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ABSTRACT

The detection of blueshifted absorption lines likely associated with ionized iron K-shell transitions in the X-ray spectra of many active galactic
nuclei (AGNs) suggests the presence of a highly ionized gas outflowing with mildly relativistic velocities (0.03¢c—0.6c) named ultra-fast outflow
(UFO). Within the SUBWAYS project, we characterized these winds starting from a sample of 22 radio-quiet quasars at an intermediate redshift
(0.1 £ z £ 0.4) and compared the results with similar studies in the literature on samples of local Seyfert galaxies (i.e., 42 radio-quiet AGNs
observed with XMM-Newton at z < 0.1) and high redshift radio-quiet quasars (i.e., 14 AGNs observed with XMM-Newton and Chandra at
z > 1.4). The scope of our work is a statistical study of UFO parameters and incidence considering the key physical properties of the sources, such
as supermassive black hole (SMBH) mass, bolometric luminosity, accretion rates, and spectral energy distribution (SED) with the aim of gaining
new insights into the UFO launching mechanisms. We find indications that highly luminous AGNs with a steeper X-ray/UV ratio, a,y, are more
likely to host UFOs. The presence of UFOs is not significantly related to any other AGN property in our sample. These findings suggest that the
UFO phenomenon may be transient. Focusing on AGNs with UFOs, other important findings from this work include: (1) faster UFOs have larger
ionization parameters and column densities; (2) X-ray radiation plays a more crucial role in driving highly ionized winds compared to UV; (3) the
correlation between outflow velocity and luminosity is significantly flatter than what is expected for radiatively driven winds; (4) more massive
black holes experience higher wind mass losses, suppressing the accretion of matter onto the black hole; (5) the UFO launching radius is positively
correlated with the Eddington ratio. Furthermore, our analysis suggests the involvement of multiple launching mechanisms, including radiation
pressure and magneto-hydrodynamic processes, rather than pointing to a single, universally applicable mechanism.
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1. Introduction in AGNs, including broad absorption line (BAL) outflows (e.g.,

Arav et al. 2001; Xu et al. 2020); warm absorber (WA) outflows

It is well established that active galactic nuclei (AGNs) are
powered by supermassive black holes (SMBHs), which reside
in the gravitational center of galaxies and actively accrete
matter. Many observational correlations have set the basis
to the co-evolution paradigms of AGNs and galaxies, sug-
gesting that their formation and evolution are connected (see
Kormendy & Ho 2013, for a review). However, the underly-
ing mechanisms that drive this co-evolution are still debated.
Recent studies have suggested that highly ionized gas outflows
may play an important role in regulating the intricate inter-
play between AGNs and their host galaxies (King & Pounds
2015; Gaspari & Sadowski 2017; Harrison et al. 2018). There-
fore, studies of AGN outflows across different scales are essen-
tial for advancing our understanding of these phenomena. In par-
ticular, various types of ionized outflows have been identified

* Tables A.1 and A.2 are available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/687/A235

(e.g., Halpern 1984; Mathur et al. 1997; Crenshaw & Kraemer
2012; Tombesi et al. 2013; Laha et al. 2021); transient obscur-
ing winds (e.g., Markowitz et al. 2014; Kaastra et al. 2014); and
ultra-fast outflows (UFOs; e.g., Chartas et al. 2002; Pounds et al.
2003; Cappi 2006; Tombesi et al. 2010; Gofford et al. 2013).
Among these, UFOs seem to be capable of injecting substan-
tial amounts of momentum and energy into the interstellar
medium (ISM) of the host galaxy, and thus, they are one of
the main candidates as prime agents of feedback (e.g., King
2003, 2005; Tombesi et al. 2015; Gaspari et al. 2020; Laha et al.
2021, for reviews), along with relativistic jets. As a conse-
quence, ejection of material from the inner regions up to the
host galaxy scale can proceed in the forms of ionized and
molecular winds (e.g., Sturm et al. 2011; Kakkad et al. 2017)
or powerful radio jets (e.g., Whittle 1992; Mukherjee et al.
2018). The primary detection of UFOs occurs through the
analysis of X-ray spectra, where they manifest as absorption
troughs often associated with blueshifted transitions of highly
ionized elements, such as FeXXv Hea, and FeXXVI Lya.
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Mildly relativistic velocities (~0.03" up to 0.6c?) are their main
characteristic, together with column densities Ny in the range
10%2-10?* cm™2 and ionization parameters log(¢/ergecms™) =~
4-5.6 (see e.g., Chartas et al. 2002, 2003; Reeves et al. 2003;
Braito et al. 2007; Cappi et al. 2009; Tombesi et al. 2010, 2014;
Giustini et al. 2011; Gofford et al. 2013; Matzeu et al. 2017;
Reeves et al. 2018; Braito et al. 2018). Recent observations have
revealed the existence of lower-ionization counterparts to highly
ionized UFOs in the ultraviolet and soft X-ray bands, high-
lighting the complex structure of these outflows that should be
taken into account by theory and models (Longinotti et al. 2015;
Kriss et al. 2018; Venturi et al. 2018; Serafinelli et al. 2019;
Chartas et al. 2021; Krongold et al. 2021; Vietri et al. 2022;
Mehdipour et al. 2023). These studies hold the potential to shed
new light on the origin and driving mechanisms of UFOs, which
are not fully understood.

Due to the observed physical properties, these FeK
absorbers are thought to be launched by radiative (Elvis
2000; King & Pounds 2003; Proga & Kallman 2004; Everett &
Ballantyne 2004; Sim et al. 2008, 2010, 2012; Schurch et al.
2009; Higginbottom et al. 2014) and/or magneto-hydrodynamic
(MHD; Proga 2000; Everett 2005; Kazanasetal. 2012;
Fukumura et al. 2010, 2014, 2015; Sadowski & Gaspari 2017)
processes. In the first case, when SMBHs are undergoing sub-
stantial accretion, the emitted radiation, which interacts with
and applies pressure to the surrounding material, may form a
highly ionized outflow. These radiation-driven outflows may
be accelerated by the radiation pressure of the continuum or
spectral lines (line driven, e.g., Murray et al. 1995; Proga 2000;
Proga & Kallman 2004; Giustini & Proga 2019). The effective-
ness of the latter mechanism largely depends on the ionization
state of the gas (i.e., being most powerful at low/moderate ion-
ization states, log(£/ergcem s ~ 2, e.g., Aravetal. 1994).
Nonetheless, Dannen et al. (2019) demonstrate that with a typi-
cal AGN spectral energy distribution (SED), line driving is oper-
ative up to log(&/ergems™) ~ 3, potentially explaining the
acceleration of moderately ionized UFOs. Highly ionized winds
can also be ejected by intense magnetic fields from different
regions of the accretion disk, leading to a stratification charac-
terized by an increase in column density, ionization, and veloc-
ity closer to the SMBH. The outflow velocity is then directly
proportional to the rotational velocity of the disk at each radius,
reaching up to relativistic values (Fukumura et al. 2010, 2014).
In addition, these magnetic processes can amplify the acceler-
ation of outflows produced by other mechanisms, such as the
radiation pressure (Everett 2005; Cao 2014). A third acceler-
ation mechanism can also be taken into account that consid-
ers the pressure gradient of X-ray-heated gas as the driving
force behind the so-called thermal winds (Begelman et al. 1983;
Dorodnitsyn & Kallman 2011, 2012). However, these winds are
expected to exhibit significantly lower velocities (i.e., with a
maximum value of about 1000 km s™1), as they originate at larger
distances from the ionizing source, and thus, they are unlikely to
be classified as UFOs.

The influence of UFOs is thought to be able to affect dif-
ferent galactic scales. Depending on the amount of expelled
mass, these winds are expected to provide changes to the disk
accretion rate, thus regulating the growth of the central BH.
In particular, the removal of accreting material may affect the

' This lower limit to the outflow velocity was introduced by
Tombesi et al. (2010), and it is typically adopted in the literature.

2 The highest observed outflow velocity is detected by Chartas et al.
(2021) in APM 08279+5255 with vy /c = 0.59 + 0.03.
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optical/UV and, consequently, the X-ray luminosity. Hence, a
connection between the emitted luminosity in both bands and
the outflow properties (e.g., velocity, outflow rate, etc.) is likely
to be present. Potentially, these winds may affect the overall
structure of the galaxy (e.g., Marasco et al. 2020; Bertola et al.
2020; Tozzietal. 2021). By removing large amounts of gas
and dust from the central regions of the galaxy, they would
be able to quench star formation (Hopkins & Elvis 2010;
King & Pounds 2015; Kraemer et al. 2018; Lahaetal. 2021;
Salomé et al. 2023) as well as cooling flows (e.g., Gaspari et al.
2012; Mizumoto et al. 2019). For this reason, comprehensive
studies of AGN outflows employing both detailed case studies
and large-scale statistical surveys are crucial. By exploring the
relationships between different types of outflows, their origins,
and their driving mechanisms, it is possible to understand the
complex interplay between SMBHs, the AGN environment, and
the formation and evolution of galaxies.

In the first two papers of the SUpermassive Black hole
Winds in the x-rAYS (SUBWAYS) series, Matzeu et al. (2023)
report the results of their X-ray spectroscopy study, while
Mehdipour et al. (2023) analyze the ionized outflows in the UV
band using the HST/COS instrument (Green et al. 2012). In
particular, Matzeu et al. (2023) find that the fraction of UFO
detections in the SUBWAYS sample (i.e., at moderate redshift;
see Sect. 2.1) aligns with the findings in the local Universe.
Additionally, on the basis of the observed relation between the
outflow velocity and the bolometric luminosity, Matzeu et al.
(2023) suggest that radiation pressure is likely the primary
launching mechanism of these winds (for more, see Sect. 5.2
of the present paper). From Mehdipour et al. (2023), it appears
that the properties of the UV outflows detected in the SUB-
WAYS sample are similar to those seen in local Seyfert-1 galax-
ies. Interestingly, sources with detected X-ray UFOs do not often
exhibit UV absorption counterparts, likely due to the highly
ionized nature of the gas, but they consistently display lower-
velocity UV outflows (with few exceptions, e.g., Kriss et al.
2018; Mehdipour et al. 2023).

The primary objective of this paper is to assess possible
relations and differences, or lack thereof, between AGNs host-
ing UFOs and sources without. By doing so, we aim at gaining
further insights into the physical processes occurring near the
SMBH that may be responsible for launching UFOs. The paper
is organized as follows: Sect. 2 presents the three samples stud-
ied here and the AGN and UFO parameters retrieved from the
literature. In Sect. 3, we describe the AGN and UFO properties
derived during our study. In Sect. 4, we evaluate the statistical
properties of each sample, and we present all the parameters’
distributions. In Sect. 5, we describe the most significant results
of the extended correlation analysis we performed. In Sect. 6
is a summary of the results. Throughout this paper, the follow-
ing cosmological constants are assumed: Hy = 70kms~! Mpc™',
Qo = 0.73, and Qy = 0.273. Errors are quoted at the 90% con-
fidence level unless otherwise stated.

2. Sample selection and global properties

In order to characterize possible correlations between the AGN
and the outflow properties, we provide in this paper a statisti-
cal study of three different AGN samples. The main data set is

3 We note that the luminosities reported in Chartas et al. (2021) were
derived using different cosmological constants from those adopted here.
Consequently, we have corrected them, and although the difference is
minimal (resulting in a median increase of ~1% after correction), the
corrected luminosity will be used in the following analysis.
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the SUBWAYS sample (“S23 sample” hereafter), presented by
Matzeu et al. (2023), which covers an intermediate range of red-
shift (0.1 < z < 0.4) and luminosity (6x 10** < Ly, /ergs™ < 2x
10%). With the purpose of extending the ranges of both parame-
ters to low and high values, we include as “comparison samples”
the data sets analyzed by Tombesi et al. (2010) and Chartas et al.
(2021) (“T10” and “C21 sample”, respectively). We acknowl-
edge the presence of two further systematic UFO studies in the
literature: Igo et al. (2020) and Gofford et al. (2013). Both sam-
ples share the redshift range (and most of the sources) covered
by the T10 sample, thus presenting very significant overlaps. On
one hand, Igo et al. (2020) use a completely different methodol-
ogy with respect to all the other studies, adopting the variabil-
ity detection method defined by Parker et al. (2017, 2018). On
the other hand, Gofford et al. (2013) perform a more standard
spectroscopic analysis, but including also radio-loud AGNs and
using Suzaku data. Therefore, we have chosen not to consider
these additional works in our analysis. However, for the sake of
completeness, we will mention their results in the following sec-
tions when appropriate.

2.1. SUBWAYS (523) sample

The SUBWAYS sample is composed by AGNs in the 3XMM-
DR?7 catalog (XMM-Newton EPIC Serendipitous Source catalog,
Rosen et al. 2016) matched to the SDSS-DR14 catalog (Sloan
Digital Sky Survey Quasar Catalog, Paris et al. 2018), or to the
Palomar-Green Bright QSO catalog (PG QSO; Schmidt & Green
1983). The adopted selection criteria consider intermediate red-
shifts, ranging from z = 0.1 to z = 0.4, and bolometric luminosi-
ties in the range 10*3~#6 ergs~!. This roughly translates into a
count rate of at least ~0.12 cts s~! in the XMM-Newton EPIC-pn
spectra in a single XMM-Newton orbit, to ensure proper contin-
uum characterization up to 10keV and detection of faint absorp-
tion features. Moreover, Narrow Line Seyfert 1 and AGN in clus-
ters or radio-loud systems were excluded, and thus the sample
focuses on isolated radio-quiet AGNs with Ly, > 10%3 erg s7L.
As a result, the S23 sample counts 22 radio-quiet X-ray AGNs
with a total of 81 observations.

In order to search for Fe XXV Hea and Fe XXVI Ly« absorp-
tion lines, after performing a fit of the broad-band spectrum
of each source in the 0.3-10keV band, a systematic narrow-
band (i.e., 5-10keV) analysis of the XMM-Newton EPIC-pn
observations was performed by Matzeu et al. (2023). After-
ward, they carried out extensive Monte Carlo (MC) simula-
tions to evaluate the statistical significance of the lines and then
obtained a detailed physical modeling of the absorbers with the
XSTAR photo-ionization code v2.54a (Kallman & Bautista 2001;
Kallman et al. 2004), assuming an illuminating SED with a pho-
ton index I' fixed to 2 and turbulence velocity in the range
b ~ 1000—10000 km s~

Based on the characterization of the sample achieved by
Matzeu et al. (2023), we divided it in two sub-groups: a first sub-
sample in which the detection of blueshifted Fe K absorption
lines have been made with a Monte Carlo derived confidence
level higher than 95%, and with outflows velocities larger than
0.03c (in the following it will be called “UFOs sub-sample”);
and a second sub-sample whose sources do not show absorption
lines in the iron band (“no-UFOs sub-sample”). In particular, the
UFOs sub-sample is composed of 7 sources, that is ~32% of the
entire sample. It must be noted that due to the transient nature
of these outflows (e.g., Tombesi et al. 2010; Pounds & Vaughan
2012; King & Pounds 2015; Igo et al. 2020), the same source
may present observations with a detected UFO and observa-

tions without. Hence, we included in the UFO sub-sample all
the sources with at least one absorption line detection among the
different observations performed. For example, PG 1114+445
and PG 0804+761 show iron absorption lines in the K band with
outflow velocities larger than 0.03c in only two (out of eleven)
and one (out of nine) observations, respectively. It is important
to note, however, that the lack of detections could simply be
attributed to a combination of observational issues (e.g., insuf-
ficient S/N) and/or wind duty cycle (see Sect. 4.2). This should
be taken into account when comparing the incidence of UFOs in
each sample (see Table 1, Fig. 1, Sects. 2 and 4.2).

2.2. Tombesi et al. (T10) sample

The sample studied by Tombesi et al. (2010) includes 35 type
1 and 7 type 2 radio-quiet AGNs (for a total of 101 observa-
tions) with z < 0.1, drawn from the RXTE All-Sky Slew Sur-
vey Catalog (XSS; Revnivtsev et al. 2004) and cross-correlated
with the XMM-Newton Accepted Targets Catalog, considering
pointed observations available at the date of October 2008. The
spectra of the XMM-Newton EPIC-pn observations must have
a net exposure time exceeding 10ks and an intrinsic equivalent
hydrogen column density, Ny, lower than 10?* cm™2, to ensure
the direct observation of the nuclear continuum in the Fe K band
(4-10keV energy band).

The absorption features have been modeled using XSTAR
v2.2 (Kallman & Bautista 2001), specifically developing tables
computed assuming an illuminating SED with a spectral photon
index I' = 2 and the turbulence velocity ranges between 1000
and 5000kms~! (Tombesi et al. 2011). As for the S23 sample,
we divided the T10 sample into UFO and no-UFO sub-samples.
In particular, 15 AGNs are hosting UFOs (i.e., ~36% of the
total sample). We note here that Fe K absorption lines exhibit-
ing Ny and & values consistent with typical UFO sources, but
with outflowing velocities lower than the UFO threshold (i.e.,
0.03c), have been detected in four sources. While these out-
flows share velocities in the range of standard warm absorbers,
they instead exhibit column densities and ionization parame-
ters closer to what observed in UFOs. In any case, these AGN,
reported in Table A.1 under the “Fe-K sub-sample” label, will
be considered as no-UFO sources during the statistical analysis.
Indeed, the inclusion of these sources in the UFO sub-sample
does not significantly alter the results, apart from marginal dif-
ferences that will be commented in the corresponding sections.
Similar objects are not present in the other two samples.

2.3. Chartas et al. (C21) sample

In relation to the AGN-galaxy co-evolution paradigm that pro-
poses the outflow of highly ionized gas as one of the main feed-
back mechanismes, it is crucial to consider sources near the peak
of the AGN and star formation activity. Therefore, we took into
account the quasar sample studied by Chartas et al. (2021), in
the 1.41-3.91 redshift range. The authors focus on the grav-
itationally lensed narrow absorption line (NAL) quasars with
blueshifted C IV troughs present in the Sloan Digital Sky Survey
(SDSS) surveys. In addition, they added 7 z > 1 quasars with
already reported UFOs and SDSS J1029+2623, a lensed quasar
atz =2.197.

The spectral fits were performed considering the energy
range between 0.3keV and 11keV. It must be noted that to
assess the physical properties of the UFOs, C21 used the analytic
version of XSTAR, warmabs, instead of employing table mod-
els as in T10 and S23. In particular, they produced ad hoc new
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Table 1. Summary of the different sample properties.

Sample z Total no-UFOs UFOs Detection
[%]
T10 <0.1 42 2715 15(7)  36%S
S23 0.1-04 22 15714 7(5 329
C21 1439 13 1 12(6) <93
T10+S23+C21 0.02-3.9 77 43 34 44+

Notes. The second column reports the redshift ranges. The last four
columns show the total number of AGNs, the number of sources in
the no-UFO and UFO sub-samples and the UFO detection fraction.
For each no-UFO and UFO sub-sample, we also report the number of
sources, if any, that belong to the “unabsorbed sample” (see Sect. 3.2)
between parentheses.

1.0
T10+S23+C21 sample —_—
— (C21 sample
| =—— Gofford+13 sample

0.8
.8 —— S23 sample
©
“ — 1lgo+20 sample
S 0.6{ — T10sample
=
@}
()
@
ho] 0.4'
O
L
-}

0.2

0.0 - . ;

0.01 0.1 1
Zz

Fig. 1. Percentage of UFO detections at >95% confidence level. The red
symbolize S23, T10 is in blue, and C21 is shown with black. The upper
limit to the detection fraction of AGNs hosting UFOs at high redshift is
represented by the C21 sample due to its selection bias toward AGNs
hosting UFOs. The hatched dark yellow line represent the total UFOs
fraction in the combined sample (34/77 =44%). We report in green
and purple the fractions obtained by Igo et al. (2020) and Gofford et al.
(2013). The colored bands indicate 68% confidence intervals, calculated
adopting the Bayesian approach described in Cameron (2011). In the
case of Igo et al. (2020), the lower limit of the shaded area represents
the detection rate for sources with strong evidence of UFOs, whereas
the upper limit encompasses the total rate (strong + weak evidence).

population files with appropriate I' for each observation and they
allowed the turbulent velocity to vary (3000 < o g/km s72 <
36000). In order to compare the outflow properties of high-
z sources with those of the T10 and S23 samples, consistent
procedures are crucial. We thus refitted the C21 quasar sam-
ple using the same tables adopted by Matzeu et al. (2023). We
observe that, while vy, lay within the errors of the warmabs
model values, the other fit parameters (i.e., photon index, ioniza-
tion parameters, and column densities) are significantly larger
than those measured by Chartas et al. (2021). This shows the
dependence of these parameters on the model used to fit the data.
As said before, with the aim of consistency, we will use the new
values, obtained by using a similar procedure to that in the SUB-
WAYS and T10 sample, keeping in mind that these values are
SED dependent.
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‘We here note that the quasar PID 352 lies within the Chandra
Deep Field South and it was observed with XMM-Newton during
2001-2002 and 2008-2010 for a total of 33 exposures. Given the
complexity of the spectra stacking procedure, we have chosen
not to re-analyze this source. Consequently, PID 352 will not
be taken into account in our study. A putative UFO is reported
in SDSS J0904+1512 with a significance of only ~90%. As in
both S23 and T10 the threshold to detect significant absorption
lines is set to 95%, this quasar will be included in the no-UFO
sub-sample. Consequently, the high-z sample will consist of 13
AGNSs of which 12 are hosting UFOs. The extremely high UFO
incidence in the C21 sample is due to a clear selection bias, since
the sources were targeted a priori for their larger probability of
hosting UFOs.

2.4. Global properties

In Table 1 a summary of the different sample properties (in terms
of redshift, total number of sources and number of sources in
the UFO and no-UFO sub-samples) is reported. The compari-
son between the percentage of UFO detections in the three sam-
ples versus redshift is shown in Fig. 1. We consider the C21
UFOs fraction as an upper limit due to its strong selection bias
(see Sect. 2.3). In Fig. 1, we also add the fraction of UFOs
obtained by Igo et al. (2020) and Gofford et al. (2013). In partic-
ular, the former group identified ~28%-59% (i.e., considering
both AGNs with strong and weak evidence of UFOs, respec-
tively, 13/58 and 21/58 AGNs) of sources with signatures of
UFOs, while the latter observed that 38% (i.e., 17/45 sources)
of radio-quiet AGNs hosted UFOs.

For each sample we performed a literature search to collect
the properties that characterize the sources. In particular, we con-
sider the following parameters:

— redshift z;

— SMBH mass Mgy;

— full width at half maximum (FWHM) of the broad HB emis-
sion line;
2-10keV X-ray intrinsic luminosity Lx;

— X-ray power-law photon index I'.
The BH masses have been estimated through single-epoch spec-
troscopy (i.e., relying on Her, HB, Mgll, or CIV emission lines),
stellar velocity dispersion and reverberation mapping*. In the
corresponding papers, the 2-10keV intrinsic luminosity and
the photon indices have been obtained by modeling the XMM-
Newton data, with the exception of the high-z sample, where
they have been obtained both from XMM-Newton and Chandra
data. The broad HS FWHM values are listed only for type 1 and
intermediate (type 1.2 and 1.5) AGN. For each source, we report
the values and references in Table A.1. Most of these parame-
ters have been collected as originally tabulated in the T10, S23,
and C21 works and we refer also to these papers for the appro-
priate references. In the following section, these properties will
be adopted to derive other important physical parameters of the
sources.

In addition, for each AGN with a detected UFO, we include
the following observed parameters that characterize the outflow:

— column density Ny;
— ionization parameter &;
— outflow velocity voy.

4 23/77 BH masses have been estimated through reverberation map-
ping, 7/77 adopting the stellar velocity dispersion and 47/77 with single-
epoch spectroscopy. For additional information, see references listed in
Table A.1.
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These parameters are listed in Table A.2. As presented in
Luminari et al. (2020), special relativistic effects impact on the
measured column density of the winds. To compensate for these
effects, the observed Ny should be multiplied by a factor that,
for a radially outflowing wind, can be written as ¥ = (1 +
B)/(1 — B), where 8 = v,,/c (see Luminari et al., in prep.). We
report in Table A.2 each AGN correction factor. In our analy-
sis we always adopt the corrected column density values. As
previously mentioned, the UFO observed properties are neces-
sarily model-dependent. A comprehensive analysis with self-
consistent photo-ionization models based on the observed SEDs
of each source, and the subsequent derivation of the outflow
parameters is beyond the scope of this paper, but it will be pre-
sented in a future work.

3. Derived parameters

In addition to the AGN and UFO global parameters retrieved
from the literature and presented in Sect. 2, we derived the
bolometric luminosity Ly, the ionizing luminosity Lio,, the
Eddington ratio Agqq, the optical to X-ray spectral slope aox
and the location and energetics of the winds. To estimate the
corresponding uncertainties, we adopted the python package
uncertainties, which calculate them from the uncertainties of
the involved parameters in accordance to the error propagation
theory.

3.1. Bolometric, ionizing luminosity, and Eddington ratio

In the S23 and C21 samples, the bolometric luminosities
are derived by considering L, as a proxy and applying an
X-ray bolometric correction factor based on the empirical rela-
tions computed by Duras et al. (2020), using their Eq. (3) (with
15.33 £0.06, 11.48 +0.01, and 16.20+0.16 as best-fit param-
eters from their Table 1). In T10, the bolometric luminosities
were instead estimated by applying a fixed bolometric correc-
tion of 10 to the ionizing luminosity. We thus re-estimated Ly
following the same methodology, as in S23 and C21°. From
Lyo we derived the corresponding Eddington ratio and ionizing
luminosity. The former is defined as Aggg = Luyoi/Lgad, Where
Lggq = 47TGMBHmpC/O'T ~ 1.26 x 1038 (Mg /M) erg s7! is the
Eddington luminosity. For the latter, we adopt Lo, = 1/ 20018,
as appropriate for a standard AGN SED (e.g., Panda 2022). A
detailed SED modelling of each source is beyond the scope of
our statistical analysis and will be presented for the SUBWAYS
sample in a future paper. All the estimated values are reported in
Table A.1.

3.2. X-ray/UV ratio (a.x)

The X-ray/UV ratio, that is, the relationship between the
X-ray and optical/UV luminosity of AGN, is usually described
in terms of a hypothetical power-law slope between 2500 A
and 2keV rest-frame frequencies (e.g., Tananbaum et al. 1979;

Vagnetti et al. 2010):
Lykev )
Losoa

3 Duras et al. (2020) reported a spread of 0.37 dex for the relation used
to obtain the bolometric corrections, which is not taken into account in
the derived L.

® Where Li, is the ionizing luminosity between 1 and 1000 Ryd
(1Ryd=13.6eV).

_ log(La kev /Lzs()o ,&)
log(v, keV/V25()0 ,&)

= 0.3838 log( (1)

0X

In order to calculate the @,y index in our samples, the X-ray and
UV monochromatic luminosities must be determined. For the
X-ray measurements of the S23 and T10 samples, we derived the
X-ray 2-10keV energy band fluxes from the luminosity values
reported in the corresponding papers and we evaluated the spe-
cific luminosity at 2keV (rest-frame) using the observed pho-
ton index. For the C21 sample, we directly derived the ey
from the data. Meanwhile, to evaluate the rest-frame monochro-
matic UV luminosity, we considered the fluxes obtained by the
set of filters on board XMM-Newton Optical Monitor (OM). The
UV filters, UVW1, UVM2, and UVW2, have central wavelength
2675 A, 2205 A, 1894 A7, respectively.

The following procedure has been adopted:

— if the available filters cover the rest-frame 2500 A wave-
length, then the luminosity is calculated as a linear interpo-
lation of the two nearest filter fluxes;

— if the available filters do not extend to the 2500 A wave-
length, the L5, 4 is calculated through a power-law extrapo-
lation of the nearest filter flux assuming a standard UV spec-
tral shape for type 1 AGN (i.e., f, « v*, where @, = —0.5,
Richards et al. 2006), following for example Vagnetti et al.
(2010), Martocchia et al. (2017), Chiaraluce et al. (2018),
Serafinelli et al. (2021).

In PG 1416-129 (S23 sample) and Mrk 205 (T10 sample),
the OM UV filters are not available. Thus, we considered
the Swift’s Ultraviolet/Optical Telescope (UVOT) data closer
in time to the studied XMM-Newton observation (i.e, Obs ID
00049481002 and Obs ID 00091003002, respectively). In this
case, UVWI1, UVM2, and UVW2 filters central wavelengths
are: 2600 A 2246 A, 1928 A3, respectively. We then applied the
same procedure as for the XMM/OM data. In addition, neither
OM nor UVOT filters are available for NGC 2110 (T10 sample).
However, the neutral column density reported for this source is
2.21+0.11 x 10?2 cm™2 (Laha et al. 2020), so it would be in any
case removed from the unabsorbed sample, as explained below.
‘We then corrected the derived UV fluxes for extinction, estimat-
ing the galactic extinction for each source from Schlegel et al.
(1998)° and following Lusso & Risaliti (2016) method.

The presence of gas and dust along the line of sight can
affect both the UV and the X-ray intrinsic luminosities and thus,
it cannot be neglected. In the three samples, some obscured
AGN:s are indeed present (e.g., see the cumulative distributions
of the sources neutral absorber Ny in Fig. B.1 panel a). In
order to define a sub-sample of AGNs that are not affected by
absorption and reddening in UV or X-rays, we simulated the
effect of the equivalent hydrogen column density on the .
To do so, we estimated the E(B — V) values by assuming the
Galactic E(B — V)/Ny ratio, 1.7 x 10722 mag cm? (Bohlin et al.
1978). Then we computed the corresponding decrease of UV and
X-ray flux, using the redden*powerlw*phabs model in XSPEC
v.12.11.1 (Arnaud 1996) considering an intrinsic @qx of —1.5
(a'™), and varying the neutral absorber column densities between
10 up to 5 x 102 cm™ and the reddening accordingly. We
then calculated the X-ray/UV ratio as affected by reddening
and absorption (@) and the corresponding expected deviation

0oxX .
nt

from the initial intrinsic value, @ — ™. The latter is plot-

ted in Fig. B.1, panel b, with respect to the neutral absorber
column density. Taking (@9 — i) < 0.1 as the acceptable

threshold, we could then derive a maximum neutral absorber

7 https://www.mssl.ucl.ac.uk/www_astro/XMM-OM-SUSS/
SourcePropertiesFilters.shtml

8 https://www.swift.ac.uk/analysis/uvot/filters.php
® https://irsa.ipac.caltech.edu/applications/DUST/
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column density above which the observed a.x cannot be con-
sidered as the intrinsic one, that is, Ng = 5 x 102 cm=2. We
verified that the same procedure applied with different intrinsic
Qox, in the —1.8 to —1.2 range, leads to a very similar Ny thresh-
old. In Table A.1, we present the a,x indices that were obtained
only for the 46 sources'® (i.e., 21/42 sources for the T10, 19/22
sources for the $23 and 6/13 sources for the C21 sample'") with
Nu < 5x10%° cm~2. We note that much larger Ny for the neutral
absorber (and therefore unacceptable deviations for a,x) would
be needed to significantly enlarge this sub-sample (see Fig. B.1).
For our subsequent analysis, when accounting for the a,x and
Lyso0 4 values, we will solely consider these 46 AGNs (referred
as “unabsorbed sample” in the following)'2. As a result of our
procedure, the @ distribution of the unabsorbed sample (see
Fig. C.3) covers the approximate range between —1.8 and —1.2
(as expected e.g., Lusso et al. 2010).

A strong anticorrelation between aox and the monochro-
matic luminosity at 2500 A has been identified in many stud-
ies (e.g., Zamorani 1985; Wilkes etal. 1994; Vignali et al.
2003; Strateva et al. 2005; Steffen et al. 2006; Just et al. 2007;
Vagnetti et al. 2013; Lusso & Risaliti 2016), corresponding to
a non linear relation between the UV and X-ray luminosity.
Hence, more luminous objects are weaker in X-rays relatively
to UV. We observe the same correlation when considering the
T10+S23+C21 combined sample (see Table 4 in Sect. 5). In
order to identify sources that may diverge from this standard
population, we calculated the difference between the observed
@ox and that expected from the best fit aox—L,sq 4 relation used
in Eq. (13) of Vagnetti et al. (2013):

Aoy = @ox — @ (Lysoo 2)- 2)

The derived Aaox are reported in Table A.l1. This parameter is
usually adopted as an X-ray weakness proxy (e.g., Nardini et al.
2019; Zappacosta et al. 2020; Pu et al. 2020; see Sect. 4.1).

3.3. UFO global properties

By combining the UFO and AGN global properties, the loca-
tion and energetics of the winds can be derived. There are two
possible estimates for the distance between the wind and the illu-
minating central source. The first can be obtained from the def-

inition of the ionization parameter, & = nL“’r"z (Tarter et al. 1969)

where ny is the hydrogen number density of the absorbing gas
and r its distance from the ionizing source. By requiring the
size of the absorber to not exceed its distance to the BH, Ny =
ng(r)Ar < ny(r)r (where ny(r) is the number density of the gas
at a certain radius; e.g., Behar et al. 2003; Crenshaw & Kraemer
2012), we then derived the following expression:

Lion

rlE._«‘;TH. (3)

10 Since the intrinsic Ny threshold closely matches Galactic column
density levels, we also investigated the N§*' distribution across the three
samples to verify that the @, values are not potentially affected. We
found four AGNs (WISE J053756-0245 and IRAS 5078+1626 from
the no-UFO sub-sample, Ark 120 and MG J0414+0534 from the UFO
sub-sample) with intrinsic Ny below the adopted cut-off, but with Nﬁ"‘l
exceeding it. We thus excluded these sources.

"' In the C21 sample, the real unaffected sub-sample may be smaller
than what reported. Indeed, at high redshift, no precise constrains can
be achieved on the low neutral Ny in the soft X-ray band.

12 We note that the adopted cut-off in the intrinsic neutral Ny does not
affect the other AGN and UFO parameters, but only L5y 4, @ox, and
Aaox-
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Another estimate of the radial distance of the absorbing gas pro-
ducing the UFO can be inferred by comparing the observed out-
flow velocity along the line of sight to the escape velocity (i.e.,

2GMzgu

USSC -

for a Keplerian disk). The radius at which this

happens is equal to (in the Newtonian limit):

2
2GM,
ry = 20 =rs(i) , )

Ugut Uout
where r, = 2GMgy/c? is the Schwarzschild radius. This repre-
sents the radius at which a disk wind can be accelerated, as its
outflow velocity must overcome vy for the wind to be success-
fully launched. Since r, is always smaller than or consistent with
(within the errors) r; (see Fig. C.1), our analysis will focus solely
on ry, which will be referred to as ry;,q from now on.

From the estimates of rynq, the energetics of the wind can be
derived. The mass outflow rate is computed using the following
expression derived by Krongold et al. (2007):

Mying = f(6, ) T My NH Vout Fwinds ©)

where f(8, ) is a geometric factor of the order of unity which
depends on the angles ¢ and ¢ between the line of sight and
the wind direction with the accretion disk plane respectively (for
details see Krongold et al. 2007). We adopt f(6, ¢) ~ 1.5, appro-
priate for a vertical disk wind (¢ =~ n/2) and an average opti-
cal type 1 line-of-sight angle of 6 ~ 30°. Meanwhile, we use
= r% ~ 1.2 for fully ionized gas and solar abundances.

Fiﬁally, by considering the velocity of the outflow as con-
stant, any acceleration is thus neglected, the mechanical power
can be derived as:

El\évind = l y

) wind U(Z,ut (6)

and the outflow momentum rate:

Pyind = Miyind Vour- @)

We report the derived values of these parameters for each AGN
in Table A.2.

3.4. Selection and bias effects

In our work, we adopt UFO and AGN properties as derived
in other papers, notably Tombesi et al. (2010), Chartas et al.
(2021), and Matzeu et al. (2023). In Sects. 2 and 3 we tried
to maximize the consistency between each sample, yet we are
aware that the sample selection, as well as the accuracy and reli-
ability of some parameters could affect the outcomes of our anal-
ysis. For instance, the samples analyzed here, by construction,
contain among the brightest AGNs from relatively deep pointed
observations across various sky regions. Sample incompleteness
might also arise from AGN obscuration effects. The inability to
detect UFOs in highly obscured sources results from an observa-
tional bias that prevents conclusions about the overall incidence
of UFOs in these AGNs from being drawn. Moreover, incom-
pleteness could be due to orientation effects (e.g., outflows not
intersecting our line of sight). Additionally, we must note that the
flux detection threshold unavoidably limits the selection at high-
z of observable AGNs to even smaller numbers (see Sect. 4.2).
In this respect, the C21 sample is clearly subject to a significant
selection bias by containing almost purely AGNs hosting UFOs.
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Table 2. Comparison between each sample (i.e., considering both UFO and no-UFO sub-groups).

Sample log(Mpn) log(Lx) log(Lvo))  Agad r FWHMHB  aox Aay
S23 vs. T10 -5.47 -7.10 -7.10 X X X -2.13 -=-2.17
S23 vs. C21 —-4.13 X X -1.54 X X -1.70 X
T10 vs. C21 -10.39 -7.78 -7.78 X -1.70 X —1.85 X
T10+S23 vs. C21 —-8.48 —4.49 —4.49 -1.42 -1.40 X -1.82 X

Notes. We report the logarithm of the NHP for a KS test with respect to the parameters used in this paper. The lower the log NHP values, the more
statistically different the compared samples become. Meanwhile, we mark “x” when the difference between two samples is below the adopted
significance threshold (log NHP > —1.30, i.e., the compared samples are statistically the same).

Nonetheless, the inclusion of high-z samples is crucial for our
and future population studies.

As pointed out in Sect. 2.1, when assessing the incidence
of UFO detections across different samples, one must consider
the transient and variable nature of these winds and their duty
cycle (see also Sects. 4.2 and 5.5). On the other hand, all three
studies considered here (T10, C21, and S23) systematically
searched for blueshifted Fe K absorption lines and evaluated
their statistical significance through Monte Carlo simulations,
effectively mitigating potential publication biases. Furthermore,
the observed UFO properties (Ny and & against voy) are highly
model-dependent and, to mitigate this effect, we re-obtain the
C21 values with the same model as for the other samples. A
self-consistent analysis with ad-hoc photo-ionization models for
each source is devoted to a future paper.

4. Parameter distributions

The first part of our analysis consists in assessing the statisti-
cal properties of each sample. In particular, we made use of the
two-sample KS test (Hodges 1958) to determine whether the dis-
tributions of the parameters of the three data sets exhibit signifi-
cant differences. In this paper, we consider a probability of 0.05
(roughly corresponding to ~2¢ for a Gaussian distribution) as a
statistically significant threshold for the null hypothesis proba-
bility (NHP; i.e., log NHP < —1.30).

4.1. T10, S23, and C21 samples

In the following, we present the distributions of the three sam-
ples, focusing on the global and derived parameters of AGNs and
UFOs. The main differences are emphasized and a summary of
the results is presented in Table 2.

Due to the adopted selection criteria, the three samples exhibit
significant differences in redshift, X-ray, and bolometric luminos-
ity (Fig. C.2, panel a), although the disparity in luminosity between
the S23 and C21 samples is not statistically significant. While
the distributions of BH mass differ significantly, as expected, pro-
gressingtolarger values from T10to S23to C21 (Fig. C.2, panelb),
only the C21 and S23 samples diverge in terms of the Eddington
ratio. The C21 and T10 datasets manifest some difference con-
cerning their photon indices, steeper for the former sample (see
Fig. C.3, panel a). All samples significantly differ from each other
with respect to the a,, with values progressively steepening from
T10 to C21, consistent with the expected correlation with lumi-
nosity (see Fig. C.3, panel b). On the other hand, the difference
between the S23 and T10 samples in terms of Ay is due to the
presence of a significant fraction of negative values in the latter
sample (i.e., weaker X-ray emission; see Fig. C.3, panel b). If we
adopt the threshold of Aayx = —0.3 proposed by Pu et al. (2020),
two sources from the T10 sample can be classified as X-ray weak

sources (within errors; namely TON S180 and NGC 3783), none
in S23, and only one in C21, i.e., HS 0810+2554, albeit slightly
above the aforementioned threshold.

As a further test we combined the low and intermediate red-
shift data sets, and this new sample (i.e., T10+S23) has been
compared to the high-z data (i.e., C21). According to the KS tests
(last line of Table 2), the two samples differ in all parameters but
the FWHM of HB and Aa.

4.2. UFO and no-UFO sub-samples

We then conducted a similar comparison between the UFO and
no-UFO sub-samples for each studied sample, including the two
combined samples T10+S23 and T10+S23+C21. As shown in
Table C.1 and Figs. C.2 and C.3, no significant differences in the
AGN properties are found between sources hosting UFOs and
those without. In other words, based on the analyzed parameters
(i.e., MBHy Lx, LbOl? /lEdd’ F, FWHM H,B, Qox and A(YOX), there is
currently no substantial evidence to suggest that AGNs hosting
UFOs differ from those without. Since all the sources of the con-
sidered samples have been selected in order to have enough S/N
to detect UFOs, the absence of any difference between the two
sub-samples is unlikely to be due to detection issues. It might be
instead related to a finite wind duty cycle, hinting to the possi-
bility that all AGN, in fact, actually are capable to host UFOs
during their lifetime.

The only marginal differences arise when all the samples
are combined together (see last row of Table C.1). There is
indeed an indication that UFOs are preferentially hosted in high
mass and high luminosity sources. While this result is poten-
tially biased by the C21 sample, which is almost completely
constituted by sources with UFOs, this result deserves to be fur-
ther investigated. Therefore, to assess the UFO detection fraction
in the combined sample, we divided the T10+S23+C21 sam-
ple into three luminosity (41.60—43.34, 43.40—44.06, and 44.08—
46.25ergs™") and Aggg (—2.98 to —1.42, —1.39 to —0.90, and
—0.84 to —0.74) bins, so that the number of sources per bin is
similar (26 AGNs in the first bin, 25 in the second, and 26 in the
third; see Fig. 2, left and middle panels). In the case of Ly, the
UFO detection fraction in the first interval is 27% (7/26), sig-
nificantly lower than that of the second and third bins (>98%
and >99% confidence level respectively, according to a binomial
test), whose fractions are instead consistent with each other, 52%
(13/25) and 54% (14/26). We must note, however, that the sig-
nificantly lower UFO detection fraction observed in the 41.60—
43.34 Ly bin (which contains only low-z T10 AGN) could be
at least partially attributed to lower luminosity objects being
missed (or excluded due to insufficient S/N) in the higher red-
shift samples (see Sect. 3.4).

The result on Lx seems to be independent on the Eddington
ratio since the UFO detection fractions in the three Agqq bins are
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Fig. 2. Number of AGNs in three X-ray luminosity (left panel), Eddington ratio (central panel), and a,, (right panel) bins for the analyzed sample
and sub-samples. In solid colors (black for C21, red for S23, and blue for T10) the UFO sub-samples are shown, while the colored (the same color

palette is adopted) solid lines represent the no-UFO sub-samples.

not significantly different according to a binomial test, that is,
46% (12/26), 52% (13/25), and 39% (10/26), respectively (see
middle panel of Fig. 2). On the other hand, as shown in the
right panel of Fig. 2, the UFO detection fractions in terms of @
bins (-1.79 to —1.41, —1.39 to —1.24, and —1.23 to —0.96; the
ranges have been adopted so that the number of sources per bin
is similar) appear to drop at flatter aox (i.e., for aox > —1.24):
from 56% (9/16) and 47% (7/15) in the first two bins, to 13%
(2/16) in the third bin (statistically different at >99.9% confi-
dence level in both cases, according to a binomial test). This sug-
gests that UFOs preferentially develop in X-ray under-luminous
objects. We note that this is in agreement with the higher UFO
detection rate in luminous sources found above since, as already
mentioned, luminosity and a,x are strongly anticorrelated (see
Sect. 3.2).

4.3. UFO sub-samples

In this section we focus on the distributions of the outflow prop-
erties in the UFO sub-samples. We plot the ionization parameter
versus the outflow velocity and versus the equivalent hydrogen
column density of the outflow in Fig. 3, panel a and b respec-
tively. The histograms of the observed parameters with their
medians are reported in the upper and side parts of each pan-
els, while the KS tests probability values between the samples
can be found in Table 3.

We note that the wind column densities are significantly dif-
ferent among the three samples, with T10 displaying the lowest
values, and then increasing for S23 and C21. This effect may
be due to an observational bias which favors the detection of
low column densities (hence weaker absorption lines) in low-
z and generally brighter AGNs. However, while this effect is
likely significant for the high-z sources in C21, whose spec-
tra are characterized by lower S/Ns, both T10 and S23 are
selected in order to have X-ray spectra with high statistics, so
their different Ny distributions should be intrinsic. The C21
sample also exhibits significantly larger outflow velocities and,
although to a lesser extent, larger ionization parameters and
smaller wind radii. The latter are more significantly different
among the samples in terms of Schwarzschild radii, with wind
radii progressively getting closer to the BH from T10 to S23 and
then C21.
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_ These results reflect in significant differences in terms of
M yind> Pwina and El‘:’“‘d, typically increasing from T10 to S23 and
C21 (see Fig. C.4 and Table 3).

5. Parameter correlations

After the comparative analysis between the different samples
shown in the previous section, we investigated for possible cor-
relations among the AGN properties and the UFO characteris-
tics. Our main diagnostic is the Spearman coefficient, whose p-
value and rank respectively assess the significance and degree
of monotonic relation between each parameter. In order to con-
sider the uncertainties, we implemented the perturbation method
of (Curran 2014), available through the python library pymc-
correlation (Privon et al. 2020). We accounted for nonsymmet-
ric uncertainties by randomly sampling among two half Gaus-
sian distributions around the central value, and for upper (lower)
limits by sampling a uniform distribution between the parame-
ter upper (lower) limit and reasonable lower (upper) bounds'?.
This perturbation method is also applied to compute distribu-
tions for the linear regressions of each pair of parameters, per-
turbed according to their uncertainties. We plotted the envelopes
of the regression from the 68% and 90% of the line distributions,
and quoted the uncertainties on the regression parameters ata 1o
confidence level. We adopted the standard deviation to evaluate
the scatter/spread of the data.

The procedure was adopted on the combined T10+S23+C21
UFO sub-samples and the results are reported in Table 4. As
expected, we find some well known relations between global
AGN properties, but here we discuss only those involving at least
one UFO parameter. All the investigated correlations, together
with their statistical significance and corresponding plot, can be
found in Appendix D, even if not discussed here.

5.1. UFO properties

The three observed outflow properties (£, Ny and voy) are sig-
nificantly correlated with each other (see Table 2 and Fig. 4):

13 Specifically, for each given sample, we adopted as lower (upper) limit
the median value of the corresponding parameter range.
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Fig. 3. Sample comparison of outflow parameters. Panel a: outflow velocity as a function of the ionization parameter. AGNs on the right side of
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Table 3. Comparison between the UFO sub-samples.

Sample 10g(Nu)  Vour  10g(€)  10g(rwina)  10g(rwina/7s)  10g(Myina) 10g(E}™) 10g(Pying)

S23 vs. T10 -2.07 X X X -2.32 -2.52 X -1.33
S23 vs. C21 -4.40 -2.01 X X -1.77 -4.04 -1.62 -1.62
T10 vs. C21 —-6.94 =377 -=2.30 -2.17 -3.77 -6.34 -4.92 —-4.09
T10+S23 vs. C21 —-8.44 -3.81 -1.68 -1.41 -2.14 -7.38 =274 -2.32

[ant)

Notes. The lower the log NHP values, the more statistically different the compared samples become. Meanwhile, we mark “x”” when the difference
between two samples is below the adopted significance threshold (log NHP > —1.30, i.e., the compared samples are statistically the same).

faster UFOs have larger ionization parameters and column den-
sities. In particular, as already found by Tombesi et al. (2010),
Chartas et al. (2021), and Matzeu et al. (2023), & and vy are
positively correlated (with an intrinsic scatter of 0.59 dex,
see Fig. 4, panel a). We note, however, that four AGNs
(PG 1211+143, NGC 4051, NGC 7582, and Ark 120) among
the 34 UFOs present a lower ionization parameter with respect
to the range covered by the other sources (i.e., 3.85 <
log(&/erg s~ cm) < 5.48), and are significantly outside the cor-
relation. This will be further discussed in Sect. 5.5. Interestingly,
when dividing the ionization parameter by the ionizing lumi-
nosity, Liy,, the positive correlation with v, disappears. This
strongly suggests that the observed £é—uv,y correlation is actually
driven by the relation between the AGN luminosity and the out-
flow velocity (see discussion in Sect. 5.2).

The faster outflows are also those with the largest column
density since vy is also correlated to Ny (with an intrinsic scat-

ter of 0.76 dex; see Fig. 4, panel b). Potentially, this may result
from an instrumental bias: the higher the velocity, the lower the
effective area of the EPIC-pn camera where the feature can be
detected, and therefore the higher the column density needed
to detect an UFO. In case of dominant instrumental effects, we
would expect this correlation to be more significant in the T10
sample (given that the T10 outflow velocities are smaller in com-
parison to those in the other samples). However, it is the C21
sample that primarily drives this correlation, and the high-z mit-
igates this bias since the absorption features are shifted to lower
energies, where the effective area is flatter. We also note that Ny
and ¢ are positively correlated with each other (with an intrinsic
scatter of 0.90 dex; see Fig. 4, panel c), and this is likely dom-
inated by a well-known observed fit degeneracy between each
other.

To further investigate the positive correlations between the
three observed UFO parameters, in Fig. 5 we attempt to draw an
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“UFO universal plane”, where the outflow velocity is correlated
with a linear combination (which minimize the parameters) of
the ionization parameter and the column density of the wind.
We find that this new relation is more significant (log NHP =
—7.51, with an intrinsic scatter of 0.23 dex) than the individual
correlations of the Ny and & against vy, (see Table 4 for the
respective values). A

We observe that Ny and vey correlate with Myina, £}, and
P.ing, as expected due to the UFO energetics derivation and the
inter-correlation between the observed outflow properties.

On the other hand, ¢ shows a significant positive relation
only with the mass outflow rate and a marginal positive relation
with El‘:’i“d, the latter is significant only if the Fe-K sub-sample

is added to the UFO sources'?.

5.2. AGN luminosity

We observe significant correlations between the X-ray luminos-
ity (or Lyo), which is directly derived from it) and the observed
outflow properties (i.e., Ny, &, and vy ). More in details, in the
upper plot of Fig. 6 panel a, we show a strong positive correla-
tion between v,y and Lx (with an intrinsic scatter of 0.26 dex).
This is in agreement with the same correlation observed in
different low-intermediate high-z samples and for individual
AGNs (see PDS 456 in Matzeu et al. 2017; Nardini et al. 2015;
Reeves et al. 2018; APM 08279+5255 in Chartas et al. 2002;
Saez & Chartas 2011; PG 1126—041 in Giustini et al. 2011; and
HS 170046416 in Lanzuisi et al. 2012). We find a slope for the
correlation (0.12+0.01 in log-log) consistent with that found by
Chartas et al. (2021) taking into account only the T10+C21 data
(0.13+£0.03), but flatter than the value they obtain by adding
also the Gofford et al. (2013) sample (0.20 +0.03). Similarly,
Matzeu et al. (2023) find a steeper slope (0.19 +0.03) consid-
ering our samples (T10, S23, C21) plus the Gofford et al. (2013)
sample, comprehensive of the radio-loud AGNs. Our correlation
coefficient (0.45, see Table 4) is of the same order of that found
by Matzeu et al. (2023) and Chartas et al. (2021). We note here
that our correlation is driven by the high-z/high-velocity UFOs,
and removing these specific sources (i.e., the C21 AGN) gives a
nonsignificant correlation.

Significant positive correlations with the X-ray luminosity
are found also for the ionization parameter (intrinsic scatter of
about 0.64 dex) and the column density (intrinsic scatter of about
0.81 dex) of UFOs (middle and lower panels of Fig. 6). The latter
relation (Lx vs. Ng) might be partly driven by selection effects
as at higher luminosity, the gas may be more highly ionized and
thus, larger columns densities are needed to detect absorption
features. Notably, contrary to what occurs in the case of voy ver-
sus Ly, these two correlations continue to be statistically signifi-
cant even after excluding the C21 sample.

It is interesting to note that the same correlations are absent
or much weaker with L,s, x. This is not due to the lower num-
ber of sources with L, s values (the unabsorbed sample: 50/77
AGN, see Sect. 3.2) since the correlations with Ly and Ly
are still stronger in comparison to those for L, 5 in this sub-
sample. Instead, the weaker correlation with the UV luminosity
could naturally follow from the fact that 2500 A photons hold
significantly less importance in the production of highly ionized
Fe than the X-ray ones.

As shown by Matzeu et al. (2017), in the case of radiatively
driven winds, the expected slope of the outflow velocity ver-

14 This sub-sample is composed of T10 AGNs with standard Ny and &
values for UFOs, albeit with a lower v, (see Sect. 2.2).
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Fig. 4. Significant correlations of observed UFO properties. Panel a: &
Versus Uoy. Panel b: Ny versus v,y Panel c: € versus Ny. The S23 UFO
sub-sample is shown in red circles, T10 in blue diamonds, and C21 in
black squares. The solid lines represent the best-fitting linear correla-
tion and the dark and light gray shadowed areas indicate the 68% and
90% confidence bands, respectively. In the legend, we report the best-fit
coeflicients, log NHP, and the intrinsic scatters for the correlations.

sus the luminosity correlation is 0.5, while the slope we find, in
agreement with those by Matzeu et al. (2023) and Chartas et al.
(2021), is significantly flatter than the expected value. Differ-
ent explanations have been provided by Matzeu et al. (2023) to
interpret the discrepancy between predicted and observed val-
ues: an increase of the slope could be reached by adding sources
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Fig. 5. Significant correlations: UFO universal plane. Linear combina-
tion of Ny and & versus voy. The S23 UFO sub-sample is shown in red
circles, T10 in blue diamonds, and C21 in black squares. The intrinsic
scatter is 0.23 dex. The solid lines represent the best-fitting linear corre-
lation and the dark and light gray shadowed areas indicate the 68% and
90% confidence bands, respectively.

with outflow velocities lower than the UFO threshold (as pre-
sented by Tombesi et al. 2010), or considering that, as the lumi-
nosity grows, the inner parts of the outflows may become over-
ionized, leading to the detection of the outermost streamlines
of the winds, which have lower observed velocities due to the
radial dependence. An alternative scenario is that radiation pres-
sure alone might not supply enough kinetic power, and instead,
the outflow could arise from a combination of driving mecha-
nisms. For example, the presence of other mechanisms, such as
magnetic and thermal forces, is suggested by the fact that the cor-
relation between v,y and Lx is nonsignificant for the T10+S23
sample alone. Hence, while radiative luminosity seems to play
a key role in the formation and launch of the winds, it may not
necessarily be the only driver: simply speaking, more massive
SMBHs present larger luminosity, both radiative and mechani-
cal, and thus, faster outflows. As addressed above, the vy, —Lx
relation is driven by the C21 sample, which seems to steepen
it, moving the correlation closer to the slope expected for radia-
tive driving. However, as discussed in Sect. 5.5, these sources
exhibit outflow velocity within the range expected for MHD
winds and only SDSS J0921 shows an Eddington ratio consistent
with radiation-driven winds. Once more, these findings suggest
a combination of launching mechanisms.

When examining the correlations involving the UFO ener-
getics (i.e., Myina, £, and Pyinq) versus the X-ray (as well
as the bolometric) and UV luminosities, we observe a similar
behavior to that described above. This likely arises from the
dependence of Myina, E}'™, and Pyina on the outflow velocity
(see Fig. 6, panel b, for the correlation plots with Lx). Simi-
lar correlations with the bolometric luminosity are obtained also
by Tombesi et al. (2010), Gofford et al. (2013), and Fiore et al.
(2017), suggesting that more luminous AGNs launch more mas-
sive winds, with a substantial exchange of momentum between
the radiation field and the outflow. This may be taken as an indi-
cation that UFOs may be driven by radiation pressure. However,
these correlations could be driven by basic scaling relations,
common to all launching mechanisms, as, for example, also in
MHD models the accretion rate and mass outflow rate tend to
be positively correlated (Fukumura et al. 2018). Therefore, sim-
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ilarly to what discussed above, these results may be expected
regardless of the specific launching mechanism taken into con-
sideration.

Several theoretical models and simulations demonstrate that
AGN outflows can exert a substantial influence on their sur-
rounding environments when their mechanical power is at least
~1073 of the AGN bolometric luminosity (e.g., Di Matteo et al.
2005; King 2010; Ostriker et al. 2010; Hopkins & Elvis 2010;
Gaspari et al. 2019), which consistently applies to the outflows
analyzed here. Hence, these winds have the potential to con-
tribute in removing gas from the host galaxies, as well as quench-
ing star formation and cooling flows (e.g., Gaspari et al. 2012;
Faucher-Giguere & Quataert 2012; Zubovas & King 2019).

Since the presence of more massive winds may be induced
by the dependence on the BH mass, we also tried to normalize
Myina for the BH mass (see Sect. 5.3). We still obtain a signifi-
cant positive correlation (coefficient 0.66 and log NHP = —6.35,
i.e., with significance above 40°) with the bolometric luminosity,
showing that it is not directly driven by the BH mass. Indeed,
these mass-normalized mass outflow rates appear to increase
from T10 to S23 to the C21 sample.

Finally, we note that similar correlations between all the
UFO parameters and redshift are also present. Given that at high
redshift the most luminous sources are detected, these correla-
tions may follow from those with luminosity (see Matzeu et al.
2023), although in some cases the correlations with z are stronger
than those with the luminosity. The fact that the correlations
between UFO parameters and redshift are stronger than those
with luminosity potentially suggests an evolutionary effect due
to the dependence of the accretion rate with redshift. In such a
scenario, Aggg would exert a more pronounced influence in driv-
ing outflows than luminosity. However, the lack of significant
correlations with Agqq, as discussed in Sect. 5.4, is against this
interpretation.

5.3. SMBH mass

The same correlations discussed above for the X-ray luminosity
and redshift (i.e., with UFO observed and derived properties), are
found with respect to the SMBH mass (see Fig. 7). Except for the
correlations involving £™ and Pyna, the NHPs are higher than
the values obtained for Ly, with the relation between the SMBH
mass and Myjna (With logNHP = -1543, i.e., significance
above 80, and an intrinsic scatter of 0.90dex; see upper plot
panel b in Fig. 7) is the strongest relation observed in our anal-
ysis and similar to what has been reported by Mizumoto et al.
(2019). In particular, we observed that the energetics of the
wind all positively correlate with the SMBH mass. Notably,

the correlation with the mass outflow rate is steeper (1.73*0'07)

20,08
than those with Pyiyg and £} (0.88f8:8§ and slope 1.05*097,

respectively). All of these positive correlations can be explained
by the fact that SMBHs with higher masses are present in more
massive and hotter halos, hence requiring stronger feedback to
achieve self-regulation (e.g., Beifiori et al. 2012; Gaspari et al.
2019; Bassini et al. 2019).

By normalizing the mass outflow rate to the AGN mass
accretion rate, Myee = Lpg /nc2 (where n = 0.1 is the aver-
age radiative accretion efficiency assumed for the global pop-
ulation, e.g., Peterson 1997; Yu & Tremaine 2002; Barger et al.
2005; Davis & Laor 2011), we observe a strong positive corre-
lation with the SMBH mass (above 60, Spearman correlation
coefficient of 0.77 and intrinsic scatter 0.91dex; see Fig. 8
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Fig. 8. Significant correlations of observed UFO properties. Panel a:
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cients, log NHP, and the intrinsic scatters for the correlations.

panel a). This relation, in addition to that between Mgy and
Ming, Suggests that more massive SMBHs present higher wind
mass-losses, which decrease the accretion of matter onto the BH.
Wind feedback is indeed thought to play an important role in the
evolution of AGNs where to compensate the removal of matter
through the wind, a mass accretion rate reduction can be expected
(e.g., Crenshaw & Kraemer 2012; Gaspari & Sadowski 2017,
Kraemer et al. 2018; Qiuetal. 2021, and references therein).
Meanwhile, we report a weak negative relation (with Spearman
correlation coefficient of —0.48 and intrinsic scatter of 1.19 dex)

between 2 and the Eddington ratio (see Fig. 8 panel b). The

lower signifaicéance of this correlation in comparison with that men-
tioned above, suggests that the main driver is indeed the SMBH
mass. From Fig. 8 (panels a and b), we also observe that the major-
ity of AGNs hosting UFOs present % > 1 (within errors), indi-
cating that the outflow mass rate pre\;zils (or it is comparable to)

the mass accretion rate. As suggested in Luminari et al. (2020),

04l ® C2LUFO ¥
e S23UFO
¢ T10UFO

— Adoyx = 0.07%3%3
log(NHP)=-1.52;

log(£/10%3) - 0.03+0.01
scatter = 0.09 dex

40 45 50 55

log(é / erg s~ cm)

30 35 6.0

Fig. 9. Significant correlation of T10+S23 sample. Aoy versus & for
the UFOs sources. The S23 UFO sub-sample is shown in red circles
and the T10 in blue diamonds. The C21 sub-sample is shown with light
black squares as, if considered, the correlation is not significant. The
solid line represents the best-fitting linear correlation and the dark and
light gray shadowed areas indicate the 68% and 90% confidence bands,
respectively. In the legend, we report the best-fit coeflicients, log NHP
and the intrinsic scatter for the T10+S23 sample.

the outflow may have a limited duration, i.e., at a certain point the
accretion disk becomes exhausted and unable to support the wind
(e.g., Belloni et al. 1997).

It can be then expected that, as the AGN luminosity and the
BH mass increase, the wind has the power to expel a larger
amount of matter from the accretion disk (King 2003, 2005;
Zubovas & King 2016). For this reason, we attempted to delin-
eate possible 3D space correlations by incorporating the BH
mass to the significant correlations between the wind energet-
ics and Ly,. However, the addition does not improve the signifi-
cance of any correlation.

5.4. Spectral energy distribution

From our analysis we find only marginal correlations with the
parameters related to the SED of the sources, such as @ox, Adox
and I'. In particular, aox anticorrelates with the column density of
the ionized gas and positively correlates with Meyinds El‘:’ind, and

Pying. The relations with the energetics of the winds could be
linked to their significant correlations with the X-ray (as well as
bolometric) luminosity (see Sect. 5.2). Moreover, all three param-
eters are derived using the ionizing luminosity, which is directly
derived from Ly, . As we discussed in Sect. 3.2, the majority of
AGN:ss in the “unabsorbed sample” exhibit an ax within the —1.8
to —1.2 range. SDSS J0921+2854 (C21 sample) shows the high-
est value, that is, aox = —0.96. We note that, if we disregard this
source, a significant negative correlation (with coefficient —0.64
and logNHP = -2.36) appears between a,x and the outflow
velocity of the winds. This result relates to the findings in Sect. 4.2,
suggesting that X-ray weak AGNs not only have a higher proba-
bility of hosting UFOs but also exhibit faster outflows.

While no significant correlations with the X-ray-weakness
factor (Aa,y) emerge for the T10+S23+C21 sample'>. After the
addition, the X-ray-weakness factor also weakly correlates with

15" A marginal correlation can be found by adding the AGNs of the Fe-K
sub-sample (see Fig. D.19).
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Ny (see Fig. D.19), a positive correlation between Ay and &
is seen at low/intermediate-z (i.e., for the T10+S23 sample; see
Fig. 9). It appears that AGNs with a weaker X-ray emission show
a lower ionization parameter of the wind, as it can be expected
since X-ray photons are indeed the main source of photoioniza-
tion of the gas responsible for the UFOs. Moreover, weak posi-
tive correlations with I are found for £}'™ and Pyinq, suggesting
that AGNs with flatter X-ray photon indices are less efficient in
accelerating winds, as would be expected in the case of line-
driven (but not in continuum-driven) winds since the gas would
tend to be over-ionized. Furthermore, Ny and v,y exhibit posi-
tive and negative'®, respectively, correlations with the FWHM of
the HB, which is known to be related to the SED and the accre-
tion state of AGNs (Marziani et al. 2018), although they may be
significantly affected by turbulence, as discussed in more detail
in the next section.

5.5. Wind radius and driving mechanisms

While in thermal and radiation-driven winds we would expect
the launching radii to scale with the SMBH mass and the X-
ray luminosity, we find that ry;,q does not correlate with these
parameters, as it can be seen in Fig. 10 panel a (left and mid-
dle plots). Interestingly, we observe instead a significant positive
correlation between the Eddington ratio and ryi,g (see Fig. 10
panel a right plot), suggesting that the increase of the accre-
tion rate has some impact on the global spatial scale of the
wind. We further obtain an anticorrelation between ryi,q and
the UFO outflow velocity. This could be simply interpreted by
the fact that a more compact wind, produced closer to the black
hole, is expected to exhibit higher velocities, gradually transi-
tioning from a fast to a slower outflow as it expands across larger
scales.

We also find a positive correlation between the H3 FWHM
and 7ying (and voy as mentioned in the previous section), which is
interesting from a kinematical point of view. While line broad-
ening in the BLR is generally attributed to virialization in the
SMBH potential well, feedback and feeding processes may over-
come pure gravitational effects. Hydro-dynamical simulations
show that volume-filling turbulence is the irreducible by-product
of the self-regulated AGN feeding/feedback cycle, with con-
version efficiencies beyond 1%, due to stretching, compressive,
and baroclinic motions in a stratified medium (Wittor & Gaspari
2020, 2023). Even if only a small 1% of the related feedback
kinetic energy were transferred into chaotic turbulent energy
(cco?, the gas velocity dispersion), this would overcome the
virial velocity, (GM/r)'/? (~10°kms™! for M = 108 M, and
r = 0.1 pc). Overall, the above-mentioned FWHM positive cor-
relations would then be consistent with an increased turbulence
driven by stronger AGN feedback (larger voy and rying). On the
other hand, the absence of a significant correlation between the
mechanical power of the wind, El‘:’ ind " and ryinq could be related
to the energetic properties of the outflows when it expands away.
There are indeed several hints that this mechanical power is con-
served from close to the black hole to the distant molecular
cloud scales, following a scale-independent energy-conserving
scenario (e.g., Tombesi et al. 2015; Faucher-Giguere & Quataert
2012; Stern et al. 2016; Gaspari et al. 2020).

Further, we normalized the wind radii to the Schwarzschild
radius. As expected from the lack of correlation with respect to
F'wind» WE NOW obtain an anticorrelation with Mgy and Ly (see

16 To be noted that the best-fitting slope of the v, —FWHM Hg relation
is consistent, within the errors, with zero (see Fig. D.8).
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Fig. 10 panel b). We observe that the anticorrelation between the
X-ray luminosity and ryina/7s is mainly driven by the C21 sam-
ple and disappears when considering only the T10+S23 sam-
ple. On the other hand, the anticorrelation between ryinq/7s and
Mpgy remains significant at low/intermediate-z. While the posi-
tive correlations with the Eddington ratio and the FWHM of the
Hp, as well as the anticorrelation with vy, are still observed for
Fwind/Ts, the latter presents negative correlations with Ming and
El? ind "and a marginal negative relation with P.,;,q appears if the

Fe-K sub-sample is included. Given that £}™ does not corre-
late withryi,q (see before), the observed anticorrelation between
EY™ and ryina/ry is certainly related to the correlation between
El?ind and MBH-

If we consider a thermally driven wind, at radii where the
sound speed overcomes the escape velocity, the pressure gradi-
ent, which has been built up by the X-ray emission, leads to the
expansion of the layer that has been heated up to the Comp-
ton temperature Tic (Begelman et al. 1983; Done et al. 2018).
Thus, the gas of the becomes unbound at the so called Compton
radius, Ric!’. If we estimate a fiducial Compton radius adopt-
ing a Compton temperature of Tic = 2 x 107 K (as found in
Sazonov et al. 2004, for an average quasar spectral distribution),
log(Ric/rs) = 5.20, we note that only four UFOs (all in the T10
sample: PG 1211+143, Ark 120, Mrk 766, and NGC 4507), have
Fwind, Within errors, above the Compton radius (the black dashed
line in Fig. C.1) and are then consistent with thermal launch-
ing. Interestingly, PG 1211+143 and Ark 120 are also outliers
in the vy versus & correlation reported in Sect. 5.1. However,
both AGNs show highly variable UFOs. For instance, while
T10 detects a UFO in Ark 120 during the 2003 observation,
Gofford et al. (2013) do not find signature of absorption lines
during the 2007 observation. Igo et al. (2020) also find no evi-
dence of UFOs and Giustini & Proga (2019) suggest that this
face-on AGN possibly has no intersection between the wind
and the line of sight. Similarly, PG 1211+143 exhibits variabil-
ity in the UFO detection across multiyear observations (e.g.,
Tombesi et al. 2010; Gofford et al. 2013; Igo et al. 2020, and ref-
erences therein). For example, in some cases, clear evidence of
a UFO is observed, while in others, only weak or the absence
of features are reported. This variability extends to NGC 4507
as well (e.g., Tombesi et al. 2010; Igo et al. 2020). The intrinsic
variability of UFOs, frequently associated with changes in the
observed outflow velocity, suggests that while in some observa-
tions thermal-driving may be the underlying launching mecha-
nism (in agreement with these AGNs presenting 7wina > Ric),
in other a combination (or a different mechanism) could be at
play. Additionally, the outflow velocities reported in Table A.2,
which align with the literature values, contradict with the possi-
ble thermal origin of Ark 120 and NGC 4507 outflows. Instead,
they suggest the involvement of radiative or MHD winds. Mean-
while, for all the other UFOs, in particular for the whole C21
and S23 samples, rying values are always inside Rjc, suggesting
that a simple thermal launching mechanism is unlikely and other
mechanisms should be present.

To further investigate the possibility of a thermal launch, we
adopted the parameter space defined by Begelman et al. (1983),
in which five distinct regions, each showcasing various physi-
cal characteristics that can either enable or prevent the devel-
opment of thermal winds, are presented (see Fig. 11 panel a).
On the x-axis rying is normalized to Ric and on the y-axis the
efficiency of the luminosity in generating a wind via Compton

7 Ric = 6.4 X 10*/Ticgr,, where Ticg is the Compton temperature in
units of 108 K (see Done et al. 2018).
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Fig. 10. Correlations between the X-ray luminosity, SMBH mass, Eddington ratio, and the wind radii. Panel a: correlations considering rying.
Panel b: correlations considering 7y, normalized for r;. The S23 UFO sub-sample is shown in red circles, T10 in blue diamonds, and C21
in black squares. The solid lines represent the best-fitting linear correlation and the dark and light gray shadowed areas indicate the 68% and
90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP, and the intrinsic scatters for the correlations. The
correlations are not significant where the best-fit and the confidence bands are not reported.

heating is quantified by the parameter Lyol/Lesic (Where Leie =
0.03TI_C1’§2LEdd, see Begelman et al. 1983). In region A, the ther-
mal wind is most likely to arise as the gas is impulsively heated
to the Compton temperature. As the luminosity decreases, we
move into region B where the disk is steadily heated, and its
material can still produce a wind as long as ryind/Ric > Lbol/Lecrit-
In contrast, region C features temperatures that are too low for
the material to escape. The launching of a thermal wind is even
less likely in the leftward regions D and E. In region D, the entire
disk is heated to a temperature below the Compton temperature,
while in E, only the upper layers of the disk are heated to Tyc,
and the average particle velocity is lower than the escape speed.
Thus, in the latter region an isothermal atmosphere with mini-
mal wind losses can form. In agreement with the above discus-
sion, the majority of the T10 sample and all the S23 and C21
sources are located in the E and D region where thermal launch-
ing mechanism is not possible. Again, the same four T10 UFOs
(i.e., PG 12114143, Ark 120, Mrk 766, and NGC 4507) appear
to be compatible with thermal launching, but see above discus-
sion. The position of the C21 and T10 AGNs at opposite ends of

Fig. 11, panel a, (and Fig. C.1) is attributable to the lower col-
umn density detected in the T10 sample compared to the C21
sample. If we add the four AGNs of the Fe-K sub-sample to the
parameter space for thermal winds, only NGC 3783 is in the B
region where thermal wind can be launched, whereas the other
three sources are in the E and D regions.

This evidence against thermal winds is not surprising since
they are believed not to reach the mildly relativistic velocities
observed in UFOs. Indeed, one can see in Fig. 11, panel b,
that 12 AGNSs (within errors; 1/15 in the T10, 1/7 in the S23,
and 10/12 in the C21 sample) populate the upper part of the
plot above 0.3c. While UV and X-ray line or radiation driv-
ing mechanisms can still accelerate the winds up to ~0.3-0.4c,
higher outflow velocities cannot be achieved due to the effects
of radiation drag (e.g., Takahashi & Ohsuga 2015; Hagino et al.
2017). Therefore, in the case of these UFOs the involvement of
a magnetic driving mechanism seems to be inescapable (e.g.,
Fukumura et al. 2010). On the other hand, radiation pressure
is expected to dominate for Agqg = 0.1 (e.g., Ressler et al.
2015; Sadowski & Gaspari 2017). Thus, winds in the lower right
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Fig. 11. Launching mechanisms. Panel a: parameter space for thermal
winds. The green solid lines show the different wind regions bound-
aries described in Begelman et al. (1983). In regions A and B (in shaded
green), thermal winds can be launched, while this mechanism is sup-
pressed in regions C, D, and E. Panel b: Magnetic versus radiative driv-
ing. The dashed purple line shows the possible threshold separating
radiatively driven (Aggg = 0.1) winds from MHD winds, described in
Sadowski & Gaspari (2017). The dotted orange line present the thresh-
old between the two mechanisms on the basis of the outflow velocity.
The shaded regions show the intersection between the two conditions.
Particularly, winds in the purple shaded region are likely to be radia-
tively driven, while those in the orange shaded regions are possibly
MHD driven. The S23 UFO sub-sample is shown in red circles, T10
in blue diamonds, and C21 in black squares.

part of Fig. 11, panel b, (with vy, < 0.3c and Aggq = 0.1)
could be radiatively driven. To investigate possible differences
among the sub-groups delineated by the two thresholds (i.e.,
MHD winds for vy, = 0.3¢ and radiatively driven winds for
Agaa 2 0.1), we performed the two-sample KS test. As expected,
we find that the two sub-groups differentiate in terms of redshift
(log NHP = —-2.25) and BH mass (log NHP = —2.25), given that
the MHD sub-sample is predominantly composed of C21 AGNs
(see Sect. 4.1)'8. Furthermore, the distinction in column density

18 Additionally, we observe differences in vy, (log NHP = —3.09) and
Eddington ratio (log NHP = —2.56), as these parameters define the two
AGN sub-groups.
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observed for the UFO sub-samples in Sect. 4.3, persists between
the MHD and radiatively driven winds (log NHP = —2.26). The
dependence on vy, leads to differences in two (out of three)
winds energetics (i.e., Myina With logNHP = —2.10 and E}™
with log NHP = —1.80). A significant difference also emerges
between the two driving mechanism sub-groups when consider-
ing the ratio rying/rs (logNHP = -2.10), likely driven by the
dependence of r; on the BH mass.

6. Conclusions

We carried out an extensive statistical analysis in order to
uncover connections between AGN and host galaxy proper-
ties with respect to the presence of UFOs and their char-
acteristics. Our study is based on the SUBWAYS sample,
which we expanded by incorporating two additional samples
(Tombesi et al. 2010; Chartas et al. 2021) covering different and
complementary ranges of redshift and luminosity.

While our results suggest that more luminous AGNs with
steeper @ox are more likely to host UFOs (i.e., with a,x <
—1.24; see Sect. 4.2), we do not observe any other definitive
distinctions between AGNs that exhibit UFOs and those that
do not on the basis of the studied parameters (BH mass; X-
ray, bolometric, and UV luminosity; Eddington ratio; X-ray pho-
ton index; FWHM of the HB; a.x; and Aa,; see Sect. 4.2
and Table C.1). This is consistent with the idea that all AGNs
have the potential to host UFOs with a characteristic duty cycle,
which determines whether they are detectable in a specific epoch
or not.

The key findings of our extensive correlation analysis (see
Appendix D for a complete view of all the correlation plots) are
summarized as follows:

— Faster UFOs have larger ionization parameters and column
densities (see Sect. 5.1). However, the positive £—uvoy corre-
lation seems to follow from the outflow velocity and lumi-
nosity relation (see Sect. 5.2).

— The correlation between outflow velocity and luminosity,
however, has a significantly flatter slope (0.12; see Fig. 6)
compared to the expected value for radiatively driven winds
(0.5). This suggests a combination of launching mechanisms,
including magnetically, radiatively, and thermally driven
processes.

— X-ray radiation seems to play a more crucial role in driv-
ing highly ionized winds compared to UV. We find that
all parameters and energetics of the observed UFOs are
strongly correlated with X-ray (and bolometric) luminosity
but show weaker or no correlation with the UV luminosity
(see Sect. 5.2).

— More massive SMBHs suffer larger wind mass losses, thus
suppressing accretion of matter onto the BH. In particular,
the outflow mass rate in the majority of the studied AGNs
either prevails or is comparable to the mass accretion rate,
suggesting a potential limitation in the duration of the out-
flow: When the accretion disk is depleted, it might lose
the capacity to sustain the outflow (see Fig. 8 panel b and
Sect. 5.3).

— The UFO launching radius does not appear to correlate with
either with the luminosity or with the BH mass (as instead
expected in thermal and radiation driven winds) unless it is
normalized by ry. However, it is always positively correlated
with the Eddington ratio (Sect. 5.5).

In terms of the wind launching mechanism, our analysis does
not unequivocally point to a single phenomenon. Instead, it sug-
gests that multiple mechanisms may be involved in ejecting
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UFOs (magnetic, radiative, and thermal driving). While thermal
launching seems to be disfavored, as only a small fraction of
the sources in our samples exhibit UFO properties compatible
with it (Sect. 5.5), radiation-driven winds may account for sev-
eral observed correlations. However, most results display signif-
icant deviations from expectations in this context, indicating a
key role played by MHD winds (Fig. 11 panel b).

It is insightful to understand our observational find-
ings in the context of the AGN feeding-feedback self-
regulation. Current theories favor a global AGN duty
cycle based on the multiphase condensation of the tur-
bulent gaseous halos around SMBHs (Gasparietal. 2012;
McCourtetal. 2012; Sharmaetal. 2012; McNamara et al.
2016; Voitetal. 2017), which is also supported by a wide
range of observational constraints (e.g., Tremblay et al. 2018;
Temi et al. 2018; Storchi-Bergmann & Schnorr-Miiller 2019;
McKinley et al. 2021; Maccagni et al. 2021; Olivares et al.
2022). This infalling “rain” (formally known as chaotic cold
accretion, or CCA; Gaspari et al. 2013, 2020; Prasad et al. 2017,
Voit 2018) is expected to recurrently and efficiently trigger
the AGN, generating UFOs via varying launching mecha-
nisms depending on the feeding rate. Over the long term,
the feeding rain and mechanical feedback act as a cosmic
thermostat regulating galaxies and groups of galaxies. When
comparing our scaling relations with theoretical expectations
(cf. Gaspari & Sadowski 2017; Gaspari et al. 2019), we find sev-
eral key consistencies with a CCA-driven feedback. Specifi-
cally, CCA theory and simulations predict (i) stronger outflows
in more massive SMBHs due to a stronger condensation rain
(Sect. 5.3); (ii) comparable feeding and feedback mass outflow
rates (Sect. 5.3), as most of the raining mass is reejected back
near the SMBH horizon; (iii) outflow velocities that decrease
with radius (Sect. 5.5), as the outflow is slowed by the interac-
tion with the multiphase atmosphere; (iv) enhanced turbulence
reflected by positive FWHM correlations (Sect. 5.5), as faster
feedback enhances the chaotic motions seeding the CCA insta-
bilities; and (v) conservation of the outflow energy rate from the
micro (sub-pc) scale to macro (pc-kpc) scale (Sect. 5.5), which
is vital to establishing efficient self-regulation and global quasi-
thermal equilibrium.

By examining large samples of AGN, population studies
play a pivotal role in advancing our understanding of UFOs.
They provide valuable insights into the presence of these out-
flows across different AGN sub-classes and their correlations
with various AGN properties. Additionally, population studies
are one the most powerful tools to try to understand the role of
UFOs in AGN feedback processes, their evolutionary implica-
tions for galaxy formation and evolution, and the unique char-
acteristics of AGNs with and without UFOs. Ultimately, these
comprehensive investigations contribute to a deeper understand-
ing of the physical processes driving these outflows and their
significance in shaping the cosmic landscape of AGNs and their
host galaxies. These investigations, when coupled with the goals
of future X-ray missions, such as the X-Ray Imaging Spec-
troscopy Mission (XRISM; XRISM Science Team 2020) and the
Advanced Telescope for High-ENergy Astrophysics (Athena;
Barret et al. 2018), are expected to provide further and unpar-
alleled advancements in this field. Thanks to the unprecedented
high-spectral resolution and sensitivity of these instruments,
they will allow us to resolve the UFO line profiles, which hold
the promise of unveiling the dominant launching mechanism;
study the dynamical behavior of the inner portion of the wind;
and extend the UFO search to lower luminosities and higher
redshifts.
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Appendix A: AGN and UFO parameters

Tables A.1, reporting the AGN global parameters, and A.2, reporting the UFO global parameters, are only available in electronic
form at the CDS.

Appendix B: o,z methodological figures
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Fig. B.1. Unabsorbed sample. As reported in Sect. 3.2, the UV and the X-ray intrinsic luminosities can be affected by the presence of gas and
dust along the line of sight. To improve the reliability of our analysis, we thus identify a threshold in the neutral absorber column density (i.e.,
Ny < 5 x 10% ¢cm™2), which ensures that the AGN observed a,, (i.e., potentially affected by absorption and reddening) are closer to their intrinsic
values. Panel a: Cumulative curves of the neutral column density observed for the SUBWAYS (in red), T10 (in blue) and C21 (in black) samples.
The dashed line indicates the adopted threshold above which the a,y is considered significantly affected by absorption and reddening. Panel b:
Expected deviation from o™ = -1.5 as a function of the neutral absorber equivalent hydrogen column density, Ny. This plot highlights how
absorption and reddening affect the observed a,x. The dashed lines highlight the adopted thresholds, which help define a maximum neutral Ny
and the corresponding expected deviation from the intrinsic a,y, above which the observed @,x cannot be considered reliable.

Appendix C: Parameter distributions

Table C.1. Comparison between UFO and no-UFO sub-samples.

UFO vs no-UFO sub-samples  log(Mpy) log(Ly) log(Lyo) Apaa I FWHMHB a0 Ao

S23 X X X X X X X X

T10 X X X X X X X X

C21 X X X X X / / /

T10+S23 X X X X X X X X
T10+S23+C21 -2.00 -1.70 X X X / / /

Notes. Alongside Fig. C.2 and C.3, we obtained no substantial evidence indicating differences between AGNs hosting UFOs and those without.
This suggests that all AGNs might be capable of hosting these outflows during their lifetime and their observability is linked to the wind duty
cycle (see Sect. 4.2). The lower the log NHP values, the more statistically different the compared samples become. Meanwhile, we mark “x” when
the difference between two samples is below the adopted significance threshold (log NHP > —1.30, i.e., the compared samples are statistically
the same). The C21 sample has limited data and a comparison between sub-samples could not be performed, we thus adopt “/”” for the respective
comparisons.
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Fig. C.1. Estimates of the distance between the wind and the SMBH in terms of the Schwarzschild radius, r;. The S23 UFO sub-sample is shown
in red circles, T10 in blue diamonds, and C21 in black squares. The black dotted line shows ryina = 2. The black dashed line represents the ratio
between Rjc and r;, see text for more details. The dashed magenta lines show the median value of each sub-sample. Our analysis considers only
T'wind a5, Within errors, it is always bigger than (or consistent with) 1, (see Sect. 3.3).
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Fig. C.2. Samples comparison of AGN properties. Alongside Table C.1 and Fig. C.3, we obtained no substantial evidence indicating differences
between AGNs hosting UFOs and those without. This suggests that all AGNs might be capable of hosting these outflows during their lifetime and
their observability is linked to the wind duty cycle (see Sect. 4.2). Panel a: Bolometric luminosity versus redshift. Panel b: SMBH mass versus
Eddington ratio. The S23 sample is shown in red circles, T10 sample in blue diamonds and C21 sample in black squares. For each distribution
and scatter plot, the UFO sub-samples are represented as color filled histograms and dots, respectively. The dashed magenta and dotted green lines
show the median value of each UFO and no-UFO sub-sample, respectively. We report both median values only when these are different and we
include the corresponding 1o error-bars on the median.
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Fig. C.3. Samples comparison of AGN properties. Alongside Table C.1 and Fig. C.2, we obtained no substantial evidence indicating differences
between AGNs hosting UFOs and those without. This suggests that all AGNs might be capable of hosting these outflows during their lifetime and
their observability is linked to the wind duty cycle (see Sect. 4.2). Panel a: Observed X-ray spectral index versus the 2-10 keV luminosity. Panel b:
Difference between the observed a, and the expected value based on the UV luminosity of each AGN versus a,x. The S23 sample is shown in red
circles, T10 sample in blue diamonds and C21 sample in black squares (in the C21 no-UFO sub-sample, no sources are present as they are not part
of the unabsorbed sample, see Sect. 3.2). For each distribution and scatter plot, the UFO sub-samples are represented as color filled histograms
and dots, respectively. The gray dashed line shows the threshold between X-ray normal and weak AGNs defined in Pu et al. (2020). The dashed
magenta and dotted green lines show the median value of each UFO and no-UFO sub-sample, respectively. We report both median values only
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significant differences for the launching radius and energetics of the wind (see Sect. 4.3).
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Appendix D: Tested correlations

In this work, we investigate potential correlations between the
AGN properties and the UFO characteristics and, in the fol-
lowing figures, we display all pairs of tested parameters. For
each significant (positive/negative) correlation, we report the
best-fitting linear regressions, associated log NHP values and the
intrinsic scatters of the data. Each UFO sub-sample is color-
coded as in the main text, that is, S23 in red circles, T10 in blue
diamonds and C21 in black squares. Four of the reported cor-
relations (10g(€)-Adox, Nu-Adiox, 10g(€)-E}™, and rying/Ts-Puing
in Fig. D.19) are only significant when the Fe-K sub-sample is
added to the T10 UFO sub-sample. In these cases, AGNs from
the Fe-K sub-sample are presented in green diamonds.

We first report the correlations (significant and non) obtained
between AGN parameters (Figs. D.1-D.5), then between UFO
characteristics and AGN parameters (Figs. D.6-D.13) and
finally, only between UFO parameters (Figs. D.14-D.18). In par-
ticular:

— Fig. D.1: SMBH mass versus AGN (observed and derived)
parameters;
Fig. D.2: redshift versus AGN parameters;
Fig. D.3: X-ray and UV luminosity versus AGN parameters
Fig. D.4: bolometric luminosity versus AGN parameters;
Fig. D.5: SED parameters (i.e., I, FWHM Hp, a,x, and Aax)
versus AGN parameters;

Fig. D.6: ionization parameter of the wind versus AGN
parameters;

Fig. D.7: ionized column density of the wind versus AGN
parameters;

Fig. D.8: outflow velocity of the wind versus AGN parame-
ters;

Fig. D.9: wind launching radius versus AGN parameters;
Fig. D.10: wind launching radius normalized for the
Schwarzschild radius versus AGN parameters;

Fig. D.11: mass outflow rate of the wind versus AGN param-
eters;

Fig. D.12: kinetic energy of the wind versus AGN parame-
ters;

Fig. D.13: momentum rate of the wind versus AGN parame-
ters;

Fig. D.14: ionization parameter of the wind versus UFO
(observed and energetics) parameters;

Fig. D.15: ionized column density of the wind versus UFO
parameters;

Fig. D.16: outflow velocity of the wind versus UFO parame-
ters;

Fig. D.17: launching radii versus energetics of the wind;
Fig. D.18: energetics of the wind;

Fig. D.19: significant correlation after the addition of the Fe-
K sub-sample (see Sect. 2.2).
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Fig. D.1. SMBH mass versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The best-fitting
linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and light gray
shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP, and the
intrinsic scatters for the correlations.

A235, page 26 of 44



Gianolli, V. E., et al.: A&A, 687, A235 (2024)

46 log(NHP)=-9.04, scatter= 0.57 dex ] 481 log(NHP)=-9.03, scatter= 0.65 dex =
—~ 47 1 n
a 7 ]
[ ™
o
[o)] pud 46‘
9 2
~
x 8451
= 3
8 g
= 2 441
421 — slope= 0.80*3:0}, intercept=43.73%3-3} — slope= 0.90*3:01, intercept=45.01*§:01
L intercept computed in x=-1.00 43 intercept computed in x=-1.00
L 4 ® o
-2 -1 0 -2 -1 0
log(z) log(z)
log(NHP)=-2.16, scatter= 0.77 dex &
log(NHP)=-1.53, scatter= 0.19 dex
—~ 321 —0.81
)
< n
7 314
n
)]
o
9 30
o
o
o
829
o
o
~ 281 — slope= 0.87*3{}, intercept=29.36131 — slope=-0.13*3, intercept=-1.43+39}
intercept computed in x=-1.00 —2.01 intercept computed in x=-0.50
-2 -1 0 -2 -1 0
log(z) log(z)
0.61 log(NHP)=-1.65, scatter= 0.16 dex
|
0.41
. 021 o .
S L 4 o [ ] -
L 4
< 0.0
L 4
[ ]
—0.21 *e
]
— slope=0.05*301 , intercept=0.02+3:01
—0.41 intercept computed in x=-1.00
-2 -1 0
z
2 3.0
38 * 0.0 . o o *
w 3.7 * @ 25 -0.5 ° '
¢ L] Ll
£ I34 * - s
3 . 2.01 ¢ o o u E R L t
T3s . - % Y %e fe.| £, oo u b
z . 15 este® o2 " | 3 ‘ -
= 3.4 P ° . 20 L 4
= s C21UFO -
g33 ¢ ® e S23UFO 1.0 -25
3.2 . & T10 UFO * -3.0 *
-2 -1 0 -2 -1 0 -2 -1 0
log(z) log(z) log(z)

Fig. D.2. Redshift versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The best-fitting linear
correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and light gray shadowed
areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP, and the intrinsic scatters

for the correlations.
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Fig. D.3. X-ray and UV luminosity versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The

best-fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and
light gray shadowed areas indicate the 68% and 90% confidence bands, respectively.
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Fig. D.5. SED parameters versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The best-fitting
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Fig. D.6. UFO ionization parameter versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The
best-fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and
light gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP,
and the intrinsic scatters for the correlations.
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Fig. D.7. UFO column density versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The best-
fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and light
gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP, and the
intrinsic scatters for the correlations.
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Fig. D.8. UFO outflow velocity versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The best-
fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and light
gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP, and the
intrinsic scatters for the correlations.
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Fig. D.9. UFO launching radius versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The
best-fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and
light gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP,
and the intrinsic scatters for the correlations.
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Fig. D.10. UFO launching normalized radius versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21
samples. The best-fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and
the dark and light gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients,
log NHP, and the intrinsic scatters for the correlations.
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Fig. D.11. UFO mass outflow rate versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The
best-fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and
light gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP,
and the intrinsic scatters for the correlations.
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Fig. D.12. UFO kinetic energy versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The best-
fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and light
gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP, and the

intrinsic scatters for the correlations.
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Fig. D.13. UFO momentum rate versus AGN parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The
best-fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and
light gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP,
and the intrinsic scatters for the correlations.
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Fig. D.14. UFO ionization parameter versus derived parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples.
The best-fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark
and light gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP,
and the intrinsic scatters for the correlations.
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Fig. D.15. UFO column density versus derived parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The
best-fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and
light gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP,

and the intrinsic scatters for the correlations.
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Fig. D.16. UFO outflow velocity versus derived parameters. Significant and nonsignificant correlations for the S23, T10, and C21 samples. The
best-fitting linear correlations, applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and
light gray shadowed areas indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP,

and the intrinsic scatters for the correlations.
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Fig. D.17. UFO radii versus energetics: significant and non correlations for the S23, T10, and C21 samples. The best-fitting linear correlations,
applied exclusively to statistically significant correlations, are presented by the solid black lines and the dark and light gray shadowed areas
indicate the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP, and the intrinsic scatters for
the correlations.
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Fig. D.18. UFO energetics: significant and non correlations for the S23, T10, and C21 samples. The best-fitting linear correlations, applied
exclusively to statistically significant correlations, are presented by the solid black lines and the dark and light gray shadowed areas indicate
the 68% and 90% confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP, and the intrinsic scatters for the
correlations.
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Fig. D.19. Significant correlations after the addition of the Fe-K sub-sample. The S23 UFO sub-sample is shown in red dots, the T10 in blue
diamonds, the C21 in black squares, and the Fe-K sub-sample in green diamonds. The best-fitting linear correlations, applied exclusively to
statistically significant correlations, are presented by the solid black lines and the dark and light gray shadowed areas indicate the 68% and 90%
confidence bands, respectively. In the legend, we report the best-fit coefficients, log NHP, and the intrinsic scatters for the correlations.
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