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ABSTRACT
We present a new X-ray spectroscopic study of 22 luminous (2 X 10% < Ly, /ergs™ < 2 x 10*) active galactic nuclei (AGNs) at intermediate
redshifts (0.1 < z < 0.4), as part of the SUpermassive Black hole Winds in the x-rAYS (SUBWAYS) sample, mostly composed of quasars and
type 1 AGNs. Here, 17 targets were observed with XMM-Newton in 2019-2020, and the remaining 5 are from previous observations. The aim
of this large campaign (1.45 Ms duration) is to characterise the various manifestations of winds in the X-rays driven from supermassive black
holes in AGNS. In this paper we focus on the search for and characterisation of ultra-fast outflows (UFOs), which are typically detected through
blueshifted absorption troughs in the Fe K band (£ > 7 keV). By following Monte Carlo procedures, we confirm the detection of absorption lines
corresponding to highly ionised iron (e.g. Fe XXV Ha and Fe XXVILy) in 7 out of 22 sources at the 295% confidence level (for each individual
line). The global combined probability of such absorption features in the sample is >99.9%. The SUBWAYS campaign, based on XMM-Newton,
extends to higher luminosities and redshifts than previous local studies on Seyferts. We find a UFO detection fraction of ~30% of the total
sample, which is in agreement with previous findings. This work independently provides further support for the existence of highly ionised matter
propagating at mildly relativistic speeds (>0.1c¢) in a considerable fraction of AGNs over a broad range of luminosities, which is believed to play

a key role in the self-regulated AGN feeding-feedback cycle, as also supported by hydrodynamical multi-phase simulations.
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1. Introduction

It is widely accepted that supermassive black holes (SMBHs;
105-10'° M; e.g. Salpeter 1964; Magorrian et al. 1998) are
hosted at the centre of virtually every known massive galaxy.
The observed tight correlations between the host galaxy and
the SMBH properties (see Kormendy & Ho 2013, for a review)
strongly suggest that their formation and evolution are pro-
foundly coupled with each other. Some physical mechanisms
must have therefore linked the regions where the SMBH gravita-
tional field dominates to the larger scales, where its direct influ-
ence is negligible. At this stage, the key underlying ingredients
at play in the co-evolution paradigms of active galactic nuclei
(AGNs) and galaxies still need to be understood. It has been
proposed that highly ionised gas outflows could play a pivotal
role in this process (e.g. King 2003, 2005; Gaspari & Sadowski
2017). The presence of such powerful winds is expected to reg-
ulate accretion of material onto (and ejection from) compact
objects.

Through their mechanical power, ultra-fast outflows (UFOs)
are accelerated at velocities greater than 10000 km s~ and up to
a few dozen times the speed of light. For these reasons, UFOs
are also able to inject momentum and energy over wide spa-
tial scales via interaction with the interstellar medium (ISM) in
the host galaxy. This process is expected to promote an efficient

feedback mechanism (e.g. Murray et al. 2005; Di Matteo et al.
2005; Ostriker et al. 2010; Torrey et al. 2020), which is needed
to reproduce the observed properties in galaxies, for example the
scaling relations (King et al. 2011), and to regulate their overall
mass-size ecosystem (e.g. Fabian 2012; King & Pounds 2015;
Heckman & Best 2014).

Ultra-fast outflows are routinely detected in the X-ray spec-
tra of 30-40% of local (z < 0.1) AGNs (Tombesi et al. 2010;
Gofford et al. 2013; Igo et al. 2020, hereafter T10; G13; 1g020),
and in a handful of sources at intermediate to high redshifts
(up to z ~ 3; e.g. Chartas et al. 2002; Lanzuisi et al. 2012;
Chartas et al. 2021, hereafter C21). They manifest themselves as
absorption troughs associated with Fe XXV Hea and FeXXVI Lya
transitions (Es = 6.7-6.97 ke V) blueshifted at energies Eey >
7keV (all the line energies will be given in the source rest
frame throughout this work). The degree of blueshift trans-
lates into the range of extreme outflow velocities observed from
Uout ~ —0.03¢ up to —0.5¢, for gas column densities and ionisa-
tions of Ny ~ 10272*cm™2 and log(¢/ergems™") > 3, respec-
tively (e.g. Reeves et al. 2003, 2018a; Pounds & Reeves 2009;
Tombesi et al. 2011; Matzeu et al. 2017; Parker et al. 2018;
Braito et al. 2018). The frequent detection of these features, sup-
ported by a detailed modelling of the high energy spectra of
the most powerful local quasar (QSO) to host X-ray winds,
PDS 456, indicates that UFOs arise in wide angle outflows,
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in turn implying that a significant amount of kinetic power is
involved (Nardini et al. 2015; Luminari et al. 2018).

Evidence for low-ionisation UFO components has also been
reported in the soft X-ray spectra in the E.y = 0.3-2keV
band (e.g. Braito et al. 2014; Longinotti et al. 2015; Reeves et al.
2016, 2018b, 2020; Serafinelli etal. 2019; Krongold et al.
2021), usually observed as blueshifted oxygen and neon ions.
Similar high-velocity outflows, arising directly from the accre-
tion disc region, have also been found in the UV spectra via
prominent blueshifted, ionised absorption, and emission fea-
tures in broad absorption line QSOs, typically between Aesr =
50 and 2000 A (e.g. Gaskell 1982; Wilkes & Elvis 1987,
Richards et al. 2011). They are associated with lower-ionisation
metal ions (C1v, AlIl, Fell, etc.; e.g. Crenshaw et al. 2003;
Green et al. 2012; Hamann et al. 2018; Kriss et al. 2018, 2019;
Mehdipour et al. 2022; Vietri et al. 2022). It has been shown that
at least some of the UV-absorbing outflows in sub-Eddington
systems can be driven by radiation pressure on spectral lines
(e.g. Murray etal. 1995; Progaetal. 2000). We refer read-
ers to the recent review by Giustini & Proga (2019) for more
details.

Outflowing material at considerably lower velocities (typi-
cally within a vy, of —5000 km s~1) and less ionised than UFOs
at log(¢/ergems™') ~1-3 (e.g. Sako et al. 2000; Parker et al.
2019), known as a warm absorber (WA), is also detected through
absorption features and edges from He- and/or H-like ions of
C, O, N, Ne, Mg, Al, Si, and S in X-rays (Halpern 1984;
Mathur et al. 1997, 1998; Blustin et al. 2005; Reeves et al. 2013;
Kaastra et al. 2014; Laha et al. 2014, 2016). Warm absorbers are
detected in a substantial fraction of AGNs: ~65% (Reynolds
1997; Piconcelli et al. 2005; McKernan et al. 2007). It was sug-
gested by Tombesi et al. (2013) that, despite their physical dis-
tinction, UFOs and WAs might be somehow connected as
part of the same wind, but originating from different locations
(see Lahaetal. 2021 for a comprehensive review of ionised
outflows).

Finally, outflowing gas is also routinely observed at
host-galaxy scales, in the ionised, neutral and molec-
ular phases. These outflowing components observed at
kiloparsec scales or beyond are now traced with mod-
ern sensitive optical/far-IR/millimetre/radio facilities (e.g.
Morganti et al. 2005; Feruglio et al. 2010, 2017; Harrison et al.
2014; Brusa et al. 2015, 2018; Maiolino et al. 2012; Cresci et al.
2015; Bischetti et al. 2019a) and show lower velocities with
respect to the accretion disc winds (voy ~ —500 to —2000km s~!,
depending on the phase) and considerably higher mass outflow
rates of up to 100-1000 M, yr~! (see Cicone et al. 2018).

Some models predict that the fast outflowing gas is
accelerated by the radiation pressure caused by highly
accreting black holes approaching the Eddington limit (e.g.
Zubovas & King 2012). Subsequently, the energy deposited
via shocks by the UFO into the galaxy ISM generates the
galaxy-wide outflows observed in lower-ionisation gas (see
Fabian 2012; King & Pounds 2015). Alternatively, massive sub-
relativistic outflows are also expected in systems accreting at
a lower Eddington ratio, due to magnetic (e.g. Fukumura et al.
2010, 2017; Kraemer et al. 2018) and/or thermal driving (e.g.
Woods et al. 1996; Mizumoto et al. 2019; Waters et al. 2021).
The global AGN feeding-feedback self-regulated framework has
been supported by three-dimensional hydrodynamical simula-
tions that unify the micro and macro properties of the AGN envi-
ronment (e.g. Gaspari et al. 2013, 2020; Sadowski & Gaspari
2017; Yangetal. 2019; Wittor & Gaspari 2020); these sim-
ulations have, in turn, been corroborated by several multi-
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wavelength observations (e.g. Maccagni et al. 2021; Eckert et al.
2021; McKinley et al. 2022; Temi et al. 2022).

Multi-phase tracers would therefore allow us to probe galac-
tic outflows in their full extent, that is, from the nuclear (<1 pc)
to the largest scales (>10kpc), and at the same time pro-
vide us with a comprehensive view of their driving mech-
anism. Fiore et al. (2017) reported a correlation between the
velocity of the wind (for both UFOs and large-scale compo-
nents) and the bolometric luminosity (Lyo o ugiﬁ), in agreement
with that predicted by Costa et al. (2014) for energy-conserving
outflows. However, the statistics of this work for the UFO
sample are still limited (~20 AGNs with UFOs), with only
50% at Lyo = 10% ergs™.

A comparison between the momentum rates (i.e.
Pout = MoutUowt) Observed over a range of spatial scales
can be used to disentangle the wind propagation mechanisms:
energy-conserving (large-scale) versus momentum-conserving
(small-scale: UFO). The first reported cases of molecular
outflows in systems that host a UFO were IRAS F11119+3257
(Tombesi et al. 2015), Mrk231 (Feruglio et al. 2015), IRAS
1702044544 (Longinotti etal. 2015, 2018), and APM
08279+5255 (Feruglio et al. 2017). These examples support the
energy-driven wind scenario, deemed as the smoking gun for
large-scale feedback. Indeed, conserving energy is crucial for
achieving an effective macro-scale feedback to quench cooling
flows and star formation (e.g. Gaspari et al. 2019). However, via
the analysis of more sources, it emerged that not all outflows
supported this scenario. Further molecular outflows observed
in UFOs that host sources, such as PDS 456 (Bischetti et al.
2019b), MCG-03-58-007 (Sirressi et al. 2019), IZwicky 1
(Cicone et al. 2014; Reeves & Braito 2019), and Mrk 509
(Zanchettin et al. 2021), revealed momentum rates at least two
orders of magnitude below the expected value for an energy-
conserving wind (see also Marasco et al. 2020; Tozzi et al.
2021). These results suggest a more complex physical mecha-
nism and range of efficiencies in transferring the nuclear wind
out to the large-scale galaxy structure, or significant AGN
variability over the lifetime of the flow (Nardini & Zubovas
2018; Zubovas & Nardini 2020), as supported by chaotic cold
accretion simulations (Gaspari et al. 2017). Related to this, an
important parameter that is needed to constrain wind models is
the UFO duty cycle, that is, how persistent accretion disc winds
are. Indeed, the derivation of the energy injection rate by UFOs
into the galaxy ISM must take this factor into account, with
implications for the timescale and efficiency of propagation
through the host galaxy (Zubovas & King 2016). The UFO duty
cycle can be inferred from the fraction of AGNs in which they
are observed, but it is highly degenerate with the opening angle.
Hence, as of today, it is virtually unconstrained for sources
above Ly, ~ 10% ergs™!. Observing large samples of sources
at luminosities above the break L > L* of the AGN luminosity
function (e.g. Aird et al. 2015), with a range of Eddington ratios
and enough statistics to constrain the wind duty cycle, has
become crucial for overcoming the limitations described above
(e.g. Bertola et al. 2020).

This work is the first in a series of Supermassive Black Hole
Winds in the X-rays (SUBWAYS) publications. The SUBWAYS
programme has the dedicated goals of investigating the vari-
ous manifestations of UFOs emanating from the environments
of SMBHs in AGNSs. This includes gaining significant advances
in our understanding of the detection rate and physical proper-
ties of UFOs, their connection with WA features, and their role
in providing a macro-scale feedback, as well as mapping the
physical properties of the outflows across different galaxy scales
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and gas phases at different wavelengths and ionisation states.
In this paper we present our first results of the SUBWAYS
campaign, specifically designed to provide a solid detection of
blueshifted absorption features in the Fe K band in the context
of robust statistical grounds for high signal-to-noise ratio (S/N)
sources at L 2 10% ergs™.

The paper is organised as follows: Sect.2 presents the
SUBWAYS sample and the target selection. In Sect.3 we
describe the reduction of the X-ray Multi-Mirror mission (XMM-
Newton) data. In Sect. 4 we present all the details of the spectral
analysis of the European Photon Imaging Camera (EPIC) data,
including the continuum modelling, the procedure we adopted
to search for Fe K emission and absorption features, the mod-
elling of the FeK band, and the Monte Carlo (MC) simula-
tions we used to assign a robust significance level to the detec-
tions. In Sect.5 we present our main results, namely the line
detection rate as inferred from our spectral modelling, and in
Sect. 6 we discuss our findings in light of recent results at both
lower and higher redshifts; Sect. 7 summarises our results. Cos-
mological values of Hy = 70kms™ Mpc™!, Q,, = 0.73, and
Qp = 0.27 are assumed throughout this paper, and errors are
quoted at the 90% confidence level or a difference in C-statistic
(i.e. AC = 2.71; Cash 1979) for one parameter of interest,
unless otherwise stated. The cosmic abundances are set to solar
throughout the paper.

2. The SUBWAYS campaign

So far, the characterisation of the fastest components of accretion
disc winds has mainly been carried out through studies based on
inhomogeneous archival data, restricted to two distinct cosmic
epochs and luminosity regimes, merely for practical reasons: (i)
at z < 0.1, objects are close enough that it is relatively easy
to collect >5—10 x 10° counts in the 4-10keV band in large
samples (~50 objects), but mainly limited to Seyfert luminosi-
ties (Lyo < 10¥ ergs™; e.g. T10; G13; Ig020); (ii) at z > 1.5, on
small and sparse samples (<10 objects) at Ly, 2 10*ergs™!,
which are mostly composed of gravitationally lensed objects
(e.g. Chartas et al. 2009; Vignali et al. 2015; Dadina et al. 2016,
C21). The distribution of these two samples in the L—z plane is
shown in the upper panel of Fig. 1 (blue and magenta points,
respectively).

In order to gain significant advances in our understanding
of the physical properties of UFOs in the QSO-like regime, a
systematic approach is needed. The SUBWAYS sample con-
sists of a total of 22 radio-quiet X-ray AGNs, mostly Type 1
and QSOs, where 17 sources have been observed with XMM-
Newton (Jansen et al. 2001) between May 2019 and June 2020
(see Table 1) as part of a large programme (1.45 Ms, PI: M.
Brusa) awarded in 2018 (cycle AO18 LP). In addition, the sam-
ple includes the data of five sources that meet the L—z—counts
selection criteria (see below) already available in the archive'. A
companion SUBWAYS paper, Paper II (Mehdipour et al. 2023),
is primarily focused on the UV outflow spectroscopic analysis
of Cosmic Origins Spectrograph (Green et al. 2012) data as part
of a large complementary SUBWAYS observational campaign
carried out with the Hubble Space Telescope.

The SUBWAYS selection criteria are based on the fol-
lowing requirements. Firstly, The presence of the source in

! In this analysis we discarded all observations with a net count thresh-

old of <1500 in the 4-10keV band.

48 [ A
W > A, |
j=1i]

B 46 - e 5{ y N
5 = g A A
o ¥ ox '
E F Ll
R e L .
u = . [ n
F g ]
u
|
105 r m .
- -li,!jn
n ] 3 :
L o i . B
> u "
(]
<1000 F  ° oo
o E
i [ YrPDS456
100 EvrsuBwAYS ¢
H Torfibesi-
10 frias 20z
0.005 0.01 0.05 0.1 05 1 5
Redshift

Fig. 1. Luminosity (upper panel) and rest-frame 4-10keV counts (lower
panel) plotted against redshift for the objects in the SUBWAYS sam-
ple and the comparison samples (T10; C21), as labelled. In the lower
panel we also mark the sources of the 3XMM sample, used to select the
SUBWAYS targets, with small empty circles.

the 3XMM-DR7 cataloguez, matched to the SDSS-DR 14 cata-
logue?, or to the Palomar-Green Bright QSO catalogue (PGQSO;
Schmidt & Green 1983). Secondly, an intermediate redshift in
the range, z = 0.1-0.4. This condition ensures that both WAs and
UFOs can be studied at the same time, and provides the possibil-
ity to characterise the continuum up to 10keV. Indeed, in order
to recognise faint absorption features, it is key to achieve a good
handling of the continuum in spectra with high counting statis-
tics up to 10keV. Thirdly, a count rate larger than ~0.12 cts/s, in
order to ensure counts of the order of ~10* in the 4-10keV band
in the EPIC-pn spectra, obtained within a single XMM-Newton
orbit. A by-product of this requirement also implies that our tar-
gets are QSOs (Lyo; = 10% erg s~!; star points in Fig. 1), comple-
menting the data already available in the archives for this kind
of studies. Lastly, we discarded narrow-line Seyfert 1 galaxies
(NLSy1s) due to the highly variable EPIC count rate, and QSOs
in clusters/radio loud systems, in order to avoid contamination
by processes other than AGN accretion and UFOs.

The lower panel of Fig. 1 shows the currently available rest-
frame 4-10keV counts for the SUBWAYS sample (large stars),
compared to those in 3XMM-SDSS, 3XMM-PGQSO, and local
and high-z QSO UFO samples (see the labels and caption for
details). In this paper we focus specifically on the detection and
characterisation of blueshifted absorption profiles in the Fe K
band in the 17 newly observed sources plus the additional 5 from
previous observations (up to AO18 cycle), for a total of 22 tar-
gets. The properties of the targets are listed in Table 1.

3. Data reduction

In this work we focus on the EPIC-pn (Striider et al. 2001),
EPIC-MOS 1, and MOS 2 (Turner et al. 2001) data. They were

2 http://xmmssc.irap.omp. eu/Catalogue/3XMM-DR7/3XMM_
DR7.html
3 https://skyserver.sdss.org/drl4/en/home.aspx
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Table 1. Target properties of the large SUBWAY'S campaign.

Name (1) z2(2) NG (3) log Lx (4) log Ly (5)  log Mpu (6)  10g Lyoi/Lgaa (7)  10g Fa_jokev (8)
(10 cm™2) (ergs™) (ergs™) (M) (ergem™2s71)
PG0052+251 0.15445 3.96 44.609 + 0.003 46.00 8.41 @ -0.51 —11.204 +0.003
PG0953+414 0.23410 1.09 44.595 + 0.004 46.08 8.24 @ -0.26 —11.664 + 0.004
PG1626+554 0.13170 1.55® 44.076 = 0.004 45.42 8.54 @ -1.22 —11.600 + 0.004
PG1202+281 0.16501 1.74 44.400 + 0.004 45.77 8.61 @ -0.94 —11.469 + 0.004
PG1435-067 0.12900 4.84 43.684 + 0.007 44.98 7.77® -0.89 —11.962 + 0.007
SDSSJ144414+0633 0.20768 2.57 44.467 + 0.004 45.84 8.10 © -0.36 —11.634 £ 0.004
2MASXJ165315+2349 0.10300 4.15 43.790 + 0.006 45.37 6.98 © 0.29 —11.529 + 0.007
PG1216+069 0.33130 1.51 44.769 + 0.004 46.24 9.20 @ —1.06 —11.810 = 0.005
PG0947+396 (Obs1) 0.20553 1.91® 44.208 + 0.007 45.55 8.68 @ -1.24 —11.887 = 0.008
PG0947+396 (Obs2) 0.20553 1.91® 44.146 + 0.006 45.55 8.68 @ -1.24 —11.954 + 0.007
WISEJ053756-0245 0.11000 15.0 43.688 + 0.005 44.86 7.73© -0.97 —11.777 = 0.006
HB891529+050 0.21817 3.93 44.219 + 0.005 45.52 8.75© -1.33 —11.918 £ 0.005
PG1307+085 0.15384 2.10 44.312 + 0.003 45.70 7.90 @ -0.30 —11.512 +£0.003
PG1425+267 0.36361 1.57 44.823 + 0.004 46.31 9.22© —-1.01 —11.823 +0.005
PG1352+183 0.15147 1.55 43.889 + 0.004 45.21 8.42 @ -1.31 —11.921 £ 0.005
2MASXJ105144+3539 ©  0.15900 2.20 43.692 + 0.008 44.88 8.40 © -1.62 —12.068 + 0.009
2MASXJ0220-0728 0.21343 2.42 44.213 +0.005 45.51 8.42 @ —-1.01 —11.888 + 0.006
LBQS1338-0038 0.23745 1.68 44.520 + 0.003 45.91 7.77© 0.04 —11.707 £ 0.004
Archival targets
PG0804+761 @ 0.10000 7.09 44.330 + 0.002 45.71 831 @ -0.33 —11.087 = 0.003
PG1416-129 0.12900 3.34 44.170 + 0.005 45.58 9.05 @ -1.57 —11.447 + 0.005
PG1402+261 0.16400 1.22 44.030 + 0.004 45.39 7.94 @ -0.65 —11.874 £ 0.004
HB89 1257+286 0.09100 1.04 43.551 +£0.002 45.15 7.46 © -0.41 —11.831 = 0.002
PG1114+445 0.14400 1.93 @ 44.088 + 0.003 45.53 8.59 @ —-1.16 —11.602 +0.003

Notes. (1) Target name; (2) Redshift; (3) Galactic absorption measured by HI4PI Collaboration (2016) or Murphy et al. (1996)"; (4) 2-10keV
intrinsic luminosity measured in this work by using the clumin convolution model in XSPEC; (5) bolometric luminosity derived from the
X-ray luminosity assuming the bolometric correction of Duras et al. (2020); (6) log of black hole mass from the measurements carried out in
Bianchi et al. (2009)@, Xie et al. (2017)%), Perna et al. (2017)“, Kaspi et al. (2000b)” and this work'®; (7) Eddington ratio; (8) 2-10keV fluxes
from the available spectra measured with cflux in XSPEC. The Lx and L, measured in this work are consistent with the ones that were used

during the SUBWAYS selection process.

processed and cleaned by adopting the Science Analysis System
SAS v18 (Gabriel et al. 2004) and the up-to-date calibration files.
We initially checked for Cu instrumental emission in the EPIC-
pn CCDs, between 7-8.5keV and 7.8-8.2keV, for the source
extraction and subsequent high-background screening. We fol-
lowed the Piconcelli et al. (2004) optimised procedure aimed at
maximising the S/N in the 4-10keV band (in the EPIC-pn),
rather than using the conservative criterion based on the fiducial
rejection of time-intervals of high-background count rates (i.e.
between 10-12keV). The S/N optimisation procedure is nec-
essary to identify any absorption feature that would otherwise
be diluted (e.g. Nardini et al. 2019), but insufficient if this does
not also correspond to the optimal compromise between S/N and
number of counts (see Fig. 2).

Given the relatively small EPIC-MOS collecting area at
Eqs > 4keV, a 4-10keV band optimisation would remove
too many counts; we then optimised the filtering on the entire
0.3-10keV band. Apart from the different reference bands, the
applied method is the same for the pn and MOS instruments.
We selected a background region free of instrumental features.
These regions have dimensions of 40 or 50 arcsec depending on
the possibility, for each observation, to find source-free regions
on the detectors. In order to define the source regions differ-
ent extraction radii were tested and for each radius we calcu-
lated the maximum level of background that can be tolerated in
order to find the optimal S/N. Following Piconcelli et al. (2004),
we define this level of background as the max background (see
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Appendix A for more details). The EPIC source spectra were
individually inspected for the possible presence of photon pile-
up by using the SAS task EPATPLOT. The ratios of singles to dou-
ble pixel events were found to be within 1% of the expected
nominal values, and thus no significant pile-up is present. The
response files were subsequently generated with the SAS tasks
RMFGEN and ARFGEN with the calibration EPIC files version
v3.12. In Table B.1 we show a summary of the individual obser-
vations of the 22 SUBWAYS targets that were selected adopting
a threshold of >1500 EPIC-pn net counts in the 4-10keV band.

4. Spectral analysis

The pioneering UFO studies were conducted on large archival
samples of AGNs. More specifically, T10 carried out a sys-
tematic hard-band (i.e. 3.5-10.5keV) analysis on a sample of
42 sources (for a total of 101 observations), drawn from the
archival XMM-Newton EPIC data, to carry out a blind search
of Fe XXV Hea and FexXXVILya absorption lines. By analysing
the data of 51 AGNs, obtained with the Suzaku observatory, G13
constructed broadband spectral models over the entire band pass
(i.e. 0.6-10keV).

For a robust analysis, we chose, as per G13, the entire EPIC
band pass, where additional spectral complexities like WAs
and/or strong soft excesses can also be taken into account. In this
way we ensure that all our models accurately describe the over-
all continuum. We focus on the XMM-Newton EPIC-pn, MOS 1,
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Fig. 2. Black hole mass and Eddington ratio distributions of our targets
(see Table 1) and the comparison samples. The colour scheme for the
samples is the same as in Fig. 1.

and MOS 2 data in the 0.3-10keV range. We applied a blind-
search procedure in each of the 41 observations by adopting four
spectral binning methods (for a total of 164 blind-searches; see
Appendix C for details). These binnings are grpminl, SN5, and
0S3grp20, using the SAS routine SPECGROUP, and the optimal
binning of Kaastra & Bleeker (2016, KB hereafter), using the
HEASOFT routine FTGROUPPHA.

We find that the spectral resolution delivered by the SN5
and 0S3grp20 binning methods is too degraded compared to
the grpminl and KB ones, and therefore not suitable for the
detection of faint, narrow absorption and emission features. The
grpminl and K8 criteria produce nearly identical results, in
terms of detection rate and statistical significance of the fea-
tures. While grpminl would certainly be a more conservative
option, we finally chose the '8 binning, which is specifically
developed to optimise the S/N in narrow, unresolved spectral fea-
tures whilst maintaining the necessary spectral resolution. Such
a choice provided the right compromise between these binning
methods. In other words, Kaastra & Bleeker (2016) worked out
a binning scheme based on the resolution of the detector and
the available number of photons at the energy of interest. Such

a method allowed us to maximise the information provided by
the Fe K absorption lines, and in this framework we adopted a
maximum likelihood statistic as C—stat.

4.1. Continuum modelling

All the spectra were initially fitted with a power law and
their corresponding Galactic absorption, modelled with Thabs
(Wilms et al. 2000), with column densities obtained from the
HI4PI Collaboration (2016) survey. In order to accurately
parameterise the properties of the underlying continuum, addi-
tional model components were required in the process such as
warm or neutral absorption, or a soft excess, as outlined in
Sects.4.1.1 and 4.1.2.

We note that statistically identical results could have been
achieved by modelling the continuum with distant and/or ionised
Compton reflection models such as xillver (Garcia et al. 2013)
or relxill (Dauser et al. 2014; Garcia et al. 2014). Since the
XMM-Newton band pass is 0.3—-10 ke V, the contribution from the
Compton reflection continuum is not well constrained; therefore,
for simplicity, here we adopt a power-law plus blackbody (when
required) parameterisation of the continuum. A similar approach
was also adopted in the Catalogue of AGN in the XMM-Newton
Archive (CAIXA) sample by Bianchi et al. (2009). Nonetheless,
a thorough investigation using Compton and relativistic reflec-
tion models is addressed in a forthcoming companion paper,
where we take advantage of the Nuclear Spectroscopic Tele-
scope Array mission (NuSTAR) follow-up obtained in 2020
(PI: Bianchi).

Our baseline phenomenological model can be described as

Tbabs X XABS X (zbbody, + zbbody, + powerlaw), €))]

where Tbabs represents the absorption due to our Galaxy,
powerlaw accounts for the primary emission component, and
zbbody , are two layers of blackbody emission to account for
the soft X-ray excess*. This parameterisation of the soft excess
is only phenomenological and hence the corresponding temper-
atures are not meaningful. XABS (when required) corresponds to
a mildly ionised warm absorption component (see Sect. 4.1.1).

Once the best fit of the 0.3—10 keV continuum spectra of each
of the 41 observations was reached, we performed a system-
atic search for iron K emission and absorption profiles between
4-10keV using the following two methods: (i) blind-line
search via energy—intensity plane contours plots (Sect.4.2)
and (ii) extensive MC (e.g. Protassov et al. 2002) simulations
(Sect. 4.4). The modelling approach of each individual spectral
component is described below and the detailed continuum and
absorption parameters are tabulated in Table D.1

4.1.1. Intrinsic absorption

Neutral or lowly ionised absorption is typically constituted by
a distant (2pc scales), less ionised and denser circumnuclear
material compared to UFOs, generally outflowing at veloci-
ties in the range of ~—100 to —1000kms~! (e.g. Kaastra et al.
2000; Kaspi et al. 2000a; Blustin et al. 2005). These absorbers
are detected in the soft X-ray part of the spectrum at ener-
gies <2-3keV and, depending on their properties, they can
add a significant curvature to the spectra below 10keV

* In some SUBWAYS targets only one blackbody component
is required (see Sect.4.1.2), while no blackbody component
is needed for the absorbed sources 2MASSJ105144+3539 and
2MASS J165315+2349.
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(e.g. Matzeu et al. 2016; Boller et al. 2021), and hence affect the
overall continuum and line parameters in our broadband mod-
els. In the literature, the fraction of sources with reported WAs
is >60% (Tombesi et al. 2013; G13).

In 2MASS J105144+3539, an intrinsic neutral absorption
column of Ny = 6.7 + 0.4 x 10*! cm~2 and two emission lines in
the soft band, likely associated with collisionally ionised gas, are
required. 2MASS J165315+2349 is classified as a Seyfert 2 and
so requires a different model construction in the soft X-rays, with
the presence of an intrinsic neutral absorber and emission aris-
ing from a distant scattered component. The continuum model
differs from Eq. (1) as

TbabsXx(powerlawg.,,+apec; +apec,+phabsXxpowerlaw;,,),

2

where apec;, (Smith et al. 2001) are thermal models account-
ing for two regions of emitting collisionally ionised plasma
and powerlawy. reproduces the distant scattered component.
powerlaw;,, accounts for the primary continuum, which is
absorbed by fully covering neutral material (phabs) with a col-
umn density of Ny = 2.2 + 0.9 x 10>} cm™2.

In this work we model the presence of fully covering mildly
ionised absorption with a specifically generated XABS model
from SPEX (Kaastra et al. 1996; Steenbrugge et al. 2003) con-
verted to an XSPEC (Arnaud 1996) table’ (see the appendix of
Parker et al. 2019). More specifically the XABS table covers the
following ranges in the parameter space: column density in the
range 10 < Ny/cm™2 < 10?2 with 10 logarithmic steps, and
ionisation in the range —4 < log(¢/ergcms™!) < 6 with 20 lin-
ear steps, making this table well suited for investigating a wide
range of absorbers in AGNs such as WAs. Although the presence
of WAs could have a minimal effect on the Fe K region, we find
it essential to include them as the most reliable continuum level
must be determined.

The XABS table was generated by assuming the default
SPEX setting where the spectral energy distribution (SED) of
NGC 5548 was used as representative of a standard AGN
input spectrum® (see Steenbrugge et al. 2005, for more details).
Another parameter in the model is the two-dimensional root
mean square velocity (vyns), which gives a measure of the
velocity dispersion of the line profile’. At the energy res-
olution of the EPIC CCDs (see AppendixC), the individ-
ual soft X-ray absorption lines are indeed unresolved, so
in the fitting procedure the RMS velocity broadening was
frozen to its default value, vyms = 100kms™' (unless spec-
ified otherwise), and the systemic velocities were set to
Okms™!.

Here we also consider the possibility of partial covering
along the line of sight. In this regime a fraction corresponding
to feov < 1 of the total flux is indeed absorbed, while a por-
tion 1 — f., leaks through the absorbing layer. This can also
have a dramatic effect on the emerging continuum by imprint-
ing a prominent spectral curvature at energies <10keV (e.g.

5 https://www.michaelparker.space/xspec-models

6 We are aware that our XABS table is built based on the ion balance
calculated for a typical Seyfert, while our sample consists of QSOs of
higher luminosity. By testing the same data with an XSTAR grid with
turbulent velocity of vy, = 300km s™! and a power-law SED input with
a photon index of I' = 2, we get ionisation parameters that are slightly
higher but consistent within the errors. For this reason, we allowed & to
explore the wide range of ionisation reported above.

7 https://personal.sron.nl/~jellep/spex/manual.pdf

A182, page 6 of 28

Matzeu et al. 2016; Boller et al. 2021). On this basis a partial
covering fraction was also added to the list of free parameters in
our XABS table (i.e. 0 < fov < 1). A more comprehensive phys-
ical analysis of low- and high-ionisation outflows is presented in
a companion paper.

4.1.2. The soft excess

The soft X-ray excess is described as a strong featureless emis-
sion component that is often observed in unabsorbed AGNs
below ~2keV. The physical mechanism responsible for this
emission is still the subject of active debates; it may be a dual-
coronal system (e.g. Done et al. 2012; Petrucci et al. 2013, 2018;
Rozanska et al. 2015; Middei et al. 2018; Ursini et al. 2020;
Ballantyne & Xiang 2020; Porquet et al. 2021) or relativistic
blurred reflection (e.g. Ross & Fabian 2005; Nardini et al. 2011,
Wilkins & Fabian 2012; Walton et al. 2013; Garcia et al. 2019;
Jiang et al. 2019; Xu et al. 2021; Mallick et al. 2022).

Regardless of the physical origin of the soft excess, in this
work we take a completely empirical approach by fitting its pro-
file with one/two layers of blackbody emission, when required
at the AC/Av = 9.3/2 threshold (i.e. 299% confidence level for
each blackbody component) in XSPEC (e.g. Porquet et al. 2004a;
Piconcelli et al. 2005; Bianchi et al. 2009, G13). Although our
phenomenological model largely ignores the detailed physics
involved in the system, it allows us to fit and compare uniformly
the underlying continua in our sample so that we can concentrate
on the Fe K band. There might be some degeneracies between
the soft excess and partial covering components during fitting;
however, this is not an issue for our absorption line detections.
We could have modelled equally well the soft excess with a
reflection component and the final result would not change, as
discussed above in Sect. 4.1.

4.2. Search for Fe K emission and absorption

In Fig. 3(top) we report, as an example, the background-
subtracted XMM-Newton spectra (EPIC-pn, black; EPIC-
MOS 1, red; EPIC-MOS?2, green) and their corresponding
background spectra of PG 0052+251. This source is one of the
most luminous in the sample and is on the bright side of the
luminosity/counts distribution in Type 1 AGNs (see Fig. D.1).

The 0.3-10keV (rest-frame) best-fitting broadband contin-
uum model (excluding iron K emission and/or absorption lines)
is indicated in solid-red. The residuals are shown in the bot-
tom panel. Our baseline continuum models include the absorbed
power-law component and the two blackbody components,
with high and low temperatures (k7"). The continua are well
reproduced with our baseline model (see the model statistics
reported in Table D.1). Two exceptions were found in the sam-
ple: when the soft X-ray emission was parameterised with one
or two regions of collisionally ionised plasma modelled with
apec in 2MASSJ105144+3539 and 2MASSJ165315+2349,
respectively. The presence of strong residuals from neu-
tral Fe Ka core emission at E,.g = 6.4keV from distant
material is ubiquitous in the SUBWAYS sample (e.g. see
Fig. 3).

In some observations (see Fig. D.1) we observed strong
absorption residuals (also in the Fe K band) likely associated
with Fe XXV-Fe XXVI transitions. Therefore, we ran a blind
search, simultaneously in both EPIC-pn and EPIC-MOS spec-
tra for every observation in the sample, in order to have a
first assessment of energy, strength, shape and significance
of any absorption or emission line relative to the underlying
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continuum model. We performed an inspection of the devia-
tion in |AC] from the best-fitting continuum model by generating
two-dimensional energy—intensity contours plots. This method
was adopted by T10 and G13, and extra details are described in
Miniutti & Fabian (2006).

The search was performed with our baseline continuum
model (Eqs. (1) or (2)) plus a narrow Gaussian line (with the
velocity width fixed at oyigm = 10eV). We also let the power-
law photon index and normalisation free to vary during the
search. In adopting our broadband ‘multi-component’ contin-
uum model above, we ensure a better reproduction accuracy
of the continuum level compared to a simpler two-component
power law plus Gaussian line model restricted on the Fe K band.
For this routine we freeze all the soft X-rays parameters from
the broadband continuum to their best-fit values, re-fit, and run
the scan along with the 5-10keV, rest-frame energy band. The
blind search method adopted here is carried out based on the fol-
lowing steps: (i) We have a baseline continuum model between
0.3—10keV (described above) plus the unresolved Gaussian line
required for the scan. The Fe Ka emission line at 6.4 keV was
not included in the baseline model. For each run, the energy
of the Gaussian is scanning the three EPIC spectra simultane-
ously between 5-10keV in intervals of AE = 50eV. The nor-
malisation of the Gaussian component probes the intensity of
the spectral line and is free to vary between negative and posi-
tive values in 250 steps. (ii) Each individual step in the energy—
intensity plane with respect to the baseline model was recorded
into a file including the corresponding AC. (iii) The resulting
confidence contours are plotted according to a mapped AC devi-
ation of -2.3, —4.61, —9.21, —13.82 and —18.52 for 2 param-
eters of interest corresponding to the nominal 68%, 90%, 99%,
99.9% and 99.99% confidence levels. (iv) We inspect the contour
plots to check whether there is any evidence of emission and/or
absorption in the spectrum (see the text below).

If an emission or absorption line is detected, it is parame-
terised by using a Gaussian profile. All the key Gaussian absorp-
tion and emission parameters accounting for the detected lines,
using the KB binning, are tabulated in Table 2. The AC map-
ping provided by the energy—intensity contours is a powerful
tool to detect emission or absorption profiles by visually assess-
ing the location and strength of the line relative to the underlying
continuum model. The spectral complexity within the 5-10keV
band can be enhanced by a number of atomic features such as
ionised emission lines from Fe XXV and Fe XXVI, at 6.7 keV
and 6.97 keV, respectively. As we have learned from previous
work, in ultra-fast wind systems the ionised emission due to
scattered photons from the outflowing material can be as impor-
tant as the absorption (e.g. Sim et al. 2008; Nardini et al. 2015;
Luminari et al. 2018; Matzeu et al. 2022). In several SUBWAY S
spectra, the shape of the emission and/or absorption profiles is
indeed complex/broad, which suggests a superposition/blending
of multiple ionised lines. Steps (i)—(iv) were carried out in each
fitted EPIC spectrum of the sample.

Examples of this method are shown in Fig. 4. In the top
panel we show the corresponding residual of EPIC-pn spec-
trum (MOS 1 and MOS 2 are not included for clarity) without
the emission and absorption components. The vertical dashed
lines denote the position of the laboratory energy transition of
Fe Ka (lime green), Fe XXV (magenta) and Fe XXVI (magenta).

In Fig. 4 we show the result of the same blind-search proce-
dure applied to the type 1 AGN LBQS 1338—-0038. The energy—
intensity contour map is showing the presence of highly signifi-
cant emission and absorption profiles at centroid rest-frame ener-
gies of E., ~ 6.6keV and E,s ~ 8keV, respectively. What
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Fig. 3. Broadband EPIC data and best-fit continuum of PG 0052+251
between the rest-frame energy of 0.3-10keV. Top: background-
subtracted XMM-Newton spectra (EPIC-pn in black, EPIC-MOS 1 in
red, EPIC-MOS 2 in green) and their corresponding background levels
(shaded areas). The broadband best-fit continuum model (solid red) is
shown alongside the individual model components: absorbed power-
law (cyan), low-temperature (blue), and high-temperature blackbody
(magenta). Bottom: corresponding residuals of the data compared to
the best-fitting model.

differs from 2MASS J165315+2349 is that both the emission
and absorption have comparable width and the emission (as well
as the absorption) seems to be originating from ionised mate-
rial. Such features are highly reminiscent of the well-established
P Cygni-like profile detected in PDS 456 (Nardini et al. 2015),
where the emission component arises from photons scattered
back into our line of sight from the same outflowing ionised
outflow, averaged over all the viewing angles. The complete set
of blind-search line contours of all the remaining observations
in the sample are plotted in Fig. E.1. The visual inspection of
the residuals makes the Fe K emission/absorption profiles detec-
tions largely qualitative at this stage. Nonetheless, we now have
a strong basis to carry out a systematic identification of iron K
absorption features that might be arising from a UFO.

4.3. Modelling the Fe K band

In this paper, we only adopt phenomenological models that
are homogeneously fitted across the whole sample. All the
FeK emission and absorption residuals arising from the line
blind-search (see Fig. E.1) are fitted with a cosmologically
redshifted Gaussian model (zgauss in XSPEC) added to Egs. (1)
and/or (2). Modelling the FeK features this way allows us
to characterise the significance and intrinsic properties of the
lines, namely the centroid rest energy, the line width, and the
overall strength with respect to the underlying continuum.
In some cases, when the feature is broader, we fix their
line widths (for simplicity) between owign = 10eV-400eV
(depending on which produces a larger improvement to the
fit). When the lines are broad/resolved, the line width is left
as a free parameter (see Table 2). A strong emission profile
corresponding to the neutral Fe Ka core at ~6.4keV is present
in almost every target. In some observations, of PG 0953+414,
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Fig. 4. Plot of the residuals and the corresponding closed confidence
contours plot from the blind scan of the type 1 AGN LBQS 1338-0038.
Top: data/model ratio plot for the EPIC-pn spectrum (MOS1 and
MOS 2 are not included for clarity), showing the residuals in the 5—
10keV band. A broad emission and absorption profiles are seen at
~6.6keV and ~8keV, respectively, suggesting a P Cygni-like profile.
The vertical lines indicate the Fe Ka laboratory transition at Ep, =
6.40keV (lime green) and Fe XXV and Fe XXVI at E},, = 6.70keV and
6.97keV, respectively (magenta). The outer to inner closed contours
correspond to a AC significance of (-2.3 = 68%), (—4.61 = 90%),
(=9.21 = 99%), and (—13.82 = 99.9%) relative to the best-fitting con-
tinuum. Bottom: corresponding blind-search contours, showing the evi-
dence of strong emission profiles at high confidence level (see the colour
bar on the right).

PG 14254267, PG 16264554, PG 1352+183, PG 1216+069,
PG 0947+396_obsl, 2MASS J105144+3539 and
PG 0804+761, the FeK emission lines are more complex
(see Fig. E.1). Their FeK emissions are broader and the
centroid energies correspond to highly ionised iron emission
in the Fe XXV and Fe XXVI domain. In the context of UFOs,
broader iron K emission can arise from scattered photons from
outflowing ionised material and can have crucial implications
in determining the covering fraction of the outflowing gas
(Sim et al. 2008, 2010; Nardini et al. 2015; Matzeu et al. 2016;
Reeves & Braito 2019).

For the absorption features we estimated the outflow veloc-
ity by assuming that iron K absorption observed at energy Eqps
is associated with H-like iron (FeXXVILya) gas, with laboratory
rest-frame energy of Ey = 6.97keV. Assuming Ey = 6.7keV
(i.e. Fe XXV Hea) would correspond in the above calculations
to a faster v,y, given the larger degree of blueshift. Our choice
of Ey can be considered as a conservative choice for the out-
flow velocity estimate, based on the reference energy assumed.
For a more appropriate identification of line transitions (i.e.
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Fe XXV Hea, FexXXVI Lya, or Fe K-shell edges), we need to carry
out a photoionisation modelling of the Fe K features (with XABS
and XSTAR models), which can yield an accurate description
of the physical conditions of the gas, for example its ionisa-
tion state. A comprehensive physically motivated analysis of the
emission/absorption profiles of the entire sample is the subject
of a forthcoming companion paper.

For quantifying the statistical significance of the Gaussian
lines in our modelling, we first adopt the AC improvement as
used for our blind-search method. More specifically, we compute
the Pr significance derived by first obtaining the AC/Av between
the best fit with and without a specific Gaussian line and subse-
quently compute the F-test probability. We detected blueshifted
Fe K absorption lines in 11 out of 22 sources at Pr 2 95%, where
9/22 have Pg = 99%.

Numerous authors in the literature (e.g. Vaughan et al. 2003;
Porquet et al. 2004b; Markowitz et al. 2006; T10; G13; Igo20,
Parker et al. 2020) have established that to obtain an adequate
statistical test when determining the significance of a detection
of atomic lines in rather complex spectra, an extensive MC
approach is required. In an absorption-line search framework
we might detect unexpected lines at a specific energy, with-
out any prior justification, (e.g. Protassov et al. 2002) over an
arbitrary energy range. Indeed, as discussed in the next section,
we find that our Pr improvements over-predict the detection
probabilities, as opposed to a more robust MC simulation
approach.

4.4. Monte Carlo approach

The MC simulation method has now been extensively adopted
in the literature (e.g. Porquet et al. 2004b; Miniutti & Fabian
2006; Tombesi et al. 2010; Gofford et al. 2013; Nardini et al.
2019; Parker et al. 2020; Middei et al. 2020) in order to achieve
arobust determination of the significance of a spectral line inde-
pendently from the spectral noise and the quality of the detector.
The MC approach overcomes the limitations of the often used
F-test, which can sometimes over-predict the statistical signifi-
cance of the line detection when compared to extensive MC sim-
ulations. In this paper the MC approach is focused on the Fe K
absorption lines detected in 11 sources on the basis of P 2 95%.
We report the results on the detection probability based on MC
in Table 2.

This process was carried out by following these steps. (i) The
continuum baseline null-hypothesis model (NH M) is our final
best-fitting 0.3—-10keV model (see Table D.1) re-adjusted after
removing the Gaussian absorption component. For each test, we
simulated 1000 EPIC-pn, 1000 EPIC-MOS 1 and 1000 EPIC-
MOS 2 source and background spectra, by using the fakeit
command in XSPEC. The simulated spectra were generated with
the same exposure times and response files from the origi-
nal data and grouped accordingly. We adopt the K8 binning
(as described in Appendix C) with FTGROUPPHA. (ii) Our 0.3—
10keV simulated spectra are then fitted with the NH M, which
takes into account the associated uncertainties from the NHM
itself. During this procedure, we fixed the line width of any
broad Gaussian emission features present in the spectra (both
in the soft and hard X-ray band) at their corresponding best-fit
energy values from the real data and we let their intensities free
to vary. The dual blackbody temperature, normalisations and any
Galactic, intrinsic neutral/warm absorptions were frozen to their
best-fit values of the real data reported in Table D.I1. (iii)) A
narrow Gaussian profile, with line width fixed at zero, was
then added to the NH M, with normalisation also set to zero,
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but free to fluctuate between negative and positive values, in
order to probe both absorption and emission features. The rest-
energy centroid of the Gaussian line was stepped between 5
and 10kev in AE = 25eV increments with the STEPPAR com-
mand in XSPEC. Additionally, to prevent a local minimum dur-
ing fitting, we also used the SHAKEFIT procedure developed
by Simon Vaughan (see Sect. 3.2.2 in Hurkett et al. 2008).
This process maps the AC variations relative to Cpyy, Which
are recorded after each step as |ACyoise|- The degrees of free-
dom corresponding to both models are also recorded. (iv) The
above steps were repeated through § = 1000 iterations for
each test, which produced a |ACise| distribution under the null-
hypothesis by mapping the statistical significance of any devi-
ations from NHM due to random photon noise in the spec-
tra. (v) The initial significance of the line derived from the
real data |ACjne| was compared to the |ACise| distribution so
that the number N of simulated spectra with a random noise
fluctuation larger than the observed one can be evaluated. In
case when the N simulated spectra have |AChoise]l = |ACiinel,
the MC statistical significance (Ppc) of the absorption line
detection can be calculated as Py = 1 — (%) and reported in
Table 2.

In order to compare with literature results, and following,
for example, T10, we consider as robust detections only absorp-
tion lines with Pr 2 99% and Ppic = 95%. The discussion of
the Fe K emission/absorption detection rate in our sample is pre-
sented in Sect. 5.1.

5. Results

A total of 14 absorption features with energies E.y = 7.1keV
and Pr 2 99% are found. Of these, eight are robustly detected
with Pyic = 95% while 6 have Py < 95% and are
therefore considered non-detections. In PG 1114+445 (ObsID
0651330501) an absorption line at Epg = 7.04f8:(1)§ keV was
detected at the Pr > 99% confidence level. However, such a
feature is likely consistent with a neutral iron K edge so no MC
test was applied here.

In Fig. 5 (top), we plot the unfolded EPIC-pn, MOS 1, and 2
data showing the 8 Fe K absorption lines detections with Py c 2
95%. To avoid model and data convolution issues, the spectra in
each panel are initially unfolded against a simple I' = 2 power
law (with normalisation of 1) and subsequently their corre-
sponding best-fitting model are superimposed. In Fig. 5 (middle)
the plot is in terms of the EPIC data counts normalised by
the effective areas and Fig. 5 (bottom) are their corresponding
residuals.

We conservatively identify these Fe K absorption lines as
highly ionised iron, specifically FexXvIiLya K-shell transi-
tions, all blueshifted with respect to their laboratory rest ener-
gies. Some of these lines can be a blend of both Fe XXV Hea
and FexXXVILya resonant transitions and might be indis-
tinguishable with the current EPIC energy resolution. In a
forthcoming paper (Matzeu et al., in prep.), we will carry
out a comprehensive physical modelling of these features
where an accurate measurement of the ionisation balance,
as well as density and velocity, of the outflowing gas can
be achieved. A photoionisation analysis of the FeK lines
will also help in obtaining a quantitative identification of the
absorption and emission features. As presented in Sect.4.3,
the corresponding outflow velocities were conservatively esti-
mated by choosing E.y = 6.97keV as a reference energy
(see Table 2).

5.1. Line detection rate

Here, we quantify the probability of whether or not the detected
absorption lines are caused by statistical fluctuation (‘shot
noise’). This can be done by using the binomial distribution (e.g.
T10; G13). For an event with a null probability, p, the likelihood
of n detections after N trials is given by the expression

N! n N-n
AUl 3)
In this context, n is the number of absorption lines detected in
N systems, and, depending on the latter quantity, we investigate
two different cases where we take into account: case (i) all the
individual targets, or N = 22; and case (ii) all the individual
observations (with total net counts of >1500 cts in the 4-10keV
band), or N(,',') =41.

In case (i) we have ngs = 7 FeK absorption line sys-
tems detected in NG = 22 observations at a significance of
Paie = 95%. So the probability of one of these absorption pro-
files being due to fluctuating noise can be taken as p < 0.05.
The probability of all of the observed absorption systems being
associated with noise is then reasonably low, with Pgsgiy <
6.17 x 107 (<0.006%). This suggests that the observed lines are
unlikely to be associated with simple statistical fluctuations in
the spectra.

In case (ii) we have a total of ngs = 8 detections out of
Ngiy = 41 individual observations. Here we have Posgiy <
6.89 x 107* (<0.07%).

P(n;N, p) =

5.2. Photoionisation modelling of Fe K features: Initial results

Although this paper is solely focused on UFO detection, we
present a preliminary photoionisation analysis of the Fe K features
and we provide first-order physical measurements of their prop-
erties. This analysis is carried out so that our SUBWAYS results
can be compared with those previously obtained in Tombesi et al.
(2011, T11 hereafter) T11, G13 and Igo20. The search for absorp-
tion features and the Gaussian modelling of the absorption pro-
files in the Fe K band described in Sect. 4.3 suggest they can be
ascribed to outflowing and highly ionised material likely associ-
ated with Fe XXV Hea—FeXXVI Ly« transitions.

In contrast with the phenomenological models used before,
modelling the absorption features with XSTAR allows us to probe
the physical properties of the absorbing medium. More specifi-
cally, we are able to quantify the ionisation state (¢), the column
density (Ny) and the systemic redshift of the material relative
to the observed one, which translates into the outflow veloc-
ity (vou; see below for more details). Through the photoioni-
sation modelling approach it is also possible to infer the geo-
metric properties, such as the radial distance from the ionising
source, the covering factor and the resulting overall kinematics
(e.g. Gofford et al. 2015; Matzeu et al. 2017).

We replaced the Gaussian absorption profiles, detected at
the Ppic 2 95% confidence level, with XSTAR photoionisation
models, generated with a power-law SED input spectrum of
I' = 2, by using the XSTAR suite v2.54a (Bautista & Kallman
2001; Kallman et al. 2004). We adopted various XSTAR grids
with different turbulent velocity, defined as oy = \V2c, so
that an accurate description of the width of the Fe K absorp-
tion lines could be provided. Choosing a grid with a smaller
Owrb results in a smaller equivalent width of the profile in the
data, and the absorption would saturate too quickly at lower Ny.

So for each source we adopted grids with o, ranging between
1000-10000kmss~! (see Table 3).
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Table 2. Gaussian emission and absorption parameters in the Fe K band corresponding to a total of 41 observations.

Emission lines Absorption lines
Source (1) XMM (2) Eem(3) Owigh @ Int(5)  EW(6) AC/AV(PE)(T)  Eaps®) owign(® Int(10)  EW(I1)  vgaw(12)  AC/Av(PR)(13)  Ppc (14)
ObsID (keV) (eV) (1070  (eV) (keV) (eV) (107%) (eV) (c)
PG0052+251 0841480101 6.40;8:82 10 3.3;132 33;{2 16.3/2(>99.9%)
0.06 ) 1.0 20 0.10 0.9 24 0.012
PG0953+414 0841480201 6427006 100 19410 3620 11.95/2(99.75%) 7821010 100 15709 —432% -0.116*0012  8.56/2(98.62%)  82.1%
692007 100t 32000 73*28 24.87/2(>99.99%)
PG1626+554 0841480401 6,40j8:g§ 100 (N 2A6jg:g 63122 21.02/2(>99.99%)
7013042 1000 20t 60%36 9.87/2(99.28%)
0.05 1.0 18 0.06 0.9 21 0.012
PG1202+281 0841480501 6.45%0:03 10@ 21710 3748 137/2(99.89%) 7787096 10 -1.970%  —45720 01130012 10.3/2(99.42%) 95.0%
7»°9f813§ 109 1A67j};g 3442 8.0/2(98.17%)
0.06 0.78 39 0.70 1.4 117 0.079
PG1435-067 0841480601 6377006 100 187078 100730 19.0/2(>99.99%) 828*070 400N 22714 —184*]1T —0.1667001  9.52/2(99.14%) 90.9%
SDSS J144414+0633 0841480701 6.43t8:8§ 10 2.8j8:§ 64j}§ 37.48/2 (>99.99%)
2MASS J165315+2349 (D 0841480801  6.37003 100 3.4%05 73730 49.09/2(>99.99%) 7.42+00¢ 100D —18*08  _ag*2l —0.082*0012 14.39/2(>99.9%) >99.9% P
+0.06 +0.9 28 +0.009
7775096 100 —18702 56728 01087000 14.97/2(>99.9%)
8,87‘:8:}% 100 () zsj}:g 87j‘3‘3 10.48/2 (99.64%)
PG1216+069 0841480901  6.47+013 182+181  2.8*13 68735  21.28/3(>99.99%)
PG0947+396 (Obs 1) 0841481001 6.43‘:8:22 10 2.2j}:8 88j§} 23.8/2(>99.99%) 9.51jg:}‘1’ 10/ 72.2;‘):3 7159% *0-30@818{3 11.65/2(99.7%) 96.9%

6,96j8:}§ 109 1A4j(1):g 64jj§ 9.47/2(99.12%)

PG0947+396 (Obs 2) 0841482301 6.35*006 100 ) 132+ 35.02/2(>99.99%)

WISE J053756-0245 0841481101 6.40%00¢ 10 81732 21.0/2(>99.99%)

HB 891529+050 0841481301 6.47t8:81 10 10332 38.88/2 (>99.99%)

PG1307+085 0841481401 6.35t8:32 100 64j}§ 35.74/2 (>99.99%)

PG1425+267 0841481501 6401003 10D 73T 48.12/2(>99.99%) 824%00¢ 10/ —1210¢ 46T 016670000 10.09/2(99.36%)  93.2%
6.88%006 10D 38120 11.91/2(98.74%)

PG1352+183 0841481601 6.53t8:{% 468j}f§ 319j§§ 74.69/3 (>99.99%)

2MASS J105144+3539 0841481701 6.37f8:8§ 100 156jgg 35.66/3 (>99.99%) &51j8;8§ 100/ —0.781’8%2 —108:5‘2 *0-‘97f81383 10.56/2 (99.49%) 95.9%

2MASS J0220-0728 0841481901 6.39*005 109 60*3  15.58/2(>99.9%)

LBQS 1338-0038 0841482101 6.627091 3117432 67j§5 15.09/2(>99.99%) 8.03*020 378 ) 36711 13074 -0.139*002 24.14/3(>99.9%) > 99.9%

11067039 3780 —3.01#13  —187*81  —0432:0041  10.00/2(9933%)  87.2%

PG0804+761 0102040401 6337008 100 82r3 60140 7.43/209756%) 7931006 10/ 117§ -133732 -0.12870007 15.99/2(>99.99%)  99.8%

6.96t8:{g 10 8.4j§§ 74122 7.50/2(97.65%)

0605110101 6,41jg:g§ 100 &ojlg 69121 25.77/2(>99.99%)
6817018 100 47733 44t 13.89/2(>99.99%)

0605110201 6.58*005  388+10¢ 26.4‘%’% 328+j2§1{ 115.0/3 (>99.99%)

PG1416-129 0203770201 6367004 100 3.0t 61732 22.13/2(>99.99%)
PG1402+261 0400200101 6.37t8:g; 10 1.9j}:8 szjjg 10.88/2(99.57%)
740139 100 1500 76%30  7.42/2(97.55%)

0830470101 6.15*013 1000 11r0T 42727 11.69/2(99.71%)
8.36t8:gg 100 086074 6758 7.74/2(97.91%)

-0.72 -56
0.04 i 0.6 23 0.15 0.7 54 0.016
HB89 1257+286 0204040101 634*004 100/ 22106 8523 383/2(>99.99%) 878*013 10D L1713 —0.227*0018 633/2(95.78%) 65.8%
0204040201 637004 10 15703 93431 27.2/2(>99.99%)
0204040301 6357008 100 17807 82%31  18.9/2(>99.99%)
6931000 10000 15707 84+ 14.5/2(98.74%)
0304320201 6467013 2847213 4718 156+90  27.2/3(>99.99%)
0304320301 6,49‘:8:83 109 szgg 6@3 9.7/2(99.23%)
0304320801 641013 100 L1td% 4412 6.36/2(95.84%)
PG 1114+445 0109080801 6.56*007  200*57 112723 279%3]  103.9/2(>99.99%)
0.06 74 2.4 67 0.29 ) 2.0 75 0.042
0651330101 648%006 143774 83*2%  230%C7  549/2(>99.99%) 749*02%  300()  —42r20  _158*T> —0.072*002 11.71/2(99.7%) 95.5%
0651330301 642003 500 44tlS 133*H 292/2(>99.99%) 735012 1000 26712 -04r3¥ —0.053*00)7  11.9/2(99.7%) 97.2%
0.06 75 4.4 108 0.11 1.4 45 0.020
0651330401 6.48+0:9 170j5.5 10,6444 261#1%8 56.9/3(>99.99%) 7217010 10 204 _es*dy —0.034%0020  83/2(98.4%) 90.5%
0651330501 6.42‘:8:82 109 649ﬁzé 1783;} 49.6/2 (>99.99%) 7A04j8;(1]§ 10 72,733‘ 7793}% - 10.02/2(99.33%)  (NJA)®

0651330601 6517005 10000 85%47  121%8 32.3/2(>99.99%)

0651330701 6.49t8:gj 50 () 6.63:2 1 17fj‘1" 29.4/2(>99.99%)

0651330801 642005 1000 53t 126%25  21.6/2(>99.99%)
0.16 177 3.6 +168

9.02+0:18 22711_56 57736 2667198 12.9/3(99.51%)

0651330901 6,44‘:8:82 50 () 44&3 96j§3 21.5/2(>99.99%)
+0.05 +67 +2.8 +70

0651331001 6507005 134787 86128 214¥70  48.8/3(>99.99%)

0651331101 6.42‘:8:83 50 () 4.333 92jg§ 13.1/2(99.86%)

Notes. (1) Source name; (2) observation ID; (3) measured Gaussian emission line energy in the rest frame; (4) emission line energy width. The
absorption lines were fitted with widths ranging between o y;q, 10eV-400eV; (5) emission line intensity in units of ph cm™2s7!; (6) equivalent
width; (7) change in C-stat fit statistic, degrees of freedom and the corresponding significance (in per cent) when the emission line is removed from
the best fit; (8)—(11) same as (3)—(6) but for the Gaussian absorption line; (12) corresponding outflow velocity inferred from the rest-frame energy
of the absorption line with E.i = 6.97keV as a reference energy; (13) same as (7); (14) MC significance of the absorption line where the > 95%
values are highlighted in bold. (VIn this observation the absorption profile is likely arising from a blend of a Fe XXV—XXVI pair, which could be
resolved by binning the spectra with grpmin1 (see Appendix C). ®as the two absorption lines are consistent with a Fe XXV—XXVI pair, we inferred
the null probability of both profiles simultaneously as a false detection by multiplying the probabilities of each line. *In this P Cygni-like profile
the line width of the emission is tied to that of the absorption as o em = (Taps/ Eaps) X Eem. ’denotes a fixed parameter during fitting. ¥ A MC test
was not applied for this feature as it is likely associated with a neutral Fe K edge.
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Fig. 5. XMM-Newton EPIC spectra and the corresponding best-fit models focused on the Fe K band. Top: unfolded EPIC-pn (black), EPIC-MOS 1
(dashed red), and EPIC-MOS 2 (dashed green) spectra, between 5—-10keV, of the eight observations where the Fe K absorption line was detected
at Ppic 2 95%. The spectra were firstly unfolded against a power law of I' = 2, and their corresponding best-fitting model (solid red) was
overlaid afterwards. Middle: corresponding EPIC data counts and best-fitting model. Bottom: data/model ratio. The presumed absorption features
at ~9.2keV and ~9.5keV present in, for example, 2MASSJ105144+3539 and 2MASS J165315+2349, respectively, are simply not significant
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enough to be considered as detections (see Figs. 4 and E.1), and hence they were not included in the best-fitting models.

Table 3. XSTAR parameters for the Fe K absorption features detected in the SUBWAYS sample with Py 2 95%.

7 8
Rest Energy (keV)

9 10

XSTAR parameters

Source (1) ObsID(2)  owp(3)  log(Nu)(4)  log(é) (5) vou (6)  AC/Av(7)  (Pp)(8)
(kms™)  (ecm™?)  (ergems!) ()
PG1202+281 0841480501 1000 >23.84 >5.02 —0.1087001°  8.60/3  96.49%
2MASSJ165315+2349T 0841480801 5000  23.76*037 47603 —0.110709%  -22.98/3  >99.99%
PG0947+396 (Obs 1) 0841481001 5000 >23.68 5381044 03057097 10.8/3  98.71%
2MASSJ105144+3539 0841481701 1000  22.78*0%7  4.10*33%  -0237*0018  10.9/3  98.77%
LBQS 1338-0038 0841482101 10000  23.167}9)  5.0170%  -0.15270920 23273 >99.99%
PG0804+761 0102040401 5000  23.93%033 >4.49 —0.1307091  11.1/3  98.88%
PG1114+445 0651330101 5000  23.9070% 4657077 -0.07272017  11.91/3  99.23%
0651330301 5000  23.61701% 3567019 -0.070*2017  62.08/3  >99.99%

Notes. (1) Source name; (2) observation ID; (3) intrinsic velocity broadening of the XSTAR grid; (4) column density and (5) gas ionisation state
both in log scale; (6) change in C—stat fit statistic over degrees of freedoms when XSTAR is removed; (7) corresponding significance in per cent;

(8) F-test probability significance.
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The measured column densities are ranging between 10%* <
Nu/em™2 < 10%* with a mean value of log(Ny/cm™2) ~ 23.6
and a median of log(Ny/cm™2) ~ 23.8. We also report the mea-
sured ionisation distribution, which is found to extend between
3.5 < log(¢é/ergems™) < 5.5, with mean/median values of
log(é/ergems™!) ~ 4.7 and log(€/ergems ™) ~ 4.8, respectively.

The outflow velocity distribution measured with XSTAR®
ranges between —0.3 < voue/c < —0.1 (see Table 3). The
mean/median values are vy, ~ —0.144 ¢ and Doy ~ —0.110¢,
respectively. We also compare the outflow velocities measured
with XSTAR and with the one measured from the Gaussian fitting.
For the latter, the measured velocities are found to lie between
—0.3 < vour/c < —0.05 (see Table 2) with mean/median values
of Uout,Gauss ~ —0.131c and ToutGauss ~ —0.113 ¢, respectively.
We find that both the phenomenological and the physical mod-
elling of the Fe K absorption features have the same distribution,
as confirmed at the 99.7% confidence level by a Kologoromv-
Smirnov test. The XSTAR-based approach returns a ~10% higher
mean velocity but a comparable median, within ~3%.

In our sample a considerable fraction of the Fe K absorbers
are characterised by material with high column density and
highly ionised material, likely H-like iron. Such a result does
not come as surprise when considering the hard average pho-
ton index (I' ~ 1.8) measured on the entire sample (see
Fig. 6), which would over-ionise the outflowing material (see
Matzeu et al. 2022, Figs. 2 and 3). A comprehensive pho-
toionisation analysis with XSTAR (and other physically moti-
vated wind models) will be presented in a companion paper,
where customised photoionisation tables will be generated with
more realistic optical/UV/X-ray SED inputs for each individual
SUBWAYS source (e.g. Nardini et al. 2015; Matzeu et al. 2016).

6. Discussion

In this work we searched for Fe K absorption features in a sam-
ple of 22 targets (41 observations), of which 17 were observed
as part of the XMM-Newton large programme carried out in
AO18. Through a systematic blind line scan performed in all
the observations and supported by a MC procedure, we detected
iron K absorption lines in 7/22 sources (i.e. ~30%) at the Pyc 2
95% confidence level. Through our statistical approach, we have
found 2 robust Fe K absorption line detections at Py 2 99%
in 2MASS J165315+2349 and LBQS 1338—-0038. The remain-
ing 5 detections are still significant but with 95% < Ppc <
99%, in PG 1202+281, 2MASS J105144+3539, PG 1114+445,
PG 0804+761 and PG 0947+396 (see Table 2).

Such absorption (and sometimes emission) profiles are asso-
ciated with highly ionised He- and/or H-like iron, arising from
the outflowing material, as their centroid energy is blueshifted
with respect to the QSO systemic redshift. In this paper we only
focused on the search and phenomenological analysis of such
features. Thus, for the estimate of the outflow velocities, we
assumed FeXXVILya at E.yy = 6.97keV as a reference energy
for a conservative result, which corresponds to the lowest possi-
ble outflow velocity. Accordingly, we find that the average out-
flow velocity measured in our sample is vy = —0.133¢, as
shown in Fig. 7.

For our search of Fe K absorption and emission features,
an accurate parameterisation of the underlying broadband con-
tinuum (i.e. 0.3—-10keV) in each observation was required.

8 The systemic redshift of the absorber obtained from fitting with
XSTAR is given in the observer’s rest-frame z,s and related to v, =

[(1 + Zabs)” — 1] / [(1 + Zaps)? + 1], and correcting for the systemic

velocities of the sources u we obtain vy, /c = (u - vzabs) / [1 - (uvzabs)].

A182, page 12 of 28

1
301 L SUBWAYS
i Gofford+13
| W Tombesi+10
2] i EEE CAIXA: Bianchi+09
]
[V} ! Piconcelli+05
[} 1
—_ 1
> 20+ !
(o] i
0
ks
o 151
[}
£
S 104
=
5 4

1.50 1.75 2.00

r

Fig. 6. Histogram comparing the photon index (I') measured in

SUBWAYS (green; this work, with a mean value of T = 1.81; ver-
tical line) with those measured in an X-ray-selected sample (CAIXA

sample, 150 sources with T = 1.78; Bianchi et al. 2009), the PGQSO
sample (Piconcelli et al. 2005, 40 sources I' = 1.89), and local AGNs
(T10; G13 withI' = 1.77 and I' = 1.95, respectively).

2.25

We therefore summarise the phenomenological continuum find-
ings of SUBWAYS. We found that 27 out of the 41 (~65%)
SUBWAYS observations are characterised by intrinsic soft
X-ray absorption. More specifically, 20/27 systems can be iden-
tified as fully covering, mildly ionised (warm) absorbers, while
5/27 are partially covering the line of sight. We note that 2/27
spectra are modified by a fully covering neutral absorber, where in
2MASS J165315+2349 the spectral curvature at energies <2 keV
is caused by a column density Ny ~ 10?* cm™2, consistent with
the values measured in Seyfert 2 galaxies. We find that a promi-
nent soft excess, at a >99% significance, is present in the vast
majority of the spectra in our sample: 39/41; one zbbody com-
ponent is required in 13/39 and two components in 26/39 sources.

In Fig. 6 we compare the primary continuum photon indices
(') with those measured in previous works in the literature:
a purely X-ray-selected sample, CAIXA (Bianchi et al. 2009),
an optically selected PGQSO sample (Piconcelli et al. 2005),
and low-z AGNs analysed with XMM-Newton (T10) and Suzaku
(G13). We find that the SUBWAY'S sample tends to be charac-
terised by I' < 2 (I' = 1.81), only slightly harder compared to
the optically selected PGQSO sample (I' = 1.89) and largely
consistent with the CAIXA (Bianchi et al. 2009) (I' = 1.78) and
T10 (I' = 1.77) samples. The mean photon index of the Suzaku
sample is softer, with (I' = 1.95).

6.1. Sample comparisons

The SUBWAYS sample size is indeed small compared to those
in T10; G13 and [go20. With this in mind this selection of targets
must be taken as an initial exploration of the intermediate-z pop-
ulation that is bridging the gap of UFOs studies between low-
and high-z sources.

We find that our overall measurements seem to be skewed
to higher values of Ny and vy, compared to (T10 and G13,
whilst the ionisation state of the absorber is on the same order
of magnitude (slightly lower). The latter parameter can be influ-
enced by the SED input assumed when generating the photoion-
isation grids. We also find that the outflow velocity measured
in PG0947+396 (Obsl), being the highest in the sample, is
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unlikely to be associated with outflowing, highly ionised mate-
rial, but rather the result of an artefact of the EPIC CCD and/or
some background issue. Although the absorption line is signif-
icantly detected at the Pr > 99% (Gaussian modelling) and
Pyce ~ 97% (MC approach) confidence level, it is weakly
detected with XSTAR at ~90%. Furthermore, an outflow veloc-
ity of vy > 0.30c is generally considered on the high end
of the scale of ultra fast winds and can carry a huge amount
of kinetic power (e.g. Matzeu et al. 2017; Reeves et al. 2018a).
These events are more likely to be present in highly accret-
ing sources where Lyo/Lgqg — 1 (or above) and Eddington
fractions of Ly /Lgaa ~ 10% (Bianchi et al. 2009) might be
not enough to drive such strong outflows, although it cannot
be ruled out as magneto-hydrodynamic (MHD) driving mech-
anisms could come into play (e.g. Fukumura et al. 2010, 2022;
Kraemer et al. 2018; Luminari et al. 2021), especially in low-
Eddington regimes.

In Fig. 7, we show the vy distributions, and their mean val-
ues, measured with XMM-Newton in previous works in the lit-
erature, such as in T10 vy = —0.109 ¢; 12020 vy = —0.138 ¢;
C21 Doy = —0.330c¢. An interesting trend is shown in Fig. 7.
By looking at all the measurements, the UFO outflow velocities
seem to increase with redshift. Although the statistical footing
of this trend is beyond the scope of this paper, we can recognise
that such behaviour does arise from a high-Ly, selection bias
expected in sources at progressively higher redshift as the feed-
ing becomes stronger (e.g. Di Matteo et al. 2005), in particular
due to the larger inflow of cold gas mass triggering chaotic cold
accretion and boosting accretion rates by a few orders of mag-
nitude compared with quiescent hot modes (e.g. Gaspari et al.
2017). Another way to interpret this trend is simply realise
that the outflow velocity seems to increase with the luminosity
(e.g. Saez & Chartas 2011; Matzeu et al. 2017; Chartas & Canas
2018, C21), as shown below in Fig. 8, and on the other hand the
most luminous sources are observed at higher z. Additionally,
another possible bias that is involved at higher z is that higher
velocity shifts become more detectable with increasing redshift.

In Fig. 8 we show the wind velocities, as measured from our
X-ray spectral fits with Gaussian lines and tabulated in Table 2,
plotted against the bolometric luminosity of the SUBWAYS tar-
gets (see Table 1) shown as red stars. We added and recom-
puted the fit of the correlation of vyi,g versus Lpo, of the

IIIIIIIIIIIIIIII

TTTT

40 42 44 46 48
log(Lyo) (€rg s™)

Fig. 8. Outflow velocity of the ionised absorber for our SUBWAY'S tar-
gets (red filled stars) plotted against their bolometric luminosity. Also
plotted are the same quantities as derived in the analysis of the low-
z AGN samples of Tombesi et al. (2012, red empty squares) and G13
(blue empty triangles) and in the high-z AGN sample of C21 (black
filled circles). The power-law least-squares fit to the combined samples
(a total of 49 individual objects and 63 observations) is shown with a
solid line. The shaded area represents the uncertainty of the slopes of
our fits to the data. Here the outflow velocity is simply described as the
absolute value of vyy,.

low-z (T10; G13, red squares and blue triangles, respectively)
and high-z samples already presented in C21, including also our
SUBWAYS measurements. For all samples, bolometric lumi-
nosities are consistently computed from the 2-10 keV lumi-
nosities assuming a luminosity-dependent bolometric correction
(Duras et al. 2020). The best fit parameters of a linear relation
in log space of 10g(Vou) = A(Lpo)? are A = —3.88 + 1.40 and
B = 0.19 + 0.03. Overall, the SUBWAYS data fit right between
the low- and the high-z data. We find a Kendall’s (rank) corre-
lation coefficient of 7 = 0.45 with a null probability of pp, =
1.8 x 107", The strength and slope of this correlation is partially
driven by the six data points in C21, with log(Lye/ ergs™") > 48,
that may be affected by additional uncertainties associated with
the magnification factor due to lensing.

The low- and high-z fit correlation in C21 (see their Table 10)
returned a slope of B = 0.20 + 0.03, a correlation coefficient of
7 = 0.51 with a null probability p,,; = 6.0 X 1078, Their slope
is consistent with our measurement, whereas their coefficient is
about 10% higher, which suggests that our correlation, with all
the four samples included, is slightly weaker than in C21. A sim-
ilar correlation was also observed by Matzeu et al. (2017) in the
Iuminous QSO PDS 456 between the XMM-Newton, NuSTAR,
and Suzaku observation from 2001-2014. The slope of the corre-
lation in Matzeu et al. (2017, i.e. 0.22+0.04) is largely consistent
with what we have found here.

Overall, with our result we can conclude that there is a cor-
relation between the outflow velocities and bolometric luminosi-
ties within the overall low- intermediate- high-z samples. A pos-
itive correlation with a slope of 0.5 between outflow velocities
and the luminosities of the AGNs is what it would be expected
in a radiatively driven wind scenario as the radiation pressure
plays a key role in driving the outflows.

The fact that the observed slope is lower than the
expected value can be explained in several ways. One possible
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explanation, already suggested in C21, is that we did not include
outflows with velocities <10000kms™!, as in T10.

Another plausible explanation is that, as the luminosity keep
increasing, the inner part of the UFOs detected in SUBWAYS
might be over-ionised, with weaker absorption features (e.g.
Parker et al. 2017; Pinto et al. 2018) leading to their observabil-
ity being pushed to the outer streamlines. Within this regime
the observed velocities, due to their radial dependence, would
appear slightly slower and such a physical condition leads to an
overall flattening of the slope (Matzeu et al. 2017) from the nom-
inal value of 0.5. The outflows shown in Fig. 8 have a range of
mass outflow rates and black hole masses, so it is not clear that a
simple scaling of velocity with luminosity is likely. If instead
we assume that all the systems are close to their Eddington
luminosities Lggq and the outflows have the Eddington momenta
Lgga/c (see e.g. King 2003; King & Pounds 2015, and references
therein) one finds that the velocities should be of order 0.1 c, as
observed (see also Fig. 7).

In reality, the driving (and launching) mechanism respon-
sible for the observed UFOs are likely the result of a
complex interaction between radiation pressure and MHD driv-
ing. Indeed, it was previously found, in Matzeu et al. (2016)
that in the powerful disc wind observed in PDS 456 in 2013,
the radiation pressure alone, imparted from a strong flare,
could have not deposit enough kinetic power on the outflow-
ing material and hence suggesting that an additional launch-
ing mechanism, such as MHD, was also involved. Decoupling
and assessment of each individual contribution remains a chal-
lenging subject in disc wind physics with the current CCD
detectors.

6.2. Strong features around rest energies of 9keV

In our SUBWAYS sample, the Fe K absorption line with the
highest degree of blueshift was detected in PG 0947+396 (Obs1)
at Eree = 9.5 £ 0.1keV (Egps ~ 7.9keV).

Despite its reasonable significance (see Table 2), there are
a few caveats that could rule out its UFO identification. The
energy shift from the H-like iron rest energy is rather large (even
larger if He-like Fe is considered), and corresponds to an out-
flow velocity of voyy = —0.30 + 0.01¢, which is, by far, the
fastest of the sample. Such a result could be (in principle) at
odds considering the relatively low Eddington fraction of this
source (i.e. Lyo1/Lgaa ~ 0.06). These kinds of outflow velocities
are more common in sources that are accreting near or above
their Eddington limit, for example PDS 456. In this campaign, a
second ~60 ks observation (PG 0947+396 Obs2) was carried out
about 5 months later and no Fe K absorption line was detected
in the spectra (see Fig. E.1). The same applies for the first 20 ks
XMM-Newton observation in 2001. Having said that, it is not
impossible to have such a powerful UFO in a low-Eddington
regime as other driving mechanisms, such as MHD, could play a
key role (e.g. Fukumura et al. 2017). Indeed, further monitoring
of this source will shed some light on the presence of a UFO.

Strong residuals in emission at E.. ~ 9keV are detected in
2MASS J165315+2349 and PG1114+445 (0651330801) at the
Pr > 99% confidence level, which might be associated with
a possible high-order ironK transition or perhaps associated
with an instrumental calibration artefact. The origin of this fea-
ture could be associated with NiXXVIIHeS 1s — 3p, or a
blend thereof; however, no lower transitions are observed in the
spectra. Such a feature is also observed in PG 1114+445, as
blueshifted Fe XXVILyg (8.25 ke V). The dominant emission line
in the pn background is the Cu K line at 8.04 keV. Weaker sur-
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rounding lines include Ni Ka (7.47 keV), Zn Ka (8.63 keV) and
CuKg (8.90keV).

So another possible origin of these spurious features might
arise from background subtraction issues during the data reduc-
tion process, or even from the detector itself such as in
PG 1114+445. After a careful check we confirm that the line
detections are genuine as no such issues were found. A thor-
ough characterisation of the physical properties of the winds
responsible for the detected Fe K lines will be carried out by
using physically motivated models such as XSTAR, XABS, WINE
(Luminari et al. 2021), and XRADE (Matzeu et al. 2022), and will
be presented in a forthcoming SUBWAYS paper.

A second absorption line at E.g ~ 11keV (Egps ~ 9keV)
is detected in LBQS 1338—-0038 at the Pr = 99.3% confidence
level however, following a MC procedure the significance of the
line drops considerably to Py = 87.2%. This discrepancy in the
detection can be likely attributed to the lack of data at energies
Es > 10keV being at the edge of the XMM-Newton band pass,
and hence extra care is needed. Nonetheless, this high energy
absorption feature is also present during a ~50 ks NuSTAR expo-
sure one year later in 2020 (PI Bianchi). A joint analysis focused
on of the XMM-Newton and NuSTAR data of LBQS 1338—0038
will be presented in a companion letter (Matzeu et al., in prep.).

7. Summary and conclusions

We have carried out a systematic search focused on absorp-
tion features in the Fe K band in a sample of 22 (41 observa-
tions) luminous (2 X 10¥ < Lyy/ergs™ < 2 x 10*) AGNs
at intermediate redshifts (0.1 < z < 0.4) as part of the large
XMM-Newton programme SUBWAYS. For each XMM-Newton
observation, the data reduction was performed by optimising the
level of background in order to increase of the S/N within the
4-10keV band . Afterwards, an additional and crucial step was
the appropriate choice of an optimal spectral binning to avoid
a loss of information for any search of weak features, such as
UFOs. We applied the four spectral binnings that are most used
in the literature, and subsequently, after cross-checking them, all
our results are based on the K8 binning.
The main results are summarised below:

— We carried out an XMM-Newton broadband analysis between
0.3 and 10keV. We find that in 27 out of 41 observa-
tions (~65%) our targets have intrinsic absorption in the soft
X-rays, of which ~70% can be identified as fully covering,
mildly ionised (warm) absorbers and 5 out of 27 (~30%) par-
tially cover the line of sight.

— We then analysed the EPIC spectra of each of the 41 obser-
vations by first performing a series of blind-search line
scans, in both emission and absorption, focused on the 5-
10keV band. For the overall Fe K emissions, the energies
are in the range 6.2 < Ei/keV < 9, ~90% are consistent
with the Fe Ka core (detected in 20 out of 22 targets), and
~36% are consistent with Fe XXV—XXVI (detected in 8 out of
22 targets). Their equivalent widths are in the range of 10 <
EW/eV < 468, and the high-end values are due to com-
plex emission features such as in PG 1352+183, likely aris-
ing from a blend between Fe Ka[S] and Fe XXV.

— For the Fe K absorption features, we detected 14 absorp-
tion lines at the Pr = 99% confidence level with energies
in the range 7 < E.g/keV < 11; ~85% are consistent
with Fe XXV—XXVI, and one detection is consistent with an
iron K edge. Their equivalent widths are in the range —200 <
EW/eV < —40, which is in line with what is expected for
relatively narrow Fe K absorption profiles.
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— Thanks to extensive MC simulations, we confirmed absorp-
tion lines corresponding to highly ionised iron in 7 out of
22 sources. These findings yield a UFO detection fraction
of ~ 30% of the total sample, at a Py = 95% significance
level. These features likely correspond to Fe XXV Hea and/or
FexXViLya. By using the Fe XXVI lab transition as the ref-
erence energy, we measured outflow velocities in the range
—0.3 S vour/c S —0.05 with average and median velocities of
Vout = —0.133¢ and Ty = —0.110c¢.

— In this work we also present preliminary results of photoioni-
sation modelling of the iron K features detected at the Py c 2
95% confidence level with XSTAR. We find median values of
log(Ng/ cm™2) ~ 23.8 and log(é/ergem s71) ~ 4.8 for the
column densities and ionisation parameter, respectively.

— The measured outflow velocities with XSTAR are in the range
—0.3 < vou/c < —0.1, where the mean and median values
are Uoy ~ —0.144 and 7oy ~ —0.110, respectively. Such a
distribution is largely comparable with the outflow velocities
measured with the phenomenological (Gaussian) modelling.
Such results confirm that the absorption detected in the Fe K
band arises from fast, highly ionised material with a high
column density, as typically observed in UFOs.

— By comparing our results with previous work, we com-
puted a power-law least-squares fit to the low-z (T10; G13),
intermediate-z (SUBWAYS), and high-z (C21) data, which
show a positive correlation between outflow velocity and
bolometric luminosity within the overall low-, intermediate-,
and high-z samples, with slope 0.19 + 0.03. Such a voy—Lpol
correlation is also observed in Matzeu et al. (2017) with a
slope of 0.22 + 0.04.

The outcome of this work independently provides further sup-
port for the existence of highly ionised matter propagating at
mildly relativistic speeds, which is expected to play a key role
in the self-regulated AGN feeding-feedback loop that shapes
galaxies, as shown by hydrodynamical multi-phase simulations
(Gaspari et al. 2020, for a review). These results suggest that the
likely dominant driving mechanism of UFOs is radiation pressure
arising in high-accretion regimes. It is important to note that MHD
also plays a key role in the driving and launching mechanism of
disc winds, and future observations at micro-calorimeter resolu-
tion will contribute towards distinguishing each component.

An alternative scenario that has been put forward is that
the origin of FeK absorption features can be attributed to
a layer of hot gas located at the surface of the accre-
tion disc rather than from an outflowing wind (Gallo et al.
2013). Thus, the prominent and blueshifted absorption lines
are the result of a strong relativistic reflection component
that dominates the hard X-ray continuum rather than the
primary emission. This model was successfully applied to
the NLSyl IRAS13224-3809 by Fabian et al. (2020). The
unprecedented spectral micro-calorimeter resolution from future
UFO observations, such as X-Ray Imaging Spectroscopy
Mission (XRISM/Resolve; Tashiro et al. 2020) and Advanced
Telescope for High-ENergy Astrophysics/X-ray Integral Field
Unit (Athena/X-1IFU; Barret et al. 2018), will greatly contribute
towards disentangling each of these scenarios, including the
disc wind’s launching and driving physical mechanism (e.g.
Giustini & Proga 2012; Fukumura et al. 2022, Dadina et al., in
prep., Matzeu et al., in prep.).
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Appendix A: Signal to noise optimisation method

By following the Piconcelli et al. (2004) optimisation method,
we maximised the level of background that can be tolerated
resulting into an increase of the S/N. This is carried out by
testing, through an iterative process, different extraction source
radii and for each radius the level of the background, defined
as max background, is derived together with the corresponding
S/N.

For observations that are not affected by background flares,
the background level remains stable along the exposure and,
consequently, there is no need to filter-out any particular time
intervals. In this case the max background level is stable and
independent from the extraction region radius, and the high-
est S/N is achieved at the maximum allowed extraction radius,
which, in our case, is » = 40 arcsec. Differently, for observa-
tions affected by strong background flares, the dimension of the
extraction regions regulates the dominance of the source signal
over the background and thus, the max background level changes
as a function of the extraction radius itself. For those cases, the
S/N depends on the interplay between the relative source domi-
nance — which tends to diminish as the source extraction radius
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increases, leading to a lower acceptable max background — and
the overall source counts, which tend to increase as the extrac-
tion radius increases. This interplay, at the end, defines a cou-
ple of values for the extraction radius and the max background
for which we have the maximum S/N for our data. Between the
extreme cases, we have observations for which there are short
and/or weak background flares. In these cases we can appreci-
ate some changes of the max background, but the best extraction
region has the dimensions of the maximum allowed radius. It
is finally worth noting how the different effective areas among
MOS and pn drive different instrument responses to background
flares and, thus, different S/N and max background curves.

Appendix B: Summary of SUBWAYS observations

In Table B.1 we summarise the individual observation details
from the 22 SUBWAYS targets such as their ID, net exposure
time and the corresponding total number of counts for each EPIC
detector. We also tabulated the maximum S/N obtained from our
optimisation procedure. We discarded all the observations with
a total count < 1500 in the EPIC-pn.
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Table B.1. Optimised EPIC data reduction:4—10keV band

Source! XMM ObsID Date? Net Exposure3 (ksec) maxS/N* Total counts’

yyyy-mm-dd pn MOS1 MOS2 pn MOS1 MOS2 pn MOS1 MOS2

SUBWAYS targets observed during AO18 cycle

PG0052+251 0841480101 2019-07-15 344 50.1 50.1 923 236.2 238.9 9119 3771 4229
PG0953+414 0841480201 2020-04-14 455 50.9 50.9 69.2 208.8 204.9 5244 1869 1897
PG1626+554 0841480401 2019-05-27 514 60.9 60.9 722 205.4 206.4 5902 2300 2375
PG1202+281 0841480501 2020-06-29  46.8 54.9 57.6 78.6 179.1 181.8 7141 2671 2746
PG1435-067 0841480601 2019-07-24 423 59.4 64.3 39.8 108.4 112.7 2022 899 973
SDSS J144414+0633 0841480701 2019-07-28  66.3 80.0 82.7 78.1 188.1 193.9 7067 2480 2774
2MASS J165315+2349 0841480801 2020-02-11 59.8 78.0 78.6 823 57.9 63.1 7652 2641 3039
PG1216+069 0841480901 2020-06-05  63.4 78.6 81.2 65.2 164.7 167.9 4792 1807 1902
PG0947+396 0841481001 (Obs1)  2019-11-25  31.1 43.9 44.8 329 100.8 105.9 1682 789 847
0841482301 (Obs2)  2020-04-17  45.7 54.1 54.1 45.6 119.3 117.5 2436 908 947

WISE J053756-0245 0841481101 2020-03-02  69.8 90.3 91.4 57.6 112.4 113.7 3900 1563 1576
HB 891529+050 0841481301 2019-08-22 753 92.9 93.0 56.3 134.1 134.6 3592 1407 1439
PG1307+085 0841481401 2020-01-22  73.1 86.9 86.8 10547 3971 3787
PG1425+267 0841481501 2020-02-05  73.3 89.9 90.2 63.7 152.2 152.0 4708 2013 2004
PG1352+183 0841481601 2020-01-26  74.4 93.1 93.0 58.3 173.6 171.8 3951 1646 1685
2MASS J105144+3539 0841481701 2020-05-26  80.3 95.3 93.0 41.6 59.1 60.5 2139 811 859
2MASS J0220-0728 0841481901 2020-02-03  77.1 101.9 1022 575 128.1 130.8 3856 1661 1678
LBQS 1338-0038 0841482101 2020-02-01 91.6 114.3 1144 819 202.9 201.3 7775 3085 3139

SUBWAYS targets observed prior AO18 cycle

PG0804+761 0102040401 2000-11-04  2.33 6.56 6.56 138.9 141.0 1823 845 889
0605110101 2010-03-10  29.2 27.6 27.6 78.3 270.2 270.1 8426 3070 3316

0605110201 2010-03-12  25.2 35.1 35.1 67.1 270.2 238.0 5741 3006 2547

PG1416-129 0203770201 2004-07-14 443 48.9 49.0 68.9 133.8 134.5 5693 1997 2037
PG1402+261 0400200101 2006-12-21 28.0 16.6 16.6 39.7 1752 674 683
0830470101 2018-12-17  67.2 755 755 59.7 201.0 197.8 3894 1347 1531

HB89 1257+286 0204040101 2004-06-06  72.8 85.3 85.4 70.3 185.2 186.6 5374 2125 2011
0204040201 2004-06-18  79.1 91.9 93.6 57.7 166.2 166.6 3880 1690 1613

0204040301 2004-07-12 774 96.3 96.4 60.5 162.4 163.5 4341 1750 1856

0304320201 2005-06-27  64.1 76.7 78.6 61.4 152.7 155.8 4211 1605 1551

0304320301 2005-06-28  46.2 54.1 54.3 453 119.5 123.1 2498 953 1001

0304320801 2006-06-06  47.5 62.3 62.5 54.0 154.1 154.0 3539 1441 1546

PG1114+445 0109080801 2002-05-14  37.0 422 422 59.2 93.4 924 3787 1351 1293
0651330101 2010-05-19 245 29.4 30.0 41.9 54.9 554 1922 682 778

0651330301 2010-05-23  30.3 343 34.3 322 50.2 51.2 1802 626 627

0651330401 2010-06-10  29.9 38.0 385 36.2 63.7 65.5 1861 853 937

0651330501 2010-06-14 254 29.8 29.6 33.1 55.3 55.1 1843 710 715

0651330601 2010-11-08 18.5 30.1 30.1 51.6 82.6 83.4 2838 1289 1248

0651330701 2010-11-16 19.5 26.1 26.1 43.6 68.6 68.6 2137 915 937

0651330801 2010-11-18  23.6 28.4 29.6 43.9 63.8 63.7 2053 794 857

0651330901 2010-11-20 229 26.9 27.5 45.6 69.3 69.0 2261 906 1000

0651331001 2010-11-26 214 25.1 25.0 41.0 59.9 59.7 1914 658 739

0651331101 2010-12-12 17.1 6.89 6.72 38.7 1672 553 638

Notes. (1) Source name; (2) Starting date of observation; (3) Net exposure after background optimisation; (4) EPIC optimum S/N in the 4-10keV
(pn) and 0.3-10keV (MOS) band and it is not reported in coadded spectra; (5) EPIC total net count in the 4-10 keV band.
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Appendix C: Spectral binning

In this analysis we we were interested in searching narrow and
strong absorption features in the EPIC spectra. After maximis-
ing the S/N, an additional and crucial step was to carefully
include the appropriate choice of an optimal spectral binning in
order to avoid the loss of information in the search of weak fea-
tures like UFOs. We applied the four spectral binning methods
most used in the literature (listed below) and subsequently cross-
checked their results: grpminl - We over-sampled the EPIC-pn
and EPIC-MOS resolution by imposing that each energy chan-
nel contains a minimum of 1 count through the SPECGROUP task
within SAS (statistics: Cstat). This resulted in a binning resolu-
tion of AE = 5eV and 15eV per energy bin throughout the
0.3-10keV energy band for pn and MOS, respectively, for all
the observations. SN5 - The data were binned to ensure a sig-
nificance of at least S0 per energy channel with SPECGROUP
(statistics: y?). For the pn, such binning resulted in a binning
resolution of AE = 5eV at 1keV and AE ~ 20eV at 6.4keV,
whilst AE = 15eV and AE ~ 60¢eV for MOS. 0S3grp20 - This
binning (also obtained with SPECGROUP) is commonly adopted
in the literature and corresponds to an oversampling approxi-
mately 3x of the instrumental full width half maximum. Addi-
tionally, the data are grouped to a minimum of 20 counts per
bin in order to use y? statistics. This binning prescription is
a safe approach especially in cases where the level of signifi-
cance of the measured signal is not known a priory. Such binning
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yielded a resolution of AE ~ 40eV, ~ 45eV at 1keV and AE ~
75eV, 80eV at 6.4keV in EPIC-pn and -MOS, respectively.
Kaastra—Bleeker () B) — The Kaastra & Bleeker (2016) optimal
binning option in FTGROUPPHA task within the HEASOFT pack-
age (statistics: Cstat) in order to maximise the signal in the spec-
tra. In this sophisticated method, a variable binning scheme is
followed so that each bin resolution matches the CCD full width
half maximum energy resolution of the EPIC detectors (or at
least is not smaller than 1/3). Depending on the spectra in ques-
tion, the K'B binning produced a EPIC-pn data resolution rang-
ing between AE ~ 50-70eV and AE ~ 100-150eV at 1keV
and 6.4keV and a EPIC-MOS resolution between AE ~ 40—
60eV and AE ~ 100-140eV at 1 and 6.4 keV.

Appendix D: Broadband continuum modelling

In this work, despite being mainly focused on the iron K band,
we carefully modelled the 0.3 — 10keV continuum with the
simplest phenomenological solution (see Equation 1). The sum-
mary of the best-fitting continuum parameters and the over-
all statistics, including for each EPIC detector, are tabulated in
Table D.1. In Figure D.1 we show the individual plots for each
SUBWAYS observation as per in Figure 3. It is important to note
that the final errors for the best-fit continuum models are recal-
culated and propagated to the final continuum plus iron K emis-
sion/absorption lines model.
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Fig. D.1. Broadband fitting and Fe K residuals of the XMM-Newton observations in the SUBWAYS sample. The EPIC-pn (black), MOS 1 (red),
and MOS 2 (green) spectra, the corresponding background spectra (shaded area), and the best-fit model (solid red) are plotted. The individual

model components are: absorbed power-law (cyan), black-body low- kT (blue) and high-kT (magenta), soft X-ray Gaussian line (dark green), and
scattered power-law (orange). EPIC-MOS are visually binned to 100 for clarity.
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Appendix E: Blind-line search results

As in Figure 4, we shown the residual (top) and blind-scan search
contours (bottom) for the remaining 39 in Appendix E.1.
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Fig. E.1. Blind line search results, as in Figure 4, for the SUBWAYS sample with the corresponding residuals of the EPIC-pn spectrum in the
rest-frame energy between 5 and 10 keV.
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