.
In Fig. 7, we show the distributions of stellar mass, Hubble type,
local number density ns (inverse of the volume occupied by the
five nearest neighbouring galaxies), inclination, full He size, and
r-band size for both filament (purple) and non-filament (green)
populations.

The Ha sizes are defined by converting the total number of
pixels within the fourth scale Scarlet map above the 16th per-
centile, or a different value for ~3% of the population (Sect. 3.1),
to a physical value in squared parsecs. All the other quantities are
taken from the Castignani et al. (2022b) catalogue. In the case of
r-band size, we define it by taking the moment-based elliptical
fits (semi-major and semi-minor axes) derived by the 2020 Siena
Galaxy Atlas (SGA-2020; Moustakas et al. 2023, available for
the Virgo galaxies in the aforementioned catalogue) based on
the Legacy Imaging Surveys Data Release 9 (Dey et al. 2019)
and calculating area as A = mab.

Our galaxies span four orders of magnitude in stellar mass
(~107 — 10'"" Mg) and include all morphological types from
ellipticals to irregulars. The only property for which there is a
strong statistically significant difference between filament galax-
ies and non-filament galaxies is ns. In particular, non-filament
galaxies tend to live in lower densities (0.54 dex) than their coun-
terparts. This is simply a statement that the filaments are higher-
density environments than non-filaments.

Filament galaxies have a slight tendency to be smaller in
Ha and r-band size than non-filament galaxies. The histogram
also shows different peaks in the size distributions. These peaks
(and the median difference) persist through a bootstrap analysis,
suggesting they are real. At the same time, many of the largest
galaxies in the entire sample are filament galaxies, showing the
complexity of the comparison. In any case, the differences are
not statistically significant (~1.50 based on the p-value), mean-
ing they are minor at most. We also note that the Her sizes are
~0.5 dex smaller than the r-band sizes, but this is complicated to
interpret given the difference in size definitions.
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Fig. 7. Comparison of the distribution of various quantities for (PSF-matched) filament (purple) vs non-filament (green) galaxies in our sample
(not mass-complete). We show the stellar mass (top-left), Hubble type (top-right), local density ns (middle-left), inclination (middle-right; 90°
refers to edge-on), Ha size (bottom-left), and r-band size (bottom-right). The median values of each distribution are marked as vertical dashed
lines (purple for filament and green for non-filament). Our filament galaxies have much higher local densities and possibly smaller sizes than
non-filament galaxies, but are otherwise relatively similar in terms of physical properties.

Finally, there are galaxies at all inclinations, both with medi-
ans very close to the statistically expected 60° for randomly
distributed galaxies. Both the sizes and especially observed posi-
tions of clumps depend on the inclination of the galaxy, so

that having statistically indistinguishable inclinations lends con-
fidence to our efforts to make fair comparisons. In the case of
clump positions, given the large influence of inclination, we
divided galaxies into four inclination bins for a more reliable
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Fig. 8. Same as Fig. 7 but for comparison of the number of clumps.
Differences in the distributions are statistically insignificant (p = 0.35).
Nevertheless, the small differences we can see by eye reflect the dif-
ferences between the Ha size distributions in the bottom-left panel of
Fig. 7.

comparison (Sect. 5.2). In general, we find that our filament and
non-filament galaxy populations are statistically indistinguish-
able in all major properties except their environment, which
means they are ideal for pinpointing the effects of the filament
environment on Ha clump properties.

5. Resolved star formation in filament galaxies

We go on to focus on characterising the properties of the clumps.
For every clump, we measured three properties: size, flux, and
position. In this section, we compare the properties of clump
sizes and positions in our filament and non-filament galaxies.
As we lack information on dust attenuation, no definitive lumi-
nosity measurements can be made. Once again, for all results in
this section, we used the FWHM-matching algorithm described
in Sect. 3.4 to suppress observational biases.

We first compare the total number of clumps for filament ver-
sus non-filament galaxies in Fig. 8. According to a K-S 2-sample
test, the distributions of the numbers of clumps are statistically
indistinguishable (p = 0.34, or a 1o difference). The small dif-
ferences we can see by eye (i.e. the lower filament median, and
slight overabundances of filament galaxies with 1-12 and over
144 clumps) reflect the same shifts in the Ha size distributions
in Fig. 7 (bottom-left panel).

5.1. Filament and non-filament galaxies generally have
similarly sized clumps

The clump size distribution is strongly dependent on galaxy dis-
tance and angular resolution, as shown in Figs. 4 and 5, respec-
tively. Thus, with a galaxy sample whose physical FWHMs
vary by over a factor of five, assigning meaning to clump size
is particularly difficult. Nevertheless, our careful PSF-matching
procedure and the statistically indistinguishable stellar mass dis-
tributions of our samples allow us to compare the clump size dis-
tributions of our filament and non-filament galaxy populations.
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Another important consideration is how clumps from differ-
ent galaxies are counted. A galaxy with 500 clumps provides
500 times more input than a galaxy with 1 clump in a simple
clump stacking (i.e. aggregating the clumps of all galaxies in a
given population for the analysis). On the other hand, it would
strongly bias our results towards non-clumpy galaxies if the two
galaxies were given equal weight, especially since galaxies with
very few clumps tend to be farther away and have worse angu-
lar resolutions. To mitigate this issue, we randomly selected a
certain number of clumps from each galaxy. By choosing a few
different numbers, we are able to get a more comprehensive and
fair representation of the clump size distributions.

In Fig. 9, we compare clump sizes for filament (F; purple)
and non-filament (NF; green) galaxies for four different num-
bers of clumps: 10, 25, 50, and 100 (from left to right). An
auxiliary point of choosing a particular number of clumps from
each galaxy is that we must remove galaxies with fewer than that
number of clumps from the comparison. After the matching pro-
cess, the samples compared in Fig. 9 have sizes of 42 (F) and
43 (NF) for ngymps = 10, 38 (F) and 33 (NF) for ncjumps > 25,
20 (F) and 23 (NF) for ncumps > 50, and 28 (F) and 10 (NF)
for neymps > 100. To be clear, samples with ngymps > 10 also
includes galaxies with at least 25, 50, and 100 clumps, and so on.

We found no statistically significant (or visually apparent)
difference between clump sizes of our filament and non-filament
galaxies for the cases of neumps = 10, Reumps = 25, and
Aetumps = 50. In the case of nciumps = 100, the difference appears
(at face value) to be extremely statistically significant, with
filament galaxies generally having smaller clumps than non-
filament galaxies. In fact, a bootstrap test with the rcymps > 100
populations produced the same result. However, as we show
below, this difference is likely caused by residual differences in
the physical resolutions of the populations, which exist because
our non-filament population is very small (ten galaxies).

The most important caveat when considering the strong dif-
ference in the neumps > 100 case is the very small number of
galaxies in the case of non-filament environments (ten). With
such small numbers, the PSF-matching algorithm does not work
well (too few bins to minimise differences). We find that the
median angular resolution for filament galaxies in this sub-
sample is ~0.06 dex sharper (lower) than the median for non-
filament galaxies. In addition, the median distance for filament
galaxies is ~0.07 dex closer than for non-filament galaxies.

In Sect. 3.3, we quantified the effects of distance and angu-
lar resolution on clump sizes. For distance, the effect is a
simple linear equation: log(average size,.,/average size,y) =
1.7910g(dpew/do1a). For angular resolution, the effect is a
quadratic function of the logarithmic change in FWHM
and a (non-analytic) dependence on the original FWHM.
We can approximate log(average size,.,/average size, ) as
a 2D interpolation function of the original FWHM and
log(FWHM,,ew,/FWHM,y4). For galaxies that are closer or have
better angular resolution than the reference, we can simply use
the relation with the opposite sign, although the assumption of
symmetry is possibly flawed in the case of angular resolution.

With these equations, we can estimate the sizes all clumps
in the galaxy samples would have at a reference distance and
FWHM. By effectively placing all clumps at the same observing
conditions, we can try to erase the difficulty caused by the imper-
fect physical FWHM matching given the small number statistics;
however, the approximations do not take into account the scat-
ter in the relations, assuming symmetry between worsening and
improving angular resolution. In any case, we placed all clumps
in the ncumps = 100 samples at a distance of 25 Mpc and an
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Fig. 9. Distribution of clump sizes in filament (purple) and non-filament (green) galaxies, with medians shown as dashed lines. In each panel, we
take galaxies with at least n clumps (n indicated at the top) and randomly select n clumps from the FWHM-matched populations (after the restriction
of minimum number of clumps) to prevent biases towards either very clumpy (no weighting) or non-clumpy galaxies (galaxy-weighting). We find
no differences in clump sizes until the n = 100 case, where filament galaxies generally have smaller clumps than non-filament galaxies. This
large difference may be caused by population differences arising from very small number statistics (only ten non-filament galaxies). See text for a

detailed discussion.

angular resolution of FWHM = 1.5”. These values are approxi-
mately the medians of the galaxies’ observing conditions, lead-
ing to the minimum possible shift in clump sizes and therefore
the minimum possible influence of galaxy variance from the
equations used. We find that, in fact, the modified clump distri-
butions are nearly indistinguishable (p = 0.11 even considering
thousands of clumps). Therefore, we do not have conclusive evi-
dence of a difference in the clump size distributions of filament
and non-filament galaxies. A larger sample of clumpy filament
and non-filament galaxies, ideally well matched in physical res-
olution, will be necessary for a more definitive statement.

5.2. Filament galaxies display a slight tendency towards
more peripheral clumps than towards non-filament
galaxies

One of the primary tasks we can perform with resolved Ha
observations is mapping the positions where star formation is
occurring. In this work we tabulate the displacement between
flux-weighted centroids of each clump and the flux-weighted
centre of the galaxy. Once again, the galaxy is defined to be
the region of each image within the convex hull of the points
where the fourth Scarlet scale is over a threshold (almost always
the 16th percentile of the fourth-scale decomposition). Since the
galaxies in the sample have a vast range of sizes, to compare the
clump distributions, we divided the radial distance of each clump
to the centre by the measured semi-major axis in the r-band. The
semi-major axes have been measured using elliptical photometry
with second-moment maps (kinemetry, Krajnovié et al. 2006).
As stated earlier, they come from SGA-2020 (Moustakas et al.
2023) based on the Legacy Imaging Surveys (Dey et al. 2019).
The ratio of clump displacement to semi-major axis is a unitless
quantity that represents the relative location of the clumps.

The distribution of clump displacements from a galaxy’s cen-
tre is strongly dependent on its inclination as clumps along our
line of sight can get merged, and for disky galaxies this is much
more pronounced for edge-on than face-on configurations. For
this reason, we compare only galaxies with similar inclinations.
In Fig. 10, we compare the distributions of observed clump dis-
placement (normalised by semi-major axis) in filament (F; pur-
ple) and non-filament (NF; green) galaxies. We divide galaxies

into four bins of inclination (0—40°, 40-55°, 55-70°, and 70—
90°) and perform the FWHM-matching process (25 times) inde-
pendently in each bin to suppress observational biases. After the
matching process, the samples compared in Fig. 10 have sizes of
37 (F) and 18 (NF) for 0-40°, 13 (F) and 29 (NF) for 40-55°,
46 (F) and 43 (NF) for 55-70°, and 38 (F) and 23 (NF) for 70—
90°. We note that all galaxies in our Ha sample have inclination
measurements.

The distributions peak around r/a ~ 0.2 — 0.4, with
the lowest values in nearly edge-on galaxies (where the 3D
distance from the centre is most underestimated because of
projection issues). We see long tails towards larger values,
including peripheral clumps outside the nominal stellar radius.
In all galaxies except for nearly edge-on ones, we see a small but
statistically significant trend for filament galaxies to have more
outwardly and peripherally placed clumps than non-filament
galaxies (p = 1.7 x 1073 — 2.3 x 107°). Bootstrap experiments
with the galaxy samples (where we randomly select samples
with the same length as the original but with replacement) also
yield the same result, suggesting that the trend is quite stable.
To understand the underlying processes causing this trend, we
need to build simulations with spatially resolved star formation
and multi-phase ISM (e.g. Moreno et al. 2021; Verwilghen et al.
2024) on the large scales of the cosmic web.

In Sect. 5.1, we chose a certain number of clumps from each
galaxy via a random selection in order to avoid biasing results
towards the galaxies with the most clumps. This restricted the
galaxies to those with at least the number of clumps chosen (10,
25, 50, and 100). For the displacement result, we do not adopt
the same practice for two reasons: (1) when doing both the incli-
nation bins and the clump number procedure, there are too few
galaxies for comparison; and (2) in the case of displacement, we
are trying to understand how the clumps trace the Ha distribution
in the galaxy, not measure properties of individual clumps. Thus,
it makes sense to include all clumps of each galaxy in the com-
putation. Choosing, for example, just 10 clumps from a galaxy
with 500 clumps cannot properly sample the He distribution. On
the other hand, it is much easier to sample the size distribution
with fewer clumps.

Nevertheless, when we do restrict the sample with the num-
ber of clumps (and do not bin by inclination), we find that the
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Fig. 10. Observed displacement (normalised by r-band semi-major axis) of clumps in filament (purple) vs non-filament (green) galaxies in four
bands of inclination, with medians shown as dashed lines. Between 0°—70°, we find a small but statistically significant trend for filament galaxies

to have more peripheral clumps.

relation in Fig. 10 is not limited to a few ncumps = 100 galax-
ies, as in the size case. Rather, we find that it holds for the
Netumps = 30, Aeumps = 25, and neumps = 10 cases. Thus, the
danger of biasing towards galaxies with the most clumps is not
an issue for the displacement trend.

However, we must caution that the optical size measure-
ments of SGA-2020 are uncertain and that a more robust con-
clusion will require SGA-2026 elliptical fits (Moustakas et. al,
in prep.). Nevertheless, there is no reason for a systematic bias
towards filament or non-filament galaxies. Also, the moment-
based semi-major axis is a relatively unbiased tracer of galaxy
size. In comparison, for example, a surface-brightness-defined
axis depends strongly on the image observational depth, which
we find in our case to be slightly different between filament and
non-filament populations.

6. Clumps observed in fractal patterns

In Sect. 3.3, we describe how we discovered a strong power-law
correlation between the number of clumps and distance (rn o
d~'¥)in our experiment by artificially shifting galaxies to greater
distances. Due to the lack of an associated scale in a power law, this
result suggests that Ha clumps are self-similar structures. In other
words, in our observations, they behave as fractals would, with
well-defined sizes depending on the zoom factor. This signifies
that HII regions are not randomly distributed in a galaxy but are
rather organised in hierarchical structures. The clumps we observe
are higher levels of that hierarchy and depend on the observing
conditions. Thus, as long as we carefully match populations with
their physical resolutions (Sect. 3.4), we expect to make a physi-
cally meaningful comparison.

The most fundamental property of a fractal is its dimension:
if the mass of a clump at a scale of R is M, we can define the
fractal dimension, D, such that (M/M;) « (R/Ry)P (Mandelbrot
1983; Pfenniger & Combes 1994). While the physical implica-
tions are complex, the fractal behaviour can be driven by various
effects (e.g. turbulence, gravity, chemistry, etc.). By compar-
ing our fractal dimension to those measured for other types of
clouds, we can discover the connections between different phe-
nomena. With our distance experiment, we were able to esti-
mate the value of the fractal dimension of Ha clumps. Based on
the assumptions of true self-similarity (i.e. consistent behaviour
across all distance scales) and negligible inter-clump gas mass,
we can use Eq. 9 from Pfenniger & Combes (1994) to show that
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the absolute value of the slope of the best-fit line in Fig. 4 is equal
to the fractal dimension. In other words, our distance experiment
suggests that D ~ 1.3 — 1.4.

Caicedo-Ortiz et al. (2015) used a similar method (i.e. mea-
suring the log-log slope of the number of boxes to cover the Ho
emission of a source vs the box size) to find the fractal dimen-
sion of two giant H1I regions and find D ~ 1.4 in both cases. The
consistency in the fractal dimension of their H1I regions and the
larger Ha clumps in our study provide more evidence of the well-
defined hierarchical organisation of Hae emission from scales even
smaller than individual clouds to large complexes of clouds.

In addition, Elmegreen et al. (2006) measured the number of
clumps as a function of angular resolution for galaxy NGC 628
and find a power-law slope of ~—1.5, suggesting D ~ 1.5, which
is similar to our value. Furthermore, our estimated fractal dimen-
sion is the same as that of isophotes of atomic and molecular gas
clouds in the Milky Way and nearby galaxies from scales of 30
AU to a few hundred parsecs (D = 1.3 — 1.4; e.g. Scalo 1990;
Falgarone 1992). These papers determine the fractal dimension
through a different method: measuring the correlation between
area and perimeters of clouds, with isophotal boundaries. In our
work, clump boundaries come from Scarlet wavelet decomposi-
tion, so we cannot make a direct comparison. Nevertheless, in all
the aforementioned cases, we are measuring fractal dimensions
on 2D projected images, so that getting the same result could
actually reflect the connection between star formation and gas
clouds.

One important consideration is that this simple calculation
comes with assumptions and might not reflect the true frac-
tal dimension. Elmegreen & Elmegreen (2001), for example,
accounted for the overlap and blending of observed structures
(e.g. from projection effects) in experiments with numbers of
clumps as a function of PSF (modeled with Gaussian smoothing)
by creating models of different fractal dimensions and compar-
ing the resulting projected maps to observations of real galaxies.
With similar slopes as ours (compare our Fig. 5 to their Fig. 2),
they found that the galaxies are most similar to the D = 2.3 frac-
tal model, rather than the D = 1.3 model.

7. Conclusions

Using resolved Ha observations of a sample of 685 galaxies
in and near the filaments around the Virgo cluster, we system-
atically analysed the role of filaments on the morphology of
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star formation at small scales. We also employed the wealth
of integrated data available for our galaxies, including stellar
masses, morphologies, distances, and environmental informa-
tion. We developed a pipeline to identify and quantify star for-
mation clumps in the Ha images using wavelet decomposition
(Scarlet) and image deblending (Photutils), respectively. Based
on stringent visual checks, we reduced the 685 galaxies to a pure
sample of 414 galaxies. When comparing clumps of galaxies
from different populations, steps must be taken to ensure that dif-
ferences are physical and not simply the result of observational
biases. We have shown that the primary variable determining
observed properties of the clump distribution is the physical-
scale FWHM, so we designed an algorithm to match FWHM
distributions for unbiased comparisons. Finally, we matched
populations of 157 filament and 133 non-filament galaxies, for a
total of 290 galaxies.

We find that, in general, filament and non-filament galaxies
display the same distribution of clump sizes. However, in terms
of the radial distribution of clumps, for all galaxies except nearly
edge-on ones (i > 70°), filament galaxies tend to have slightly
more outer clumps than non-filament galaxies with a high statis-
tical significance (~40). Our clump displacement measurements
are normalised by stellar size measurements from SGA-2020
(Moustakas et al. 2023), which will come with improvements in
SGA-2026. These measurements will allow us to make more
robust statements. Further investigation, including simulation
work, will be needed to understand the origin of this result.

Through our tests of the effects of distance and angular res-
olution on clump properties, we have shown that Ho clumps are
fractal (hierarchical) in nature, not random (homogeneous), con-
sistent with studies of both HTI regions (e.g. Caicedo-Ortiz et al.
2015) and atomic and molecular interstellar gas (e.g. Falgarone
1992). Moving towards a comparison of filament and non-
filament environments, filament galaxies are clearly in regions
of higher local density than their non-filament counterparts. In
our sample, they tend to have slightly smaller sizes (both recent-
SF/Ha and stellar/optical footprints), although this does not
amount to highly statistically significant trends.

In general, repeating the analysis presented in this work
on higher-angular-resolution Ha images is required to make
stronger statements about differences in the clump distributions.
For example, the Javalambre Photometric Local Universe Sur-
vey (J-PLUS; Cenarro et al. 2014, 2019) delivers better and
much more consistent seeing (1.1”in the r-band; Rahna et al.
2025) than what is available for this work. The J-PLUS North-
ern Galactic Hemisphere footprint covers ten out of the thir-
teen identified Virgo filaments, with seven having partial or
full coverage within the two priority areas. Furthermore, one of
the J-PLUS filters (JO660) contains the Ha emission line up to
7z < 0.017. This allows us to measure resolved Ha fluxes for all
Virgo filament galaxies and their nearby non-filament counter-
parts in the footprint.

The role of the more tenuous and large-scale higher den-
sity environments in filaments in affecting star formation has not
yet been studied extensively, especially compared to clusters.
The present study provides a technical framework to evaluate
resolved star formation, applied to a medium-sized sample (414
galaxies) to study the systematic effects of filaments. However,
our understanding is far from complete and to supplement the
current data, we will need access to both detailed simulations
and much larger galaxy samples with better angular resolution,
as described above. Spectroscopy would allow us to pinpoint
details of not only the youngest stellar populations (e.g. with
Hea), but also older populations through such features as the

Balmer break and absorption lines to probe the timescales that
display the influence of filaments on galaxies.

Several complementary studies are already near completion.
For example, an analysis of very high resolution and sensitive
MeerKAT HT spectral cubes of galaxies along the Virgo III fil-
ament as well as an investigation of the molecular gas in sev-
eral H I-deficient galaxies with ALMA, NOEMA, and SMA will
help illuminate the effects of filaments on the gas components
of galaxies. By combining comprehensive integrated properties
of galaxies in a wide range of local densities around filaments
with resolved observations of Ha, CO, and H1, we will be able
to better understand the range of physical processes operating in
the cosmic web.
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