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ABSTRACT

Context. Large-scale cosmological simulations suggest that feedback from active galactic nuclei (AGN) plays a crucial role in galaxy
evolution. More specifically, outflows are one of the mechanisms by which the accretion energy of the AGN is transferred to the
interstellar medium (ISM), heating and driving out gas and impacting star formation (SF).

Aims. The purpose of this study is to directly test this hypothesis utilising SDSS spectra of a well-defined sample of 48 low-redshift
(z<0.14) type 2 quasars (QSO2s).

Methods. By exploiting these data, we were able to characterise the kinematics of the warm ionised gas by performing a non-
parametric analysis of the [OIII]A5007 emission line. We also constrained the properties of the young stellar populations (YSP;
typ < 100 Myr) of their host galaxies via spectral synthesis modelling.

Results. These analyses revealed that 85% of the QSO2s display velocity dispersions in the warm ionised gas phase greater than that
of the stellar component of their host galaxies, indicating the presence of AGN-driven outflows. We compared the gas kinematics with
the intrinsic properties of the AGN and found that there is a positive correlation between gas velocity dispersion and 1.4 GHz radio
luminosity — but not with the AGN bolometric luminosity or Eddington ratio. This either suggests that the radio luminosity is the key
factor driving outflows or that the outflows themselves are shocking the ISM and producing synchrotron emission. We found that 98%
of the sample host YSPs to varying degrees, with star formation rates (SFRs) of 0 < SFR < 92 M, yr!, averaged over 100 Myr. We
compared the gas kinematics and outflow properties to the SFRs to establish possible correlations that could suggest that the presence
of the outflowing gas could be impacting SF, but we found that no such correlation exists. This leads us to the conclusion that on the
scales probed by the SDSS fibre (between 2 and 7 kpc diameters), AGN-driven outflows do not impact SF on the timescales probed
in this study. However, we find a positive correlation between the light-weighted stellar ages of the QSO2s and the black hole mass,

which might indicate that successive AGN episodes lead to the suppression of SF over the course of galaxy evolution.

Key words. ISM: jets and outflows — galaxies: active — galaxies: nuclei — quasars: emission lines — quasars: general

1. Introduction

The impact of active galactic nuclei (AGN) on their host galax-
ies is currently a topic of heated debate. Large-scale cosmo-
logical simulations (e.g. Bower et al. 2006; Croton et al. 2006;
Schaye et al. 2015; Weinberger et al. 2017; Davé et al. 2019)
rely on some fraction of the prodigious energy generated by gas
accreting onto the central supermassive black hole (SMBH) cou-
pling with the host’s interstellar medium (ISM), disrupting gas
which otherwise would be processed into stars. This process,
known as AGN feedback, is thus credited with suppressing star
formation (SF) and, consequently, preventing the growth of over-
massive galaxies. AGN feedback is also invoked to explain the
observed correlation between SMBH mass (Mgy) and the stellar
velocity dispersion of the galaxy bulge (Magorrian et al. 1998;
Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine et al.
2002), as both will grow in step with each other.

In these simulations, AGN feedback is typically separated
into two distinct modes, the radiative or quasar mode and

* Appendices B, C, and D can be found in the Zenodo repository
https://zenodo.org/records/11965868
** Corresponding author; cra@iac.es

the mechanical or jet mode (e.g. Sijackietal. 2007; Fabian
2012). Feedback is incorporated into simulations using sev-
eral different prescriptions, with the radiative mode associated
with high accretion states, where the AGN is accreting at >1
per cent of its Eddington limit. In this case, radiation emitted
from the accretion disc couples with the ISM and drives the
gas (Hopkins & Elvis 2010; Crenshaw et al. 2015; Fischer et al.
2017; Meena et al. 2023). In the case of objects in lower accre-
tion states, radio jets interact with the ISM, driving shocks and
carving out large-scale cavities in the inter-galactic medium,
thereby preventing the cooling of gas and halting star formation
(McNamara et al. 2000; Birzan et al. 2004; Rafferty et al. 2006).

In recent years, observational evidence for both modes
of feedback, in the form of outflowing molecular and
ionised gas (Harrisonetal. 2014; Ciconeetal. 2014,
Fiore et al. 2017; Fluetsch et al. 2019; Smethurst et al. 2021;
Ramos Almeida et al. 2022; Audibert et al. 2023), has demon-
strated the ability of AGN to disrupt the gas in a galaxy (see
Harrison & Ramos Almeida 2024 for a recent review). The most
accessible phase is the warm ionised gas, where the kinematics
can be measured via the strong [OIIl] 45007 emission line
(e.g. Villar-Martin et al. 2011; Harrison et al. 2014; Woo et al.
2016; Speranza et al. 2022, 2024), leading to this being the
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most commonly investigated tracer. Studies such as these have
unequivocally demonstrated that AGN-driven outflows are ubiq-
uitous at high and low redshift. However, although we can be
confident that AGN drive gas outflows, the impact of those out-
flows on SF is less clear. Some studies of stellar populations in
AGN host galaxies have found evidence for suppressed SF (Ho
2005; Mullaney et al. 2015; Shimizu et al. 2015; Stemo et al.
2020), whilst other works have found that star formation rates
(SFRs) in AGN hosts lay on or above the galaxy main sequence
(Mullaney et al. 2012; Stanley et al. 2015; Scholtz et al. 2018;
Grimmett et al. 2020; Jarvis et al. 2020; Shangguan et al. 2020;
Zhuang & Ho 2020, 2022), suggesting that AGN do reside in
star-forming galaxies.

One of the fundamental challenges in understanding the
impact (if any) that AGN-driven outflows have on SF is
the vastly different timescales over which AGN feedback
and other processes that govern SF operate. Based on both
observational and theoretical evidence, we know that AGN
phases last for a few million years (Myr; Martini & Weinberg
2001; Hopkins etal. 2005), although the imprint of these
phases in the ISM might be visible on significantly longer
timescales of ~100Myr (King & Nixon 2015). Analytic mod-
elling (King et al. 2011) also suggests that energy-driven out-
flows can propagate to radii larger than 10kpc on timescales
that are consistent with the current episode of AGN activ-
ity (1-100 Myr). Therefore, to further our understanding of
the potential of AGN feedback in galaxy evolution and eval-
uate whether it is capable of directly impacting SF via the
heating and/or removal of gas, we must consider SFRs over
timescales consistent with with those of AGN-driven out-
flows (Ramos Almeida et al. 2022, 2023). In a recent work,
Bessiere & Ramos Almeida (2022) used integral-field spectro-
scopic data of the QSO2 Mrk 34 to show that both positive and
negative feedback can occur simultaneously in different parts of
the same galaxy, depending on the amount of energy and tur-
bulence that the outflows inject in the ISM. This illustrates the
complexity of the outflow-ISM interplay and the need to con-
sider the same timescales. In the case of Mrk 34, the dynamical
time of the ionised outflow traced by [O III] is ~1 Myr, and the
age of the stellar populations considered in the analysis is ~1—
2 Myr.

Finally, to truly understand the impact that the current
episode of AGN activity has on the distribution of gas, par-
ticularly in terms of their ability to impact SF, it is crucial
to understand the characteristics of the gas in several differ-
ent outflow phases in the same galaxy (Cicone etal. 2018;
Harrison & Ramos Almeida 2024). We must try to understand
in which gas phase the most significant disruption occurs, on
what physical scales and whether this is capable of disrupt-
ing/suppressing SF.

In this paper, we provide a detailed analysis of the stel-
lar populations and gas kinematics within the QSOFEED sam-
ple, presenting a comprehensive investigation into the interplay
between AGN-driven outflows and star formation. In Sect. 2.1,
we summarise the characteristics of the QSOFEED sample, out-
line the data utilised in this investigation and describe our meth-
ods of data analysis for both the stellar population and emission
line modelling. In Sect. 3 we present our findings and investi-
gate the possibility of correlations between gas kinematic prop-
erties and SFRs for the whole sample. Finally, in Sect. 4, we con-
sider the results presented in this work in the context of galaxy
evolution. Throughout this work, we assume a cosmology with
Hy =70kms ' Mpc™!, Q,, = 0.3, and Q, = 0.70.
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2. Data and analysis
2.1. QSOFEED sample selection and characteristics

The purpose of the Quasar Feedback (QSOFEED) project
is to quantify the impact of AGN feedback on galaxies by
conducting a multi-wavelength survey aimed at characteris-
ing the multi-phase outflow properties of a well-defined sam-
ple of nearby, obscured quasars (QSO2s; Ramos Almeida et al.
2017, 2019, 2022; Speranza et al. 2022, 2024). These out-
flow characteristics will then be compared with the intrinsic
properties of the host galaxies, such as recent star formation
(Bessiere & Ramos Almeida 2022) and nuclear molecular gas
reservoirs (Ramos Almeida et al. 2022; Audibert et al. 2023).
We focus on obscured quasars because the overwhelming direct
quasar light is shielded from our view by intervening material
which acts as a natural chronograph. Attempting to study the
properties of the host galaxies of unobscured quasars (e.g. stel-
lar populations) is extremely challenging because it is difficult
to disentangle the galaxy and quasar light. The obscuration in
QS02s alleviates many of these issues, allowing for a detailed
analysis of the host galaxy and the central regions where we
expect AGN-driven outflows to have the most obvious direct
impact.

The QSOFEED sample is selected from the catalogue of
Sloan Digital Sky Survey (SDSS; York et al. 2000) narrow-line
AGN of Reyes et al. (2008) and comprises all objects that ful-
fil the criteria Liony > 108 Lo (log Liony > 42ergs™) and
z < 0.14. These criteria were applied to ensure that the objects
selected for this study represent the most luminous nearby AGN,
whilst still allowing for a detailed study of their host galax-
ies. Applying these criteria results in a sample of 48 QSO2s
with bolometric luminosities of 44.9 < log Ly, < 46.0erg s7L,
assuming a bolometric correction of Lamastra et al. (2009) and
using the extinction corrected [OIII] luminosities of Kong & Ho
(2018).

The QSOFEED host galaxies are all massive (10.6 <
logM, < 11.7My) and display a range of morphologies, includ-
ing early types, spirals, and interacting systems. Visual inspec-
tions of deep optical imaging of the complete sample show that
at least 65fg per cent are currently undergoing a merger event
(Pierce et al. 2023). Figure 1 shows the distribution of the red-
shift, mass, bolometric luminosity, and 1.4 GHz radio luminos-
ity (L1.4Gmy)", while Table A.1 gives a classification of the main
properties. We note that not all the objects were detected in the
radio (44/48 detections), so the bottom panel of Figure 1 only
includes objects that were detected by either FIRST or NVSS,
whilst the upper limits for L; 4y, are shown for these objects
in Table A.1. The majority of the QSO2s have radio luminosi-
ties in the range [22.5,23.5] W Hz™!, with three objects quali-
fying as radio-loud, having log L 4gp, > 25 WHz™' (see the
bottom panel of Fig. 1) and L;4gu./Lio ny ratios above the
Xu et al. (1999) division. The remaining 44 QSO2s are radio-
quiet according to the two previous criteria.

The black hole masses and Eddington ratios reported in
Table A.1 come from Kong & Ho (2018) and were estimated
using stellar velocity dispersions measured from SDSS spectra
and the Mgy-o. relation. The black hole masses range from 1008
to 1088 M, and the Eddington ratios (fggq) between 0.01 and
4.57. Thus, our QSO2s are near-Eddington to Eddington-limit
obscured AGN in the local universe, unlike Seyfert 2 galaxies,

! Calculated either from the Faint Images of the Radio Sky at Twenty-
cm (FIRST; Becker et al. 1995) or NRAO VLA Sky Survey (NVSS;
Condon et al. 1998) fluxes of the sample.
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Fig. 1. Distribution of the key properties of the QSOFEED sample.
From top to bottom, the panels show the distribution in redshift of the
sample, in stellar masses of the host galaxies taken from Pierce et al.
(2023), in bolometric luminosities, and in 1.4 GHz radio luminosities.
Only objects that have either FIRST or NVSS detections are included
in the bottom panel and upper limits are given in Table A.1. The mean
value for each property is given in the individual panels.

which have typical Eddington ratios of fgqq ~ 0.001-0.1. We
refer the reader to Ramos Almeida et al. (2022) for more details
on the QSOFEED sample.

To carry out this investigation into the stellar populations and
gas kinematics in the QSOFEED sample, we downloaded spec-
tra for each object from the SDSS archive. The majority of the
spectra (43) are derived from the Legacy survey (Abazajian et al.
2009), which used a 3 arcsec diameter ﬁ:bre and coveredo an
observed wavelength range of 3800-9200 A (~3455-8360 A at
the average redshift of the sample, z=0.11) with a spectral
resolution of R = 1800-2200. The remainder of the objects (5)
have been observed as part of the Baryon Oscillation Spec-
troscopic Survey (BOSS; Dawson et al. 2013), which used a
2 arcsec diameter fibre and covered an observed wavelength
range of 3600-10 000 A (~3270-9090 A at z=0.11) with a res-
olution of R =1300-2600. Where available, the BOSS spectra
were used because the extended blue-ward coverage is useful
when attempting to detect the presence of young stellar popu-
lations (YSPs) and these objects are marked with an asterisk in
Table A.1. The wide wavelength coverage means that key fea-
tures for the modelling of stellar populations are covered, how-
ever, the signal-to-noise ratios (S/Ns) of the data vary widely

across the sample, ranging from ~12—40. This can have a sig-
nificant impact on our ability to constrain the proportion of flux
allocated to the YSP in the model and, consequently, the star
formation rate.

2.2. Stellar populations modelling

Using the same stellar population modelling technique as
in Bessiere & Ramos Almeida (2022), we made use of the
STARLIGHT (Cid Fernandes et al. 2005) code in conjunction with
the Binary Population and Spectral Synthesis (BPASS) syn-
thetic stellar models (Eldridge et al. 2017; Stanway & Eldridge
2018). Before carrying out the modelling, the spectra were
first corrected for Galactic extinction using the E(B-V) values
of Schlafly & Finkbeiner (2011) and the Cardelli et al. (1989)
extinction law and then shifted to the rest frame using the SDSS
redshift values. The spectra were then resampled to 1 A pix! as
suggested in the STARLIGHT user manual.

We selected BPASS models with a broken power-law ini-
tal mass function (IMF) with @; = —1.30 and a, = —2.35 and
an upper mass cut-off of 100 My, where each template repre-
sents a simple stellar population formed in an instantaneous burst
of 10° M. Three metallicities were included in the modelling,
allowing for sub-solar, solar and super-solar stellar populations
(Z = 0.002,0.02,0.04) and 27 ages for each metallicity rang-
ing from 1 Myr to 12.5 Gyr, sampled to reflect the rapidity of the
evolution of the stellar spectra at young ages. The base templates
can then be combined in different proportions by the STARLIGHT
code to produce the final model, assuming that: (1) all the tem-
plates will be subject to the same reddening or (2) selected tem-
plates can have additional reddening applied. Throughout this
study, the extinction curve of Calzetti et al. (2000) has been
assumed.

To better fit the stellar populations, the nebular continuum
and higher-order Balmer emission lines were first modelled and
subtracted from the SDSS spectra using the same technique out-
lined in Bessiere et al. (2017). The most prominent emission
lines were masked in this first step. To briefly summarise, ini-
tially, there were 50 independent fits to each spectrum carried
out, allowing for all ages and metallicities outlined above. In this
initial run, it was assumed that templates with ages of <7 Myr
could have additional reddening applied compared to those of
older ages. The fit with the lowest y*>/N was then selected as
the best fit and subtracted from the data, leaving a pure emission
line spectrum. The [OII]245007, 4959 and Hp lines were then
fit simultaneously, using up to five Gaussian components, apply-
ing the standard technique of tying the velocities and widths
of the HB Gaussian components to those of the [OIIl] compo-
nents. In this way, it is possible to better constrain the fit to
the HB line when multiple Gaussian components are required
to produce an acceptable fit. Assuming Case B recombination
(Osterbrock & Ferland 2006), the total flux of the HB line (the
sum of Gaussian components) is then used to construct the
nebular model, which consists of the nebular continuym and
the higher-order Balmer emission lines (e.g. H9 (3835 A), H10
(3798 A), H11 (3771 A), and H12 (3750 A)). The resulting nebu-
lar model is then subtracted from the SDSS spectrum, producing
the nebular subtracted spectrum used for the remainder of the
stellar modelling process. A detailed discussion of the impact of
the nebular subtraction on the results of the stellar population
modelling is presented in Sect. 3.1.

The next step in the modelling process is determining the
best combination of metallicities to fit the nebular subtracted
data. To facilitate this, three age bins for the stellar populations
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Fig. 2. Two examples of the results of the STARLIGHT fitting. The left panel shows the fit to J0818+36, which has a low fraction of YSP (7 per
cent), where the top panel shows the data in black and the overall fit in red. The bottom panel shows the residuals of the fit with the residuals
in black, the regions masked out during the fit shaded in grey and those that were double-weighted shaded in pink. Pixels flagged in the SDSS
spectrum are marked by green crosses and the magenta line marks zero. The inset in the top panel shows the fit in the region of the higher-order
Balmer absorption features associated with young stars. The right panel shows the same but for J1548—01, which has one of the highest fractions

of YSP (88 per cent). All the STARLIGHT fits are shown in Appendix B.

were defined, and stellar population templates from each bin
were included in all the following modelling step. The defined
age bins are: young stellar population (YSP; t,, < 100 Myr),
intermediate stellar population (ISP; 100 Myr < t;s, <2 Gyr), and
old stellar populations (OSP; 7o, > 2Gyr).

A grid of 26 combinations of age bins and metallicities was
defined by assigning one of the above metallicities to each age
bin in turn. For each combination two scenarios were consid-
ered, one in which all the templates were subject to the same
reddening and one in which models with ages of <7 Myr were
allowed to have additional reddening, resulting in a total of 54
combinations tested for each spectrum. Each combination was
run through STARLIGHT 20 times and the combination that pro-
duced the lowest mean y?/N was selected as the correct stellar
model. To estimate the errors on the flux allocated to each of the
stellar age bins outlined above, random Gaussian noise (consis-
tent with the SDSS error spectrum) was added to each spectrum
100 times and run again using the same combination of metallic-
ities as found in the previous step. The errors in the proportion
of the flux in each age bin are then considered to be the standard
deviation of the results of these 100 runs.

Examples of the STARLIGHT fits to the nebular subtracted
data are shown in Figure 2, where the left panel shows the fit to
JO818+36 in which 7 per cent of the flux in the normalising bin
is associated with the YSP, whilst the right panel shows the fit for
J1548-01, which has a large contribution from the YSP (88 per
cent). In both cases, the bottom panel shows the residuals of the
fit, with the grey-shaded areas showing the regions masked out
during the fit. The pink-shaded areas show regions given dou-
ble weighting because they are strongly associated with stellar
absorption features not otherwise infilled by emission lines. The
green crosses mark pixels flagged in the original SDSS spectrum
and masked out of the fit.

The results of the STARLIGHT modelling also allow us to cal-
culate star formation rates (SFR) within the physical area cov-
ered by the SDSS fibre (between 2 and 7 kpc diameters depend-
ing on the redshift). We sum the total mass associated with
each input stellar template with ages <100 Myr and divide by
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108 years, thereby averaging the SFR over the timescale of inter-
est in this work.

Although all the objects in the QSOFEED sample are
obscured, making it unnecessary to introduce a direct AGN com-
ponent into the stellar modelling, it is not possible to rule out
potential contamination of the stellar spectrum by direct AGN
light being scattered into our line of sight by the intervening
obscuring material. As this scattering is wavelength dependent
(Fy o« A7), it would be expected to contaminate shorter (bluer)
wavelengths more strongly, thus having the potential to skew the
results of the stellar population modelling to younger ages.

Bessiere et al. (2017) carried out a similar study to that pre-
sented here based on a sample of 20 QSO2s at slightly higher
redshift (0.3 < z < 0.41) within the same AGN luminosity
range as those of the QSOFEED sample. In that work, the poten-
tial impact of introducing a power-law (PL) component into
the model to account for this scattered component was tested
by carrying out the population modelling using the same stel-
lar templates both with and without a PL. In common with the
QSOFEED sample, it was not possible to impose constraints on
either the proportion of the flux contributed by the PL or @ as no
spectropolarimetric information was available. Therefore, the PL
flux was allowed to vary between 0 < PL% < 100 and « between
—15 < @ < 15. The results of that work clearly demonstrated that
the inclusion of an unconstrained PL component results in the
modelling becoming highly degenerate between YSP age, YSP
reddening, PL flux, and @ and thus no meaningful constraints
could be placed on the YSP from the modelling alone. For this
reason, we do not attempt to include a power-law component
into the stellar population modelling.

Although we are unable to place any constraints on a poten-
tial scattered AGN component, we are able to make a basic
assessment of whether not including a power-law component is
a valid assumption. As described above, one of the key steps
in performing the stellar population modelling is to produce an
emission line spectrum by subtracting the stellar model from the
data. Scattered light from the obscured AGN will carry with it
the imprint of the broad line region (BLR) and, therefore, we
should expect to see some evidence of broad HB in the emission
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Fig. 3. [OIlI] (top) and HB (bottom) emission line stacks (black) and
total fits (red). The individual Gaussian components which comprise the
total fit are shown in different colours, with the same components shown
in the same colours in both fits. The individual components of the Hg fit
are constrained to have the same width and velocity as those obtained
from the [OIII] fit, thereby demonstrating that no additional broad com-
ponent is required to account for light scattered from the BLR. The
residuals are shown underneath each fit.

line spectrum if a scattered component is contributing strongly
to the total observed flux. However, in the individual objects, we
do not find evidence of any broad HB component in the emis-
sion line spectrum and Hp is well fit using the same kinematic
components as those used to fit the [OII1]114959, 5007 emission
lines.

However, we would expect traces of a broad HB component
to be faint, but to become more significant with increasing AGN
luminosity. Therefore, as a further check on the potential signif-
icance of a scattered component to the total light spectrum, we
construct stacks of the HB and [OIII] emission lines, consisting
of all objects with observed log Liony; > 8.9 (8 objects) exclud-
ing J1517+33, which has a double peaked [OIII] line profile.
These comprise the most luminous objects in the sample, where
any contamination in the form of broad Hp, associated with the
BLR, would be most evident.

The stacks for each emission line were generated indepen-
dently by first normalising the individual spectra to the peak flux
of the HB or [OIII]A5007 line and then taking the mean value
of flux at each of the pixels (excluding flagged pixels). We then
fit an increasing number of Gaussian components to the [OIII]

composite, applying the same constraints as outlined in Sect. 2.3,
until a reasonable fit was achieved. The resulting model was
then applied to fit the HB composite, constraining the widths and
velocities of each of the Gaussian components to be the same
as those obtained from the [OIII] fit, with only the amplitudes
of each of the components left as free parameters. The results
of this procedure are shown in Figure 3, where the top panel
shows the [OIII] composite in black, the total fit in red and
the individual components are also shown in different colours.
The bottom panel shows the resulting fit to HB and the individ-
ual components which are constrained to have the same width
and velocity as those shown above. The residual of the fits are
shown at the bottom of each panel and clearly demonstrate that,
even when considering only the most luminous objects in the
QSOFEED sample, the HB line is well fit using the same com-
ponents as [OIII] and there is no evidence that a broader compo-
nent associated with light scattered from the BLR is required to
adequately fit the HB line.

As a further check on our assumption that scattered AGN
light does not significantly contaminate our results, we test the
relationship between Lony and the monochromatic continuum
luminosity in the bluest common wavelength bin among the
QS02s (3684-3704 A). If a scattered component significantly
contributes to the total measured light, increasing Liony should
be accompanied by increasing near-UV continuum flux because
both are powered by the AGN. Therefore, we calculate the Pear-
son correlation coeflicient between the monochromatic luminos-
ity (calculated as the average over the bin) of the continuum
and Lionn and find r = 0.437, suggesting that no correlation
exists between the two. Taking into account the results of the
tests presented above, we do not consider the role that scattered
light may play in the results of our stellar population analysis
further.

The main results of the stellar population modelling are
given in Table A.2, which shows whether the Balmer absorp-
tion lines were detectable in the unsubtracted data, the propor-
tion of the flux allocated to each age bin, and the SFR calcu-
lated from the STARLIGHT results. AV measures the velocity
shift between the data and stellar templates and o, is the veloc-
ity dispersion of the stellar populations. The reddening (Ay) and
additional reddening (YAy) applied to populations with ages less
than 7 Myr, as well as the metallicities of the templates used in
each age bin, are also listed.

2.83. Emission line fitting

To measure the kinematics of the warm ionised gas,
we adopt a non-parametric approach (Harrison etal. 2014;
Zakamska & Greene 2014) to measuring the properties of
the [OII[]A5007 emission line. Initially we define the values
V05,V10,V90, and V95, which measure the velocities at the 5,
10, 90, and 95 percentage points of the normalised cumulative
function of the emission line flux. VO5 and V95 are consid-
ered to be the maximum outflow velocities, W80 is a measure
of the width of the line containing 80% of the total flux and is
equivalent to 1.088 x FWHM =2.563 x o (W80=V90-V10),
whilst AV measures the velocity offset of the broad wings of
the emission line from systemic (AV = (V05 + V95)/2); see
Zakamska & Greene 2014 for a detailed explanation) . We also
measure the asymmetry of the line, which is a measure of the
difference of the flux in the blue and red wings of the line as
A =1|Voo — V5ol — [V1g — Vsgl.

We find a wide range of [OIII] emission line profiles in
the QSOFEED sample, which, in some cases, require several
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Fig. 4. Examples of the emission line fitting technique used. The left
panels show examples of the Gaussian fits obtained using MPFIT to
J1300+54 and J1347+12, which have the narrowest and broadest line
profiles in the sample. The black line shows the data and the red line
shows the sum of the Gaussian components which are denoted in shades
of blue and green. The red crosses show pixels that were masked out of
the fit. The right panels show the corresponding non-parametric values
derived from the emission line models. All the emission line fits are
shown in Appendix C.

Gaussian components to match the profile adequately. There-
fore, we first used the IDL non-linear least-squares fitting
routine MPFIT (Markwardt 2009) to simultaneously fit the
[OII1]A124959, 5007 lines, adopting the standard technique of fix-
ing the lines to share the same kinematic components and fixing
the flux ratio to a value of 3. We note that we ascribe no phys-
ical meaning to the individual components, and are solely con-
cerned with the goodness of the overall fit (as in Harrison et al.
2014). After subtracting the continuum, we begin by fitting two
Gaussian components to each line, adding components (up to
a maximum of six in total) until the improvement in reduced
x> < 10%. Each time an additional component was included,
the initial input values were randomly generated (within reason-
able constraints) and the fit was run nol x 30 times, where nol
is the number of Gaussian components. The fit with the lowest
reduced y? from the nolx 30 runs was the retained model for that
number of Gaussian components, and the associated reduced y>
was used to determine whether the additional component was
required.

The resulting [OIIT]A5007 line model, comprising the sum of
all Gaussian components, was then used as the basis for the non-
parametric measurements outlined above. Figure 4 shows exam-
ples of how the method described was carried out, showing two
of the diverse objects in the sample. The left column shows the
results of the line fitting using MPFIT where the data is shown in
black and the total fit is shown in red. The colours of the individ-
ual Gaussian components are the same for each line. The right
panels show examples of how the non-parametric values were
derived, with the model now in black and the grey shaded area
representing W80.

In order to estimate the 1o errors on these non-parametric
values, noise was added to the spectrum that was consistent with
the SDSS error spectrum and the fit was performed again and the
non-parametric values recalculated. This process was repeated
100 times for each of the objects.
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2.4. Outflow rates

Using the results of the non-parametric fitting outlined in
Sect. 2.3 and the results presented in Table A.3, it is also possi-
ble to estimate outflow masses, mass rates, and kinetic energies
in the warm ionised gas phase. To make these estimations, it was
assumed that all gas at absolute velocities greater than V05 and
V05 is outflowing.

To estimate the mass outflow rate, the electron
densities were derived separately for each object
using the transauroral line technique (Holtetal. 2011;
Santoro et al. 2018; Davies et al. 2020; Holden et al. 2023;
Holden & Tadhunter 2023), where possible, which is
based on the ratio of the fluxes of the transauroral lines
(TR([OII]) = [OIII](3726 + 3729)/[OIII](7319 + 7331);
TR([SI]) = [SII](4068 + 4076)/[SIT](6717 +6731)). In  six
cases, it was not possible to use this technique because the
required lines were not well detected in the SDSS data, so the
[SIT](6717/6731) doublet flux ratio was used instead.

Fluxes were measured from the pure emission line spec-
trum (i.e. data — stellar model) after fitting a first-order poly-
nomial to remove any remaining continuum. In most cases, a
single Gaussian profile was fit to each line, however, some cases
required an additional Gaussian to account for the entire line pro-
file. This was most often the case when measuring the fluxes
of the [SII]6717,6731 doublet, which sometimes required an
additional broader component. In cases where it was possible
to measure the fluxes of the transauroral lines, the measured
fluxes were used to calculate the line ratios which were then
compared to those expected from photoionisation models, as
first described by Holt et al. (2011). The photoionisation mod-
els were created with the CLOUDY code (Ferland et al. 2017),
and assume a solar-metallicity, radiation-bounded, single-slab,
plane-parallel cloud. The central ionising continuum is assumed
to have a spectral index of @ = 1.5, and the ionisation parameter
is log U = —2.3%. The density of the cloud was varied between
2 < log(n.[cm™]) < 5 and the TR ratios were reddened from the
model using the Cardelli et al. (1989) extinction law. The result-
ing ratios from the model were plotted and the measured ratios
from the SDSS spectra were overplotted, with the electron densi-
ties being derived from this grid (see Figure 5 in Speranza et al.
2022 for an example).

In a further two cases (J1218+47 and J1316+44), it was
not possible to measure the electron density using either tech-
nique because the SDSS flags cover the transauroral lines and
[SI1]6717,6731 doublet, therefore we adopted the mean of the
measured values of electron density (n, = 4607 cm™). The
values of electron density derived from the SDSS spectra are
shown in Table A.3 where electron densities measured using
the [SII](6717/6731) doublet ratio are given between parenthe-
sis. Where we have used the transauroral technique to measure
ne, we find values in the range 210 < n, < 38020cm™ with
a mean value of 4230cm™ and using the [SII] ratio we find a
range 275 < n, < 550cm~3, with a mean value of 455 cm™>.
Where we have been able to measure n, via both methods, we
have found that, on average, the electron density derived using
the transauroral technique is 7 times larger than when using the
[SII] ratio.

2 While this choice of parameters is an assumption, it only affects the
derived densities by 0.1-0.3 orders of magnitude (see Appendix B in
Santoro et al. 2020). However, if the gas is ionised by shocks rather than
photoionised as we assume, the derived densities will vary by a factor
of 2 (Holden & Tadhunter 2023).
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Because we are primarily interested in the high velocity out-
flowing gas associated with the wings of the line, it would be
preferable to measure the emission line ratios used to calcu-
late electron density (for both techniques adopted here) from the
wings of the relevant emission lines. However, in practise, this
is not feasible as the emission lines can be weak and difficult to
deblend. Therefore, the electron densities used in these outflow
calculations are derived from the ratios of the total line flux as
previously described. However, it should be noted that outflow-
ing gas is denser than non-outflowing gas (Villar-Martin et al.
1999; Speranza et al. 2022; Holden et al. 2023), meaning that we
are likely to be somewhat underestimating electron densities.

After correcting the [OIII] emission line model for internal
reddening using the E(B-V) values calculated from the Balmer
decrements measured when constructing the nebular emission
model, we then calculate the total mass of the outflow by inte-
grating the total flux in the blue and red wings of the [OIII]45007
emission line model below (above) V05 (v95). After converting
this value to a luminosity using the values for luminosity dis-
tance given in Table A.1, we use Eq. (1) to calculate the outflow
mass (Fiore et al. 2017).

C \(L 103
_ 7 [ouy
Miomy = 4> 10 M@(mO/H)( 104 )((m))' W

To then estimate the total ionised gas mass of the out-
flows, we assume that it is three times the [OIII] outflow mass
(Mof =3 X Mjony; Fiore et al. 2017). The velocity of the out-
flowing gas (vsp) is estimated as the 50 percentile of the cumu-
lative function of the flux between the continuum and V05 or
V95 in the blue and red wings of the line independently, fol-
lowing Hervella Seoane et al. (2023) and Speranza et al. (2024).
The kinetic energy of the outflow is then,

%Mofvgo. )

The estimate of mass outflow rates and the kinetic energy
they carry is dependent on the physical size of the outflow
(Egs. (3) and (4)). The use of SDSS spectroscopy in this study
precludes the ability to measure the sizes of the outflow regions.
However, using a combination of HST narrow-band imaging and
STIS long-slit spectroscopy, Fischer et al. (2018) measured the
sizes of the outflow regions in a sample of 12 QSO2s that also
form part of the QSOFEED sample. They found deprojected out-
flow sizes ranging from 0.15-1.89 kpc, with a mean and median
of 0.62 and 0.57 kpc respectively, although in 10/12 cases, the
outflow radii are less than 1 kpc. Therefore, when estimating the
mass outflow rates in the QSOFEED sample, here we assume an
outflow radius of 0.62 kpc, so the mass outflow rate and kinetic
power are given by,

Eyin =

. M
M0f=3XU50( Of). 3)
Rof
. 1 .
Ey = 5 X My X U%O' 4)

The values for the blue and red wings of the lines are calcu-
lated independently and then summed to obtain the total values
which are given in Table A.3. Figure 5 demonstrates how this
process was carried out, where the flux in the regions shaded
in blue and red were integrated to determine the luminosities as
input for Eq. (1). The solid blue and red lines mark the vsg piue
and vsg req velocity values that are used as the outflow velocities
in Egs. (2)—(4).

V50,blue
V50,red

b

=500 0 500 1000 1500
Velocity (km/s)

[

-1500 -1000

Fig. 5. Example of how outflow fluxes and velocities were calculated.
The black line shows the model of the [OIII]A5007 emission line and
the blue and red shaded regions show the velocities at which gas is
considered to be included in the outflow. The solid blue and red lines
represent vsopie and vso.q Which are the outflow velocities.

3. Results

The aim of this work is to not only characterise the stel-
lar populations and warm ionised gas kinematics of the full
QSOFEED sample, but to also compare the results of these two
strands of investigation to clarify whether evidence that the pres-
ence of the AGN is directly impacting star formation can be
established. Due to the likely timescales associated with AGN
feedback, we are primarily concerned with the YSP because this
is the population that will potentially be affected by the presence
of AGN-driven outflows.

3.1. Stellar populations

The results of the stellar population modelling are given in
Table A.2, which shows the percentage of the total flux allo-
cated to each age bin (before reddening), at the normalising
wavelength, as well as the extinction (Ay) and additional extinc-
tion (YAy) applied by STARLIGHT to the populations with ages
<7Myr (where applicable). In total, we find that 47/48 (98 per
cent) of the objects in the QSOFEED sample require the inclu-
sion of a YSP younger than 100 Myr in order to adequately
model their SDSS spectrum. If we further discount J0052-01,
which has a YSP flux consistent with 0 per cent within the errors,
we find that 46/48 (96%) of the objects then require the inclusion
of a YSP. Figure 6 shows the proportion of the total flux asso-
ciated with the YSP, which varies between 0 and 100 per cent,
against the current stellar mass within the SDSS aperture, whilst
the right panel shows the SFR within the SDSS aperture, which
ranges between 0 and 92 M yr~!, against the stellar mass con-
tained within the aperture.

A full morphological classification of the QSOFEED sam-
ple, based on deep optical imaging, has been presented in
Pierce et al. (2023) and in order to understand whether a host
galaxies’ interaction status is a determining factor in the stellar
and/or gas kinematic properties found in this work, we have dif-
ferentiated between these groups. Throughout this work, unless
otherwise stated, blue symbols denote QSO2 host galaxies that
have been classified as morphologically disrupted (i.e. evidence
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Fig. 6. Proportion of the flux that is attributed to the YSP by the
STARLIGHT modelling against the current stellar mass within the SDSS
aperture. Red symbols represent undisturbed host galaxies whilst blue
represent merging systems. J1034+60 (Mrk 34) is represented by a cyan
star (see Sect. 4.2) for details.

of galaxy mergers), whilst red symbols denote the galaxies that
have been classified as morphologically undisturbed.

SFRs for seven of the objects were also measured in
Ramos Almeida et al. (2022) using rest frame infrared (IR)
luminosities and in one case (J0232-08), we find a signifi-
cantly higher SFR (33 Mg, yr™!) than that measured from the IR
(3Mg yr~"). A potential reason for this difference is that this
object may be a case where a scattered AGN component is a sig-
nificant factor and we have not accounted for it in our modelling.
In the remainder of the cases, our results are either consistent
with or less than the SFR that was found in Ramos Almeida et al.
(2022). When considering this, we must bear in mind that, when
calculating the SFR from IR luminosities, the flux of the entire
galaxy is taken into account, whereas the SFRs calculated from
the SDSS spectra only include the SF encompased by the fibre.
It could be that in these cases, the SF is distributed throughout
the galaxy rather than in the central region on which the fibre is
trained.

The objects in the QSOFEED sample were not selected
based on any property of their host galaxies, only on AGN lumi-
nosity and redshift. This results in a sample which includes a
range of host galaxy morphologies, as well as mergers and non-
mergers. These are properties that play an important role in star
formation. Both simulations and observations show that, under
certain conditions, galaxy mergers can trigger rapid star forma-
tion. As at least 65% of the QSOFEED sample show morpho-
logical disruption consistent with merger activity, it is instructive
to consider whether mergers have a more significant impact on
the SFR of a QSO2s host galaxy than any properties associated
with the AGN. To test this, after excluding the three objects in
which the SFR is unconstrained, we split the sample into undis-
turbed (15) and merging (30) galaxies and find a mean SFR of
18.5+12.4 Mg yr~! (median of 16.5 My, yr~!) for the undisturbed
QS02s and of 23.5 + 21.0 Mg yr~! (median of 20.8 Mg yr~!) for
the disturbed QSO2s. A two-sided K-S test returns D = 0.200
with a significance P = 0.771, so we do not find a significant dif-
ference between the SFRs of merging and non-merging galaxies
in this sample.

The QSOFEED galaxies vary in physical size, while the
range of redshifts and the use of spectra from both the Legacy
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Fig. 7. SFR measured from the STARLIGHT modelling of the SDSS spec-
tra against the total stellar mass of the host galaxies (Pierce et al. 2023).
The colour scale shows the ratio of the physical size on the galaxy cov-
ered by the SDSS fibre against the r-band Petrosian diameter. The black
solid line shows the SF main sequence (MS) defined in Saintonge et al.
(2016) and the dashed black lines the range of SFR that is considered to
cover the MS (+0.4 dex).

(3 arcsec fibre) and BOSS (2 arcsec fibre) archives means that
the physical scale covered by the SDSS fibre varies from object
to object. The SDSS r-band Petrosian radius (Petrosian 1976)
measures the radius at which the local surface brightness is equal
to 0.2 times the mean surface brightness within that radius, so if
we consider this to be a reasonable measure of the size of the
galaxy, the physical diameters of the hosts are in the range 6.3—
56 kpc with a mean of 18 kpc, whilst the physical scales covered
by the SDSS fibres are 2.2-7.4 kpc with a mean of 5.6 kpc. If we
make the assumption that all the star formation occurring within
the galaxy is captured by the SDSS fibre (although this may be
a lower limit), we can compare the values obtained to the main
sequence of galaxy formation to gain an insight into whether the
outflows driven by the QSO2s affect SF in their host galaxies. If
this lower limit puts the galaxies on or above the expected main
sequence values, then this is an indication that SF is not being
suppressed. However, for galaxies that lay below the relation,
we cannot definitively conclude that SF is being suppressed as it
may instead be the case that all the SF that is occurring has not
been captured. Figure 7 shows the SFR against the total mass
of the host galaxies (Pierce et al. 2023), where the colour scale
shows the ratio of the physical scale covered by the fibre and the
Petrosian radius. The main sequence defined in Saintonge et al.
(2016) is shown as the solid black line with the dashed black
lines showing the range of main sequence values (+0.4 dex). As
can be seen, the majority of the objects in the sample (47/48) lie
on or above the main sequence except for one object in which no
star formation activity is detected within the previous 100 Myr.
These findings suggest that the QSOFEED host galaxies are
still actively forming stars and in some cases, at rates usually
associated with luminous or ultra-luminous galaxies (U)LIRGs
(Ramos Almeida et al. 2022; Lamperti et al. 2022).

In addition to considering the absolute proportion of flux
allocated to the YSP by the STARLIGHT modelling, Table A.2
shows whether it is possible to detect the presence of the higher-
order Balmer absorption features in the spectrum before nebular
subtraction for each object. This feature is indicative of the pres-
ence of YSPs and therefore, it is instructive to consider what pro-
portion of the objects have detectable Balmer absorption lines as
an independent check. We find that 26/48 (54 per cent) of the
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Fig. 8. Example of the impact of the nebular subtraction process on the SDSS spectrum of J1316+44 (left). The black and red lines show the
original and nebular subtracted data, while the blue line shows the subtracted nebular model. A comparison of the percentage of the total flux
allocated to the YSP in the unsubtracted and nebular subtracted data is shown on the right. The black line shows the one-to-one relation between
the two values. Red and blue points represent objects classified as morphologically undisturbed and disturbed, respectively.

sample clearly show the presence of Balmer absorption lines in
their spectra before nebular subtraction, which increases to 42/48
(88 per cent) after the nebular subtraction, consistent with the
proportion determined by the spectral synthesis modelling.

To understand why this significant increase in detection
occurs after nebular subtraction, the left panel of Figure 8 shows
an example of the nebular subtraction process for an object in
which the Balmer absorption lines were not detected in the orig-
inal data but became apparent when the nebular subtraction pro-
cess was carried out. The black line shows the original data, the
blue line is the model of the nebular continuum and higher-order
Balmer emission lines, and the red line shows the nebular sub-
tracted data. This example illustrates the impact of the removal of
the emission line infilling of the underlying stellar absorption fea-
tures and also the reduction in the total continuum flux below the
Balmer edge (3646 A). These two effects have differing results
on the final model because the increase in the strength of the
stellar Balmer absorption features (if this occurs) will result in
the final stellar population model being more weighted towards
younger stellar ages, whilst the reduction in the near-UV flux has
the opposing effect. The right panel of Figure 8 shows the impact
that the nebular subtraction procedure has on the proportion of
the flux in the normalising bin that is allocated to the YSP by
STARLIGHT both before and after the nebular subtraction. The
black line shows the one-to-one relation and demonstrates the
importance of considering nebular contamination of the stellar
component when attempting to characterise the stellar popula-
tions of QSO2s host galaxies. Failure to do so can result in signif-
icant over or under-estimations in flux associated with the YSP.

3.2. Gas kinematics

As previously stated, we find a wide variety of [OIII] line pro-
files in the QSOFEED sample and therefore, a wide range of
gas kinematic properties. Table A.3 shows the results of the
non-parametric analysis of these line profiles. There is a wide
variety in the widths of the [OIII] emission lines, ranging from
300 < W80 < 2500kms™', with a mean value of 804kms™'
(median 717 kms™).

Figure 9 shows a comparison of W80 and the velocity dis-
persion of the stellar component of the host galaxy (W80g, =

700; ]
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Fig. 9. Results of the non-parametric [OIII] line measurements com-
pared to the velocity dispersion of the stellar component of the host
galaxies measured by STARLIGHT. The black line shows the one-to-one
relation between the two values. Note that for presentation purposes,
J1347+12 has been omitted from this plot due to it’s high value of W80
(x2520kms™).

2.56307s1.) as measured from the STARLIGHT modelling of the
SDSS spectra. The black line shows the one-to-one relation
between the two properties and demonstrates that, in the major-
ity of cases, the [OIII] dispersion is higher than would be
expected purely from the dispersion of the galaxy. We find that
in 41/48 (85%) of cases, the dispersion of the [OIII] line lays
above the one-to-one relation, suggesting that the ionised gas in
these galaxies is outflowing, driven either by the AGN, star for-
mation, or a combination of both. For comparison, if we require
W80 >600kms~! for the gas to be considered outflowing (as in
Harrison et al. 2016; Kakkad et al. 2020; Scholtz et al. 2020) the
percentage of QSO2s with ionised outflows would be 67% (see
Table A.3).

When we consider the W80 values, where W80 is larger than
W80g1, in the merger and non-merger groups separately, we find
that in the merging galaxies (27), the mean W80 is ~837 km s~
(median 763 kms~') whilst in QSO2s classified as undisturbed

A271, page 9 of 18



Bessiere, P. S., et al.: A&A, 689, A271 (2024)

200 = -

HH B

o o o |
‘n

S Fi{ }

é 4

> S =

L [ S _

< -200 I . e ]

-400 - § !

I 1 1 1 _ 1 }_Q_{ 1

-300 -200 -100 0 100 200

AV, (kms™)

500 - T T T ]
g ¢ ]
400 ; + é
2 300F % 3
£ sl ]
3 f et :
> e i
2 200 Y ® E
F L] ]
g 4 8 + 1
100 = +}#‘ E
S .
ot L @‘#{tﬂ% . 1 b 1 L ;‘ R o

0 200 400 600 800 1000 1200 1400

W80, , (km/s)

Fig. 10. Difference in the velocity offset of the [OIII] emission line and that of the host galaxy (left). The right panel shows the deconvolved W80;,,

values against |AVy|, where W80, =
detected according to our criterium.

(14), the mean W80 is ~909kms~' (median 853kms'). A
Kolmogorov—Smirnov (K-S) test to determine whether the W80
values for the disturbed and undisturbed groups of galaxies are
drawn from the same underlying distribution returns p =0.57, so
we conclude that there is no significant difference between W80
in merging and non-merging galaxies, suggesting that merg-
ers are not the dominant cause of the disrupted gas kinematics
observed.

The QSOFEED host galaxies cover the range of stellar
masses 10.6 < log(M/Mg) < 11.7 and more massive galax-
ies will have a higher intrinsic stellar velocity dispersion, there-
fore higher values of W80 do not necessarily indicate broader
widths in relation to those that should be expected from that
of the underlying host galaxy. To investigate this, we define

the term W80, = /W80% — W802

SL>
galaxy and [OIII] velocity dispersions. When considering the 41
galaxies where W80 > W80sy, we find the values of W80;y
in the range 260-2460kms~" with a mean 714kms™' and a
median of 613kms™', demonstrating that, in the majority of
the QSOFEED sample, the velocity dispersion of the gas is sig-
nificantly higher than that of the stellar component of the host
galaxy, suggesting the presence of powerful AGN-driven out-
flows.

The SDSS pipeline uses various stellar and emission line fea-
tures to compute redshifts, which works well when the emis-
sion lines are narrow and symmetric. However, in cases where
emission lines are asymmetric, this can lead to errors in the
derivation of the redshifts. When carrying out the stellar pop-
ulation modelling, the emission lines are masked and the code
relies solely on the stellar absorption features to determine how
much to shift the synthetic templates to match the data, making
the STARLIGHT velocity shifts (AVgp; Table A.2) a more accu-
rate estimate of the systemic velocity of the host galaxy. There-
fore, we define the property AVgig = AVionp — AVst, which is a
measure of the velocity shift of the wings of the emission lines
AViom relative to AVgy, as a measure of whether the velocity of
the ionised gas is shifted relative to the host galaxy, which we
consider to be indicative of outflowing gas. Four of the objects
(JO805+28, J1015+00, J1100+08, and J2154+11) have [OIII]
emission line velocity shifts consistent, within the errors, with
that of the underlying host galaxy (AV4ig ~ 0) and the shift is

thereby deconvolving the
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A/ W80% — W80§L and |AVgig| = AVionr) — AVsL. Grey symbols indicate objects in which no outflows were

likely to be smaller when AVgy is close to 0, as expected for
the reasons outlined above (see left panel of Figure 10). How-
ever, it is interesting to note that these four objects all have val-
ues of W80 than are higher than those expected purely from the
dispersion of the host galaxy (see right panel of Figure 10). In
particular, J1100+08 has AVgig = 16 + 18kms™ whilst the
W80 = 1082 + 7kms™' which is significantly higher than the
W80g, = 422 km s~! found from the STARLIGHT modelling. It is
possible that the reason that the [OIII] emission line is so broad
whilst still being at the systemic velocity of the galaxy because
the outflow that it is tracing is spherically symmetric.

Taking the above into account, we therefore only consider
the condition that W80 > W80s. as determining whether it is
considered that an outflow has been detected, meaning that 85%
of the QSO2s host outflows. However, the nature of the SDSS
data means that we are unable to place constraints on the sizes
of these outflows.

3.3. Correlations

The key question the QSOFEED project aims to investigate is
how do luminous AGN impact their host galaxies?, requiring
us to consider two distinct aspects. Firstly, we must investigate
whether QSO2s can drive significant outflows and, secondly,
whether those outflows directly impact star formation. There-
fore, in this section, we consider whether there are any corre-
lations between the kinematics of the warm ionised gas and the
intrinsic properties of the QSO2s (e.g. bolometric luminosity and
Eddington ratio). We then compare SFRs with the kinematics
of the warm ionised gas to investigate whether any correlations
exist between these two properties.

3.3.1. AGN properties and gas kinematics

To determine whether the gas kinematics are dependent on the
AGN properties, we calculate the Pearson correlation coeffi-
cients (r) between intrinsic AGN characteristics (Lo, L1.4GHz»
Mgy, A/Agqq) and the ionised gas kinematics derived in this
study (WSOim, AVdiff, Ekin, and Mof) for the 41 QSOZS in which
outflows were detected. The resulting correlation coefficients for
each combination of parameters tested are given in Table 1.
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Table 1. Pearson correlation coefficients between the various outflow
properties and intrinsic properties of the AGN.

W80in | AVair | Ein M
Lol 0.279 | —0.228 | 0.508 | 0.112
Liscu, | 0.576 0.239 | 0.543 | 0.176
Mpgu 0.196 0.144 | 0.535 0.353
A/ Agad 0.154 0.04 -0.40 | —0.260

Notes. These coeflicients only include objects in which outflows are
detected.
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Fig. 11. Derived W80, against observed L 4gpn,, demonstrating the
positive correlation between radio luminosity and disrupted gas kine-
matics. Grey symbols indicate objects in which no outflow was detected
according to our criterium.

The results presented in Table 1 demonstrate that no strong
correlations (r > 0.7) exist between the gas kinematics and AGN
properties. The strongest correlation found is between Lj4Gh;
and W80y, which is shown in Figure 11, where r = 0.58, fol-
lowed by that between L 4Gu, and Eyj,, where r = 0.48. This
may indicate that radio luminosity is the most significant fac-
tor in driving outflows (Mullaney et al. 2013) or alternatively,
that the outflows might be inducing shocks in the ISM that pro-
duce radio emission (Fischer et al. 2023). The majority of the
QSOFEED sample are radio-quiet, however, three objects are
classified as radio-loud (J0939+35, J1137+61, and J1347+12),
with only J1347+12 exhibiting an outflow. Whilst J1347+12 is
a compact steep spectrum source (CSS), the other two are FRII
sources, with large-scale radio jets extending beyond the physi-
cal scale of the galaxy.

Potentially, the radio output of a QSO2/host galaxy can be
powered by accretion onto the BH, star formation or a combina-
tion of the two, creating a possible source of confusion when
attempting to interpret the weak correlation between Lj4gh;
and W80;,.. To overcome this, we utilise the relation between
SFR and L; 4Gy, derived by Davies et al. (2017), using a sam-
ple of non-AGN galaxies, to investigate this potential correla-
tion in greater depth. Using the SFRs presented in Table A.2, we
calculate the 1.4 GHz radio luminosity expected from star for-
mation alone (L; 4cuzsr). allowing us to calculate the 1.4 GHz
luminosity attributable solely to the AGN (L; 4uzaGN), SO that
log L1 4GHz,AGN = 10€(L1.4GHz,0bs — L1.4GHzSE), Where Ly 4G, is
the observed luminosity (see Table A.1). We use these values
to calculate r between log L 4guzacn and W80, (for objects

Table 2. Pearson correlation coefficients between the star formation rate
and various properties of the outflows.

W80in | AVair | Ein M
SFR 0.223 | 0.347 | 0.074 | -0.110
SFR10 | 0.256 | 0.369 | 0.101 | -0.068
SFR50 | 0.222 | 0.345 | 0.101 | —0.049

Notes. These coefficients only include objects in which outflows are
detected.

with outflows) and find » = 0.665. Although still not consid-
ered a strong correlation, the fact that it is strengthened when
only considering the radio luminosity of the AGN demonstrates
that this is likely to be the dominant factor. To further emphasise
this point, we consider the correlation between L;4guzsr and
W80y, which yields » = 0.170, demonstrating that it is not the
radio luminosity generated by SF that is driving these outflows.
In a recent work, Hervella Seoane et al. (2023) searched for
correlations between AGN, host galaxy, and outflow proper-
ties in a sample of 19 QSO2s of the same luminosity as the
QSOFEED sample and at redshift z=0.3-0.41. Based on the
Spearman’s rank correlation coefficients (p), they found moder-
ate correlations between the bolometric luminosity of the AGN
and the outflow mass and outflow rate, both with p=0.52.
This implies that more luminous AGN have more massive
ionised outflows and higher outflow mass rates. On the other
hand, Hervella Seoane et al. (2023) did not find any correlation
between the radio luminosity and the outflow properties.

3.3.2. Gas kinematics and star formation rates

Having compared the properties of the ionised gas with the prop-
erties of the AGN itself, we must now consider whether the
detected outflows have an impact on the SFR. If AGN-driven
outflows are responsible for quenching star formation, then it
may be reasonable to assume that the more powerful the out-
flow, the more likely it is to directly impact the star formation.
In Sect. 3.2, we have measured the kinematics of the ionised gas
and derived outflow rates and kinetic energies. Here we compare
the results obtained for the outflows with the SFR.

Table 2 shows the Pearson correlation coefficients between
SFR, W80y, |Vail, and E;, where only objects with detected
outflows are considered. These results clearly demonstrate that
no correlations are found between the key properties of the
ionised gas and SFR in QSO2 host galaxies. These findings
strongly suggest that the AGN-driven outflows do not directly
impact SF on global scales, even at the highest outflow veloci-
ties and energies detected in the QSOFEED sample.

However, thus far, we have considered YSPs to be popula-
tions with ages <100 Myr. We must consider the possibility that
this timescale is too long in comparison to the predicted lifetime
of an AGN and the gas outflow that it drives, which may have the
effect of washing out evidence of the direct impact of outflows on
SF. Indeed, the measurements of the dynamical timescales of the
ionised and cold molecular outflows reported in the literature for
QS02s when outflow radii have been constrained from obser-
vations are of ~1-20Myr (Bessiere & Ramos Almeida 2022;
Ramos Almeida et al. 2022; Speranza et al. 2024). Therefore,
we also calculated the SFRs on timescales of 10 and 50 Myr and
calculate the Pearson correlation coeflicients against the same
outflow properties. These values are also given in Table 2 as
SFR10 and SFR50 and show that considering timescales that
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may be more in line with the lifetime of AGN-driven outflows
does not lead to any significant change in the level of correla-
tions between SFRs and outflow properties.

4. Discussion

In Sect. 3, we derive the SFR, gas kinematics, and outflow
properties of the QSOFEED sample and tested for correlations
between these properties. Our objective here is to investigate
whether luminous quasars drive outflows and whether, in turn,
these outflows directly impact SF. Here, we discuss our findings,
making a comparison with the results of previous studies and
evaluating them in the context of galaxy evolution.

4.1. AGN and outflow properties

Due to the perceived importance of AGN feedback in galaxy
evolution, there have been a wealth of studies aimed at quanti-
fying the properties of AGN-driven outflows, particularly in the
warm ionised gas phase (see Harrison et al. 2018 for a review).
Although these works adopt different approaches to characteris-
ing outflow kinematics, they unanimously conclude that gas out-
flows are a common phenomena in AGN, and practically ubiq-
uitous at high bolometric luminosities. In common with these
works, we also find that outflows in the warm ionised gas phase
are a common occurrence in QSO2, with 85% of the sample hav-
ing [OIII] line profiles that cannot be explained solely by the
underlying gravitational potential of the galaxy.

The analysis of [OIII] kinematics presented here has enabled
us to calculate mass outflow rates and outflow kinetic powers.
However, although we find clear evidence for fast outflows in
the majority of the QSOFEED objects, this does not translate
to high mass outflow rates or kinetic powers (see Tables 3 and
A.3). One key reason for the discrepancy between the outflow
rates presented here and those found in various previous studies
is the electron densities used to calculate outflow rates. Previous
studies have commonly made use of the [SII](6717/6731) ratio
to determine electron densities, however, this technique leads
to saturation at n, > 10°cm™, often leading to low (~200—
500 cm™>) densities being estimated or assumed. In this work,
where possible, we have measured electron densities using the
transauroral technique, which is sensitive to higher electron den-
sities than the [SII] ratio. Densities measured using this tech-
nique are, in general, an order of magnitude larger than those
assumed by previous studies. Equation (1) in Sect. 2.4 demon-
strates the significant impact that this assumption has on the cal-
culated total outflow mass, as the outflow mass decreases with
increasing electron density.

Another factor in the discrepancies between the mass outflow
rates detected in this study and the significantly higher mass out-
flow rates detected in other works might be how we determine
which gas is considered to be outflowing. Here, we have made
conservative estimates of the gas that is included in the outflow
by assuming that only gas that has velocities below V05 and
above V95 can be considered to be outflowing. For comparison,
in Table D.1 of Appendix D we report the outflow mass rates
and kinetic energy rates calculated by assuming that all gas with
velocities greater than 1.5 times the FWHM of the stellar fea-
tures derived from the STARLIGHT modelling is outflowing. In
principle, this approach is less conservative than the one that we
considered, but the results are similar. We also checked that the
correlation coefficients do not vary by using this outflow defini-
tion.
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Table 3. Summary of the main results.

Variable Min | Max | Mean | Median
YSP (%) 0 100 39 36
SFR Mo yr™1) 0 92 21 16
W80 (kms™") 298 | 2519 804 717
|AV] (kms™") 2 845 99 61
Te[TR] (cm™) 210 | 38020 | 4230 2579
NSy (cm‘3) 275 550 455 495
My Mo yr ™) | 0.04 1.9 0.5 04
logEs | (ergs™) | 393 | 41.8 40.7 40.6

Notes. Column 1 gives the parameter and corresponding units whilst
Columns 2, 3, 4, and 5 give the minimum, maximum, mean, and median
calculated for that parameter. The values for individual objects can be
found in Tables A.2 and A.3 in Appendix A.

Finally, something that might contribute to explaining the
relatively low values of the outflow mass rates and kinetic ener-
gies is having characterised the bulk velocity of that gas as the
velocity at the 50 per cent cumulative function between the con-
tinuum and VO5(V95). These assumptions result in lower esti-
mates of the total mass in the outflow, which is calculated from
the total luminosity of [OIII] in the wings, and lower outflow
velocities than those calculated using parametric methods and
maximum velocities (Vof = Vs + 20 or vor = vy + FWHM/2) lead-
ing to lower mass outflow rates (see Hervella Seoane et al. 2023
for a comparison of the different outflow properties using para-
metric and non-parametric methods).

A number of works claim positive correlations between out-
flow kinematics and intrinsic AGN properties, such as the lumi-
nosity and Eddington ratio, with more powerful AGN driving
more powerful outflows (Cicone et al. 2014; Fiore et al. 2017,
Davies et al. 2020; Hervella Seoane et al. 2023). In contrast,
when we tested for correlations between these intrinsic param-
eters in the QSOFEED sample and the various outflow prop-
erties here considered, we found no such correlations. Poten-
tially, our contrasting result can be explained by the differences
in the AGN luminosity ranges covered by the samples used in
these studies. The QSOFEED sample was selected based on red-
shift and Lony, ensuring it contains only the most luminous
AGN in the nearby Universe. The consequence of our selec-
tion criteria is that Liory covers one order of magnitude (42.1 <
log Liomn < 42.9erg s~1), whilst works that claim such correla-
tions tend to cover a broader range of luminosities. For example,
the sample analysed by Jin et al. (2023) covers the luminosity
range 41.5 < log Liom < 44.0ergs™!, thus extending to sig-
nificantly lower luminosities than QSOFEED, and Davies et al.
(2020) compiled mass outflow rates for AGN covering 5 orders
of magnitude in Ly, . Therefore, we must consider the possibility
that the luminosity range probed in this investigation is too small
to detect any such correlation.

Although not a selection criterion for QSOFEED, the sam-
ple probes a significantly broader range of radio luminosi-
ties (22.3 < logLi4cuz < 26.2WHz™! for detected sources)
than AGN luminosities, giving us increased scope to investi-
gate the dependence of outflow strength on radio power. Pre-
vious work has shown that the width of the [OIII] emission
lines correlates with radio-luminosity (Mullaney et al. 2013;
Zakamska & Greene 2014). Mullaney et al. (2013) used stacked
SDSS spectra of thousands of AGN to measure emission line
profiles as a function of several variables, including L; 4Gpz,
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and found that the width of the [OIII] emission line increased
as a function of radio-luminosity at intermediate radio lumi-
nosities (up to log Lj4gu, ~ 25WHz ™D, declining again at
higher radio luminosities. Those findings are consistent with the
results presented here, where we see a moderate positive corre-
lation between L;4gn, and W80;,, at intermediate radio lumi-
nosities, which strengthens when radio emission associated with
star formation is accounted for. Interestingly, the two objects
which harbour large-scale radio jets (log L 4gu, > 25 WHz™)
have W80;,, values which are consistent with those of the stellar
velocity dispersion.

We can understand this correlation in the context of sim-
ulations which investigate the interaction between low-power
radio jets and the host’s ISM (Mukherjee et al. 2016; Talbot et al.
2022). Such simulations indicate that low-power jets will remain
confined within the ISM longer than their high-power counter-
parts, which will rapidly punch through the intervening material.
The increased time that the low-power jet remains trapped means
it will be more disruptive, impacting a larger volume of the host’s
ISM, injecting more turbulence and leading to the broader [OIII]
line profiles observed.

However, not all studies comparing the outflow kinematics
with radio luminosity find a similar correlation. Ayubinia et al.
(2023) compare the [OII] profile of a large sample of AGN
against their radio properties and, in contrast to the results pre-
sented here, claim that accounting for the underlying galaxy
gravitational potential weakens the positive correlation between
the two and instead, it is the Eddington ratio that correlates
most strongly with [OIII] velocity dispersion. However, even
though we account for the underlying gravitational potential,
we still find a moderate correlation between the W80;,, and
L 4cH,. This correlation, together with the lack of it between
[OII] kinematics and other properties of the QSOFEED sample,
such as Eddington ratio, My, and Ly suggests that small-scale
(kpc), low-power radio jets may play an important role in driv-
ing outflows. Indeed, this finding is supported by observational
studies in both the ionised (Jarvisetal. 2019; Cazzoli et al.
2022; Speranza et al. 2022) and molecular (Morganti et al. 2005;
Garcia-Burillo et al. 2019; Audibert et al. 2023) gas phases.
However, as mentioned before, it is also possible that not all the
kiloparsec-scale radio structures that we see in radio-quiet AGN
are jets, but synchrotron radiation produced when the multi-
phase outflows interact with the ISM (Zakamska & Greene
2014; Fischer et al. 2023). This would also explain the spatial
coincidence between the extended radio structures and the gas
outflows and the correlation.

4.2. Star formation and outflow properties

As we have shown, although there is clear evidence that AGN
have the potential to drive fast ionised outflows, it is not clear
that these outflows directly suppress SF. We have shown that 98
per cent (92 per cent excluding those with unconstrained SFRs)
of the galaxies contain stellar populations with ages <100 Myr,
consistent with the results of previous studies of YSPs in QSO2
(Bessiere et al. 2014, 2017; Woo et al. 2020; Jin et al. 2023).
Bessiere et al. (2017) used apertures of a fixed physical scale
(8 kpc) in their study of the stellar populations of 21 QSO2s
at 0.3 < z < 0.41 and found that to adequately fit the data, 71
per cent required the inclusion of a YSP <100 Myr. The abil-
ity to control the physical size of the region probed allowed the
authors to make direct comparisons between objects, however,
when utilising SDSS spectra to measure stellar populations and
gas kinematics, we have no control over the physical scale of

the galaxy covered by the fibre. In addition, all spatial informa-
tion is lost, since the fibre is collapsed to a 1d spectrum. When
considering the relationship between AGN-driven outflows and
SF, it is most likely that this will be traced within the cen-
tral few kiloparsecs rather than on galaxy-wide scales as obser-
vational evidence from spatially resolved studies demonstrates
(Bessiere & Ramos Almeida 2022; Ramos Almeida et al. 2022).

Previously, we have carried out a spatially resolved study of
both the ionised gas kinematics and stellar populations of the
nearby (z=0.050) QSO2 Mrk 34 (Bessiere & Ramos Almeida
2022), which forms part of the QSOFEED sample (J1034+60).
In that work, we demonstrated a clear spatial correlation between
the edges of the approaching side of the kiloparsec-scale ionised
outflow (tgy, ~ 1 Myr) and an enhancement in the fraction of the
stellar light attributable to the YSP (ages of ~1-2Myr as con-
strained from the modelling). On the other hand, at the edges
of receding side of the outflow, where the turbulence and the
energy injection are higher, we do not find the same enhance-
ment of the YSP flux. Here, we have analysed the available
SDSS spectrum of Mrk 34 in the same manner as the remain-
der of the QSOFEED sample as presented above. In Figures 6,
8,9, 10, and 11, Mrk 34 is plotted as a cyan star and clearly
shows that, when using the integrated fibre spectrum to charac-
terise the outflows and YSP, it does not appear to be in any way
different from the other objects in the sample. It is only through
the use of spatially resolved information that we can detect the
positive and/or negative impact that the AGN-driven outflow is
having on star formation in the host galaxy. This suggests that it
is imperative to increase the number of spatially resolved studies
as the one presented in Bessiere & Ramos Almeida (2022), mea-
suring both gas kinematics and stellar populations, to expand our
understanding of if, how and under which circumstances AGN-
driven feedback directly impacts SF. The advent of the James
Webb Space Telescope (JWST) now makes this type of studies
possible at high redshift (e.g. D’Eugenio et al. 2023).

Another, yet related to the previous one, possible expla-
nation for the lack of correlation between the outflow proper-
ties and SFR is that the effect of AGN on SF is a cumula-
tive rather than an instantaneous process (Scholtz et al. 2020,
2021; Lamperti et al. 2021; Baker et al. 2023). AGN are now
thought to be episodic events that can happen throughout the
life of a galaxy, flickering on time-scales as short as 10° years
(Hickox et al. 2014). Observationally, when investigating the
impact of the AGN on the host galaxy, we are only able
to probe the effects of the current episode of activity, only
allowing for the possibility of characterising direct impacts on
the host galaxy (Harrison & Ramos Almeida 2024). However,
if the effects are accumulated over several AGN episodes, it
may be that SMBH mass is a more relevant indicator because
it is through episodes of accretion, leading to AGN activ-
ity, that SMBH grows their mass (Martin-Navarro et al. 2021;
Piotrowska et al. 2022; Bluck et al. 2022). If the series of AGN
episodes has led to the removal and/or heating of the gas, leading
to a suppression of SF over time, we would expect to find older
populations associated with more massive BHs as the capacity
to form new stars is reduced. Indeed, studying the star formation
histories of nearby massive galaxies with accurate BH mass mea-
surements, Martin-Navarro et al. (2018) showed that quenching
of star formation takes place earlier and more efficiently in galax-
ies that host higher-mass central black holes. To test this hypoth-
esis in the QSOFEED sample, we calculated the light-weighted
ages of each of the QSO2s and found a moderate positive cor-
relation (r = 0.572) with the BH mass, shown in Figure 12.
Although many other factors, such as galaxy morphology and
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Fig. 12. Light-weighted ages of the stellar populations of the
QSOFEED sample as a function of black hole mass. A moderate pos-
itive correlation, with a Pearson coefficient of » = 0.572 is found. The
average error in the black hole mass measurements is shown by the
black bar in the lower right corner, with an average error of +0.48 dex.

merger history also play an important role in the constituent stel-
lar population, this finding could be interpreted as evidence that
successive AGN episodes lead to the suppression of SF over the
course of galaxy evolution.

5. Conclusions

In this investigation, we derive the stellar population ages and
SFR, warm ionised gas kinematics, and outflow rates for a com-
plete sample of 48 low-redshift, obscured quasars. We compare
the results of both strands of the investigation to gain insight
into whether AGN-driven outflows directly impact SF in their
host galaxies. The key findings of this study can be summarised
as follows.

— Our starlight modelling shows that 98% of the
QSOFEED galaxies contain a stellar populations younger
than 100 Myr, with percentages of light fraction ranging
from 0% to 100%.

— 98% of the QSO2s lay on or above the main sequence of SF.

— When taking into account stellar velocity dispersion, we find
that 85% of the QSO2s show evidence of ionised outflows.

— In the majority of cases, we use a technique involving the
transauroral lines of [OII] and [SII] to determine electron
densties and find that these are significantly higher than often
assumed, with a mean value of 4230 cm™>.

— Assuming an outflow radius of 0.62 kpc, we find mass out-
flow rates for the QSOFEED sample ranging from 0.04 to
1.9 Mg yr~!, with a mean of 0.5 Mg yr~'.

— We find no correlation between AGN luminosity, black hole
mass or Eddington ratio and the kinematics of the warm
ionised gas and/or outflow kinetic powers.

— We do find a moderate positive correlation between L 4G,
and W80;y, suggesting that radio luminosity is the most sig-
nificant factor in driving ionised outflows.

— We do not find a correlation between the outflow proper-
ties and SFR, suggesting that AGN-driven outflows do not
directly suppress SF on the physical scales probed by this
study.

— We find a moderate positive correlation between the light-
weighted age of the QSO2s’ stellar populations and BH
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mass, which might be an indication that successive AGN
episodes lead to the suppression of SF over the course of
galaxy evolution.
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Appendix A: Tables of results

Table A.1. Main properties of the QSOFEED sample.

SDSS ID Short z D; Scale log Liomy logLyot logLiscn, log Mgy log Loo log M.,

Lgdd

name  SDSS  (Mpc) (kpe/”)  (Lo)  (ergs) (WHz) (M) (Mo)

J005230.59-011548.4 J0052-01 0.1348 635 2390 8.58(8.66) 4490 22.98 767+04 -075+05 108
1023224.24-081140.2 J0232-08 0.1001 461 1.846  8.60(887) 45.11 22.96 746+03 -033+04 108
J073142.374+392623.7  JO731+39 0.1103 511 2010 859(9.20) 4544 23.14 747+0.7 -0.02+0.8 110
J075940.95+505023.9  JO759+50 0.0544 243 1.058 8.83(9.34) 4558 23.52 824+0.7 -064x+0.7 106
J080224.34+464300.7* J0802+46 0.1206 563 2.173  8.58(9.06) 4530 23.56 777+04 -046+04 11.1
J080252.92+255255.5  J0802+25 0.0811 369 1.529 8.86(9.26) 45.50 23.69 821+03 -069+03 113
J080523.29+281815.7  J0805+28 0.1284 602 2293  8.62(9.19) 4543 23.36 737+04 0.08+04 11.4
J081842.35+360409.6  JO818+36 0.0758 343 1438 853(9.02) 4526 22.50 7.88+04 -060+04 106
J084135.09+010156.3  J0O841+01 0.1106 513 2015 887(9.44) 45.68 23.08 826+04 -056+05 11.1
J085810.63+312136.2  JO858+31 0.1387 655 2448 8.53(8.88) 4512 23.00 725+04 -0.11+04 11.1
J091544.184300922.0  J0915+30 0.1298 609 2314 8.78(9.06) 4530 23.24 847+03 -1.15+03 112
J093952.75+355358.9*% J0939+35 0.1366 644 2417 877(929) 45.53 25.71 826+03 -0.72+04 11.0
J094521.33+173753.2  J0945+17 0.1280 600 2287 9.05(9.74) 4598 24.27 827+0.8 -027+0.8 109
J101043.36+061201.4  J1010+06 0.0977 449 1.807 8.68(9.30) 45.54 24.37 836+0.8 -080+08 114
J101536.21+005459.4  J1015+00 0.1202 561 2.166 8.69(895) 45.19 22.96 728+04 -0.07+04 109
J101653.82+002857.2  J1016+00 0.1163 541 2.105 8.63(893) 45.17 23.52 799+04 -080+04 110
J103408.59+600152.2  J1034+60 0.0511 227 0998 8.85(9.16) 4540 23.07 7.83+03 -041+03 11.1
J103600.37+013653.5  J1036+01 0.1068 494 1.954  8.53(9.09) 4533 <2245 810+03 -075+03 113
J110012.39+084616.3  J1100+08 0.1004 462 1.851 9.20(9.60) 45.84 24.18 7.82+04 0.04+05 11.4
J113721.36+612001.1*% J1137+61 0.1112 516 2.025 8.64(877) 4501 25.16 837+04 -134+04 109
J115245.66+101623.8  J1152+10 0.0699 315 1.335 8.72(894) 45.18 22.67 791+03 -072+04 108
J115759.50+370738.2  J1157+37 0.1282 601 2290 8.62(9.27) 4551 23.30 826+03 -073+£04 112
J120041.394+314746.2* J1200+31 0.1156 538 2.094 936(9.51) 4575 23.37 727+05 050+05 11.0

J121839.40+470627.7  J1218+47 0.0939 430 1.744  8.58(895) 45.19 22.71 756+04 -035+0.5 106
J122341.47+080651.3  J1223+08 0.1393 658 2457 881(9.24) 4548 <2270 6.84+0.7 0.66+0.8 11.0
J123843.44+092736.6  J1238+09 0.0829 377 1.559 8.51(8.66) 44.90 22.30 876+03 -184+04 113
J124136.22+614043.4  J1241+61 0.1353 637 2397 851(9.29) 4553 23.41 7.06+0.7 049+0.8 11.4
J124406.61+652925.2  J1244+65 0.1071 495 1.959 8.52(9.36) 45.60 23.36 8.18+0.8 -056+0.8 113

J130038.09+545436.8  J1300+54 0.0883 403 1.651 894(9.14) 4538 22.67 694+04 046+04 10.8
J131639.74+445235.0  J1316+44 0.0906 414 1.689  8.65(9.13) 4537 22.96 759+08 -020+0.8 11.7
J134733.36+121724.3  J1347+12 0.1204 562 2169 870(9.28) 4552 26.25 - - 11.7
J135617.79-023101.5 J1356-02 0.1344 633 2384 853(932) 4556 2292 748+0.7 0.10+0.8 11.1
J135646.10+102609.0  J1356+10 0.1232 576 2213 9.21(9.29) 4553 24.36 858+03 -1.03+£04 113
J140541.214+402632.6  J1405+40 0.0806 366 1.520 8.78(9.20) 4544 23.44 7.13+0.7 033+0.8 10.8
J143029.88+133912.0  J1430+13 0.0851 388 1.597 9.08(9.58) 4582 23.67 819+04 -035+04 11.1
J143607.21+492858.6% J1436+13 0.1280 600 2287 8.61(888) 4512 23.46 830+03 -1.17+04 110
J143737.85+301101.1  J1437+30 0.0922 422 1.716  8.82(920) 4544 24.14 840+03 -094+03 112
J144038.10+533015.9  J1440+53 0.0370 163 0.735 894(931) 4555 23.27 7.16+08 041+0.38 10.6
J145519.41+4322601.8  J1455+32 0.0873 398 1.634 8.64(888) 45.12 22.78 7.72+03 -0.58+04 10.6
J150904.22+043441.8  J1509+04 0.1114 517 2.028 856(9.79) 46.03 23.81 827+0.8 -022+08 109
J151709.20+335324.7  J1517+33 0.1353 637 2397  891(9.51) 4575 24.75 8.64+04 -087+04 115
J153338.03+355708.1  J1533+35 0.1286 603 2296  856(8.71) 44.95 <2262 764+05 -067+05 109
J154832.37-010811.8 J1548-01  0.1215 567 2.187 852(9.01) 4525 <2257 761+08 -034+08 108
J155829.36+351328.6  J1558+35 0.1195 557 2.155 8.77(9.03) 4527 23.17 760+0.7 -031+0.7 109
J162436.40+334406.7  J1624+33 0.1224 572 2200 856(887) 45.11 22.94 766+04 -053+04 110
J165315.05+234942.9  J1653+23 0.1034 477 1.900 9.00(9.34) 45.58 23.29 785+04 -025+04 110
J171350.32+572954.9  J1713+57 0.1128 524 2.050 899(9.41) 45.65 23.37 737+04 029104 11.1
J215425.74+113129.4  J2154+11 0.1092 506 1.993 854(9.12) 45.36 23.32 7.88+04 -051+04 109

Notes. Columns 1 and 2 give the SDSS identifier and abbreviated identifier that will be used throughout this paper. Objects for which the BOSS
spectra have been utilised are maked with an asterik in column 1. Columns 3, 4, and 5 list the SDSS spectroscopic redshift, luminosity distance,
and cosmology corrected physical scale adopted in this paper. Column 6 lists the observed and extinction-corrected values of log Liomm; taken
from Reyes et al. (2008) and from Kong & Ho (2018) respectively, the latter between parenthesis. Column 7 gives the values of log Ly, derived
from the extinction-corrected luminosities using a bolometric correction factor of 454 (Lamastra et al. 2009). Column 8 lists the log L, 4G, radio
luminosity based on flux densities taken from the FIRST radio survey (Becker et al. 1995) where available and otherwise from the NVSS survey
(Condon et al. 1998). Colums 9 and 10 list black hole masses and Eddington ratios taken from Kong & Ho (2018) and the final column gives the
stellar mass of the host galaxy from Pierce et al. (2023).
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Table A.2. Results of the STARLIGHT spectral fitting.

Name Balmer  Nebular YSP ISP OSP log(SFR) AVsr oS Av YSP Av Metallicity
Lines?  (per cent) (percent) (percent) (per cent) (M@yr‘I ) (kms™") (kms™") (mag) (mag)
J0052-01 N 38 7+7 48 + 10 35+ 15 0.48 +3.9 -8 +21 181 +£25 0.465+0.14 3.312+1.72 S.L.H
J0232-08 Y 23 29+2 24+3 375 1.52 £ 0.1 41 +£8 1648 0.025+0.00 4.057+0.06 S.S.S
JO731+39 Y 19 42 +4 11+£3 42 +4 0.68 £ 0.2 30+ 10 142+9 0.621+£0.03 2.299 +0.40 L,S,H
J0759+50 Y 89 18+2 15+2 57+3 0.94 + 0.0 49 +7 146+ 10 0.397+0.03 3.182+0.12 L.,S,S
J0802+25 Y 22 41+1 161 34+3 1.65 £ 0.1 -16+11 1985 0.257+0.04 3.148+0.13 S,L.L
J0802+46 Y 40 11+5 13+3 66+ 5 0.86+35 -248+10 1718 0.903+0.02 2.922+0.70 L.HH
JO805+28 Y 24 37+3 28+3 28+2 0.68 + 0.1 84+9 158+9  0.669 +0.02 0.00 LL,S
JO818+36 N 35 7+4 33+4 51+3 -0.06+19 -10+13 181 +13 0.710+£0.03 1.970+0.46 L.S.S
J0841+01 N 30 31+3 20+ 2 38+3 0.25+0.2 36 + 28 202+16 0.865+0.03 0.227 +0.15 L,S,L
J0858+31 Y 18 0+0 7+2 83+3 59+4 158+4  0.325+0.02 L.,S.S
J0915+30 Y 23 18+2 33+3 39+6 1.18+0.1 —-147+14 197+11 0418+0.08 3.302+0.29 S.L.H
J0939+35 N 36 23+2 19+2 48 +5 1.26 + 0.1 125+16  235+24 0.379+0.11 3.747 +£0.31 S,.L,S
J0945+17 N 57 76 +2 4+3 14+4 1.15+0.1 133+£25 172+20 0.003+0.00 2.204 +£0.18 S.S,.L
J1010+06 N 39 65+4 13+£2 23+3 1.53 +0.1 156 +27 218+16 1.231+0.03 2395+0.24 L,S,S
J1015+00 Y 25 41 +2 0+0 49+3 1.66 + 0.0 -22+17 168+10 0.012+0.00 3.915+0.03 S.S,S
J1016+00 Y 22 35+2 15+3 40+ 4 142 +£0.1 -14+£12 192+8 0.192+0.04 3.760+0.11 S,L.H
J1034+60 N 43 361 9+2 45+3 1.11+0.1 -17+9 192+6 0.179+0.04 3.146+0.21 S,L.L
J1036+01 Y 13 31x1 24 +£2 34+4 1.55+0.1 24 +13 188+8 0443+0.06 3.438+0.16 S,L.H
J1100+08 Y 30 44 +£2 0+0 54+2 1.13+£0.1 -59+17 165+9 0.386+0.03 2.087+0.16 LL,S
J1137+61 N 33 45+2 0+0 45+3 1.35+0.0 23+13 237+10 0.141+£0.06 3.858 +0.11 HL,S
J1152+10 N 43 25+2 14+1 51+4 0.89 £ 0.1 -57+9 184+7 0.373+£0.08 3.536+0.24 S,L.H
J1157+437 Y 16 29+ 1 34+3 27+4 1.46 £ 0.1 -59+ 14 188+9 0.309+0.04 3.299+0.10 S,.L.S
J1200+31 N 60 73+2 0+0 18 +4 1.61+0.1 -104+21 157+11 0.386+0.08 3.465+0.21 HH,S
J1218+47 Y 26 55+3 0+1 36+5 1.38 £ 0.1 46 £ 10 14115 0.150+0.05 3.611+0.23 S.L.S
J1223+08 Y 23 41+2 28+3 21+4 1.22+0.0 =70+16 162+12 0.000+0.00 3.411+0.05 S.S.H
J1238+09 Y 18 37+2 11+1 42 +4 1.34 £ 0.1 23+ 17 226+15 0.582+0.08 3.185+0.33 S,.L,S
J1241+61 Y 14 100+ 3 0+2 0+1 1.96 £ 0.0 -3+11 140+ 13 0491 £0.07 3.626 +0.06 S.S.S
J1244+65 Y 86 48 +4 26+ 6 19+4 1.78 £ 0.4 142 +23 143+16 1.004+0.31 3.511+1.13 S,.L.S
J1300+54 N 37 56+2 11+3 26+3 1.06 + 0.1 —-15+8 147+6 0.020+0.00 2.725+0.11 H,S,.L
J1316+44 N 18 72+2 1+2 24+3 1.10 £ 0.1 11516 148+12 0.714+0.12 1.492+0.29 L.S.S
J1347+12 Y 40 58+2 11+1 26+3 1.77 £ 0.0 322+25  212+15 0.666+0.07 3.833+0.13 S.S.H
J1356-02 Y 28 30+4 17+4 48 +4 0.40+0.2 -40+14 133+11 1.083+0.06 0.718 +0.61 L.HH
J1356+10 N 37 27+ 1 24+ 1 432 0.13+0.0 100+£21 208+13 0.778+0.01 0.00 L,S.L
J1405+40 Y 21 26+3 22+3 44 + 4 0.77 0.2 -10+8 121+7 0311+£0.07 2.166+0.51 L,S,S
J1430+13 Y 27 31+1 46 +£2 19+£2 0.50 £ 0.0 -16+11 197+10 0.328 +£0.02 0.00 LL,S
J1436+13 N 38 25+2 21+3 43 +4 1.40 0.1 18+ 14 192+5 0.645+0.08 3.226+0.18 L.HH
J1437+30 N 34 50+2 0+1 41 +4 1.37+0.2 62+ 12 199+9 0.533+0.15 2.919+0.56 S.S,S
J1440+53 N 8 92+2 4+£2 3+2 1.40 £ 0.1 101 £17 143+£18 0.462+0.26 3.922+0.56 HL,L
J1455+32 Y 28 32+1 29+3 29+4 1.10+0.0 —-14+7 153+7 0.333+0.04 3.423+0.10 S.L.H
J1509+04 Y 29 33+3 10+4 49 +4 043+0.2 134 £ 11 144 £ 14 0.890 +0.04 0.00 L,S,S
J1517+433 N 149 22+6 28+6 41 £5 1.63 £ 1.0 62 +21 22815 1.169+0.06 4.112+0.23 S,L.H
J1533+35 N 23 30+5 30+ 6 30+7 0.72+04 —-16+17 149+13 0.618+0.17 2.343+0.78 S.L.H
J1548-01 N 24 88+3 6+4 1+1 1.16 £ 0.0 39+ 17 213+21 0.265+0.08 1.327 +0.47 H,S,.L
J1558+35 N 38 44 +£3 12+3 35+4 148 £0.0 -9+11 118+ 12 0.075+0.02 3.816+0.07 H,S,S
J1624+33 N 20 50+2 8+4 32+5 1.32+0.0 53+13 153+£10 0.081 +0.01 3.617 £0.07 S.S.H
J1653+23 N 36 43+1 15+2 32+3 1.48 £0.0 14+12 198 £ 10 0.089 +0.01 3.503 + 0.05 S,H,S
J1713+457 Y 31 27 +2 21+2 44 +£2 1.26 +£0.1 32+11 163 +£10 0.604 +£0.05 3.036 +£0.23 L,S.H
J2154+11 Y 25 12+6 19+4 62+6 0.71+0.9 —-13+14 194+13 0.656+0.04 2.591+0.43 L,S,;H

Notes. Column 1 gives the abbreviated name, column 2 denotes whether the higher order Balmer absorption lines were detected before nebular

subtraction, and column 3 gives the percentage of the total flux attributed to the nebular component below 3646 A. Where possible, the flux was
measured in the wavelength bin 3540 — 3640 A, otherwise it was measured between the shortest wavelength and 3640A. Columns 4, 5, and 6 give

the percentage of the total flux, before reddening is applied, associated with the YSP, ISP, and OSP respectively, measured in the normalising bin

(4190 - 4210 A). Columns 8 and 9 give the Ay values used by STARLIGHT for the fitting and the additional reddening that was applied to templates

with ages <7 Myr (where applicable). The final column gives the metallicity allocated to the OSP, ISP, and YSP respectively: H=super-solar,

S=Solar, and L=sub-solar.
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Table A.3. Results of the non-parametric analysis of the gas kinematics using the [OIII] emission line.

Name W80 AV V05 Vo5 log n, log M,y M,; log E,f
(kms™") (kms™") (kms™") (kms™") (cm™) Mo) Moyr™")  (ergs™)

J0052-01 767 +3 —91+3 —584+5  401+3  (<294) 5530+0002 0.7%3 40.8
J0232-08 8542 —142+1 681 +2 398+1 343700 5709 +0.001 0.3f‘§~9 40.5
J0731439 699+ 6 —82+4 —611+6  447+9 3.97j8f<5% 438 +0.01 o.1j§f§ 39.9
J0759+50 1361 =4 6+6 953 +7 965 + 6 4.o9j8-8§ 4524002  02%0° 40.9
J0802+25 1028+6 2553 967 +5 456 + 5 3.56j8i?2 5.04 +0.03 o.4j93§ 41.0
J0802+46 893 + 4 15+3 —615+4  645+3 3.88j8i5§lt 4.575 + 0.001 0.1j83‘1‘ 40.3
J0805+28 938+ 180 —140+241 —776+121 496 + 362 3.59j3f§§ 4.84+0.71 o.2j§} 40.6
J0818+36 5452 —53+2 —436 + 3 329 + 1 3.67j8-0g 4749 +£0.001  0.1*0- 39.7
J0841+01 423+ 1 -18+1 -297 £ 1 262 + 1 2.32j85;1 .. " ...
J0858+31 7358 ~102+6  —636+11 43310 (2.71j§{i‘% 554003  1.1733 41.2
J0915+30 795+ 8 74+ 8 -535+5  683+15 3.41t8;8g 510£0.02 0573 40.9
J0939+35 563 +2 —53+1 —426 +2 321+2 31670
J0945+17 1079+6  —132+8  —1005+9 742+ 14 3.39j31<1)é 546+0.01 1.5 41.8
J1010+06 149053  51+31  —1073+87 1176 +37 4.58j§{$§ 3.75 + 0.04 0.04j§3§ 40.4
JI015400 531 +3 382 —393+3 3183 3.1670%  5.396 = 0.003 0.4% 40.2
JI016400 636 +6 —81+3 —515+5 354+4  (<267) 5.813+0.004 1.310;g 40.9
71034460 763 +2 8+2 —546 + 3 562 +3 2.99j§%9 5.586+0.001  1.3%2 41.3
J1036+01  482+3 —44£2 -362+4  273+3 3.28f8;1g . . .
J1100+08 1162 +7 —43+7 -952+13  865+8 3.99j8;§§ 4.92+001  0.5%)3 41.3
J1137+61 529 + 64 2410 -327+31  331+51 326"
J1152410 553+ 1 -39+ 1 382+ 1 305 + 1 3.39j8‘°§ 5244 +0.001  0.2+08 39.9
J1157437 660 +6 ~79 + 4 —577+8  419%7 3.67j8156 472 £0.01 o.1j83§ 40.2
J1200431 766 + 4 —146 +2 —695+3  402+4 3.42j§{§§ 5.564 + 0.001 1.1j§f§1‘ 41.2
J1218+47 444 x2 21%1 -319+2  277+2 3.66¢ 4.83+0.03  0.1%0 39.3
J1223+08 594 +7 -132+4 58010 3156  3.7°0%  4.90x0.02 0.2j8»5 40.2
J1238409 641 +2 —49 + 1 —438 £2 341£2  (2.68°0%) 5763 £0.001 1.0j93<1’ 40.6
J1241+61 6167 1925 —615+9  231%6 2.95j§{}§ 538 +0.02 0.4j§f§ 40.6
J1244465 1218+6  —282+6  —1149+9  585+9 3.31j0g12 494002  04%)3 41.2
J1300+54 298 + 1 —27+0 229+ 1 1751 333701 .. . .
J1316+44  905+15 —220+18 —872+37  432%3 3.66 484+001  02%0° 40.6
J1347+12 2519+ 150 —845+337 —2466+483 775192 427109  421+0.24 o.1f§f}1‘ 41.4
J1356-02 717 +8 —85+7 —654+11 483 +13 3.66j§{§§ 4.64 +0.02 o.1jg;i 40.4
J1356+10 861 +2 26 + 1 -535+2  586x2  321*00° 5794+0.002 1.97) 413
J1405+40  650+5 -124+4  -606+8  358+2 4.1fg;}§ 4.476 +0.003 0.1tg;§ 39.8
J1430+13 803 +3 —61+2 -630+4 5092 324700 5646+0.004 137 41.2
J1436+13 627 +4 —66+3 —530 + 4 397+£5  3.470% 5068 +0.001 0.3t8~8 40.4
71437430 628 +2 241 ~457+2 4093 3.3f§?(}1 5.301 = 0.001 0.4f?f‘?‘ 40.5
71440453 775 +3 —2+3 —667 + 5 664 + 2 3.92ﬁ°-3" 471 +0.01 0.2j8? 40.7
J1455+32 845+ 4 -36+3 -626+4  555+4 3.88j§f§§ 4.507 £ 0.002 o.1j§fi 40.2
J1509+04 1356 +9  -327+7 —1233+10 579+9 3.41f8;21 494003  04%2 41.3
J1517+33 1210+ 4 79 +2 -823+2 6663 2982 567+0.02  1.87% 415
J1533435 5386 —38+7 —467+15  391+6 (2'44t§§§) 588+0.04  1.6%T 41.0
J1548-01 497 +2 —59+2 ~415+4  298x5  (2.74:00%
J1558+35 561 +3 —125+2 —533+5 282+ 3 3.23f8Yg 5.358+0.002 0.5%}4 40.6
11624433 490 + 4 73 +2 428 +4  282+4 3.63j§f$§ 4.77 +0.01 o.1j§§ 39.7
J1653+23 494 +2 —57+1 —403+2 2891 3.26j8;8j .. . .
JI1713+457 149110 -60+10 —1121+18 10017  4.06:0%  4.64+0.01 03729 41.2
12154411 582206 —50+135 —452+252 353 +17 3.27j§1§§ 506+054 0393 40.2

Notes. Column 1 is the abbreviated name of the QSO2, columns 2 and 3 give the derived quantities W80 and AV whilst columns 4 and 5 give V05
and V95. All quantities are given in kms™' . Column 6 lists the electron densities measured using either the transauroral technique or the [SII]
ratios (between parenthesis). For the two objects where it was not possible to measure the densities, the assumed value of log n,=3.66 is given
and denoted by an a. Columns 7, 8, and 9 show the total outflow mass, mass outflow rate and the kinetic energy, assuming an outflow radius of
0.62 kpc. The errors given for mass outflow rates are obtained from deriving the outflow rates at the minimum (0.15 kpc) and maximum (1.89
kpc) outflow radii found by Fischer et al. (2018), whilst 0.62 kpc is the mean of the values presented there. Errors for the values of log E,,  are
+0.6,-0.5.
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