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ABSTRACT

The triggering mechanism for the most luminous, quasar-like active galactic nuclei (AGN) remains a source of debate, with
some studies favouring triggering via galaxy mergers, but others finding little evidence to support this mechanism. Here, we
present deep Isaac Newton Telescope/Wide Field Camera imaging observations of a complete sample of 48 optically selected
type 2 quasars — the QSOFEED sample (Lo > 1083 Lo; z < 0.14). Based on visual inspection by eight classifiers, we find
clear evidence that galaxy interactions are the dominant triggering mechanism for quasar activity in the local universe, with
65 fg per cent of the type 2 quasar hosts showing morphological features consistent with galaxy mergers or encounters, compared
with only 221“2 per cent of a stellar-mass- and redshift-matched comparison sample of non-AGN galaxies —a 5o difference. The
type 2 quasar hosts are a factor of 3.0f8:§ more likely to be morphologically disturbed than their matched non-AGN counterparts,
similar to our previous results for powerful 3CR radio AGN of comparable [O1lI] emission-line luminosity and redshift. In
contrast to the idea that quasars are triggered at the peaks of galaxy mergers as the two nuclei coalesce, and only become
visible post-coalescence, the majority of morphologically disturbed type 2 quasar sources in our sample are observed in the
pre-coalescence phase (61f§ per cent). We argue that much of the apparent ambiguity that surrounds observational results in this
field is a result of differences in the surface brightness depths of the observations, combined with the effects of cosmological

surface brightness dimming.
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1 INTRODUCTION

Quasars have long drawn attention as the most luminous AGN
(Lvor > 10% W; Ligyy > 10% W). Over the six decades since their
discovery, there has been increasing recognition that they are not
merely by-products of the growth of galaxies and their supermassive
black holes (SMBHs) by gas accretion, but that they may directly
affect this growth. Observations show that their powerful winds and
jets heat, ionize, and eject the gas from the circumnuclear regions,
thereby affecting the star formation histories of the host galaxies (e.g.
Fabian 2012; Veilleux et al. 2013; Harrison 2017). At the same time,
the incorporation of such feedback effects into models of galaxy
evolution allows certain properties of the general galaxy population
to be explained, including the correlations between SMBH mass and
host galaxy properties (e.g. Silk & Rees 1998; Di Matteo, Springel &
Hernquist 2005; Kormendy & Ho 2013), and the shape of the high-
luminosity end of the galaxy luminosity function (e.g. Bower et al.
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2006; Croton et al. 2006). Therefore, it is important to understand
how quasars relate to the general galaxy population and are triggered
as galaxies evolve.

To appear as a quasar, even at the lower end of the quasar
luminosity range, the SMBH in a galaxy must accrete gas at a
rate M > 0.2 M, yr~—! for a typical efficiency of 5 ~ 0.1, and this
accretion rate must be sustained over a typical quasar lifetime of
~10°-108 yr (e.g. Martini & Weinberg 2001; Martini 2004; Hopkins
et al. 2005). The quasar triggering problem, therefore, amounts to
understanding how the required total of at least ~10°~10" Mg, of
gas can lose sufficient angular momentum to be transported from
kiloparsec scales to sub-parsec scales, so that it can be accreted by
the SMBH.

From an observational perspective, investigating quasar triggering
mechanisms is challenging for two main reasons. First, in order to
directly detect the gas flows that trigger the activity it is important
to resolve spatial scales around the galactic nuclei that are small
enough for the dynamical time-scale to be shorter than the time-scale
of the activity. Although this has proved possible for some nearby
AGN of low to medium luminosity, where observations have directly
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detected near-nuclear discs and spiral structures, with evidence
for gas infall in some cases (see Storchi-Bergmann & Schnorr-
Miiller 2019, and references therein), most quasars are too distant
to achieve the required angular resolution. Moreover, their extreme
nuclear luminosities can make near-nuclear structures difficult to
study.

The second major challenge is that the quasar lifetimes are short
relative to those of the visible signs of the triggering events on large,
kiloparsec scales. For example, in the case of galaxy mergers, the
tidal features that characterize such events may remain visible on a
~1 Gyr time-scale (e.g. Lotz et al. 2008) — a factor of 10-1000x
longer than typical quasar lifetimes. Therefore, for every quasar
whose host galaxy shows visible tidal features, there are likely to
be several galaxies with similar morphological features that do not
appear as quasars (see discussion in Bessiere et al. 2012).

Together, these factors mean that it is hard to identify morpholog-
ical or kinematical features in an individual quasar host galaxy that
uniquely identify the triggering event. Therefore, many studies of
quasar triggering have taken the alternative approach of comparing
the properties of the population of quasar host galaxies with those of
comparison samples of non-active galaxies. The properties used for
comparison include host galaxy morphologies (e.g. Heckman et al.
1986; Ramos Almeida et al. 2011; Villforth et al. 2017; Ellison et al.
2019b), large-scale environments (e.g. Serber et al. 2006; Ramos
Almeida et al. 2013), star formation rates (e.g. Shangguan, Ho &
Xie 2018; Bernhard et al. 2022), and cold interstellar medium (ISM)
masses (e.g. Tadhunter et al. 2014; Shangguan et al. 2018; Ellison
et al. 2019a; Koss et al. 2021; Bernhard et al. 2022).

Given the requirement for high accretion rates that must be
sustained over the long time-scales of the activity, galaxy mergers are
a promising triggering mechanism for quasars, since the associated
tidal torques have the potential to deliver large masses of gas to
sub-kiloparsec scales on the requisite time-scales. This is supported
both by hydrodynamical simulations of galaxy mergers (Di Matteo
et al. 2005; Hopkins et al. 2008; Johansson, Burkert & Naab 2009;
Byrne-Mamahit et al. 2023) and by observations of ultraluminous
infrared galaxies (ULIRGs; Sanders & Mirabel 1996), which show
high gas surface densities close to their nuclei and are thought to
represent the peaks of major, gas-rich mergers (Downes & Solomon
1998). Indeed, it has been proposed that quasars form part of the
lifecycles of major, gas-rich mergers: they are triggered close to the
peaks of the mergers as the nuclei of the two galaxies coalesce, and
then become visible post-coalescence after the enshrouding natal
cocoon of gas and dust has been dispersed to reveal the remnant
nucleus (Sanders et al. 1988; Hopkins et al. 2008; Blecha et al.
2018).

Many investigations of triggering via mergers have used imaging
observations to attempt to detect the tidal features (tails, fans, shells,
etc.) and close companion galaxies expected in merging systems.
However, the results appear ambiguous: while some studies find
clear evidence for a high rate of morphological disturbance in
quasar hosts (Heckman et al. 1986; Bahcall et al. 1997; Bennert
et al. 2008; Urrutia, Lacy & Becker 2008; Ramos Almeida et al.
2011; Bessiere et al. 2012; Chiaberge et al. 2015; Urbano-Mayorgas
et al. 2019; Pierce et al. 2022), others find no such evidence
(Dunlop et al. 2003; Greene et al. 2009; Mechtley et al. 2016;
Wylezalek et al. 2016; Villforth et al. 2017; Marian et al. 2019; Zhao
et al. 2019, 2021). Several factors might contribute to this apparent
ambiguity, including differences in redshift, surface brightness depth,
AGN properties, spatial resolution, observation wavelength, control
selection, and classification methodology between the different
studies.
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In order to overcome these issues, we have undertaken a major
imaging study of a sample of nearby AGN (z < 0.3) that cov-
ers a broad range of optical emission-line luminosity and radio
power, but includes a substantial sample of quasars at the high-
luminosity end. All the AGN were observed to uniform (deep) surface
brightness depth in the r band (30 surface brightness depth: p, ~
27 mag arscec2) using the Wide Field Camera (WFC) on the Isaac
Newton Telescope (INT). As reported in Pierce et al. (2022), the AGN
in our sample with high [O1I] A5007 emission-line luminosities
show a substantially enhanced rate of morphological disturbance
(by factor of ~2-3) compared with the matched control sample
galaxies, with the degree of enhancement increasing as a function
of [O111] luminosity (a proxy for AGN bolometric luminosity; e.g.
see Heckman et al. 2004). This reinforces previous suggestions
that the triggering mechanism varies with AGN luminosity (Treister
et al. 2012; Ellison et al. 2019b), although some studies fail to find
evidence for such a luminosity dependence (e.g. Villforth et al. 2017).

To further investigate whether galaxy mergers are indeed the
dominant triggering mechanism at high AGN luminosities, here we
focus on a sample of 48 local (z < 0.14) type 2 quasars — the Quasar
Feedback (QSOFEED) sample (Ramos Almeida et al. 2022). These
are objects that lack the broad permitted lines in their optical spectra
that would lead to a type 1 AGN classification, but have strong, high-
ionization forbidden emission lines whose luminosities are consistent
with those of quasars (Lo > 10*° W; Zakamska et al. 2003). A
major advantage of using type 2 quasars for studies of this kind is that
they are not affected by the strong nuclear point-source emission that
may mask the presence of tidal features out to several kiloparsecs in
the case of the type 1 objects. Also, at the low redshifts covered
by our sample, we avoid major cosmological surface brightness
dimming, and have the sensitivity and spatial resolution to detect faint
tidal features even in moderate seeing conditions. While preliminary
results for 25 objects were included in Pierce et al. (2022), here we
present observations and results for all 48 type 2 quasars, and draw
conclusions about the dominant triggering mechanism for the local
type 2 quasar population as a whole.

This paper is organized as follows. Section 2 describes the sample,
observations, reduction, and classification methodology. The main
imaging results for our type 2 quasar sample are presented in
Section 3, where we also compare with those for the matched
control sample. Section 4 investigates the reasons for the apparently
ambiguous results in the literature. The results are then discussed in
the overall context of quasar triggering mechanisms in Section 5, and
we present our conclusions in Section 6. A cosmology with Hy =
70km s~ Mpc™!, @, =0.30, and 4 = 0.70 is assumed throughout
this paper.

2 OBSERVATIONS AND CLASSIFICATIONS

2.1 Sample selection, observations, and reductions

The sample for this study is that of the QSOFEED project (Ramos
Almeida et al. 2022), which is using optical, near-infrared (near-
IR), and mm-wavelength observations to investigate triggering and
feedback in nearby type 2 quasars. It comprises all 48 Sloan Digital
Sky Survey (SDSS)-selected type 2 quasars in the compilation of
Reyes et al. (2008) with [O 111] A5007 luminosities Ljoy; > 1083 Lo
(Liom > 10*° W), and redshifts z < 0.14. Note that, along with [O 11]
emission-line luminosity, the criteria for the selection of the type 2
quasar objects in Reyes et al. (2008) include a lack of the broad
permitted lines that would indicate a type 1 AGN, and the necessity
that the objects have AGN-like narrow emission-line ratios. Including
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1738 J. C. S. Pierce et al.

Table 1. General properties of the type 2 quasar sample. The seventh column gives the overall galaxy morphological classification (spiral/disc — S; elliptical

— E; lenticular — L; merger — M; uncertain — UC), while the penultimate co
disturbed, pre-coalescence; D-Post — disturbed, post-coalescence). Note th
the first and second most common votes are shown in brackets (in that orde

lumn gives the Zooniverse disturbance classification (UD — undisturbed; D-Pre —
at, for overall morphological classifications that are uncertain (UC in column 7),
1) separated by a comma, whereas an equal vote share is indicated by a slash. The

stellar masses listed here have been corrected to the MPA-JHU mass scale (as detailed in Pierce et al. 2022), and thus differ slightly (by up to ~0.2 dex)
from those used in other papers for the QSOFEED sample where this correction has not been made (e.g. Ramos Almeida et al. 2022).

Full SDSS name Abbrev. name b4 logo ( LISOIIIJ ) logq ( (‘V‘;‘[Sff) logyq (%) Morph. type Disturb. class  Alternative name
J005230.59—-011548.4  J0052—0115  0.1348 8.58 23.30 10.8 L UD

J023224.24—081140.2  J0232—-0811  0.1001 8.60 23.07 10.8 E UD

J073142.374+392623.7  J0731+3926  0.1103 8.59 23.03 11.0 E UD

J075940.954-505023.9  J0759+5050  0.0544 8.83 23.49 10.6 E UD IRAS F07559+5058
J080224.34+-464300.7  J0802+4643  0.1208 8.86 23.68 11.3 E UD

J080252.924-255255.5  J0802+2552  0.0811 8.58 23.52 11.1 M D-Post

J080523.294-281815.7  J0805+2818  0.1284 8.62 23.41 11.4 UC (S, M) D-Pre

J081842.354-360409.6  JO818+3604  0.0758 8.53 22.51 10.6 UC (E,L) D-Pre

J084135.094-010156.3  J0841+0101  0.1106 8.87 23.32 11.1 E D-Pre

J085810.634+-312136.2  J0858+3121  0.1387 8.53 23.01 11.1 E D-Pre

J091544.184-300922.0  J0915+3009  0.1298 8.78 23.29 11.2 M D-Pre

J093952.754-355358.9  J0939+3553  0.1366 8.77 26.22 11.0 E D-Pre 3C223
J094521.334-173753.2  J0945+1737  0.1280 9.05 24.28 10.9 UC (E, M) D-Post

J101043.364+-061201.4  J1010+0612  0.0977 8.68 24.34 11.4 E D-Pre

J101536.21+005459.4  J10154-0054  0.1202 8.69 22.96 10.9 UC (E,.L) D-Pre

J101653.824-002857.2  J1016+0028  0.1163 8.63 23.60 11.0 E D-Pre

J103408.594-600152.2  J1034+6001  0.0511 8.85 23.06 11.1 UC (S, M) D-Post Mrk 34
J103600.374-013653.5  J1036+0136  0.1068 8.53 <2245 11.3 S D-Pre

J110012.394-084616.3  J1100+0846  0.1004 9.20 24.17 11.4 S UD

J113721.364+-612001.1  J1137+6120  0.1112 8.64 25.57 10.9 E Ub 4C+61.23
J115245.664+-101623.8  J1152+1016  0.0699 8.72 22.67 10.8 UC(E, M) D-Post Tololo 11504-105
J115759.504-370738.2  J1157+3707  0.1282 8.62 23.37 11.2 E UD

J120041.394-314746.2  J1200+3147  0.1156 9.36 23.45 11.0 E D-Pre

J121839.404+-470627.7  J1218+4706  0.0939 8.58 22.71 10.6 M D-Post

J122341.47+080651.3  J122340806  0.1393 8.81 <22.70 11.0 E UD

J123843.444-092736.6  J1238+0927  0.0829 8.51 22.30 11.3 E D-Pre

J124136.22+614043.4  J12414+6140  0.1353 8.51 23.47 11.4 M D-Pre

J124406.614-652925.2  J1244+6529  0.1071 8.52 23.36 11.3 M D-Pre

J130038.094-545436.8  J1300+5454  0.0883 8.94 22.69 10.8 UC (S, E) D-Post

J131639.744-445235.0  J1316+4452  0.0906 8.65 23.07 11.7 UC (S/M) D-Pre

J134733.36+121724.3  J13474+1217  0.1204 8.70 26.30 11.7 M D-Pre 4C+12.50
J135617.79—023101.5  J1356—0231  0.1344 8.53 22.93 11.1 E D-Post

J135646.104-102609.0  J1356+1026  0.1232 9.21 24.38 11.3 M D-Post

J140541.214-402632.6  J1405+4026  0.0806 8.78 23.41 10.8 E D-Post IRAS F14036+4040
J143029.884-133912.0  J1430+1339  0.0851 9.08 23.67 11.1 UC (E/M) D-Post ‘The Teacup’
J143607.214+-492858.6  J1436+4928  0.1280 8.61 23.59 11.0 E D-Pre

J143737.85+301101.1  J143743011  0.0922 8.82 24.15 11.2 UC M, E) D-Post IRAS F143544-3024
J144038.10+533015.9  J1440+45330  0.0370 8.94 23.28 10.6 E D-Pre Mrk 477
J145519.414-322601.8  J1455+3226  0.0873 8.64 22.73 10.6 UC (S, E) D-Post

J150904.224+-043441.8  J1509+0434  0.1114 8.56 23.82 10.9 S UD

J151709.20+335324.7  J151743353  0.1353 8.91 24.75 11.5 E UD IRAS F151514-3404
J153338.034+-355708.1  J1533+3557  0.1286 8.56 <22.62 10.9 UC (E/L) UD

J154832.37—-010811.8  J1548—0108  0.1215 8.52 <22.57 10.8 E UD

J155829.36+351328.6  J1558+3513  0.1215 8.77 23.19 10.9 E UD

J162436.40+334406.7  J1624+4-3344  0.1224 8.56 23.11 11.0 UC (E/S) D-Pre

J165315.05+234942.9  J165342349  0.1034 9.00 23.38 11.0 E UD ‘The Beetle’
J171350.324-572954.9  J1713+5729  0.1128 8.99 23.42 11.1 E UD

J215425.74+113129.4  J215441131  0.1092 8.54 23.25 10.9 E UD

many of the closest quasar-like AGN in the local universe, the sample
is predominantly radio quiet, with only four of the objects having
radio luminosities L, 4 gy, > 10?*° W Hz~! that might lead to them
being classified as radio-loud AGN. Basic properties of the sample
objects are shown in Table 1.

The sample was imaged with the WFC on the INT at the
Observatorio del Roque de los Muchachos, La Palma. A particular
advantage of the INT/WFC is its wide field of view (34 x 34 arcmin?).

MNRAS 522, 1736-1751 (2023)

This has allowed us to leverage a large control sample of non-
active galaxies in the fields of our wider AGN sample using
images of this sample taken over several observing runs in the
last decade (described here and in Pierce et al. 2022; total area
imaged >50 deg?). The fact that the control galaxies were observed
simultaneously with the AGN hosts in the same images ensures
that the average image quality and depth are the same for both
groups.
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The 48 type 2 quasar objects were observed with the INT/WFC in
two separate observing runs: 25 with right ascensions in the range
00" 00™ < RA < 12" 30™ in 2020 January (see Pierce et al. 2022),
and 23 with right ascensions in the range 12" 30™ < RA < 22" 00™
in 2021 May. Full details of the observing strategy and reduction of
the imaging data are given in Pierce et al. (2022), but are summarized
briefly here. The images were taken with the WFC Sloan r-band filter,
using four separate dithered 700 s exposures (separated by 30 arcsec
to cover the CCD chip gaps) to achieve a typical total exposure time
of 2800 s for each object. The CCD images were then bias-subtracted,
flat-fielded, and combined using THELI (Schirmer 2013), which also
performed astrometric and photometric calibration using catalogued
Panoramic Survey Telescope and Rapid Response System 1 (Pan-
STARRS1; Chambers et al. 2016) stars detected in the image fields.
The pixel scale of the reduced images is 0.333 arcsec pixel!, and
based on measurements of the full width at half-maximum (FWHM)
of stars in the reduced images, the seeing conditions were moderate
for the observations: 0.9 < FWHM < 2.0 arcsec for the 2020
January run, and 1.3 < FWHM < 2.4 arcsec for the 2021 May
run; seeing estimates for the observations of individual objects are
presented in Table Al in Appendix A. In line with our previous
INT/WEC observations with the same exposure times (Pierce et al.
2019, 2022), we achieved a typical surface brightness depth of jt, =
27.0 mag arcsec ™2 across both runs.'

Although the primary analysis in this paper is based on the
INT/WFC camera images described above, in order to investigate
the effect that seeing conditions may have on our results, a subset of
six objects in our sample (J1436+4928, J1455+3226, J1517+3353,
J153343557,11548-0108, J1558+3513) was observed in 2021 June
in better seeing conditions (0.9 < FWHM < 1.20 arcsec) using an
r-band filter with the Prime Focus QHY (PF-QHY) camera on the
William Herschel Telescope (WHT), on La Palma. The PF-QHY
camera contains a back-illuminated CMOS detector (Sony IMX455)
with a field of view of 10.7 x 7.1 arcmin % and 0.067 arcsec pixels.
Using a four point dither pattern with 450 s exposures at each
position, the total exposure time per object was 1800 s. During the
reduction of the images with THELI, the data were resampled to a
pixel scale of 0.333 arcsec pixel™! to allow direct comparison with
the INT/WFC observations. A similar surface brightness depth (@, =
27.1 mag arcsec %) was achieved for the WHT/PF-QHY observations
as for the INT/WEFC observations. Thumbnails of the reduced images
are shown in Fig. Al in Appendix A. We emphasize that these
images were not used for the main morphological classification
described below, but they none the less provide useful supplementary
information (see Sections 3.1 and 3.2).

As described in detail in Pierce et al. (2022), stellar masses for
the type 2 quasar objects were derived using their Two Micron All-
Sky Survey (2MASS) K;-band magnitudes and corrected to the same
mass scale as the MPA-JHU value-added catalogue for SDSS Data
Release 7 (DR7). The non-active control galaxies were selected from
the MPA-JHU catalogue based on matching in position (to be in one
of our previously observed INT/WFC fields), redshift (tolerance:
+0.01 in z), and stellar mass (overlap of the 1o uncertainties of the
quasar host and comparison galaxy mass measurements). Galaxies
listed in the catalogue as AGN or broad-line (but not star-forming)
objects were not considered for the matching. Typically 2-5 stellar-

IConsistent with Pierce et al. (2022), and the surface brightnesses of the
faintest features measured in our images, this is a 3o surface brightness depth
estimated from the standard deviation (o) of the flux measurements obtained
using multiple circular sky apertures of 1 arcsec in radius (area: 3.14 arcsec?).
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Figure 1. Comparison of the stellar mass distributions of the type 2 quasar
host galaxy and control samples.

mass- and redshift-matched control galaxies were selected for each
type 2 quasar host galaxy, resulting in a total of 125 unique control
galaxies after controls selected for more than one type 2 quasar host
were accounted for. We note that none of the control galaxies are
close enough to be interacting with the quasar 2 host galaxies.
When comparing the stellar mass distribution of this initial control
selection to that of the type 2 quasar sample, it was found that the
control sample showed a significantly higher proportion of lower-
stellar-mass galaxies compared to the type 2 quasar sample, a
consequence of the fact that more control galaxies were selected
on average for the lower, than the higher, stellar mass type 2 quasar
objects. This is potentially a source of concern, because the results of
Pierce et al. (2022) demonstrated that there is a mild increase in the
proportion of control galaxies showing evidence for morphological
disturbance with stellar mass: from ~20 per cent at M, = 10'%> M,
to ~30 per cent at M, = 10" My.? In order to counteract any
potential biases that this might introduce, we therefore added a further
stellar mass constraint on our control sample. We first divided the
stellar mass distribution of the type 2 quasar hosts into eight equal
logarithmic bins in the mass range 10.55 < log (M./Mg) < 11.75.
Then, where possible, we randomly selected exactly twice as many
control galaxies as type 2 quasars in each bin. The resulting stellar
mass distribution of the 93 objects in a stellar-mass-constrained
control sample selected in this way is compared with that of the type
2 quasar objects in Fig. 1. Note that each stellar mass bin has two
randomly selected control galaxies per type 2 quasar, apart from the
highest mass bin, which has only 0.5 controls per type 2 quasar. Since
this highest stellar mass bin contains only two type 2 quasar objects
(4 per cent of the full sample), the relative dearth of controls in this
bin does not significantly affect our overall results or conclusions. In
the following, all the statistics relating to the comparison between the
type 2 quasar hosts and control galaxies are based on the average of
100 random selections of the control galaxy stellar mass distribution.

2Note that no evidence was found in Pierce et al. (2022) for a change
in disturbance rate with redshift over the redshift range of our type 2
quasar sample. Therefore, in terms of selecting the control sample, we have
prioritized matching the mass rather than the redshift distribution.
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2.2 Classification and surface brightness

The type 2 quasar hosts and their controls were classified by eight
expert classifiers (all the authors of this paper, except PB, GS, and
JVH) via a web-based interface run using the Zooniverse platform
(Lintott et al. 2008, 2011; see Pierce et al. 2022 for full details). The
classifiers were presented with two images scaled to have standard
area 200 x 200 kpc? at the redshift of each object, one at high
and one at low contrast; note that the classifiers could not manually
change the contrast levels within the Zooniverse platform. In order
to prevent biases, the images of the type 2 quasar hosts and controls
were classified together and presented in random order, such that in
each case the classifiers did not know whether they were classifying
a type 2 quasar host or a control galaxy.

For each object, the classifiers were first asked whether the object
shows morphological evidence for galaxy interactions, with possible
answers of ‘Yes’, ‘No’ or ‘Not classifiable’ (e.g. because of image
defects). Then, when the answer to this first question was ‘Yes’,
the classifiers were asked to make a more detailed classification by
selecting one or more of the following morphological categories:
tail (T); fan (F); shell (S); amorphous halo (A); irregular (I); bridge
to companion (B); multiple nuclei within a projected distance of
10 kpc (MN); and tidally interacting companion (TIC). Note that the
latter three categories (B, MN, and TIC) indicate a merger or galaxy
interaction in a pre-coalescence phase, whereas the other features (T,
F, S, A, and I) could be present pre- or post-coalescence. Therefore,
we consider objects whose features include those classified as B,
MN, or TIC to be pre-coalescence systems, and those showing only
T, F, S, A, or I features to be post-coalescence systems (similar to
Ramos Almeida et al. 2011, 2012; Bessiere et al. 2012).

We emphasize that, to be classified as a pre-coalescence system,
objects lacking multiple nuclei within 10 kpc (type MN) had to
show a clear bridge to a companion (type B) or evidence for tidal
features/distortion in the host or companion associated with their
interaction (type TIC). The mere presence of a companion close to the
host but outside 10 kpc is not regarded as sufficient evidence for the
object to be classified as a disturbed pre-coalescence system, unless
there is independent evidence (types B and TIC) for interaction. Thus,
our classification scheme is conservative. For example, J0802+4643,
J1533+4-3557, and J2154+41131 (see Fig. 4) are not classified as
disturbed, despite the fact that they are all potentially interacting
with companion galaxies within ~40 kpc.

On the basis of these classifications, objects were classified
as disturbed (i.e. showing evidence for galaxy interactions) or
undisturbed, and the disturbed objects were further subdivided
into pre- or post-coalescence systems, based on a simple majority
of the selections made by the classifiers who had classified the
galaxy as disturbed. Thumbnail images for objects classified as
pre-coalescence, post-coalescence, and undisturbed are shown in
Figs 2, 3, and 4, respectively, and the results of the classifications are
presented in Table 1.

Note that the distinction between pre- and post-coalescence is not
always clear-cut. For example, J13004-5454 (Fig. 3) is situated in a
galaxy group in which multiple galaxy interactions are taking place. It
has been classified as a post-coalescence system using the Zooniverse
interface, presumably on the basis that it shows tidal features at
modest radial distances (<50 kpc), but no nearby companion or
secondary nucleus is detected. However, on larger scales it shows
evidence for tidal interaction with two galaxies of similar brightness
~100-150 kpc to the north-west (NW; see lowest left-hand panel in
Fig. 3). The latter interaction might have induced the tidal features
detected at smaller radial distances in the quasar host and led to the
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triggering of the quasar activity. If so, a pre-coalescence classification
would be more appropriate.

As well as the detailed morphology, the classifiers were asked to
indicate which of the following labels best described the overall
morphological type of the galaxy: spiral/disc (S); elliptical (E);
lenticular (L); and merger (M: too disturbed to classify as one of
the standard galaxy types). As for the detailed classifications, the
final overall morphological type was determined based on a simple
majority of the Zooniverse votes. Objects for which no majority was
obtained for any particular type were classified as uncertain (UC).
The results are shown in Table 1.

Following the completion of the Zooniverse classification, we
measured the surface brightnesses of any tidal features detected (T,
F, S, A, I, B, and TIC categories above), again using measurement
apertures of 1 arcsec in radius. In some cases it was necessary
to subtract the diffuse background light of the galaxy, in order to
measure the surface brightness of the feature accurately. In such
cases, we used one of the following three approaches depending on
the feature and its position in the galaxy: background apertures on
either side of the feature in the azimuthal direction but at the same
radial distance from the galaxy nucleus as the features; background
apertures at the same radial distance on the opposite side of the
galaxy; or background apertures along the same position angle but
different radial distances, with one closer to the nucleus and one
further from the nucleus than the feature.

The background-subtracted r-band surface brightnesses were cor-
rected to the rest frame by applying Galactic extinction, surface
brightness dimming, and K-corrections, as described in Ramos
Almeida et al. (2012). Finally, to allow comparisons with other
studies, the surface brightnesses were converted to the V band using
the V — r colour for an Sbc galaxy® from Fukugita et al. (1996); an
Sbe colour was also assumed when making the K-correction. Note
that, although for some objects we measured the surface brightnesses
of several features, in the following analysis we will only consider
the highest surface brightness feature in each object. The detection
of such features would be most likely to lead to an object being
classified as disturbed, and by concentrating on them we avoid
biasing our surface brightness comparisons to spectacular objects
that show several features. The distribution of brightest feature
surface brightness is shown for the 31 disturbed objects in the type 2
quasar sample in Fig. 6, and the surface brightnesses of all the tidal
features measured in individual objects are presented in Table Al in
Appendix A.

3 RESULTS

3.1 The rate of morphological disturbance

A clear majority of the 48 type 2 quasar objects in our sample —
65f$ per cent* — show signs of morphological disturbance that are
consistent with them being involved in galaxy interactions. We obtain

3Without further photometric or spectroscopic information, the colours and
spectral energy distributions (SEDs) of the tidal features are unknown.
However, assuming an Sbc colour can be seen as a reasonable compromise
between red elliptical and bluer starburst colours.

“Throughout this paper, uncertainty estimates for proportions have been ob-
tained by following the method of Cameron (2011). This involves calculating
binomial population proportion uncertainties using a Bayesian approach.
Note that these uncertainties are based purely on the proportions, and do
not take into account the uncertainties caused by the subjective nature of the
classifications and variations amongst the classifiers.
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J0805+2818 J0818+3604 J0841+0101 J0858+3121

093943553 J1010+0612 101540054

T
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J1016+0028 J1036+0136 J1200+3147 J1238+0927

D

J1241+6140 J1316+4452 J1347+1217

|
L T

J1436+4928

Figure 2. Thumbnail images of the 19 type 2 quasar objects classified as pre-coalescence systems. In each case north is to the top and east to the left, and the
bar in the bottom left-hand corner indicates a distance of 20 kpc at the redshift of the source. The type 2 quasa ect is generally situated close to the centre of
the image, but in cases where there might be ambiguity due to close companion galaxies, the type 2 quasar is identified by line segments. Insets show the close
double nuclei detected in some cases.
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J0802+2552 J0945+1737

J1218+4706

-

J1405+4026 J1430+1339

J1356-0231

J1034+6001 J1152+1016

J1356+41026"

J1455+3226

Figure 3. Thumbnail images of the 12 type 2 quasar objects classified as post-coalescence systems. In each case north is to the top and east to the left, and
the bar in the bottom left- or right-hand corner indicates a distance of 20 kpc at the redshift of the source. The lowest left-hand panel shows the wider field
surrounding J1300+-5454 (indicated by line segments), demonstrating that it is part of an interacting group of galaxies.

similar results if we consider the objects from the two observing runs
separately (64ff0 per cent and 6575, per cent for the objects observed
in 2020 January and 2021 May, respectively), despite the fact that
the seeing was significantly poorer for the second run. In contrast,
the mass- and redshift-matched control galaxies show a much lower
rate of morphological disturbance: 221“2 per cent. A two-proportion
Z-test shows that the difference between the type 2 quasar hosts and
the controls is significant at the 5o level. Overall, the hosts of the
type 2 quasars show a disturbance rate that is enhanced by a factor
of 3.0%) relative to that of control galaxies of similar stellar mass
and redshift.

MNRAS 522, 1736-1751 (2023)

To put these results into context, we compare them with those
of Pierce et al. (2022) in Fig. 5. Clearly, the type 2 quasars are
consistent with the trend of increasing host galaxy disturbance rate
and enhancement factor with [O 111] emission-line luminosity.

These results are likely to represent lower limits on the true rates
of morphological disturbance in both the type 2 quasar hosts and
their controls. As discussed in Pierce et al. (2022), the fact that the
classifiers had limited ability to vary the contrast levels and sizes of
the images in Zooniverse means that some morphological signs of
disturbance are likely to have been missed. Indeed, among the objects
classified in Zooniverse as undisturbed, four objects (JO759+5050,
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J0052-0115 J0232-0811 J0731+3926 J0759+5050
1080244643 J1100+0846 J1137+6120 J1157+43707

-
J1223+0806 J1509+0434 J1517+3353 J1533+3557

J1548-0108 J1558+3513 . J1653+2349 J1713+5729
J2154+1131

Figure 4. Thumbnail images of the 17 type 2 quasar objects classified as undisturbed systems. In each case north is to the top and east to the left, and the bar
in the bottom left-hand corner indicates a distance of 20 kpc at the redshift of the source.
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Figure S. Fraction of disturbed host galaxies (top) and the disturbance en-
hancement factor relative to controls (bottom) plotted against [O III] emission-
line luminosity (L{omm)), a proxy for the AGN bolometric luminosity. The
point for the type 2 quasar hosts (blue square) is consistent with the trend
of increasing disturbance fraction and enhancement factor with Lo 1) found
by Pierce et al. (2022) for a large sample of high-excitation radio galaxies
(HERGS) and type 2 quasars (grey circles). A point for the 3CR radio quasars
(z < 0.3) is also shown for comparison (green diamond). The horizontal lines
show the [O 111] luminosity range covered by each sample or luminosity bin.
Note that the results shown for the type 2 quasars from this study and the
3CR radio quasars from Pierce et al. (2022) are not entirely independent of
points for the HERG and type 2 quasar sample of Pierce et al. (2022), which
includes the results for many of these objects.

J1517+3353, J1558+43513, and J1653+2349) show clear evidence
for tidal features on a closer inspection that allows full manipulation
of the contrast levels. Moreover, the modest seeing conditions for
the observations are likely to have acted against the detection of
finer morphological features and some close double nuclei. This is
demonstrated by our better-seeing WHT/PF-QHY observations (see
Fig. A1), which confirm the large-scale tidal features in J1558+3513,
and reveal second nuclei within 10 kpc in the cases of J15174-3353
and J1548—0108° that were missed in our INT/WFC observations.

SThis object was classified in Zooniverse as undisturbed, although a faint
extension to the south-west of main body of the host galaxy is clearly visible
in our INT/WFC observations (see Fig. 4). However, our WHT/PF-QHY
image (see Fig. Al) shows that this faint extension comprises a distinct
second nucleus.

MNRAS 522, 1736-1751 (2023)

3.2 Detailed classifications

A striking aspect of the detailed morphologies of the type 2 quasar
host galaxies is the wide diversity of structures present (see Figs 2
and 3), with a variety of pre- and post-coalescence features detected.
This provides further evidence that luminous, quasar-like AGN are
not all triggered at a single evolutionary stage of a particular type of
merger (see also Ramos Almeida et al. 2011; Bessiere et al. 2012).
However, among the objects classified as morphologically disturbed,
we do find a preference for pre- over post-coalescence systems, with
61f§ per cent of disturbed type 2 quasar hosts classified as pre-
coalescence.

Although imaging observations alone cannot provide a precise
indication of whether the pre-coalescence systems represent major
or minor mergers (usually defined as below or above a mass ratio
of 1:4, respectively), based on the fluxes of the residual bulges
of the two interacting galaxies, nine objects (47 per cent of the
pre-coalescence systems) are strong candidates for major merger
systems: J0805+2818, J0841+0101, JO858+3121, J0915+3009,
J1241+6140, J12444-6529, J1347+1217, J1440+45330, and
J1624+3344. Indeed, J1347+1217 (also known as 4C+12.50 or
PKS 1345+12) is a well-known ULIRG.

Note that we have labelled objects with B, MN, or TIC clas-
sifications as pre-coalescence systems. However, since we lack
detailed information on the stellar and gas kinematics, we cannot
absolutely guarantee that these systems will eventually coalesce.
Therefore, it is more accurate to describe the disturbed systems in
our sample as a whole as having undergone galaxy interactions, since
this encompasses merged systems (i.e. post-coalescence), systems
that will eventually merge, and those that have undergone a close
encounter but will not merge.

3.3 Overall morphological type

Based on the results presented in Table 1, half of the host galaxies are
classified as ellipticals (E: 50 £ 7 per cent). However, objects with a
majority spiral/disc (S: 63 per cent) or lenticular (L: 24:? per cent)
vote are rare. The remainder are classified as either mergers that are
too disturbed to certainly assign one of the E, S, or L morphological
types (M: ISfZ per cent) or uncertain (UC: 27f§ per cent). Of the
latter UC type, in 54 per cent of cases (15 per cent of full type 2 quasar
sample) the merger (M) category is the first or second most common
vote. This indicates that it is sometimes challenging to determine
an overall galaxy classification for host galaxies that are involved in
mergers. Moreover, the relatively modest spatial resolution of our
INT/WEC observations may lead to compact spiral structures being
missed. This point is emphasized by the cases of J1455+3226 and
J15584-3513, which were classified as UC and E, respectively, on
the basis of Zooniverse classification of their INT/WFC images, but
show evidence for inner spiral structures in WHT/PF-QHY images
taken in better seeing conditions (see Fig. Al). If we include all the
uncertain objects for which the S or L classification is first or second
in terms of votes, the proportion of type 2 quasar hosts that have such
morphologies rises to 21 per cent; however, this is likely to be an
upper limit.

For comparison, the average morphological type classifica-
tions for the stellar-mass-restricted control galaxy selections are:
53 4 5 per cent ellipticals, 3313 per cent spirals, 4J_r? per cent
lenticulars, 12 per cent mergers, and 973 per cent uncertain.
Although there is a higher proportion of spirals in the control sample,
we do not expect this to affect the comparison between control and
quasar 2 disturbance fractions, because in Pierce et al. (2022) we
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Table 2. Comparison of results from various imaging-based studies of quasar host galaxies. The second column indicates the optical classes of the quasars
studied and, where known, whether they are radio loud (RL) or radio quiet (RQ). Where possible, the uncertainties on the disturbance fractions were obtained
using the method of Cameron (2011), for consistency. The fifth column gives the quoted surface brightness depth (where an estimate is given in the paper),

with the filter(s) this was measured for shown in brackets.

Study Type Z N

SB depth Disturbance fraction Notes

(mag arcsec™2)

HST
Dunlop et al. (2003)
Bennert et al. (2008)

Type 1 (RL+RQ) 0.1-025 23
Type 1 (RL 4+ RQ) 0.15-021 5

Urrutia et al. (2008) Type 1 041-095 15
Wylezalek et al. (2016) Type 2 0.2-0.6 20
Villforth et al. (2017) Type 1 0.5-0.7 20
Mechtley et al. (2016) Type 1 1.9-2.1 9
Urbano-Mayorgas et al. (2019) Type 2 0.3-0.4 41
Zhao et al. (2019) Type 2 0.04-04 29
Zhao et al. (2021) Type 1 <0.5 35
Marian et al. (2019) Type 1 1.81-2.15 21
Ground-based

Greene et al. (2009) Type 2 0.1-0.45 15
Ramos Almeida et al. (2011) Type 1 & 2 (RL)  0.05-0.7 26

Bessiere et al. (2012)
Marian et al. (2020)
Pierce et al. (2022)
This work

Type 2 (mainly RQ) 0.3-0.41 20
Type 1 0.12-0.19 17

Type 1 &2 (RL) 0.05-0.3 21
Type 2 (mainly RQ) 0.04-0.14 48

23.8 (R) ~43 per cent? Excluding radio galaxies
- 80 per cent
- 85 per cent Red quasars
— 4511(1) per cent
- ~25 per cent
- 39 % 11 per cent Quasars with most massive SMBHs
- 34f8 per cent Based on HST snapshot images
25 (B, 1) 34*_';0 per cent
25 (B, 1) ~20 per cent
- 24 + 9 per cent
24-25 (g, r, @) 27J_ré4 per cent
~27 (r) 964 per cent 2 Jy objects with Lioy > 103 W
~27 (r) 75ﬂ2 per cent
~23.4(B,V) 41+12 per cent High Eddington ratio objects
27.0 (r) 6718, per cent 3CR objects with Ljg ] > 103 W
27.0 (r) 65f$ per cent

“Based on examination of the point spread function (PSF)-subtracted images in McLure et al. (1999) and Dunlop et al. (2003). Note that Dunlop et al.
(2003) do not provide an estimate of the overall rate of morphological disturbance for the quasars in their full sample.

demonstrated that late- and early-type non-active control galaxies
have similar disturbance fractions.

Our results are consistent with other studies that find a high
proportion of early-type host galaxies for quasars (e.g. Dunlop et al.
2003; Urbano-Mayorgas et al. 2019). In particular, perhaps the most
directly comparable study is that of Urbano-Mayorgas et al. (2019),
who visually classified the morphologies of 41 type 2 objects with
quasar-like luminosities (Lo, > 10%%) in Hubble Space Telescope
(HST) snapshot images, and found 66J_r?0 per cent to be hosted
by ellipticals and 12:71 per cent by spirals/discs — these results are
entirely consistent with proportions found for our sample, given the
uncertainties.®

4 COMPARISON WITH DISTURBANCE RATES
IN THE LITERATURE

As noted in the Introduction, there is considerable ambiguity in
the literature surrounding the dominant triggering mechanism for
quasars. Table 2 summarizes the results of various quasar imaging
studies from the last 20 yr.

It is challenging to compare the different studies because they
are based on data taken with different telescope/instrument/filter
combinations to different effective surface brightness depths. They
also cover a range of redshifts, types of quasars (type 1, type 2, radio
loud, and radio quiet), and classification methodologies. However,

SNote that parametric modelling of the surface brightness profiles of quasar
hosts has the potential to reveal faint disc structures that are not clearly
apparent in visual inspection. The detection of such discs could increase the
proportion of objects in our sample that show some evidence for the presence
of disc components. However, the limited spatial resolution of our INT data
precludes such analysis.

one clear pattern emerges: most of the HST-based studies give a
relatively low rate of morphological disturbance (20-45 per cent),
whereas the majority of the ground-based studies — including this
study of nearby type 2 quasars — give a high rate of disturbance
(65-96 per cent). The exceptions are the Bennert et al. (2008)
and Urrutia et al. (2008)” studies, which give a much higher rates
of disturbance than the other HST studies, and the Greene et al.
(2009) and Marian et al. (2020) studies, which give lower rates
of disturbance than other ground-based studies. Significantly, the
Bennert et al. (2008) study is much deeper than the other HST studies
(five orbits compared with <1 orbit), while the Greene et al. (2009)
and Marian et al. (2020) studies have significantly lower quoted
surface brightness depths than the other ground-based studies. This
suggests that the surface brightness depth of the observations is a key
factor — a point highlighted by the Bennert et al. (2008) study, which
detected low surface brightness tidal features that were not detected
in the shallower HST observations by Dunlop et al. (2003) of the
same objects (see also Ellison et al. 2019b; Wilkinson et al. 2022
for discussion of ground- and simulation-based results for different
surface brightness depths).

Along with the observational surface brightness depth, (1 + z)*
cosmological surface brightness dimming will also have a major
impact on the detectability of tidal features. This dimming amounts
to 2.0 mag by z = 0.6 and 4.8 mag by z = 2, substantially reducing
the sensitivity of studies of high-redshift quasars to detecting the
signs of morphological disturbance.

7Urrutia et al. (2008) study a sample of quasars selected on the basis of red
optical/near-IR colours. This selection may bias the sample to objects that
have recently undergone a merger.
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We have explored the combined effects of observational surface
brightness depth and dimming by estimating the effective depths of
some key studies in the literature. It is difficult to compare the depths
using the quoted values in the studies themselves because, where
values for the limiting surface brightness are given, it is not always
clear how they have been obtained. Moreover, we find that calculating
a surface brightness depth based on the assumption that each pixel
in a tidal feature must be detected with signal-to-noise ratio (S/N) =
3, for example, leads to surface brightness depths that are too bright
(i.e. suggesting low surface brightness sensitivity). This is because
the integrating properties of the human eye—brain combination mean
that features can be visually detected at much lower S/N levels per
pixel, as long as they are spread over several resolution elements.
Indeed, by visually examining a range of archival HST images used
in the host galaxy studies listed in Table 2, as well as our own ground-
based images of type 2 quasar objects, we find that the faintest diffuse
tidal features that are confidently detected have S/N ~ 1-1.3 pixel ~!.8

As examples, we consider two of the most sensitive recent HST
studies of quasar hosts — those of Villforth et al. (2017) and Marian
et al. (2019) — along with the older studies of Dunlop et al. (2003)
and Bennert et al. (2008). The Villforth et al. (2017) and Marian et al.
(2019) studies have similar total exposure times of ~1 orbit (~2400 s)
and both used the HST Wide Field Camera 3 (WFC3) instrument in
the near-IR with the F160W filter to study type 1 quasars. However,
they study samples at different redshifts: z ~ 0.6 for Villforth et al.
(2017) and z ~ 2 for Marian et al. (2019). In contrast, the earlier
study of Dunlop et al. (2003) used the HST Wide Field and Planetary
Camera 2 (WFPC2) instrument with an 1800 s exposure time and
the F675W filter to image quasars at z ~ 0.2. Some of the objects in
Dunlop et al. (2003) were later re-imaged by Bennert et al. (2008)
using much longer exposure times (~11000 s, five orbits) and the
more sensitive HST Advanced Camera for Surveys (ACS) instrument
with the F60O6W filter. Overall, we regard these four studies as being
representative of the range of surface brightness depths achieved in
HST quasar host galaxy studies.

For each of the four studies we downloaded and (where necessary)
combined the images available for each object in the HST archive.
We then examined the images to identify the faintest tidal features
that are confidently detected on visual inspection of the images, with
full manipulation of the image contrast levels allowed (typically
corresponding to S/N ~ 1-1.3 in each pixel — see above).” We
then estimated the surface brightness of these faintest features in
the rest-frame V band, having corrected for cosmological surface
brightness dimming and the necessary K-corrections. We regard the
faintest-feature surface brightness as providing a realistic estimate
of the effective surface brightness depth of each study. Details of the
calculation of the surface brightness depths are given in Appendix A.
Note that, because we do not know the SEDs and colours of the tidal
features, for each study we repeated the calculation making two
assumptions about the feature SED: in one case we assumed the
SED of an elliptical galaxy, and in the other that of an Sbc galaxy.

8$Note, however, that the presence of such faint features would not necessarily
have led to a disturbed classification in the online interface, where the ability
to manipulate the contrast levels and image sizes was limited. Therefore,
this criterion may be conservative, in the sense that it overestimates the true
surface brightness depth of the observations (i.e. is quoted too faint) — features
may have needed to be brighter in reality to lead to particular classifications
in the interface.

These features were not only associated with the quasar hosts but also with
interacting galaxies in the surrounding field.
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However, these different assumed SEDs made only small differences
to the estimated surface brightness depths.

The resulting effective surface brightness depths are compared
in Fig. 6 with the distribution of the rest-frame V-band surface
brightness estimated for the brightest tidal feature detected for each of
the disturbed type 2 quasar hosts. First, considering the comparison
with Dunlop et al. (2003) and Bennert et al. (2008), it is notable
that the Dunlop et al. (2003) observations would have missed ~30-
40 per cent of the brightest features detected in the type 2 quasar hosts,
but the much deeper observations of Bennert et al. (2008) would have
detected them all. This demonstrates the effect of differences in the
raw, observed-frame depth of the observations: relatively shallow
(<1 orbit) HST observations are likely to miss a substantial fraction
of diffuse tidal features because, despite the reduced background
light in the space-based observations, the high spatial resolution
of HST means that the light is spread over many pixels on the
detector.

Second, considering the more recent one-orbit HST studies of
Villforth et al. (2017) and Marian et al. (2019), we see that the z
~ 0.6 study of Villforth et al. (2017) would have missed a similar
proportion (~25-40 per cent)'? of the brightest tidal features to the
Dunlop et al. (2003) study, whereas the z ~ 2 Marian et al. (2019)
study would have missed all of these features. This provides an
illustration of the effect of (1 + z)* cosmological surface brightness
dimming, since these two studies used the same instrument, filter,
and exposure time, but imaged samples of quasars at widely different
redshifts.

Clearly, both observed-frame surface brightness depth and cosmo-
logical surface brightness dimming have an important effect on the
rate of detection of tidal features in quasar host galaxies. However,
other factors are also likely to be significant. In particular, some
studies focus on samples of type 1 quasars for which it is necessary
to subtract the point spread function (PSF) of the bright nuclear point-
source in order to detect features close to nucleus. Typically this is
important at radial distances <5-10 kpc from the nuclei, depending
on the redshift and brightness of the quasar. Studies of high-redshift
quasar samples are particularly badly affected because their quasars
tend to be brighter relative to the underlying host galaxies than those
of lower redshift cases. The subtraction of the quasar PSF is never
perfect, and may lead to residual cosmetic features in the subtracted
image. Moreover, even with perfect subtraction, the S/N will be
reduced for features in the central regions of the host galaxies, due
to the large photon counts and associated noise across the brighter
parts of the quasar PSF. These effects make it more challenging to
detect signs of morphological disturbance in the bulge regions of
type 1 quasars than in their type 2 counterparts. On the other hand, it
is unlikely that they could fully explain the differences between our
results for type 2 quasar objects and some of the literature results
on type 1 quasars, since most of the tidal features we detect are at
sufficiently large radial distances from the nucleus (>10 kpc) that
they would not be significantly affected by the PSF subtraction and
noise.

The classification methodologies of the various studies also show
considerable variation. For example, some studies (as here) use blind,
randomized comparisons with control samples (e.g. Villforth et al.

10This may represent a conservative lower limit on the proportion of features
missed by the Villforth et al. (2017) study, because it does not take into
account the fact that Villforth et al. (2017) rebinned their data to a finer pixel
scale compared to the images in the archive (see Appendix A for further
details).
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Figure 6. Histogram showing the distribution of surface brightness estimated for the tidal features in the 31 type 2 quasar objects classified as disturbed. Only
the highest surface brightness feature detected in each object is included. The vertical lines show the estimated limiting surface brightness depths for various
studies reported in the literature, with two lines shown for each object: one calculated assuming the colour of an elliptical galaxy (solid), and the other calculated
assuming the colour of an Sbc galaxy (dashed) — see Appendix A for details. The limiting surface brightness depths for this study (blue lines) have been
estimated by assuming a redshift of z = 0.11, which is typical of our type 2 quasar sample. Note that, in the case of the Marian et al. (2019) study, the lines for
the two assumed colours are coincident. For ease of comparison, all surface brightness estimates have been transformed to the rest-frame V band, as described

in Section 2.2.

2017; Marian et al. 2019, 2020), whereas in others the comparison is
not blind or randomized (e.g. Ramos Almeida et al. 2011; Bessiere
et al. 2012), and some studies make no comparison with control
samples at all (e.g. Urrutia et al. 2008; Greene et al. 2009; Zhao
et al. 2019, 2021). A further difference is that in certain studies
full manipulation of the image contrast levels, magnification, etc. is
allowed when doing the classification (e.g. Ramos Almeida et al.
2011; Bessiere et al. 2012), but in others (as here) the ability to
manipulate the images to reveal faint or near-nuclear features against
the diffuse light of the underlying host galaxy may be limited.
Furthermore, some studies may only accept the brightest, highest
surface brightness features (e.g. those due to a recent major merger)
as evidence for galaxy interactions, while others may accept more
subtle signatures.

In summary, many factors are likely to contribute to the wide
range of results in the literature regarding the rate of morphological
disturbance in quasar host galaxies. However, of these factors,
observational surface brightness depth and cosmological surface
brightness dimming are probably the most important.

5 DISCUSSION

The large and highly significant difference that we find between
the morphological disturbance rates of the type 2 quasar hosts
(651’3 per cent) and their controls (22:5; per cent) by itself provides
strong evidence that galaxy interactions are the dominant trigger
for type 2 quasars in the local universe. In this section, we discuss
whether these results can be generalized to all types of quasars,
and whether other triggering mechanisms might contribute at
some level.

If we concentrate on the comparison with ground-based studies
of low- and intermediate-redshift samples that achieve a similar
surface brightness depth, it is notable that the overall rate of
morphological disturbance that we find for the type 2 quasar host
galaxies (65f$ per cent) is entirely consistent with the 7577, per cent
derived by Bessiere et al. (2012) for a sample of 20 type 2 quasars
with intermediate redshifts 0.3 < z < 0.41.

In terms of comparison with samples of radio-loud AGN, the
disturbance rate for the type 2 quasar sources is significantly below
the 96:13 per cent deduced for the radio-loud AGN with quasar-like
luminosities from Ramos Almeida et al. (2011). This difference is
likely to be due to the contrasting classification methods used by
Ramos Almeida et al. (2011; see Pierce et al. 2022 for discussion),
coupled with the better average seeing conditions for the Gemini
South observations used in their study. Indeed, we estimate a
687, per cent disturbance rate for the 22 3CR radio-loud quasars
with Lioy > 10*° W and z < 0.3 in Pierce et al. (2022), which were
observed with the INT/WFC under moderate seeing conditions and
classified using the same methods as this work. This is remarkably
similar to the disturbance rate we measure for the type 2 quasar hosts.
Moreover, the disturbance enhancement factor relative to control
galaxies that we measure for the type 2 quasars is also consistent
with that measured for the 3CR quasars (see Fig. 5). Together, these
results suggest that galaxy interactions are the dominant triggering
mechanism not only for the predominantly lower-radio-power type
2 quasars, but also for radio-loud AGN with quasar-like [O111]
luminosities.

Considering merger stage, we find that a majority of the disturbed
objects in our sample are observed in a pre-coalescence phase
(611’3 per cent), in contrast with the idea that quasars are triggered at
the peaks of gas-rich mergers and become visible post-coalescence as
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the circumnuclear dust is dispersed (Sanders et al. 1988). This propor-
tion of pre-coalescence systems is higher than measured for the radio-
loud objects of quasar-like luminosity in the Ramos Almeida et al.
(2011) and Pierce et al. (2022) samples (44 per cent'! and 15 per cent,
respectively), and the intermediate-redshift type 2 quasar objects in
the Bessiere et al. (2012) sample (47 per cent). However, despite
these differences, a significant fraction of pre-coalescence systems
are found in all of these samples. This demonstrates that the gas
flows induced by galaxy interactions are capable of triggering quasar
activity well before the nuclei coalesce: in all the pre-coalescence
systems in our sample, the projected nuclear separations are =5 kpc,
corresponding to dynamical time-scales fay, 2 10% yr. Clearly, the
triggering of AGN in a pre-merger phase is not solely the preserve
of lower luminosity AGN (e.g. Ellison et al. 2011), but also occurs
at high AGN luminosities.

An important question concerns whether the type 2 quasar results
can be generalized to all local quasars, including the type 1 objects. If
the distinct optical spectral appearances of type 1 and type 2 quasars
were solely due to differences in orientation coupled with the obscur-
ing effects of the circumnuclear torus, but the host galaxy properties
of the two groups were the same on average, then it would be possible
to generalize the results. However, such generalization would not be
appropriate if, because of observational selection effects, the amount
and distribution of obscuring dust in the host galaxies of the two types
were different on average. For example, the additional dust and gas
brought into the nuclear regions by galaxy mergers might lead to
quasars triggered in such events being preferentially classified as
type 2 objects. In this context, it is notable that recent comparisons
between the cold ISM properties and star formation rates of large
samples of local type 1 and type 2 quasars have failed to find signif-
icant differences that would suggest that one group is more likely to
be associated with galaxy mergers than the other (Shangguan & Ho
2019; Bernhard et al. 2022). While this supports generalization of
our results, further deep imaging of local type 1 quasars — potentially
challenging because of PSF subtraction issues —is clearly required for
confirmation.

We further emphasize that, while our results present strong
evidence that galaxy interactions are the dominant trigger for type 2
quasars in the local universe, it is unlikely that they are the sole
trigger, since a significant fraction of the undisturbed objects in
our sample show no signs of morphological disturbance on close
inspection down to the surface brightness limit of our survey. For
example, both J1100+0846 and J1509+0434 appear as undisturbed
barred spiral galaxies (see Fig. 4), without evidence for large-scale
tidal features outside their prominent disc components. Detailed
observations of the molecular (CO) gas kinematics of these two
objects show that the bulk of their cold gas is undergoing the
regular gravitational motions expected of disc galaxies (including
bar-induced motions), along with evidence for AGN-driven out-
flows (Ramos Almeida et al. 2022). Both systems also appear to
be relatively isolated in terms of their large-scale environments.
Therefore, secular processes (e.g. bar-driven radial gas flows and
disc instabilities; Hopkins & Quataert 2010; Heckman & Best 2014)
are more likely to be triggering the activity, at least in these two
cases.

Finally, it is important to add the caveat that our results apply to
quasars in the local universe, but the dominant triggering mechanism

"'This includes two objects we would classify as having tidally interacting
companion galaxies in our classification scheme, but that were not considered
as pre-coalescence systems in Ramos Almeida et al. (2011).
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may change with redshift, as the properties of the galaxy population
as a whole (e.g. gas fractions) evolve. At high redshifts, for example,
the gaseous discs of late-type galaxies are likely to be more massive
and have higher surface densities than locally, potentially enhancing
the effectiveness of secular mechanisms such as disc instabilities in
triggering quasar activity (Bournaud et al. 2011; Gabor & Bournaud
2013).

6 CONCLUSIONS

Our deep imaging observations of nearby type 2 quasars provide
strong evidence that galaxy interactions are the dominant triggering
mechanism for quasars in the local universe, consistent with the
results for other samples of nearby radio-loud and radio-quiet quasars
that have been observed to a similar surface brightness depth. Much
of the apparent ambiguity of the results in this field is likely
to be due to differences in the surface brightness depths of the
observations combined with the effects of cosmological surface
brightness dimming. Clearly, it is important that these factors are
given full consideration in future studies of quasar triggering.

Beyond the dominance of galaxy interactions, there appears to
be a wide range of circumstances under which luminous, quasar-
like AGN are triggered. Although our results indicate that the gas
flows associated with galaxy interactions can provide sufficient mass
infall rates to the central SMBH to trigger quasar activity even well
before the two nuclei have coalesced, some objects are triggered in
a post-coalescence phase. Moreover, a minority of our sample are
disc galaxies that appear undisturbed in deep imaging observations.
Therefore, secular processes may sometimes be capable of triggering
quasar activity, even if this is not the dominant mechanism at low
redshifts.
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APPENDIX A: WHT IMAGES, SEEING
CONDITIONS, AND SURFACE BRIGHTNESS
ESTIMATES

The limiting surface brightnesses of the four studies discussed in
Section 4 and shown in Fig. 6 were estimated by first examining
images downloaded from the HST archive (coadded where neces-
sary), and identifying the lowest surface brightness tidal features for
each study that are confidently detected upon visual inspection of the
images, allowing full manipulation of the image contrast levels.

In the case of the Dunlop et al. (2003) study, which used the
F675W filter and the WFPC2 instrument, the surface brightnesses
of the faintest features were measured directly from the images and
converted into magnitudes using the zero-points in the image headers.
The F675W magnitudes were converted to F555W magnitudes using
the transformation in the WFPC2 instrument handbook and assuming
the V — Rc colour for a z = 0.2 elliptical galaxy from Fukugita
et al. (1996). Then the magnitudes were converted to the observed-
frame V band using the z = 0.2 elliptical galaxy Fsssw — V colour
from Fukugita et al. (1996). Finally, the surface brightnesses were
converted to the rest-frame V band by correcting for (1 + z)* surface
brightness dimming and applying the K-correction for z = 0.2 from
Fukugita et al. (1996). To assess the effect of assuming different
colours for the features, the calculations were also repeated assuming
Sbce galaxy colours.

For the Bennert et al. (2008) study, which used the F606W filter
and the ACS/WFC instrument, the steps were the same as those used
for the estimates from the Dunlop et al. (2003) study, except that the
F606W magnitudes were transformed directly to the observed-frame
V band using Frepew — V colours for z = 0.2 from Fukugita et al.
(1996).
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J1436+4928

J1455+3226

-

J1533+3557 J1548-0108

J1517+3353

Figure A1. Thumbnail images of the six type 2 quasar objects observed with the WHT/PF-QHY. In each case north is to the top and east to the left, and the bar
in the bottom left-hand corner indicates a distance of 20 kpc at the redshift of the source. For J14554-3226 and J15174-3353 the insets show the central regions at
a different contrast level to highlight near-nuclear structures. Note that the object ~10 kpc to the south-west of J1548—0108 is a secondary nucleus/companion
galaxy rather than a star, since its fitted FWHM is significantly larger than those of stars in the field.

Both the Villforth et al. (2017) and the Marian et al. (2019)
studies used the near-IR F160W filter with the IR channel of
the HST WFC3 camera. For these studies, lacking suitable colour
transformations between the HST F160W and the observed-frame
V band for the redshifts of interest, the procedure used to calculate
the limiting surface brightnesses was different from that used for
the Dunlop et al. (2003) and Bennert et al. (2008) studies: rather
than directly measuring the surface brightnesses from the images,
then transforming to the observed-frame V band, the S/N of the
faintest features was estimated (typically S/N ~ 1.3 found), then
the HST WFC Exposure Time Calculator was used to estimate
the observed-frame V-band surface brightness required to achieve
the S/N estimated for the faintest features. The last step involved
correcting for (1 + z)* surface brightness dimming and K-correcting
using the transformations for different 4000 A break values'? and
redshifts from Westra et al. (2010). Again, these calculations were
done assuming both E and Sbc galaxy colours.

2We assumed D4000 values of 1.9 and 1.3 for an elliptical galaxy and an
Sbc galaxy, respectively.
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Note that our limiting surface brightness estimates for the Villforth
etal. (2017) and the Marian et al. (2019) studies are based on reduced
images downloaded from the HST archive, which have the default
WFC3 IR pixel scale of 0.13 arcsec pixel™!. However, the results
presented in both these studies are based on images resampled to a
finer pixel scale of 0.06 arcsec pixel~'. Given that this finer pixel
scale will result in a lower S/N (by a factor of ~2), the effective
surface brightnesses of the images used in these studies could be
brighter (i.e. less sensitive) by up to 0.75 mag than the estimates
shown in Fig. 6.

The WHT/PF-QHY images of the six type 2 quasar ob-
jects observed with this setup, as described in Section 2,
are shown in Fig. Al. Seeing FWHM estimates obtained
from the INT/WFC and WHT/PF-QHY images of the type 2
quasar hosts are presented in Table Al, along with the V-
band surface brightness measurements for all detected tidal
features.
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Table Al. Seeing conditions and measured V-band surface brightness for tidal features detected in the type 2 quasar
objects. Where more than one number is given for the seeing FWHM in column 2, the first number corresponds to that
measured from INT/WFC observations, while the second number corresponds to that measured from WHT/PF-QHY
observations; otherwise all the seeing FWHM estimates are derived from INT/WFC observations. The rest-frame V-band
surface brightness estimates shown in the final column have been K-corrected and corrected for cosmological surface
brightness dimming.

Abbreviated name Seeing FWHM Tidal feature surface brightnesses
(arcsec) (wy; mag arcsec™2)

J0052—-0115 1.37 -

J0232—-0811 1.31 -

J07314-3926 1.39 -

J0759+5050 1.47 -

J0802+4-4643 1.72 -

J0802+-2552 1.40 22.62,23.47,23.75,24.01, 27.05, 27.37

J0805+4-2818 1.97 24.04,24.12

JO818+-3604 1.24 24.17,24.54,25.71, 25.88, 26.10

J08414-0101 2.10 24.85,25.20

J0858+-3121 1.56 24.99

J09154-3009 1.37 22.63,22.96,23.91

J0939+-3553 0.93 24.34,25.18, 25.30, 25.36, 25.56

1094541737 1.84 23.26, 24.45, 24.60, 25.52, 25.60

J10104-0612 1.75 22.93,25.92, 26.00

J10154-0054 1.83 25.45,25.90, 26.37

1101640028 1.73 23.78, 24.18, 25.40

J10344-6001 1.45 22.97,23.27, 23.66, 24.29, 26.06

1103640136 1.26 23.68,23.88

J11004-0846 1.18 -

J113746120 1.46 -

J11524+1016 1.11 24.00, 24.88, 25.28, 25.56

J1157+43707 1.15 -

J1200+3147 1.27 21.54,23.08, 24.42, 24.61

J1218+4-4706 1.00 23.38, 24.05, 24.65, 25.95, 25.97

1122340806 1.11 -

1123840927 2.32 24.35

J1241+6140 1.63 23.90, 24.63, 24.95, 26.68

J12444-6529 1.83 23.37,24.43

J1300+5454 1.04 25.99, 26.32, 26.33, 26.55

J1316+4-4452 1.38 23.78, 24.35, 24.82, 25.16, 25.79, 26.29

J1347+1217 1.92 23.65, 24.05, 24.30, 25.86

J1356—-0231 2.18 24.61,24.73

J1356+1026 2.04 23.33,23.35,24.52,24.85,24.91

J1405+-4026 1.66 25.70,25.77,25.91

J1430+1339 2.01 24.33,24.69, 25.27

1143644928 1.58/0.94 2491, 26.44

1143743011 1.91 23.70,24.99, 25.14

1144045330 2.08 24.00, 24.56

1145543226 1.94/1.00 25.49, 26.09

J1509+4-0434 1.54 -

J1517+3353 1.66/1.18 -

J15334-3557 1.72/1.15 -

J1548—0108 2.28/1.13 -

J15584-3513 1.99/1.08 -

1162443344 1.56 24.27,24.33

J16534-2349 1.45 -

J1713+4-5729 1.34 -

J21544-1131 2.23 -

This paper has been typeset from a TEX/I&TEX file prepared by the author.

MNRAS 522, 1736-1751 (2023)

€202 Ae 10 U Josn pjaujeys Jo Aysienlun Aq €09G€0L/9€ L L/2/22S/2I01E/SEIUW/ W0 dNod1WapED.//:Sd)lY WOl papeojumod



	1 INTRODUCTION
	2 OBSERVATIONS AND CLASSIFICATIONS
	3 RESULTS
	4 COMPARISON WITH DISTURBANCE RATES IN THE LITERATURE
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: WHT IMAGES, SEEING CONDITIONS, AND SURFACE BRIGHTNESS ESTIMATES

