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Abstract

Context. Via scaling relations, it is well known that active galactic nuclei (AGNs) and bulges are linked. This link was thought to be driven by mergers, but recent studies show that secular processes are the dominant mechanism of supermassive black hole growth. One such secular mechanism is gas inflow driven by large-scale bars. Since bulges can also grow via these bars, these three features likely share some common process.

Aims. We investigated whether the observed correlation between AGNs and bars is real or arises as a result of correlations between bars and bulges.

Methods. Using a catalogue of AGN identifications and galaxy morphologies in the DESI Legacy Survey at z ≤ 0.1, we controlled for mass and colour and investigated the AGN fraction variation with bulge prominence and bar strength.

Results. We first show that the variation in the AGN fraction between strongly barred, weakly barred, and unbarred galaxies does not qualitatively change if we additionally control for bulge prominence. Second, we find that in fixed bins of bulge prominence, the AGN fraction increases with increasing bar strength. In subsamples split by bar strength, the AGN fraction increases with bulge prominence, indicating that AGN presence correlates with bar strength and bulge prominence simultaneously.
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1. Introduction
The co-evolution of supermassive black holes (SMBHs) with their host galaxies is observed through a number of scaling relations (see Fabian 2012; Kormendy & Ho 2013; Heckman & Best 2014, for a review). SMBH masses have been found to correlate with both bulge properties, such as velocity dispersion and bulge stellar mass (Ferrarese & Merritt 2000; Häring & Rix 2004; Beifiori et al. 2012), and properties of the host galaxy as a whole, such as total stellar mass (Cisternas et al. 2011; Marleau et al. 2013; Simmons et al. 2017).
Supermassive black holes gain most of their mass during periods of rapid growth and accretion, during which they are observed as active galactic nuclei (AGNs; Shlosman et al. 1989). Therefore, by examining AGNs, we can investigate the origins of this co-evolution between SMBHs and their host galaxies.
Whilst mergers between two or more galaxies are known to be one source of AGN triggering (e.g. Urrutia et al. 2008; Glikman et al. 2015), simulations have shown that most SMBH growth occurs via secular (i.e. merger-free) pathways (Martin et al. 2018; McAlpine et al. 2020; Smethurst et al. 2024). However, obtaining a pure and complete sample of galaxies with no major mergers in their recent history is highly challenging observationally.
Martig et al. (2012) showed that galaxies with a bulge–to–total mass ratio of less than 0.1 (i.e. little to no bulge) have had no mergers with a mass ratio greater than 1:4 since z ∼ 2. Thus, we could select bulge-less galaxies as a merger-free sample. However, this sample would be incomplete since pseudo-bulges grow in the absence of mergers (Kormendy & Kennicutt 2004; Kormendy et al. 2010). They look morphologically very similar to classical bulges, and without careful structural decomposition combined with dynamical analysis (such as via the Kormendy relation; Kormendy 1977; Hamabe & Kormendy 1987), distinguishing between secularly built pseudo-bulges and merger-built classical bulges is virtually impossible, and significant cross-contamination between bulge types is common. Additionally, there is substantial evidence that merger-free formations of classical bulges are possible (Parry et al. 2009; Bell et al. 2017; Gargiulo et al. 2017; Park et al. 2019; Wang et al. 2019; Guo et al. 2020; Du et al. 2021), for example through disk instabilities. Thus, removing all galaxies with a bulge from a sample could mean removing a large number of secularly grown bulges.
Simmons et al. (2017) used a sample of disk-dominated galaxies, without distinguishing the components of pseudo-bulges and classical bulges, and show that galaxy stellar mass correlates well with black hole mass in disk galaxies, better than bulge stellar mass. This sample was later confirmed via careful structural decomposition and use of the Kormendy relation; classical bulges were found in 53% of the galaxies and pseudo-bulges in 64%, with some galaxies containing both a classical and a pseudo-bulge component (Fahey et al. 2025).
The other crucial complication that arises when removing galaxies with a bulge component from a sample is that large-scale galactic bars can build up pseudo-bulges, providing a correlation between bar presence and bulge presence (Shlosman et al. 1989; Kormendy & Kennicutt 2004; Laurikainen et al. 2007; Combes 2009). Therefore, removing all galaxies with a bulge component would affect any observed relationship between bars and AGNs.
A correlation between AGN presence and bar presence has been found in a number of works (Knapen et al. 2000; Laine et al. 2002; Laurikainen et al. 2004; Coelho & Gadotti 2011; Oh et al. 2012; Alonso et al. 2018; Garland et al. 2023; Kataria & Vivek 2024; La Marca et al. 2026). However, due to the challenges in separating AGN emission from that of the host galaxy, along with the rarity of observationally merger-free disks (those with only a small bulge component) and the rarity of AGNs, many of these studies find only a tenuous link, with high levels of uncertainty. Other studies find no link at all (e.g. Cheung et al. 2015; Goulding et al. 2017). Some studies (e.g. Galloway et al. 2015; Silva-Lima et al. 2022) find a higher AGN fraction in barred galaxies, but not higher levels of AGN activity, as measured by the [O III] luminosity. Garland et al. (2024) included all disk galaxies, regardless of their bulge size, and looked at the AGN fraction with bar strength (divided into unbarred, strongly barred, and weakly barred categories using Galaxy Zoo DESI machine-learning predicted volunteer votes) across the disk-dominated galaxy population. In doing so, they show to a > 5σ confidence that strongly barred galaxies are more likely to host AGNs than weakly barred galaxies, which are in turn more likely to host AGNs than unbarred galaxies.
In this work we investigated whether AGN presence correlates exclusively with bulge presence, or whether AGN presence is linked with both bars and bulges in some way. We divided a sample of disk-dominated galaxies by bulge prominence (using Galaxy Zoo DESI), and investigated the AGN fraction in strongly barred, weakly barred, and unbarred galaxies at each bulge prominence. This allowed us to test the AGN–bulge link at the same time as the AGN–bar link. Since we do not have high-quality photometric decomposition, nor measurements like the surface brightness of each morphology component, we do not distinguish between classical and pseudo-bulges in this work.
In Sect. 2 we discuss the sample selection. Our results are presented in Sect. 3, followed by a discussion and our conclusions in Sects. 4 and 5. Throughout this work, we used WMAP9 cosmology (Hinshaw et al. 2013) and assumed a flat Universe, with H0 = 69.3 km s−1 Mpc−1 and Ωm = 0.287, implemented via ASTROPY (Astropy Collaboration 2013, 2018, 2022).
2. Sample selection
To study the combined effect of galactic bulges and bars on AGN presence, we utilised the Galaxy Zoo: DESI (GZD) catalogue (Walmsley et al. 2023b). GZD consists of morphology classifications for 8.7 million galaxies in the DESI Dark Energy Spectroscopic Instrument Legacy Surveys (DESI-LS), made with Zoobot, a neural network trained on Galaxy Zoo volunteer votes (Walmsley et al. 2023a).
In brief, DESI-LS consists of galaxies observed as part of DECaLS, BASS, and MzLS1. Given the resulting size of DESI-LS, volunteer votes alone (as in previous Galaxy Zoo campaigns such as Galaxy Zoo 2 and Galaxy Zoo Hubble) are not efficient enough, and would take too long to collect for the entire catalogue. Thus, volunteer votes on a subset of the data (401k galaxies) are used to train Zoobot. We refer the reader to the release paper for a detailed description of the initial catalogue (Walmsley et al. 2023a).
To obtain the morphology and ionisation source classifications, we used the catalogue compiled in Garland et al. (2024, hereafter G24). We refer the reader to their paper for a detailed description, but we summarise it in brief here.
Walmsley et al. (2023b) matched GZD to the MPA-JHU SDSS DR72 catalogue (Abazajian et al. 2009) with a 3 arcsec radius to obtain emission line fluxes, stellar masses, and colours (Kauffmann et al. 2003; Salim et al. 2007). G24 matched GZD to NYU-VAGC to obtain k-corrections (Blanton et al. 2005), also within a 3 arcsec radius.
To select a sample of not-edge-on, not-merging disks, G24 used the GZD model-predicted vote fractions. To select a sample of disks, G24 selected galaxies with fsmooth − or − featured_featured − or − disk ≥ 0.27, where fsmooth − or − featured_featured − or − disk is the fraction of volunteers who voted for ‘featured or disk’, as predicted by Zoobot. The cutoff value was recommended by Walmsley et al. (2022). To select disks that are not edge-on, G24 again followed the procedure in Walmsley et al. (2022) and selected galaxies with fdisk − edge − on_no ≥ 0.68, where fdisk − edge − on_no is the model-predicted fraction of volunteers who voted for ‘not edge-on’. To select merger-free galaxies, G24 defined a new parameter of merger-prominence, ζavg, which combines the vote fractions for each category that volunteers can select – ‘merging’, ‘major disturbance’, ‘minor disturbance’, or ‘none’. They identified ζavg < 0.3 as the ideal cutoff vote fraction to select merger-free galaxies in order to maximise both completeness and purity. The first two conditions are described in Walmsley et al. (2022), and merger prominence in G24. We wanted not-edge-on galaxies since this makes bars (where present) easier to see, and whilst bars can sometimes be detected in edge-on galaxies, there is likely to be a bias present when asking volunteers to classify galaxies. Thus, to ensure we removed this potential bias, we limited our sample to not-edge-on disks.
Having compiled the initial sample, G24 separated the galaxies into unbarred, weakly barred, and strongly barred categories. Using the methodology in Géron et al. (2021), a galaxy is designated as unbarred (UBAR) if fstrong − bar + fweak − bar < 0.5, where fx − bar is the model-predicted vote fraction for that bar strength. Otherwise, it is considered barred. This barred sample was then further split into strong and weak. A galaxy is designated as weakly barred (WBAR) if it is not unbarred and fstrong − bar < fweak − bar. A galaxy is designated as strongly barred (SBAR) if it is not unbarred and fstrong − bar ≥ fweak − bar. To ensure completeness and reduce selection effects, G24 volume-limited the sample, with redshift z ≤ 0.1 and r-band absolute magnitude Mr ≤ −19.2, as shown in their Fig. 1.
Additionally, for this work we required an estimate of the bulge contribution to the galaxy morphology, which we refer to as the bulge prominence. Masters et al. (2019) defined a bulge prominence parameter, Bavg, using SDSS morphology classifications from Galaxy Zoo 2 (GZ2; Willett et al. 2013). However, GZ2 had only four different categories of bulge presence: none, just noticeable, obvious, and dominant. GZD divides bulge presence into five categories: none, small, moderate, large, and dominant. Thus, we adapted Bavg to
[image: Mathematical equation: $$ \begin{aligned} B = 0.25f_{\mathrm{small} } + 0.5f_{\mathrm{moderate} } + 0.75f_{\mathrm{large} } + 1.0f_{\mathrm{dominant} }, \end{aligned} $$](1)
where B is the bulge prominence parameter used in this work, and fx is the fraction of volunteers who voted for the bulge category (x) as predicted by Zoobot.
Note that there is no specific reason for these exact coefficients, as the aim is simply to condense the bulge vote fractions into one numeric parameter. To confirm this, we tested several combinations of coefficients, and our results and analysis do not qualitatively change for any reasonable choice of coefficient weights on the different vote fractions.
As with any measurement, the GZD vote fractions do have errors associated with them. When the vote fractions are varied within their errors (assumed to be Gaussian) using a bootstrapping method iterated 1000 times with replacements, our results do not qualitatively change.
G24 also published classifications of the ionisation source. The authors divided their sample via emission-line diagrams (Baldwin et al. 1981; Veilleux & Osterbrock 1987; Rosario et al. 2016) into AGN, star-forming, low-ionisation nuclear emission-line region (LINER), composite, undetermined, and uncertain galaxies. The undetermined galaxies are those that have Hα flux with a signal-to-noise ratio (S/NHα) of < 3 and thus have neither sufficient star-formation nor AGN activity to make an accurate determination. Visual inspection shows that these undetermined galaxies (in this disk-dominated sample) are predominantly quiescent, red spirals. Uncertain galaxies are those that lack sufficient signal-to-noise in other utilised emission lines (Hβ, [O III], [N II], [S II], and [O I]) such that they could theoretically fall into multiple other categories. We removed from our sample uncertain galaxies (since their ionisation source remains unknown), composite galaxies (since the split between how much ionisation results from AGNs compared to star formation is unknown), and LINERs (since it remains debated whether they are low-luminosity AGN or highly star-forming galaxies). Again, we refer the reader to G24 for a full description of the ionisation classification procedure, notably their Fig. 2.
These cuts to the data resulted in our final volume-limited sample of 32 683 disk-dominated, not edge-on, not-merging galaxies that are either AGN, star-forming, or undetermined. There are 20 417 unbarred, 9166 weakly barred, and 3100 strongly barred galaxies. There are 3164 AGN hosts, 28 807 star-forming galaxies, and 712 undetermined galaxies. The median bulge prominence is 0.34, with a mean of 0.36 and a standard deviation of 0.07.
3. Results
We first looked at the spread of parameters thought to correlate with bar presence and AGN presence: stellar mass, k-corrected (g − r)0 colour (where the 0 indicates correction for Galactic absorption), and bulge prominence. The stellar masses and colours were taken from SDSS DR7, which had stellar mass errors of the order of Δlog(M*/M⊙)±0.1. The distributions are shown in Fig. 1 for AGN, star-forming, and undetermined sources, and in Fig. A.1 for LINER, composite, and uncertain sources, since we do not directly use the latter three in this work.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Distributions of stellar mass (left column), (g − r)0 colour (middle column), and bulge prominence (right column) for AGNs (top row), star-forming galaxies (middle row), and undetermined galaxies (bottom row). We show strongly barred galaxies in solid red lines, weakly barred in dashed navy blue, and unbarred in dotted teal. The AGNs tend to have higher bulge prominences, redder colours, and higher stellar masses than their star-forming counterparts, although the ranges of these parameters do not vary significantly. The differences between the bar strengths are more apparent in star-forming galaxies than in AGNs, with bulge prominence being particularly divided in undetermined galaxies.



It is worth noting that the smallest bulge prominences (i.e. the low-bulge-prominence end of the histogram) in the AGN and inactive (star-forming and undetermined) subsamples are very similar. One might expect a higher minimum bulge prominence in the AGN subsample if AGNs get mistaken for a bulge component during visual classifications. Hence, we can be reassured that AGN-host galaxies are not mistakenly being classified as bulge galaxies.
To account for the difference in M*, (g − r)0 and B, we controlled for these three parameters by weighting our sample. We divided our sample into ten evenly spaced bins in each parameter, with cuts on the high and low ends of each parameter in order to remove outliers. These cuts are

	
5.0 ≤ log(M*/M⊙)≤12.0.



	
−0.2 ≤ (g − r)0 ≤ 2.0.



	
0 ≤ B ≤ 1.0.




Given that we are dividing each parameter into ten bins, this gives us a total of 1000 bins.
From here, in each bin we assigned weights to each galaxy such that the weighted distributions of these three parameters are the same between the SBAR, WBAR, and UBAR subsamples. This means that our results with the weighted sample will not be affected by the mass, colour, or bulge prominence. This extends the work of G24, who only controlled for M* and (g − r)0.
We looked at the overall AGN fraction (fAGN) in each of the bar subsamples. These results are shown in Fig. 2 and Table 1. After controlling for M*, (g − r)0 and B, the AGN fraction in strongly barred galaxies is greater than that in weakly barred galaxies, which is greater than in unbarred galaxies, to a > 3σ confidence.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Fraction of galaxies in each bar strength that are AGNs (red, positive diagonal), star-forming (SFing; teal, square hatching), or undetermined (grey, negative diagonal). Error bars are shown in white. The AGN fraction increases as bar strength increases, although in each case the star-forming fraction is greater than the AGN fraction.



Table 1. 
Percentage of each ionisation category within each bar classification, as shown in Fig. 2.

Whilst the overall trends agree with those of G24, the quantitative results differ slightly. When controlling for bulge prominence, the AGN fraction still increases with bar strength, with a > 3σ difference between fAGN,SBAR, fAGN,WBAR, and fAGN,UBAR. The quantitative values are in agreement with G24 to 3σ for the WBAR and UBAR AGN fractions, but for SBAR, the AGN fraction is lower and the star-forming fraction is higher. This implies that some of the observed difference in the AGN fraction between strong and weakly barred galaxies is due to the bulge, but only a minor part of the difference. Even when controlling for bulge presence, the AGN fraction still increases with bar strength, as in G24.
Given that much of the literature indicates a relationship between an AGN and the galactic bulge (e.g. through scaling relations; see Kormendy & Ho 2013 for a review), we investigated how the AGN fraction changes with bulge prominence for each bar strength. Using the sample described in Sect. 2, we controlled only for mass and colour as described above, using ten bins for each. We did not control for bulge prominence, since we wanted to investigate how the AGN fraction changes with bulge prominence. We divided our mass- and colour-controlled sample into ten B bins such that each bin contained the same number of (weighted) galaxies. Within each of these bins, we calculated the AGN fraction in strongly barred, weakly barred, and unbarred galaxies. The results are shown in Fig. 3.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Effect of bulge prominence on the AGN fraction (fAGN) for strongly barred (solid red), weakly barred (dashed navy), and unbarred (dotted teal) disk galaxies. Overall, fAGN increases in each bar strength category with bulge prominence. At lower bulge prominences, fAGN increases in each bulge bin with bar strength; however, the difference between fAGN in strongly and weakly barred galaxies disappears by B ≈ 0.48, and the difference between all three bar categories disappears around B ≈ 0.6. The shaded regions show the 1σ uncertainties.



Interestingly, we do see an overall increase in the bar strength of each AGN fraction with bulge prominence; in other words, within a specific bar category, the AGN fraction increases overall with bulge prominence. We also see that within each bulge prominence bin, the AGN fraction increases with bar strength. However, at higher bulge prominences, the picture becomes less clear, with the difference between strong and weak bars fading at around B ≈ 0.45, and the differences between all bar categories fading around B ≈ 0.6.
We wanted to ensure that we are not just seeing a trend with stellar mass in Fig. 3, since bulge prominence can vary with stellar mass (e.g. Huertas-Company et al. 2025). To negate the effect of stellar mass, we followed a similar methodology to that used in Masters et al. (2012), although instead of their bar fraction, we used the AGN fraction, and instead of their gas fraction, we used bulge prominence. We show the relationship between bulge prominence and stellar mass for our (uncontrolled) sample in Fig. 4.
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Relationship between stellar mass and bulge prominence for our sample. Lines of best fit are shown in black. We split the sample by unbarred (teal), weakly barred (navy blue), and strongly barred (red) galaxies. There is a slight increase in the bulge prominence with stellar mass.



Trends are seen for each bar strength. We used linear regression to show that the line of best fit for each bar category is
[image: Mathematical equation: $$ \begin{aligned} \langle B_{Ubar }\rangle&= 0.070\log (M_{*}/\mathrm{M}_{\odot }) - 0.387 \end{aligned} $$](2)
[image: Mathematical equation: $$ \begin{aligned} \langle B_{W{bar }}\rangle&= 0.077\log (M_{*}/\mathrm{M}_{\odot }) - 0.445 \end{aligned} $$](3)
[image: Mathematical equation: $$ \begin{aligned} \langle B_{Sbar }\rangle&= 0.042\log (M_{*}/\mathrm{M}_{\odot }) - 0.058. \end{aligned} $$](4)
From here, we could define a measure of bulge surplus, Bsurp, i.e. how much higher a bulge prominence a galaxy has for a given stellar mass,
[image: Mathematical equation: $$ \begin{aligned} B_{\mathrm{surp} } = B - \langle B_{X{bar }}\rangle , \end{aligned} $$](5)
where XBAR represents the relevant bar category. We then plotted the AGN fraction for each bar strength with the bar surplus using our mass- and colour-controlled sample. The results are shown in Fig. 5.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Variation in fAGN with the bulge surplus, as calculated by Eq. (5), for strongly barred (solid red), weakly barred (dashed navy blue), and unbarred (dotted teal) galaxies. The horizontal lines show the mean fAGN for each bar category. Shaded regions show the 1σ uncertainties. Galaxies at a given stellar mass are more likely to be hosting an AGN if they also have a greater bulge surplus, and this relationship is steeper for unbarred galaxies than for strongly or weakly barred ones.



The horizontal lines show the median fAGN for each bar strength. There is a slight increase in the AGN fraction as the bulge surplus increases. In other words, if the bulge is more prominent than expected for its host galaxy’s stellar mass, then there is more likely to be an AGN. This trend is stronger for unbarred than strongly barred galaxies.
We also quantify the difference in bulge surplus for AGN versus inactive galaxies via a Kolmogorov–Smirnov (KS) test (Kolmogorov 1933). The histograms of the bulge surplus distribution are shown in Fig. 6, with p-values for the KS tests written on the plots.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Normalised distributions of bulge surplus for unbarred (left), weakly barred (centre), and strongly barred (right) galaxies, split between AGN (red) and non-AGN host galaxies (teal). We compare the AGN and non-AGN distributions in each bar category using KS tests, and the p-values are shown on the relevant plots.



For weakly barred and strongly barred galaxies, the bulge surplus distributions for AGN and inactive galaxies are consistent with being drawn from the same parent sample (2.74σ and 1.97σ, respectively). The unbarred bulge surplus distributions for AGN and inactive galaxies are inconsistent with being drawn from the same parent sample (> 5σ). This indicates that in unbarred galaxies, the excess bulge component is likely linked to AGN presence, but such a bulge component makes less of a difference in barred galaxies. When we limit the redshift to z ∼ 0.05, the difference in bulge surplus between the unbarred AGNs and unbarred non-AGNs lessens to p = 0.08; however, this is likely due to the significant decrease in the unbarred sample size, by a factor of 5. The p-values for strongly and weakly barred galaxies do not change significantly. Further work with high-resolution images will determine if this is a real trend or a selection effect.
4. Discussion
The positive correlations between the AGN fraction (fAGN) and the bulge prominence (B) and between fAGN and the bar strength in Fig. 3 indicate that there is a highly complex interplay between these three features. There is not only one correlation that mimics the other, and AGN presence correlates with both the bar strength and the bulge prominence even when controlling for the other.
This indicates that AGNs can be triggered and/or fuelled in galaxies both with and without a bulge, with there being a higher AGN fraction in galaxies with a bulge. However, at every bulge prominence, there is a higher AGN fraction in strongly barred galaxies. Similarly, AGNs can be triggered and/or fuelled in galaxies with strong bars, weak bars, or no bars, with there being a higher AGN fraction in strongly barred galaxies. However, at every bar strength, the AGN fraction increases with bulge prominence.
Scaling relations have long demonstrated a link between AGN and bulge properties (i.e. the Häring & Rix 2004 relationship between black hole mass and bulge stellar mass). However, such relations only involve the connection between AGNs that are already switched on, not the presence of the AGN itself. Thus, we know that black hole mass is related to bulge mass, but this does not necessarily mean that bulges are responsible for the switching on of an AGN. Our work shows, however, that the AGN fraction increases with bulge prominence – larger bulges are more likely to host an AGN, indicating that the bulge size (relative to the host galaxy) is linked to AGN switch-on. Note, however, that many of the bulges in our galaxy sample are likely secularly grown, due to the disk-dominated nature of the galaxies.
The relationship between bars and AGNs is less well understood. Recent works, including simulations by Kataria & Vivek (2024) and Frosst et al. (2025) and observations by Silva-Lima et al. (2022) and Garland et al. (2024), indicate that AGNs are more likely to lie in galaxies with a bar, in agreement with our results. However, works such as Goulding et al. (2017, via X-ray-selected AGNs) and Zee et al. (2023, via separate analyses of AGN and non-AGN barred galaxies) show no such correlation. Marels et al. (2025) show that AGNs in barred galaxies are more powerful than those in unbarred galaxies, similar to the scaling relations described above, although they do not discuss AGN presence.
Bars can grow bulges over time via the funnelling of gas into the centre of the galaxy (e.g. Combes 2009). Our results indicate that if a bar is sufficient to grow a bulge component, it is also sufficient to trigger an AGN.
The tapering off of an AGN fraction (i.e. where the graph begins to level out at around 40%) in both of the barred subsamples is likely due to the AGN duty cycle. AGNs seemingly flicker on and off over their lifetimes (Schawinski et al. 2015), so this indicates that the ‘on’ mode accounts for around 40% of an AGN’s total lifetime. The unbarred AGN fraction may also peak around this point at a higher bulge prominence, but we do not have sufficient data to draw solid conclusions on this. The strongly barred galaxies reaching this plateau at a lower B than weakly barred is indicative that strongly barred galaxies are fuelling AGNs more effectively than weakly barred galaxies, which need to build up a higher bulge prominence before triggering AGN switch-on. This could mean that weak bars take longer to trigger an AGN.
We propose the following duty cycle. Assume that there is a galaxy with a disk, no bulge or bar component, and an inactive SMBH at its centre. Such a disk, after some time, forms a bar either through buckling instability or through a tidal interaction (e.g. Hohl 1971; Noguchi 1987; Sellwood & Wilkinson 1993; Skibba et al. 2012). This bar would funnel gas to the centre of the galaxy, triggering an AGN and forming a bulge (e.g. Kormendy & Kennicutt 2004; Athanassoula 2005; Laurikainen et al. 2007; Combes 2009). The stronger the bar is, the more likely it is to trigger the switch-on of an AGN (G24). Simultaneously, the bar can also build up a bulge component, thus meaning that bars that are funnelling enough gas to develop a bulge are also likely to trigger an AGN. If there is a sufficient gas supply, then the bar will allow the bulge to increase in size. At some point, the gas supply runs out and the AGN switches off, leading to a maximum fAGN of around 40%. If the galaxy never develops a bar, its time spent as an AGN that we can detect depends on its bulge strength, but the influence of the bar dominates over this effect, if it is present. Further work will be needed to understand whether such a duty cycle effect is really in operation, including how the AGN fraction varies in barred galaxies over a greater range of redshifts, and whether this effect is stronger in a particular stellar mass regime.
Long-slit spectroscopic data or integral field unit spectra could allow us to measure the ages of the stellar populations in the bar and bulge separately in AGN hosts, rather than relying on the prominence of the bulge as a proxy for the age of the bar. This would help us confirm or rule out the proposed duty cycle. However, such data should be combined with high-resolution imagery such as that from Euclid in order to account for other structures, such as nuclear rings and nuclear bars.
The other key reason to consider bar age is that bars are often much longer-lived structures than AGNs: ∼109 − 10 yr for bars (Kraljic et al. 2012; Sellwood 2014) compared to ∼105 yr for AGN phases (Schawinski et al. 2015). Where we see a barred galaxy without an AGN, it could be that the bar did trigger an AGN that has since switched off. This would be true of other processes as well, and is not just a caveat for studies investigating bar-driven growth.
It is highly important to consider our selection effects when drawing conclusions. The galaxies used in this sample are part of the DESI-LS, which requires that the point-spread function of an image in the z band is a maximum of 1.5 arcsec. At the redshifts of this work (z ≤ 0.1), this is equivalent to 2.766 kpc. Any bulges or bars smaller than this may not be resolved and thus will remain undetected. Higher-resolution photometry (e.g. from the Hubble Space Telescope or Euclid) is required to pick out these smaller components and make more accurate morphology classifications. However, despite the limitation on photometry, Fahey et al. (2025) show that samples can be selected from ground-based surveys such as SDSS that are later confirmed to be disk-dominated with Hubble Space Telescope photometry.
5. Conclusions
We have used the GZD catalogue first presented in Walmsley et al. (2023b) and the classifications first presented in Garland et al. (2024) to investigate the dual effect of bulge prominence and bar strength on AGN presence. Our key results can be summarised as follows:

	
After controlling for bulge prominence, as well as stellar mass and (g − r)0, we find that the AGN fractions in subsamples split by bar strength are in excellent agreement with the results of Garland et al. (2024), who only controlled for stellar mass and (g − r)0. That is to say, strongly barred galaxies have a higher AGN fraction than weakly barred galaxies, which have a higher AGN fraction than unbarred galaxies.



	
When we split our controlled sample into bins of bulge prominence, we find the same trends – more strongly barred subsamples have a higher AGN fraction.



	
We propose a duty cycle that links the activity of the AGN, bar, and bulge, wherein the bar triggers the AGN to switch on whilst simultaneously building up a bulge.




Further work is required to investigate these AGNs that are fuelled in the absence of bulge components or bar components, as well as investigation of the inactive galaxies where there is a bar and/or bulge present. Integral field unit data, or long-slit spectroscopic data at multiple angles, would allow us to measure the ages of stellar populations in the bar and bulge, as well as measure gas content with respect to the morphological components. Large-scale surveys at high resolutions, such as those being conducted by Euclid, would allow for a parametric decomposition of galaxies to a high precision, allowing us to identify bar strengths and bulge prominences to a higher confidence.
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Appendix A:  Supplementary stellar mass, colour, and bulge distributions
Figure A.1 shows the stellar mass (M*), (g − r)0 colour, and bulge prominence (B) distributions for the LINER, composite, and uncertain galaxies in our sample, in a matter identical to Fig. 1.
	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. Distributions of stellar mass (left column), (g − r)0 colour (middle column), and bulge prominence (right column) for LINER (top row), composite (middle row), and uncertain (bottom row) galaxies. We show strongly barred galaxies in solid red, weakly barred in dashed navy blue, and unbarred in dotted teal.
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Distributions of stellar mass (left column), (g − r)0 colour (middle column), and bulge prominence (right column) for AGNs (top row), star-forming galaxies (middle row), and undetermined galaxies (bottom row). We show strongly barred galaxies in solid red lines, weakly barred in dashed navy blue, and unbarred in dotted teal. The AGNs tend to have higher bulge prominences, redder colours, and higher stellar masses than their star-forming counterparts, although the ranges of these parameters do not vary significantly. The differences between the bar strengths are more apparent in star-forming galaxies than in AGNs, with bulge prominence being particularly divided in undetermined galaxies.
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	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Fraction of galaxies in each bar strength that are AGNs (red, positive diagonal), star-forming (SFing; teal, square hatching), or undetermined (grey, negative diagonal). Error bars are shown in white. The AGN fraction increases as bar strength increases, although in each case the star-forming fraction is greater than the AGN fraction.
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	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Effect of bulge prominence on the AGN fraction (fAGN) for strongly barred (solid red), weakly barred (dashed navy), and unbarred (dotted teal) disk galaxies. Overall, fAGN increases in each bar strength category with bulge prominence. At lower bulge prominences, fAGN increases in each bulge bin with bar strength; however, the difference between fAGN in strongly and weakly barred galaxies disappears by B ≈ 0.48, and the difference between all three bar categories disappears around B ≈ 0.6. The shaded regions show the 1σ uncertainties.
In the text



	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Relationship between stellar mass and bulge prominence for our sample. Lines of best fit are shown in black. We split the sample by unbarred (teal), weakly barred (navy blue), and strongly barred (red) galaxies. There is a slight increase in the bulge prominence with stellar mass.
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	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Variation in fAGN with the bulge surplus, as calculated by Eq. (5), for strongly barred (solid red), weakly barred (dashed navy blue), and unbarred (dotted teal) galaxies. The horizontal lines show the mean fAGN for each bar category. Shaded regions show the 1σ uncertainties. Galaxies at a given stellar mass are more likely to be hosting an AGN if they also have a greater bulge surplus, and this relationship is steeper for unbarred galaxies than for strongly or weakly barred ones.
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        Distributions of stellar mass (left column), (g − r)0 colour (middle column), and bulge prominence (right column) for AGNs (top row), star-forming galaxies (middle row), and undetermined galaxies (bottom row). We show strongly barred galaxies in solid red lines, weakly barred in dashed navy blue, and unbarred in dotted teal. The AGNs tend to have higher bulge prominences, redder colours, and higher stellar masses than their star-forming counterparts, although the ranges of these parameters do not vary significantly. The differences between the bar strengths are more apparent in star-forming galaxies than in AGNs, with bulge prominence being particularly divided in undetermined galaxies.
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        [image: Fig. 2. Refer to the following caption and surrounding text.]
      

      
        Fraction of galaxies in each bar strength that are AGNs (red, positive diagonal), star-forming (SFing; teal, square hatching), or undetermined (grey, negative diagonal). Error bars are shown in white. The AGN fraction increases as bar strength increases, although in each case the star-forming fraction is greater than the AGN fraction.

      

    

  
    
      Table 1. 

      Percentage of each ionisation category within each bar classification, as shown in Fig. 2.

      
        


	
	
	UBAR
	WBAR
	SBAR
	





	This work
	AGN
	15.9 ± 0.7
	22.5 ± 0.8
	27.6 ± 0.8
	



	SFing
	81.9 ± 0.7
	74.2 ± 0.8
	68.2 ± 0.9
	



	Undet
	2.2 ± 0.3
	3.3 ± 0.4
	4.2 ± 0.4
	



	




	G24
	AGN
	14.2 ± 0.6
	23.3 ± 0.8
	31.6 ± 0.9
	



	SFing
	83.9 ± 0.6
	73.6 ± 0.8
	63.6 ± 0.9
	



	Undet
	1.9 ± 0.2
	3.1 ± 0.3
	4.7 ± 0.4
	





      

      
Notes. UBAR is unbarred galaxies, WBAR is weakly barred, and SBAR is strongly barred. We show the results from G24 for comparison. AGN presence in strongly barred galaxies is around twice as prolific as in unbarred galaxies.
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        Effect of bulge prominence on the AGN fraction (fAGN) for strongly barred (solid red), weakly barred (dashed navy), and unbarred (dotted teal) disk galaxies. Overall, fAGN increases in each bar strength category with bulge prominence. At lower bulge prominences, fAGN increases in each bulge bin with bar strength; however, the difference between fAGN in strongly and weakly barred galaxies disappears by B ≈ 0.48, and the difference between all three bar categories disappears around B ≈ 0.6. The shaded regions show the 1σ uncertainties.
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        Relationship between stellar mass and bulge prominence for our sample. Lines of best fit are shown in black. We split the sample by unbarred (teal), weakly barred (navy blue), and strongly barred (red) galaxies. There is a slight increase in the bulge prominence with stellar mass.
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        Variation in fAGN with the bulge surplus, as calculated by Eq. (5), for strongly barred (solid red), weakly barred (dashed navy blue), and unbarred (dotted teal) galaxies. The horizontal lines show the mean fAGN for each bar category. Shaded regions show the 1σ uncertainties. Galaxies at a given stellar mass are more likely to be hosting an AGN if they also have a greater bulge surplus, and this relationship is steeper for unbarred galaxies than for strongly or weakly barred ones.
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        Normalised distributions of bulge surplus for unbarred (left), weakly barred (centre), and strongly barred (right) galaxies, split between AGN (red) and non-AGN host galaxies (teal). We compare the AGN and non-AGN distributions in each bar category using KS tests, and the p-values are shown on the relevant plots.
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        Distributions of stellar mass (left column), (g − r)0 colour (middle column), and bulge prominence (right column) for LINER (top row), composite (middle row), and uncertain (bottom row) galaxies. We show strongly barred galaxies in solid red, weakly barred in dashed navy blue, and unbarred in dotted teal.
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