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A B S T R A C T 

Active galactic nucleus (AGN) growth in disc-dominated, merger-free galaxies is poorly understood, largely due to the difficulty 

in disentangling the AGN emission from that of the host galaxy. By carefully separating this emission, we examine the differences 
between AGNs in galaxies hosting a (possibly) merger-grown, classical bulge, and AGNs in secularly grown, truly bulgeless disc 
galaxies. We use GALFIT to obtain robust, accurate morphologies of 100 disc-dominated galaxies imaged with the Hubble Space 
Telescope . Adopting an inclusive definition of classical bulges, we detect a classical bulge component in 53 . 3 ± 0 . 5 per cent of the 
galaxies. These bulges were not visible in Sloan Digital Sky Survey photometry, ho we ver these galaxies are still unambiguously 

disc-dominated, with an average bulge-to-total luminosity ratio of 0 . 1 ± 0 . 1. We find some correlation between bulge mass and 

black hole mass for disc-dominated galaxies, though this correlation is significantly weaker in comparison to the relation for 
bulge-dominated or elliptical galaxies. Furthermore, a significant fraction ( � 90 per cent) of our black holes are o v erly massiv e 
when compared to the relationship for elliptical galaxies. We find a weak correlation between total stellar mass and black 

hole mass for the disc-dominated galaxies, hinting that the stochasticity of black hole–galaxy co-evolution may be higher in 

disc-dominated than bulge-dominated systems. 

K ey words: galaxies: acti ve – galaxies: bulges – galaxies: evolution – galaxies: spiral – galaxies: structure. 
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 I N T RO D U C T I O N  

trong correlations observed between supermassive black holes 
SMBHs) and galaxy properties such as velocity dispersion (Magor- 
ian et al. 1998 ; Ferrarese & Merritt 2000 ; Kormendy & Gebhardt
001 ), bulge stellar mass (Marconi & Hunt 2003 ; H ̈aring & Rix
004 ), and total stellar mass (Ferrarese & Ford 2005 ; Cisternas et al.
011b ; Marleau, Clancy & Bianconi 2013 ), have led to the general
onsensus that SMBHs co-evolve with their host galaxies (for a 
horough re vie w, see Heckman & Best 2014 ). Any theory of galaxy
rowth and evolution must endeavour to explain these correlations. 
Galaxy mergers are a key process through which stars are trans-

erred from rotation-supported galactic discs to dispersion-supported 
ulges (Walker, Mihos & Hernquist 1996 ; Hopkins et al. 2012 ;
elker et al. 2017 ). Simulations of merging galaxies suggest that 
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heir gas content is subject to a significant gravitational torque 
Hernquist 1989 ; Barnes & Hernquist 1996 ), and that this violent
rocess involves substantial angular momentum transfer which 
unnels gas from kiloparsec-scale to parsec-scale orbits. This often 
llows increased volumes of gas to be accreted on to a central SMBH,
riggering an active galactic nucleus (AGN; Shlosman, Frank & 

egelman 1989 ). Thus, major mergers have been regarded as the
rimary mechanism through which a galaxy can grow both its stellar
nd black hole mass (Sanders et al. 1988 ; Croton et al. 2006 ; Hopkins
t al. 2006 ; Peng 2007 ). 

If major mergers are indeed the primary driver of co-evolution, 
hen SMBH properties should correlate almost e xclusiv ely with 
alaxy properties tied to merger histories. Some past studies support 
hese findings (Kormendy & Bender 2011 ), and it has been found
hat luminous quasars seem preferentially hosted in ongoing mergers 
Volonteri & Rees 2006 ; Urrutia, Lacy & Becker 2008 ; Glikman et al.
015 ; Trakhtenbrot et al. 2017 ). Studies also suggest AGN triggering
ue to major merger events (Treister et al. 2012 ; Bessiere et al.
014 ; Gao et al. 2020 ), with additional evidence suggesting AGN
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ctivity peaks post-merger (Schawinski et al. 2010 ; Ellison et al.
013 ). 
Ho we ver, recent observ ational studies have cast increasing doubt

n the rele v ance of major mergers for triggering AGN activity
nd facilitating SMBH–galaxy co-evolution. Vast numbers of X-
ay detected and optically observed AGNs across cosmic time show
o significant connection with merger-driven triggering and fuelling
Gabor et al. 2009 ; Georgakakis et al. 2009 ; Cisternas et al. 2011a ).
urthermore, moderate luminosity AGNs representing more typical
ates of SMBH growth (Hasinger, Miyaji & Schmidt 2005 ) show
n almost identical trend: that there is no observational connection
etween the triggering and fuelling of AGNs by major mergers
Grogin et al. 2005 ; Alle v ato et al. 2011 ; Schawinski et al. 2011 ;
ocevski et al. 2012 ; Cisternas et al. 2015 ; Rosario et al. 2015 ;
oulding et al. 2017 ; Marian et al. 2019 ; Silva et al. 2021 ). 
In addition, cosmological simulations have suggested that while
ergers may increase the rate of luminous AGNs, they do not play
 significant role in dri ving SMBH gro wth (McAlpine et al. 2020 ;
methurst et al. 2024 ), with as little as 35 per cent of black hole
rowth since z ∼ 3 traceable back to a major or minor merger (Martin
t al. 2018 ). 

The morphology of a given galaxy can reveal its merger history
disc-dominated, bulgeless galaxies have had no major mergers in

heir history since z ∼ 2 (Martig et al. 2012 ). While it is possible
or gas-rich discs to re-form following a major merger event (see
opkins et al. 2009 ; Emsellem et al. 2011 ; Pontzen et al. 2017 ;
parre & Springel 2017 ), a central classical bulge component remains
s a relic in the post-merger structure. The minimum galaxy mass
atio required for a merger event to create a bulge is routinely cited
s 1:10 (Walker et al. 1996 ; Hopkins et al. 2012 ; Tonini et al. 2016 ),
hough theoretical studies have introduced some uncertainty into this
umber (Hopkins et al. 2009 ; Brook et al. 2012 ; Kannan et al. 2015 ).
Despite their visual similarity to classical b ulges, pseudob ulges

ikely grow through purely secular processes (Kormendy & Kennicutt
004 ; Kormendy et al. 2010 ). Additional work has suggested that
lassical bulges may also form and grow through processes other
han mergers (Scannapieco et al. 2009 ; Sales et al. 2012 ; Zolotov
t al. 2015 ; Bell et al. 2017 ; Park et al. 2019 ; Wang et al. 2019 ; Guo
t al. 2020 ). This suggests that galaxies which are unambiguously
isc-dominated in their morphologies have had an extremely calm
aryon accretion history, evolving in the absence of major mergers
ince z ∼ 2 (Martig et al. 2012 ). 

Using conserv ati ve upper limits on bulge mass in a sample of disc-
ominated galaxies, Simmons, Smethurst & Lintott ( 2017 ) show
hat AGNs can not only exist in the absence of merger-grown

orphological features, but SMBHs in disc-dominated galaxies can
row to larger masses than predicted by the H ̈aring & Rix ( 2004 )
elationship between bulge stellar mass and SMBH mass. Ho we ver,
his study was done with Sloan Digital Sky Survey (SDSS) imagery,
hich lacks the high resolution that can be obtained with space-based

maging, moti v ating the Hubble Space Telescope ( HST ) observations
iscussed in Section 2.1 . 
Smethurst et al. ( 2019 ) investigate possible powering mechanisms

or their population of merger-free, disc-dominated AGNs. Having
alculated a mean mass inflow rate of 1 . 01 ± 0 . 14 M � yr −1 they
how that morphological features such as bars (Sakamoto 1996 ;
aciejewski et al. 2002 ; Regan & Teuben 2004 ; Lin et al. 2013 ) and

piral arms (Maciejewski 2004 ; Davies et al. 2009 ; Schnorr-M ̈uller
t al. 2014 ), as well as smooth accretion of cold gas (Kere ̌s et al.
005 ; Sancisi et al. 2008 ) can match this required rate, and hence
hould be capable of sustainably fuelling an AGN. Furthermore, as
orphological features such as bars and spiral arms are thought to
NRAS 537, 3511–3524 (2025) 
e long lasting (Miller & Smith 1979 ; Sparke & Sellwood 1987 ;
onner & Thomasson 1994 ; D’Onghia, Vogelsberger & Hernquist
013 ; Hunt et al. 2018 ), these inflow rates can be sustained in the
ong term, implying that purely secular processes can rapidly grow
MBHs. 
Due to the relative rarity of merger-free galaxies hosting luminous

GNs, previously studied samples have routinely suffered from
ssues such as: being too small to statistically constrain black hole–
alaxy relations dependent on merger-free pathways, making use of
election techniques that preclude sampling the full parameter space
f galaxy and black hole mass, and including obscured AGNs for
hich the only available SMBH mass estimation frameworks are
ighly uncertain. While recent work has vastly impro v ed upon these
ssues, a lack of high-resolution imaging has placed a fundamental
pper limit on the extent to which any observed correlations can
e constrained. Previous work has pointed to the importance of
arametric image fitting for decomposing galaxy morphology (Kim
t al. 2008 ; Simmons & Urry 2008 ; Pierce et al. 2010 ), and so high-
uality imagery, such as that from HST , is required for an independent
ssessment of host morphology and to quantify bulge contribution. 

We present a sample of 100 luminous, unobscured AGNs hosted
n disc-dominated galaxies imaged with HST . We make use of the
D parametric image fitting software GALFIT (Peng et al. 2002 ,
010 ) to classify each morphology component individually and make
lear distinctions between classical bulges and pseudobulges. We
nv estigate the e xtent to which galaxies hosting bulges differ from the
ulgeless population in terms of their AGN properties, and explore
he mechanisms by which these differences might be explained. 

Section 2 describes the selection of disc-dominated galaxies
osting luminous AGNs and the observational HST data. Section 3
escribes the structural decomposition of these sources using GALFIT ,
nd the schemes used for component classification. Section 4 outlines
he calculation of luminosity ratios, galaxy stellar masses, and black
ole masses to better inform our analysis. Section 5 investigates
he barred fraction of our galaxies in detail. Section 6 investigates
lack hole–galaxy relations and black hole–galaxy co-evolution. Our
ndings are summarized in Section 7 . 
Throughout this paper, all cross-matched catalogues use the

earest positional match within 3 arcsec. We use the AB magnitude
ystem (Oke & Gunn 1983 ), and adopt a flat Lambda cold dark matter
osmology using ASTROPY (Astropy Collaboration 2013 , 2022 ), with
 0 = 70 . 0 km s −1 Mpc −1 , �M 

= 0 . 3, and �� 

= 0.7. 

 OBSERVA  T I O NA L  DA  TA  

e utilize the sample first compiled in Simmons et al. ( 2017 ,
ereafter S17 ), who investigated SMBH growth in galaxies that
volved in the absence of major mergers using SDSS imagery.
he authors selected an initial unobscured AGN sample using W2R

Edelson & Malkan 2012 ), which consists of infrared data from the
ide-field Infrared Survey Explorer ( WISE ; Wright et al. 2010 ) and

he Two-Micron All Sky Survey (Skrutskie et al. 2006 ), and X-ray
ata from the ROSAT All Sk y Surv e y (Voges et al. 1999 ). From this
ample of 4316 unobscured AGNs, 1844 have SDSS sources within
 arcsec. A single expert classifier (BDS) used SDSS photometry to
elect the galaxies with no evidence of a bulge component, but with
eatures commonly found in discs, such as bars and spiral arms. This
esulted in 137 disc-dominated galaxies hosting unobscured, Type 1
GNs. 
We refer to S17 for further information on the selection and

nalysis of this initial 137 source sample. 
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.1 HST snapshot sur v ey 

revious morphological decomposition of the S17 sample was 
imited in accuracy by the comparatively high point spread function 
PSF) of SDSS. This may have led to the AGN luminosity contribut-
ng to the measured bulge luminosity. Furthermore, apart from two 
bjects with dedicated Isaac Newton Telescope (INT) imagery, all of 
he bulge-to-total mass ratio ( λB / tot ) and bulge stellar mass ( M Bulge )
stimates of S17 are considered conserv ati ve upper limits due to
he presence of the luminous AGN. These limitations moti v ated a
ollow-up surv e y performed using HST in order to obtain much more
etailed imagery. 
The HST snapshot surv e y (programme ID HST-GO-14606 PI: 

immons) was performed with broad-band imaging in the F 814 W ,
 850 LP , and F 775 W filters using the Advanced Camera for Sur-
 e ys (ACS). HST ’s ACS module is chosen due to its very stable
nd extremely well-modelled PSF, which is ideal for the accurate 
eparation of host galaxy from AGN. Due to the limitations of a
napshot programme, sources with less clear morphology in SDSS, 
s determined visually, were prioritized. This could mean that our 
ample consists of more compact sources, such that the PSF of the
GN makes determining morphologies in SDSS more challenging. 

t could also mean that any features indicating disc presence are less
lear (although definitely present in order to make it into the S17
ample). 

Filters were chosen so as to minimize the contribution from the 
GN by a v oiding emission lines such as [ O III ] , H α, and H β. We
lso selected filters to image the reddest possible broad-band rest- 
rame optical filter that is not significantly affected by dust in order to
apture the typically redder bulge emission required for accurate host 
alaxy decomposition. F 775 W is chosen for observations of targets 
t z < 0 . 06, F 814 W for targets at 0 . 06 < z < 0 . 08, and F 850 LP for
argets at z > 0 . 08. 101 galaxies were imaged in total: 3 in F 775 W ,
8 in F 814 W , and 60 in F 850 LP . 
Each source was imaged four times: two short exposures to capture 

n unsaturated nuclear PSF, and two long exposures to obtain the 
xtended emission to an acceptable depth. This resulted in a typical 
xposure time of 40 min across the four exposures. ACS/WFC 

ubarrays were chosen to ensure substantial sky background was 
maged while minimizing readout time. The data were then reduced 
sing the standard pipeline, 1 accounting for CCD charge diffusion 
orrection, cosmic ray removal using LACOSMIC (van Dokkum 2001 ) 
nd combination of the long exposures into a single science exposure. 

The reduced images have a pixel scale of 0.05 arcsec pixel −1 ,
orresponding to a physical pixel scale of 0.041, 0.12, and 0 . 19 kpc
t the minimum ( z = 0 . 042), median ( z = 0 . 129), and maximum
 z = 0 . 242) redshift of the sample, respectively. 

One galaxy is excluded due to failed guide star acquisition. As
uch, the 100 remaining galaxies imaged by HST comprise our 
ample for analysis throughout the rest of this paper. Postage stamp 
mages of these 100 galaxies are shown in Fig. 1 . 

 S T RU C T U R A L  DECOMPOSITION  

hen inspecting galaxy images, previous work highlights the diffi- 
ulty in distinguishing between point sources due to an AGN, and the
resence of a classical galaxy bulge (Simmons & Urry 2008 ). Hence,
or a quantitative and robust decomposition of galaxy morphology, 
 Some manual steps were required during the data reduction to account for 
he subarrays, but these steps have since been incorporated into the standard 
ipeline. 

c  

t
m  

w  

c

arametric fitting is necessary. This allows for both an independent 
ssessment of host morphology, and quantitative separation between 
isc and bulge, providing constraints on the contribution of the bulge
o the o v erall flux. 

.1 Parametric fitting with GALFIT 

e use the two-dimensional parametric image fitting programme 
ALFIT (Peng et al. 2002 , 2010 ) to simultaneously model the
nresolved nucleus and extended galaxy emission for each of the 
alaxies in our sample using the HST images obtained in Section 2.1
Dunlop et al. 2003 ; Gabor et al. 2009 ; Schawinski et al. 2011 , 2012 ;
immons et al. 2011 ). 
We initially employ a batch fitting procedure to fit each source

wice. First, the source is modelled with a combination of a single
 ́ersic profile (with varying S ́ersic index; Sersic 1968 ) and a central
oint source. Secondly, the source is modelled with a combination of
 single S ́ersic profile, an exponential disc profile (with S ́ersic index,
 = 1), and a central point source. 
Initial parameters (magnitude, radius, axial ratio, and position 

ngle) were either drawn from the SDSS catalogue where available, 
r estimated based upon inspection of the HST images. We set the
nitial host S ́ersic index to n = 2 . 5 (so as to a v oid fa v ouring either an
xponential disc, n = 1, or a classical bulge, n = 4) and allow it to
ary. The exponential disc in the second fit is initialized as a S ́ersic
omponent with index fixed to n = 1. The purpose of these initial
ts is to converge on the centroid positions of each of the galaxy
omponents. During the batch fitting procedure, we also fix the sky
ackground to an independently determined value for each nearby 
ource. Any nearby object whose light profile is not impinging on
he central galaxy is masked from the fit. In the case where nearby
right stars or companion galaxies impinge on the central galaxy, 
he rele v ant object is fit with its own component and noted as a
companion’ (discussed further in Section 3.2 ). The aim of the fit is
o neither o v er nor under subtract the galaxy’s central region. 

The residuals of these two initial fits are inspected for each galaxy,
nd the best fit (i.e. with the lowest value of reduced chi-squared, χ2 

ν )
s refined via a further follow-up fitting process. During the follow-up
tting process, we attempt to impro v e on the batch-fit results for each
alaxy. Impro v ements may include adding model components to the
arget galaxy, perturbing initial guesses to ensure the fitting process 
as reached a global (rather than a local) minimum, and un-masking
nd fitting companions that are bright, extended, and nearby enough 
hat their extended light may o v erlap with the target galaxy profile.
dditional model components are included based upon iterative 
isual inspection of the fit residuals, with the same goal of neither
 v er nor under subtracting the central region. Great care is taken
o ensure the chosen galaxy best fit contains component parameters 
hich are physically reasonable. These additional model components 

an take any form allowed by GALFIT , but are typically additional
 ́ersic components. In some cases, these S ́ersic components require
odification to best-fitting galaxy morphologies, such as truncation 

o model a strong galactic bar, or power-law rotation to model bright
piral arms. 

When we add a new component, we fix the current components
o their best fit. After fitting this new component, we use the output
arameters of the previous fit iteration to re-run the fit with all the
urrent components allowed to vary, and measure χ2 

ν . We then repeat
his process, adding further components as needed and if physically 
oti v ated, until χ2 

ν does not substantially change. This ensures that
e are not o v erfitting the galaxy, and that the most robust and accurate

omponent parameters are reported. The sky background is allowed 
MNRAS 537, 3511–3524 (2025) 



3514 M. J. Fahey et al. 

M

Figure 1. Postage stamp HST images of the sample of 100 disc-dominated galaxies with unobscured, luminous AGNs. Sample selection is described in 
Sections 2 and 2.1 . Images are displayed in the order they were imaged by HST . Scale bars in each panel show 5 arcsec. These 100 sources comprise our sample 
for analysis. 
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o vary during this follow-up fitting process in order to ensure the
 xtended re gions of the galaxy are well constrained. 

Fig. 2 shows galaxy J003432.51 + 391836.1 as it goes through the
tting procedure. The best model from the batch fitting procedure
residuals in Panel b) contains three components: a PSF to model
he nuclear emission, a disc component with fixed S ́ersic index
 n = 1), and an additional S ́ersic component with a free S ́ersic
ndex that appears to model a small central pseudobulge – we
iscuss the distinction between classical bulges and pseudobulges
n Section 3.2.1 . Although the χ2 is already low, we can visually see
NRAS 537, 3511–3524 (2025) 

ν

hat there are spiral arms in the residual, and a small bar, and thus
e need to add components during the follow-up fitting process.
wo additional S ́ersic components are added for a total of five
omponents including the PSF. One of these additional components
odels the bright spiral arms, and the other models a short central

alactic bar. The residual from this follow-up fit is displayed in
ig. 2 (c). 
To obtain surface brightness (SB) values for each component at the

f fecti ve radius ( r e ), the fit is re-run a second time. All parameters
ther than SB for each component are fixed to those determined
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Galaxy Image (

(a) (b) (c)

HST) Best Batch Fit Residual Best Overall Fit Residual

Figure 2. Galaxy J003432.51 + 391836.1 as it goes through the fitting 
procedure. Panel (a) shows the galaxy in the F 814 W filter prior to fitting. Panel 
(b) shows the best GALFIT residual after undergoing the batch fitting process, 
χ2 

ν = 1 . 667. Panel (c) shows the best GALFIT residual after undergoing the 
final follow-up fitting procedure, χ2 

ν = 1 . 604. All companion galaxies not 
included within the fit are masked so as not to contaminate the fit. 
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Figure 3. Surface brightness at the ef fecti ve radius as a function of the 
ef fecti ve radius for each of the components initially assigned a ‘disc’ 
or ‘bulge’ classification in our sample for the 92 galaxies identified as 
disc-dominated. ‘Disc’ components are shown with crosses, while ‘bulge’ 
components are assigned circles. The S ́ersic index of a given component is 
indicated using the colour bar. Kormendy relations for the SDSS i and z bands 
are shown with the solid black and purple lines, respectively. Shaded regions 
represent 1 σ confidence intervals. 
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uring the follow-up fitting procedure, and only SB is allowed to 
ary. F or fiv e galaxies, only SB values for the bulge components
ould be reco v ered, and thus the additional components in these fits
nly have full integrated magnitudes. 
After fitting, 8 galaxies are remo v ed from the sample due to having
orphologies consistent with elliptical galaxies, leaving us with 92 

alaxies for further analysis. Given that previous work has been 
eliant upon SDSS imagery and visual identification, it is encouraging 
hat this work’s in-depth fitting shows that these previous methods 
re robust enough to select small samples of disc-dominated galaxies 
t � 90 per cent confidence. 

In the final sample of 92 g alaxies, every g alaxy is fit with at least
hree components including the PSF, and most galaxies (71) are fit
ith at least four components. A smaller number of galaxies (24)

equire five components, and only a single galaxy in our sample is
t with six components. 
We incorporate the errors provided by Simmons & Urry ( 2008 ,

able 3), who construct a large suite ( ∼ 54 000) of artificial galaxies,
ased on HST /ACS observations of the GOODS field. The simulated 
alaxies consist of both inactive galaxies and AGN hosts, constructed 
ia addition of a point-source to inactive galaxies. They use this
o test the effect of the ratio of the host luminosity to the PSF
uminosity on the reco v ered uncertainties. We add their uncertainties 
n quadrature to our own, outputted by GALFIT . We calculate the
ele v ant luminosities in Section 4.1 . 

.2 Component classification 

n order to quantify the luminosity contribution of each component 
o the host galaxy luminosity (e.g. bulge contribution, pseudobulge 
ontribution), each individual component within a given galaxy must 
e assigned a classification. This initial classification was carried out 
y a single expert classifier (MJF). 
Each component is assigned a morphology: ‘disc’, ‘bulge’, ‘spiral 

rms’, ‘bar’, or ‘companion’, based on the final S ́ersic index of
 given component as well as its effective radius. Components 
ith large radii and low S ́ersic indices are assigned as ‘disc’, and

omponents with small radii and high S ́ersic indices are assigned as
bulge’. In order to not underestimate the bulge contribution, ‘bulge’ 
s also assigned to more compact central galaxy components. At this
tage, no attempt is made to distinguish between classical bulges, and 
isually similar pseudobulges. ‘Spiral arms’ are identified through 
he presence of ‘spiral inner/outer radius’ parameters in the final 
t for that component, and ‘bar’ is identified by the presence of
truncation’ parameters in their angle and radius. 
.2.1 Classical bulges versus pseudobulges 

seudobulges are dense central components, making them almost 
isually indistinguishable from classical bulges. Ho we v er, the y are
ar more disc-like in their stellar dynamics, likely being created 
hrough secular growth processes by galaxy discs from galaxy disc 
aterial (Kormendy & Kennicutt 2004 ). Since we aim to investigate

he role of mergers in AGN evolution, it is important to accurately
eparate these secularly ev olved pseudob ulges from classical bulges. 

We use the Kormendy relation (Kormendy 1977 ; Hamabe & 

ormendy 1987 ), which describes the relationship between r e and SB
easured at r e for elliptical galaxies, to distinguish between classical 

ulges and pseudobulges (Gadotti 2009 ). SB and r e tend to be better
onstrained than S ́ersic index. Components on or above the relation
re likely dispersion-supported (i.e. ellipticals, classical bulges). 
omponents below the relation are likely rotation-supported (i.e. 
iscs, pseudobulges). Following Nigoche-Netro, Ruelas-Mayorga & 

ranco-Balderas ( 2008 ), we choose the parameters of the Kormendy
elation corresponding to the magnitude range of our sample in the
DSS i and z bands, −20 . 0 > M > −25 . 0. 
The position of components initially classified as ‘disc’ or ‘bulge’ 

elative to the Kormendy relation is shown in Fig. 3 . Our chosen
ormendy relations for the SDSS i and z bands are shown with solid
lack and purple lines, respectively, with the shaded region indicating 
he 1 σ confidence intervals. 

Any ‘bulge’ component lying below the lower 1 σ confidence 
nterval of the SDSS i band relation is designated a ‘pseudobulge’,
nd any ‘bulge’ component which lies on or above this line is
onsidered a true classical bulge and is designated a ‘bulge’. We
hoose this conserv ati ve threshold in order to minimize the chances of
nderestimating the contributions of classical bulges to our sample. 
e find that 49 galaxies with our sample (53 . 3 ± 0 . 5 per cent) host a

lassical bulge. This errs on the side of misclassifying a pseudobulge
s a classical bulge, rather than vice versa, in order that we can select
 very pure sample of pseudobulge-only disc galaxies. 
MNRAS 537, 3511–3524 (2025) 



3516 M. J. Fahey et al. 

M

 

K  

s  

s  

I  

a  

a  

(
 

c  

w  

c  

s  

t  

w  

t  

W  

S  

a  

t  

g
 

p  

m  

b  

t  

s  

p  

c  

r  

i  

r  

t
 

s

4

W  

m  

A  

t  

p  

h

4

H  

t  

t
 

o  

r  

t  

t  

i  

t
 

b  

a  

n  

Figure 4. Reco v ered bulge-to-total luminosity ratios ( λB / tot ) for the 59 
galaxies from our disc-dominated sample that also appear in the Simard 
et al. ( 2011 ) catalogue. Galaxies from our sample with detected bulge 
components are shown with blue crosses, while galaxies with no detected 
bulge components have the upper limits on their λB / tot indicated with black 
arrows. To aid visual clarity, these limits are given an additional + 0.01 shift 
along the x -axis. The black dotted line represents the Identity Line ( y = x). 
> 98 per cent of these galaxies have reported λB / tot in Simard et al. ( 2011 ) 
that are higher than those found by this work, demonstrating the extent to 
which b ulge contrib ution to galaxy luminosity can be artificially inflated if a 
bright AGN is not accounted for during bulge–disc decomposition. 
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The majority of ‘bulge’ and ‘disc’ components lie below the
ormendy relation, implying that most of the components in our

ample are rotation-supported structures. This confirms that our
ample consists of o v erwhelmingly disc-dominated morphologies.
n addition, we find that true bulge components within the sample
re small compared to pseudobulge and disc components, with
n average r e of 1 . 33 kpc at the median redshift of our sample
 z = 0 . 129). 

Previous studies have often used exclusively the S ́ersic index of a
omponent to distinguish between classical bulge and pseudobulge,
ith a typical value of n = 2 found to be a reliable metric for

haracterizing a large sample (Fisher & Drory 2008 ). Ho we ver, Fig. 3
hows that the S ́ersic index alone is not a reliable indicator of the
rue nature of a bulge-like component within our sample, consistent
ith studies such as Gadotti ( 2008 ). Graham ( 2001 ) demonstrated

hat bulges in spiral galaxies can have a wide range of S ́ersic indices.
e find 35 components designated as classical bulges with measured
 ́ersic indices in the range 0 ≤ n ≤ 1, and 9 components designated
s pseudobulges with S ́ersic indices n � 4. This further underlines
he importance of parametric fitting techniques to accurately classify
alaxy components. 

Gadotti ( 2008 ) note that the structural parameters of bulges (in
articular, bulge S ́ersic index) are profoundly affected by improper
odelling of luminous AGNs or galactic bars. While every care has

een taken during our fitting procedure to accurately model the AGN
hrough the PSF and to fit accurate galactic bar components, our
ample is somewhat extreme when compared to the general galaxy
opulation, with small bulges in comparison to dominant discs,
ombined with very bright central AGN. Our use of the Kormendy
elation for bulge classification aids in mitigating these issues. While
ndividual S ́ersic indices may be poorly constrained, utilizing both
 e and SB of the components allows us to more accurately determine
he morphological nature of a given component. 

Throughout the rest of this work, we use ‘bulge’ to refer exclu-
ively to classical bulges. 

 A D D I T I O NA L  SAMPLE  PA R A M E T E R S  

e obtain accurate estimates of luminosity ratios, galaxy stellar
asses ( M ∗), bulge stellar masses ( M Bulge ), black hole masses ( M BH ),
GN luminosities ( L bol ), and Eddington ratios ( λEdd ). By comparing

he distributions of these parameters for a bulge-only sample, and a
seudobulge-only sample, we can determine how galaxy and black
ole growth relate in the absence of major mergers. 

.1 Luminosity ratios 

aving carried out the component classification detailed in Sec-
ion 3.2 we compute AGN-to-total, bulge-to-total, and pseudobulge-
o-total luminosity ratios for each galaxy in the sample. 

The host galaxy luminosity is taken to be the sum of the luminosity
f each component used to fit the galaxy, excluding the PSF which
epresents the nuclear (AGN) emission. When computing AGN-to-
otal ratios we assume the PSF luminosity represents the entirety of
he AGN luminosity, and that any contribution from the host galaxy
s minimal. The bulge and pseudobulge luminosities are taken to be
he sum of the rele v ant component luminosities. 

The AGN-to-total luminosity ratio ( λAGN / tot ) for the sample lies
etween 0 . 003 < λAGN / tot < 1 . 6, with a mean value of 0 . 2 ± 0 . 2 and
 median value of 0 . 19 ± 0 . 03. This confirms the highly luminous
ature of the AGNs in the sample, and the importance of robustly
NRAS 537, 3511–3524 (2025) 
onstraining the PSF when engaging in structural decomposition of
GN host galaxies. 
For galaxies with detected b ulges, the b ulge-to-total luminosity

atio ( λB / tot ) lies between 0 . 04 < λB / tot < 0 . 52, with a mean value
f 0 . 2 ± 0 . 1 and a median value of 0 . 18 ± 0 . 02. When we include
alaxies with no detected bulge component, the mean and median
B / tot for the sample drops to 0 . 1 ± 0 . 1 and 0 . 06 ± 0 . 03, respectively.
Simard et al. ( 2011 ) carried out bulge–disc structural decompo-

ition of 1.12 million galaxies in the SDSS DR7 Le gac y surv e y,
etermining best-fitting models and structural parameters for each
ource. 

S17 use these bulge–disc decompositions of the 90 galaxies present
n both their own and the Simard et al. ( 2011 ) sample to obtain an
pper limit λB / tot in the r band. These lie between 0.13 ≤ λB / tot ≤
.0, with a mean value of 0.5. In addition, S17 constrain two of
he sources imaged with the INT to have λB / tot of 0 . 3 ± 0 . 2 and
 . 47 ± 0 . 2. 
We similarly match our galaxy catalogue to Simard et al. ( 2011 ),

nd find that 59 galaxies appear in both catalogues. Following S17 ,
e find λB / tot for these 59 galaxies in the range 0.16 ≤ λB / tot ≤ 0.98,
ith a mean value of 0.5. Fig. 4 shows a comparison of the reco v ered

B / tot of our galaxies versus those recovered by Simard et al. ( 2011 ).
Our mean λB / tot for this subsample, including galaxies with no

etected bulge component, lies belo w e ven the smallest upper λB / tot 

imit of the Simard et al. ( 2011 ) galaxies. When we consider
nly those galaxies with detected bulges, the mean λB / tot for our
ample lies below both the mean λB / tot , and each of the individually
onstrained λB / tot from the Simard et al. ( 2011 ) sample, strongly
ndicating that the o v erall bulge contribution to this sample is small,
espite > 50 per cent of the galaxies in the sample containing a
lassical bulge component (see Section 3.2.1 ). 

For galaxies with detected pseudobulges, the pseudobulge-to-total
uminosity ratio ( λpB / tot ) ranges from 0 . 03 < λpB / tot < 0 . 96, with a
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ean value of 0 . 3 ± 0 . 3 and a median value of 0 . 2 ± 0 . 3. When we
nclude galaxies with no detected pseudobulge component the mean 
nd median λpB / tot for the sample drop to 0 . 2 ± 0 . 2 and 0 . 09 ± 0 . 03,
espectively. As such, we find in either case that the mean λpB / tot 

re comparable to, if not larger than, the mean λB / tot reported 
bo v e, indicating the increased pre v alence of pseudobulge compo-
ents within the sample. When we consider the subset of galaxies 
23 . 9 ± 0 . 2 per cent) in our sample which contain both pseudobulges
nd classical bulges, we find mean λpB / tot and λB / tot of 0 . 3 ± 0 . 2 and
 . 2 ± 0 . 1, respectively. As such, even when considering compact
entral components in our galaxies, the majority of components are 
otation dominated in nature. 

Furthermore, Fig. 4 demonstrates the effect of not taking into 
ccount a bright AGN when performing galaxy bulge–disc decompo- 
ition, with the bulge contribution to galaxy luminosity significantly 
rtificially inflated. Considering only the galaxies with detected 
ulges, we find that the Simard et al. ( 2011 ) λB / tot are larger than
hose reco v ered in this w ork by f actor of ∼ 3 . 75 on average, and we
nd some λB / tot are larger by a factor of ≥ 10. 
When considering the highly luminous nature of our AGNs in 

onjunction with the classical bulges being typically very small, it is
ossible that some true bulge components are not reco v ered due to
he presence of the luminous AGN. In order to minimize the chances
f underestimating the contributions of classical bulges, we carry out 
he following procedure on all galaxies regardless of whether or not 
 bulge component is detected. 

The full width at half-maximum (FWHM) of the PSF of HST -
CS is 2.5 pixels. As such, the largest bulge component that could
e ‘hidden’ underneath the PSF in our sample would have ef fecti ve
adius of 1.25 pixels, subtending an angle of 0.0625 arcsec on the
ky. We compute the size of such a bulge in kiloparsecs for each of
ur galaxies, and then use the Kormendy Relation for the SDSS z 

and (see Fig. 3 ) to obtain an estimate of the SB at the ef fecti ve radius
or each of these objects We choose the z band relation as this gives
s the brightest possible value of SB, and prevents the contribution 
rom any hidden bulge component being underestimated. We use this 
B to calculate the luminosity of this extra hidden bulge component. 
For galaxies with no detected bulge component, the luminosity 

atio of this hidden bulge to the total luminosity is considered an
pper limit of the λB / tot for that object. These upper limits lie between
 . 001 < λB / tot < 0 . 013, with a mean value of 0 . 006 ± 0 . 004. For
alaxies with a detected bulge component, we utilize this extra 
uminosity in conjunction with the already calculated errors on the 
uminosity of the detected bulge components to inform the upper 
ncertainties on our λB / tot for these galaxies. 
Fig. 4 shows that the maximum luminosity of the bulgeless 

omponents treating the limits as detections is significantly smaller 
han the subsample with detected bulges. 

.2 Galaxy and bulge stellar masses 

o calculate stellar masses of the components we use the well-studied 
elation from Baldry et al. ( 2006 ) between stellar mass, absolute
alaxy r band magnitude, and u − r galaxy colour (corrected for
alactic e xtinction, Schle gel, Finkbeiner & Davis 1998 ). To obtain
hotometry for our sample, we perform a positional match to SDSS 

R16 (Ahumada et al. 2020 ). For one galaxy no photometric data is
vailable in DR16, and so we use photometry from SDSS DR9 (Ahn
t al. 2012 ). In order to better remo v e the AGN contribution to galaxy
uminosity, we follow the method used in Garland et al. ( 2023 ), and
orrect the SDSS u and r band magnitudes for PSF contribution by
ultiplying the flux from the SDSS modelMag by the host-to-total 
uminosity ratio, λhost/ tot computed using our fits from GALFIT . We 
ake the host galaxy luminosity as the sum of each galaxy component
xcluding the PSF. The total galaxy luminosity is the sum of each
alaxy component including the PSF. 

We reco v er galaxy stellar masses ( M ∗) ranging from 2 . 8 × 10 9 <
 ∗/ M � < 8 . 4 × 10 10 . The median M ∗ is 1 . 7 × 10 10 M �. Each indi-

idual mass is taken to have an uncertainty of 0.3 dex from the scatter
n the colour–luminosity relation. Fig. 5 (c) displays the galaxy stellar

ass distribution for our sample. 
We report significantly lower M ∗ than S17 measurements of 8 ×

0 9 < M ∗/ M � < 2 × 10 11 , with a mean galaxy stellar mass of 4 ×
0 10 M �. We attribute these differences primarily to changes in the
DSS pipeline from DR8 to DR16, which have particular effect on
eco v ering galaxy magnitudes in the u band. 

Fig. 5 (a) also displays the M ∗ distributions for the bulge-only and
seudobulge-only galaxies separately. The results of Kolmogorov–
mirnov (KS) and Anderson–Darling (AD) tests for the statistical 
ignificance of the difference in these distributions are listed in 
 able 1 . W e find p values of p KS = 0 . 099 and p AD = 0 . 192 when
omparing the bulge-only (i.e. no pseudobulge component) and 
seudobulge-only (i.e. no classical bulge component) M ∗, indicating 
he two samples are consistent with being drawn from the same
arent sample. While at high and median masses the distribution of
he bulge-only and pseudobulge-only samples are very comparable, 
he bulge-only sample seems to lack the same low-mass tail displayed 
y the pseudobulge-only sample, dropping off rapidly at ∼ 10 10 M �.
his could indicate that the galaxies in our sample which host bulges

end to have stellar masses abo v e a certain mass threshold, with few
alaxies at low stellar mass. 

These findings are consistent with Skibba et al. ( 2012 ), who
how a strong correlation between bulge strength and galaxy stellar 
ass in their sample of ∼ 16 000 disc galaxies at z < 0 . 06. Most

trikingly, the transition from disc-dominated to bulge-dominated 
or this correlation appears at M ∗ ≈ 2 × 10 10 M �, very close to the
hreshold in our sample below which galaxies hosting classical bulges 
re mostly absent. Such findings could indicate that these bulge- 
nly galaxies are present in different environments to those of the
seudobulge-only sample. Higher density environments might allow 

or better accretion of cold molecular gas and lead to increased star
ormation, as well as increasing the likelihood of galaxy mergers 
major or minor) explaining why these objects which host bulges 
lso seem to possess stellar masses abo v e a given threshold. This is
onsistent with the findings of Skibba et al. ( 2012 ), who report that
heir bulge-dominated disc galaxies reside in denser environments. 

Further work to investigate the star formation rates of these 
bjects, as well as their gas supply and local environment might
hed further light on the extent to which these are affecting long-
erm star formation in our bulge-only sample. We highlight here that
hen we also consider the p AD value we find that the bulge-only and
seudobulge-only samples are consistent with being drawn from the 
ame parent sample. 

We use our luminosity ratios (see Section 4.1 ) in conjunction with
ur galaxy stellar masses in order to obtain estimates of bulge stellar
ass, M Bulge for each of our galaxies. These correspond to M Bulge 

for those galaxies with detected bulges) in the range 3 . 9 × 10 8 <
 Bulge / M � < 1 . 8 × 10 10 , with a mean M Bulge of 3 × 10 9 M �. 
When we consider the upper limits on λB / tot for those galaxies 

ith no detected b ulge contrib ution (see Section 4.1 ) we find they
orrespond to M Bulge in the range 1 . 7 × 10 7 < M Bulge / M � < 4 . 4 ×
0 8 , with a mean M Bulge of 7 . 4 × 10 7 M �. 
MNRAS 537, 3511–3524 (2025) 
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M

Figure 5. Distributions of galaxy stellar mass, M ∗ (Panel a), black hole mass, M BH (Panel b), bolometric luminosity, L bol (Panel c), and Eddington fraction, 
λEdd (Panel d). Results for the entire sample are in black, for galaxies which contain only bulge components and no pseudobulge in dashed red, and for galaxies 
which contain only pseudobulge components and no bulge in blue hatched. Labels in the top left report p values for AD tests when comparing the bulge-only 
and pseudobulge-only samples. For the L bol and M BH distributions, we reject the null hypothesis that the bulge-only and pseudobulge-only samples are drawn 
from the same population, with p AD = 0 . 020 and p AD = 0 . 004, respectiv ely. F or the distributions of M ∗ and λEdd , these two samples are more similar and the 
null hypothesis cannot be confidently ruled out. The resultant p AD and p KS are shown in Table 1 . 
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.2.1 A note on stellar mass calculations 

e here draw attention to the method used to calculate stellar masses.
n removing the PSF contribution to the flux in the u and r bands, we
mplicitly assume that the PSF contribution to galaxy flux is identical
n both these bands. As the filters differ in central wavelength by

2700 Å this assumption will clearly have significant impacts on our
bility to reco v er accurate PSF-corrected filter magnitudes. Ho we ver,
he spectral energy distributions of Type 1 quasars should not vary
ignificantly between these bands (Richards et al. 2006 , fig. 10).
dditionally, when we investigate the PSFmag values for the u and
 filters we find broadly similar values, with mean apparent mags in
DSS DR16 of 18.47 and 17.66, respectively. These issues are minor
ompared to the inherent 0.3 dex scatter in the colour–luminosity
elation we use. 

Additional HST imaging of our sample in a different filter would
llow for a calculation of galaxy colour analogous to the u − r colour
sed to calculate mass-to-light ratios. Taylor et al. ( 2011 ) make use
f SDSS g − i colours to estimate galaxy mass-to-light ratios to
 precision of � 0 . 1 dex, a marked improvement over the 0.3 dex
catter from the relation we implement. Given that we already have
maging of these galaxies in filters roughly corresponding to the
DSS i band, follow-up in a filter such as F 475 W would provide

nformation corresponding to the g band, allowing for more accurate
stimation of galaxy mass-to-light ratios. Along with the well-
tudied HST -ACS PSF, the removal of the AGN component from
hese galaxies would be significantly more accurate. Works such
s Schombert, McGaugh & Lelli ( 2022 ) have also endeavoured to
rovide estimates of galaxy mass-to-light ratios that are additionally
orrected for the presence of bulge and disc components, and such
rameworks are invaluable when performing stellar mass estimates
n samples such as ours. 

.3 Black hole masses 

17 use the relationship from Greene & Ho ( 2005 ) (subsequently
e-calibrated by Shen et al. 2011 ) to obtain black hole masses, M BH ,
rom the established relationship between M BH , and FWHM and
uminosity in the broad H α line. This relation is chosen to a v oid
ontamination of the spectra by the host galaxy, and because of
 α’s availability for all sources in this sample. A bootstrap method,
NRAS 537, 3511–3524 (2025) 
ampling each value 10 5 times within the uncertainties was used by
17 in order to estimate the uncertainties on these black hole masses.
s such, we reco v er black hole mass estimates for 68 of the galaxies

n our sample. We refer to S17 for further information regarding the
alculation of black hole masses. 
M BH for galaxies in this subsample range from 1 . 8 × 10 6 <
 BH / M � < 4 . 8 × 10 8 . The median M BH is 3 . 0 × 10 7 M �. 
Fig. 5 (b) shows the M BH distribution for the 68 galaxies with

vailable masses in our sample. The bulge-only galaxies within
ur sample lie at the higher mass end, with a median M BH of
 . 3 × 10 7 M � compared to a median M BH of 2 . 4 × 10 7 M � for the
seudobulge-only population. 
When comparing the bulge-only and pseudobulge-only M BH , the p 

alues of p KS = 0 . 012 and p AD = 0 . 004 suggest that the two samples
re inconsistent with being drawn from the same parent sample, to
 . 9 σ in the case of the AD results. This suggests that, within our
ample, galaxies which host bulges also host more o v erly massiv e
MBH in comparison to those galaxies which do not have a bulge
omponent. 

We note that M BH are of the same order of magnitude regardless
f bulge or pseudobulge, indicating that while merger events may
esult in increased M BH , they are likely not the dominant mechanism
acilitating this. Simulation work (Martin et al. 2018 ; McAlpine et al.
020 ; Smethurst et al. 2024 ) suggests that mergers play little role in
MBH growth in the long term. This point is further highlighted when
e consider those galaxies in the sample with neither a pseudobulge
or a classical bulge, which present with a median black hole mass
f 2 . 9 × 10 7 M �. Such black hole masses are highly comparable to
he o v erall sample and easily breach 10 7 M �, challenging previous
otions that galaxies with no pseudobulge or bulge contribution
hould struggle to grow their black holes abo v e ∼ 10 5 –6 M � (Satyapal
t al. 2008 , 2009 ; Secrest et al. 2012 ). These findings are in agreement
ith more recent literature that has also confirmed black holes grown

o supermassive size through secular processes, independent of major
ergers (Bohn et al. 2020 , 2022 ). 
While galaxies with a recent history of mergers experience

nhanced black hole growth, our merger-free galaxies can also grow
heir black holes to significant and comparable masses in the local
ni verse. Ho we ver, we note here that our sample preferentially

elects the most luminous AGNs, which are likely to have more
assive black holes. As such, these truly bulgeless galaxies in
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Table 1. Tests for statistical significance performed on the bulge-only and 
pseudob ulge-only distrib utions from Fig. 5 . p values are reported for both 
KS and AD frameworks. For M ∗ and λEdd , the two samples are consistent 
with being drawn from the same parent sample. For L bol and M BH , the two 
samples are inconsistent with being drawn from the same parent sample, 
and we find AD statistics of 2.97 and 4.76, indicating statistically significant 
differences in these populations to 2.3 σ and 2.9 σ , respectively. 

p KS value p AD value 

Galaxy stellar mass ( M ∗) 0.099 0.192 
Black hole mass ( M BH ) 0.012 0.004 
AGN bolometric luminosity ( L bol ) 0.016 0.020 
Eddington fraction ( λEdd ) 0.384 0.189 
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ur sample with black holes ≥ 10 7 M � may represent the extreme 
ail of a distribution of SMBHs fuelled by purely secular growth. 

hile it is possible to grow black holes to masses in excess of
10 5 –6 M � through purely secular processes, such black holes may 

ot be necessarily representative of the global secularly grown black 
ole population. Further study of more moderate luminosity AGNs 
osted in disc-dominated galaxies would aid in better understanding 
he o v erall distribution of black hole masses in these systems, and
he frequency at which such black holes grow to ≥ 10 7 M �. 

.4 AGN luminosities, accretion, and Eddington ratios 

e estimate bolometric AGN luminosities, L bol , for our sample 
ollowing S17 utilizing the WISE W 3 band centred at 12 μm .

e choose a bolometric correction factor of ≈ 8 from Richards 
t al. ( 2006 ), which does not depend significantly on wavelength
n the infrared (see their fig. 12). This results in a L bol range of
 . 1 × 10 44 ≤ L bol / erg s −1 ≤ 5 . 5 × 10 45 . The median luminosity is
 . 7 × 10 44 erg s −1 . 
Fig. 5 (a) shows the L bol distribution for our sample. We find p 

alues of p KS = 0 . 016 and p AD = 0 . 020 when comparing the bulge-
nly and pseudobulge-only samples (Table 1 ), with the bulge-only 
ample having slightly higher luminosities. These p v alues sho w that
he two samples are inconsistent with each other, to 2 . 3 σ in the case
f the AD results. This suggests that galaxies which host bulges also
ost more luminous AGNs. 
Observational studies show that luminous quasars are preferen- 

ially hosted in ongoing mergers (Volonteri & Rees 2006 ; Urrutia 
t al. 2008 ; Glikman et al. 2015 ; Trakhtenbrot et al. 2017 ), and
imulations have revealed that mergers increase the rate of luminous 
GNs (McAlpine et al. 2020 ). This supports our increased incidence 
f luminous AGNs in the galaxies hosting bulges. When we consider 
hese results in conjunction with our findings in Sections 4.2 and 4.3 ,
hese AGNs may display increased luminosity due to their higher 

ass SMBH and potentially more dense environments. Ho we ver, 
he abo v e referenced works concern g alaxies eng aged in ongoing

ergers, while our sample has been specifically selected due to a 
ack of an apparent major merger event since z ∼ 2, a lookback
ime of ∼ 10 10 yr . Given that typical AGN duty cycles are of the
rder of 10 5 –6 yr (Keel et al. 2012 ; Schawinski et al. 2015 ), it seems
nlikely that merger events in the distant past are influencing their 
GN luminosities in the present. 
Our results from Sections 4.2 and 4.3 may indicate that the galaxies

ithin our sample reside in denser environments. Such environmental 
ensity might produce the effect of simultaneously facilitating 
ore galaxy mergers resulting in an increased proportion of bulge 

omponents, and allowing for higher inflow of cool molecular gas, 
eading to enhanced star formation and increased total galaxy stellar 
ass. These two processes could be working in tandem to funnel
ore gas to the galactic centre resulting in a more luminous AGN
ith a more massive black hole. Ho we ver, studies indicate that the
npredictable gas inflow geometry of merger driven fuelling should 
ave the effect of spinning down any given black hole, resulting
n lo wer radiati ve ef ficiency and more gas mass lost to outflows
Smethurst et al. 2019 ; Beckmann et al. 2024 ). This could have the
ombined effect of both limiting the gas available to grow a black
ole, as well as reduce its bolometric luminosity. 
L bol is related to mass accretion rate, ṁ through a simple matter

o energy conversion, where η = 0 . 15 (Elvis, Risaliti & Zamorani
002 ) is the efficiency of conversion 

˙  = 

L bol 

ηc 2 
. (1) 

S17 use black hole masses to calculate the luminosities expected 
f each AGN were accreting at its Eddington limit, L Edd . We use this
o measure the fractional growth rate of the black hole relative to the
aximum rate it is capable of sustaining, via the Eddington fraction,

Edd . 

Edd ≡ L bol 

L Edd 
. (2) 

Fig. 5 (d) shows the λEdd distribution for our sample. We find p 

alues of p KS = 0 . 384 and p AD = 0 . 189 when comparing bulge-
nly and pseudobulge-only samples (Table 1 ), indicating that the 
wo samples are consistent with being drawn from the same parent
ample. This suggests that galaxies which host bulges do not have
 statistically significantly higher fractional SMBH growth rate in 
omparison to those which have no bulge component. 

This further supports the notion that while galaxy mergers might 
nhance black hole gro wth, merger e vents are not the only process
acilitating this growth. Such highly comparable Eddington fractions 
mply that the dominant pathways fuelling black hole growth for 
oth the bulge-only and pseudobulge-only subsamples are also 
omparable. This evidences a more fundamental process common to 
very galaxy in our sample as the dominant pathway for facilitating
lack hole growth in the long term. As mentioned previously, this
iew is consistent with simulation work from Martin et al. ( 2018 )
nd McAlpine et al. ( 2020 ), who suggest that mergers contribute as
ittle as ∼ 15 per cent of black hole growth since z ∼ 3. 

 BA R  FRAC TI ON  

alactic bars have been proposed as a secular mechanism for black
ole feeding by transporting gas to the central AGN (Shlosman et al.
989 ; Friedli & Benz 1993 ; Athanassoula 2003 ; Ann & Thakur
005 ), although there is much disagreement in the literature. Many
tudies find no correlation between AGNs and bars (Martini et al.
003 ; Lee et al. 2012 ; Cheung et al. 2015 ; Goulding et al. 2017 ),
hile others find that bars may be preferentially hosted in active
alaxies with an o v erall incidence increase of ∼ 20 per cent (Knapen,
hlosman & Peletier 2000 ; Laine et al. 2002 ; Laurikainen, Salo &
uta 2004 ; Oh, Oh & Yi 2012 ; Garland et al. 2023 , 2024 ; Kataria &
i vek 2024 ). Gallo way et al. ( 2015 ) note that while there is a higher
robability of a galaxy hosting an AGN also hosting a bar, they find
o link between bars and the quantity or efficiency of AGN fuelling,
ndicating that while bars may trigger AGNs they have little further
ffect once the AGN is established. Garland et al. ( 2024 ) distinguish
etween weak and strong bars, and in doing so, find to a > 5 σ
onfidence that strongly barred galaxies are more likely to host an
GN than weakly barred galaxies, which are more likely to host an
MNRAS 537, 3511–3524 (2025) 
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2  
GN than unbarred g alaxies. Investig ating the bar fraction in our
ample in detail with high-resolution HST imaging could provide
rucial information about the role of bars in fuelling AGNs. 

Within our sample, 23 galaxies require a component modelling
 galactic bar, representing 25 ± 2 per cent of our galaxies (where
rrors arise from the binomial distribution, Cameron 2011 ). This is
onsistent with previous literature including Masters et al. ( 2011 ),
ho found that around 29 . 4 ± 0 . 5 per cent of disc galaxies host a

arge-scale galactic bar at redshift 0 . 01 < z < 0 . 06 when imaged
n the optical. Of the 23 galaxies hosting bars, 6 are completely
 ulgeless (no pseudob ulge or classical b ulge contrib ution), 10 host
nly a pseudobulge, 5 host only a classical bulge, and 2 host both a
lassical bulge and a pseudobulge. 

The AGN bolometric luminosities for the barred galaxies range
rom 3 . 6 × 10 44 ≤ L bol / erg s −1 ≤ 4 . 6 × 10 45 , with a median bolo-
etric luminosity of 7 . 8 × 10 44 erg s −1 , in good agreement with the

uminosity range of our o v erall sample (Section 4.4 ), and upon
erforming tests for statistical significance we find p values of
 KS = 0 . 801 and p AD > 0 . 25 indicating that the barred and non-
arred galaxies have L bol consistent with being drawn from the same
arent sample. 
M BH estimates are available for 18 of the barred galaxies within

ur sample, ranging from 2 . 0 × 10 6 ≤ M BH / M � ≤ 1 . 8 × 10 8 , with
 median mass of 2 . 9 × 10 7 M �. Similarly to the AGN bolometric
uminosity, the black hole masses are in very good agreement with the
 v erall sample – we find p values of p KS = 0 . 135 and p AD > 0 . 25,
lso indicating that the barred and non-barred galaxies have M BH 

onsistent with being drawn from the same parent sample. This
uggests that barred galaxies are hosting neither AGNs that are o v erly
uminous nor black holes which are o v erly massiv e when compared
o our o v erall sample of disc galaxies. 

If bars are the primary fuelling mechanism for black hole growth in
he merger-free regime, we might expect that AGNs hosted in barred
alaxies would be more luminous and have larger black hole masses
hen compared to unbarred galaxies. This is especially rele v ant
hen we consider that galactic bars are thought to be long-lived
orphological features (Debattista et al. 2006 ; Kraljic, Bournaud &
artig 2012 ; G ́eron et al. 2023 ), and so any additional black hole

rowth they facilitate in the long term should be reflected in measured
lack hole masses in the local Universe. The fact that our findings
how no tendency for o v erly massiv e black holes implies bars are
imply one element of the o v erall picture, with some other mecha-
ism common to all galaxies in our sample providing the majority
f the fuel for black hole growth. Such findings are consistent with
alloway et al. ( 2015 ), who present a scenario wherein bar-driven

uelling contributes some fraction of the fuel for growing black
oles, while some other processes must also contribute to black
ole accretion disc fuelling through angular momentum transfer at
maller radii. This scenario is also consistent with simulations that
how multiple large-scale mechanisms including galactic bars can
e responsible for transporting gas to the scales required for AGN
uelling (Hopkins & Quataert 2010 ). This suggests that the presence
f a bar is not a requirement to grow black holes to supermassive
ize in the local Universe in the absence of major mergers. 

 G A L A X Y – B L AC K  H O L E  MASS  R E L AT I O N S  

e investigate the relationship between M BH and M Bulge . Again, the
H–bulge relations of S17 are constrained only to a very limited
xtent, as ∼ 98 per cent of their bulge masses are upper limits. Our
tructural decomposition allows us to assign more accurate bulge
ass estimates (Section 4.2 ) to a significant proportion of our sample.
NRAS 537, 3511–3524 (2025) 
We use a Bayesian method to fit a linear regression model to the 68
ources in our sample for which we have M BH estimates from S17 ,
ncluding two-dimensional uncertainties. The results are displayed
n Fig. 6 (a). We perform two fits to our data: one where we fit
nly to the M BH of galaxies which have detected bulge components,
nd one where we incorporate the upper limits on M Bulge for those
alaxies which have no detected bulge component into a censored fit.
onsidering the fit to galaxies only with detected bulge components,
e find a Spearman correlation coefficient, ρS = 0 . 35, and a Pearson

orrelation coefficient, ρP = 0 . 38 indicating some correlation, albeit
ith significant scatter. When we include the upper limits on M Bulge 

or those galaxies with no detected bulge component we find ρS =
 . 41, and a ρP = 0 . 44. Hence, in both cases we find evidence for
ome correlation between M BH and M Bulge , and this correlation is
trengthened when including the upper limits on bulge mass. The
lopes and normalizations for the fits are shown in Table 2 . 

For comparison, we adopt a similar procedure for a sample of
arly-type galaxies from H ̈aring & Rix ( 2004 , hereafter HR04 ).
hese galaxies have morphologies indicating a history which in-
ludes major mergers. The fitted relation for the HR04 sample
s consistent with our sample with detected bulges to 1 standard
eviation (SD) for the slope, and to 2 SD for the normalization.
hen we treat the limits as detections, the M BH –M Bulge relation is

ot consistent with HR04 , with > 5 SD between the both the slopes
nd the normalizations. Ho we ver, the HR04 relation is significantly
ore strongly correlated than both of our M BH –M Bulge relations,
ith ρS = 0 . 82 and ρP = 0 . 83. As such, we can conclude that while

here is some correlation between black holes and bulges in our disc-
ominated sample, there is much stronger correlation between these
wo galaxy properties in bulge-dominated galaxies with rich merger
istories, but o v erall, the relationships are consistent with each other
hen a bulge is detected. 
The fact that the correlation is so much stronger for bulge-

ominated galaxies and a correlation (albeit not necessarily one
n agreement with HR04 ) is present but highly scattered for disc-
ominated galaxies is interesting. It implies that processes which can
row both bulges and black holes (such as major galaxy mergers) are
he dominant co-evolutionary pathways in these early-type galaxies,
nd regulate such growth much more rigidly. This explains why
he early-type galaxies considered here have bulge masses that
ppear to grow in almost lockstep with their black holes. Disc-
ominated galaxies on the other hand are engaged in these processes
ignificantly less often, as evidenced by their lack of (strong) bulge
omponents, and this may result in a more stochastic co-evolutionary
istory which is reflected in their highly varied bulge masses for a
iven black hole mass. 
Previously understood pathways for merger driven co-evolution

equire that any observed black hole–galaxy co-evolution must be
riven by merger events large enough to create appreciable bulge
omponents. As such, the fact that there is weaker correlation
etween M Bulge and M BH in our sample, which has been specifically
elected to lack bulges, might be seen as unsurprising. Ho we ver, if
hese merger driven pathways are indeed the primary mechanisms
or black hole–galaxy co-evolution, then we would also expect the
lack holes of our bulgeless galaxies to be undermassive, especially
n comparison to those from HR04 with rich merger histories, which
s not the case. 

In Section 4.3 , we find that the black hole masses of the truly
ulgeless galaxies (those with no bulge or pseudobulge compo-
ent) lie relatively close to our parent sample distribution of disc-
ominated galaxies, with the slope and normalization being within
 SD, showing that black holes in truly merger-free systems can still
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Figure 6. Panel (a): Black hole mass versus bulge stellar mass. Black crosses indicate bulge masses for galaxies with detected bulge components. Arrows 
indicate upper limits on bulge masses for galaxies with no detected bulge component. The best fit to galaxies with detected bulges only is shown with a solid 
black line. The best fit incorporating the upper limits into a censored fit is shown with a dotted line. Red open circles show early-type galaxies and the best fit is 
indicated by the red dashed line. Shaded regions indicate 2 σ confidence intervals. Panel (b): Black hole mass versus total stellar mass. Open blue circles show 

the stellar masses for our sample, the best fit to these is shown in the solid blue line. The HR04 relation for early-type galaxies is again shown with the red 
dashed line, unchanged from the left panel. 

Table 2. Equations for line of best fit shown in Fig. 6 . Quoted errors are the 
1 σ errors. 

Slope Normalization 

M BH –M Bulge , bulge only 0 . 77 ± 0 . 35 0 . 43 ± 3 . 31 
M BH –M Bulge , with bulgeless 0 . 30 ± 0 . 08 4 . 85 ± 0 . 69 
M BH –M ∗ 3 . 17 ± 4 . 86 −24 . 94 ± 49 . 76 
HR04 1 . 11 ± 0 . 15 −3 . 99 ± 1 . 64 
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row to considerable mass. This point is further emphasized when 
e consider that the most massive black holes in our disc-dominated 

ample are of comparable mass to all but the most massive black
oles (of ∼ 10 9 M �) in the bulge-dominated comparison sample of
R04 . 
Furthermore, Fig. 6 (a) shows that, when we consider the galaxies 

ith detected bulges, � 97 per cent of them lie abo v e (or to the left of)
he correlation for bulge-dominated galaxies, and � 90 per cent lie 
bo v e (or to the left of) the 2 σ uncertainty region for that correlation,
lthough the slope and normalization of the best fit are in agreement
ith HR04 (ho we ver, this could be due to high uncertainties). Even
hen we consider the upper limits on M Bulge for those galaxies with
o fitted bulge component, we find that all of them lie abo v e both the
tted relation of HR04 , and the 2 σ uncertainty region, with a M BH 

istribution that is consistent in breadth with both the galaxies in 
ur sample with detected bulges, and the majority of the galaxies in
R04 . These findings are indicative of considerably higher M BH in 
ur sample than those predicted by BH–bulge relations, even when 
e consider conserv ati ve upper limits on the M Bulge , consistent with
17 . 
The analysis we have carried out in Section 6 thus far explicitly

ssumes that any detected bulge component in our disc-dominated 
ample has been formed and grown e xclusiv ely by merger-driv en
rocesses. Ho we ver, recent observ ations have suggested that classical 
ulges may grow through processes other than major galaxy mergers. 

Guo et al. ( 2020 ) find that short, sub-kiloparsec radius bars form
orphological components similar to classical bulges when they 

re destroyed, allowing for a secular channel of bulge formation. 
urthermore, studies suggests that disc galaxy bulges could form 

rom so-called red nuggets (Damjanov et al. 2009 ). These objects
resent as ultra-compact spheroids at high redshift, with half-light 
adii of the order of ∼ 1 kpc . de la Rosa et al. ( 2016 ) confirm that
ompact core components of galaxies at z ∼ 0 . 1 are structurally
imilar to red nuggets observed at z ∼ 1 . 5, and that these components
re not e xclusiv e to massiv e elliptical galaxies. This implies that
hese objects could become the cores of modern day disc galaxies
Costantin et al. 2020 ). This model is supported by simulation
ork showing that extended star-forming discs develop around red 
uggets after compaction (Zolotov et al. 2015 ; Tacchella et al. 2016 ).
ery compact bulge components at the cores of disc galaxies could

orm purely secularly, without the need for major galaxy mergers. 
hen we consider our findings in Section 3.2.1 that the average

lassical bulge component in our sample is small in radius, it is
ossible that these bulge components (or the smallest among them) 
ere once red nuggets at high redshift, with the disc-dominated 
orphology we view today subsequently forming around them. 
ollo w-up observ ations would allo w us to investigate and constrain

he dynamical properties of these small bulges. 
Bell et al. ( 2017 ) investigate galaxy stellar haloes in order to

xplore galactic merger histories and find that bulges in nearby Milky
ay-like galaxies have higher than expected masses if mergers were 

he dominant growth mechanism. Furthermore, Park et al. ( 2019 )
nd Wang et al. ( 2019 ) both emphasize the importance of disc star
igration in disc-dominated galaxies. Stars with orbits aligned with 
MNRAS 537, 3511–3524 (2025) 
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he galactic disc continuously migrate towards the galactic centre,
ithout the need of merger-driven perturbations. Park et al. ( 2019 )

uggest that as much as half of the spheroidal component of disc-
ominated galaxies may arise from orbits aligned with the disc in
his way. Given that the galaxies in our sample are disc-dominated
ith M ∗ comparable to those of local Milky Way-like galaxies, disc–

tar migration pathways for bulge growth could be applicable to our
ample, indicating that the M Bulge that we can attribute purely to
erger-dri ven gro wth could be substantially less than the M Bulge 

hown in Fig. 6 (a). 
Were this the case, then not only are the SMBHs in our sample

 v erly massiv e compared to the canonical BH–b ulge relation, b ut
he bulges themselves are o v erly massiv e compared to canonical
rameworks for predicting bulge sizes based upon mergers. 

Fig. 6 (b) shows the relationship between M BH and M ∗. The fitted
R04 relation is unchanged in Panel (b) relative to Panel (a). HR04
o not perform bulge–disc decompositions for 29 of the 30 galaxies
n their sample, and furthermore � 80 per cent of these galaxies are
iven a visual classification in de Vaucouleurs et al. ( 1991 ) of type
 or S0. Hence, we assume that M Bulge ≈ M ∗ for the galaxies in the
R04 sample. 
The slope and normalization of our M BH –M ∗ relation are shown

n Table 2 . The fitted lines for both our disc-dominated and the HR04
ulge-dominated galaxies considered here are consistent with each
ther; ho we ver, the uncertainties on our relationship are very large.
erforming tests for correlation, we find ρS = 0 . 31 and ρP = 0 . 32.
his indicates the presence of a correlation of similar strength to that

ound between M Bulge and M BH for this sample. Such a correlation
s weak, and this is evident from the large amount of scatter present
n our stellar mass distribution. 

Observing a correlation between M ∗ and M BH for both bulge-
ominated early-type galaxies and the disc-dominated galaxies of
ur sample, but with significantly more scatter for the disc-dominated
alaxies has interesting implications for black hole–galaxy co-
volution. Kormendy & Ho ( 2013 ) propose a scenario wherein
lack holes with M BH ≤ 10 8 . 5 M � at z ≤ 1 . 5 exist primarily in disc-
ominated galaxies where enough gas reaches the black hole to
llow for modest AGN activity, but that this should be so stochastic
n nature as to preclude the co-evolution of the black hole with its
ost g alaxy. The g alaxies we consider in this sample host black
oles with M BH ≤ 5 × 10 8 M �, and have been merger free since
 ∼ 2, and so fit neatly into this picture. Ho we ver, it is clear that
he AGN activity in these objects is far from modest, and some
ecular process must be driving SMBH growth in these systems at
ppreciable rates. The significantly increased scatter in the fitted
elations for our disc-dominated sample lends more credibility to
he picture presented by Kormendy & Ho ( 2013 ) that these secular
rowth processes are highly stochastic in nature, but the presence
f correlation between M BH and M ∗ for our sample, ho we ver weak,
mplies that these processes are not stochastic enough to prohibit
o-evolution. 

Greene, Strader & Ho ( 2020 ) investigate the relationships between
 BH and M ∗ for large populations of early- and late-type galaxies.

hey find a clear offset in the normalization of the fitted relations
or the different galaxy subsamples, with late-type galaxies typically
isplaying lower stellar masses for a given black hole mass, and with
ore scatter. This scatter becomes more apparent at lower M ∗ �

0 11 M �, particularly for late-type galaxies. This could explain the
bserved scatter in M ∗ for our sample of disc-dominated galaxies,
nd supports the picture we present abo v e wherein secular growth
rocesses in disc-dominated galaxies increase the stochasticity of
lack hole–galaxy co-evolution, but do not preclude it. 
NRAS 537, 3511–3524 (2025) 
Another explanation for the large degree of scatter in our M ∗ is the
ethod used to calculate them (Section 4.2 ). Obtaining impro v ed M ∗
ould allow further investigation into whether the scatter present in
ig. 6 (b) is inherent and indicative of the galaxy co-evolution picture
utlined abo v e, or simply a result of our estimations. This latter
ption leaves open the possibility of stronger correlations between
tellar mass and black hole mass, such as those found in S17 . 

 SUMMARY  

y utilizing high-resolution HST imagery, we have performed
omprehensive structural decomposition and analysis on an unam-
iguously disc-dominated (i.e. merger-free) galaxy sample hosting
GNs. We summarize our key findings here. 
The majority of the components making up these galaxies lie below

he Kormendy relation, indicating that they are rotation-dominated in
ature. The average bulge-to-total luminosity ratio is 0 . 1 ± 0 . 1 for the
ntire sample, indicating the extremely low prevalence of classical
ulges and dispersion-supported structures within our sample. We
nd a mean bulge mass for those galaxies with detected bulges of
 × 10 9 M �. 
Our findings indicate that while galaxy mergers might result in

nhanced AGN luminosity, black hole mass, and galaxy stellar mass,
hey are unlikely to be the dominant process impacting long-term
lack hole growth. Regardless of whether or not galaxies have
ndicators of being involved in a past merger, we show that their
lack holes can grow to significant mass in the local Universe. Further
bservational work, including an HI surv e y with an instrument such
s the IRAM-30m telescope would help to better probe the nature of
he environments around these galaxies and determine the effect this
ay have on the sample parameters mentioned above. 
Our sample consists of the most luminous AGNs, and as such

hese objects may represent the extreme tail of a distribution of black
oles fuelled by primarily secular growth processes. As such, follow-
p work should aim to probe the more moderate luminosity regime,
iving us a better o v erall picture of the extent to which purely secular
rowth processes fuel black hole growth in the long term. 
We advocate for the construction of larger samples of local,

ulgeless, disc-dominated galaxies for structural decomposition with
igh-resolution imagery. This would allow for further investigation of
isc-dominated galaxies that still host small classical bulges at their
entres, and determine whether our findings hold true for the global
 GN population. Furthermore, such in v estigations may pro vide more
etail on the dynamical nature of these small bulges, and reveal
hether a significant fraction of them were once ‘red nuggets’,
r whether they have indeed formed through galaxy mergers at
igh redshift. This could shed light on the extent to which secular
rocesses have grown classical bulges. 
With its high resolution, the Euclid mission is in a unique position

o identify the sources described abo v e and impro v e our catalogue
ize for structural decomposition. 
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