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ABSTRACT

Context. The stellar mass—metallicity (M,—Z) and stellar mass—star formation rate (M,—SFR) relations are fundamental tools for
understanding the evolution of star-forming (SF) galaxies. Combined with environmental factors, these relations provide valuable
insights into how galaxies evolve.

Aims. We analysed the M,—Z and M,—SFR relations for SF galaxies, classified according to their environment, and compared them
with a control sample of field galaxies. The aim was to quantify the differences in metallicity (AZ) and star formation rate (ASFR)
among galaxies in different environments. To achieve this, we used data from the Galaxy And Mass Assembly (GAMA) survey, along
with the filament catalogue that classifies galaxies into filaments, tendrils, and voids.

Methods. The emission lines were corrected for dust extinction, SF galaxies were selected using the BPT diagram, and their Z and
SFR were estimated. Control samples were created for each type of environment, using field galaxies. The M,—Z and M,—SFR
relations were fitted using Bayesian and least-squares methods. The scaling relations for galaxies in different environments were
compared to their corresponding control samples to establish robust differences.

Results. We determined that AZ increases as environments become denser. On the contrary, ASFR increases as environments become
less dense. Both results demonstrate significant differences between filaments and tendrils compared to voids. We also analysed
galaxies in filaments and tendrils that do not belong to any group, and found little to no difference compared to their control sample.
Morphology showed no significant deviation from the control sample.

Conclusions. We find that galaxies in filaments and tendrils have higher metallicities and lower SFRs due to enriched environments,
while void galaxies sustain high SFRs with low metallicities, likely driven by isolation and cold gas accretion. Our results indicate

that local environmental factors, rather than large-scale structure, are the primary drivers of these differences.

Key words. galaxies: abundances — galaxies: interactions — galaxies: star formation — galaxies: statistics —

large-scale structure of Universe

1. Introduction

Gas metallicity and star formation are among the key drivers
of galaxy evolution. Detailed studies of these properties provide
valuable insights into the role played by the environment.

Over the past decades, various empirical methods have been
developed to estimate gas metallicities (Z) from galaxy emission
lines, using different elements as tracers (e.g. Poetrodjojo et al.
2019). Moreover, metallicity has been found to correlate with
stellar mass, giving rise to the well-known mass—metallicity
(M —Z) relation. The study of this correlation has evolved and
adapted to different galaxy types, providing valuable insights
into its behaviour (Lequeux et al. 1979; Tremonti et al. 2004;
Séanchez-Menguiano et al. 2024a,b; Wu & Zhang 2024).

Similarly, the star formation rate (SFR) measures the amount
of stellar mass formed per unit time, and several empirical

* Corresponding author: jmolina@cab.inta-csic.es

approaches exist for its estimation. One of the most widely used
is based on the Ha emission line. These methods have estab-
lished a second key correlation, the mass—star formation rate
(M,—SFR) relation, which has proven robust across various con-
texts (Guzman et al. 1997; Buat et al. 2008; Davies et al. 2016;
Thorne et al. 2021). Together, these relations reveal that more
massive galaxies generally exhibit higher Z and SFR values,
while lower-mass systems show lower values for both param-
eters. Furthermore, studies have proposed a combined rela-
tion involving stellar mass, metallicity, and SFR, in order to
provide a more comprehensive view of galaxy evolution (e.g.
Lara-Lopez et al. 2010, 2013).

These correlations, however, have also been explored
in broader contexts. One key aspect is morphology:
the SFR appears to be influenced by galaxy structure
(Porter-Temple et al.  2022), with spiral disks following
distinct trends (Willett et al. 2015), while elliptical galaxies
tend to exhibit higher metallicities (Pipino & Matteucci 2006;
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Pipino et al. 2011). Morphology itself has been linked to the
galactic environment, with evidence suggesting that morpho-
logical type plays a more significant role than environment
in determining parameter evolution (e.g. Calvietal. 2018;
Laishram et al. 2024). Nevertheless, environment remains a cru-
cial factor, as shown by Sureshkumar et al. (2024), who found
that galaxy mergers are more frequent in underdense regions,
and impact various galactic properties. Finally, the temporal
evolution of these parameters has also been widely investigated
(e.g. Noeskeetal. 2007; Henry etal. 2021), particularly in
the era of next-generation telescopes like JWST, which has
revealed that at high redshifts galaxy evolution remains strongly
environment-dependent (e.g., Curti et al. 2024; Laishram et al.
2024). Lastly, it is important to highlight the current role
of machine learning in the study of these parameters. Some
machine learning studies are capable of deriving Z and SFR
from galaxy images (e.g. Wu & Boada 2019; Alfonzo et al.
2024).

Building on studies of environmental dependence in Z and
SFR, several authors have examined these relationships further.
Sotillo-Ramos et al. (2021) found that local density, rather than
group-centric distance, more strongly affects both SFR and Z,
indicating that stellar mass is likely the main factor driving
quenching in star-forming galaxies. Similarly, Wijesinghe et al.
(2012) argued that stellar mass primarily influences SFRs, with
minimal environmental effects in star-forming galaxies. They
also suggested that SFR-density trends are mainly driven by
changes in galaxy morphology. On the other hand, Ellison et al.
(2008) showed that for galaxies in pairs, the bulge fraction sig-
nificantly affects Z. Finally, the quenching process described by
Sotillo-Ramos et al. (2021), where red galaxies are often found
in denser environments, has been linked to both Z and SFR
in other studies, such as McNaught-Roberts et al. (2014). How-
ever, some reports suggest that processes such as starvation or
ram-pressure stripping may play a more prominent role than
quenching (e.g. Trussler et al. 2020), with the latter being one
of the main mechanisms responsible for suppressing the inflow
of metal-poor gas, thereby preventing dilution (Khoram et al.
2025).

In addition to these parameters, large-scale structure has
also been studied. Many papers, such as those reported by
de Lapparent et al. (1986) and Alpaslan et al. (2014a), have
paved the way for classifying the distribution of galaxies in
the Universe. Galaxies tend to cluster into groups and clus-
ters (~1 Mpc) that gravitationally clump together to form super-
clusters (~10Mpc). These super-clusters appear to be linked
together in the form of chains of galaxies, creating filaments
(~100Mpc) that surround voids, which correspond to low-
density regions of the Universe. Attached to these filaments are
branches that protrude from these structures, known as ‘tendrils’.
These regions were first introduced by Alpaslan et al. (2014a).
Based on these previous reports, galaxies can be classified into
the following groups: galaxies in filaments, tendrils galaxies, and
void galaxies.

O’Kane et al. (2024) concludes that the differences in star
formation activity and morphology between galaxies in fila-
ments and those in the field are primarily driven by local den-
sity, rather than the filaments themselves. Focusing on galaxies
in voids, Porter et al. (2023) and Argudo-Fernandez et al. (2024)
argue that these galaxies are predominantly late type, with a mor-
phology that is independent of both void size and galaxy den-
sity. In addition to filaments and voids, Dominguez-G6émez et al.
(2023a) also consider walls (dense regions of galaxies and
dark matter that form flat or filament-like structures, connecting
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galaxy clusters and filaments). They all show that void galax-
ies tend to have slightly lower stellar metallicities compared to
those in filaments and walls, and significantly lower than cluster
galaxies. In addition, these differences are most evident in low-
mass, extended-SFH, spiral, and blue galaxies. Despite these
findings, many authors (Einasto et al. 2022; Hoosain et al. 2024;
O’Kane et al. 2024; Torres-Rios et al. 2024) emphasise that both
local and large-scale environments primarily drive galaxy evo-
lution. High-density regions lead to quenched star formation
and early-type galaxies, while low-density regions show more
varied star formation histories. Although some authors give
greater weight to the local environment (Kauffmann et al. 2004;
Vulcani et al. 2012; Robotham et al. 2013).

The goal of this work is to examine the relation between star
formation and the metallicity of galaxies and their position in
this large-scale structure. To this end, we used a well-determined
sample with spectroscopic redshifts and ample ancillary data.

This paper is structured as follows. Section 2 explains the
Galaxy And Mass Assembly (GAMA) survey and how the fil-
tering process was carried out to select the sample of galaxies
studied here. The fluxes of these filtered galaxies were corrected
for dust extinction, and star-forming (SF) galaxies were selected
using the Baldwin-Phillips-Terlevich (BPT) diagram. Metallic-
ity and SFR were then derived from their emission lines. After-
wards, the different types of galaxies (filaments, tendrils, and
voids) are explained, and control samples are generated from
field galaxies of GAMA under specific established conditions
and tests. In Section 3, the scaling relations found from the dif-
ferent samples are analysed and compared. For this purpose, a
classical and Bayesian analysis was conducted to compare the
differences AZ and ASFR of the galaxies in the various envi-
ronments with a control sample. Finally, Section 4 discusses the
results obtained, and we present the conclusions of this work in
Section 5.

2. Sample selection
2.1. GAMA survey

The Galaxy and Mass Assembly (GAMA) (Driver et al. 2011;
Liske et al. 2015) is a large survey whose primary objective
is to map the distribution of galaxies at various scales, with
a focus on obtaining high-quality spectroscopic data for each
galaxy. The data were taken with the 3.9m Anglo-Australian
Telescope (AAT) employing the AAOmega multi-object spec-
trograph (Sharp et al. 2006) and the 2dF fibre feed. The spec-
tra were taken using a 2 arcsec diameter fibre, covering a
range between 3740 A to 8850 A, with a resolution of 3.2 A.
The survey covers a large area of the sky, approximately 286
square degrees, and includes over 340000 galaxies. This study
focuses on the GAMA Phase 1, which collects 192 545 galax-
ies in 48 square degrees, and a limiting Petrosian magnitude
of m, <19.8mag in one field and m, <19.4mag in the other
two (for further details see Baldry et al. 2010; Driver et al. 2011;
Hopkins et al. 2013, and Liske et al. 2015).

On the other hand, the emission lines from GAMA were
measured using the Gas AND Absorption Line Fitting (GAN-
DALF) algorithm (Sarzi et al. 2006), which is a simultaneous
emission and absorption line fitting algorithm. GANDALF mea-
sures and corrects for stellar absorption of the emission lines.
All these line measurements include the emission line flux, the
equivalent width (EW), and the signal-to-noise ratio (S/N) for
the most prominent emission lines, among other parameters (for
more details, see Gordon et al. 2018).
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Table 1. Galaxies selected from GAMA after the S/N and redshift cuts.

Condition Number of galaxies
Initial sample 192545
After S/N cut (i) 18247
After redshift cut (ii) 17283

Notes. The redshift cut shows the total number of galaxies selected due
to both conditions explained.

The full GAMA catalogue is matched with two other cata-
logues, one for stellar masses (Taylor et al. 2011), and one for
filaments (Alpaslan et al. 2014b), both from the GAMA survey.
The Taylor et al. (2011) catalogue estimates the stellar mass-to-
light ratio (M,/L) from optical photometry using stellar popu-
lation synthesis based on the Bruzual & Charlot (2003) model.
The Alpaslan et al. (2014b) catalogue uses an adapted minimal
spanning tree protocol called Friend of Friend (FoF) algorithm
(Merson et al. 2013), which groups galaxies based on their prox-
imity to one another, thus creating a network of connected galax-
ies. It identifies galaxies within a specified linking length and
classifies them based on their connection to nearby galaxies.

The spectroscopic sample of galaxies extracted from the
GAMA catalogue used here has 192 545 galaxies. First, we fil-
tered the data based on signal-to-noise ratio (S/N) and redshift
(z) thresholds to ensure the reliability of our results, as detailed
below:

— S/N>3 for He and [O111] 45007, and S/N>2 for HB and
[N11] 16583.

— 7<0.3 to ensure the Ha emission line remains within the
optical range, as it shifts out at higher redshifts.

Table 1 summarises the number of galaxies selected after suc-
cessively applying the filtering conditions.

Therefore, the initial number of galaxies available in the
GAMA catalogue for this study was reduced from 192545 to
17 283 after the filtering process.

Next, we corrected all the emission lines for dust extinction.
The extinction curve used in this work is from Cardelli et al.
(1989), we assume a case B of recombination (Osterbrock 1989)
and Ha/HB = 2.86. Therefore, the corrected flux is given by
F(Dcorr = F(A)ops - 109444, where F(A)eorr and F(2)gps correspond
to corrected and observed flux, respectively. The parameter A,
is the extinction for a given wavelength. When Ha/Hf is lower
than the theoretical value, then the adopted correction is set to
Zero.

2.2. BPT diagram

The Baldwin-Phillips-Terlevich (BPT) diagram (Baldwin et al.
1981; Veilleux & Osterbrock 1987) is commonly used to classify
and understand the ionisation sources of emission-line galax-
ies. This diagram allows us to classify the galaxies from the
GAMA survey into three groups: star-forming (SF), active galac-
tic nucleus (AGN), and composite.

The BPT diagram in Figure 1 is plotted using the emission
lines of [O ] 45007, [N1I] 16583, Ha and HB from the 17 283
galaxies selected. We used the curve of Kauffmann et al. (2003)
to separate composite from AGN galaxies, while the curve of
Kewley et al. (2001) separates composite from SF galaxies.

The estimation of the error bars, shown in Figure 1, was done
using Monte Carlo propagation. This method generates simu-
lated data for each variable from a multivariate t-distribution,
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Fig. 1. BPT diagram for GAMA galaxies. Galaxies below the
Kauffmann et al. (2003) function correspond to SF galaxies (blue
points), while the galaxies above the Kewley et al. (2001) function cor-
respond to AGN galaxies (red points). Galaxies that fall between the
Kewley et al. (2001) and Kauffmann et al. (2003) functions are classi-
fied as composite galaxies (green points). The error cross corresponds to
the median errors of the axes calculated using Monte Carlo propagation.

Table 2. Number of galaxies of each type based on the BPT diagram.

Galaxy type Number of galaxies
SF 13689
Composite 2336

AGN 1258

using the means and the full covariance matrix, which includes
the diagonal elements (variances) and the off-diagonal terms
(covariances) derived from the uncertainties of the original vari-
ables.

Based on Figure 1, the different types of galaxies are classi-
fied in the BPT diagram as shown in Table 2.

The data in Table 2 indicate that a total of 79% of the sample
(13 689 galaxies) consists of SF galaxies, which is the focus of
our analysis hereafter.

2.3. Metallicity and star formation rate estimation

Gas metallicities are estimated using the extinction-corrected
fluxes of the SF galaxies, and the calibration method from
Pettini & Pagel (2004).

12 +log;((O/H) = 8.73 — 0.32 - O3N2, 1)
where the parameter O3N2 is defined as
[O 1] A5007/HB
O3N2 =1 —_—— |, 2
810\ IN'] 16583 /Har &

and is in the range —1 <O3N2<1.9. We adopted the O3N2
calibration as it provides reliable metallicity estimates for
large samples of star-forming galaxies (Kewley & Ellison 2008).
Additionally, since the emission-line ratios involved are close in
wavelength, this method is minimally affected by dust extinction
(Lara-Lépez et al. 2013).
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On the other hand, we use the relation of Kennicutt (1998) to
estimate the SFR. This relation is expressed as

LHar
_ 3
1.27 x 1034 W 3

where the luminosity of the He line, corrected for dust obscura-
tion, is defined by Hopkins et al. (2003) as

SFRHopkins Mo /yr] =

3x10'8
Lig = EWo x 10704M 3410 ——— = —
H H [6564.61(1 + 2)]2
F(H)ops/ F(HB)obs | A
2.86 ’ “)

where F(Ha)obs and F(HB)qps are the observed fluxes of the Ha
and Hp lines, respectively, corrected by stellar absorption by
GANDALF. The EWy, denotes the equivalent width of the Ha
line in angstroms. Finally, M, denotes the absolute Petrosian
magnitude in the r-band. With these considerations, the repre-
sentation of the M,—Z and M ,—SFR relations can be established.

It is important to note that the fibre size of the AAT could
introduce some bias in the estimation of Z and SFR parame-
ters. This issue is particularly relevant for SFR measurements
due to the galaxy’s angular size. If a galaxy is large, its outer
regions might not fit entirely within the fibre, potentially leading
to incomplete SFR measurements. However, this potential bias
is mitigated by the calibration method used by Hopkins et al.
(2003), which accounts for such discrepancies in Equation (4). In
contrast, the Z parameter is less significantly affected. According
to Kewley et al. (2005), as long as at least 20% of the light of the
galaxy falls within the optical fibre, the gas metallicity provides
a reasonable approximation of the total value.

2.4. Galaxies in filaments, tendrils, and voids

The distribution of galaxies in the Universe is not homogeneous.
At large scales (~100 Mpc), the galaxies are arranged into vast,
elongated structures known as filaments, from which smaller
branches called tendrils emanate (Alpaslan et al. 2014a). The
regions between these filaments are characterised by a lack of
galaxies and are referred to as voids.

For this work, we used the classification provided by
Alpaslan et al. (2014b), who applied the FoF algorithm
(Merson et al. 2013) to classify the galaxies in the GAMA sur-
vey. This classification divides galaxies into the following types.

— Galaxies in filaments. This classification includes all galax-
ies within an orthogonal distance of 4.124~! Mpc from fil-
aments. Therefore, they are situated in dense environments
and are susceptible to the influences of their surroundings.

— Tendril galaxies. Included in this category are all galaxies
within an orthogonal distance (4.56 h~! Mpc) from tendrils,
and simultaneously located beyond a minimum distance of
4.12 h~! Mpc from any filament. Tendrils are slender, thread-
like extensions that serve as connecting links between certain
filaments. This term was first introduced by Alpaslan et al.
(2014a).

— Void galaxies. These are galaxies that are more than
4.56 h~! Mpc from both filament and tendril structures. As a
result, they are situated in largely underdense regions called
voids, where they remain unaffected by external influences.

Considering these different types of galaxies, the sample of SF
galaxies used in this study was classified into these three types,
by matching the GAMA catalogue and the catalogue of filaments
(Alpaslan et al. 2014b), as shown in Table 3.
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Table 3. Classification of the sample of SF galaxies considered in this
study according to the different environments.

Environment Number of SF galaxies
Filaments 2068
Tendrils 1466
Voids 189

From the initial 13689 SF galaxies, 15% correspond to
galaxies in filaments, 11% to tendril galaxies, and 1% to void
galaxies. The percentage of the remaining unclassified galaxies
corresponds mostly to field galaxies and will be used in the fol-
lowing section to create the control sample.

2.5. Control samples

In this study, a control sample refers to a subset of galaxies
selected as a reference to compare the properties of galaxies sit-
uated in filaments, tendrils, and voids. This sample is carefully
maintained under specific conditions to ensure its independence
from the large-scale structures under analysis, thereby providing
a reliable baseline for comparison.

We constructed such a control sample using field galaxies,
selected to serve as a reference population. Field galaxies are
identified from the original GAMA spectroscopic catalogue by
excluding all galaxies in filaments, tendrils, and voids. In addi-
tion, we also removed galaxies that are members of groups
or pairs. These exclusions are based on classifications from
the GAMA filament catalogue (Alpaslan et al. 2014b), and the
GAMA Galaxy Group Catalogue (G3C) (Robotham et al. 2011).
We note that we worked only with SF galaxies with the same
S/N and redshift cuts described previously in this section. By
applying these criteria, we obtained a well-defined and uncon-
taminated sample of field galaxies for our analysis.

Previous studies investigating environmental effects have
generated control samples using similar methodologies and cri-
teria (e.g., Ellison et al. 2008; Scudder et al. 2012; Chen et al.
2020; Garduio et al. 2021; Sotillo-Ramos et al. 2021). We note
that field galaxies are used as a control sample because they are
not exposed to extreme environments, that is, they are neither
located in structures such as filaments or tendrils, nor highly
underdense regions such as voids. This makes them suitable
for defining control samples, as done in previous studies (e.g.,
Ellison et al. 2008).

To ensure the validity of our study, these field galaxies must
share similar characteristics with those in filaments, tendrils, and
voids. We followed previous works and used stellar mass and
colour as our main criteria (e.g., Ellison et al. 2008, 2011, 2013),
since these two parameters robustly characterise the main prop-
erties of a galaxy (Baldry et al. 2004; Peng et al. 2010). Given
that our sample of galaxies is relatively local (z < 0.3), the
evolutionary effects are negligible (e.g., Lara-Lépez et al. 2009).
Therefore, we ensure that the differences in stellar mass and
colour between galaxies in filaments, tendrils, and voids and
those in the control sample remain minimal, adhering to specific
selection criteria.

These selection criteria, based on stellar mass and colour,
were established using the Kolmogorov-Smirnov (KS) and
Anderson-Darling (AD) tests as references. These tests assess
the null hypothesis that two samples originate from the same
population without requiring the specification of the distribution
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Table 4. p-values for the Kolmogorov-Smirnov (KS) and Anderson-Darling (AD) tests on stellar mass and colour.

Environment Filaments Fil. non-grpd. Tendrils Ten. non-grpd. Voids
Parameter Stellar mass  Colour  Stellar mass Colour Stellar mass Colour Stellar mass Colour  Stellar mass  Colour
KS test 0.18 0.56 0.43 0.55 0.14 0.11 0.12 0.73 0.81 0.48
AD test 0.05 0.20 >0.25 >0.25 0.06 0.20 0.22 >0.25 >0.25 >0.25

Notes. The tests are applied to the Empirical Cumulative Distribution Functions (ECDFs) of the control samples and the problem samples of

galaxies in filaments, tendrils, and voids.

function of that population. The KS test is good enough to verify

whether the created control sample and the sample of galaxies in Ho

filaments, tendrils, or voids can be assumed to be drawn from the 0.8

same galaxy population. However, we complement this test with ’

the AD test since it is more sensitive to the tails of the Empiri- 06

cal Cumulative Distribution Function (ECDF), thus ensuring that ™ oal

the samples are similar. The KS and AD tests accept the null o

hypothesis that both samples can be assumed to be drawn from 02 [

the same population if the p-value is higher than the significance ek B T emments ]
level @ = 0.05. op———— oo T

During the creation of the control sample, additional consid- ° (LO i) 1 0 . ("‘7 ) 8
erations include limiting the number of matched field galaxies e e
per target galaxy. For galaxies in filaments, a maximum of 20 1.0 - T —/— o —/——— b
field galaxies per filament galaxy was set. For tendril galaxies,
this limit ranges from 2 to 20, while for void galaxies, it varies 08 E
between 3 and 8. Similar studies conducted using the SDSS cat- 06 [ a
alogue have set this limit at 20 (e.g., Ellison et al. 2008), butin =~ |
our case, since the GAMA sample size is smaller, it does not 0.4 b
allow for the creation of such large control samples. [

These criteria allow us to obtain a control sample of 2114 02 Control | ] control | |
field galaxies versus the 2068 galaxies in filaments. The ECDFs oof—" TR g0 S Tt
for the stellar mass and colour of both the control sample and 10 11 2 4 6
galaxies in filaments are shown in Figure 2. Furthermore, since logio(M+/Mo) colour (u-r)
all the p-values collected in Table 4 are greater than the signifi- P 0 O L B
cance level, @ = 0.05, it can be assumed that the control sample
for galaxies in filaments and the sample of galaxies in filaments 0.8 4 osf b
follow the same distribution. , ] , ]

Similarly, for tendril galaxies, the control sample includes ~_*®f 1 08¢ ]
2181 field galaxies versus 1466 galaxies in tendrils. The corre- o4l 1 oal 1
sponding ECDFs and p-values, derived from the KS and AD [ 1 [ 1
tests, are also included in Figure 2 and Table 4, respectively. 02 4 o2l .

Finally, for void galaxies, the control sample includes 704 , Control 1 , control 4
field galaxies compared to 189 void galaxies. The ECDFs and p- 0.0 T Ty Rl S yatE

values for this case are presented in the same figures and tables.
These results confirm that the control samples are representative
of their respective galaxy environments.

In addition, it is important to highlight that the KS and AD
tests are designed for one-dimensional samples, and their exten-
sion to higher dimensions can lead to issues. Thus, we tested
our control samples by applying the two-dimensional KS test
using the mks_test package from Python (Naaman 2021). On
the other hand, note that the upper limit of >0.25 for some of the
p-values obtained from the AD test is due to the limitations of
the Python package used (scipy package; Virtanen et al. 2020).

3. Results

Once the control samples have been determined for each sample
of galaxies (filaments, tendrils, and voids), the M,—Z and M,—
SFR relations can be studied. Specifically, the goal is to estab-
lish if there are differences in metallicity, AZ, or star formation
rate, ASFR, between the galaxy samples and their correspond-
ing control samples. To quantify these differences, we will fit the

logio(Ms/Mo) colour (u-r)

Fig. 2. From top to bottom, the Empirical Cumulative Distribution
Function (ECDF) of the control sample of galaxies in filaments, ten-
drils and voids for stellar mass (left) and colour (right). The red line
shows the control sample, and the blue line the problem sample.

relations using two methods: least-squares fitting (Sect. 3.1) and
Bayesian fitting (Sect. 3.2).

Our fitting approach involves modelling the M,—Z and M, —
SFR relations for the corresponding control samples first. Then,
for the filament, tendril, and void galaxy samples, we fix the
higher-order coeflicients of their corresponding control samples
and fit only the zero-point. In this way, only the intercept (zero-
order coeflicient) is adjusted for each environment-specific sam-
ple. The quantities ASFR and AZ are defined as the differences
between the fitted zero-points of these samples and those of their
respective control samples.
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Table 5. Differences in Z and SFR between galaxies in different environments and their control samples, using the least-squares method.

AZﬁlaments AZﬁl.non—grpd. AZtendrils AZten.non—grpd AZvoids
(0.020+0.003)dex  (=0.0035+0.0038)dex  (0.018 £0.003)dex  (0.0026 +0.0037)dex  (=0.014 = 0.008) dex
ASFRﬁlamems ASFRﬁl.non—grpd. ASFRtendrils ASFRten.non—grpd. ASFRvoids
(0.024 £ 0.015)dex  (—0.0058 +£0.0191)dex (0.031+0.016)dex (0.0055+0.0175)dex  (0.078 +0.036) dex

Notes. The associated errors are estimated via bootstraping. The environments considered are galaxies in filaments (grouped and non-grouped),

tendrils (grouped and non-grouped), and voids.

Table 6. Differences in Z and SFR between galaxies in different environments and their control samples, using the Bayesian method.

AZﬁlaments AZﬁl.non—grpd. AZtendrils AZten.non—grpcl AZvoids
(0.019+0.003)dex  (~0.0040 +0.0038)dex  (0.016+0.003)dex (0.0017 +0.0037)dex  (—0.017 = 0.008) dex
ASFRﬁlamems ASFRﬁl.non—grpd. ASFRtf:ndrils ASFRten.n()n—grpd. ASFRvoids
(0.041 £0.016)dex  (0.0053 £0.0191)dex  (0.061 +£0.017)dex  (0.028 +£0.019) dex (0.092 + 0.040) dex

Notes. The associated errors correspond to the standard deviation of the Markov chains. The environments considered are galaxies in filaments
(grouped and non-grouped), tendrils (grouped and non-grouped), and voids.

3.1. Least-squares method

This method was implemented using the 1mfit package from
Python (Newville et al. 2016), incorporating weights defined
as the inverse of the squared residuals. This approach ensures
that galaxies with lower residuals contribute more significantly
to the fit, while those with higher residuals have a reduced
impact.

Figure 4 presents fits for the M,—Z and M,—SFR relations
using the least-squares method. A third-order polynomial fit
was used for the M,—Z relation, while a linear regression was
applied to the M,—SFR relation. Additionally, the residuals of
the fit approach zero, indicating a robust and well-constrained
fit.

For the M,—Z relations, the AZ differences in metallic-
ity between the galaxies of each type and their correspond-
ing control samples are small. However, for the M,—SFR rela-
tions, the ASFR differences in SFR become appreciable (see
Figure 4). To robustly analyse these results and draw con-
clusions, it is essential to consider the associated errors of
these differences. Table 5 summarises the differences in Z
and SFR found and their associated errors calculated using
bootstrapping.

3.2. Bayesian method

Bayesian regression is a type of conditional modelling where
a linear combination of other variables describes the mean
of a variable. The goal is to obtain the posterior probability
distributions of the regression coefficients. This method was
implemented here by creating models in Stan (Carpenter et al.
2017) using the R programming language. Error estimates are
accounted for in these regression models. Therefore, using
a Markov Chain Monte Carlo (MCMC) convergence diag-
nostic makes it possible to obtain robust fits for the scaling
relations.

Figure 5 shows the Bayesian fits obtained for the M,—Z
and M,—SFR relations. Similarly to the least-squares method,
the M,—Z relation shows small AZ differences in metallicity
between the galaxies of each type and their corresponding con-
trol samples. In contrast, for the M,—SFR relations the ASFR
differences become significant (see Figure 5). Table 6 sum-
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Fig. 3. Differences in Z (top) and SFR (bottom) between galaxies in fila-
ments (grouped and non-grouped), tendrils (grouped and non-grouped),
and voids and their corresponding control samples, using the least-
squares (circle points) and Bayesian (triangle points) methods. The
error bars have been calculated using bootstrapping for the least-squares
method and 10~ Markov chains for the Bayesian method.

marises the differences in metallicity and SFR found, along with
their associated errors calculated using the standard deviation of
the Markov chains.

Figure 3 summarises the AZ and ASFR results from Tables 5
and 6 for the least-squares and Bayesian methods.

For the results summarised in Figure 3, it is interesting that
the Bayesian results are slightly higher compared to the least-
squares results for the SFR, and the opposite for Z. These small
differences are within the errors, and both are consistent with
each other, showing the robustness of our results using either
method. Nevertheless, one of the methods could lead to an
under- or over-estimation. Even so, using the KS and AD tests to
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blue. All SF galaxies are in the background as a black density scatter plot. The dashed lines represent the linear regressions calculated by the
least-squares method for each galaxy type (in red) and its corresponding control sample (in blue). Error bars are the median errors calculated using
Monte Carlo propagation.
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Fig. 6. 2D Bayesian distributions of the differences in star formation
rate (ASFR) and metallicity (AZ) for galaxies in filaments (grouped:
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non-grouped: bottom right), and voids (bottom left), compared to their
corresponding control samples.

compare the Z and SFR distributions of the problem and control
samples, we confirm again that the differences found are statisti-
cally significant, thus validating the differences found.

Finally, Figure 6 shows the Bayesian results for AZ and
ASFR as full two-dimensional Bayesian distributions. This
approach avoids reducing the results to single values with asso-
ciated errors and provides a two-dimensional probability distri-
bution instead. We note that there is no correlation between the
AZ and ASFR differences.

3.3. Non-grouped galaxies

In this section, we analyse galaxies located in filaments and
tendrils but not associated with any group, aiming to assess
the direct impact of the environment on their properties. To
achieve this, we used the GAMA group catalogue (G3C)
(Robotham et al. 2011) to identify filament and tendril galaxies
that do not belong to any galaxy group. With this information,
we were able to assess whether the evolution of these param-
eters is more dependent on large-scale structures or local-scale
ones.

A control sample, which passed the KS and AD tests (see p-
values in Table 4), was created for these non-grouped galaxies in
filaments. A total of 1435 field galaxies were found compared to
1051 non-grouped galaxies in filaments. The same process was
applied to non-grouped galaxies in tendrils. In this case, a total
of 1499 field galaxies were identified, compared to 1143 non-
grouped galaxies in tendrils.

The values of AZ and ASFR obtained for these non-grouped
galaxies in filaments and tendrils are also included in Tables 5
and 6 for the least-squares and Bayesian methods, respectively.
In addition, these results are also summarised in Figures 3 and 6.
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3.4. Morphologies

Finally, in this section, we analyse the morphology of galax-
ies in filaments (grouped and non-grouped), tendrils (grouped
and non-grouped), and voids with their respective control sam-
ples. Our goal is to see if there are morphological differences
that could be attributed to the environment. For this analysis, we
used the GAMA Sérsic catalogue as an indicator of morphology,
which provides the Sersic index in multiple bands (Kelvin et al.
2012).

Figure 7 shows the morphology distributions (Sérsic index
in the r-band) for each problem sample compared to its control
sample.

The errors of the medians (shaded regions in Fig. 7) for each
distribution overlap with each other. On the other hand, when
applying the KS and AD tests to these distributions, they are only
satisfied for the void galaxies compared to their control sam-
ple. This implies that, although the medians of the distributions
are similar, small morphological differences exist. For instance,
the shape of the distribution of filaments and tendrils is slightly
skewed towards early-type galaxies.

4. Discussion

In this work, we describe our analyses of the M,—Z and M,—SFR
relations of a selected sample of star-forming galaxies extracted
from the GAMA survey (Driver et al. 2011; Liske et al. 2015).
The main objective here was to identify differences in Z and SFR
based on the type of galaxy according to the environment (fila-
ments, tendrils, and voids), using generated control samples for
each type. To achieve this, Bayesian and classical statistics were
used. In this way, we investigated how different extreme envi-
ronments, from voids to filaments, affect galaxy properties.

Our analysis revealed variations in Z and SFR across dif-
ferent environments. In particular, galaxies residing in filaments
exhibit a higher AZ. While their history of undergoing mul-
tiple star-forming cycles may contribute to this enhancement
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(Ibrahim & Kobayashi 2024; Goswami et al. 2024), it is not
clear how the nature of the filamentary environment itself plays
a dominant role. It is known that dense environments facili-
tate the accretion of metal-enriched gas, boosting the metallic-
ity of galaxies in these environments relative to those in less
dense regions (Aracil et al. 2006; Cooper et al. 2008). Further-
more, these phenomena align with the ASFR they are associ-
ated with, as the feedback environmental processes, combined
with the effects of galactic interactions (Das et al. 2023), eject
the gas that is favourable for incrementing significantly the SFR
(Pandey et al. 2024). On the other hand, tendril galaxies exhibit
a slightly more enhanced ASFR and similar AZ in compari-
son to galaxies in filaments. This suggests that both structures
exhibit similar behaviour owing to their small differences. In
contrast, void galaxies exhibit the lowest AZ, which has already
been observed in other studies, linking this phenomenon to gas
accretion by the halo and their SFH (Dominguez-Gémez et al.
2023a). However, these galaxies show the highest ASFR from
all the studied samples. This can be explained by continuous star
formation episodes (Beygu et al. 2016; Moorman et al. 2016;
Dominguez-Gémez et al. 2023b), i.e., short recurrent star forma-
tion bursts arising from cold gas reserves from the halo. Further-
more, the low-density environments in which these objects are
immersed prevent other galaxies from stripping their gas, thus
allowing for ongoing star formation (Dominguez-Gémez et al.
2022; Argudo-Ferndndez et al. 2024). With all this information,
we observe that the AZ and ASFR differences obtained (see
Figure 3) for galaxies in filaments, tendrils and voids are consis-
tent with the results of previous studies (e.g., Ellison et al. 2008;
Sotillo-Ramos et al. 2021; Hoosain et al. 2024).

Overall, in filaments and tendrils, interactions between
galaxies can trigger star formation. In contrast, in voids, star
formation is sustained due to the isolation of galaxies, and the
surrounding halo may be accreted, contributing to the enhance-
ment of the SFR. This increase in SFR as one moves towards
lower-density environments aligns with the observed decrease
in Z in the opposite density direction, which can be attributed
to the accretion of enriched gas and interactions for galaxies
in filaments and tendrils, and primordial gas accretion from the
galaxy’s halo for void galaxies.

On the other hand, galaxies in filaments and tendrils that do
not belong to any galaxy group were studied in Section 3.3.
For these non-grouped galaxies, only minimal differences in
Z and SFR were found compared to their control sample of
field galaxies (see Figure 3). These results suggest that the
evolution of ungrouped galaxies, even if they are part of fila-
ments or tendrils, is driven without important external perturba-
tions, leading to a slower and more regulated gas consumption
(Crone Odekon et al. 2018).

The study of these ungrouped galaxies is particularly impor-
tant in our work for two reasons. First, these galaxies exhibit
minimal differences in Z and SFR compared to field galaxies,
being largely compatible with them in most cases. Second, these
differences are significantly smaller than those observed in the
overall population of galaxies in filaments and tendrils, which
includes both ungrouped and grouped galaxies. This suggests
that the grouped galaxies are responsible for the increase in
AZ and ASFR. Therefore, the values of Z and SFR are more
influenced by the local density (e.g. group, cluster) in which
the galaxy resides, rather than by the large-scale structure (fil-
ament, tendril, or void). Consequently, the evolutionary prop-
erties of a galaxy are determined primarily by the density of
its local environment. This is in agreement with other studies,
such as those by Kauffmann et al. (2004), Vulcani et al. (2012),

Robotham et al. (2013), Hoosain et al. (2024), and O’Kane et al.
(2024). Hence, large-scale structure can be understood as a
second-order factor that significantly influences the character-
istics of galaxies.

In the context of the ‘nature’ versus ‘nurture’ debate, our
results suggest that nurture, specifically local density, has a
stronger impact on galaxy evolution than mere membership
in filaments or tendrils. However, we note that nature, or the
intrinsic properties of galaxies, such as internal feedback, gas
accretion, or disk instabilities also plays a significant role
(e.g., Tanaka et al. 2004; Maltby et al. 2010; Hughes et al. 2013;
Silva-Lima et al. 2022), though this aspect is not explored in the
present study.

Finally, regarding the morphologies studied in Section 3.4,
Figure 7 shows that the errors of the medians for each morpho-
logical distribution overlap. When applying the KS and AD tests,
they are only satisfied for the void galaxies in comparison to their
control sample. Although the medians of the distributions are
nearly identical, this suggest that there are small morphological
differences in the direction of early types. This has already been
analysed in previous studies, such as that by Porter et al. (2023).

Furthermore, a morphologically driven quenching can be
ruled out for SF galaxies, as the Sérsic index distribution of
galaxies in filaments, tendrils, and voids is similar to that of their
corresponding control samples (e.g., Ricciardelli et al. 2017;
Beygu et al. 2017; Smith et al. 2022). Lastly, it is worth noting
that there is no correlation between the AZ and ASFR differences
(see Figure 6).

5. Conclusions

This study shows that the environment affects galaxy metallicity
and SFR. The main conclusions are as follows:

— Galaxies in filaments exhibit higher metallicity and lower
star formation rates, due to their enriched environments and
ongoing interactions.

— Void galaxies have the lowest metallicity but show high star
formation rates driven by recurrent bursts fuelled by halo
cold gas reserves and a lack of gas stripping.

— The AZ and ASFR differences found suggest that the local
environment, rather than large-scale membership, has a
greater influence on galaxies’ evolutionary properties.

— A morphologically driven quenching can be ruled out based
on the similarity of Sérsic index distributions.

Metallicity and SFR are strongly linked to environment, under-
lining the need for new surveys to better assess how structural
context influences galaxy evolution.
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