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Abstract

Aims. Our goal is to carry out a comparative study of the properties of central galaxies hosting active galactic nuclei (AGN) in cosmic voids and their surrounding structures (i.e. filaments and walls) at z = 0, comparing them to non-AGN galaxies in similar environments.

Methods. We used the central galaxies selected from the EAGLE project, combined with a void catalogue that identifies voids, filaments, and walls. We categorised our sample of central galaxies into four global environments based on their distance to the nearest void. We analysed several properties such as the star formation activity and black hole mass, as a function of stellar mass and environment for galaxies with and without AGN.

Results. We found that the AGN fraction decreases as a function of void-centric distance, with void galaxies displaying the highest AGN fraction (12%), while galaxies in denser environments, display the lowest AGN fraction (6.7%), consistent with observations. The AGN fraction is particularly high in most massive void galaxies when controlling for stellar mass. When comparing AGN host galaxies to inactive ones, we find that AGN galaxies tend to have slightly more massive supermassive black holes (SMBHs), higher specific star formation rates (sSFRs), and a tendency to reside in higher mass haloes at a given stellar mass than non-AGN galaxies. At M∗ > 1010.2 M⊙, AGN hosts in voids tend to have slightly more massive SMBHs than those in denser environments. Otherwise, the AGN population does not show a clear trend in relation to the global environment. In contrast, non-AGN void galaxies host more massive SMBHs, slightly higher sSFRs, and are located in more massive haloes than those in denser environments. Analysing the recent merger histories of both AGN and non-AGN populations, we find that a larger fraction of massive AGN galaxies have undergone major mergers compared to non-AGN galaxies, regardless of environment. Notably, AGN galaxies in voids show a higher frequency of recent mergers (especially major mergers) than their counterparts in other environments, particularly at high stellar mass.

Conclusions. Our results suggest that the evolution of SMBHs in voids is closely related to that of their host galaxies and their surrounding environment, while the most recent AGN activity is more strongly linked to recent interactions.

Key words: methods: numerical / galaxies: evolution / galaxies: structure


1. Introduction
Supermassive black holes (SMBHs) are commonly found in the centres of nearly all massive galaxies, namely, M* ≥ 1010 M⊙ (Kormendy & Richstone 1995; Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000). They are expected to play a critical role in the regulation of the star formation activity in massive galaxies (e.g. Bower et al. 2006; Lagos et al. 2008). When gas is accreted onto a SMBH at large rates, it emits light as an active galactic nucleus (AGN), potentially outshining the host galaxy. Such accretion events not only grow the SMBH over cosmic time but also drive powerful winds and potentially relativistic jets (e.g. Salpeter 1964; Oemler 1974; Di Matteo et al. 2005; Hopkins et al. 2006; Kormendy & Ho 2013).
Numerical simulations of galaxy formation suggest that AGN feedback from these winds or jets could heat the surrounding gas and ultimately regulate star formation in the massive host galaxy (e.g. Croton et al. 2006; Bower et al. 2006; Hopkins et al. 2006, 2008; Lagos et al. 2008; Dubois et al. 2013, 2016). Observational studies have pinpointed discrepancies among these results. Some studies argue that AGN activity is equally present in both passive galaxies and active star-forming galaxies (Cardamone et al. 2010; Schawinski et al. 2014), suggesting that the AGN impact on the evolution of galaxies might be not as significant as predicted by galaxy formation models, namely, by abruptly halting star formation. Some studies suggest that galaxy mergers enhance AGN activity, at least for the most luminous AGN (Alonso et al. 2007; Ellison et al. 2008, 2011; Treister et al. 2012; Donley et al. 2018), while others report no correlation between mergers and AGN luminosity (e.g. Kocevski et al. 2012; Villforth et al. 2014; Comerford et al. 2024). Hence, debates persist, not only as to the role of AGN feedback, but also the question of which mechanisms trigger the activity in galaxies of different masses. Incorporating the large-scale environment where galaxies are located is one interesting dimension for investigating the co-evolution of the galaxy and its SMBH.
The large-scale structure that we observe today, the cosmic web, can be traced back to tiny density perturbations in the very early Universe (Lifshitz & Khalatnikov 1963; Weinberg 1972; Peebles 1980). These density perturbations have grown, mainly driven by gravity giving rise to the complex cosmic web where galaxies resides, with voids, filaments, and walls. As the result of this evolution, under-dense regions known as cosmic voids are also generated (e.g. Gregory & Thompson 1978; Einasto et al. 1980; Kreckel et al. 2011). Voids provide a unique laboratory to studying galaxy evolution under extreme conditions in comparison to denser regions (van de Weygaert & Platen 2011). The rate of gas accretion, interactions, and mergers are expected to be different and, hence, they affect the growth of galaxies and their SMBHs in different ways.
Observational studies from galaxy surveys have found significant differences between galaxies in void regions and those in denser environments (e.g. Oemler 1974; Dressler 1980; Hashimoto et al. 1998; Kauffmann et al. 2004; Rojas et al. 2004; Baldry et al. 2006; Hoyle et al. 2012; Kreckel et al. 2012; Florez et al. 2021). Void galaxies typically have a lower stellar mass (e.g. Croton et al. 2005; Moorman et al. 2015), they are bluer (e.g. Grogin & Geller 2000; Rojas et al. 2004; Padilla et al. 2010; Hoyle et al. 2012) and tend to have later type morphologies (e.g. Rojas et al. 2004; Croton et al. 2005). However, there is still some debate ongoing over whether void galaxies differ significantly from their denser counterparts when matched for stellar mass (e.g. Ricciardelli et al. 2014). Studies using SDSS-DR7 have shown that void galaxies exhibit higher star formation rates (SFRs) than galaxies in void shells or control samples, although star-forming galaxies show similar activity across environments (Ricciardelli et al. 2014). Consistent results were found by Moorman et al. (2016) and the Void Galaxy Survey (Beygu et al. 2016), where SFRs and gas content of void and non-void galaxies with similar stellar mass were comparable. However, Florez et al. (2021), using the RESOLVE and ECO surveys, found that void galaxies had more atomic gas than those in filaments and walls, suggesting a nuanced relationship between environment and gas content. Recent results from the Cavity Project (García-Benito et al. 2024) have shown that void galaxies exhibit a more gradual build-up compared to their counterparts in filaments, walls, and clusters, consistent with their slower star formation histories (Domínguez-Gómez et al. 2023). Despite this, they appear to possess similar molecular gas fractions (Rodríguez et al. 2024).
In addition, the identification of cosmic voids is inherently non-trivial, as results can depend strongly on the algorithm used (e.g. Colberg et al. 2008; Neyrinck 2008; Cautun et al. 2018). Comparative studies show that whilst many algorithms agree on the locations of voids, they can differ substantially in the number, sizes, and shapes of the voids they identify.
Mergers and interactions are key physical mechanisms to drive galaxy evolution and potentially to trigger AGN feedback. Several studies have investigated the merger rate of galaxies across different environments (Alonso et al. 2004; de Ravel et al. 2011). Among these, Perez et al. (2009) found that 50 per cent of their merging systems reside in intermediate-density environments, where a notable difference in galaxy colours has been observed (see also Alonso et al. 2012). Ellison et al. (2010) concluded that low density environments have a higher fraction of galaxies in pairs and the highest changes in SFR, asymmetry, and bulge-total.
From a theoretical point of view, Fakhouri & Ma (2009) reported a strong positive correlation between merger rate and environmental density, indicating that denser environments contribute significantly to the galaxy mass build-up. Lin et al. (2010) observed that mergers in dense environments have played a key role in galaxy accretion over the last 8 billion years, particularly driving the mass assembly of red galaxies.
Conversely, Kampczyk et al. (2013) found that while most galaxy pairs reside in dense regions, interactions have a stronger impact in lower-density areas, likely due to varying gas availability. Using semi-analytical models, Jian et al. (2012) also confirmed a higher merger rate in denser environments, but noted that the merger timescale appears unaffected by environmental factors.
If galaxies in cosmic voids are less evolved than those in denser environments, as previous studies have suggested, then the SMBHs in void galaxies would also exhibit differences. This makes cosmic voids ideal for studying SMBHs, their activity, and their role in star formation. However, currently there is no consensus on how the environment influences AGN activity. Some studies report that AGN activity increases with stellar mass as the environmental density increases (Manzer & De Robertis 2014; Argudo-Fernández et al. 2018; Amiri et al. 2019), while others suggest a higher fraction of AGN-hosting galaxies in under-dense regions (Kauffmann et al. 2004; Constantin et al. 2008; Deng et al. 2012; Lopes et al. 2017). Early studies using SDSS DR2 also found that AGN are common in void galaxies (Constantin et al. 2008). On the other hand, some works report no environmental dependence of AGN fractions (Carter et al. 2001). Differences in these findings may arise from the selection and classification methods for AGN. For example, some studies have shown a higher AGN fraction in dense environments (Manzer & De Robertis 2014; Argudo-Fernández et al. 2018; Amiri et al. 2019). However, they relied on the [N II] classification, which only distinguishes AGN, composite, and H II regions, without identifying low-ionisation nuclear emission-line regions (LINERs), which tend to cluster more strongly than Seyferts (Constantin et al. 2008). Argudo-Fernández et al. (2018) noted that of their 3253 AGN, a total of 1357 are LINER sources, which tend to disappear in bright-void galaxies, potentially skewing sample selection in under-dense regions.
Thanks to the availability of large hydrodynamical simulations (e.g. Vogelsberger et al. 2014; Schaye et al. 2015; Pillepich et al. 2018; Nelson et al. 2018), such as EAGLE (Schaye et al. 2015), recent works have demonstrated these simulations as valuable tools for studying the large-scale environments of galaxies, given their ability to reproduce most of the observed properties of low-redshift galaxies (e.g. Crain et al. 2015). Many efforts have shown that EAGLE matches well the observed AGN and SMBH properties at z = 0 (Rosas-Guevara et al. 2016), stellar masses and SFRs (Furlong et al. 2015), and gas content (Lagos et al. 2015; Bahé et al. 2016; Crain et al. 2017). Using EAGLE, Rosas-Guevara et al. (2022) found that galaxies exhibit significant differences based on their environment. For example, at high stellar mass, galaxies in denser environments are more likely to be quenched compared to those in under-dense regions. Similarly, Habouzit et al. (2020), used the HORIZONAGN simulation, explore the properties of galaxies and BHs in voids. They found that low-stellar mass galaxies with intense star formation are more common in void interiors, with BHs and their host galaxies growing together in voids similarly to those in denser environments, despite having different growth channels.
Our study aims to carry out a comparative analysis of the properties of galaxies hosting an AGN and those without (non-AGN) located in different large-scale environments. For this purpose, we combine the EAGLE hydrodynamical simulation (Schaye et al. 2015) and a void finder catalogue (Paillas et al. 2017) following Rosas-Guevara et al. (2022). In this paper, we analyse the differences among SMBHs residing in galaxies across various environments (i.e. voids, filaments, and walls). The focus will be on disentangling the effect of the environment on the triggering of AGN activity and the AGN feedback effects on the host galaxies by distinguishing the properties of galaxies hosting AGN from those without and investigating whether void properties influence AGN activity and key properties of their hosts.
This paper is organised as follows. Section 2 describes the simulation and the classification of galaxies according to environment. Section 3 studies the properties of the AGN and their host galaxies at z = 0. Section 4 describes the evolution of AGN properties over cosmic time. The main results are summarised in Section 5.
2. Methodology
2.1. Simulations
We used the EAGLE project1 (Schaye et al. 2015; Crain et al. 2015), which comprises a suite of cosmological simulations performed with different subgrid physics and different numerical resolutions and volumes. These simulations were executed using a modified version of P-Gadget-3, an upgraded version of Gadget-2 (Springel 2005). This modified version integrates changes to the vanilla smoothed particle hydrodynamics, referred to as ANARCHY, enabling the incorporation of unresolved physical phenomena such as cooling, metal enrichment, star formation activity, and energy input from stellar sources (Schaye & Dalla Vecchia 2008), as well as black hole growth (Rosas-Guevara et al. 2015). For a detailed look at the comparison of hydrodynamics schemes, we refer to Schaller et al. (2015). The simulations are consistent with a Lambda cold dark matter (Λ-CDM) cosmology with the following cosmological parameters: dark energy density of ΩΛ = 0.693, matter density of Ωm = 0.307, baryon density of Ωb = 0.04825, matter fluctuations of σ8 = 0.8288, Hubble normalisation of h = 0.6777, scalar spectrum power-law index of ns = 0.9611, and a fraction of baryonic mass in helium Y = 0.248 (Planck Collaboration I 2014).
In particular, we analyse the largest volume denoted as Ref-L100N1504 also studied by Rosas-Guevara et al. (2022). The Ref-L100N1504 encompasses a comoving volume of (100 cMpc)3. The simulation has a mass resolution of 9.7 × 106 M⊙ for dark matter (DM) particles and 1.81 × 106 M⊙ for baryonic particles, with a corresponding comoving softening length of 2.66 ckpc, limited to a maximum physical size of 0.70 kpc.
2.2. AGN in EAGLE
The inclusion of BHs in the EAGLE simulations is fully described in Schaye et al. (2015) and Rosas-Guevara et al. (2016). Hence, we only highlight the main relevant information for our work below. A galaxy is seeded with a BH of mass 1.48 × 105 M⊙, if the halo of the host galaxy exceeds a mass of 1.48 × 1010 M⊙. This BH may grow through gas accretion. Ṁacc is the mass accretion rate onto a SMBH, which is calculated by the modified Bondi-Hoyle model (Rosas-Guevara et al. 2015):
[image: thumbnail](1)
where [image: equation] is a dimensionless free parameter, cs the sound speed, and VΦ, the circular velocity of the surrounding gas.
In our work, we used the Eddington ratio and X-ray luminosity to define where a galaxy hosts an AGN. The Eddington ratio is defined by
[image: thumbnail](2)
where the Eddington accretion rate, ṀEdd is defined as
[image: thumbnail](3)
where G represents the gravitational constant, c the speed of light in vacuum, mp the mass of the proton, and σT the Thompson cross-section. Also, ϵr represents the radiative accretion efficiency. MBH is the mass of the BH. We identify a galaxy as hosting an AGN if log10(λEdd) ≥ −3 and the (hard) X-ray luminosity is LX ≥ 1040 ergs−1. To calculate the hard X-ray luminosity, we must first calculate the bolometric luminosity (Lbol) as
[image: thumbnail](4)
with the accretion efficiency, ϵr = 0.1, inline with the work of Shakura & Sunyaev (1973). Then, the correction for intrinsic hard X-ray luminosity (2–10 keV) from Marconi et al. (2004). The conversion from Lbol to LHX is done via the third degree polynomial,
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requiring λEdd ≥ 10−3 enables us to identify more AGN than selecting only those with radiatively efficient accretion flows (λEdd ≥ 10−2) or super-Eddington accretion (λEdd ≥ 1), while still ensuring higher accretion rates than those associated with advection-dominated accretion flows (ADAFs; λEdd ∼ 10−4). This criterion allows us to achieve more robust statistical analyses across the four defined environments. The X-ray luminosities of our sample span from 1040 erg s−1 to 1044 ergs s−1.
2.3. The selected EAGLE galaxy sample
The galaxies were identified utilising SUBFIND to detect gravitationally bound sub-structures (Springel et al. 2001; Dolag et al. 2009) within each friends-of-friends (FoF) halo. In this study, we only analysed central galaxies defined as the most massive sub-structure within the DM halo, which were part of the sample analysed by Rosas-Guevara et al. (2022). The stellar masses are quantified within a fixed aperture of 30 physical kpc. The galaxies that remain within the FoF halo are classified as satellite galaxies and will not be considered in this analysis. In the subsequent sections, we analyse the following galaxy parameters:

	
MBH: the sum of all BH particles in the halo;



	
Mhalo: the total mass contained within the virial radius (R200), within which the average density of the halo is 200 times the critical density of the Universe;



	
sSFR: the ratio between the SFR, and the stellar mass within a 30 pkpc aperture. The SFR is estimated by using the star-forming gas in the EAGLE simulation, and thus corresponds to an instantaneous measurement of the SFR;



	
fgas: the gas fraction is defined as the ratio between the total gas mass in a physical 30 kpc aperture and the stellar mass of a galaxy;



	
τ50(M*): the look-back time at which 50% of the z = 0 galaxy stellar mass was assembled;



	
τ50(Mhalo): the look-back time at which 50% of the z = 0 halo mass was assembled.




We used the MBH values provided in the public database, defined as the total mass of all BHs in the halo. McAlpine et al. (2016) and Lagos et al. (2025) demonstrated that when MBH ≥ 106 M⊙, this value is approximately equal to the most massive BH. Thus, when we refer to BH masses throughout this work, we are referring to the total value as opposed to the central.
2.4. Voids in EAGLE
We worked with the void catalogue constructed by Paillas et al. (2017)2 where galaxies with a stellar mass of M* ≥ 108 M⊙ are used as void tracers. The catalogue also encompasses filaments and walls structures. In brief, voids are found with a spherical under-density finder, based on the algorithm presented in Padilla et al. (2005). The algorithm identifies spherical under-densities in a galaxy distribution by building a rectangular space grid and counting the number of galaxies in each cell of the grid. The empty cell centres in the grid are candidates to be void centres. Spherical under-density profiles are calculated around each candidate up to the integrated density exceeding 20 per cent of the mean galaxy number density. The radius of the largest sphere used in the calculation is defined as the void radius, rvoid. If two void candidates have similar centres and volumes and their centres are closer than 40 per cent of the sum of their radii, the smallest of them is discarded. To verify rvoid for the remaining voids, the void centre is shifted in different directions, and if the new radius is larger than rvoid, the position of the void is updated. The void catalogue consists of 709 voids, with nine of having rvoid values greater than 10 pMpc. The largest void is ∼24 pMpc and the smallest void is ∼5 pMpc.
We assigned a simulated galaxy to one of four specific environments depending on its distance from the centre of the void, using the same definitions as in Rosas-Guevara et al. (2022, see their Fig.1) as follows:

	
inner void, In-V: if a galaxy is located between the centre of the void and rvoid = 0.8, it is defined as an inner void galaxy;



	
outer void, Out-V: if the galaxy lies between 0.8 rvoid and rvoid, it is in the outer void region;



	
wall, W: for galaxies located between rvoid and 1.4 rvoid, they are labelled as wall galaxies;



	
skeleton, S: any galaxy located beyond 1.4 rvoid from the centre of the void is classified as a skeleton galaxy.




An important feature of this void catalogue is the size of the voids with respect to SDSS measurements and catalogues from larger simulations. Paillas et al. (2017) reported that the size of the largest voids in the EAGLE simulations are smaller than ≈25 Mpc, which is in global agreement with observations. In addition, these authors found that their largest void in their sample is comparable to the smallest void in the simulation box used by Hamaus et al. (2014) and Cai et al. (2015). Hence, we cannot probe very large voids in this study. The definition of voids and the tracers used to identify them and how this affects the statistics have been studied in detail in Paillas et al. (2017).
2.5. AGN samples in different environments
Using the criteria defined in Section 2.2, we selected AGN from the sample of galaxies in each environment defined by Rosas-Guevara et al. (2022), which were constrained to have the same stellar mass distribution in each of the four defined environments. The numbers of AGN and non-AGN galaxies, as well as the percentage of galaxies hosting an AGN in each environment are summarised in Table 1. The AGN percentage exhibits a noticeable increase in under-dense environments, ranging from 12.4 per cent for inner void galaxies to 6.7 per cent for skeleton galaxies. Furthermore, we present the mass distribution of both the AGN and non-AGN at z = 0 in Fig. 1. Across all environments, AGN consistently exhibit a larger median stellar mass compared to non-AGN (see vertical lines in the top versus bottom panel of Fig. 1). This is a similar result to that found in Dubois et al. (2015), where they reported that AGN in low-mass galaxies were suppressed due to supernova feedback (see also Bower et al. 2017). Furthermore, in Fig. A.1 we show that the distribution of halo mass is quite comparable to the stellar mass distributions. AGN are found to reside in larger haloes, regardless of the environment than galaxies without an AGN at z = 0.
Table 1. 
Characteristics of the analysed samples.

	[image: thumbnail]	Fig. 1. Stellar mass distribution of the AGN (top panel) and the non-AGN galaxies (bottom panel) in the inner void (blue), outer void (green), skeleton (magenta), and wall (orange) cosmic environments. The vertical lines denote the median stellar mass for each environment. We note that the AGN and non-AGN samples have been drawn from galaxy samples in each environment that have matching stellar mass distributions (Rosas-Guevara et al. 2022). Error bars show the 16th and 84th percentiles from the bootstrap distribution of 1000 samples.



We show the AGN fraction per stellar mass bin per environment in Fig. 2. From this figure, it can be seen that the AGN fraction is consistently higher in the In-V regions compared to other environments across various stellar mass bins. Furthermore, in the highest stellar mass bin (log10(M∗[M⊙]) > 10.5), around half of the galaxies in the In-V regions are hosting an AGN at z = 0. This suggests that there is a connection between environment and AGN activity. These results align with those presented by Constantin et al. (2008), who reported a higher rate of AGN occurrence in void regions compared to walls, particularly in massive galaxies, through the analysis of spectroscopic and photometric data from the SDSS DR2 catalogue. Likewise, Habouzit et al. (2020) utilised the Horizon-AGN simulation and found a greater AGN fraction in void galaxies compared to shell galaxies.
	[image: thumbnail]	Fig. 2. AGN fraction as a function of stellar mass for galaxies in each defined environment. Galaxies in under-dense environments are more likely to host an AGN than those in denser environments, particularly for M∗ ∼ 1010.5 M⊙, at z = 0. Errors show the 16th and 84th percentiles from the bootstrap distribution of 1000 samples.



In the subsequent sections, we delve into the characteristics of galaxies harbouring AGN and those devoid of AGN activity. Our aim is to understand the elevated AGN activity detected in void regions and identify the potential mechanisms behind this phenomenon.
3. AGN and their host galaxy properties at z = 0
This section will specifically examine the characteristics of the AGN host galaxy, comparing them across the four environments defined in Section 2.4 and with non-AGN galaxies as well. In particular, we focus on the galaxy properties defined in Section 2.1. To carry out this analysis, the galaxies in each environment were separated into the following stellar mass intervals:

	
low mass : 9 ≤ log10(M∗[M⊙]) < 9.5;



	
intermediate mass : 9.5 ≤ log10(M*[M⊙]) < 10;



	
high mass : log10(M∗[M⊙]) ≥ 10.




In Figs. 3, 4, 5, and 6, we give the main parameters of AGN (left panel) and non-AGN (right panel) galaxies as a function of their stellar mass in the four defined environments (coloured-coded lines), overlaid with the parameter distribution of the entire sample for AGN and non-AGN, respectively (grey dashed lines). The bottom panels show the medians of the corresponding parameter divided by the medians of the In-V AGN (bottom left) and non-AGN (bottom right) as a function of stellar mass. Hence, we define [image: equation], where x is the galaxy parameter and env is another environment (not excluding the entire sample in grey).
	[image: thumbnail]	Fig. 3. Top: Log sSFR as a function of stellar mass for AGN (left) and non-AGN (right). The circle points are the median value of the log sSFR in that stellar mass range. The error bars denote the bootstrap errors in each stellar mass interval. Each point has been slightly shifted along the x-axis so that the error bars are visible. Bottom left: Ratio between the log sSFR of Out-V, S, W, and all AGN host galaxies to In-V. Bottom right: Ratio between the log sSFR of Out-V, S, W, and all non-AGN host galaxies to In-V (see Section 2.4 for definitions).



	[image: thumbnail]	Fig. 4. Same as Fig. 3 for log MBH as a function of stellar mass.



	[image: thumbnail]	Fig. 5. Same as Fig. 3 for the log(M*)-log(Mhalo) relation.



	[image: thumbnail]	Fig. 6. Same as Fig. 3 for the look-back time at which 50 per cent of the stellar mass was formed as a function of stellar mass.



Figure 3 depicts the sSFR as a function of M* for both AGN and non-AGN in the four different environments. AGN systems seem to determine a stronger sSFR-M* anti-correlation for masses in the range 9.0 < log10(M*[M⊙]) < 10.0 than galaxies that do not host an AGN. For stellar masses higher than 1010 M⊙, AGN galaxies seems to reach a plateau. However, we warn about the large dispersion, as indicated by the error bars.
The sSFR in In-V galaxies tends to be slightly lower than in the other environments, across the entire mass range and in particular, for AGN galaxies, as can be seen in both of the bottom panels of Fig. 3 and Table C.1. From this table, it is also clear that low mass AGN systems have systematically higher sSFR than their non-AGN counterparts for all masses and in all environments.
Combining all environments, our results show that AGN in EAGLE prefer host galaxies with high sSFR, in low mass and the highest mass bin, as can be seen with the grey lines in both plots, in general agreement with the findings of Ward et al. (2022). These authors looked across three different simulations: IllustrisTNG (Springel et al. 2018), EAGLE (Schaye et al. 2015), and SIMBA (Davé et al. 2019). They found that AGN preferentially reside in galaxies with high sSFRs and a high molecular gas fraction (see their Fig. 1).
Figure 4 displays total MBH versus M* for the AGN and non-AGN populations across the four environments. We appreciate that overall, AGN have slightly more massive MBH values at a given stellar mass than non-AGN (see the second column of Table C.1). This trend holds at stellar masses below 1010.5 M⊙; however, at the highest stellar masses it appears to reverse, particularly in the lowest-density environments.
As can be shown in the bottom left panel, the MBH of AGN shows significant scatter with environment across the whole stellar mass range, while non-AGN in In-V have systematically more massive BH. The exception might be the most massive non-AGN galaxies, where there is a reversal in the trend. However, since it is only one mass bin and the error bars are large, we cannot draw any strong conclusion.
For M∗ > 109.5 M⊙, it seems that AGN have been able to feed their MBH more efficiently than non-AGN, as can be seen from the difference in the median MBH in Table C.1. From this table and Fig. 4 (upper panels), it can be seen that, regardless of stellar mass, AGN in W and S environments have MBH values about 0.1 − 0.3 dex higher than non-AGN in the same environments. In contrast, for AGN and non-AGN in under-dense regions, the difference in MBH is much smaller. Therefore, although In-V galaxies have a higher likelihood of hosting an AGN, they appear to have been less efficient at feeding their SMBHs in comparison to those in a higher density environment, except for the higher mass bin, In-V galaxies have the same AGN-to-non-AGN MBH ratio.
Upon examining the median MBH values shown in Table C.1, it becomes evident that there is lower variation in MBH of AGN and non-AGN in low-mass galaxies. The current masses closely resemble the initial seeding mass in the EAGLE simulation (≈ 105 M⊙). This implies that these small galaxies have experienced minimal growth and, by construction of the subgrid model, they are also less affected by AGN feedback. We notice that this corresponds to the stellar mass range where supernovae suppress BH growth in EAGLE (Bower et al. 2017). Therefore, any conclusions drawn from this stellar mass interval should be taken with caution.
In Fig. 5, we show the Mhalo − M* relation. At a given stellar mass, galaxies hosting an AGN tend to reside in slightly more massive dark matter haloes than non-AGN galaxies, a trend that is also reflected in Table C.1. This can also be appreciated in Fig. A.1, which shows the halo mass distribution in AGN (top panel) and non-AGN (bottom panel) across different environments.
Since halo mass is closely tied to the assembly history of galaxies – with more massive haloes generally forming earlier and experiencing different accretion histories – this could suggest that AGN host galaxies have undergone a distinct evolutionary pathway. In particular, the presence of an AGN in more massive haloes could point to earlier or more sustained periods of gas accretion and feedback, potentially leading to a different regulation of star formation over cosmic time. Thus, the observed halo mass difference could be a consequence of, or a contributor to, the divergent star formation histories of AGN and non-AGN galaxies. (e.g. Tremonti et al. 2007; Silk & Mamon 2012; Fabian 2012; Bower et al. 2017; Beckmann et al. 2017; Weinberger et al. 2018; Davé et al. 2019).
We go on to focus on non-AGN systems and compare their halo mass in different environments at a fixed stellar mass, as shown in the bottom panel of Fig. 5. We notice that a trend for galaxies in the In-V environment to reside in higher mass haloes than their counterparts in Out-V, W, or S environments (i.e. the halo mass slightly decreases with increasing environmental density). In other words, galaxies at a given Mhalo host more massive galaxies in denser regions in agreement with previous works (Artale et al. 2018; Rosas-Guevara et al. 2022). However, this trend changes for galaxies hosting AGN. As can be seen in the middle panel of Fig. 5, AGN in different environments have similar DM halo masses, except for very massive systems where there is a large dispersion for both AGN and non-AGN.
These results suggest that AGN activity seems to reduce the difference in halo mass among environments, while non-AGN show systematically higher Mhalo and MBH for galaxies in voids than non-AGN in Out-V, W, and S, in agreement with the results of Rosas-Guevara et al. (2022). The similarity between the trends shown in the bottom two panels of both Figs. 4 and 5 and Table C.1 suggest that AGN reside in slightly more massive haloes and this allows for higher accretion rates onto the SMBH regardless of the global environment. This is in agreement with the findings of Bower et al. (2017) who discussed the translation of the growth of SMBHs into a relation between MBH and Mhalo, providing insights into the interplay between BH growth and halo growth in a cosmological context in the EAGLE simulations. Analytical models have been proposed to explain the origin of the characteristic mass scale in galaxy formation, which is observed as an abrupt change in galaxy properties around a halo mass of 1012 M⊙ (Dubois et al. 2015; Habouzit et al. 2017; Anglés-Alcázar et al. 2017; Hopkins et al. 2022). The model allows for a connection between the halo growth rate, the effectiveness of star formation-driven outflows, and the gas density in the galaxy. The density of gas surrounding the SMBH is shown to depend critically on the effectiveness of feedback from star formation. The model is supported by observational data and confirmed in numerical experiments.
Finally, in Fig. 6 we display τ50(M*) as a function of the stellar mass. It is clear that the AGN population has a larger variation in τ50, indicating a wider diversity of formation histories in comparison with non-AGN galaxies. We found a tendency for AGN-hosting galaxies to exhibit lower τ50 values of about 0.5 Gyr, on average. This implies that galaxies hosting AGN typically have more recent stellar formation and/or accretion histories than those without AGN, as can also be seen in Table C.1.
4. AGN properties over cosmic time
In this section, we analyse the cosmic evolution of key properties of AGN and non-AGN galaxy populations. We also describe their recent merger events in the different environments.
4.1. Assembly histories for AGN and non-AGN populations
We estimated the mass assembly histories by following the main progenitor of the z = 0 galaxies back in time. In the upper panel of Fig. 7 we display the stellar mass build-up of galaxies that host an AGN for three stellar mass intervals, each split into the four defined environments. The dotted vertical lines depict τ50(M*) given in Table C.1. As can be seen, AGN galaxies in In-V and Out-V assembled 50 per cent of their final stellar mass before those in walls and skeletons. This is also in agreement with the results of Fig. 6.
	[image: thumbnail]	Fig. 7. Stellar mass at a given z relative to the final stellar mass at z = 0 for AGN (upper panels) and non-AGN (lower panels) galaxies for galaxies in different stellar mass ranges. The mean formation time of the galaxies, estimated as the look-back time at which galaxies formed 50 per cent of their final stellar mass, τ50 are included for each subsample (dashed lines). AGN and non-AGN central galaxies formed quicker in lower In-V and Out-V regions over W and S, particularly in the low and high stellar mass intervals. AGN central galaxies are assembled systematically later than non-AGN ones.



Galaxies hosting an AGN in under-dense regions in the highest mass interval also seem to grow faster than those in walls or skeletons until they reach 50 per cent of their current stellar mass, and then their growth is similar across different environments. Because the stellar mass distribution are similar for AGN hosts in the analysed environments with only a slight higher fraction of low mass galaxies in under-dense regions with low stellar mass, this trend suggests that at a given stellar mass, the assembly was slightly faster in under-dense regions at high redshift.
We also display the stellar mass assembly of the non-AGN galaxy population in the lower panel of Fig. 7. With the exception of the most massive galaxies, we observe smaller variations in the mass growth of non-AGN galaxies across different environments. This figure reinforces the observation that non-AGN galaxies consistently exhibit higher τ50 values compared to AGN galaxies in the same environment, implying earlier assembly histories, as it was already mentioned. As shown earlier in Fig. 6 and Table C.1, in each stellar mass bin, galaxies lacking an AGN assembled 50 per cent of their stellar mass earlier than those with an AGN. AGN host galaxies are also forming stars with a higher efficiency at z = 0. These differences could be explained by the action of AGN (Rosito et al. 2019) possibly as well as also supernovae feedback, which regulate (and possibly delay) the transformation of gas into stars in the progenitors.
Rodríguez-Medrano et al. (2024) reported that void galaxies are younger than galaxies in other environments using the TNG300 simulation, which might be in tension with our findings in EAGLE. However, we should take into account that these authors considered both central and satellite galaxies, whereas we only included central galaxies. The total mass accumulation was undistinguishable in all environments when they solely considered central galaxies. Furthermore, TNG300 has a higher number of large void regions than our sample in EAGLE. However, the TNG300 numerical resolution is lower than EAGLE. Similarly, through observations, Domínguez-Gómez et al. (2023) discovered that when compared to galaxies in other environments, void galaxies formed stars slower compared to cluster environments. However, these authors did not distinguish between central and satellite galaxies or AGN and non-AGN. In a follow-up study, Torres-Ríos et al. (2024) separated their sample into central and satellite galaxies and find that both local and large-scale environments play a relevant role in shaping the star formation history of galaxies. They also report that group galaxies, especially those in voids and with lower stellar mass, tend to assemble their stellar mass earlier than isolated (singlet) galaxies.
We also analyse the fgas (defined in Sect. 2.3), finding very little difference in the fgas for AGN galaxies regardless of the large-scale environment (see Appendix B). The fgas evolution is also very similar across all environments for galaxies that do not host. However, AGN have systematically higher sSFR at z = 0, which implies that they are currently more efficiently at transforming gas into stars and fuelling it to feed their BHs than non-AGN. These trends agree with recent observational results from CO-Cavity survey by Rodríguez et al. (2024).
Another crucial aspect to consider is the stellar mass-to-halo mass ratio, which we show in Fig. 8. This can be interpreted as a proxy for galaxy formation efficiency per dark matter halo. As reported above, at z = 0 and at a given stellar mass, non-AGN galaxies of a given stellar mass range are found to inhabit slightly less massive haloes than AGN in a given environment. To investigate the time evolution of the M*/Mhalo ratio in Fig. 8 we show the M*/Mhalo as a function of the look-back time for various halo mass bins.
	[image: thumbnail]	Fig. 8. Evolution of M*–Mhalo ratio over look-back time for AGN (top panel) and non-AGN (bottom panel) host galaxies. The look-back times at which the haloes reached 50 per cent of its final halo mass are included (dashed lines). From left to right: Increasing Mhalo bins.



As can be seen, the evolution of M*/Mhalo for all samples show a significant variation regardless of environment. To get a better quantification of the efficiency, we calculated the time at which 50 per cent of the DM halo is assembled, τ50(Mhalo). These times are depicted in Fig. 8 by the vertical dashed lines, coloured by their respective environments.
These estimations show a slight trend for DM haloes to assemble latter if they host an AGN and no clear dependence on the environment, except for low mass galaxies. There is no significant difference between DM haloes on environment for a given stellar mass range, although we found that AGN reside in slightly higher DM halo masses.
4.2. The role of recent mergers
In this section, we explore the impact of mergers in relation to the activation of the AGN. Mergers are well-known mechanisms that can induce gas inflows to the central regions, triggering star formation activity (Barnes & Hernquist 1996; Tissera 2000) and possible feeding the SMBHs (Hopkins et al. 2006). Hence, we analysed the relation with the most recent violent event. We adopted the classification of last minor and/or last major merger parameters used by Rosas-Guevara et al. (2022). They measured the stellar mass ratio of the merging pairs, μ, by determining the stellar mass of both the merging galaxy and the primary galaxy in the last snapshot before the merger event. If the merging galaxy had a value in the range of μ = [0.1, 0.25], it was defined as a minor merger. In cases where μ ≥ 0.25, it was defined as a major merger. When discussing mergers and merger fractions, it is important to clarify that we did not consider the number of mergers each galaxy has experienced across its formation path. Instead, we focussed solely on the look-back time of its most recent merger, applying an upper limit of t < 2.4 Gyr to explore the potential link between the merger event and the relevance of the AGN activity.
To increase the statistics, in this section, galaxies are categorised into two broad environments, under-dense (i.e. inner and outer voids together) and over-dense (i.e. wall and skeleton regions together) instead of the original four ones. This reorganisation of galaxies enables us to conduct more robust statistical analyses when galaxies are also selected by the time since the last merger event.
In Fig. 9, we present the fraction of galaxies that have recently undergone a merger. The left two panels show the merger fractions for AGN host galaxies, while the merger fractions for non-AGN galaxies are shown in the bottom panels. Major mergers are depicted as shaded bars, while in the right panels, minor mergers are shown as shaded and hatched bars. The total merger fraction is denoted by the dashed line. Recent mergers and especially major mergers seem to be more frequent in AGN galaxies than in their non-AGN counterparts, by approximately a factor of two, in agreement with what has been reported in previous observational works (e.g. Ellison et al. 2011, 2013; Gao et al. 2020; Comerford et al. 2024). Non-AGN galaxies show a larger fraction of minor mergers. This suggests that at least in EAGLE galaxies, major mergers might be more efficient in triggering AGN activity.
	[image: thumbnail]	Fig. 9. Total (dashed lines), major (shaded areas), and minor (hatched shading) merger fraction as a function of M* for AGN (left two panels) and non-AGN (right two panels) host galaxies in under-dense (blue lines and shades) and over-dense (magenta lines and shades) environments at z = 0. The solid shaded regions in the left panels represent major mergers, while the dashed lines indicate the total merger fraction within each stellar mass bin. The hatched shaded regions in the right panels correspond to the minor mergers. Error bars show the 16th and 84th percentiles from the bootstrap distribution of 1000 samples. We also tested jackknife errors and found that the bootstrap errors were larger.



We want to draw attention to the highest mass bin in AGN galaxies, which exhibits a significant spike in the merger fraction among under-dense galaxies, while galaxies in over-dense regions show a decrease in mergers. A similar spike in AGN fraction in inner voids was reported in Fig. 2. This suggests that potentially (and at least for the more massive galaxies major mergers in under-dense regions) could be an efficient mechanism for switching on an AGN, at least for the more massive galaxies.
Observationally, Comerford et al. (2024) noticed that the AGN excess occurs more frequently in high-mass galaxies that have experienced a recent merger. They also note that the AGN excess is slightly stronger in major mergers than in minor mergers. Pérez et al. (2025), using the morphological information of Galaxy Zoo 2 galaxies (Domínguez Sánchez et al. 2018), found that minor mergers are less frequent in low density environments; however, their study was based on voids with larger minimum and smaller maximum radii than those in our catalogue. Finally, using TNG300, Rodríguez-Medrano et al. (2024) found that void galaxies tend to experience mergers at later times. Figure 9 shows this trend specifically for galaxies hosting an AGN. However, for non-AGN galaxies, we did not observe significant differences between under-dense and over-dense environments, within the uncertainties in the EAGLE simulations.
5. Conclusions
Using the largest ΛCDM cosmological hydrodynamical simulation from the EAGLE project (Schaye et al. 2015; Crain et al. 2015), we examined the properties of AGN and non-AGN in relation to their large-scale environment. We employed the void catalogues of Paillas et al. (2017). Using the void-centric distance, we used central galaxy samples with comparable stellar mass distributions in the four defined environments (Rosas-Guevara et al. 2022).
We categorised the galaxies according to their AGN activity using the Eddington ratio (Eq. (2)) and X-ray luminosity. We note that cluster environments are not included in our analysis. Although it is possible to study the effect of the large-scale environment in the evolution of galaxies and their SMBH, there are several caveats. Given the simulated volume of the EAGLE simulation, our sample does not include voids with sizes larger than 25pMpc, whereas observed voids could extend to larger radii (Hoyle et al. 2012; Ricciardelli et al. 2014). Additionally, the poor time cadence of snapshots of EAGLE makes it is difficult to follow the AGN activity in time (Rosas-Guevara et al. 2019), probably missing active events. However, when comparing our results with the general galaxy properties in different environments, we find similar trends. Our main results can be summarised as follows:

	
We find that the fraction of AGN decreases as a function of increasing void centric distance. Inner void galaxies exhibit the highest AGN fraction (12%) and galaxies in the denser skeleton environment present the lowest AGN fraction (6.7%), as shown in Table 1. The AGN fraction of void galaxies is the highest in the most massive galaxies (Fig. 2). This is consistent with observations (e.g. Ceccarelli et al. 2022) and other cosmological simulations (Habouzit et al. 2020).



	
Regardless of the large-scale environment in which they reside, galaxies that host an AGN generally exhibit a higher sSFR than non-AGN galaxies at z = 0 (see Table C.1). For galaxies with M*[M⊙]< 109.5, there is a minor tendency for void galaxies to have a higher sSFR. Although the dispersion in the sSFR-stellar mass diagram is high for all environments (Fig. 3).



	
We find that galaxies with AGN have more massive BHs at a given stellar mass than non-AGN galaxies. Nevertheless, AGN galaxies that reside in voids and have a M* > 109.5 M⊙ exhibit marginally higher massive BHs than the other environments (Fig. 4) and AGN in voids with M* > 1010.2 M⊙ have the largest mass difference with non-AGN in voids. We also notice that non-AGN galaxies in voids have more massive BHs than those in denser environments across the entire stellar mass range, excluding those with (M* > 1010.5 M⊙).



	
Galaxies with AGN typically inhabit more massive haloes than those without AGN at a given stellar mass. However, we did find a significant dependence of AGN halo mass on environment. Conversely, non-AGN galaxies tend to have systematically less massive haloes in denser environments (Fig. 5).



	
AGN host galaxies tend to assembly their stellar mass later in time than their non-AGN counterparts. There is a slight tendency for galaxies to be assembled earlier in voids rather than in other denser environments. This seems to contradict the observations (Fig. 7). However, we note that we estimate the assembly histories by following the progenitor systems back in time, while observations reconstruct a history by using stellar populations. Our results agree with those of Rodríguez-Medrano et al. (2024), who discovered no distinction in galaxies when they exclusively examined central galaxies in the TNG300 simulation. A prospective analysis that includes satellite galaxies in the EAGLE simulations should be conducted to evaluate the distinctions. Additionally, our EAGLE sample does not include cluster environments.



	
When we explored the evolution and the halo mass and halo-stellar mass relation, we found that non-AGN galaxies in voids tend to reside in more massive haloes than those in dense environments since early times (Fig. 8). However, AGN show almost no dependence of the M* − Mhalo value on environment and have slightly more massive haloes than non-AGN systems at a given M*. In addition, haloes in voids assembled slightly earlier than haloes in other environments, suggesting that local environment is more critical than large-scale environment for recent AGN activity.



	
We investigated the fraction of galaxies that have recently (t < 2.4 Gyr) undergone a major or minor merger by defining two global environments: high and low density. We found that the fraction of galaxies that have undergone a recent major merger is higher for AGN compared to non-AGN regardless of environment (Fig. 9). This suggests that the recent AGN activity of the galaxies may be ascribed to the recent mergers, at least in part, rather than a cause of the large-scale structure in which AGN reside. However, there is a particularly large spike in merger activity in the highest mass, low-density environment AGN host galaxies, in line with the higher AGN fraction in high mass In-V galaxies (Fig. 2), potentially shining light onto the most efficient method of feeding an AGN, at low redshift.




With the advent of upcoming and ongoing cosmological surveys, such as the deep-field Roman telescope (Akeson et al. 2019 and Euclid, with a lower resolution, but wider field of view (Laureijs et al. 2011; Euclid Collaboration 2025), it will become possible to place further constraints on galaxy evolution models in relation to void environments. Coupled with AGN surveys such as e − Rosita (Predehl et al. 2021) and synergies with other surveys such as J-PAS (Benitez et al. 2014) and Cavity (Pérez et al. 2024), these efforts will provide deeper insights into the growth and evolution of SMBHs. Additionally, new high-resolution, large-volume cosmological simulations will enable a better understanding of these connections and allow for more accurate comparisons with galaxies residing in observed voids.
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Appendix A:  Halo mass distribution
In Fig. A.1, we plot the halo mass distributions of AGN (top) and non-AGN (bottom). Similarly to Fig. 1, where we plot the stellar mass distributions for the two samples, we notice that the AGN host galaxies are more likely to reside in heavier haloes than their non-AGN counterparts. For AGN, there is very little dependence on environment, whereas the non-AGN in under-dense environments tend to populate the higher end of the mass distribution than the over-dense non-AGN galaxies. In Fontanot et al. (2011), they find that for central galaxies, similar to the galaxies in our sample, AGN reside in more massive galaxies and haloes than star-forming galaxies (SFG); whereas, when only satellite galaxies are considered, the mass distribution of both stellar and halo and much more similar for AGN and SFGs. This could be due to the inefficient quenching in galaxies that reside in massive haloes, providing a rich reservoir of material for the central BH to accrete and produce an AGN.
	[image: thumbnail]	Fig. A.1. Normalised histograms of the halo mass distribution of AGN (top panel) and non-AGN galaxies (bottom panel) in the inner void (blue), outer void (green), skeleton (magenta), and wall (orange) cosmic environments, at z = 0. The dashed vertical lines indicate the median halo mass, for each environment. We note that the AGN and non-AGN samples have been drawn from galaxy samples in each environment that had matching stellar mass distributions (Rosas-Guevara et al. 2022).




Appendix B:  Gas fractions
A key ingredient for the star formation and AGN activity is the availability of gas. We analysed the gas fraction, fgas, as a function of look-back time finding that the evolution of the gas fraction for the AGN host galaxies is similar, regardless of the large-scale environment, except for the galaxies in the lowest stellar mass bin. For low-mass AGN galaxies in the inner and outer void regions, the median gas fraction peaks 10 Gyr ago and sharply decreases today. Whereas, there is a lower peak in the AGN hosts in dense environments, which seems to have remained about flat until today (see Fig. B.2).
	[image: thumbnail]	Fig. B.1. Same as Fig. 3 for Gas fraction, ([image: equation]), as a function of stellar mass for AGN (left) and non-AGN (right).



	[image: thumbnail]	Fig. B.2. Top panel: AGN. Bottom: Non-AGN. Left to right: increasing stellar mass bins. The evolution of the gas mass over the stellar mass of the galaxy at z=0 as a function of look-back time. In the two higher mass bins, there is very little difference between the environment or between the AGN and non-AGN in the build-up of gas mass. In the smallest stellar mass bin, we need to carry out some statistical tests or something similar to understand the differences.



Table B.1. 
Same as Table C.1, but solely for the fgas parameter. Split into three different stellar mass intervals: 9.0 < log(M*) < 9.5 (top panel), 9.5 < log(M*) < 10.0 (middle panel), and log(M*) > 10.0 (bottom panel).

The evolution of the gas fraction for non-AGN galaxies is shown in the bottom panel of Fig. B.2. Although the drop in the gas fraction is much more consistent in inactive galaxies, the evolution is similar in all the environments. It is also worth noting that the scatter in the evolution is considerable, indicating a high degree of variability in the evolution of the gas fraction. This is not entirely surprising, as the gas content of galaxies is a very dynamical property (Crain et al. 2017).
In Fig. B.1 we look at the fraction of gas fgas in the galaxy. Here, we notice that In-V galaxies which host an AGN, at low stellar mass, tend to have a slightly lower fgas than the other environments. However, when compared to non-AGN, there seems to be very little difference between the fgas in galaxies that host an AGN, and galaxies that do not. This is an initial indicator that the amount of gas that a galaxy possesses is not the factor driving our AGN fractions in Fig 2. The larger errors present in the AGN sample arise from there being a lower sample size. As can be seen from the bottom panel, however, the median values for both AGN and non-AGN galaxies are very similar across the stellar mass range, despite the large errors. Ellison et al. (2019) find that in a sample of SDSS AGN, when the samples are fixed within stellar mass and SFR ranges, in high mass galaxies (log10(M∗/M⊙) > 10.2) the AGN sample has a similar HI fraction to inactive galaxies. However, in the mass range of 9.6 < log(M∗/M⊙) < 10.2 the AGN are HI poor. In their lowest mass sample, 9.0 < log(M∗/M⊙) < 9.6, the AGN host HI content has a deficit by a factor of 4. In all but the highest mass range, our results here differ. This could be due to the different gas and stellar mass measurements required in simulations and observational work. In Ward et al. (2022), they look within three different cosmological simulations to understand the gas fraction and sSFR in galaxies that host an AGN and those that do not. They find that AGN are preferentially found in galaxies with high fgas and sSFR. Also, the fraction of AGN that are depleted in gas and have quenched star formation is lower than in galaxies where there is no AGN. Clearly, we agree that AGN are preferentially found in galaxies with higher sSFR, but disagree that they are found in high fgas galaxies. Table B.1 shows that there is only an increase in fgas in the low-mass AGN host galaxies, but must be deemed inconclusive due to the errors.

Appendix C:  Median properties of AGN and non-AGN galaxies
Here, we provide a table of median properties of AGN and non-AGN host galaxies to support the figures presented in Sect. 3.
Table C.1. 
Median properties of AGN and non-AGN galaxies in different environments



All Tables
Table 1. 
Characteristics of the analysed samples.
In the text

Table B.1. 
Same as Table C.1, but solely for the fgas parameter. Split into three different stellar mass intervals: 9.0 < log(M*) < 9.5 (top panel), 9.5 < log(M*) < 10.0 (middle panel), and log(M*) > 10.0 (bottom panel).
In the text

Table C.1. 
Median properties of AGN and non-AGN galaxies in different environments
In the text

All Figures
	[image: thumbnail]	Fig. 1. Stellar mass distribution of the AGN (top panel) and the non-AGN galaxies (bottom panel) in the inner void (blue), outer void (green), skeleton (magenta), and wall (orange) cosmic environments. The vertical lines denote the median stellar mass for each environment. We note that the AGN and non-AGN samples have been drawn from galaxy samples in each environment that have matching stellar mass distributions (Rosas-Guevara et al. 2022). Error bars show the 16th and 84th percentiles from the bootstrap distribution of 1000 samples.
In the text



	[image: thumbnail]	Fig. 2. AGN fraction as a function of stellar mass for galaxies in each defined environment. Galaxies in under-dense environments are more likely to host an AGN than those in denser environments, particularly for M∗ ∼ 1010.5 M⊙, at z = 0. Errors show the 16th and 84th percentiles from the bootstrap distribution of 1000 samples.
In the text



	[image: thumbnail]	Fig. 3. Top: Log sSFR as a function of stellar mass for AGN (left) and non-AGN (right). The circle points are the median value of the log sSFR in that stellar mass range. The error bars denote the bootstrap errors in each stellar mass interval. Each point has been slightly shifted along the x-axis so that the error bars are visible. Bottom left: Ratio between the log sSFR of Out-V, S, W, and all AGN host galaxies to In-V. Bottom right: Ratio between the log sSFR of Out-V, S, W, and all non-AGN host galaxies to In-V (see Section 2.4 for definitions).
In the text



	[image: thumbnail]	Fig. 4. Same as Fig. 3 for log MBH as a function of stellar mass.
In the text



	[image: thumbnail]	Fig. 5. Same as Fig. 3 for the log(M*)-log(Mhalo) relation.
In the text



	[image: thumbnail]	Fig. 6. Same as Fig. 3 for the look-back time at which 50 per cent of the stellar mass was formed as a function of stellar mass.
In the text



	[image: thumbnail]	Fig. 7. Stellar mass at a given z relative to the final stellar mass at z = 0 for AGN (upper panels) and non-AGN (lower panels) galaxies for galaxies in different stellar mass ranges. The mean formation time of the galaxies, estimated as the look-back time at which galaxies formed 50 per cent of their final stellar mass, τ50 are included for each subsample (dashed lines). AGN and non-AGN central galaxies formed quicker in lower In-V and Out-V regions over W and S, particularly in the low and high stellar mass intervals. AGN central galaxies are assembled systematically later than non-AGN ones.
In the text



	[image: thumbnail]	Fig. 8. Evolution of M*–Mhalo ratio over look-back time for AGN (top panel) and non-AGN (bottom panel) host galaxies. The look-back times at which the haloes reached 50 per cent of its final halo mass are included (dashed lines). From left to right: Increasing Mhalo bins.
In the text



	[image: thumbnail]	Fig. 9. Total (dashed lines), major (shaded areas), and minor (hatched shading) merger fraction as a function of M* for AGN (left two panels) and non-AGN (right two panels) host galaxies in under-dense (blue lines and shades) and over-dense (magenta lines and shades) environments at z = 0. The solid shaded regions in the left panels represent major mergers, while the dashed lines indicate the total merger fraction within each stellar mass bin. The hatched shaded regions in the right panels correspond to the minor mergers. Error bars show the 16th and 84th percentiles from the bootstrap distribution of 1000 samples. We also tested jackknife errors and found that the bootstrap errors were larger.
In the text



	[image: thumbnail]	Fig. A.1. Normalised histograms of the halo mass distribution of AGN (top panel) and non-AGN galaxies (bottom panel) in the inner void (blue), outer void (green), skeleton (magenta), and wall (orange) cosmic environments, at z = 0. The dashed vertical lines indicate the median halo mass, for each environment. We note that the AGN and non-AGN samples have been drawn from galaxy samples in each environment that had matching stellar mass distributions (Rosas-Guevara et al. 2022).
In the text



	[image: thumbnail]	Fig. B.1. Same as Fig. 3 for Gas fraction, ([image: equation]), as a function of stellar mass for AGN (left) and non-AGN (right).
In the text



	[image: thumbnail]	Fig. B.2. Top panel: AGN. Bottom: Non-AGN. Left to right: increasing stellar mass bins. The evolution of the gas mass over the stellar mass of the galaxy at z=0 as a function of look-back time. In the two higher mass bins, there is very little difference between the environment or between the AGN and non-AGN in the build-up of gas mass. In the smallest stellar mass bin, we need to carry out some statistical tests or something similar to understand the differences.
In the text





    
      Table 1. 

      Characteristics of the analysed samples.

      
        


	Environment
	AGN count
	Galaxy count
	AGN percentage (%)





	In-V
	61
	492
	12.4 ± 1.5



	Out-V
	47
	460
	10.2 ± 1.4



	W
	261
	3082
	8.5 ± 0.5



	S
	81
	1208
	6.7 ± 0.7





      

      
Notes. From left to right columns: the environment, the total number of central AGN galaxies, the total number of central galaxies and the percentage of these galaxies that host an AGN in the corresponding environment in the Ref-L100N1504 EAGLE simulation, at z = 0. Errors are from the binomial confidence intervals, calculated as s −1, where p is the fraction of AGN and n is the galaxy count.



    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Stellar mass distribution of the AGN (top panel) and the non-AGN galaxies (bottom panel) in the inner void (blue), outer void (green), skeleton (magenta), and wall (orange) cosmic environments. The vertical lines denote the median stellar mass for each environment. We note that the AGN and non-AGN samples have been drawn from galaxy samples in each environment that have matching stellar mass distributions (Rosas-Guevara et al. 2022). Error bars show the 16th and 84th percentiles from the bootstrap distribution of 1000 samples.

      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        AGN fraction as a function of stellar mass for galaxies in each defined environment. Galaxies in under-dense environments are more likely to host an AGN than those in denser environments, particularly for M∗ ∼ 1010.5 M⊙, at z = 0. Errors show the 16th and 84th percentiles from the bootstrap distribution of 1000 samples.

      

    

  
    
      Fig. 3. 
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        Top: Log sSFR as a function of stellar mass for AGN (left) and non-AGN (right). The circle points are the median value of the log sSFR in that stellar mass range. The error bars denote the bootstrap errors in each stellar mass interval. Each point has been slightly shifted along the x-axis so that the error bars are visible. Bottom left: Ratio between the log sSFR of Out-V, S, W, and all AGN host galaxies to In-V. Bottom right: Ratio between the log sSFR of Out-V, S, W, and all non-AGN host galaxies to In-V (see Section 2.4 for definitions).

      

    

  
    
      Fig. 4. 
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        Same as Fig. 3 for log MBH as a function of stellar mass.

      

    

  
    
      Fig. 5. 
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        Same as Fig. 3 for the log(M*)-log(Mhalo) relation.

      

    

  
    
      Fig. 6. 
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        Same as Fig. 3 for the look-back time at which 50 per cent of the stellar mass was formed as a function of stellar mass.

      

    

  
    
      Fig. 7. 
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        Stellar mass at a given z relative to the final stellar mass at z = 0 for AGN (upper panels) and non-AGN (lower panels) galaxies for galaxies in different stellar mass ranges. The mean formation time of the galaxies, estimated as the look-back time at which galaxies formed 50 per cent of their final stellar mass, τ50 are included for each subsample (dashed lines). AGN and non-AGN central galaxies formed quicker in lower In-V and Out-V regions over W and S, particularly in the low and high stellar mass intervals. AGN central galaxies are assembled systematically later than non-AGN ones.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Evolution of M*–Mhalo ratio over look-back time for AGN (top panel) and non-AGN (bottom panel) host galaxies. The look-back times at which the haloes reached 50 per cent of its final halo mass are included (dashed lines). From left to right: Increasing Mhalo bins.

      

    

  
    
      Fig. 9. 

      
        [image: thumbnail]
      

      
        Total (dashed lines), major (shaded areas), and minor (hatched shading) merger fraction as a function of M* for AGN (left two panels) and non-AGN (right two panels) host galaxies in under-dense (blue lines and shades) and over-dense (magenta lines and shades) environments at z = 0. The solid shaded regions in the left panels represent major mergers, while the dashed lines indicate the total merger fraction within each stellar mass bin. The hatched shaded regions in the right panels correspond to the minor mergers. Error bars show the 16th and 84th percentiles from the bootstrap distribution of 1000 samples. We also tested jackknife errors and found that the bootstrap errors were larger.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Normalised histograms of the halo mass distribution of AGN (top panel) and non-AGN galaxies (bottom panel) in the inner void (blue), outer void (green), skeleton (magenta), and wall (orange) cosmic environments, at z = 0. The dashed vertical lines indicate the median halo mass, for each environment. We note that the AGN and non-AGN samples have been drawn from galaxy samples in each environment that had matching stellar mass distributions (Rosas-Guevara et al. 2022).

      

    

  
    
      Fig. B.1. 
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        Same as Fig. 3 for Gas fraction, ([image: equation]), as a function of stellar mass for AGN (left) and non-AGN (right).

      

    

  
    
      Fig. B.2. 
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        Top panel: AGN. Bottom: Non-AGN. Left to right: increasing stellar mass bins. The evolution of the gas mass over the stellar mass of the galaxy at z=0 as a function of look-back time. In the two higher mass bins, there is very little difference between the environment or between the AGN and non-AGN in the build-up of gas mass. In the smallest stellar mass bin, we need to carry out some statistical tests or something similar to understand the differences.

      

    

  
    
      Table B.1. 

      Same as Table C.1, but solely for the fgas parameter. Split into three different stellar mass intervals: 9.0 < log(M*) < 9.5 (top panel), 9.5 < log(M*) < 10.0 (middle panel), and log(M*) > 10.0 (bottom panel).
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	Non-AGN





	In-V
	[image: equation]
	[image: equation]



	




	Out-V
	[image: equation]
	[image: equation]



	




	W
	[image: equation]
	[image: equation]



	




	S
	[image: equation]
	[image: equation]



	




	In-V
	[image: equation]
	[image: equation]



	




	Out-V
	[image: equation]
	[image: equation]



	




	W
	[image: equation]
	[image: equation]



	




	S
	[image: equation]
	[image: equation]



	




	In-V
	[image: equation]
	[image: equation]



	




	Out-V
	[image: equation]
	[image: equation]



	




	W
	[image: equation]
	[image: equation]



	




	S
	[image: equation]
	[image: equation]





      

    

  
    
      Table C.1. 

      Median properties of AGN and non-AGN galaxies in different environments

      
        


	Env.
	sSFR (10−11 s−1)
	log10(MBH) [M⊙]
	log10(Mhalo) [M⊙]
	τ50 (M*) [Gyr]



	AGN
	
	non-AGN
	
	AGN
	
	non-AGN
	
	AGN
	
	non-AGN
	
	AGN
	
	non-AGN
	





	In-V
	[image: equation]
	1.12
	[image: equation]
	0.34
	[image: equation]
	0.06
	[image: equation]
	0.02
	[image: equation]
	0.03
	[image: equation]
	0.01
	[image: equation]
	0.58
	[image: equation]
	0.12



	Out-V
	[image: equation]
	1.81
	[image: equation]
	0.33
	[image: equation]
	0.09
	[image: equation]
	0.02
	[image: equation]
	0.04
	[image: equation]
	0.01
	[image: equation]
	0.69
	[image: equation]
	0.18



	W
	[image: equation]
	0.79
	[image: equation]
	0.17
	[image: equation]
	0.03
	[image: equation]
	0.00
	[image: equation]
	0.02
	[image: equation]
	0.01
	[image: equation]
	0.23
	[image: equation]
	0.06



	S
	[image: equation]
	0.11
	[image: equation]
	0.24
	[image: equation]
	0.03
	[image: equation]
	0.01
	[image: equation]
	0.02
	[image: equation]
	0.01
	[image: equation]
	0.62
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	1.19
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	0.45
	[image: equation]
	0.18
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	0.03
	[image: equation]
	0.04
	[image: equation]
	0.01
	[image: equation]
	0.98
	[image: equation]
	0.19
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	1.12
	[image: equation]
	0.50
	[image: equation]
	0.18
	[image: equation]
	0.05
	[image: equation]
	0.03
	[image: equation]
	0.01
	[image: equation]
	0.62
	[image: equation]
	0.17
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	0.57
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	0.15
	[image: equation]
	0.03
	[image: equation]
	0.01
	[image: equation]
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	0.01
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	[image: equation]
	0.08
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	0.24
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	1.04
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	0.23
	[image: equation]
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	0.07
	[image: equation]
	0.05
	[image: equation]
	0.59
	[image: equation]
	0.31



	Out-V
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	1.43
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	1.56
	[image: equation]
	0.16
	[image: equation]
	0.11
	[image: equation]
	0.04
	[image: equation]
	0.07
	[image: equation]
	0.57
	[image: equation]
	0.33
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	[image: equation]
	0.51
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	0.35
	[image: equation]
	0.10
	[image: equation]
	0.06
	[image: equation]
	0.05
	[image: equation]
	0.02
	[image: equation]
	0.29
	[image: equation]
	0.12



	S
	[image: equation]
	1.53
	[image: equation]
	0.44
	[image: equation]
	0.16
	[image: equation]
	0.05
	[image: equation]
	0.04
	[image: equation]
	0.02
	[image: equation]
	0.57
	[image: equation]
	0.15





      

      
Notes. The median sSFR, MBH, Mhalo and τ50(M*) and τ50(Mhalo) for AGN and non-AGN galaxies in the four defined different cosmic environments and in the three different stellar mass intervals: 9.0 < log(M*) < 9.5 (top panel), 9.5 < log(M*) < 10.0 (middle panel) and log(M*) > 10.0 (bottom panel). We present the medians and the semi-interquartile range in the first column, where the uncertainty corresponds to the difference between the median and the 25 − 75th percentiles and in the second column we present the standard deviation of the bootstrap medians.
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