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Abstract. SUBWAYS (Supermassive Black Hole Winds in X-rays) is an international pro-
gram designed to provide a unique observational framework to test the validity of physical
models for Active Galactic Nuclei (AGN) outflows. Its ultimate goal is to understand the
AGN impact onto their host galaxies. Within this framework, we have been awarded a Large
Program of ~1.4 Ms with XMM-Newton in AO18, to observe a representative sample of 17
objects at z=0.1-0.5, above the knee of the AGN luminosity function with the main goal of
obtaining a statistically sound estimate of the duty cycle and physical parameters of ultra-
fast outflows (UFOs).

We present here the first results from the data reduction and analysis of the AO18 XMM-
Newton datasets. By performing a statistically driven blind line-search coupled with exten-
sive Monte Carlo simulations, we find that absorption lines corresponding to highly ionised
Fe K xxv Hea and Fe K xxvi Lye, are detected in 7/17 sources at a Pyc 2 90% significance
level and hence corresponding to ~ 40% of the sample. The results of this work are con-
sistent with those previously obtained in the local and high-z Universe, and independently
provide a further support for the existence of highly ionised matter propagating at mildly
relativistic speed (= 0.1¢) in a considerable fraction of AGN in the intermediate Universe.
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1. Introduction

It has been proposed that gas flows in the
form of energetic winds may play a pivotal
role in galaxy evolution (e.g. King & Pounds
2015). Their presence may regulate both ac-
cretion and ejection of material onto and from
the Supermassive Black Holes (SMBH, 10°-
10! Mo) sitting in the nuclei of virtually
all galaxies. In addition, the gas accelerated
by the radiation pressure from the accretion
disc in sources accreting near the Eddington
limit interacts with the host galaxy Interstellar
Medium (ISM), propagating momentum and
energy and providing an efficient feedback
mechanism (e.g. Zubovas & King|2012).

The ISM of galaxies includes gas in vari-
ous phases, spanning from the cold and dense
molecular clouds to the very hot, highly ion-
ized medium. Analogously, the outflows de-
veloping in AGN host galaxies have a mul-
tiphase nature, as revealed by observations
and expected from simulations (Cicone et al.
2018 |Veilleux et al.|2020; Nelson et al.|[2019)).
Theoretical models ascribe an important role to
relativistic hot outflows produced by the inner-
most gas close to the accretion disk (< 1 pc)
that first feels the AGN radiation field (King
2005). Within this region, AGN-driven winds
are detected routinely as absorption lines in
the Ultraviolet (e.g. BAL QSOs, |Crenshaw
et al.| 2003), and in soft X-ray spectra (0.3-
1 keV, warm-absorbers, WAs) of a substan-
tial fraction of AGN (> 50%, e.g. Reynolds
1997} Piconcell1 et al.||2005). These features
reveal photo-ionized material flowing outward
from the nucleus with typical velocities of 10?-
103 km s~!. Winds with extreme velocities
(Ultra-Fast Outflows, UFOs, v20.1c) are also
detected at higher energies, through strongly
blue-shifted absorption lines associated with
highly ionized iron ions (Fe xxv and Fe xxvr)
observable at E>7 keV (Chartas et al. 2002
Pounds & Reeves||2009)), with mass outflow
rates typically of 0.1-1 Mg/yr (Tombesi et al.
2010). A detailed modeling of the high en-
ergy spectra of the most powerful QSO host-
ing X-ray winds, PDS456, indicates that they
are weakly collimated, wide angle outflows in-
volving a significant kinetic power of 2-3x10%6

erg s~ | e.g. ~20-30% of the bolometric lu-
minosity depending on the covering factors
measured (Nardini et al.|2015 [Luminari et al.
2018|, assuming respectively 27 and 2.8z for
the opening angle).

Outflows are also routinely observed at
host galaxy scales, in the ionised, neu-
tral/atomic and molecular gas phases, with
sensitive optical/FIR/mm/radio facilities (e.g.
Morganti et al.|2005; [Feruglio et al. [2010;
Harrison et al.[2014; |Cresci et al.|2015)). These
fast moving gas components observed at kpc
scale or beyond show lower velocities with re-
spect to the accretion disc winds (v~ 500 —
2000 km s~!, depending on the phase), and
mass outflow rates up to 100-1000 Mg/yr (see
Cicone et al.||2018). The investigation of the
driving mechanism of the accretion disc winds,
the connection with the winds observed up to
kpc scales, and the study of how the activity of
the BH in the very center of a galaxy influences
its properties up to its boundaries are nowa-
days some of the hottest topics in extragalac-
tic astrophysics, and are part of the core sci-
ence programs of future astronomical facilities,
from millimeter wavelengths (Combes|2013))
to optical/infrared (e.g. [Padovani et al.[2017)
to X-rays (Barret & Cappi|2019).

From an observational point of view, the
characterisation of the fastest component of
accretion disc winds in terms of physical
properties (e.g. velocities, mass outflow rates,
duty cycle), and their incidence in relation to
the AGN properties, has been mainly carried
out so far through inhomogeneous studies of
archival data. The studies have been focusing
on two cosmic epochs merely for practical rea-
sons: 1) at z<0.1, objects are close enough that
itis relatively easy to collect > 10000 counts in
the 4-10 keV band in large samples (> 50 ob-
jects), but mainly limited to Seyfert luminosi-
ties Ly <10% erg s~!, e.g.[Tombesi et al.|2010;
Gofford et al.|[2013)); 2) at z21.5, on small and
sparse samples (<10 objects) at L;,,>10% erg
! (e.g.|Chartas et al.2009; Dadina et al.|2016;
Vignali et al.|[2015). The distribution of these
two samples in the luminosity-redshift plane
is shown in the upper panel of Fig. [I] (blue
and magenta points, respectively). In order to
gain significant advances in our understanding



50 Brusa: SUBWAYS

48 —— T
/AAA
~ * a
% 'Y
g 46 - [ iy 7
= . = A
=y ‘ " 3
@ L L
Saat o " _
u [ ]
L L
[ il el M| ]
3 T ] T T T T E
10° | +
- rl'ﬂ - El
£ L— 1
n poe W | n T }
© E ] - B [} as *XK E
> r % E . A 1
1000 SRR oYy ¢ +
E 77SUBWAYS (XMM-A018) et wt 3
2 [ YSUBWAYS (XMM-AO18+archive), % 2°°
L 100 Exrppssse, IRASF1119 . E
F 4 Cappi LP ]
10 A High-z QSOs o 4
F M Tombesi+2010 E
0.005 0.01 0.05 0.1 05 1 5

Redshift

Fig. 1. The luminosity (upper panel) and rest frame
4-10 keV counts (lower panel) plotted against red-
shift for the samples considered in the selection pro-
cess and in the comparison samples, as labelled.

of the detection rate and physical properties of
UFOs, a systematic approach is needed to in-
crease the number of sources well-exposed in
X-rays in the QSO-like regime at z> 0.1.

2. Sample selection and observations

The SUBWAYS (“Supermassive Black Hole
Winds in X-rays) program is designed to pro-
vide a direct test of QSO feedback models
via observations of ~ 20 sources at z=0.1-0.5
and Ly, > 10% erg/s, carefully selected to
overcome the limitations described above. We
selected the targets for the dedicated XMM-
Newton observations according to the follow-
ing requirements:

1. presence in the 3XMM-DR7 catalog]
matched to the SDSS-DR14 cataloﬂ or
to the Palomar-Green Bright QSO cata-
log (PG QSO; |Schmidt & Green| |[1983).
This step assures that an assessment of the
count-rate already exists, and it was crucial
to tune the requested observing time;

! http://xmmssc.irap.omp.eu/Catalogue/3XMM-
DR7/3XMM_DR7.html
2 http://www.sdss.org/dr14/

2. redshift in the range z=0.1-0.5. This step
ensures that both WAs and UFOs can be
studied and at the same time, provides the
possibility to characterise the continuum
up to 10 keV;

3. count rate larger than ~0.12 cts/s in
the rest-frame 4-10 keV band, to en-
sure that our targets are QSOs (L, >10%
erg s~!; stars in the upper panel of Fig.
1), complementing what already available
in the archive for this kind of studies.
This step should also ensure that ~5000-
10000 counts needed to fulfil our goals
are obtainable within a single XMM-
Newton orbit. We recall that the analysis of
PDS456 and IRASF11119 (two of the best
examples of UFOs) has been conducted
with a similar counting statistics (Nardini
et al.[2015;  Tombesi et al.|2015]).

4. We further discarded NLSys (because of
the highly variable flux), and quasars in
clusters/radio loud systems, to avoid con-
tamination by processes other than AGN
accretion and winds.

Twenty four objects satisfied our selection
criteria, tuned to populate the so-far under-
explored luminosity range Ly, ~ 1074 erg
s~! with unprecedented quality X-ray spec-
tra. The lower panel of Fig[l] shows the
available rest-frame 4-10 keV counts for the
SUBWAYS sample at the end of 2018 (large
stars), compared to those in 3XMM-SDSS,
3XMM-PGQSO and local and high-z UFOs

samples (see labels and caption for details).

Five sources (PG1114+445, PGI1416-
129, PG1402+261, PGO0804+761 and
HB89 1257+286) have already 210000

counts in archival observations (see e.g.
Serafinelli et al.|2019; [Porquet et al. |2007;
Reeves et al. [2004). We have been awarded
XMM-Newton observations for 17 of the
remaining 19 sources (red stars). In this paper
we highlight a quick description of the data
analysis procedure, the first results on the
UFOs detection fraction in the observations
of our XMM-Newton large program, and
the future perspectives for the SUBWAYS
project. The presentation of the results for the
full SUBWAYS sample, including a detailed
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Table 1. ! Source name; 2 Redshift; 3 Starting date of observation; 4 Net exposure after back-
ground optimization; Spn total net counts in the 4—10 keV band.

Optimised EPIC Data Reduction:4—10 keV Band

Source! ObsID redshif>  Date>  NetExposure* Total counts’
z yyyy-mm-dd ksec (pn)  counts (pn)
PG0052+25T 0841480101 0.154  2019-07-15 34.4 9119
PG0953+414 0841480201 0.234  2020-04-14 455 5244
PG1626+554 0841480401 0.133  2019-05-27 51.4 5902
PG1202+281 0841480501 0.164 2020-06-29 46.8 7141
PG1435-067 0841480601 0.126  2019-07-24 423 2022
SDSS J144414+0633 0841480701 0.207 2019-07-28 66.3 7067
2MASSJ165315+2349 0841480801 0.103  2020-02-11 59.8 7652
PG1216+069 0841480901 0.331 2020-06-05 63.4 4792
PG0947+396 0841481001 (Obs 1) 0.205 2019-11-25 31.1 1682
0841482301 (Obs 2) 2020-04-17 45.7 2436
WISE J053756-0245 0841481101 0.110  2020-03-02 69.8 3900
HB 891529+050 0841481301 0.218 2019-08-22 75.3 3592
PG1307+085 0841481401 0.154 2020-01-22 73.1 10547
PG1425+267 0841481501 0.364  2020-02-05 73.3 4708
PG1352+183 0841481601 0.151 2020-01-26 74.4 3951
2MASSJ105144+3539 0841481701 0.159 2020-05-26 80.3 2139
2MASS J0220-0728 0841481901 0.213  2020-02-03 77.1 3856
LBQS 1338-0038 0841482101 0.237 2020-02-01 91.6 7775

comparison with literature samples at low and
high-z, will be presented in a forthcoming
paper (Matzeu et al. 2022)
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Fig. 2. The 0.3-10keV (rest-frame) data and best-
fit continuum of the Type 1 QSO LBQSI1338.
Top: background subtracted XMM-Newron spectra:
EPIC-pn (black), EPIC-MOS 1 (red), EPIC-MOS 2
(green) and their corresponding background levels
(shaded areas). Broadband best-fit continuum model
(solid red) is plotted over the data, together with
the individual model components: absorbed power-
law (cyan), blackbody-low (blue) -high (magenta).
Bottom: Corresponding residuals of the data com-
pared to the best-fitting model.

2.1. XMM-Newton AO18 observations

The XMM-Newton observations took place
over a time frame of more than one year, from
May 27th 2019 to June 29th 2020. The targets
have been exposed between 40 and 110 ks, de-
pending on the count rate. Table 1 reports the
list of targets, the redshifts and the log of ob-
servations.

We analysed both the EPIC-pn and
MOSI1,2 data and we used the procedure de-
scribed in |Bianchi et al.| (2009) and |Piconcelli
et al.| (2004) to filter the data from high back-
ground flares and to evaluate the best source
extraction radius (see Matzeu et al. 2022 for
more details). The last two columns of Table
1 list the pn exposure time after background
flare filtering and the pn counts in the 4-10
keV energy band. The total counts including
the MOS1 and MOS2 data are a factor of ~ 2
larger than those in the pn only.

We then extracted the spectra using stan-
dard pipeline procedures and we generated the
response files with the SAS tasks RMFGEN and
ARFGEN with the latest calibration files. For the
spectral binning, we chose to adopt the Kaastra
& Bleeker| (2016, KB hereafter) optimal bin-
ning, after extensively testing four of the most
widely used spectral binning options in litera-
ture (all discussed in Matzeu et al. 2022). For
reference, for all the 17 targets, the KB bin-
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ning produced a EPIC-pn bin widths ranging
between AE ~ 120 — 150 eV at 6.4 keV.

3. Spectral analysis

The spectral analysis has been performed us-
ing XSPEC (version XX.XX). All the spectra
were fitted with a simple power-law (zpow in
XSPEC) and their corresponding Galactic ab-
sorption (modelled with Tbabs in XSPEC) ,
with column densities obtained from the [HI4PI
Collaboration et al.| (2016) survey. In order
to better constrain the properties of the un-
derlying continuum, we considered additional
model components to account for the spectral
complexity, such as the presence of intrinsic
warm or neutral absorption components (mod-
elled with Xabs in XSPEC) or the presence
of the soft excess (modelled with one or two
zbbody components in XSPEC).

An example of the adopted continuum
modeling applied to one of our targets
(LBQS 1338—-0038) is shown in Fig. 2] The
background subtracted XMM-Newton spectra
of EPIC-pn (black), EPIC-MOS 1 (red), and
EPIC-MOS 2 (green) are shown with their cor-
responding background levels (shaded areas).
The broadband best-fit continuum model is
marked by the solid red line, together with
the individual model components: absorbed
power-law (cyan), and the two blackbody com-
ponents at low (blue) and high (magenta) tem-
peratures. Residuals at energies in the 6-10
keV range are clearly present (bottom panel in

Fig.[2).

3.1. Search for absorption (and
emission) features

Once an acceptable fit of the 0.3—-10keV spec-
tra of each of the 17 sources had been reached,
we performed a systematic search for iron
K emission and absorption profiles through
blind-line search via energy—intensity plane
contours plots, as introduced in |[Miniutti et al.
(2009)). The blind search is performed adopting
as baseline model the best fit power-law in the
0.3-10keV band and an additional unresolved
Gaussian line. The energy of the Gaussian is
scanned across the spectra in the rest-frame 5—

10keV energy range, with intervals of 25-50
eV, whereas the normalization is allowed to
probe the intensity of the spectral lines both in
a positive and negative direction in 250 steps.
Modeling the Fe K features with Gaussian pro-
files allows us to characterize the significance
and intrinsic properties (i.e. centroid energy,
shape, width, overall strength with respect to
the continuum) of the lines across the sample.

By running the search, each individual step
in the energy-intensity plane is recorded into
a file together with the corresponding varia-
tion of the Caslﬂ statistics (JACjipe|) from the
best-fit of the continuum so that its distribu-
tion can be revealed with respect to the base-
line model. The resulting confidence contours
are plotted according to a mapped AC devia-
tion of —2.3, —4.61, -9.21, —13.82 and —18.52
for 2 parameters of interest corresponding to
68%(10), 90%, 99%, 99.9 and 99.99% confi-
dence levels.

shows an example of the applica-
tion of the blind search method to the EPIC-
pn spectrum of the source shown in Fig. [2| In
the top panel we show the unfolded EPIC-pn
spectrum fitted only with the best fit continuum
model. The vertical dashed lines denote the po-
sition of the laboratory energy transition of Fe
Ka (6.400keV) and Fe xxv (6.70keV) transi-
tions, from left to right. On the bottom panel
we show the resulting energy—intensity con-
tours map, showing the presence of a highly
significant emission and absorption compo-
nent (see colour map on the right) at cen-
troid rest-frame energies of E¢y, ~ 6.6 keV and
E.s ~ 8keV, respectively. Both the emission
and absorption lines have comparable width
and the emission (as well as the absorption)
seems to be originating from ionized mate-
rial. Such features remind us of the P-Cygni
like profile detected in PDS456 (Nardini et al.
2015) where the emission component arises
from photons scattered back to our line of sight
from the same outflowing ionized gas averaged
from all viewing angles.

3 The KB binning uses a binning scheme based
on the resolution of the detector and the available
photons. This implies that Cash statistics is better
suited than the chi square statistics, based on a fixed
number of counts per bin.
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Fig. 3. Bottom panel: the results of the blind-search
approach applied to LBQS 1338—0038. A strong
emission line at high confidence level is detected
with centroid energy of E.,, ~ 6.6keV. A Fe absorp-
tion feature is also significantly detected at E,ps ~
8keV. The significance contours corresponds to
68%, 90%, 99% and 99.9% from outer to inner. Top
panel: the unfolded EPIC-pn spectrum data/model
ratio, when fitted with the best fit continuum only
(see text in Sect. 3).

3.2. Incidence of blueshifted absorption
features

Overall, among these 17 targets we detected
blueshifted Fe K absorption lines in 8 sources
with a F-test probability, P, larger than 95%.
As already pointed out in the literature (e.g.,
Porquet et al.[2004; Markowitz et al. 2006;
Tombesi et al.|2010; |Parker et al.|2020), the F-
test and goodness of fit likely over-predict the
detection probability as opposed to an exten-
sive Monte Carlo (MC) simulation approach.
We therefore performed MC simulations
in order to quantify the detection significance
against random fluctuations and noise in the
spectrum on all the 8 Fe K absorption line can-
didates detected at Pr = 95% confidence level.
We simulated S=1000 EPIC-pn spectra by us-

ing the fakeit command in XSPEC and as-
suming for each source its best-fit 0.3-10keV
broadband continuum model. The simulated
spectra were generated with the same exposure
times and response files from the original data.
A narrow Gaussian of 10 eV was then added to
the fitting model, initially at E.y = 6 keV with
normalization set to zero and free to vary be-
tween negative and positive values in order to
probe both absorption and emission features.
The rest energy centroid of the Gaussian line
was stepped between the rest frame energies of
E = 5.5-9.5keV in AE = 25 eV increments
with the steppAR command in XSPEC. This
process maps the AC variations relative to Cpyp
and are recorded after each step as [ACyise|-

The initial significance of the line derived
from the real data |ACj| was compared to
the |ACpoise| distribution so that the number
N of simulated spectra with a random noise
fluctuation|ACpoise] = |ACiinel can be evalu-
ated and the MC statistical significance of the
absorption line detection can be calculated as

Pyc = 1 - (¥). Of the 8 blueshifted Fe K

absorption detections with Pg > 95%, 5 have
PMC > 95%.

3.3. Detection fraction and typical
velocities

We revealed the presence of significant
blueshifted Fe K absorption tracing UFOs in
5 out of 17 targets, corresponding to ~ 30%
of the sample. The velocity distribution ranges
from 0.075¢ to 0.3c, with a mean value at
v~0.165c.

Based on a similar analysis, counting
statistics and assessment of detection signifi-
cance, [Tombesi et al.| (2010) reported a UFO
detection fraction of 30-40% in a sample of
42 local AGN (z< 0.1), with a mean veloc-
ity of v~0.1c. The detection fraction and the
observed velocities in the SUBWAYS sources
observed in the XMM-Newton AO18 program
are therefore consistent with the values mea-
sured in local samples. This is the first time the
incidence of UFOs has been determined in a
statistical significant sample of quasars beyond
the local Universe.
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4. Perspectives

The first results presented in this work will
be strengthened by extending the analysis of
the AO18 sample to the full SUBWAYS sam-
ple, including the archival data (Matzeu et
al. 2022), and combining results from this
program with X-ray data of local Seyferts
(Tombesi et al.|2010; |Goftord et al.|2013)) and
high-redshift QSOs (e.g. the compilation re-
ported in [Chartas et al.|[2021} see also Dadina
et al. this issue). More in details:

— it will be possible to explore in its entirety
the luminosity-redshift plane to look for
correlations of the winds and nuclear prop-
erties over a wide range in AGN power (3-4
dex). We will therefore investigate how the
detection rate of UFOs changes as a func-
tion of AGN radiative luminosity, black
hole mass Eddington ratios.

— Estimating the energetics of the nuclear
winds and comparing it with that of larger-
scale ionised and molecular outflows pro-
vides crucial constraints on the wind prop-
agation mechanism and on the amount of
energy that is transferred to the kpc scale
(e.g. Tombesi et al|2015). Such a compar-
ison has so far been attempted only in few
sources, via deep observations at X-ray and
millimeter wavelengths, with contradicting
results, that challenge the energy conserv-
ing scenario for the outflow propagation, at
least for the most luminous sources (e.g.
Nardin1 & Zubovas| 2018 Sirressi et al.
2019; [Marasco et al.|[2020). With this en-
larged sample we will be able to test mod-
els which drive outflows purely via radia-
tive power (e.g., Kingl |2010) or with a
combination of other mechanisms not nec-
essarily linked to Eddington ratios (e.g.,
Sadowski & Gaspari|2017).

— In addition, it is important to take into ac-
count special relativity effects in order to
correctly assess the mass and energy out-
flow rates of UFO. In fact, owing to space-
time transformation, the opacity of the gas
drops for increasing velocity v,,; as a re-
sult, the observed (i.e. apparent) column
density measured through spectral fitting
has to be corrected according to v,,, to de-

rive the intrinsic gas column Ny (Luminari
et al.|2020; [Laurenti et al.|[2021)). This cor-
rection amounts to a factor 20-120% for
Vour = 0.1—-0.3¢, and linearly propagates to
the mass and energy outflow rates. Given
the very high velocities observed in our
SUBWAYS sample, neglecting such effects
would result in a significant underestimate
of the wind energies and, then, of the feed-
back potential on the host galaxies.

— The XMM-Newton observations are only
a first step for a comprehensive multi-
wavelength approach in the topic of multi-
phase outflows investigation and their con-
nection with host galaxy properties. We
already secured follow-up campaigns in
the hard X-rays with NuSTAR (PI: S.
Bianchi, ~ 500 ks), in the UV with HST
(PI: J. Kriss, ~ 25 orbits), at millimeter
with NOEMA (PI: C. Feruglio, 9 targets)
and in the radio band with LOFAR (PI:
R. Morganti, all targets) and VLA (PI: F.
Panessa, 20.35 hours). SUBWAYS is set-
ting the stage for the first, truly physically
motivated investigation of multi-phase gas
in AGN in quasars host galaxies.
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