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A B S T R A C T 

Metallicity offers a unique window into the baryonic history of the cosmos, being instrumental in probing evolutionary processes 
in galaxies between different cosmic environments. We aim to quantify the contribution of these environments to the scatter 
in the mass–metallicity relation (MZR) of galaxies. By analysing the galaxy distribution within the cosmic skeleton of the 
Horizon Run 5 cosmological hydrodynamical simulation at redshift z = 0.625, computed using a careful calibration of the 
T-ReX filament finder, we identify galaxies within three main environments: nodes, filaments, and voids. We also classify 

galaxies based on the dynamical state of the clusters and the length of the filaments in which they reside. We find that the cosmic 
environment significantly contributes to the scatter in the MZR; in particular, both the gas metallicity and its average relative 
standard deviation increase when considering denser large-scale environments. The difference in the average metallicity between 

galaxies within relaxed and unrelaxed clusters is ≈0.1dex, with both populations displaying positive residuals, δZ g , from the 
av eraged MZR. Moreo v er, the difference in metallicity between node and void galaxies accounts for ≈ 0 . 14 dex in the scatter of 
the MZR at stellar mass M � ≈ 10 

9 . 35 M �. Finally, both the average [O/Fe] in the gas and the galaxy gas fraction decrease when 

moving to higher large-scale densities in the simulation, suggesting that the cores of cosmic environments host – on average –
older and more massive galaxies, whose enrichment is affected by a larger number of Type Ia Supernova events. 

Key words: methods: numerical – galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: kinematics and 

dynamics – cosmology: large-scale structure of Universe. 
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 I N T RO D U C T I O N  

he distribution of matter on the largest scales of the Universe is
 complex entanglement of dark matter (DM) and baryonic matter
n the form of gas, dust and stars. By using galaxies as tracers of
he matter distribution in the cosmos, large-scale structures emerge,
orming complex patterns that determine the so called ‘cosmic web’
e.g. Peebles 1980 ; de Lapparent, Geller & Huchra 1986 ; Geller &
uchra 1989 ; Shandarin & Zeldovich 1989 ; Bond, Kofmant &
ogosyan 1996 ). Gravity not only go v erns the formation of the o v er-
ll cosmic web but also dictates how matter mo v es and amalgamates
o form the individual structures themselv es. Ov er time, substructures
n low-density regions are attracted to high-density regions, slowly
 E-mail: a.rowntree-2018@hull.ac.uk 

e  
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
ncreasing the concentration of mass within them (Zel’dovich 1970 ;
ardeen et al. 1986 ). This amplifies the density contrast between
reas in the cosmos and the more matter that accumulates, the clearer
hese large build-ups are and the deeper their gravitational potential
ells become, giving rise to unique cosmic environments. (i) Nodes
ouse up to thousands of galaxies, giving rise to the highest density
egions hosting large galaxy clusters (Gregory & Thompson 1978 ).
ii) Filaments act as the rivers connecting the nodes to one another,
acilitating the flow of matter throughout the cosmos (Bond et al.
996 ), and (iii) voids are the almost empty spaces outside of the
odes and filaments that are left behind (e.g. Kirshner et al. 1987 ). 
A number of studies showed that galaxy properties such as star

ormation rate (SFR) (Gavazzi et al. 2002 ; Porter et al. 2008 ; Peng
t al. 2010 ; Haines et al. 2011 ; Alpaslan et al. 2016 ; Mart ́ınez,
uriel & Coenda 2016 ; Mahajan, Singh & Shobhana 2018 ; Gallazzi

t al. 2021 ), gas-fraction (Hasan et al. 2023 ), morphology (Kuutma,
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amm & Tempel 2017 ), and metallicity (Shields, Skillman & 

ennicutt 1991 ; Henry et al. 1992 ; Donnan, Tojeiro & Kraljic 2022 ),
re affected by the cosmic environment that the y e xist within. Further
tudies into these environmental dependencies explained what is 
ausing these relationships. For example, high-density regions have 
 higher frequency of galaxy mergers (L’Huillier, Combes & Semelin 
012 ) and also possess the optimal conditions to cause tidal stripping
Jhee et al. 2022 ), both leading to dramatic changes in the properties
f the galaxies involved. Using the cosmological-hydrodynamical 
imulation IllustrisTNG-100 (Nelson et al. 2019 , Gupta et al. 2018 )
eported an ∼0.05 dex enhancement in metallicity at z ≤ 1.0 for
alaxies that have fallen into clusters. 

Metallicity is of key importance when studying galaxy formation. 
oth stellar and gas metallicities have been studied in excess 

hroughout the history of astronomy, and therefore it is important 
o distinguish between them. Stellar metallicity is a parameter 
hat shows the integrated metallicity evolution up until the time 
t which a star forms, snapshotting the metallicity at that instant. 
as metallicity on the other hand instead, is a snapshot of the
etallicity at the present moment, and this is the property that we

hoose to study in this work. Several properties of a galaxy are
ither directly linked or show correlation with metallicity: inflows, 
eedback processes such as outflows in the form of stellar winds, 
ctive galactic nuclei (AGNs) and supernova (SN) explosions, stellar 
ass, SFR, gas-fraction and environment. Metallicity, therefore, 

rovides a clear window into baryonic evolution in galaxies. When 
iscussing metallicity, one must also consider the mass–metallicity 
elation (MZR) and what go v erns the variation between stellar mass
nd metallicity in a galaxy (Tremonti et al. 2004 ). The MZR has
een e xtensiv ely studied in the local Univ erse (Lequeux et al. 1979 ;
remonti et al. 2004 ) and at higher redshifts (Savaglio et al. 2005 ;
aier et al. 2006 ; Maiolino et al. 2008 ; Foster et al. 2012 ; Møller

t al. 2013 ; Zahid et al. 2013 ). The dependence of the MZR on
he environment has also been investigated by several studies in 
he literature (Thomas et al. 2005 ; Yates, Kauffmann & Guo 2012 ;
ilyugin et al. 2013 ; S ́anchez et al. 2013 ; Peng & Maiolino 2014 ).
 or e xample, early studies into metallicity and environment reported 
igher chemical enrichment for Virgo group galaxies compared to 
he field (e.g. see Shields et al. 1991 ; Henry et al. 1992 ; Skillman
t al. 1996 ). At redshift, z ≈ 0.53, in the COSMOS field, Darvish
t al. ( 2015 ) spectroscopically identified a large filament, reporting 
n ∼0.10–0.15 dex metal enrichment for galaxies associated with 
he filament. By analysing Sloan Digital Sky Survey (SDSS) data to 
xplore the impact of local density and cluster membership on the 
ZR, Ellison et al. ( 2009 ) reported higher metallicities for cluster

alaxies independent of galaxy size and cluster properties. Wu et al. 
 2017 ) also studied the MZR relation as a function of local density
n SDSS, reporting a slight dependence of MZR relation on the 
nvironment. 

Over the last two decades, many efforts have been made to 
xplain the vertical scatter in the MZR, which is consistently larger 
han measurement uncertainty . Observationally , Choi et al. ( 2014 )

easured the stellar MZR at z = 0.7, finding different metallicities 
or individual galaxies when compared to the total measured MZR 

t the same redshift, further indicating a large scatter within the 
opulation. Tran et al. ( 2015 ) conducted a spectroscopic surv e y of the
luster XMM-LSS J02182–05102 at z ∼ 1.6 in optical and infrared 
av elengths. The y reported cluster galaxies at z ∼ 1.6 to lie below the
ZR relation of local galaxies, finding no environmental dependence 

f how the gas metallicity changes with stellar mass. Several studies
ave used cosmological–hydrodynamical simulations to explore the 
hysical dependencies of the scattering in the MZR. For example, 
orrey et al. ( 2019 ) found the scatter in the MZR to strongly
orrelate with the gas mass and the SFR of the system. Using
 semianalytical approach, De Lucia et al. ( 2020 ) demonstrated
etallicity dependence on the galaxy’s gas-accretion history and 

sing the EAGLE simulations, van Loon, Mitchell & Schaye ( 2021 )
urther specified clear dependencies between the scatter and gas- 
raction, inflow rate and outflow rate. They report that although these
ariables are closely coupled, each does have an independent contri- 
ution with gas-fraction itself, completely determining the relation 
etween residual metallicity and residual specific star formation rate 
sSFR), also see Chen, Wang & Kong 2022 for an observational
erspective. More recently W ang, W ang & Chen ( 2023 ) analysed
he gas-MZR o v er a redshift range of 0 −2, finding that, at high
edshift, the accretion of low-metallicity gas was responsible for any 
nvironmental dependencies, whereas at low redshift, AGN feedback 
layed a more crucial role. AGN feedback continues to show a large
mportance in Yang, Scholte & Saintonge ( 2024 ) for high stellar mass
alaxies, at which gas accretion is shown to no longer be the largest
ause of scatter in the MZR with scatter from AGN feedback being
ore prominent. Donnan et al. ( 2022 ) link the MZR back into the
eld of large-scale structure, clearly connecting the MZR and cosmic 
nvironments. They reported higher levels of chemical enrichment 
or galaxies closer to the spine of filaments and lower enrichment for
eld galaxies, demonstrating a significant variation between the two 
opulations in the context of the MZR. 
It is difficult to acquire accurate spectroscopy to measure metal- 

icity alongside data probing large-scale structures, ho we ver, with 
he advent of Dark Energy Survey Instrument (DESI; DESI Collab- 
ration et al. 2023 ), we can expect to be able to access good-quality
pectroscopic data in the coming years. It is, therefore, crucial to
nravel the connections between metallicity and the cosmic web 
urther using the currently available tools to help provide insight 
or future studies and build upon the work that has already been
stablished. 

This work presents the study of the scatter in the gas MZR
n different environments, using the cosmological–hydrodynamical 
imulation Horizon Run 5 (HR5; Lee et al. 2021 ). With a large box
ize of 1 cGpc 3 and 1 kpc resolution, HR5 can capture large modes
f structure formation whilst providing accurate galaxy properties 
nd is ideal for this study. Through this analysis, we will build on
ur understanding of the cosmic hierarchy, how galaxies evolve, and 
ow much the global environment affects galaxy metallicity and the 
ctive processes that influence it. Our results hope to clearly define
he portion of the scatter in the MZR that the global environment
an account for and to provide another perspective on existing 
elationships to help underpin future work using upcoming data 
eleases. 

Our work is structured as follows. Section 2 presents the HR5
imulation, our methodology to calculate the skeleton, and the galaxy 
atalogues used for our analysis, along with our environmental 
lassification. Our results are presented in Section 3 and discussed in
ection 4 . Finally, we conclude with our major findings in Section 5 .

 M E T H O D  

.1 Simulation data 

.1.1 Horizon Run 5 

R5 is one of the latest cosmological hydrodynamical simulations 
vailable (Lee et al. 2021 ). The simulation was run using a hybrid
PI-OpenMP version of the RAMSES adaptive mesh refinement 
MNRAS 531, 3858–3875 (2024) 



3860 A. R. Rowntree et al. 

M

c  

e  

a  

a  

a  

r  

e  

d  

l  

M  

S  

2  

m  

c  

I  

a  

w  

a  

�  

t

2

T  

e  

h  

h  

s  

t  

a  

s  

p  

d  

l  

p  

a  

K
 

a  

t  

a  

a  

c
 

b  

‘  

r  

a  

m  

m  

a  

f  

i  

s  

fi  

H  

s  

w  

t  

R  

2  

c  

c  

a  

H  

g

2

T  

e  

o  

u  

2  

R  

E  

m  

fi  

l  

m  

F  

fi  

 

m  

b  

‘  

U  

d  

u  

D  

s  

fi  

a  

s  

c  

E  

D
 

e  

b  

(  

t  

d  

t  

G  

t  

m  

2  

i  

s  

s  

i  

s  

t  

d
 

l  

S  

E  

e  

C  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/4/3858/7687166 by guest on 18 D
ecem

ber 2024
ode (Teyssier 2002 ) to maximize computing efficiency using mod-
rn architectures. It follows the formation and evolution of galaxies
nd cosmic structures up to redshift z = 0.625 within a box that co v ers
 volume of 1.049 × 1.049 × 1.049 cGpc 3 in co-moving units, whilst
chieving a resolution of 1 kpc within the higher resolution, zoom-in
egion with a cuboidal volume of 1049 × 119 × 127 cMpc 3 . HR5
mploys a large range of sub-grid physics, including metallicity-
ependant radiative cooling (Dalgarno & McCray 1972 ; Suther-
and & Dopita 1993 ), ultraviolet background heating (Haardt &

adau 1996 ), star formation activity (Rasera & Teyssier 2006 ),
N (Dubois & Teyssier 2008 ) and AGN feedback (Dubois et al.
012 ). The simulation also bases its o v erall chemical enrichment
odel on Few et al. ( 2012 ) that includes massive stars dying as

ore-collapse SN and exploding white dwarfs giving rise to Type
a SNe, allowing us to track the evolution of the oxygen and iron
bundances in the interstellar medium (ISM) and stellar populations
ithin galaxies. HR5 uses the following cosmological parameters for
 standard Lambda cold dark matter Universe: �0 = 0.3, �� 

= 0.7,
b = 0.047, σ 8 = 0.816, and H 0 = 100 × h 0 = 68 . 4 km s −1 Mpc −1 ,

hat are compatible with the Planck data (Ade et al. 2016 ). 

.1.2 Galaxy catalogue and selection criteria 

o populate its galaxy and halo catalogues, HR5 makes use of an
xtended friends-of-friends (FoF) algorithm that identifies virialized
aloes by creating a chain of linkages between DM, stellar and black
ole particles. These galaxy groups are then passed to the physically
elf-bound (PSB) based Galaxy Finder, PGalF , which is based on
he original PSB algorithm (Kim & Park 2006 ). PGalF identifies
 subhalo by searching for peaks at each particle position in the
tellar mass density field. Each peak’s core and possible non-core
articles are extracted, creating a galaxy candidate. A membership
ecision for each particle is then carried out, checking whether it
ies within the tidal boundary of the galaxy. The total energy of the
articles within the boundary is checked to ensure a valid result, and
 successful candidate is added to the catalogue (see Lee et al. 2021 ;
im et al. 2023 for more details). 
Our analysis is based on the galaxy catalogue for the last snapshot

t redshift z = 0.625. For this study, we are specifically interested in
otal stellar mass, total g as mass, average g as-phase metallicity, SFR,
nd positions in Cartesian space. Note that all galaxy gas properties
re computed within a radius of 30 kpc from the identified sub-halo
entre to extract only the information associated with the ISM. 

The raw catalogue requires certain quality cuts before we can
egin our analysis. We begin by removing all galaxies flagged as
impure’ in the catalogue; these galaxies lie close to large, low-
esolution regions, causing their properties to be unreliable for our
nalysis. Within this first cut, we only consider galaxies with stellar
ass M � > 2 × 10 9 M �. In HR5, stellar particles have a minimum
ass of 2 × 10 6 M � meaning galaxies with M � > 2 × 10 9 M � have

t least 1000 stellar particles, making them high enough resolution
or this study. These two cuts give us a total of 158 094 galaxies
n the final snapshot, irrespective of their position in the large-scale
tructure in HR5, constituting what will be referred to as S all . One
nal cut must be made to focus on the filamentary structure in
R5, removing the galaxies associated with large clusters in the

imulation (Chen et al. 2017 ). We do this by identifying all clusters
ith total mass M cluster > 10 13 M � and then removing all galaxies

hat lie at distances within 2 × R 200 from the cluster centre, where
 200 corresponds to the radius at which the mean matter density is
00 times the critical density of the Universe, similar to the cluster
NRAS 531, 3858–3875 (2024) 
ut seen in Gal ́arraga-Espinosa, Garaldi & Kauffmann ( 2023b ). The
ut-of f mass M cluster,cut = 10 13 M � ef fecti vely tar gets lar ge clusters
t z = 0.625, which lie at the nodes of the large-scale structure in
R5. After this final removal, we are left with a total of 69 214
alaxies referred to as S other . 

.2 Cosmic skeleton computation 

o establish any connection between metallicity and a galaxy’s global
nvironment, one must be able to define the global environment
f a galaxy. In recent years, this has been achieved through the
se of filament finding algorithms such as DisPerSE (Sousbie
011 ), Nexus (Cautun, van de Weygaert & Jones 2013 ), and T-
eX (Bonnaire et al. 2020 ; Bonnaire, Decelle & Aghanim 2022 ).
ach algorithm builds the estimated structures through a different
ethodology, for example, using the topology of the matter density
eld (Sousbie 2011 ), Hessian matrices (Cautun et al. 2013 ), regu-

arized minimum spanning trees (Bonnaire et al. 2020 ), and recently
achine-learning methods (Inoue et al. 2022 ; Awad et al. 2023 ).
or a more detailed comparison between different methodologies of
lament classification, we refer the readers to Libeskind et al. ( 2018 ).
To estimate the large-scale structure in a data set, the chosen fila-
ent finding algorithm must be provided with a matter distribution,

e that galaxies, DM, or both. The DM distribution provides the most
true-to-life’ tracing of the large-scale structure at a given epoch of the
niverse or simulation (Song et al. 2021 ). Since observationally, it is
ifficult to retrieve the DM distribution; the galaxies are commonly
sed as a tracer. Whilst biased and considered less accurate than
M (Laigle et al. 2018 ), using galaxies to trace the web has been

hown to correctly trace the underlying properties of the density
eld and its geometry (Kraljic et al. 2018 ). Zakharova et al. ( 2023 )
lso explicitly showed that filamentary structures identified in the
ame data set using different tracers reasonably agree. This provides
onfidence in using galaxies to trace the cosmic web (e.g. Gal ́arraga-
spinosa et al. 2020, 2023a ; Gouin, Bonnaire & Aghanim 2021 ;
onnan et al. 2022 ; Bulichi, Dave & Kraljic 2023 ). 
Depending on the proximity to an identified structure, we can

xplicitly define the cosmic environment associated with a galaxy
y using these filament-finding algorithms. Recently, Bonnaire et al.
 2020 ) introduced a new filament finder, T-ReX . T-ReX is designed
o detect filamentary structure in observations based on a point
istribution. It uses regularized minimum spanning trees and graph
heory to estimate the structure. T-ReX uses a combination of
aussian mixture models (GMM) to describe the distribution of

he tracer particles while graph theory is used to extract a smooth,
inimum-spanning tree that connects the tracers (Gouin et al.

021 ). This methodology succeeds in this context as the structure
s a continuous feature, whilst the tracers are an infrequent, noisy
ampling of the feature we wish to reco v er (Bonnaire et al. 2020 ). In
ummary, T-ReX statistically samples the cosmic structure present
n the distribution of tracer particles, outputting a list of edges in
pace that make up a skeleton-like structure. From here onwards,
his list of edges referred to as the ‘skeleton’ can then be used to
efine the cosmic environments numerically. 
To begin our analysis using these catalogues in the context of the

arge-scale structure in HR5, we must quantify the structure itself.
imilar to previous works (e.g. see Sarron et al. 2019 ; Gal ́arraga-
spinosa et al. 2020 ; Gouin et al. 2021 ; Donnan et al. 2022 ; Bulichi
t al. 2023 ), we choose to use the galaxies tracer of the structure.
ombining this with the T-ReX filament finder (Bonnaire et al. 2020 )
e can extract an accurate, numerical estimate of the positions of the
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Figure 1. The filament length function, � f , for this work, compared to that 
seen in Gal ́arraga-Espinosa et al. ( 2023a ). The solid blue line represents the 
function associated with this work, whilst the dashed black line presents the 
function associated with the study we are comparing to. 

Figure 2. The computed skeleton with T-ReX (black solid lines) o v erlayed 
onto the galaxy distribution (blue points) in a projected 20 cMpc slice of 
HR5. Visually, this demonstrates that the filament finder is able to reasonably 
identify the filaments in the data set. 
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ifferent environments. For the specific python implementation we 
tilize, see Bonnaire, Decelle & Aghanim ( 2021) . 
One can use multiple methods and cuts to decide on a galaxy

election for skeleton computation. The most common approach is 
o apply a mass cut in the galaxy catalogue. F or e xample, Sarron
t al. ( 2019 ) and Gal ́arraga-Espinosa et al. ( 2020 ) restricted their
nput data to galaxies with total stellar mass M � > 10 9 −10 9 . 5 M � to
onstruct their skeleton. Generally, in the literature, this methodology 
s physically justified because higher stellar mass galaxies tend to be 
ound more frequently within filaments and nodes, so using these as
he tracer accurately represents the underlying large-scale structure. 
his method is also coherent with galaxy selections that are utilized 

n observational work. However, this method’s main limitation is 
hat it only samples part of the stellar mass distribution. Irrele v ant of
tellar mass, all galaxies are gravitational bodies contributing to the 
tructure. Moreo v er, galaxies abo v e the mass cut used in the skeleton
omputation have a different distribution in their ‘distances to the 
lament spine’ to those below the mass cut. As such, if the mass
ut used in the galaxy property analysis is abo v e that employed for
he skeleton computation, then the calculated values of this distance 
alue are inconsistent (see Appendix A ). This leads to our second
pproach: randomly sample the 20 per cent of the galaxies across
he full stellar mass distribution. The reason we choose to use a
0 per cent sampling rather than the full 100 per cent is outlined in
ppendix A ; ho we ver, in short; using the full distribution leads to a

ignificant o v erpopulation of short filaments, leading to an incorrect, 
imodal PDF in filament length when compared to existing literature, 
Gal ́arraga-Espinosa et al. 2023a ). Using a 20 per cent sample also
eads to a galaxy number density comparable to that seen after 
aking a mass cut of M � ≥ 10 9 , yet it maintains the full stellar mass
istribution. This leads to a much more comparable, unimodal PDF 

n filament length, o v er the correct range. 
This study uses the second methodology outlined abo v e, tuning 
-ReX to retrieve a viable representation of the cosmic web in HR5.
e begin with the original catalogue of 901 985 galaxies to compute

ur skeleton. The only galaxy removal implemented before skeleton 
omputation is the removal of the ‘impure’ galaxies found near low- 
esolution regions, opting not to utilize the common M � cut as seen
n aforementioned studies. This leaves 645 970 galaxies, and after 
aking 20 per cent of these, we have 129 194 galaxies to be utilize
n the creation of the skeleton. The main parameters within T-ReX
re the following (Bonnaire et al. 2020 ): (i) � , that go v erns the
moothness of the skeleton; (ii) l , that go v erns the lev el of de-noising
hat occurs in the calculation; and (iii) σ , which alters the variance
f the GMMs that are in use. For our catalogue of galaxies at redshift
 = 0.625 in HR5, we use � = 5, l = 2, and σ = 2. 

To finally assess the consistency of our skeleton with literature, we 
alculate the filament length function as seen in Gal ́arraga-Espinosa 
t al. ( 2023a ). The filament length function, � f , is defined as the
umber density of filaments in a bin of length re-scaled by the bin
idth. Fig. 1 compares our work and the filament length function 

ssociated with Gal ́arraga-Espinosa et al. ( 2023a ). The similarity in
he functions, considering the redshift dif ference, sho ws that e ven
ith different simulations, filament finders and number densities, 
e are working in similar spatial scales and as such our skeleton is

chieving our goals. Further explanation of the decision to use the 
econd approach and specific reasoning for parameter choices can 
e found in Appendix A . 
Fig. 2 shows a galaxy distribution within a 2D slice of 20 cMpc

hickness from the zoom-in region of HR5, overlayed with the 
keleton identified by T-ReX . The skeleton allows us to calculate the
erpendicular distance of each galaxy to the nearest filament ( d skel ).
o compute d skel , we utilize the radial distance skeleton
unction provided in the T-ReX library. Executing this between 
ach galaxy in S other and the skeleton itself gives us each galaxy’s
erpendicular distance to the nearest edge on the skeleton, d skel . In
his work, we define cluster galaxies or, equi v alently, node galaxies,
s galaxies that are within 2 × R 200 of FoF haloes with M tot 

10 13 M �. For this population, we can define d cluster as the distance
f an individual galaxy to the centre of mass of the FoF halo that it
elongs to, where the total mass of the halo is M tot ≥ 10 13 M �. We
ote that d cluster is computed by using the nearest-neighbour algorithm 

arried out between S all and the high-mass galaxy cluster data set. 

 RESULTS  

.1 Spatial distribution of galaxies in the skeleton 

n Fig. 3 , the distribution of d skel is compared to the distribution of
 cluster for each galaxy. The distribution of d cluster is vaguely bimodal,
howing a first ‘bump’ at log ( d cluster /cMpc) = −1.4 and a second peak
t log ( d cluster /cMpc) = −0.2. The presence of the first peak in d cluster 
MNRAS 531, 3858–3875 (2024) 
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Figure 3. Overlayed 1D histograms for the distance to the nearest filament, 
d skel , in blue, and for the distance to the nearest galaxy cluster, d cluster , in red. 
Note that d cluster includes galaxies within 2 × R 200 of each galaxy cluster 
with M tot ≥ 10 13 M �, whilst d skel includes the galaxies outside of this cut. 
Each distance measure is split into 50 equally sized logarithmic bins in the 
range −3.1 ≤ log ( d /[cMpc]) ≤ 1.1. 

Figure 4. Overlayed 1D histograms of the distance to the nearest galaxy 
cluster, d cluster , considering only galaxies lying within 2 × R 200 of each 
identified galaxy cluster. The total distribution of d cluster is shown in grey, 
the satellite galaxy distribution in green, and the central galaxy distribution 
in pink. The vertical black-dashed line denotes the distance at which central 
galaxies become the more prominent population, d cluster = −1.17 log(cMpc). 
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s expected as the FoF centre of mass of the identified galaxy clusters
losely corresponds to the position of massive central galaxies that
ie nearby, therefore leading to many galaxies sitting at these very
o w distance v alues. The second peak is due to the satellite galaxies
n more extended orbits around this central point. We confirm this in
ig. 4 showing that the central galaxies lie at lower distances whilst

he satellite galaxies extend to higher distances. 
The distribution of d skel in Fig. 3 is uni-modal. As d skel is based

n the skeleton produced by T-ReX rather than on the structure
hat is pre-defined within HR5 itself, it does not have a systematic
opulation equi v alent to central galaxies as d cluster . This means
alaxies do not necessarily sit on the filament spines, like how they sit
t the centre of clusters; instead, they will be distributed around them.
his uni-modality of d skel is one of the expected results, as seen in
al ́arraga-Espinosa et al. ( 2020 ), and we perform our analysis such

hat we match this literature. Ho we ver, the distribution of d skel has
lso been shown to appear as a bimodality in Song et al. ( 2021 ),
NRAS 531, 3858–3875 (2024) 
roposed to be due to statistical effects emerging from the skeleton
omputation. 

.2 Cosmic environments 

e classify galaxies into three-component broad cosmic environ-
ents labelled as nodes, filaments, and voids based on d skel and
 cluster . In the following subsections, we discuss how we take specific
uts in d skel and d cluster to locate galaxies near large galaxy clusters,
ear filament cores, and far from any structure. 

.2.1 Node population 

o define the node population, we begin with the d cluster data set that
ncludes galaxies within 2 × R 200 of haloes with M tot ≥10 13 M �.
his data set already constitutes a viable representation of galaxies

hat belong to large clusters or nodes, ho we ver, in Fig. 4 , we observe
 significant scatter of up to ∼310 ckpc between central galaxies
nd the FoF centre of mass that d cluster is measured relative to. This
ffset is shown in Gouin et al. ( 2021 ) to emerge from ‘unrelaxed’
alaxy clusters that are in the process of merging and is commonly
sed as an indicator of the dynamical state of galaxy clusters (see
lso Yoo et al. 2024 for more details). If two-merging equal-mass
lusters are considered one system by the FoF algorithm, the centre
f mass will be calculated to sit at a point between them both rather
han near the position of either of the central galaxies associated with
ach cluster. This scenario leads to a larger d cluster value, or an offset,
or central galaxies. We aim for our node population to represent
nly galaxies within relaxed galaxy clusters that are virialized. We
mploy a similar cut to the one seen in Gouin et al. ( 2021 ) to achieve
his. By normalizing the d cluster values of the central galaxies to the
 200 value of the FoF halo they belong to, we achieve a measure of
ormalized offset, � r = d cluster / R 200 , for each central galaxy. Gouin
t al. ( 2021 ) take a � r < 0.07 cut to represent the relaxed cluster
ituation. This work uses a slightly stricter cut of � r < 0.05 to define
ur relaxed clusters (Zhang et al. 2022 ). With this cut employed, we
ow fully define our node population as the galaxies that lie within
 × R 200 of galaxy clusters with M tot ≥10 13 M � where the central
alaxy of the specific halo has � r < 0.05 from the FoF centre. This
nalysis of d cluster for the centrals leads to the conclusion that d cluster 

alues associated with ‘unrelaxed’ clusters are not meaningful, as
he FoF peak does not lie at the centre of an individual cluster. Due
o this, from here onwards, we limit d cluster to only include galaxies
hat belong to the ‘relaxed’ haloes, with � r < 0.05. 

Using the calculated values of � r , we can also take a higher cut
nd create an environment representing galaxies in an ‘unrelaxed’
alo environment. The different dynamical states of haloes can
ead to dramatic changes in the cluster environment, meaning the
volution of galaxies within will be affected. To create the ‘unrelaxed’
opulation, just like for the ‘relaxed’ clusters, we select galaxies that
ie within 2 × R 200 of haloes with M tot ≥ 10 13 M � and have � r ≥ 0.11,
orresponding to a large offset. This leaves us with the main node
opulation, comprised of galaxies within ‘relaxed’ haloes, and our
unrelaxed’ population of galaxies. In Appendix B , Fig. B1 shows
wo haloes from the halo catalogue that visually demonstrate our two
luster populations. 

.2.2 Filament population 

e define our filament galaxy population based on d skel , the
erpendicular distance from a galaxy to its nearest edge of the
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Figure 5. The three different types of environments displayed in a projected 
20 cMpc slice of HR5. The galaxies have been coloured according to their 
corresponding environment (black corresponding to void galaxies, blue to 
filament galaxies, and orange to node galaxies). The figure shows that 
the galaxies have been correctly assigned to their respective environments 
corresponding to the global structure. 
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keleton. The filament galaxies are then defined as galaxies with 
 skel ≤ 1 cMpc . We choose this distance cut as inspired by other
tudies of filamentary structure in which typical filament radii lie in 
he range of ∼1 −3 cMpc, (Gal ́arraga-Espinosa, Langer & Aghanim 

022 ; Wang et al. 2024 ). As we aim to probe galaxies that lie in the
ores of filaments, we choose a value of d skel ≤ 1 cMpc (Gal ́arraga-
spinosa et al. 2023b ). Filament lengths are also an important 
roperty to consider when discussing the large-scale structure across 
he cosmos, as this may also lead to slightly different environments 
or galaxies to evolve in. In T-ReX , the length of each filament
 	 fil ) can be calculated by adding up the lengths of the individual
dges in the skeleton that belong to each filament. We separate the
laments into short filaments ( 	 fil ≤ 5 cMpc) and long filaments 
 	 fil ≥ 15 cMpc) similar to the values taken by Gal ́arraga-Espinosa
t al. ( 2020 ). We compute each galaxy’s perpendicular distance to
ts nearest long and short filament with these two filament data sets,
iving us d skellong and d skelshort , respectively. 

.2.3 Void population 

he void population comprises all galaxies at distances d skel ≥
 cMpc to the nearest filament. The value of 8 cMpc is taken from the
nalysis of d skel distribution in Fig. 3 along with existing literature 
n the topic. Donnan et al. ( 2022 ) show 10th and 90th percentiles in
he distributions of d skel and d cluster . By analysing IllustrisTNG ,
he 90th percentile in their d skel corresponds to a distance cut of
6.39 cMpc. Our distribution, as seen in Fig. 3 , extends to slightly

igher distances than seen in Donnan et al. ( 2022 ) such that we opt
o use this higher value of 8 cMpc to suit our data better. 

.2.4 Mapping the different cosmic environments 

ith each of the three main populations defined, along with their sub-
opulations, Fig. 5 sho ws ho w the different main galaxy populations
re spatially distributed in a 2D, 20 cMpc slice of the simulation
olume. Different colours correspond to different cosmic environ- 
ents, with the thin, solid black lines representing the filaments in 

he skeleton, the black points show the position of void galaxies, the
lue points show the position of filament galaxies, and the orange
oints show the position of the node, or cluster, galaxies. 
Fig. 6 highlights long and short filaments in a 20 cMpc slice of the

imulation. Solid lines in purple and orange correspond to long and
hort filaments, respectively, whereas the grey points show the under- 
ying galaxy distribution. The two figures qualitati vely sho w that our

ethodology correctly identifies the different cosmic environments. 
ig. 7 shows how stellar mass, gas metallicity, baryonic gas fraction,
ereby referred to as just gas fraction, and [O/Fe] vary as a function
f d skel , in blue, and d cluster , in red. Stellar mass and gas metallicity
ee ne gativ e correlations with both distance measures. Ho we ver, the
elationships observed in d cluster are of a higher magnitude than 
een with d skel . On the one hand, stellar mass shows an increase
f ∼1.6 dex when comparing the satellite galaxies to the central
alaxies, yet there is no conclusive linear trend when considering 
ust the satellites. Gas metallicity shows an increase of ∼0.16 dex
ith a decreasing d cluster . They both show smaller increases of ∼0.2

nd ∼0.12 dex with a decreasing d skel , with clear trends in both
arameters. On the other hand, gas fraction and [O/Fe] show the
irect opposite, namely a positive correlation with both distance 
easures. Gas fraction and [O/Fe] show decreases of ∼0.4 and 

.08 de x, respectiv ely, with a decreasing d cluster . Again, the magnitude
f the trend reduces when considering d skel with decreases of ∼0.1
nd 0.03 dex for gas fraction and [O/Fe], respectively. The observed
elationships in the first two parameters and their magnitudes agree 
ith results shown in Song et al. ( 2021 ) for stellar mass and Donnan

t al. ( 2022 ) for gas metallicity. 

.3 Environmental dependence of the mass–metallicity relation 

e first present a short comparison of the MZR present in HR5 to
bservational data retrieved from Savaglio et al. ( 2005 ) and Maiolino
t al. ( 2008 ) at a redshift of 0.7. It is shown in Fig. 8 that HR5’s MZR
atches well with the average MZR reported by Maiolino et al.

 2008 ) to fit the observational data of Savaglio et al. ( 2005 ). Our
nalysis also indicates that the simulation predicts a similar scatter 
t high stellar masses to that seen in the data points of Savaglio
t al. ( 2005 ) analysed by Maiolino et al. ( 2008 ). This provides us
onfidence that our results are based on physics that is similar to
hat observed in the Universe itself, establishing a link to future
MNRAS 531, 3858–3875 (2024) 
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Figure 7. The figure shows how the median galaxy stellar mass (top left panel), gas metallicity (top right panel), gas fraction (bottom left panel), and [O/Fe] 
(bottom right panel) change as a function of the distance when considering different environments. The blue curves show how the median values change in 
20 equal bins as a function of d skel when considering galaxies in the filament catalogue. The red curves vary as a function of d cluster for galaxies in the cluster 
catalogue. The shaded regions represent the standard errors on the median. 

Figure 8. The MZR in HR5, in blue, with the shaded region representing 
a 1 σ deviation around the median metallicity in each bin, o v erlayed with 
observational data. The black line shows the best-fitting model of Maiolino 
et al. ( 2008 ) to the observations of Savaglio et al. ( 2005 ) at redshift z = 0.7 
(grey points with error bars). 
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Figure 9. The galaxy stellar mass-gas phase metallicity relation in different 
environments, by splitting the sample into 15 equally spaced, logarithmic 
bins in the galaxy stellar mass. The node population is shown in orange, 
the filament population in blue, and the void population in dark purple. The 
black-dashed line shows the median MZR for the total galaxy distribution. 
The coloured shaded regions show the standard error on the median for each 
of the three environments. 

v  

l  

≤  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/4/3858/7687166 by guest on 18 D
ecem

ber 2024
bservational studies. Note that in Fig. 8 and throughout this work
e assume the Solar abundances of Asplund et al. ( 2009 ). 
The main section of our results begins by quantifying the

ffect of the three main cosmic environments (nodes, filaments,
nd voids) on the scatter of the median MZR in HR5. To
erform this analysis, we calculate the median gas metallicity
NRAS 531, 3858–3875 (2024) 
alue of each cosmic environment within 15 equally spaced,
ogarithmic stellar mass bins in the range 9.5 ≤ log ( M � /M �)

10.4 producing three MZRs. The results of our analysis are
hown in Fig. 9 , indicating that the presence of different cosmic
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Figure 10. A violin plot displaying the distribution of the galaxy gas-phase 
metallicity, Z g , associated with each environment. The thin horizontal black 
line shows the median of the distribution whilst the thick vertical black bar 
shows a 1 σ deviation. We also show percentiles of 15.9 and 84.1 in red to 
highlight the skew that exists for the total, filament, and void populations 
when compared to the standard deviation. 
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Figure 11. The figure shows how the gas metallicity residuals, δZ g , from a 
linear fit of the total MZR, Z fit ( M 

G 
� ), change as a function of distance when 

considering different environments. d skel represents each galaxy’s distance to 
its nearest filament in the skeleton, shown in blue, and d cluster represents each 
galaxy’s distance to its nearest cluster with total mass larger than 10 13 M �, 
shown in red. The shaded regions represent the standard error on the median. 
Just as in Fig. 4 , the vertical black-dashed line denotes the distance at which 
central galaxies become the more prominent population relative to d cluster . 
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nvironments contributes significantly to the scatter seen in the total 
ZR. 
By averaging over the whole stellar mass range, the average 

elati ve standard de viation of the total MZR is 〈 σ Z 〉 / 〈 Z 〉 = 0.390.
 ithin each en vironment, the av erage relativ e standard deviations for

heir own MZRs are 0.596, 0.363, and 0.264 for the nodes, filaments
nd voids, respectively, which could be considered estimates for the 
ntrinsic metallicity scatter. This relationship is displayed in Fig. 10 , 
n which the progressive reduction in the standard deviation from the 
ode population to the void population can be seen clearly. We also
ote that the total, filament and void populations display a noticeable 
evel of sk ew tow ards lower Z g values in the distribution, whilst the
ode population is the least skewed. 
The node population in Fig. 9 has the highest level of chemical

nrichment for galaxies with stellar masses in the range log ( M � /M �)
 10.4, with the median MZR sitting abo v e that of the total galaxy

istribution in the same stellar mass range. The filament population 
as intermediate median metallicities in the gas, showing slight 
nrichment abo v e the total distribution for low stellar masses. For
tellar masses in the range log ( M � /M �) � 10.3, the void population
as the lowest median gas metallicities among the considered cosmic 
nvironments. Interestingly, for log ( M � /M �) � 10.2, the void and
lament populations are indistinguishable from each other, whilst 

he node population remains at a higher enrichment, yet with less
agnitude than at lower stellar masses. 
The vertical scatter in the MZR due to the environment in Fig. 9 is
ore prominent at lower stellar masses. In particular, when moving 

rom the median MZR of the node galaxies (orange line) to the MZR
f void galaxies (dark purple line), the range of gas metallicities 
o v ers ∼0.14 de x at M � = 10 9 . 25 M �, decreasing to ∼0.5 de x at
 � = 10 10 . 2 M �. 
To quantify the environmental dependence of the MZR, we 

alculate how the residuals, δZ g = Z g − 〈 Z g 〉 , from the median MZR
f the total galaxy distribution change as a function of stellar mass
y considering galaxies in different environments. By averaging δZ g 

 v er the full stellar mass range, the node population has a median
etallicity residual from the total MZR 〈 δZ 〉 node = 8.4 × 10 −2 ; the
lament population is characterized by 〈 δZ 〉 fil = 5.4 × 10 −3 , sitting
 little closer to the median of the o v erall population, and the void
opulation has 〈 δZ 〉 void = −2.7 × 10 −2 . The node population has the
argest magnitude of deviation from the total MZR. 

Fig. 11 quantifies how the residuals from the linear fit of the MZR
f the total galaxy distribution, δZ g , change as a function of d skel and
 cluster , when considering filament and node populations, respectively. 
or this analysis, we first fit the total MZR by considering galaxies
ith stellar mass in the range 10 9 . 2 ≤ M � ≤ 10 10 . 4 M � by using a

inear regression model, Z fit ( M � ). Then, for each galaxy G in the HR5
atalogue with stellar mass M 

G 
� and gas metallicity Z 

G 
g , the residual

rom the total MZR, δZ g , is calculated as the difference between
he g alaxy g as metallicity and the metallicity, Z fit ( M 

G 
� ). In Fig. 11 ,

e sho w ho w the median v alues of δZ g change when considering
ifferent bins of d skel and d cluster . 
δZ g from the total MZR in cluster galaxies decreases from 0.13 to

.05 in the range −1.3 ≤ log ( d skel/cluster /cMpc) ≤ 0.5. This implies
hat as we approach the central regions of the cluster, galaxies
ecome – on average – more metal-rich than the total galaxy 
opulation with the same stellar mass distribution at redshift z =
.625. When log ( d cluster /cMpc) approaches −1.3, we observe that δZ g 

ramatically drops to ne gativ e values of ∼−0.04. This distance value
f 10 −1 . 17 cMpc corresponds to the point in the d cluster distribution at
hich the central galaxies become the prominent population (see 
ig. 4 ). From Fig. 9 , we can see that as stellar mass increases, the
eviation from the MZR of the total population decreases. As the
entral galaxies are the highest stellar mass population, this large 
rop in δZ g at 10 −1 . 3 cMpc in d cluster is expected and matches what is
redicted in the previous figure. The deviation from the total MZR,
Z g , in filament galaxies in Fig. 11 sees a slight positive deviation
f ∼ 0 . 02 dex within 1 cMpc of filaments. With increasing d skel , δZ g 

ecomes ne gativ e and continues falling to lev els seen for the void
opulation. Overall, this shows a slight metal enrichment in the cores
f filaments, with less enrichment occurring at larger distances. The 
oid population, defined for d skel ≥ 8 cMpc , shows the same low
evel of chemical enrichment that was observed in Fig. 9 . 

In summary, proximity to clusters, d cluster , demonstrates a maxi- 
um δZ g of ∼0.13 dex at a distance of log ( d cluster /cMpc) ≈ −1.3, and
 minimum δZ g of ∼−0.05 dex for the central galaxies. Proximity to
MNRAS 531, 3858–3875 (2024) 
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Figure 12. The median MZR for the long and short filament populations. The 
long filaments are shown in purple and correspond to galaxies that lie within 
1 cMpc of filaments with a length longer than 15 Mpc. The short filaments 
are shown in orange, and conversely correspond to galaxies within 1 cMpc 
of filaments with a length shorter than 5 Mpc. The coloured shaded regions 
represent the standard error on the median. The median MZR for the total 
population of galaxies is shown as a black-dashed line. 
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Figure 13. The median residual from the MZR, δZ g , for d skelshort (in purple) 
and d skellong (in orange). d skelshort and d skellong represent the perpendicular 
distance to a short or long filament of a galaxy , respectively . The shaded 
regions indicate the standard error on the median. 

Figure 14. The MZR present in relaxed cluster environments, in orange, and 
unrelaxed cluster environments, in green. The black-dashed line represents the 
MZR for the total population of galaxies irrele v ant to their environment. The 
coloured regions around the orange and green lines represent the standard 
error on each, respectively. The black-shaded region shows 0.5 σ around 
the MZR for the total distribution, displaying the o v erall scatter in the 
relationship. 
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laments, d skel , gives rise to a maximum δZ g of ∼0.02 dex at small
istances, only just breaking through to positive levels of enrichment
n the context of the total MZR. At distances d skel ≥ 8cMpc, we see the
argest ne gativ e δZ g of ∼−0.5 de x from the total MZR, corresponding
o the void population. 

In Fig. 12 , we compare the median MZR of the long and short
lament populations. Relative to the total MZR, short filaments
how an average gas metallicity that is vaguely higher than the
ong filaments; ho we ver, both populations sho w a very slight metal
nrichment compared to the total population of galaxies for M � ≤ 9.6.
hort filaments are typically found surrounding high-mass clusters
nd nodes of the cosmic web, explaining why we find marginally
igher metallicities in short filaments than in the total population
ith a similar mass distribution; long filaments are more common

n less dense regions (see Fig. 6 ), which are instead characterized
y lower average metallicities than the median MZR of the total
opulation (see Fig. 12 ). 
In Fig. 13 , we sho w ho w the de viation, δZ g , in the gas metallicity

f galaxies changes as a function of d skel , separating long filaments
rom short filaments in the analysis. Interestingly, the positive values
f δZ g that are found for short filaments in Fig. 12 only appear
t distances d skelshort ≤ 1 cMpc in Fig. 13 . Although the fraction of
assive galaxies increases with a falling d skel , this result suggests

hat the majority of this trend emerges from the low stellar mass
alaxies seen in 12 where a positive residual is observed only for
hese galaxies. The profiles of δZ g in long filaments show a much
atter trend. We still observe an increase in δZ g in the cores, at
istances ≤ 1 cMpc from the cores of long filaments; ho we ver, for
istances ≥8 cMpc, δZ g does not continue falling to values seen
round short filaments and instead remains constant. 

Looking to the effect on the MZR due to the differing dynamical
tate of clusters, Fig. 14 shows the main node population (in orange),
omprised of galaxies belonging to relaxed haloes, compared to
he galaxies belonging to unrelaxed haloes (in green). It is clear
hat, for M � ≤ 10 10 M �, galaxies belonging to relaxed clusters have
igher average gas metallicity levels of enrichment, contributing to
 positive scatter above the MZR for the total population across the
ull stellar mass range. For galaxies belonging to unrelaxed clusters,
NRAS 531, 3858–3875 (2024) 
 slight difference emerges, with significantly less enrichment when
ompared to the relaxed population; ho we ver, the relaxed population
ontinues to have positive enrichment above the total MZR o v er
he whole stellar mass range. At M � = 10 9 . 35 M �, the dynamical
tate of the cluster accounts for ∼ 0 . 1 dex scatter in the total MZR,
uickly falling to smaller deviations for higher stellar masses. For
 � ≥ 10 10 M �, the two populations are indistinguishable. Again, it

s clear from this figure that the effect is far more prominent for low
tellar mass galaxies. 

.4 Environmental dependence of the fundamental metallicity 
elation 

hen discussing galaxy evolution, and more specifically metallicity,
t is important to also consider the SFR of galaxies as a clear link
etween the two properties has been established in many previous
tudies (Mannucci et al. 2010 ; Cresci et al. 2012 ; Yates, Kauffmann &
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Figure 15. This figure shows how the SFR changes against the gas metallicity, Z g , separating galaxies into six equally sized logarithmic bins of M � and 
different environments. From left to right, the first panel shows the total population of galaxies irrespective of environment (green lines), the second panel the 
node galaxies (orange lines), the third panel the filament galaxies (blue lines) and the fourth panel the void galaxies (black lines), demonstrating the predicted 
fundamental metallicity relation (FMR) in HR5 and the effect of cosmic environment on it. The shaded regions show the standard error on the median, where 
only bins that include more than 15 galaxies are shown. Darker colours indicate galaxies with larger stellar masses, as indicated in the legend. The arrow 

demonstrates the broad direction in the plot in which each consecutive line represents a higher bin of M � than the last. The final panel only contains four lines 
as the higher stellar mass bins are not populated in the void regions. 
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uo 2012 ; Hayden-P a wson et al. 2022 ). These works also show
hat a fundamental metallicity relation (FMR) exists between the 
hree properties, stellar mass, gas metallicity, and SFR. To ensure 
he completeness of our work in this paper, we also present an
nalysis of the FMR that exists in HR5, and assess how our cosmic
nvironments effect the relation. The first panel on the left in Fig. 15
hows the FMR in HR5 for our total galaxy population irrele v ant of
n vironment. W ithin this plot a weak ne gativ e correlation e xists for
he intermediate mass bins, with the gas metallicity, Z g , changing by

0 . 05 dex for SFRs in the range −0 . 5 � log ( SFR / M � yr −1 ) � 0 . 2,
o we ver, the relation becomes increasingly weaker in the lowest and
ighest mass bins. From left to right, the three other panels show
he predicted FMR for galaxies associated with nodes, filaments 
nd the voids, respectively. When considering galaxies in nodes, we 
bserve the trends between Z g and SFR to strengthen, showing a 
0.2 dex decrease in Z g for the 9.4 ≤ log ( M � /M �) < 9.7 mass

in and SFRs in the range −0 . 5 � log ( SFR / M � yr −1 ) � 0 . 2. This
eflects something more similar to the trends observed in Mannucci 
t al. ( 2010 ). For galaxies in filaments, the trends in the simulated
alaxies flatten, observing no correlation between Z g and SFR for a 
iven stellar mass. Finally, when we look to the galaxies in voids,
he trends with SFR can be seen, ho we v er, the y are weak, with

0.03 −0.06 dex changes in Z g at the given stellar masses. 
Our analysis indicates that cosmic environment does have an effect 

n the tilt of the 3D plane where galaxies sit according to their Z g ,
 � , and SFR drawn by the FMR. When considering galaxies of

xed M � , while Z g has a weak correlation with the SFR within
laments and voids, Z g has a stronger dependence on the SFR in
odes; this causes the FMR plane of node galaxies to have a larger tilt
ngle. On the whole our results suggest that in nodes, SFR is driving
ome of the scatter observed in the MZR, ho we ver, in filaments and
oids, this is not particularly the case, with the environment itself
etting the level of chemical enrichment. For a given M � , the ISM
f galaxies within more virialized nodes has been affected more by 
nvironmental processes and their associated feedback in the past, 
ncreasing the predicted Z g and giving rise to lower gas fractions
nd SFRs, which explains the trends seen in Fig. 15 for the node
alaxies. 
S

 DI SCUSSI ON  

.1 Radial relations with gas fraction and [O/Fe] 

rom Fig. 7 , proximity to the cores of filaments and the centres of
elaxed clusters clearly affects galaxy properties, including baryonic 
as fraction and [O/Fe]. When considering the gas fraction of 
alaxies, we see a large reduction of ∼0.4 with d cluster and a smaller
eduction of ∼0.1 with d skel . As expected, proximity to clusters, as
hey are one of the extreme environments in the web with a very
arge density contrast to the surrounding field, leads to a much larger

agnitude of change than seen for filaments. The gas fraction of
alaxies represents how much of the baryonic budget is in the form
f gas, calculated as f gas = M gas /( M gas + M star ). For the lowest values
f d cluster , we are probing the central galaxies of the nodes/clusters.
hese central galaxies are older, have higher metallicity and higher 
tellar mass, and have a stronger burst of star formation in the
ar past. Over their longer lifetimes, feedback from AGN and SN
xplosions in the simulation has ef fecti v ely remo v ed the gas from
he system, leading to lower gas fractions and higher metal content.
GN feedback is the more dominant scheme in this case of central
alaxies in HR5, as SN feedback is mostly ef fecti ve in smaller haloes
ith shallow potential wells (Somerville et al. 2008 ; Dubois et al.
016 ). These smaller haloes are typically satellite galaxies. Here, 
GN plays less of a role in removing gas with ram pressure stripping,
nd SN explosions are becoming the main mechanisms that do so. 

Our analysis of the filament environment in the HR5 simulation 
hows that the filament population has significantly higher gas 
ractions at all values of d skel but still reports lower gas fractions with
igher proximity to the filament’s core. This trend can be qualitatively 
xplained by the same as described previously for clusters: galaxies 
ith higher average stellar mass exist more frequently in the cores of
laments, where the local density of galaxy tracers is higher than in

he field. Higher galaxy densities lead to more interaction between 
he galaxy and the environment, and this leads to increases in SFR,
onsuming gas in the reservoir more efficiently and resulting in more
N events, pushing gas out of the galaxy and increasing the average
etal content in the gas (Mahajan et al. 2018 ; Liao & Gao 2019 ;
ingh, Mahajan & Bagla 2020 ). 
MNRAS 531, 3858–3875 (2024) 
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When looking at the trend in the average gas-phase [O/Fe] ratios
e again see positive correlations with d skel and d cluster . Cluster
alaxies show a reduction in [O/Fe] with decreasing d cluster of

0 . 08 dex whereas the filament population shows a weaker trend
ith a reduction of ∼ 0 . 03 dex . [O/Fe] is a chemical clock typically
sed as a proxy for the age of a galaxy in observations (Matteucci &
reggio 1986 ; Miglio et al. 2021 ). Although we have access to the

rue age of these galaxies in the simulation, we use [O/Fe] to provide
 reasonable comparison to observ ational work. Lo wer [O/Fe] gas
alues in the centres of clusters confirm that this is an older population
f galaxies; with increasing d cluster , we see [O/Fe] rise, meaning the
alaxies are getting younger, on average, as we mo v e a way from
he cluster centre. Due to these central galaxies being older, they
ave had more Type Ia SNe occur, increasing their iron content
nd reducing [O/Fe]. This is also the case in the filament population,
ith filament cores showing a smaller magnitude reduction in [O/Fe].
omparing the cluster population to the filament population shows
s that filament galaxies are a younger population of galaxies, with
ess contribution from Type Ia SNe. This illustrates the hierarchical
ature of the large-scale structure and galaxy evolution. The o v erall
adial gradient that exists, and the fact that it is stronger for clusters
han filaments, shows that the density contrast to the field is higher in
lusters, in agreement with previous studies, (Cautun et al. 2014 ). It
lso shows that proximity to the centres of clusters and the cores of
laments in the simulation exhibits a trend with the average age of

he dominant galaxy stellar populations, as an increase in the average
evel of SFR in the galaxy causes a more prominent contribution
rom Type Ia SNe on long time-scales, which could possibly help to
urther quench the star formation activity which would enhance the
ron content of the galaxies that reside there. 

.2 Scatter in the mass–metallicity relation 

he measured cosmic environments noticeably affect the vertical
etallicity scatter in the predicted MZR at z = 0.625 in HR5. At

ow stellar masses, in the range 9.3 ≤ log ( M � /M �) ≤ 9.6, the total
ertical deviation from the median metallicity in the void population
o the median metallicity in the node population is an ∼0.45 σ
r, equi v alently, by 0.14 dex contribution to the o v erall metallicity
catter in the MZR. At higher stellar masses, in the range 10.1 ≤
og ( M � /M �) ≤ 10.4, the metallicity deviation from the total MZR is
educed, and the levels of chemical enrichment are more comparable
o the total distribution of galaxies. Our result that lower stellar mass
alaxies contribute more to the scatter seen in the MZR suggests that
ow-mass galaxies are more sensitive to environmental effects than
heir high-mass counterparts, agreeing with previous studies (e.g.
ee Mouhcine, Baldry & Bamford 2007 ; Petropoulou, V ́ılchez &
glesias-P ́aramo 2012 ). This low stellar mass dependency could
e depend on the link explored in Yang et al. (2024 ) building on
he key relationship between gas-fraction and gas-metallicity. It is
bserved, using galaxies from SDSS DR8, that scatter in the MZR
trongly depends on gas-mass for low stellar masses with the trend
anishing at M � = 10 10.5 . As our cosmic environments are inherently
inked to dif ferent le vels of gas-accretion, local densities and galaxy
nteractions, it is reasonable to expect to see a similar relationship
ith stellar mass. 

.2.1 Contribution from the node population 

alaxies that reside within nodes or clusters in HR5 exhibit higher
evels of chemical enrichment compared to galaxies within filaments
NRAS 531, 3858–3875 (2024) 
nd voids (see Figs 9 and 11 ). The nodes of the cosmic web are
 ery dense re gions of galaxies, where there is a higher frequency of
vents like g alaxy perturbances, g alaxy mergers (Toomre & Toomre
972 ; Schweizer 1982 ; L’Huillier et al. 2012 ), tidal and ram pressure
tripping (Gunn & Gott 1972 ; Singh, Gulati & Bagla 2019 ; Jhee
t al. 2022 ; Singh et al. 2024 ), some of which can increase the
FR and in turn the average gas metallicity (Torrey et al. 2019 ).
his higher gas metallicity value for node galaxies may also be
 product of the deeper gravitational potential the y e xist within.
 deeper potential can make it harder for galaxies to lose their
igh-metallicity gas and may also interrupt the accretion from low-
etallicity gas from outside the halo (Dekel et al. 2009 ; Peng &
aiolino 2014 ) leading to higher metallicities. Wang et al. 2023

eported that massive galaxies, in massive haloes, are more metal-
oor at a fixed stellar mass, whilst low-mass galaxies in these massive
aloes are more metal-rich, reflecting what we see in 9 . Our results
lso agree with the findings of Donnan et al. ( 2022 ), who compared
he average gas metallicity of galaxies within different environments
oth in the SDSS observations and in the IllustrisTNG simulation,
etermining higher average gas metallicities within node galaxies. 
When considering the dynamical state of clusters, Fig. 14 showed

hat at low stellar masses, M � = 10 9 . 35 M �, these environments
ontributed a total of ∼0.1dex to the scatter in the MZR. This
eviation between galaxies in unrelaxed and relaxed clusters quickly
ropped to ∼ 0 . 05 dex for higher stellar masses in the range
0 9 . 6 ≤ M � ≤ 10 10 . 1 M �. For the highest stellar masses, the two
nvironments are shown to be indistinguishable from each other.
oares & Rembold ( 2019 ) find that, on average, galaxies that belong

o unrelaxed clusters, more specifically, the secondary halo in the
ystem, demonstrate a younger stellar age than galaxies in relaxed
lusters. This, therefore, means that these galaxies have had less
ime to undergo processes that increase metallicity, leading to a less
etal-enriched population that we see in Fig. 14 . 
On the other hand, relaxed clusters are formed from an older

opulation of galaxies and are seen to exist in a slow accretion
hase. This large amount of available relaxation time has allowed
he metal enrichment to occur (Gouin et al. 2021 ). It is also expected
hat these relaxed clusters will have higher local densities and, as
uch, an increased metallicity from these galaxy interactions. 

.2.2 Contribution from the void population 

he void population in our analysis demonstrates lower chemical
nrichment. Previous works have not been able to establish a
onsensus on the effect of large-scale environments on the average
as metallicity of void galaxies. Kreckel et al. ( 2015 ) and Wegner
t al. ( 2019 ) found void galaxies to have average gas metalicities
nd SFR properties, respectively, that are consistent with samples of
alaxies of similar stellar mass within more crowded environments,
hilst Pustilnik, Tepliakova & Kniazev ( 2011 ) found void galaxies

o e xhibit, on av erage, 30 per cent lower gas metallicity values than
alaxies in more dense environments with similar stellar mass, which
ligns with our results. Our results also qualitatively agree with the
easured stellar metallicities of Dom ́ınguez-G ́omez et al. ( 2023 ) in a

ample of void galaxies in the Calar Alto Void Integral-field Treasury
urveY at redshifts 0.01 < z < 0.05, as well as with the measured
as metallicities of Donnan et al. ( 2022 ) for void galaxies in SDSS
t redshift z = 0.071. Donnan et al. ( 2022 ) also found similar results
n analysing the MZR of void galaxies in the TNG simulation. 

As void regions are the direct opposite of nodes within the context
f local density (Shim et al. 2023 ), we expect to see far less frequent
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nteraction between galaxies in this environment (Jian, Lin & Chiueh 
012 ). Due to fewer interactions with other (sub)structures in the 
nvironment, one would expect less SFR enhancement, leading to 
ess chemically enriched gas released by SNe and stellar winds into 
he ISM, and hence lower average gas metallicity values within the 
alaxy compared to denser environments. 

It has also been proposed that two modes of gas accretion (‘cold’
nd ‘hot’ accretion) could be at play in nature (Kere ̌s et al. 2005 ).
n this scenario, low-mass galaxies in less dense regions typically 
xperience cold accretion, while high-mass galaxies in clusters would 
e dominated by hot accretion. This cold accretion would imply 
hat low-mass galaxies in voids accrete pristine gas through smaller 
lamentary structures, sustaining their SFR on longer time-scales 

han galaxies in nodes and filaments but at a lower pace, giving rise
o lower average gas metallicities (see also McQuinn et al. 2015a , b
or an observational perspective). 

.2.3 Contribution from the filament population 

alaxies in the filament environment (with distance to the nearest 
lament in the skeleton, d skel , ≤1 cMpc) show slightly higher metal
nrichment for low stellar masses abo v e the MZR seen for the total
istribution of galaxies (see Figs 9 and 11 ). Several studies have
ecently compared the average metallicity of filament galaxies to their 
ounterparts in the void, also analysing how the galaxy metallicity 
hanges as a function of filament proximity, similarly to our Fig. 7 .
 or e xample, Bulichi et al. ( 2023 ) concluded that, compared to the
eld, filament galaxies are more metal-rich, likely due to their higher 
ensity environment. 
Donnan et al. ( 2022 ) found that filament proximity has little-to-

o environmental effect on the predicted metallicity of galaxies in 
he MZR at z = 0.1 within the IllustrisTNG simulation, yet the
nalysis of SDSS galaxy gas metallicities at z = 0.071 showed a
ore noticeable change when considering different environments. 
As discussed in Castignani et al. ( 2022 ), filaments represent an

ntermediary environment between voids and nodes, with local den- 
ities of galaxies sitting between those of the other two environments 
et slightly higher than the median of the total distribution within the
ore; this gives rise to a lower frequency of galaxy interactions than in
nvironments closer to nodes, yet higher than seen in the voids and as
uch slightly increased enrichment. Overall, the filament population 
tself contributes very little to the scatter in the MZR, ∼0.01 −0.02dex
nrichment for low stellar masses, but as mentioned, since this is an
ntermediary environment, this is expected. 

.2.4 The metallicity of short versus long filaments 

he length distribution of filaments within different environments 
nd how this length value correlates with galaxies’ stellar and 
as properties are currently the subject of intense investigation. 
al ́arraga-Espinosa et al. ( 2021 ) using IllustrisTNG at z = 0 studied
ow the filament length correlates with gas properties, finding that 
horter filaments exhibit higher temperatures and pressures than 
onger filaments. Observationally, Castignani et al. ( 2022 ) showed 
hat long filaments with 	 fil > 17 h 

−1 Mpc tend to be relatively thin
n radius ( R fil < 1 h −1 Mpc) with a low-density contrast relative to the
urrounding field. In Fig. 6 , we clearly see that the short filaments
eside in the more densely populated regions of the web, near nodes,
hilst the long filaments are found further out in the field in low-
ensity regions. 
By introducing a length cut to distinguish between short and long
laments, we see marginal deviations between the two populations 
merge in the mass range 9.3 ≤ log ( M � /M �) ≤ 10 for short filaments,
nd across the full stellar mass range for long filaments. The
hort filament (with 	 fil ≤ 5 cMpc ) population shows slightly higher 
nrichment than the long filament population ( 	 fil ≥ 15 cMpc ), with
oth populations abo v e the MZR for the total distribution as seen in
ig. 12 . 
On the one hand, it is very possible that filament length, in this

ontext, is acting as a proxy for the cosmic environment or, more
pecifically, as a proxy for d cluster , as short filaments are typically
ound connecting large clusters of galaxies, at higher proximity to 
odes, (Gal ́arrag a-Espinosa et al. 2020 ; Gal ́arrag a-Espinosa et al.
023b ). Therefore, galaxies associated with short filaments will be 
ubject to a higher frequency of g alaxy–g alaxy interactions, leading
o higher levels of chemical enrichment. Instead, galaxies near long 
laments will experience the opposite due to their typically less dense 
nvironment. 

On the other hand, another proposed explanation is that the short
laments are thicker, more established and have a higher gravitational 
otential than the long filaments (Gal ́arraga-Espinosa et al. 2022 ).
his means that rather than the ambient cosmic environment being 

he cause of higher chemical enrichment, the environment of the short 
lament cores themselves is significantly different from the larger 
e gion the y e xist within. Our result in Fig. 13 supports this scenario.

e show that δZ g in short filaments increases by ∼0.12 dex when
oving from d skel ∼ 14 cMpc to high proximity to the filament core,

uggesting that it is the proximity to the filament core itself and
ot just being part of the short filament population that leads to the
nrichment of the galaxy. 

When considering galaxies associated with long filaments, δZ g 

aries by ∼0.04 dex in the full distance range (see Fig. 13 ). We
bserve a clear increase in enrichment in the core of the long
laments, d skel � 1 cMpc , of ∼0.03 dex, ho we ver, for d skel ≥ 8 cMpc ,
Z g does not continue falling as it does for the short-filament
opulation. Long filaments have been observed to be thinner, with 
ower density contrasts to the void, all whilst existing in low-
ensity environments (Castignani et al. 2022 ). If the density does
ot change much in the range 4 � d skel � 14 cMpc , then the galaxy
nteraction processes that lead to an increased gas-metallicity will be 
qually as frequent, leading to similar levels of chemical enrichment 
ndependent of d skel o v er these distances. 

For distances in the range 8 � d skel � 14 . 5 cMpc , long-filament
alaxies have higher gas metallicities than short-filament galaxies 
see Fig. 13 ). While long-filament galaxies have gas metallicities 
loser to those of the median total MZR and higher enrichment,
hort-filament galaxies have average gas metallicities comparable to 
hose in the void population. In this distance range, galaxies should
e considered to be outside of filaments’ influence, as typical filament
adii seen in other hydrodynamical simulations at z = 0 vary from
3 to 5 Mpc (Gal ́arraga-Espinosa et al. 2020 ). 
For the value of δZ g in long-filament galaxies to not change over

his distance range and still be abo v e that of the expected void values,
e speculate that galaxies that are clustering around long filaments 

xist in a more diffused distribution across a larger range of d skel ,
orming new long filaments as they move towards the existing ones.
ue to the long filaments’ low gravitational potential, the galaxies 
ay not have had the time to accrete towards the core of the long
laments, giving rise to low-density contrasts between the core and 

he surrounding regions and, as such, higher levels of enrichment 
n the surroundings relative to the true void. A future analysis into
ong filaments, the distribution of matter around them and how this
MNRAS 531, 3858–3875 (2024) 
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hanges with redshift will provide an interesting perspective on how
hese low matter density structures influence galaxies around them
 v er cosmic time, and how the filamentary structures themselves
volve hierarchically. 

At a fundamental level, our findings align with the understanding
hat DM haloes experience different dynamical evolution’s based
n their surrounding densities, which are intricately mapped by the
osmic web. This variance in dynamical time-scales affects both the
ate at which new stars are formed and the speed with which the in-
ergalactic medium becomes enriched with metals. This bias, related
o the density of the environment, has been previously discussed
nd is known as the Kaiser Bias (Kaiser 1984 ), or, equivalently, the
eak-background split. Considering that the distribution of metals
 v er cosmic time is closely tied to the efficiency of star formation
nd subsequent feedback processes, it’s therefore expected that the
ZR is also influenced by the local density, which is distributed

nisotropically across the Universe. This relationship, influenced by
he cosmic web, emphasizes the need to prioritize understanding the
nterplay between local density and the MZR, as highlighted in recent
iterature (Donnan et al. 2022 ). To account for this relationship in
ur work, we assess the significance of our trends based on d skel and
 cluster in Appendix C . 
Moving forward, this work could further illuminate observed scal-

ng laws and their dispersion by examining the spatial correlations
etween past and current anisotropic clustering. These correlations
re indicative of how metals have been dispersed and how their host
nvironments ha ve ev olved. By drawing on w orks lik e Musso et al.
 2018 ) and Codis, Pichon & Pogosyan ( 2015 ), predictions could be
ade regarding the clustering of substructures within metal-enriched

egions, taking into account how these regions have changed over
ime and where they are situated within the saddle frame of the
osmic web. A deeper analysis would involve exploring the process
f bubble percolation and its contribution to the broader diffusion
f metals. This aspect, owing to its non-linear nature, highlights the
ivotal role of advanced hydrodynamical simulations, such as HR5,
or insights into processes not easily deduced from first principles. 

Lastly, investigating the effects of processes at or near the sub-
rid scale on the dispersion of the MZR could shed light on the
mpact of stochastic elements at these scales. Given that gravitational
ystems interact across larger and smaller scales, it is plausible that
uch interactions could significantly influence the distribution and
iffusion of metals. 

 C O N C L U S I O N S  

e presented an analysis of the gas MZR using the HR5 simulation.
e studied the effect of the environment (nodes, filaments, and voids)

n the scatter in the MZR. We further investigated the role of the
ength of the filaments along with the dynamical state of clusters.

e presented how the radial profiles of the deviation from the
ZR, δZ g , change against d skel and d cluster for galaxies near filaments

nd clusters, respectively, showing more accurately how enrichment
hanges as one approaches the core of the filaments or the centre of
he nodes. From this work, we arrived at the following conclusions. 

(i) Proximity to cluster centres and filament cores leads to a
eduction in the average [O/Fe] of 0 . 08 dex in d cluster and 0 . 03 dex in
 skel within each environment. 
e also observe a reduction of ∼0.4 with d cluster and ∼0.1 with
 skel in the average gas fraction with increasing proximity to clusters
nd filaments. This suggests that the increased rate of Type Ia SNe,
NRAS 531, 3858–3875 (2024) 
hich produces iron in these re gions, remo v es further gas from these
alaxies. 

(ii) The cosmic environment plays a crucial role in the vertical
catter of the MZR, producing a substantial vertical deviation from
he median of the total distribution of galaxies. The difference in the
edian metallicities seen between the node and void environments is
0.13 dex for a stellar mass range of 9.3 ≤ log ( M � /M �) ≤ 9.6. The

otal scatter due to environment is more prominent at lower stellar
asses, mostly in the range 9.3 ≤ log ( M � /M �) ≤ 10.1 with only

catter from the node population existing at log ( M � /M �) ≥ 10.2. 
(iii) Node galaxies show the largest levels of chemical enrichment

long with the largest average relative standard deviation of the
ZR 〈 σ Z 〉 / 〈 Z 〉 = 0.596. Galaxies in void regions, d skel ≥ 8 cMpc,

emonstrate the lowest levels of chemical enrichment along with the
owest average relative standard deviation of the MZR 〈 σ Z 〉 / 〈 Z 〉 =
.264. We attribute these trends to higher frequencies of galaxy
nteractions in denser environments. 

(iv) The scatter in the MZR due to the dynamical state of the
ode/cluster the galaxies belong to accounts for a ≈ 0 . 1 dex deviation
n the gas metallicity between galaxies within relaxed and unrelaxed
lusters. Both populations have a positive deviation above the total
ZR across the full stellar mass range. The difference in metallicity

etween the two populations quickly reduces to ∼ 0 . 05 dex at M � =
0 9 . 6 M �, and they become indistinguishable from each other at high
tellar masses, M � ≥ 10 10 . 1 M �. 

(v) The filament population acts as an intermediary population
etween the void and the nodes, showing slight metal enrichment
bo v e the median MZR value of the o v erall distribution of galaxies,
ith an average relative standard deviation of the MZR 〈 σ Z 〉 / 〈 Z 〉 =
.363, intermediate between the nodes and the voids. 
(vi) The median residual from the MZR, δZ g , against d skelshort 

hows that short filaments have a comparable profile to the o v erall
lament population, reaching median levels of enrichment in the
ores, at distances � 1 cMpc, dropping to levels seen in the void
ith increasing d skelshort . Although we still see an increase in δZ g in

he cores of long filaments, they do not continue to drop to void metal
nrichment levels and remain constant at δZ g ≈ 0.04. 

(vii) When considering galaxies with fixed M � , the gas metallicity,
 g , has a weak correlation with the SFR within the filaments and
oids at redshift z = 0.625 in the simulation. A stronger correlation
etween Z g and SFR is predicted for the node galaxy population, as
alaxies within more virialised nodes have, on average, higher Z g 

nd lower SFRs; this causes a larger tilt angle of the predicted FMR
lane of the node galaxy population. 

Although the vertical scatter in the MZR is caused by a plethora of
alactic and cosmic processes, we have begun to unravel the effects
ssociated with just one of these contributors. In the context of the
osmic web, gas metallicity, along with other galaxy properties, are
f great importance to delve into in the coming years to further
uild on our understanding of the incomplete story of galaxy
volution. Upcoming surv e ys like the Dark Energy Spectroscopic
nstrument (DESI Collaboration et al. 2016 , 2023 ), the Prime Focus
pectrograph (Greene et al. 2022 ) and Euclid (Racca et al. 2016 ;
uclid Collaboration et al. 2022 ), will allow us to probe the observed

arge-scale structure in nature more easily, and as such explore the
ffects presented in this paper in greater detail. This work explores
he issue from a simulation perspective to compare and contrast
ur understanding of the Universe, building upon great work to lay a
oundation for further studies into galaxy evolution in a cosmological
ontext. In the future, we aim to explore how metallicity can be a
seful tool in understanding the redshift evolution of filaments and
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he galaxy populations surrounding them. Building upon Fig. 13 , 
e hope to begin to explain this flattening of δZ around longer
laments and how this trend changes, not only in redshift but also
hen considering a larger number of filament length bins. It is also
f future interest to probe the true multiscale nature of the cosmic
eb. By looking to identify more detailed cosmic structures o v er
 larger range of sizes, one could begin to disentangle the levels
f hierarchical significance of each spatial range, shedding light on 
hether the large or small-scale filamentary systems dominate o v er 

he observed trends. 
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Table A1. The parameter choices and o v erview of each of the four 
methodologies. 

Method M � Cut Rand% of total � l σ

1 None 100% 5.0 10.0 3.0 
2 None 20% 1.0 5.0 1.0 
3 ≥10 9 100% 1.0 5.0 1.0 
4 ≥10 9 20% 1.0 1.0 1.0 
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PPENDI X  A :  C O M PA R I N G  M E T H O D O L O G I E S  

F  SKELETON  C O M P U TAT I O N  WI TH  T-R EX  

o arrive at our methodology of skeleton computation using T-ReX ,
e tested four separate methodologies that give T-ReX alternate
alaxy distributions based on cuts in stellar mass and taking a random
election of galaxies. We could then produce radial distance values
or each galaxy using these skeletons. Observing their PDFs, we
ould select the most robust methodology, correctly re-producing
xpected profiles and distributions in 	 fil and d skel . Fig. A1 shows the
 v erall comparison of the four methodologies. To begin the analysis,
e created four galaxy catalogues to give to T-ReX . Table A1 .
utlines these galaxy distributions. 
Method 1 gives T-ReX the total galaxy distribution, only re-
oving galaxies flagged as ‘impure’ in the galaxy catalogue; this

epresents the idea that the filament finder will benefit from receiving
s much information as possible such that it will produce the most
etailed and accurate skeleton. Method 2 is an extension of this idea in
hich we take a random 20 per cent selection of the distribution. This

ests whether a random selection of the total distribution can correctly
ap the structure. Method 3 does not use this random selection but

nstead takes a stellar mass cut. As mentioned in the methodology
ection of the paper, this method is common in other studies as it has
een shown that high stellar mass galaxies are more commonly found
ithin the cosmic structure and, therefore, are good tracers. For this
ethod, we take the total distribution of galaxies after removing the

impure’ galaxies and remo v e all galaxies with M � ≤ 10 9 . Method 4
epeats this cut and then again takes a random 20 per cent sample of
he distribution. 

Each distribution is then handed to T-ReX to compute a corre-
ponding skeleton for each. T-ReX was specifically tuned for each
alaxy distribution depending on the number of galaxies selected;
pecifics of this tuning can be seen in Table A1 . Using the skeletons,
e then calculate each galaxy’s perpendicular distance to its closest

dge on each of them, giving us d skel1 , d skel2 , d skel3 , d skel4 . From
ach set of distances, we can then produce 2D histograms against
tellar mass and 1D PDFs of these values, with five equally spaced,
ncreasing stellar mass bins from 10 9 to 10 11 . 5 M �. 

Starting in the top row of Fig. A1 , we see the computed skeleton
ssociated with each methodology o v erlayed onto the total galaxy
istribution in the snapshot. Immediately, we can observe that
ethods 1 and 3 produce skeletons with the highest filament density,
ith many filaments being ‘found’ in the most dense clusters of the
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Figure A1. A comparison of four separate methodologies, each providing T-ReX with a different galaxy distribution. The top row of plots shows 
100 × 100 × 10 cMpc slices in HR5, each point representing a galaxy sub-halo. These are o v erlayed with the skeleton black lines, computed using T- 
ReX for the corresponding galaxy distribution. The second row shows 2D histograms of stellar mass against the calculated radial distances, d skel , for each 
methodology. No colour bar is included, as the broad shapes of these histograms are the main result of this analysis. The final ro w sho ws the 1D PDF of the 
distance values for each methodology, split into five stellar mass bins. The black dotted line shows the 1D PDF for the total distribution of galaxies irrelevant to 
stellar mass. Note that none of these plots show the final skeleton that is used in the analysis; they represent four methodologies from which a starting point can 
be found. 

Figure A2. The total distribution of d skel across 50 equally sized logarithmic 
bins. 

Figure A3. The total distribution of 	 fil across 50 equally sized logarithmic 
bins. 
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istribution. On the other hand, Method 2 and 4 display skeletons
ith lower filament density, with Method 4’s skeleton being the least
ense. Due to the nature of visual inspection and how it can lead to
ifferences in interpretation from peer to peer, it is not easy to base a
ecision on this purely. As such, we turn our attention to the middle
ow of plots. 

On the middle row, we see the 2D histograms of d skel against
tellar mass. These plots are where very clear differences begin
o arise. The main result from these plots comes from comparing

ethods 1 and 2 with 3 and 4. Methods 3 and 4 present a clear,
on-physical line in the histogram at 10 9 M �, the exact stellar
ass value that we took the cut. Galaxies abo v e this line have

een used in the skeleton computation; galaxies below this line
ave not and have been placed onto the existing skeleton for their
alue of d skel to be calculated. This demonstrates that d skel values
epend on whether the galaxy in question has been used in the
keleton computation. Therefore, to have a coherent and usable set
f distances, we must be consistent in our calculation for all galaxies
eing used in the analysis, leading to method 1 or 2 being our best
ption. From the 2D histograms of methods 1 and 2, we see a clear
ifference in the distance at which the main peak in the distribu-
ion e xists. F or method 1, the peak lies in the 0 −0.5 log(cMpc)
ange, whilst in method 2, the peak lies in the 0.5 −1 log(cMpc)
ange. We can now turn to the 1D PDFs to further inform our
ndings. 
All methods, apart from method 1, show a clear bimodality in

 skel with the first peak sitting in the range of −0.5 to 0 log(cMpc),
nd the second peak sitting at 0.8 log(cMpc). The main difference
etween methods 1 and 2 in this space is that the bimodality exists
n method 2 and does not exist in method 1. The only difference
n these methodologies is that method 2 uses 20 per cent of the
alaxy distribution in the skeleton computation, which produces a
uch less o v erpopulated skeleton whilst still tracing the large-scale

tructures. We can explain the uni-modality in method 1’s PDF by
onsidering the o v erpopulation in the skeleton. Due to the large
umber of galaxies given to T-ReX and the parameters chosen, the
NRAS 531, 3858–3875 (2024) 
lgorithm creates a very large number of filaments such that most
alaxies will be found to lie on one. This means that we end up
eeing a prominent single peak, as the skeleton is so dense all the
alaxies are found to lie – nearby – to filaments. The second peak at
.8 log(cMpc), seen in the PDF for method 2, can, in turn, represent
he average distance between the identified skeleton and galaxies
utside of it. With these final two methods, we also looked at the
istribution of filament lengths, and as expected, method 1 produced
ar too many short filaments, leading to a bimodal distribution, which
s not expected in literature, see Gal ́arraga-Espinosa et al. 2023a .

ethod 2 produced a PDF that was closer to what was expected.
rom this, we settled that method 2 is the best of the four methods
e present here, acting as a good starting point for the final skeleton.
To create our final skeleton, we slightly tuned the parameters

round the provided values seen for Method 2 until the skeleton we
roduced had d skel and 	 fil PDFs that agreed with what has been used
n existing work (Donnan et al. 2022; Bulichi et al. 2023; Gal ́arraga-
spinosa et al. 2023a ), respectively. These final parameters are � =
, l = 2, and σ = 2. 
Figs A2 and A3 show the distributions for d skel and 	 fil from

he final skeleton, giving us confidence that our skeleton is correctly
apping large-scale structure in accordance to other previous studies

arried out in the field using similar methodologies and filament
nders. 

PPENDI X  B:  DY NA MIC A L  STATE  O F  

LUSTERS  IN  H R 5  

o more clearly demonstrate the offset that exists between relaxed
nd unrelaxed clusters in HR5, Fig. B1 shows a galaxy cluster that
ies in each of our populations based on � r . It is clearly shown that
n the right plot, the offset between the central galaxy and FoF centre
f mass is large enough such that our d cluster values are measuring
o the incorrect position for what we wish to probe. In the left plot,
e can see a virialized and settled-down cluster with a much smaller
ffset, meaning the d cluster values associated with these clusters are
eaningful in our analysis. 
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Figure B1. Two separate clusters from HR5’s Halo catalogue in halo-centric coordinates. The shaded grey circles are galaxies in the cluster, scaled to the 
galaxy’s stellar mass to demonstrate the distribution of galaxy stellar mass in the plot. The red cross represents the central galaxy of the halo, and the green 
diamond represents the FoF centre of mass in the halo, both defined by the FoF algorithms and PGalF in HR5. The left plot shows the situation with minimal 
separation between the FoF centre of mass and the identified central galaxy of the halo, representing a relaxed cluster by our definition. The right plot shows the 
opposite situation with an ∼130 ckpc separation between the two positions. This represents our unrelaxed cluster situation. 

Figure C1. The galaxy stellar mass-gas phase metallicity relation in different 
environments as seen in Fig. 9 The node population is shown in orange, the 
filament population in blue, and the void population in dark purple. The 
black-dashed line shows the median MZR for the total galaxy distribution. 
The coloured shaded regions show the standard error on the median for each of 
the three environments. The lighter dashed lines represent the MZR associated 
with the environments within a small range of ρG of 0 . 052 ± 0 . 021 cMpc −3 . 
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of, or relative to, d skel , it is reasonable to assess how significant 
this parameter is in relation to these known trends with changing 
densities. A simple approach is to calculate a value of local density 
for each galaxy and using these values repeat the analysis using 
a limited density range. One can imagine here that if the trends 
vanished after limiting density, the o v erdensities associated with 
the large-scale structure are the main cause of the observed trends. 
Conversely, if the trends remain, significance can be placed in the 
other parameter in question, d skel . This is carried out in Donnan 
et al. ( 2022) in which it is shown that their trends with d skel persist 
once a density cut is taken, and we choose to implement a similar 
method. 

We calculate local densities of each galaxy, ρG , as simple 
spherical hats, taking the number density of galaxies within a 
3 cMpc sphere around the selected galaxy. This provided a median 
ρG of 0 . 053 cMpc −3 . Following Donnan et al. ( 2022 ), we then 
take our cut around this median. In their work, they choose to 
take ±0.32 σ around their median. Ho we ver, due to our large 
statistical sample of galaxies, we choose a stricter cut of ±0.15 σ , 
whilst maintaining a statistically significant number of galaxies. 
From Fig. C1 , we can see that with a constrained density cut, 
the trends with environment still persist and as such d skel itself 
is significantly contributing to these trends, abo v e the expected 
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PPENDIX  C :  C O R R E C T I N G  AG AINST  T H E  

XPECTED  OV ERDENSITIES  O F  T H E  COSMI C  

E B  

s is known from existing studies, the cosmic web and measurements 
elative to it are strongly correlated with overdensities. As such, when 
roviding an analysis referring to galaxy properties as a function 
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rend with o v erdensities in the cosmic web. This result is in
greement with what is shown for the same analysis in Donnan et al.
2022 ). 
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