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ABSTRACT

Recent observations and simulations have challenged the long-held paradigm that mergers are the dominant mechanism
driving the growth of both galaxies and supermassive black holes (SMBH), in favour of non-merger (secular) processes. In this
pilot study of merger-free SMBH and galaxy growth, we use Keck Cosmic Web Imager spectral observations to examine four
low-redshift (0.043 < z < 0.073) disk-dominated ‘bulgeless’ galaxies hosting luminous AGN, assumed to be merger-free. We
detect blueshifted broadened [OIII] emission from outflows in all four sources, which the [Omr]/HS ratios reveal are ionised
by the AGN. We calculate outflow rates in the range 0.12 — 0.7 M, yr~!, with velocities of 675 — 1710 km s~!, large radial
extents of 0.6 — 2.4 kpc, and SMBH accretion rates of 0.02 — 0.07 Mg yr“. We find that the outflow rates, kinematics, and
energy injection rates are typical of the wider population of low-redshift AGN, and have velocities exceeding the galaxy escape
velocity by a factor of ~ 30, suggesting that these outflows will have a substantial impact through AGN feedback. Therefore, if
both merger-driven and non-merger-driven SMBH growth lead to co-evolution, this suggests that co-evolution is regulated by
feedback in both scenarios. Simulations find that bars and spiral arms can drive inflows to galactic centres at rates an order of
magnitude larger than the combined SMBH accretion and outflow rates of our four targets. This work therefore provides further
evidence that non-merger processes are sufficient to fuel SMBH growth and AGN outflows in disk galaxies.
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1 INTRODUCTION that only ~ 35% of bulge mass is built by mergers, with the majority
built through disk instabilities (triggered through interactions with
nearby satellites). Similarly, many recent results have pointed to sec-
ular processes as the main driver of SMBH growth. For example,
Martin et al. (2018) showed that in their hydro-dynamical simula-
tions (RAMSES) only 35% of the cumulative growth of SMBHs
since z ~ 3 could be attributed to mergers, both major and minor.
Similarly McAlpine et al. (2020) found in the EAGLE simulations
that galaxy mergers do not induce a significant amount of black hole
growth yet do increase the rate of luminous AGN, concluding that
that on average no more than 15% of a SMBHs mass at z ~ 0 comes
from the enhanced accretion rates triggered by a merger.

Determining the physical processes that drive the growth of both
galaxies and their supermassive black holes (SMBHs) is a key goal
of current observational and theoretical work (see Heckman & Best
2014, for a review). An increasing body of evidence shows that
galaxy growth mainly occurs through ‘secular processes’ rather than
by mergers. For example, Kaviraj et al. (2013) show that only 27%
of star formation is triggered by major or minor mergers at z ~ 2,
the peak of both star formation and black hole accretion activity. In
addition, Parry et al. (2009) find that in the Millenium simulations
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challenge the long accepted paradigm whereby mergers are responsi-
ble for the correlations between SMBHs and bulges, such as velocity
dispersion and bulge mass (Magorrian et al. 1998; Héring & Rix
2004; van den Bosch 2016; Batiste et al. 2017; Davis et al. 2019).
Galaxies which have evolved via mergers are easily recognisable, as
mergers are able to redistribute angular momentum in galaxy sys-
tems, transferring stars from rotation-supported orbits to pressure-
supported orbits in a central bulge, similar to an elliptical galaxy.
While there is also an increasing number of simulations finding that
a disk can reform post-gas rich merger (Hopkins et al. 2009; Sparre
& Springel 2017; Pontzen et al. 2017; Peschken et al. 2020; Jackson
etal. 2020), a significant bulge component still forms even in a minor
merger (i.e. when the mass ratio in the merger exceeds 10 : 1; Walker
et al. 1996; Hopkins et al. 2012; Tonini et al. 2016; Stevens et al.
2016). Therefore, galaxies with little, to no bulge, can be assumed to
have merger-free (and interaction-free) histories, at least since z ~ 2
(Martig et al. 2012). The growth of both the galaxy and the SMBH
in such systems, will have been dominated by non-merger processes
alone.

Simmons, Smethurst & Lintott (2017, hereafter SSLL17) calculated
the masses of SMBHs powering such a sample of 101 disk-dominated
AGN and showed that they were over-massive (up to ~ 2 dex) than
would be expected from the black hole-bulge mass relation of Héring
& Rix (2004). However, SSL17 also found that their disk-dominated
AGN still lay on the total stellar mass-SMBH mass relation. This
result suggested that secular processes were able to grow a SMBH at
rates higher than previously thought.

Smethurst et al. (2019, hereafter S19) investigated these possi-
ble growth rates by measuring the [Om] outflow rates in 12 disk-
dominated galaxies using narrowband imaging from the Shane-3m
telescope at the Lick Observatory. Under the assumption that the in-
flow rate to the AGN will be at least equal to the sum of the the outflow
rate and the SMBH accretion rate, S19 found that the inflow rates
they inferred could be achieved by non-merger processes, including
funnelling of gas by bars and spiral arms, and cold accretion from
the surrounding galaxy halo. However, this work was limited by the
inability to adequately distinguish between gas ionised by the AGN
outflow and star formation within the galaxy, and the subtraction of
the central AGN PSF (leading to an overestimate and underestimate
of the outflow rate respectively).

In this work, we aim to measure the outflow rates in 4 of the galax-
ies observed in S19 using spectral observations taken with the Keck
Cosmic Web Imager (KCWI). High spectral resolution observations
allow for the narrow component in [Omi] (ionised by star formation
or the central AGN) to be isolated from the broad component in
[O11] (assumed to be ionised by the AGN outflow). This allows us to
derive the outflow rate in these systems more accurately than in the
previous study of S19. By using a sample of galaxies where we can be
sure that secular processes dominate, we can isolate the merger-free
growth path and understand the limitations to merger-free SMBH
growth.

In the rest of this work we adopt the Planck 2015 (Planck Col-
laboration et al. 2016) cosmological parameters with (€,,,Q, 1) =
(0.31,0.69,0.68) and any emission or absorption features referred to
are in the Lick system. All uncertainties on calculated values are de-
termined in quadrature, and all uncertainties on quoted mean values
are the standard error on the mean. In Section 2.1 discuss our sample
selection and in Section 2.2 describe our observations. In Section 3
we describe our data reduction and analysis process, including how
we determine the outflow rates in these systems. In Section 4 we state
our results and discuss their implications in Section 5. Finally, we
summarise our conclusions in Section 6.

MNRAS 000, 1-14 (2021)

Table 1. Co-ordinates of the four disk-dominated AGN hosts observed with
KCWI.

Name SDSS name RA Dec z

Harry JO813+5422  123.350 54377 0.043
Padma J1012+1017  153.161  10.289  0.070
Neville J1034+3938  158.661  39.641 0.043
Theodore  J1314+4218  198.715 42.305 0.073

2 SAMPLE AND OBSERVATIONS
2.1 Sample Selection

We observed four disk-dominated galaxies with KCWI at the Keck
Observatory, Hawai’i, USA, on the 13th December 2018. These were
selected from a larger well-studied sample of 101 disk-dominated
galaxies with luminous, unobscured Type 1 AGN first identified in
SSL17 ({z) = 0.129). This parent sample was constructed from
galaxies in the SDSS (York et al. 2000) Data Release 8 (Aihara
et al. 2011) imaging sample cross-matched with sources identified
by Edelson & Malkan (2012) using multi-wavelength data from the
Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010), Two
Micron All-Sky Survey (2MASS; Skrutskie et al. 2006), and ROSAT
all-sky survey (RASS; Voges et al. 1999). The disk-dominated mor-
phologies were assigned by expert review of the SDSS imaging (see
Simmons et al. 2013 and SSL17), and were all later confirmed using
images from an HST snapshot survey with broadband imaging using
ACS WFC (programme ID HST-GO-14606, PI: Simmons), which
were reduced using the standard pipeline. HST images showing the
disk-dominated nature of our four targets, including spiral arms and
bar features, along with the bright point source of the unobscured
central AGN, are shown in Figure 1. Black hole masses for this sam-
ple were originally estimated by SSL.17 using the relation between
black hole mass and the FWHM and luminosity in the broadened Ha
emission line from Greene & Ho (2005).

58 galaxies within this sample showed broadened blueshifted
[O111] components in their SDSS 3” fibre spectra. From this de-
tection of a blueshifted component in the the spectra we know that
there is some outflowing material from the AGN within the 3” di-
ameter central SDSS fibre, however this may not capture the full
luminosity or extent of the outflow. The 12 brightest galaxies in the
blushifted [Orr] 5007 spectral component were observed using nar-
rowband filters on the Shane-3m telescope from 12-14th May 2018
at the Lick Observatory, California, USA. The results of this work
are described in S19. We then selected 4 of these targets to observe
with KCWI; Harry, Padma, Neville and Theodore (continuing the
naming convention used in S19; see Table 1 for more details). These
targets were visible from Mauna Kea in December 2018 and had an
appropriate redshift to ensure [Omr] was in the wavelength range of
KCWL

2.2 KCWI observations

We observed the 4 disk-dominated AGN host galaxies listed in Table 1
using KCWTI at the Keck Observatory on Mauna Kea, Hawai’i, USA
during dark time over half the night of the 13th December 2018. The
weather was clear and the resultant seeing was 1.1”.

Our observational setup was determined by the combination of
our need for a large field of view, high spectral resolution to resolve
the emission lines of interest ([Orr] and HB), and spectral bandpass
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Figure 1. HST ACS WFC postage stamp images of the 4 disk-dominated AGN observed with KCWI. North is up and a stretch of 0.55 (Q = 12) is applied.
In each image the HST filter is noted. The AGN can be seen as a bright point source in the centre of each image, which we assume is powered by merger-free
processes due to the disk-dominated morphology of these sources. The white bars show 1 kpc for scale in each panel.
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Figure 2. Total integrated flux across the IFU data cubes of the 4 disk dominated AGN observed with KCWI. North is up and an arcsinh stretch is applied. The
bar features seen in the HST images in Figure 1 can be seen, however spiral arm detail is only apparent for Harry and Neville. The black bars show 1 kpc for

scale along each dimension in each panel.

coverage wide enough to allow for good continuum measurements
for continuum subtraction. We used KCWTI’s blue camera with the
‘KBlue’ filter. The field of view was 33" x 20", with a pixel scale
[0.30,0.68]"" /pixel using 2x2 binning. Using KCWT’s large slicer
allowed us to cover the full extent of all the galaxies in a single
pointing. We used the BH3 grating, which allowed us to cover both
[Om] and HB with a spectral resolution of R = 4500, suitable for
tracing the high-velocity line emission in these sources. The targets
were bright enough that we were not significantly affected by the
somewhat reduced throughput of the BH3 grating.

Three targets (Harry, Padma & Neville) were observed for 2,700
seconds (45 minutes), with Theodore observed for 3,600 seconds
(60 minutes) to ensure a signal-to-noise ratio (SNR) of at least 10 for
each target in the [Omi] emission. An inspection of the data cubes
reveals that this SNR was exceeded for each target.

3 DATA REDUCTION & ANALYSIS
3.1 KCWI data reduction

Each KCWI raw data cube was reduced using the Keck Data Reduc-
tion Pipeline (KeckDRP) written in IDL!. The pipeline has 8 stages: a
basic CCD reduction (bias and overscan subtraction, gain-correction,

I Note thata Python Data Reduction Pipeline is now available for Keck data;
see https://kcwi-drp.readthedocs.io

trimming and cosmic ray removal), dark subtraction, geometric trans-
formation, flat-field correction, sky subtraction, data cube generation,
atmospheric refraction correction and a flux calibration. The stan-
dard stars used for flux calibration were G191-B2B and Feige 34.
The total integrated flux across the data cubes for each of the four
targets is shown in Figure 2.

3.2 Spectral fitting

Once the reduced data cubes were obtained using the KeckDRP,
we used the Python module ifscube? to fit spectral features in the
wavelength range probed by KCWI. Systemic velocities were first
determined using the peak of the HS emission in the central spaxel
pre-decomposition?, since stellar absorption lines were not available
to us due to the Type 1 AGN nature of these systems (Rakshit &
Woo 2018 show how Hp is a good proxy for stellar absorption lines
with an average velocity shift of —9 ijg km s~1). Initially the flux,
velocity and velocity dispersion of HB, [Omr] 4958 and 5007 were
fitted with two components each, with one component required to
have a broader velocity dispersion. After inspection of the spectra and
the initial spectral fits, it was apparent that the central H emission
was dominated by emission from the broad line region (BLR) of

2 https://ifscube.readthedocs.io/

3 Upon inspection of the final fits, the peak of the overall HB emission in
the central spaxel coiincided with the peak of the narrow HB emission, see
Figure 3
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Figure 3. The spectrum (black) and fit (red) to the brightest, central spaxel for each source. The individual components for each emission line are shown by the
coloured lines (offset to 0). Each source was fitted with 2 components (narrow in green and broad in blue) for the [Orr] 4958 and 5007 emission lines, and with
3 components (narrow in blue, broad in green, and broad line region in magenta) for the HB emission line. Note that only Harry and Padma needed all three HB
components to fit to the brightest, central spaxel. The residual between the spectrum and the fit is shown below, with the y2 value and corresponding p-value
for a model with 21 degrees of freedom (amplitude, velocity and velocity dispersion for each of the 7 components).
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the AGN, and that the HB and [Om] narrow components were not
kinematically linked, suggesting that the narrow [Or1] emission was
ionised by the central AGN alone, rather than extended star formation
in each source.

We therefore reperformed the fits with three components for H
(narrow, broad which was kinematically tied to the broad [Ori] com-
ponents, and a BLR) and once again two components each for
[On1] 4958 and 5007 (narrow and broad), with the narrow [Orr| com-
ponents no longer kinematically tied to the narrow H component.
The BLR component is also not kinematically tied to the narrow HS
component. The fits to the central spaxel for each source are shown
in Figure 3, clearly showing the need for a BLR Hf component
along with the obvious blueshifted outflows in [Orm]. Only Harry
and Padma (top panels of Figure 3) needed three components in HB
(narrow, BLR and outflow) in the central spaxel.

Note since these are Type 1 AGN we only expect to detect a
blueshifted outflow component due to the effects of dust (Fischer
et al. 2013; Miiller-Sanchez et al. 2011; Bae & Woo 2014). Indeed
Rakshit & Woo (2018) found that blueshifted [Omi] is more fre-
quently detected than redshifted [Omi] by a factor of 3.6 in Type
1 AGN (as opposed to a factor of 1.08 for Type 2 AGN) due to
projection and orientation effects.

The integrated flux, velocity and velocity dispersion of the narrow
Hp emission are shown in Figure 4 with the top panels showing
some of the structure in each system. In Figure 5, the integrated flux,
velocity and velocity dispersion of the narrow [Orm] component is
shown, assumed to be ionised by the central AGN (although note that
Neville does show some extended narrow [Orir| emission presumably
due to star formation along a spiral feature). Similarly, Figure 6 shows
the integrated flux, velocity and velocity dispersion of the broad
[O111] components, assumed to be ionised by the AGN outflow.

3.3 Calculating [OIII] outflow rates

The fluxes shown in Figure 6 enable a measurement of the outflow
luminosity, L[Om1] (knowing the redshift of each target), which can
then be used to calculate a gas mass in the outflow following the
method outlined in Carniani et al. (2015):

Mion = 0.8 X 108 Mg X

C L[Om] Ne - |
(10[0/HJ—[0/HJo) (1044 erg s—l) (500 cm—3) M
where n, is the electron density, [O/H] — [O/H]o is the metal-
licity relative to solar, and C =< n, >2 /< n%, >. Here < n, >2 is
the volume averaged electron density squared and < ng > is the vol-
ume averaged squared electron density. This method requires some
simplifying assumptions regarding the nature of the outflowing gas,
particularly the temperature, metallicity and density of the gas. The
largest source of uncertainty when determining the mass outflow
rate is the electron density, n.. Typically, the [Si] emission is used
to determine 7. (although see Davies et al. 2020 for a study showing
that [St1] underestimates 7, ), however the wavelength of [St] is not
probed by KCWI for these four targets.

However, there is no general agreement on the best value of 7, to
use, with conflicting estimates across the literature for AGN at differ-
ent redshifts. The long assumed value of 7, = 100 cm ™2 has recently
been challenged by Perna et al. (2017, 700 < n. < 3000 cm™3)
and Villar Martin et al. (2015, ne ~ 103 cm™3). Recent IFU studies
have shown that n, can also vary spatially across a galaxy, for ex-
ample Mingozzi et al. (2019) find a wide range of electron densities
from 50 — 1000 cm™3, with regions of high density concentrated
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in localized regions (which then dominate the total flux), while the
rest of the regions in the galaxy have a much lower electron density.
In the outflows themselves, Mingozzi et al. (2019) find a median
ne ~ 250 cm™3. This is an issue which plagues all such studies on
AGN outflows since assuming a larger value of n, can lead to an un-
derestimate of the gas mass present and vice versa. We chose to use
e = 500 cm™3 in order to be consistent with Carniani et al. (2015).
However, we note that taking the extremes in n, found by Mingozzi
et al. (2019, 50 — 1000 cm™3) in comparison to the n, = 500 cm™3
value we use in this study, would result in outflow values either 10
times larger (n, = 50 cm™3) or two times smaller (ne = 1000 cm™).
In the absence of spatially resolved information of the electron den-
sities for the 4 galaxies in this study, using an average value of
ne = 500 cm3 is therefore a reasonable choice.

We also assume a gas solar metallicity, [O/H] = [O/H]o. Since
we are assuming a single value of n, and solar metallicity, the first
term of Equation 1 reduces to unity. Note we do not include an
uncertainty on ne when calculating an error on Mg,s (or for the
geometry of the system or volume filling factor), we propagate only
the background noise and Poisson noise from the total flux (estimated
using photutils.calc_total_error function®).

We also investigate the kinematics of the outflow, including the
velocity of the outflow. Since the velocities and velocity dispersions
measured for the broad [Omr] component (shown in Figure 6) only
account for the velocity of the outflow along the line of sight, whereas
in reality the outflows will have a spread of observed radial velocities
that will be lower than the actual bulk velocity of the outflow. The
actual outflow velocity across 3-dimensions is best approximated by
the most blueshifted velocity in the observed velocity distribution
(Leung et al. 2019). A common parameter to measure this bulk
velocity of the outflow is the maximum velocity , vjopy), determined
as:

viorT] = [AVmax| + 20road, [OTIT], max> (2)

where |Avmax| is the maximum difference in the velocity of the
narrow and broad [Om1] components, Groad,[OI11],max 1S the maxi-
mum velocity dispersion of the broad [Ori1] component. The relation
in Equation 2 is defined by the properties of a normal distribution
which is used to model the emission line velocity profiles (see Rupke
& Veilleux 2013). Not taking into account the line of sight effects on
the velocity will result in an underestimate of the mass outflow rate
(see Equation 4).

The physical extent of the outflow is also a key measurement for
determining the scale over which these outflows will impact on the
galaxy. We calculated the extent, rpax, as the most distant spatial ex-
tent of the broadened emission away from the central AGN (assumed
to be the brightest pixel in the flux of the integrated [Or] narrow
emission shown in Figure 5, with the location highlighted by the blue
crosses in the top panels of Figure 6). We deconvolved our estimate
of rmax using an estimate of the seeing from observations of the
standard star Feige 34. Not performing such a deconvolution results
in an overestimate of the maximum physical extent and therefore an
underestimate of the mass outflow rate (see Equation 4).

Combining the velocity and physical extent allows for a calculation
of the timesacle of the outflow:

-1
TI'mz vior
fout [yr] = (%) (m[1 yr—]l ) . 3)

4 https://photutils.readthedocs.io/
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Figure 4. The fit to the HB narrow emission for the four targets observed with KCWI, showing the integrated flux (top; with an arcsinh stretch), velocity (middle;
relative to the systemic velocity) and velocity dispersion, o~ (bottom). Pixels are masked if the flux is below 3 standard deviations. Note that the KCWI spectral
resolution (and therefore the minimum resolvable o~ value) is ~ 60 km s~!. The bars show 1 kpc in each panel for scale.
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The mass outflow rate is then calculated in the following way:

1\./Iout
Mg yr*1

M
) _ B( [or]

Mo

)

(C))

Note that this method assumes that the outflow rate is constant

over the time that the outflow has been active, foy;. A factor of B
between 1 — 3 is typically applied to account for the geometry of the
outflows (Harrison et al. 2018). For example, for a spherical outflow
a factor of B = 3 would be employed, whereas a biconical outflow
covering only 1/3 of a sphere would need a factor of B = 1. Given
that our AGN host galaxies are disk-dominated and are assumed to
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be feeding the AGN through secular processes from the disk from
the same angular momentum vector, we presume the outflow will not
be spherical (see S19 and Nayakshin et al. 2012) and therefore use a
conservative value of B = 1 throughout this work. This assumption
may result in an underestimate of the outflow rate in these systems.

The kinetic energy outflow rate and momentum flux of the outflow
can then be calculated as:

. 1.

Eout = EMoutV[ZOIH] &)

and

Pout = MoutV[OHI] (6)
respectively.

3.4 Black hole accretion rates

The SMBH accretion rate can be inferred from the bolometric lumi-
nosity of the AGN, Ly;

= Lyot /nc%, ©)

where the radiative efficiency, = 0.15 (see Elvis et al. 2002). Bolo-
metric luminosities were originally inferred by SSL17 for these four
targets using the WISE W3 band magnitudes at 12um, by apply-
ing a correction from Richards et al. (2006). It is possible that the
W3 flux densities could be contaminated by star formation, how-
ever Richards et al. (2006) concluded that since there were minimal
differences between their composite SEDs of Type 1 AGN around
~ 12um this suggested minimal host galaxy contamination. Unlike
for [Om] which could still have some star formation contamination
in the narrow component for our four targets (e.g. see top panel of
Figure 5 for Neville). In addition, the normalisation factor used to
convert Lioqr) t0 Lyor is highly uncertain. While Heckman et al.
(2004) suggest a normalisation factor of ~ 3500, there is some de-
bate in the literature over the correct value, with some arguing it is
[Omr] luminosity dependent (e.g. Lamastra et al. 2009, estimate it
ranges from 87-454). We therefore decided to use the bolometric lu-
minosities previously calculated by SSL17 using the less problematic
W3 flux densities.

4 RESULTS

The top panels of Figure 6 show the integrated flux in the broad
[Om1] component which are used to calculate the gas masses,
velocities, physical extents and outflow rates given in Table 2.
The mean [Omi] gas mass in the outflow for the four targets is
Mjom)) = 5.5£0.2 Mg (with arange of 5.1-6.03 M), with a cor-
responding mean outflow rate of (Mou) = 0.3+0.1 Mg yr‘1 (range
0.12-0.7M¢g yr~ 1)3. The outflows are substantial with a mean max-
imum radial extent of (rmax) = 1.6 + 0.4 kpc (range 0.6 — 2.4 kpc),
which is ~ 25% of the galaxy Petrosian radius on average. These
extents are similar to those found in other AGN outflow studies, for

5 Note that the uncertainties on these values do not include the uncertainties
on the electron density n. (see Section 3.3). In this study we use a value
of ne = 500 cm™3 to be consistent with Carniani et al. (2015) in order to
calculate the mass in the outflow, but we note that taking the extremes in
n, found by Mingozzi et al. (2019, 50 — 1000 cm™3), results in outflow rates
either 10 times larger (n, = 50 cm™>) or two times smaller (n, = 1000 cm™3)
than quoted. The mean outflow rate of the four targets would therefore be in
the range of (Moy) = 0.15 -3 Mg yr!.
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example Bae et al. (2017) found that the mean outflow radius in their
sample (20 Type 2 AGN at z < 0.1) was ~ 1.8 kpc, Harrison et al.
(2014) found a range in [Om1] outflow extents of 1.5 — 4.3 kpc (16
Type 2 AGN z < 0.2), and Kang & Woo (2018) measured outflows
ranging from 0.60 — 7.45 kpc in size (23 Type 2 AGN z < 0.2).
Figure 7 shows the resolved narrow and broad [Omur]/HS ratios and
reveals how the outflows are ionized by the AGN in all four targets.

The gas mass values are consistent with those found by S19 us-
ing a narrowband imaging technique with the Shane-3m at the Lick
Observatory, although are on average ~ 1 dex larger. This is unsur-
prising given that S19 struggled to cleanly separate the broad and
narrow emission using narrowband data (either due to extended star
formation or subtraction of the central AGN PSF), and were only able
to derive a lower limit on the gas mass for Neville. This suggests that
the PSF subtraction dominated the uncertainty in the measurements
of S19, resulting in an underestimate of the [Or1] gas masses. Note
that the values initially quoted by S19 were affected by a standard
star flux calibration error, and were on average overestimated by 2.6
dex. This has since been corrected with an erratum (Smethurst et
al. 2021; erratum submitted). We are not able to directly compare
the velocities or maximum extents of the outflows (and therefore the
outflow rates) derived as S19 used |Avmax| rather than v|oqy) and
did not deconvolve their measurement of ryax (see Section 3.3), both
of which lead to an underestimate of the outflow rates. Note that
vio]- as used in this study is a more accurate representation of the
maximum outflow velocity (see Section 3.3 and Equation 2).

Despite the many limitations to narrowband imaging, it does allow
for a higher spatial resolution in order to discern the basic morphol-
ogy and features of each outflow. The KCWI data in this study has
low spatial resolution and does not allow us to draw any conclusions
about the features of each outflow (the biggest limitation is the seeing,
estimated at 1.1””). The top panels of Figure 6 reveal how the bright-
est pixel in the broadened [Omi] emission ionised by the outflow
also coincides with the brightest pixel in the narrow [O1i1] emission
(ionised by the central AGN and star formation) for 3 of our sources
(Padma has an offset). If there is structure to the outflows, it is lost due
to the combination of the large pixel size of KCWI and the seeing.
Therefore, in order to make any statements about the morphology
of these outflows, more observations will be required with a higher
spatial resolution IFU with AO capabilities (e.g. such as MUSE on
the VLT).

4.1 Harry (J0813+5422)

Harry has the strongest bar feature of each of the four galaxies tar-
getted in this study (as seen in Figures 1 & 2). The spiral features are
picked up in the HB emission seen in the top left panel of Figure 4,
with the velocity map revealing the ordered rotation in this feature.
The narrow [Omi] emission, shown in Figure 5, is centrally concen-
trated and shows some ordered rotation, suggesting this emission is
ionised by a combination of the AGN and central star formation. The
blueshifted, broadened [Orir] emission shown in Figure 6 however,
does not show clear rotation in the velocity map. Figure 7 reveals
how the central region and the outflow have high [Om]/Hg ratios,
suggesting that the outflow is indeed ionised by the AGN. Table 2
reveals that Harry has the lowest ionised gas mass, the lowest SMBH
accretion rate and the lowest spatial extent of the four targets. This
suggests Harry’s outflow is relatively new, therefore it is unsurprising
that Harry has the shortest timescale over which it is estimated to
have been active of all four targets: 0.6 Myr (see Table 2).
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Table 2. Properties of the 4 disk-dominated AGN with outflow rates calculated from the extent and flux of [Om] in spectral observations taken with KCWI. We
list black hole masses, log;, [Mpn/Mg], the [Omr] luminosity of the broad outflow component, log;, [Lom/erg s~1], the Eddington ratio of the AGN, Agqq, the
accretion rate of the AGN, 71 (see Equation 7), the mass in the outflow, [Mom1/Me] (see Equation 1), the bulk outflow velocity, vimax, o) (see Equation 2), the
maximum radial extent of the outflow, rmax (see Section 3.3), the outflow rate, Moy (see Equation 4), and the timescale of the outflow, toy (see Equation 3).

Name log ;o logyg Agdd™ m* log ;o Vmax, [OIII] Fmax 1\./Iout tour [Myr]
[Mpu/Mol+  [Lom/ergs™'] Moyl [Mom/Mo] [kms™'] [kpc] Mo yr' Tt

3 0.13 0.33 0.04
Harry 6.56+0-13 412+1.2  0.08%033 0.02700  5.1+0.1 83628  0.6£0.3 0.19£0.09 0.6+03
Padma 72620 g 42202 0207005 0.07%03  6.03+0.09 1710£6  2.4+04  0.7+0.1 1.4+0.2

i 0.12 2.90 0.11
Neville 6.30%0-13 41.6+04 0867230 0.077000  5.5+0.1 1316£29  2.1£0.3  0.18+0.03  1.6+0.2
Theodore 6.73+0-11 41.6£0.6 077708 0067303 54102 675+18  1.3+04  0.12+£0.04  1.9+0.6

* Measurements from SSL17. Black hole masses are calculated using a virial assumption by measuring the full width half maximum of the broadened
Ha component. SMBH accretion rates are calculated using bolometric luminosities inferred from WISE W3 magnitudes (see Section 3.4).
T The quoted uncertainties on the outflow rates do not include an estimate of the uncertainty on the electron density, n, (see Section 3.3). In this study we use a
value of n, = 500 cm™ to calculate the mass in the outflow to be consistent with Carniani et al. (2015), but we note that taking the extremes in n, found by
Mingozzi et al. (2019, 50 — 1000 cm™3), results in outflow rates either 10 times larger (n, = 50 cm™3) or two times smaller (7, = 1000 cm™) than quoted here.

The mean outflow rate of the four targets would therefore be in the range of (Moy) = 0.15 —3 Mg yr'.

4.2 Padma (J1012+1017)

Figure 1 reveals that Padma has a bar lens feature (an oval-like
structure along the bar major axis, see Athanassoula et al. 2015)
surrounded by spiral structure. This spiral structure is not detected in
the HB emission flux shown in Figure 4, however the corresponding
Hp velocity map shows the most ordered rotation of the four targets
studied (and similarly for the narrow [Omr] velocity map in Figure 5).
The brightest point in the broadened [Omi] flux is offset from the
brightest point in the narrow [Orir] flux (shown by the blue c ross in
Figure 6). Padma has the largest ionised gas mass of all four targets, at
an order of magnitude larger than Harry. Padma also has the largest
SMBH mass, SMBH accretion rate, outflow velocity and physical
extent (2.4 kpc), leading to the largest outflow rate of the four targets
of 0.7 £ 0.1 Mg yr~!. The ratio between the SMBH accretion rate
and the outflow rate is therefore much larger, meaning more of the
inflowing material is ejected in the outflow than is accreted by the
SMBH (i.e. a higher mass loading factor, see Qiu et al. 2021 for
example).

4.3 Neville (J1034+3938)

Neville has prominent flocculent spiral features and a possible weak
bar, as revealed by the HST imaging in Figure 1. Emission from this
flocculent structure is identifiable in the HB emission flux shown in
Figure 4, where clear rotational structure can be seen in the velocity
map. The centre of Neville’s HB velocity and velocity dispersion
map show broadened emission with little rotation, suggesting the
central HB emission is ionised by the AGN and not star formation,
which is confirmed by the relatively high [Omi]/HS ratios seen in
Figure 7. Extended narrow [Or] emission across a spiral feature
can be seen in Figure 5, suggesting ionisation by star formation is
also present along with ionisation from the central AGN. S19 also
reported extended [Omi] emission from Neville in their narrowband
imaging data, resulting in an uncertain isolation of the emission
ionised by the outflow alone. With one of the largest SMBH accretion
rates, the SMBH is accreting at a similar order of magnitude to the
measured outflow rate. The outflow has one of the highest velocities
and physical extents (2.1 kpc) after Padma.

4.4 Theodore (J1314+4218)

Theodore has a strong bar feature with faint, loosely wound spiral
arms emerging from the ends (as seen in HST imaging in Figure 1).
Figure 2 reveals how only the bar feature is picked up in the KCWI
observations. This is particularly apparent in the flux in the HS emis-
sion shown in Figure 4, which also reveals some rotational structure
in the corresponding velocity map. This bar feature is also just notice-
able in the narrow [Omi] emission (Figure 5), suggesting ionisation
due to ongoing star formation in the bar. This could also extend into
the central regions of the galaxy as the narrow [Omr]/Hg ratio in the
top right panel of Figure 7 is low, suggesting ionisation dominated
by star formation. However, the broad [Omur]/Hg ratios in the bottom
panels of the same figure are high, suggesting the outflow is ionised
by the AGN and not stellar winds. Like Neville, the SMBH accretion
rate of Theodore is of the same order of magnitude as the outflow
rate (a factor of just ~ 2 difference). The resulting outflow has the
lowest velocity of the four targets observed.

5 DISCUSSION

Given that the targets we have observed in this study are all disk-
dominated with little to no bulge component (see Figure 1), we
assume the galaxy and the SMBH have co-evolved via a non-merger
process (Walker et al. 1996; Hopkins et al. 2012; Martig et al. 2012;
Tonini et al. 2016; Stevens et al. 2016). We must therefore consider
which processes are able to drive an inflow of gas of at least 0.21 —
0.77 M@yr‘1 (to power both the accretion of the SMBH and the
outflow) for an extended period of 0.6 — 1.9 Myr (the time over
which the outflows in our four targets have been active, see Table 2
and Equation 3).

Bars and spiral arms are long-lived morphological features and
could therefore feasibly drive an inflow to the central regions of a
galaxy over many Gyr (Fanali et al. 2015; Hunt et al. 2018; Jung
et al. 2018)°. All four of our targets show clear spiral features (see
Figure 1), with Harry and Theodore showing a strong bar feature,

6 Note that these simulations only considered galactic scale inflows and did
not consider how gas was transferred from kpc to sub-pc scales in the central
regions. Therefore, these simulations don’t provide estimates for the amount
of gas that makes it to the AGN accretion disk itself, merely that which is
transferred to the central gas reservoir.
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Neville a weak bar feature (Nair & Abraham 2010) and Padma a
barlens feature (an oval-like strucutre along the bar major axis, see
Athanassoula et al. 2015). Simulations suggest both bars and spiral
arms can drive inflows at rates an order of magnitude larger than
needed to power the combined outflow and SMBH accretion rates
for all four targets (0.1—few Mg yr~!; Regan & Teuben 2004; Davies
etal. 2009; Lin et al. 2013; Fanali et al. 2015; Slater et al. 2019). This
order of magnitude difference is promising, since our simplifying
assumption here is that the inflow must be at least enough to power
both the SMBH accretion and the outflow, this means that the inflow
would be sufficient to also fuel central star formation or contribute
to the central gas reservoir (Tacconi & Young 1986; Boker et al.
2003; Bigiel et al. 2008; Leroy et al. 2013; Moreno et al. 2021).
This suggests that bars and spiral arms would be capable of driving
inflows which could sustain both the SMBH growth and an outflow
from the AGN, while still contributing gas to the central gas reservoir
of the galaxies.

S19 compared their AGN outflow rates and SMBH accretion rates
to the results of Bae et al. (2017), who studied a sample of 20 nearby
(0.024 < z < 0.098) Type 2 AGN with mixed morphologies (two of
their sample are ongoing mergers) using the Magellan/IMACS-IFU
and VLT/VIMOS-IFU’. Although we only have four targets in this
study we can still make some comparisons to the Bae et al. (2017)
sample. The velocities of the outflows in our sample are comparable
to the Bae et al. (2017) sample (when calculated in the same way
as Equation 2), with our four targets having higher velocities by a
factor of ~ 1.35 on average. However, the average outflow rates for
our four targets are much lower than those of the merger powered
Bae et al. (2017) sample, ~ 15 times lower on average. However,
the black hole accretion rates are larger in our four targets than the
Bae et al. (2017) sample by a factor of ~ 3 on average. This is in
agreement with the findings of S19, who discussed the possibility
that this scenario could be explained by higher spin of the SMBHs in
the disk-dominated sample, following the hypothesis of Nayakshin
et al. (2012).

Given that the outflow rates of the merger-grown Bae et al. (2017)
sample are ~ 15 times larger than the outflow rates of the four disk-
dominated galaxies studied in this work, this suggests that the inflow
rates funnelled by merger processes must be much larger than in
secular processes. However, given the comparable accretion rates of
the black holes powering the AGN, these inflows do not contribute
to the growth of the black hole, but instead are used to power a
large outflow which can have considerable impact on the surrounding
galaxy. This supports the conclusions of McAlpine et al. (2020), who
found using the EAGLE simulations, that mergers do not induce a
significant amount of SMBH growth, instead finding that the majority
of mass is accreted by the SMBH outside the merger period. Similarly
Martin et al. (2018) showed using the Horizon-AGN simulation that
only ~ 35% of all of the matter contained in SMBHs by z ~ O is a

7 These IFUs had a large enough wavelength range to allow Bae et al. (2017)
to empirically determine the column densities of the ionised gas, n., using
the [Su] line ratio, unlike in this study with KCWI. They found a range of
54 < ne < 854 cm’3, with an average n, ~ 360 + 230 cm™3 which is
similar to the value of n, = 500 cm™> used in this study. B17 also used the
M — o relation of Park et al. (2012) to derive black hole masses (rather than
the virial assumption of Greene & Ho (2005) as implemented by SSL17).
In addition they calculated bolometric luminosities from the luminosity of
the central narrow [Orir] emission (see Heckman et al. 2004), as opposed to
deriving them using the WISE W3 band at 12um as implemented by SSL17.
The reader is urged to bear these caveats in mind while the two studies are
compared.

MNRAS 000, 1-14 (2021)

27 ]
L1 o
zo oF /,{’Pédma //,/// -
e [ g &,Ha’rry 3 I\’I’eyi}l’é’ ]

3—1F o™ %“Theod .
R E i ,\‘0‘\:‘99/ /// eoaore ]
o) - e 1
S _oF . e Rakshit & Woo 2018
siall I | M B
| T = =
Faar e et T
L S TEY
o L Q,}-,l? - Xeo g s |
a BT
— 40 - ofo _,——’/ I
5t 0;9,—[—’ ]
3
S L
o f ]
© 38+ i
I | | | ]
r T L A -4
35F f T i =
5 34 — e o e //__,/ —
= 33f welS T i T -
3 b aolCo B R &
‘3o b oM =
g 32 5'—/‘0X\f“°\‘\’/—
— 31fF 0= E
S T R B
393 44 45 46 47

log(Lpo/erg s=1)

Figure 8. The mass outflow rate (top), energy injection rate (middle), and
momentum flux (bottom) against the AGN bolometric luminosity (Lpo =
3500 Lio111)) for our four sources (red crosses). This figure is a recreation
of Figure 11 from Rakshit & Woo (2018); we compare our sources with their
estimates for 5221 Type 1 AGNs from SDSS (z < 0.3; shown by the grey
circles). This figure shows how our secularly powered outflows are typical of
low-redshift Type 1 AGN and that they have momentum conserving outflows.

result of mergers (either major or minor). Combining these results
with our findings here suggests that secular processes are responsible
for the majority of SMBH growth, whereas mergers are responsible
for the majority of outflowing material and the subsequent feedback
on the galaxy.

We also compare the outflow rates, kinetic energy outflow rate
and momentum flux of the outflow calculated for our sample to a
sample of ~ 5000 Type 1 AGN identified in SDSS from Rakshit



& Woo (2018)8 in Figure 8. We find that the outflow rates of our
four targets are comparable to the larger AGN population given their
bolometric luminosities. However, given their larger velocities, this
results in higher kinetic energy injection rates and momentum flux
compared to the larger AGN population, but still within the typical
range. This figure demonstrates that the secularly powered outflows
of our four targets are typical of low-redshift Type 1 AGN. It is worth
noting here that many AGN are found in non-merger systems (for
example see Smethurst et al. 2016; Aird et al. 2019), with a wide-
range of morphologies, which may also be fuelled by these same
secular processes. Given that we find that our outflows and accretion
rates are typical of the larger low-redshift AGN population, and given
the results of simulations such as Martin et al. (2018) and McAlpine
et al. (2020), it is possible that the majority of low-redshift AGN
(both growth and outflows) are powered by secular processes.

The momentum flux of the outflows allows us to probe whether
the outflows are momentum-conserving (i.e. winds driven by ra-
diation pressure Thompson et al. 2015; Costa et al. 2018) or
energy-conserving (i.e. driven by fast, small-scale winds Faucher-
Giguere & Quataert 2012; Costa et al. 2014). The average ratio of
log olcPout/Lpol] = —0.91 + 0.08 suggests that these outflows are
momentum-conserving. If the ratio was higher than unity, then an ex-
tra boost of momentum from an energy-conserving wind (which does
work on the surrounding material, therefore increasing the momen-
tum of the large-scale wind) would be required. The measurements of
the kinetic energy injection rate allow us to probe the physical driver
of the outflows observed in our four targets. For example the ratio of
Eout/ Ly is between 0.004% — 0.12% for our targets, meaning that
the AGN is energetically sufficient to drive the observed outflows.
This is in agreement with the high [Om1]/Hp ratios seen in Figure 7
suggesting that the outflows are ionised by the AGN rather than star
formation. Such low values of Eqy/Lyg are often interpreted as
outflows which are incapable of impacting their surrounding galaxy
through AGN feedback. Many theoretical works claim that only those
outflows with Eqy(/Lpg 2 0.5 — 5% are capable of quenching galax-
ies (Di Matteo et al. 2005; Hopkins & Elvis 2010; Harrison et al.
2018); however Figure 8 shows how the majority of low-redshift
AGN do not achieve such high efficiencies, with the majority < 1%.

To determine whether the outflows of our four targets will have
an effect on their host galaxies, we first compare the velocity of
each outflow to the escape velocity of the galaxy at a radius equal
to the maximum extent of the outflow. We assume an n = 1 Sersic
profile to model the light distribution in each galaxy and calculate the
fraction within the most distant spatial extent of the outflow, ry;4x.
We then assume a constant mass-to-light ratio in order to work out

8 Note that Rakshit & Woo (2018) used SDSS spectra to determine outflow
gas masses, which may miss some outflow flux outside the fibre (leading to
a possible underestimate of the outflow rate) and inferred the physical extent
of the outflow using an empirical relation with [Om1] luminosity from Kang
& Woo (2018). In addition, Rakshit & Woo (2018) estimated bulk outflow
velocities as vour = (a'groa 4, [O1I1], max + |Avmax|2)0'5 , which is different
from how we estimated the bulk velocities in this study (see Equation 2).
Calculating our outflow velocities in this way results in lower values than
quoted in Table 2, by 541 km s~! on average. This particularly affects the
comparison of E,,, which has a vgu[ dependency, leading to an average
difference in log;( Eout of ~ 0.7 dex (and ~ 0.34 dex in log; Poyt). Readers
should bear these caveats in mind while comparing the results of this study
with those from Rakshit & Woo (2018) in Figure 8, however we note that
these differences due to the alternate bulk outflow velocity estimate used do
not account for the differences between our four targets and the Type 1 AGN
population seen in Figure 8.
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the total stellar mass of the galaxy within that radius, M <y, . The
escape velocity of the galaxy at the maximum extent of each outflow
is then calculated as vege gar = (GMu r<rppax /Fmax)?>, assuming
spherical symmetry. The average v[oy) for the four targets in our
sample is 1134 + 205 km/s, which is ~ 30.5 times larger than the
average escape velocity of the galaxy. We can therefore assume that
these outflows, despite their relatively lower rates, will escape the
galactic potential and cause AGN feedback to the galaxy by driving
gas out of the central regions, or cause feedback to the galactic halo
through heating the intergalactic medium (note the large radial extent
of the outflows in these four targets of 0.6 — 2.4 kpc, which is ~ 25%
of the galaxy Petrosian radius on average).

In order to determine whether the outflows are impacting each
galaxy, we would need an estimate of the resolved SFR (e.g. from
He and/or D,4000). The wavelength range of KCWI does not cover
these spectral features in the redshift range of these sources; an IFU
with a larger wavelength range would be necessary to quantify the
feedback efficacy. Since these are Type 1 AGN the SFRs derived
from SDSS spectra are also unreliable due to contamination from
the AGN. However, it is worth noting that these four targets have
galaxy u—r colours? in the range 1.7 — 2.5 (+0.1; although note this
is not the case for the parent sample of disk-dominated galaxies, see
Section 2.1) and would therefore be classified as either Green Valley
or Red Sequence galaxies (Baldry et al. 2004; Smethurst et al. 2016).

In addition, SSL17 demonstrated how these disk-dominated sys-
tems lay on the typical galaxy stellar mass-SMBH mass correlation
(i.e. within the scatter), suggesting that non-merger co-evolution of
galaxies with their SMBH is possible. Therefore, if both merger-
driven and non-merger-driven SMBH growth lead to co-evolution,
this suggests that this co-evolution is regulated by feedback in both
scenarios. Confirming whether AGN outflows in disk-dominated
galaxies are powerful enough to cause feedback is therefore of great
importance for our understanding of galaxy evolution through co-
evolution. An IFU with a larger wavelength range (to cover e.g. Ho
in order to probe the SFR), high spatial resolution (to more accu-
rately resolve the regions impacted by the outlow) and better seeing
(this is the biggest limiting factor using KCWI) would allow for a
more detailed study on the feedback effects of outflows powered by
secular processes in these disk-dominated systems. For example, an
IFU such as MUSE on the Very Large Telescope (VLT), used with
adapative optics, would be ideal for this science case.

6 CONCLUSION

We have observed four disk-dominated galaxies hosting luminous
AGN with KCWI, an IFU available at the Keck observatory. These
galaxies are assumed to have their evolution (and therefore their
SMBH growth) dominated by non-merger processes due to their
lack of central bulge (see Figure 1).

We performed spectral fits to each of the reduced data cubes from
KCWTI and detected blueshifted broadened [Omi] components in all
four targets with [Omr]/Hpratios indicative of ionisation by the AGN.
With these spectra we were able to spectrally isolate the broadened
[O111] emission from the narrow [Orir] emission ionised by the central
AGN (see Figures 5 & 6). From these fits we calculated the integrated
flux in [Omr] 4958 & 5007 across each target and from this calculated
the total ionised gas mass in the outflow (see Equation 1). From the

9 Calculated in a ‘donut’ shaped aperture by removing the SDSS PSF mag-
nitude from the Petrosian magntiude.
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maximum extent of the outflow (see top panels of Figure 6) and the
bulk velocity of the outflow we were able to estimate the outflow rate
(see Equation 4), energy injection rate and momentum flux for these
four systems. Our conclusions are as follows:

(i) The outflow rates of the four targets range from 0.12 —
0.7Mgp yr’1 , with corresponding SMBH accretion rates in the range
0.02-0.7 Mg yr~!. The velocities, outflow rates, kinetic energy in-
jection rate and momentum flux of these secularly powered outflows
are all typical of other low-redshift AGN outflows in the literature.

(ii) Secular processes such as funnelling of gas by bars and spiral
arms are more than capable of providing enough gas to power both the
accretion and outflow rates measured in this study, with simulations
suggesting they can power inflows an order of magnitude larger than
the combined SMBH accretion and AGN outflow rates observed. This
suggests that a significant amount of inflow funnelled to the centre
by secular processes, will not necessarily be used for SMBH growth
or AGN outflows, but will contribute to the central gas reservoir of
the galaxy.

(iii) The maximum radial extent of the outflows is substantial,
ranging from 0.6 — 2.4 kpc, which is on average ~ 25% of the galaxy
Petrosian radius.

(iv) The outflow velocities in all of our AGN exceed (~ 30 times
larger on average) the escape velocity of the galaxy at the maximum
radial extent of the outflow. This suggests that these outflows will
have a feedback effect on their galaxies, perhaps expelling gas from
the central regions or heating the surrounding halo. This suggests that
if the co-evolution of SMBHs and galaxies is possible through both
merger and non-merger driven growth, then AGN feedback may be
responsible for regulating this co-evolution in both scenarios. Further
spectral observations using an IFU with a larger wavelength range
and higher spatial resolution will be needed to quantify the resolved
feedback efficacy of these outflows.

(v) We find that the outflow rates in the merger-powered AGN
sample of Bae et al. (2017) are ~ 51 times larger than in our four
disk dominated targets, whereas the SMBH accretion rates are ~ 3
times lower. This is in agreement with the findings of Smethurst et al.
(2019) who attributed this to the hypothesised spin up of SMBHs due
to a secular feeding mechanism.

Combining our results with the conclusions of recent simulations
(e.g. Martin et al. 2018; McAlpine et al. 2020) suggests that secular
processes are responsible for the majority of SMBH growth over cos-
mic time. A higher spatial resolution IFU study, supported by adap-
tive optics, of the larger parent sample of these four disk-dominated
galaxies would allow for a more detailed study on the SMBH growth
processes and AGN feedback effects of outflows powered by secular
processes in these disk-dominated systems.
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