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ABSTRACT

Recent observational and theoretical studies have suggested that supermassive black holes (SMBHs) grow mostly through non-
merger (‘secular’) processes. Since galaxy mergers lead to dynamical bulge growth, the only way to observationally isolate
non-merger growth is to study galaxies with low bulge-to-total mass ratio (e.g. B/T < 10%). However, bulge growth can also
occur due to secular processes, such as disk instabilities, making disk-dominated selections a somewhat incomplete way to select
merger-free systems. Here we use the Horizon-AGN simulation to select simulated galaxies which have not undergone a merger
since z = 2, regardless of bulge mass, and investigate their location on typical black hole-galaxy scaling relations in comparison
to galaxies with merger dominated histories. While the existence of these correlations has long been interpreted as co-evolution
of galaxies and their SMBHs driven by galaxy mergers, we show here that they persist even in the absence of mergers. We
find that the correlations between SMBH mass and both total mass and stellar velocity dispersion are independent of B/T ratio
for both merger-free and merger-dominated galaxies. In addition, the bulge mass and SMBH mass correlation is still apparent
for merger-free galaxies, the intercept for which is dependent on the B/T ratio. Galaxy mergers reduce the scatter around the
scaling relations, with merger-free systems showing broader scatter. We show that for merger-free galaxies, the co-evolution
is dominated by radio-mode feedback, and suggest that the long periods of time between galaxy mergers make an important
contribution to the co-evolution between galaxies and SMBHs in all galaxies.

Key words: galaxies: evolution - quasars: supermassive black holes - black hole physics - galaxies: bulges - methods: statistical
- methods: data analysis

1 INTRODUCTION both dispersion supported bulges and SMBHs through redistribution
of angular momentum, these correlations have long been interpreted
as evolution for co-evolution driven by a few galaxy mergers within
a Hubble time (Peng 2007; Hopkins et al. 2008; Jahnke & Maccio
2011; Heckman & Best 2014). Cosmological simulations are also
able to reproduce these observed correlations between host galaxy
properties and their SMBHs, using a variety of physical models (see
Habouzit et al. 2021, for a recent comparison).

The strong correlations that are found between supermassive black
hole (SMBH) mass & velocity dispersion (Magorrian et al. 1998;
Merritt & Ferrarese 2001; Hu 2008; Kormendy et al. 2011; Mc-
Connell & Ma 2013; van den Bosch 2016; Batiste et al. 2017; Bal-
dassare et al. 2020), SMBH mass & bulge stellar mass (Marconi
& Hunt 2003; Héring & Rix 2004; Saglia et al. 2016; Sahu et al.
2019; Zhao et al. 2021) and SMBH & total stellar mass (Cisternas

et al. 2011; Simmons et al. 2013; Reines & Volonteri 2015; Davis However, a flurry of new results, both observational and theo-
et al. 2019; Sahu e't al. 2019; Ding et al. 2020; Bennert et al. 2'021) retical, have suggested that galaxy mergers may not be the dom-
suggest that galaxies co-evolve with their central SMBHs (Silk & inant mechanism powering this co-evolution. An internal, secular
Rees 1998; Granato et al. 2004). Since galaxy mergers can grow co-evolution of galaxies and their SMBHs has been suggested, par-

ticularly in works studying lower mass galaxies (e.g Greene et al.
* E-mail: rebecca.smethurst@physics.ox.ac.uk 2010; Jiang et al. 2011; Cisternas et al. 2011; Simmons et al. 2011;
+ E-mail: ricarda.beckmann @ast.cam.ac.uk Kocevski et al. 2012; Greene et al. 2020; Baldassare et al. 2020).
1 First-authorship is shared between Smethurst & Beckmann In an attempt to isolate the merger-free evolutionary pathway Sim-
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mons, Smethurst & Lintott (2017) investigated 101 active galactic
nuclei (AGN) hosted by strongly disk-dominated! galaxies which
are assumed to be merger free. This assumption is motivated by the
fact that simulations have consistently shown that mergers with mass
ratios larger than 10:1 will form a classical, pressure supported bulge
(Walker et al. 1996; Hopkins et al. 2012; Tonini et al. 2016). Addi-
tionally, Martig et al. (2012) showed that galaxies which are clearly
disk dominated (bulge-to-total ratio, B/T < 0.1) have likely had a
calm accretion history, evolving in the absence of major or minor
mergers since z ~ 2.

Simmons, Smethurst & Lintott (2017) found that the SMBHs
in their bulgeless galaxies were 2 orders of magnitude more mas-
sive than predicted by the bulge mass-SMBH mass scaling rela-
tion. However, Simmons, Smethurst & Lintott (2017) also found
their merger-free sample lay on the typical scaling relation between
SMBH and total stellar mass of the galaxy, suggesting that major
galaxy mergers do not play a significant role in controlling the co-
evolution of galaxies and SMBHs. This work was followed up by
Martin et al. (2018a) with the Horizon-AGN simulation, who also
found that simulated galaxies with B/T < 0.1 were significantly off-
set from the typical bulge-SMBH mass relation, and in addition that
only 35% of the cumulative growth of SMBHs over the past ~ 12
billion years (since z ~ 3) could be attributed to mergers. Similarly
in the EAGLE simulation McAlpine et al. (2020) found that while
galaxy mergers increase the luminosity of AGN, this does not lead
to substantial cumulative SMBH growth, finding that by z =0 on av-
erage no more than 15% of SMBH mass comes from the enhanced
accretion rates triggered via a merger. This confirmed results from
Gabor & Davé (2015), who reported a luminosity spike for AGN
in merging galaxies, but contradicts results from Bellovary et al.
(2013), who reported that mergers do not substantially enhance fu-
elling of the central AGN. The exact impact of galaxy mergers on
AGN activity, and its potential impact on the host galaxy, is there-
fore still under discussion, but a consensus has emerged that SMBH
mass growth is not dominated by galaxy mergers.

Simulations have also shown that the majority of bulge growth
does not occur due to mergers. For example, Parry et al. (2009)
find in the Millenium simulation that <~ 20% of the stellar mass
in bulges is built by mergers (in galaxies with total stellar masses
< 5x10'9 M), with the majority instead built through disk insta-
bilities. Martig et al. (2012) also find that galaxies with the highest
bulge Sérsic index tend to have histories of intense gas accretion and
disk instabilities rather than active mergers. Similarly Gargiulo et al.
(2017) find in their SAG simulations that 87% of stars in bulges of
Milky Way-like galaxies are present due to disc instability events,
rather than mergers. More recently, Du et al. (2021) find that the
evolution of bulge-dominated galaxies is not dominated by mergers
using the TNGS50 simulation (unlike kinematic "slow rotator" ellip-
tical galaxies which are created by mergers; Martin et al. 2018b).
These simulation results are supported by the observational study of
Bell et al. (2017) who found that two of their three galaxies with
massive ‘classical’ bulges have stellar halos which are inconsistent
with a merger origin, suggesting their bulges have been built through
secular processes.

Given the growing amount of evidence that mergers may not be as
dominant as first thought in driving either SMBH or bulge growth,
this raises the question of what else could cause the correlations

! Hereafter we will use the term “bugleless” to refer to a strongly disk-
dominated system either lacking a classic bulge, or having a bulge-to-total
ratio, B/T < 0.1.
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between galaxy properties and SMBH mass discussed above. Do
galaxy merger-free processes also lead to co-evolution of galax-
ies and their SMBHs? In this study we therefore make use of the
Horizon-AGN simulation suite? to test whether galaxy-SMBH co-
evolution is occurring across a large simulated galaxy population
due to non-merger processes by investigating the classic scaling re-
lations of Mgy — Myyige; My — My and Mpy — Oy Horizon-AGN is
a large-scale galaxy evolution simulation which tracks galaxy evolu-
tion from cosmic dawn to redshift, z = 0. It is a tried and tested sim-
ulation able to replicate a wide range of observations from across the
galaxy and SMBH populations, for example the galaxy mass func-
tion, cosmic star formation history distribution, and SMBH luminos-
ity function.

We describe the Horizon-AGN simulation in Section 2.1, the se-
lection of galaxies from the simulation in Section 2.2, the selec-
tion of merger-free and merger-dominated samples in Section 2.3,
and the calculation of stellar velocity dispersions in Section 2.4. We
show and discuss our results in Section 3, and we conclude in Sec-
tion 4.

2 SIMULATION DATA
2.1 Horizon-AGN

Horizon-AGN is a hydrodynamical simulation of a 100 Mpc® h™!
cosmological volume run to redshift z = 0. It was presented in detail
in Dubois et al. (2014) so here we only briefly reiterate key features.

Horizon-AGN was produced using the adaptive mesh refinement
code RAMSES (Teyssier 2002) with a WMAP-7 ACDM cosmol-
ogy (Komatsu et al. 2011): total matter density Q,, = 0.272, dark
energy density X, = 0.728, amplitude of the matter power spec-
trum og = 0.81, baryon density Q; = 0.045, Hubble constant Hy =
70.4 kms~! Mpc~! and spectral index ng = 0.967. The size of the
simulation box is 100 ~ Mpch~! (comoving), refined on a root grid
of 10243, then adaptively refined up to a maximum resolution of
Ax =1 proper kpc using a quasi-Lagrangian refinement criterion:
cells are (de)refined when the mass in the cell is above (below) 8
times the mass resolution of Mpy = 8.27 x 107 Mg, for dark mat-
ter (DM) and 2 x 10° M, for stars. Horizon-AGN includes pre-
scriptions for gas cooling including the contribution from metals re-
leased by supernova feedback, star formation and stellar feedback,
background UV heating as well as black hole formation, accretion
and feedback. Star formation is modelled according to a Schmidt
law Kennicutt (1998) with an efficiency of 0.01, using a Salpeter
initial mass function (Salpeter 1955). Stellar feedback is modelled
to include stellar winds, type la and type II supernovae (Dubois &
Teyssier 2008; Kimm et al. 2015).

BH are formed with an initial seed mass of 10° Mg, in cells that
exceeds the density threshold for star formation (ng = 0.1 Hcm*3).
BH seed formation is stopped at z = 1.5. To avoid multiple BH form-
ing in the same galaxies, BH formation is not permitted within a 50
comoving kpc exclusion zone around existing BH.

BH accretion and feedback are modelled as in Dubois et al.
(2012). BH gas accretion is modelled via the Bondi-Hoyle-Lyttleton
formalism Mpy = 4waG*M3,p/(c2 + #*)3/?, capped at the Ed-
dington accretion rate Mgqq, where « is a dimensionless boost fac-
tor, My is the BH mass, G is the gravitational constant, and p, s
and # are the average gas density, sound speed and gas velocity. Fol-
lowing Booth & Schaye (2010), & = (p/po)? if p > pp and & = 1

2 https://www.horizon-simulation.org/



otherwise. AGN feedback energy is released as Exgn = €7&-Mppc?
where €, = 0.1 is the radiative efficiency, c is the speed of light and
£y is an efficiency factor. At high accretion rates (y = Mpp /Mgqq >
0.01, ‘quasar mode’), energy is injected as isotropic thermal energy,
using & = 0.15. At low accretion rates (y < 0.01, ‘jet mode’) en-
ergy is released in bi-conical outflows with £ = 1. To account for
un-resolved dynamical friction forces on BHs, following Ostriker
(1999), BHs are not pinned to the centres of galaxies but allowed to
move freely. BHs merge when located within 4 kpc of each other,
and when their relative velocity is smaller than the escape velocity
of the binary.

2.2 Galaxy catalogue

To identify galaxies and dark matter halos in Horizon-AGN, we use
ADAPTAHOP (Aubert et al. 2004; Tweed et al. 2009) with 20 neigh-
bours, a local density threshold of p, = 178 times the average dark
matter density and a force softening of 2 kpc. A minimum particle
number cut of 50 DM or star particles is enforced, leading to a min-
imum galaxy stellar mass of M, ~ 1083M,, where M, is the total
mass of all star particles associated with a given galaxy as identi-
fied by ADAPTAHOP. Bulge masses are taken from Volonteri et al.
(2016), and were computed using two Sersic profiles: one with n =1
for the disc component, and one with the best fit of n = 1,2,3 or 4
for the bulge component.

As BH are free to move within the simulation volume, they are
not automatically identified with a given host galaxy. To associate
BH with galaxies, we use a set of two spatial criteria: a BH is as-
signed to a galaxy if it is located within 10% of the galaxy’s DM host
halo virial radius, and also located within two effective radii of the
galaxy itself. If more than one BH meets both criteria, the most mas-
sive object is retained as the central BH (see Volonteri et al. 2016,
for details). Galaxy mergers are identified using galaxy merger trees
constructed from the galaxy catalogues for z < 6. Snapshots are on
average spaced every 130 Myr. We use the merger trees to identify
major (mass ratios > 1 : 4) and minor (mass ratios 1:4 to 1: 10)
galaxy mergers for each galaxy (see Martin et al. 2018a, for details).
BH mergers are identified on-the-fly during the simulation. During
each BH-BH merger, the less massive BH is considered to merge
into the more massive one.

2.3 Galaxy sample selection

Central BHs were identified and bulge masses computed for a total
galaxy sample of 6892 galaxies at z = 0.0556 (the average redshift
of the observed ‘bulgeless’ galaxy sample of Simmons et al. 2017
for ease of comparison). Out of this sample, we selected two sub-
samples based on the total (both minor, 10:1 and above, and ma-
jor, 3:1 and above) number of galaxy mergers experienced by the
galaxy since z = 2. 1801 galaxies (26%) were identified as not hav-
ing had a merger since z = 2. We will refer to these galaxies as the
MERGER-FREE sample. As a comparison sample, we also identified
1271 galaxies (18%) which have undergone more than 3 mergers
(either major or minor) since z = 2. We will refer to these galaxies
as the MERGER-DOMINATED sample. The redshift cut off at z =2 is
motivated by both the need for hierarchical structure formation in the
early Universe, as per ACDM, and the studies of Martig et al. (2012)
and Martin et al. (2018a) who showed that galaxies with bulge-to-
total ratios of < 0.1 at z ~ 0 have not had a merger since at least
z ~ 2. This redshift cutoff also coincides with the peak of star for-
mation density (Madau et al. 1998).

Non-merger co-evolution evidence 3

Throughout this study we will compare our samples to the ob-
served galaxy sample fits of Hiring & Rix (2004), McConnell & Ma
(2013) and Greene et al. (2020). This facilitates comparison to pre-
vious studies, showcases the uncertainty in observed relations, and
offers multiple comparisons to different galaxy populations. For ex-
ample, the canonical relation of Hiring & Rix focuses on black hole-
galaxy stellar mass relations in early-type galaxies, whereas Greene
et al. offers an updated fit to both early- and late-type galaxies with
an emphasis on low-mass systems (unlike McConnell & Ma, whose
Mpp — o, relation has no deliberately biased mass selection).

2.4 Velocity Dispersion Calculation

Horizon-AGN provides the dispersion of the stellar velocity distri-
butions in each galaxy in Cartesian coordinates within a specified ra-
dius. In order to compare simulated velocity dispersions to observed
stellar velocity dispersions measured from a galaxy spectrum (which
suffers from line of sight and instrumental biases), we first extracted
the velocity dispersions within a radius of 0.55R.¢f, the average cov-
erage of a 3" diameter Sloan Digital Sky Survey (SDSS) central fibre
aperture at a redshift of z = 0.0556. We then “observed” the veloc-
ity dispersions along a line of sight at 45° to each of the Cartesian
vectors to get a set of three Ojos xy, for each galaxy. These are then
combined into a single line-of-sight velocity dispersion, 0j, as fol-
lows:

_ 2 2 2
Olos = \/Glos‘x + Glos,y + G]os‘z' (1)

We also account for an average instrument dispersion, Oy, to get
an equivalent observed stellar velocity dispersion, Gy, as follows:

2 _ 2 2
Obs = Olos + Oinst- (2)

Here we again used the instrumental dispersion of the Sloan Dig-
ital Sky Survey (SDSS; York et al. 2000) spectrograph, Cjg =
69 km s~ (Bolton et al. 2012). SDSS provides a large enough
galaxy sample for the average fibre coverage to be estimated, and
is a common data source in observational literature which we will
use to discuss the context of our simulation results here.

Even with careful work to reproduce observed velocity disper-
sions, there is still potential for differences between ¢ values “ob-
served” in simulations and those measured from on-sky astrophys-
ical data. For example, the dispersion values in the simulations en-
compass dynamical information that by definition includes a rota-
tion component, whereas dispersion values measured in a spectrum
may miss substantial portions of this component depending on the
orientation of the galaxy in the line of sight (e.g. Bellovary et al.
2014; van den Bosch 2016). While observers generally try to cor-
rect for this and other factors (e.g. Giiltekin et al. 2009; McConnell
& Ma 2013), uncertainties can depend on observed properties that
are non-uniform across a full galaxy population, and thus such cor-
rections may not fully capture the quantity “observed” in simula-
tions. This may lead to more pronounced differences in some galaxy
populations (e.g. disk-dominated galaxies, where rotational mea-
surements may be highly uncertain for more face-on galaxies) than
others, when comparing Horizon-AGN “observed” dispersions and
on-sky measured dispersions. Comparisons between velocity disper-
sions from simulations and observations must therefore always con-
sider these potentially non-uniform biases.

MNRAS 000, 1-12 (2022)
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Figure 1. Bulge stellar mass against SMBH mass for different subsets of the Horizon-AGN sample. In each panel the black points are those early-type galaxies
from Hiring & Rix (2004, assumed B/T = 1) with the fit shown by the black dashed line (the shaded region shows £10). In addition we show the fit to
early-type galaxies from Greene et al. (2020) with the red dashed line (once again the shaded region shows +10). The top panels show galaxies which have had
neither a major or minor merger since z = 2 coloured by their bulge-to-total mass ratio (B/T'; left) and by the fraction of the SMBH mass which was built by BH
mergers (fBH,merge; right). The bottom panels show galaxies which have had more than 3 major or minor mergers since z = 2 and are coloured by bulge-to-total
ratio (left) and by the fraction of the SMBH mass which was built by BH mergers (fBH,merge; right). The same colour scales have been used on corresponding
colour bars across each panel for ease of comparison. In the bottom right corner of each panel we provide the Pearson correlation coefficient, given by the r
value, along with the slope of the fit to the simulation data given by the 3 value, and the standard deviation of the points around that fitted slope by the sigma
value. A value of r = +1 indicates a strong positive linear correlation, whereas a value of r = 0 indicates no correlation. A larger value of  indicates a steeper
correlation, and a larger value of ¢ indicates higher scatter around the correlation. A higher scatter is seen for the MERGER-FREE sample, but the correlation
between bulge mass and SMBH mass is still present (r = 0.78) with the intercept set by the B/T ratio.

3 RESULTS AND DISCUSSION

Figures 1, 2 & 3 show the bulge stellar mass, total stellar mass
and “observed” velocity dispersion (respectively) against the SMBH
mass for the MERGER-FREE (top) and MERGER-DOMINATED (bot-
tom) samples. In the left panels the simulated galaxies are coloured
by their bulge-to-total mass ratios (B/T') and in the right panels they
are coloured by the fraction of the SMBH mass which was built by
BH mergers (fBH,merge)- We note that fpH merge 18 the fraction of BH
mass gained through BH-BH mergers, which is not the same as the
mass gained through accretion following galaxy mergers studied by

MNRAS 000, 1-12 (2022)

McAlpine et al. (2020). In each panel of Figs. 1 & 2 we show the
observations of early-type galaxies of Hiring & Rix (2004, assumed
B/T = 1) with black points, and the fit to these data points in the
black dashed line (£10 is shown by the black shaded region). We
performed this fit using a multiple linear regression model which
encompasses the uncertainties on both x- and y-dimensions and the
intrinsic scatter in the data (Kelly 2007, available as a Python3 mod-
ule named LINMIX). Similarly, in Fig. 3 we show the observations

3 http://linmix.readthedocs.org/
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Figure 2. Total galaxy stellar mass against SMBH mass for different subsets of the Horizon-AGN sample. In each panel the black points are those early-type
galaxies from Hiring & Rix (2004) with the fit shown by the black dashed line (red shaded region shows +10¢). In addition we show the fits from Greene
et al. (2020) to early- (red dashed line) and late-type (blue dashed line) galaxies, with the shaded regions showing +10). The top panels show galaxies which
have had neither a major nor a minor merger since z = 2, coloured by their bulge-to-total mass ratio (BT'; left) and by the fraction of the SMBH mass which
was built by BH mergers (fBH,merge; right). The bottom panels show galaxies which have had more than 3 major or minor merger since z = 2 and are coloured
by bulge-to-total ratio (left) and by the fraction of the SMBH mass which was built by BH mergers (fBH,merge; right). The same scales have been used on
corresponding colour bars across each panel for ease of comparison. In the bottom right corner of each panel we provide the Pearson correlation coefficient,
given by the r value, along with the slope of the fit to the simulation data given by the 8 value, and the standard deviation of the points around that fitted slope
by the sigma value. A value of r = +1 indicates a positive linear correlation, whereas a value of r = 0 indicates no correlation. A larger value of 8 indicates a
steeper correlation, and a larger value of o indicates higher scatter around the correlation. A tighter correlation is found between SMBH mass and total stellar
mass, than with bulge stellar mass, for both the MERGER-FREE and MERGER-DOMINATED samples. The correlation is independent of the B/T ratio.

of McConnell & Ma (2013) with black points, and the fit we made
to these data points using the method above with the black dashed
line. In addition in each panel of Figs. 1, 2 & 3 we plot the appro-
priate fits from Greene et al. (2020) for early- (red dashed lines and
shaded regions showing +10) and late-type (blue dashed lines and
shaded regions showing +10) galaxies as a comparison. We also
use a multiple linear regression model to perform a fit to the simula-
tion samples. We do not show these fits for clarity, however provide
the slope of each fit, f with +10 uncertainties, in the bottom right
corner of each panel in Figs. 1, 2 & 3. Similarly, we also provide

the standard deviation of the distance of the simulated galaxies from
these fits in order to quantify the scatter around the relation with the
o value quoted in each panel, and give the Pearson correlation co-
efficient, r, which can vary from a value of 0 for no correlation, and
+1 for a positive linear correlation, to quantify the strength of the
correlation.

Fig. 1 shows that the scaling relation between bulge and SMBH
mass is still present for those galaxies which have not undergone
a merger, albeit with more scatter than those that have undergone
a merger (demonstrated by the larger value of ¢). In both the top
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Figure 3. Stellar velocity dispersion against SMBH mass for different subsets of the Horizon-AGN sample. In each panel the black points are observations from
McConnell & Ma (2013) with the fit shown by the black dashed line (red shaded region shows £10). Similarly we also show the fits from Greene et al. (2020)
for early- (red line and shaded region showing +10) and late-type (blue line and shaded region showing +10). The top panels show galaxies which have had
neither a major nor a minor merger since z = 2, coloured by their bulge-to-total mass ratio (left) and by the fraction of the SMBH mass which was built by BH
mergers (fBH,merge; right). The bottom panels show galaxies which have had more than 3 major or minor mergers since z = 2 and are coloured by bulge-to-total
ratio (left) and by the fraction of the SMBH mass which was built by BH mergers (fBH,merge; right). The same scales have been used on corresponding colour
bars across each panel for ease of comparison. In the bottom right corner of each panel we provide the Pearson correlation coefficient, given by the r value,
along with the slope of the fit to the simulation data given by the 3 value, and the standard deviation of the points around that fitted slope by the sigma value.
A value of r = +1 indicates a positive linear correlation, whereas a value of r = 0 indicates no correlation. A larger value of 3 indicates a steeper correlation,
and a larger value of o indicates higher scatter around the correlation. A tighter correlation between SMBH mass and stellar velocity dispersion is found for the
MERGER-DOMINATED sample than the MERGER-FREE sample, but is independent of BT ratio. Please note the difficulties between comparing observing and

simulated velocity dispersions discussed in section 2.4.

left and bottom left panels it is clear that the bulge-to-total mass
ratio (B/T) sets the intercept of the scaling relation, with a higher
B/T ratio resulting in a lower intercept for both merger driven and
non-merger driven evolution. Therefore, regardless of the mecha-
nism powering the bulge-growth (whether mergers or secular pro-
cesses), and to what extent, co-evolution of the galaxy and SMBH
clearly occurs. We note that due to the limited resolution of Horizon-
AGN, some secular processes such as disc instabilities and secular
bar formation are most likely under-resolved. The lack of resolution
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acts like an extra source of temperature in the disc which most likely
prevents it from secularly barring. The results presented here should
therefore be considered a lower limit as to how much galaxies and
SMBHs can co-evolve through secular processes.

The bottom panels of Fig. 1 show that mergers result in the
most massive SMBHs and bulges, driving both more black hole and
galaxy stellar mass growth. There is a clear trend with the mass of
the SMBH and the fraction of the SMBH mass which was built by
BH mergers (fBH,merge) in the bottom right panel. This is also re-



—— All galaxies

No merger since z = 2

Non-merger co-evolution evidence 7

Bulgeless galaxies (B/T < 0.1) =——

>3 mergers since z = 2

— I l I I I

—=
o
I

<
00
|

e
=)
|

©
e
|

I l I I I I l T 1

Normalised density

e
N
|

| 1 | I'I—I|

<
o

8 _TI_'_

1 2 3

Aperp (Mbulge V8. MBH)

Figure 4. Histograms showing the distribution of perpendicular distance from the best-fit relation (performed on all simulated galaxies in our sample) between
bulge stellar mass and SMBH mass, Aperp(Mpuige vs. Mpn) for different subsets of the Horizon-AGN sample. Dashed lines show the median value of each
distribution. A negative value of Aperp(Mpuige VS. MpH) means that a galaxy lies below the relation (i.e. has a larger bulge stellar mass and lower SMBH mass
than expected) and a positive value means a galaxy lies above the relation (i.e. a lower bulge stellar mass and larger SMBH mass than expected). The distribution
of data points are shown in Fig. 1. All the distributions are statistically significantly different from each other in an Anderson-Darling test (> 30; Anderson &
Darling 1952) but with the MERGER-FREE sample (green) broader than the MERGER-DOMINATED sample (red), reflecting the scatter seen in Fig. 1. Bulgeless
galaxies (with B/T < 0.1; blue) are particularly anomalous, with an average shift of ~ 2.8 dex above the bulge mass-SMBH mass correlation.

flected in the top right panel for the MERGER-FREE sample, to a
lesser extent, but suggests that mergers during hierarchical structure
formation at z > 2 can lead to a more massive SMBH at low redshift
in those galaxies that have since evolved in the absence of a merger.
In the Horizon-AGN simulation, only one BH can be formed per
galaxy. As a result, BH mergers can only occur after galaxy merg-
ers, and so it is expected that merger-poor galaxies also host SMBHs
that have grown predominantly through accretion, just as we see in
Figs. 1,2 & 3.

In Fig. 2 the correlation between total stellar mass and SMBH
mass is stronger and tighter than for both the bulge stellar mass
(Fig. 1) and stellar velocity dispersion (Fig. 3), as demonstrated
by the larger Pearson correlation co-efficient values, r, and smaller
o values quoted in the bottom right corner of each panel. Once
again, the MERGER-DOMINATED sample have a stronger and tighter
correlation than the MERGER-FREE sample. In addition, there is
no dependence on the bulge-to-total ratio, B/T, for either those
which have or haven’t had mergers, as shown in the left panels.
While the MERGER-DOMINATED sample lie along the observed fit of
Hiring & Rix (2004, black dashed line) and early-type fit of Greene
et al. (2020, red dashed line), the MERGER-FREE sample have either
higher SMBH masses or lower total stellar masses than predicted by
the observed late-type fit from Greene et al. (2020, blue dashed line),
and instead lie on the observed early-type relations of Greene et al.
(2020, red dashed line) and (Hiring & Rix 2004, black dashed line).

This result once again highlights the difficulties of comparing

observations and simulations, and there are a number of possibil-
ities that could explain this apparent discrepancy. Firstly, it is a
well known problem that simulations struggle at replicating the
scatter seen in observations across galaxy-SMBH scaling relations
(Habouzit et al. 2021), which could be of particular importance for
late-type galaxies which show increased scatter in stellar mass esti-
mates using different methods (for example see Kannappan & Ga-
wiser 2007). However the discrepancy in the top panels of Figure 2
could also be due to observational biases. For example, the galaxies
in the Greene et al. (2020) sample are concentrated in a small local
volume, with an average distance of 21.5Mpc (z = 0.005), leading to
selection effects which sample SMBHs and galaxies that are known
to be atypical (Kormendy et al. 2010). In addition, the need for si-
multaneous classification of both AGN activity and morphological
type may lead to further selection biases which are not yet fully un-
derstood. For example (Reines & Volonteri 2015, from which the
Greene et al. 2020 is constructed) exclude systems where the AGN
outshines the galaxy, which could result in lower mass SMBHs in
higher mass galaxies. Upon inspection, the late-type fits of Greene
et al. (2020) include very few galaxies under 1010 M, where the
discrepancy in Figure 2 is most apparent. There is also a debate in
the literature whether there is truly an offset in the scaling relations
for different morphological types (e.g. Salucci et al. 2000; Bentz &
Manne-Nicholas 2018; Sahu et al. 2019; Davis et al. 2019; Bennert
et al. 2021). The left hand panels of Figure 2 suggest that when mor-
phology is probed with bulge-to-total mass ratio, B/T, as a proxy,
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Figure 5. Histograms showing the distribution of perpendicular distance from the best-fit relation (performed on all simulated galaxies in our sample) between
total stellar mass and SMBH mass, Aperp (M, vs. Mpy) for different subsets of the Horizon-AGN sample. Dashed lines show the median value of each distri-
bution. A negative value of Aperp (M. vs. M) means that a galaxy lies below the relation (i.e. larger total mass and lower SMBH mass than expected) and a
positive value means a galaxy lies above the relation (i.e. lower total mass and larger SMBH mass than expected). All the distributions are statistically signif-
icantly different from each other in an Anderson-Darling test (> 30; Anderson & Darling 1952), except for the bulgeless galaxies (blue) and MERGER-FREE
sample (green) which are statistically indistinguishable (p = 0.25, o = 1.2). This suggests that the observationally studied bulgeless galaxies are not a uniquely

evolving population, but do indeed represent the merger free population.

there is no offset between scaling relations, instead an increase in
B/T will reduce the scatter around the relation.

In Fig. 3, the MERGER-DOMINATED sample have both higher ob-
served velocity dispersions and SMBH masses than the MERGER-
FREE sample (as expected). Once again, there is no correlation
with galaxy B/T ratio for either sample, however the slope of the
Mgy — O, relation appears to be set by the fraction of the SMBH
mass grown by BH mergers, fgH merge (s€€ right panels of Fig. 3).
The MERGER-FREE sample still appear to lie on the M — o correla-
tions fit to the observations of McConnell & Ma (2013, shown by the
black dashed line) and late-type observations of Greene et al. (2020,
shown by the blue dashed line), albeit with a larger scatter. How-
ever, it is intriguing to note that the MERGER-DOMINATED sample
mostly lie above the Mgy — 0. observed correlations of McConnell
& Ma (2013) and Greene et al. (2020), with larger SMBH masses
than expected given their velocity dispersions. This could be due
to the the difficulties of directly comparing simulated and observed
velocity dispersions due to the non-uniform biases present in disper-
sions measured from spectra (see Section 2.4).

Fig. 4 shows the perpendicular distance of galaxies in the
Horizon-AGN sample from the best-fit relation between bulge stel-
lar mass and SMBH mass, Aperp(Mpulge V8. MBH). A negative value
of Aperp (Mbulge vs. Mgy ) means that a galaxy lies below the relation
(i.e. has a larger bulge mass and lower SMBH mass than expected)
and a positive value means a galaxy lies above the relation (i.e. a
lower bulge mass and larger SMBH mass than expected). All the
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histograms are statistically significantly different from each other
(Anderson-Darling test ¢ > 3.3; Anderson & Darling 1952), with
the MERGER-FREE sample having a broader distribution than the
MERGER-DOMINATED sample, reflecting the larger scatter seen in
the top panels of Fig. 1. The ‘bulgeless’ galaxies with B/T < 0.1 are
particularly anomalous, with perpendicular distances of ~ 2.8 dex
above the typical Hiring & Rix (2004), in agreement with observa-
tions (Simmons et al. 2017) and previous work with Horizon-AGN
(Martin et al. 2018a). Recall that the discrepency is stronger at the
low mass end than at the high mass end (see Fig. 1). Their SMBHs
are more massive than expected given their lack of bulge however, as
Fig. 5 shows, not for their total stellar mass. This once again clearly
shows that SMBH growth can occur in the absence of bulge growth.

Similarly, Fig. 5 shows the distribution of the perpendicular dis-
tance of galaxies in the Horizon-AGN sample from the best-fit rela-
tion between total stellar mass and SMBH mass, Aperp (M vs. Mpg).
A negative value of Aperp (M vs. Mpy) means that a galaxy lies be-
low the relation (i.e. has a larger stellar mass and lower SMBH mass
than expected) and a positive value means a galaxy lies above the
relation (i.e. a larger SMBH mass and lower total stellar mass than
expected). The MERGER-DOMINATED sample have statistically sig-
nificantly (> 30) higher values of Aperp (M vs. Mpy) and therefore
larger SMBH masses than expected from the typical scaling rela-
tion. Conversely the MERGER-FREE sample have statistically sig-
nificantly (> 30) lower Aperp(M« vs. Mpy) values and therefore
larger stellar masses than expected. In addition the ‘bulgeless’ galax-
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between stellar velocity dispersion and SMBH mass, Aperp (0% vs. Mpy) for different subsets of the Horizon-AGN sample. Dashed lines show the median value
of each distribution. A negative value of Aperp (0% vs. Mpy) means that a galaxy lies below the M — o, relation (i.e. has a lower SMBH mass and higher o,
than expected) and a positive value means a galaxy lies above the relation (i.e. has a larger SMBH mass and lower o, than expected). All the distributions
are statistically significantly different from each other in an Anderson-Darling test (> 30; Anderson & Darling 1952). The MERGER-FREE sample (green) lies
below the M — o, correlation, whereas the MERGER-DOMINATED sample (red) lies above the correlation, as can also be seen in Fig. 3. This results in a higher
intercept for a fitted M — o* relation for a merger dominated sample, and a lower fitted intercept for a merger free sample.

ies, selected as B/T < 0.1, which are studied observationally as a
way to isolate merger-free SMBH growth also have lower Aperp (M
vs. Mpy) values, and are statistically indistinguishable (p = 0.25,
o = 1.2) from galaxies which have not had a merger since z =2 in
the Horizon-AGN sample. This suggests that the ‘bulgeless’ galax-
ies studied observationally by Simmons et al. (2013), Simmons et al.
(2017), Smethurst et al. (2019) and Smethurst et al. (2021) are not
a uniquely evolving population, but do indeed represent the merger-
free growth pathway occurring across the galaxy population.

Fig. 6 shows the distribution of the perpendicular distance of
galaxies in the Horizon-AGN sample from the best-fit relation be-
tween stellar velocity dispersion and SMBH mass, Aperp (0 Vs.
Mgy). A negative value of Aperp (0 vs. Mpy) means that a galaxy
lies below the relation (i.e. has a larger velocity dispersion and lower
SMBH mass than expected) and a positive value means a galaxy
lies above the relation (i.e. a larger SMBH mass and lower velocity
dispersion than expected). The MERGER-DOMINATED sample have
statistically significantly (> 35) higher values of Aperp (Ox vs. Mpy)
and therefore larger SMBH masses than expected from the typical
scaling relation. Conversely the MERGER-FREE sample have sta-
tistically significantly (> 30) lower Aperp(0x vs. Mpy) values and
therefore larger velocity dispersions than expected. In addition the
‘bulgeless’ galaxies, selected as B/T < 0.1, which are studied ob-
servationally as a way to isolate merger-free SMBH growth have a
broad range in Aperp (0« vs. Mgy ) values, similar to that found for the
entire sample of all morphologies. The distributions in Fig. 6 support

the results of Bell et al. (2017) who found observational evidence
for ‘classical’ bulge growth (i.e. increased velocity dispersions) in
the absence of mergers.

Assuming galaxies from the Horizon-AGN simulation are reflec-
tive of the galaxy population, it is interesting to consider that 26%
of galaxies have not undergone a galaxy merger since z = 2, as op-
posed to only 18% which have undergone more than 3 mergers. The
other 56% of the galaxy population is therefore evolving through a
mix of galaxy mergers and non-merger processes. Even for galaxies
that repeatedly experience mergers, there are long periods of time
between mergers when galaxies evolve secularly. Given previous
observational and simulated results, this suggests non-merger pro-
cesses play an important role in galaxy-SMBH co-evolution for a
wide range of different galaxy evolution histories.

Co-evolution is thought to be regulated by AGN feedback.
Smethurst et al. (2021) investigated the ionised outflows from the
AGN in 4 ‘bulgeless’ systems, finding that the outflows have ve-
locities far exceeding the escape velocity of their galaxies and ex-
tend over kiloparsec scales (0.6 — 2.4 kpc), suggesting that may be
capable of causing feedback. The work of Smethurst et al. (2021)
combined with our results in this work have interesting implica-
tions: if both merger-driven and non-merger-driven growth can lead
to galaxy-SMBH co-evolution, this suggests that co-evolution could
be regulated by AGN feedback in both scenarios.

One noticeable feature of Figs. 1, 2 & 3 is that the correlation be-
tween bulge or total stellar mass and SMBH mass for the MERGER-
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Figure 7. Distribution of AGN luminosity at z = 0.00556 for the MERGER-
FREE and MERGER-DOMINATED samples matched in SMBH mass, resulting
in 563 galaxies. The two distributions are statistically indistinguishable from
each other in an Anderson-Darling test (> 30; Anderson & Darling 1952).

DOMINATED sample is tighter, with less scatter (see standard devi-
ation values, o, given in each panel) than for the MERGER-FREE
sample. This is likely due to the averaging effect of galaxy mergers:
statistically, a merger is likely to include a galaxy on either side of
the mean, so adding their masses implies that the merger remnant
is likely to lie closer to the mean than either of the progenitors. It
is a well known problem that galaxy evolution simulations tend to
lack scatter in the Mgy — M, relation in comparison to observations
(Habouzit et al. 2021). It is therefore intriguing to see here that the
scatter that does exist is dominated by merger-free systems, with
the reduction in scatter caused by mergers and associated processes.
From our sample, we predict that the scatter for secularly evolved
galaxies should be much larger than for those undergoing repeated
mergers. This also means that galaxies at higher redshift would be
expected to have larger scatter than those at low redshift.

The intriguing question of what drives the secular co-evolution
between SMBH and their merger-free host galaxies demonstrated
in this paper, remains open. One likely candidate is AGN feed-
back. As discussed in the companion paper to this work, Beck-
mann & Smethurst (in prep) AGN in MERGER-FREE and MERGER-
DOMINATED galaxies look remarkably similar in some ways. In Fig-
ure 7 we find that after adjusting for the difference in the SMBH
mass between the two simulated galaxy samples, at z = 0.00556,
there is no statistically significant difference (> 30) in the dis-
tribution of luminosities between AGN hosted in the MERGER-
DOMINATED and MERGER-FREE galaxies. Over time, the simi-
larities persist: on average, despite the AGN luminosity spikes
caused by galaxy merger (see Volonteri et al. (2016) for SMBH
in Horizon-AGN. Similar effects are observed in other simulations
(e.g. Gabor & Davé 2015; McAlpine et al. 2020), AGN in the
MERGER-DOMINATED sample spend just 3% more of their time in
‘quasar/thermal’ mode since z = 2 in comparison to the MERGER-
FREE sample. This means that for all galaxies seen here, AGN spend
the majority of their time (~ 90% for both samples) in a ‘jet/radio’
mode, which could suggest that such ‘jet/radio’ feedback could play
an important role in regulating star formation in the host galaxy, and
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in driving the co-evolution between SMBH and their host galaxies,
as discussed in Davé et al. (2019).

On the other hand, as AGN feedback in the ‘quasar/thermal’
is powered by higher accretion rates, similar amounts of time do
not necessarily translate to similar amounts of energy delivered in
each mode. Here, the luminosity spikes post galaxy merger show
their significance: MERGER-DOMINATED galaxies receive 45% of
their AGN feedback energy in ‘quasar/thermal’ mode, versus 55%
in ‘radio/jet’ mode, so both modes are potentially equally im-
portant in driving the co-evolution between galaxies. By contrast,
MERGER-FREE galaxies receive only 17% of their AGN energy in
‘quasar/thermal’ mode, compared to 83% in ‘radio/jet’ mode. While
there is evidence that even short bursts of ‘quasar/thermal’ mode can
play an important role in driving the co-evolution between SMBH
and galaxies (see e.g. Dubois et al. 2016), who showed that the short-
lived luminosity bursts post-galaxy mergers play an important role
in quenching the long-term star formation, this hints at the intriguing
possiblity that the secular co-evolution in MERGER-FREE galaxies is
driven by radio mode feedback.

However, the impact of AGN energy on the host galaxy is not
purely a function of the total amount of energy injected: occasional
strong AGN bursts are more direct at quenching central star forma-
tion than constant low-level AGN luminosity leading to a radio mode
of feedback, even if the total energy budget is the same. This could
account for the lack of evidence for negative AGN feedback across
the low-z galaxy samples selected from galaxy surveys, where a sig-
nificant fraction of AGN is found in disk galaxies (Kauffmann et al.
2003; Schawinski et al. 2010; Koss et al. 2011; Povié et al. 2012;
Villforth et al. 2014; Smethurst et al. 2016; Rakshit & Woo 2018;
Zhao et al. 2021; Zhong et al. 2022) which are dominated by non-
merger co-evolution. Future observational work to investigate the
direct impact of outflows on the star formation rate specifically in
merger-free systems (e.g. with a high resolution IFU instrument) is
therefore imperative to understand the effects of merger-free pow-
ered AGN feedback.

In this paper, we provided strong evidence that SMBH and their
host galaxies coevolve even in the absence of mergers, and showed
that during the long periods between galaxy mergers, the AGN popu-
lations in both samples look remarkably similar. This could provide
an intriguing hint to the possibility that the co-evolution between
SMBH and galaxies even in galaxies that do experience frequent
mergers might be at least in part driven by the long secular evolu-
tion epochs between mergers. Whether this secular co-evolution is
regulated through ‘jet/radio’ AGN feedback, or also through ‘ther-
mal/quasar’ feedback like the merger-driven co-evolution, and what
the relative importance of merger-driven and secular evolution is for
those galaxies that do frequently merge remains to be determined.

4 CONCLUSIONS

Here we have used the Horizon-AGN simulation to isolate merger-
free co-evolution of galaxies and their SMBHs. Although galaxy
evolution will inevitably be a mix of both mergers and internal sec-
ular evolution, our results show that secular evolution alone over
the past 11 billion years still results in co-evolution of galaxies and
SMBHs. Our findings are summarised as follows:

(i) Correlations between SMBH mass and total stellar mass,
bulge mass, and stellar velocity dispersion persist for merger-free
galaxies, suggesting that co-evolution occurs in the absence of
galaxy mergers.



(i1) Galaxy mergers reduce the scatter in the SMBH-galaxy scal-
ing relations. In addition they make the correlations stronger, with a
steeper slope. This is most apparent for the correlation between total
stellar mass and SMBH mass (see Figure 2) and our results support
the hypothesis that there is no offset between the scaling relation of
different morphological types.

(iii) For merger-free objects the bulge-to-total ratio, B/T, sets the
normalisation of the Mgy — Mpyjge relation, but has no impact on the
Mgy — M., relation. Co-evolution appears to be independent of bulge
mass in both the merger and merger-free scenarios.

(iv) Merger-free galaxies still follow the Mgy — oy relation,
which is once again bulge mass independent.

(v) AGN properties for SMBH in MERGER-DOMINATED and
MERGER-FREE galaxies look remarkably similar, suggesting that
even galaxies that merge frequently might experience significant
secular co-evolution with their SMBH during the long epochs be-
tween galaxy mergers.

(vi) It remains to be determined with this secular co-evolution is
driven by ‘jet/radio’ mode, where AGN in both types of galaxies
spend around 90% of their time or by ‘quasar/thermal’ mode, which
provides only 17% of total AGN energy for merger-free galaxies,
as opposed to 45% of the total AGN energy for merger-dominated
galaxies.

Future observational work to investigate the direct and indirect
impact of AGN outflows on the star formation rate in a merger-free
galaxy sample, for example with a high resolution IFU instrument
such as MUSE on the VLT, is therefore imperative to understand
the effects of merger-free powered AGN feedback which is now
thought to be the dominant mechanism regulating galaxy-SMBH co-
evolution.
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