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ABSTRACT

Context. IRASF11119+3257 is an ultra-luminous infrared galaxy with a post-merger morphology, hosting a type-1 quasar at z = 0.189. It shows
a prominent ultra-fast outflow (UFO) absorption feature (vy, ~ 0.25¢) in its 2013 Suzaku spectrum. This is the first system in which the energy
released by the UFO was compared to that of the known galaxy-scale molecular outflow to investigate the mechanism driving active galactic nuclei
(AGN) feedback.

Aims. In 2021, we obtained the first XMM-Newton long look of the target, coordinated with a simultaneous NuSTAR observation, with the goal of
constraining the broad band continuum and the nuclear wind physical properties and energetics with an unprecedented accuracy.

Methods. The new high-quality data allowed us to clearly detect at a confidence level P > 99.8% multiple absorption features associated with
the known UFO at the 9.1 and 11.0keV rest frames. Furthermore, an emission plus absorption feature at 1.1—1.3 keV reveals the presence of a
blueshifted P-Cygni profile in the soft band.

Results. We associate the two hard band features with blends of FeXXV and FeXXVI Hea-Ly« and HeB-Lyg line pairs and infer a large column
(Ng ~ 10**cm™2) of highly ionized (logé ~ 5) gas outflowing at v, = 0.27 + 0.01c. The 1.3keV absorption line can be associated with a
blend of Fe and Ne transitions, produced by a lower column (Ny ~ 3 x 10*' cm2) and ionization (log & ~ 2.6) gas component outflowing at the
same speed. Using a radiative-transfer disk wind model to fit the highly ionized UFO, we derive a mass outflow rate comparable with the mass
accretion rate and the Eddington limit (Mo = 4.25*)13 Mo/yr, ~1.6 Myee and ~1.0 Mqq), and kinetic energy (Eyin = 1.21%032 Lo and ~0.7Lgqq)
and momentum flux (Py, = 6373%%01 /c) among the highest reported in the literature. We measured an extremely low high-energy cutoff
(Ecu ~ 25-30keV). This and several other cases in the literature suggest that a steep X-ray continuum may be related to the formation of powerful
winds. We also analyzed the ionized [OIII] component of the large-scale outflow through optical spectroscopy and derived a large outflow velocity
(vour ~ 3000 km/s) and energetics comparable with the large-scale molecular outflows. Finally, we observe a trend of decreasing outflow velocity
from forbidden optical emission lines of decreasing ionization levels, interpreted as the outflow decelerating at large distances from the ionizing
source.

Conclusions. The lack of a significant momentum boost between the nuclear UFO and the different phases of the large-scale outflow, observed in
IRASF11119 and in a growing number of similar sources, can be explained by (i) a momentum-driven expansion, (ii) an inefficient coupling of
the UFO with the host interstellar medium, or (iii) by repeated energy-driven expansion episodes with a low duty cycle, that average out on long
timescales to produce the observed large-scale outflow.

Key words. galaxies: active — galaxies: nuclei — quasars: absorption lines — quasars: supermassive black holes —
quasars: individual: IRAS F11119+3257

1. Introduction

Ultra fast outflows (UFOs, vgy > 10*kms™!) launched in
the vicinity of accreting super massive black holes (SMBH)
were first discovered in the luminous lensed quasars APM
08279+5255 (Hasinger et al. 2002; Chartas et al. 2002) and in
two low-redshift analogs, PG 1211+143 (Pounds et al. 2003)
and PDS 456 (Reevesetal. 2003). They are now routinely
detected as blue-shifted iron K-shell absorption lines at energies
above ~7keV in the X-ray spectra of 30-40% of low redshift
(z < 0.5) Seyferts (Tombesi et al. 2010; Gofford et al. 2013),
quasars (Matzeu et al. 2023), and radio galaxies (Tombesi et al.
2014) and in an even larger fraction of the few — mostly lensed —

* Corresponding author; giorgio.lanzuisi@inaf.it

high redshift (i.e., z = 2) quasars with good enough X-ray spec-
tra (Bertola et al. 2020; Chartas et al. 2021).

These nuclear winds span a wide range in velocity (from the
defining threshold of vy > 10*kms™!, up to ~0.3-0.5¢, e.g.,
Reeves et al. 2018a; Chartas et al. 2009), with gas column den-
sities and ionization parameters in the ranges log(Ng/cm™2) ~
23-24 and log(¢/ergecms™) ~ 3-6, respectively. Given their
physical properties and their likely wide-angle geometry nature
— consistently derived from both the detection rate in the gen-
eral active galactic nuclei (AGN) population and the observed
P-Cygni profile shape in a few well-studied examples (e.g.,
Nardini et al. 2015; Laurenti et al. 2021) — they are expected to
deposit a significant fraction of the SMBH accretion power into
the host galaxy (e.g., Gaspari et al. 2012).

Warm absorbers (WA) with much lower column den-
sities (log(Ng/cm™2) ~ 20-22) and ionization parameters
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(log(&/ergems™) ~ 1-3) are observed as absorption features
and edges from He- and H-like ions of C, O, N, Ne, Mg, and
other elements mostly in the soft X-ray band (e.g., Blustin et al.
2005). These outflows have a much lower velocity (up to 5 X
103 km/s), and even if they are detected in an even larger fraction
of AGN, that is, ~65% (Reynolds 1997; Piconcelli et al. 2005;
McKernan et al. 2007), they are estimated to carry only a small
fraction of the kinetic energy of the outflow.

The claim of high-velocity ionized outflow detected in the
soft band dates back to the very beginning of the nuclear wind
studies era (Pounds et al. 2003) and has been recently reported
in a growing number of local Seyferts and quasars (Gupta et al.
2013b, 2015; Longinotti et al. 2015; Reeves et al. 2016, 2018b;
Pounds et al. 2016; Parker et al. 2017; Serafinelli et al. 2019;
Krongold et al. 2021).

These absorbers, often observed in high-resolution grat-
ing spectra in the soft X-ray band, are attributed to gas
clouds with a much lower ionization and column densities with
respect to UFOs but with comparable outflow velocities. This
class of outflows can be interpreted as being due to dense
clumps of shocked interstellar medium entrained at large dis-
tances (hundreds of parsecs) by the advancing outer shock
(Faucher-Giguere & Quataert 2012; Zubovas & King 2012), or
as the imprint of the UFO gas itself cooling down and frag-
menting at hundreds of R, from the SMBH (Takeuchi et al.
2013; Kobayashi et al. 2018; Gaspari & Sadowski 2017). In both
cases, Rayleigh-Taylor and Kelvin-Helmholtz’s instabilities are
central to the process, as well as turbulence and radiative mul-
tiphase condensation, for example, via chaotic cold accretion
(CCA) mechanism (Gaspari et al. 2017).

All these multiphase and multiscale winds driven by the cen-
tral AGN are thought to play a fundamental role in shaping
the SMBH/galaxy coevolution (e.g., Fabian 2012; Gaspari et al.
2020; Veilleux et al. 2020; Laha et al. 2021) by removing and/or
heating the cold gas from the host, quenching the growth of
both the SMBH and the stellar component — the so-called AGN
feedback — and possibly driving the scaling relations between
the SMBH mass and host properties (e.g., Silk & Rees 1998;
Magorrian et al. 1998).

Finding observational evidence for AGN feedback in action
is of crucial importance to understanding galaxy and SMBH
evolution (e.g., Fiore et al. 2017). Theoretical models suggest
energy- or momentum-conserving flows powered by the nuclear
UFO (e.g., Zubovas & King 2012; Costaetal. 2014) as the
driving mechanism of the large-scale outflows. Momentum-
conserving flows occur if most of the wind kinetic energy is radi-
ated away. Energy-conserving flows occur if the gas that is shock
heated by the wind is not efficiently cooled and instead expands
adiabatically as a hot bubble. In the latter case, the momentum
rate of the large-scale outflow is boosted by a factor oc vgy /s,
where vgy is the velocity of the nuclear disk wind and v the
velocity of the large-scale outflow.

Originally, studies of large-scale molecular outflows lacked
the detection of the inner winds (e.g., Veilleux etal. 2013).
Conversely, studies of AGN accretion disk winds focused only
on X-ray observations of local AGNs (e.g., Tombesi et al.
2010; Gofford etal. 2013) and a few high redshift quasars
(Chartas et al. 2002; Lanzuisi et al. 2012; Bertola et al. 2020).
This situation changed when the detection of an accretion
disk wind and a powerful molecular outflow was reported
in the same source, IRASF11119+3257 (IRASF11119 here-
after; Tombesi et al. 2015, hereafter T15), finding momentum
flux values supporting the energy-driven scenario. Later stud-
ies (Veilleux et al. 2017) revised the energetics of the large-scale
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outflow — also seen in CO(1-0) emission line wings with ALMA
— by time-averaging over the flow time and adopted different
assumptions on the covering factor and coupling of the UFO
with the ISM, obtaining energetics for the wind more in line with
the momentum-driven scenario (see also Nardini & Zubovas
2018 who also revised the BH mass).

These results started an entirely new line of research try-
ing to observationally link the small-scale relativistic winds and
the large-scale outflows in a few bright local and high-z AGNs
(e.g., Feruglio et al. 2017; Chartas et al. 2020) through the use
of the “momentum boost” diagram and similar metrics (e.g.,
the energy-transfer rate). The observational evidence, however,
has shown contradictory results, with different systems show-
ing a variety of behaviors in terms of outflow energetics (e.g.,
Reeves & Braito 2019; Smith et al. 2019; Bischetti et al. 2019;
Marasco et al. 2020; Tozzi et al. 2021). Because of the large
uncertainties affecting these measurements and the limited sam-
ples (see, e.g., Bonanomi et al. 2023 for a recent compilation)
up to now, the results are inconclusive. Variability on different
time scales is an unavoidable complication in these studies, as
both the nuclear wind power and the SMBH accretion rate vary
on time scales that are much shorter than the galaxy-scale winds
flow time (see, e.g., Zubovas & Nardini 2020).

In this paper, we analyze new XMM-Newton and NuSTAR
data of IRASF11119 to derive accurate physical parameters and
energetics for the persistent nuclear outflow observed in X-rays
and test the energy-driving scenario for the impact of such out-
flow on large scales. The paper is organized as follows: Sect. 2
illustrates the target properties; Sect. 3 describes the procedures
adopted in data reduction; in Sect. 4 we describe the continuum
modeling and the search for absorption and emission features; in
Sect. 5 we derive the main properties and statistical significance
of the detected features, while in Sect. 6 we model the UFO
features with physical wind models; in Sect. 7, we discuss the
possible connection between outflows and coronal properties; in
Sect. 8, we derive the properties of the large-scale ionized out-
flow from optical spectroscopy; in Sect. 9, we derive the energet-
ics of the nuclear and large-scale ionized outflows and compare
them with results from other targets. and finally, in Sect. 10, we
summarize our findings, We adopt the cosmological parameters
Hy = 70kms™! Mpc’l, Qp = 0.73 and Q,, = 0.27. Errors are
given at a 90% confidence level.

2. IRASF11119+3257

IRASF11119 (coordinates RA=11:14:38.9, Dec = +32:41:33.3)
is anearby (z = 0.189) Ultra-luminous Infrared Galaxy (ULIRG,
Ls_1000qm > 10'% Lo), with post-merger morphology, host-
ing a red type-1 AGN with quasar luminosity (Ly, = 1.5 X
10* erg/s), responsible for ~80% of the total emission of the sys-
tem (Veilleux et al. 2013). It has a full width at half-maximum
(FWHM) of the HB line of ~2000kms™', quite uncertain due
to the complex emission lines structure (see Sect. 8). This
is right at the defining threshold for Narrow Line Seyfert 1s
(NLSyls), and indeed, IRASF11119 was originally classified as
such (Zheng et al. 2002). The most updated BH mass estimate
from single epoch spectroscopy is Mgy = 1.957050 x 108 M,
(Nardini & Zubovas 2018) which, for the source luminosity,
translates into an Eddington ratio of Agqq ~ 0.6.

A powerful UFO with mildly relativistic velocity (voy ~
0.25¢) was discovered through the detection of a strong absorp-
tion feature at ~9keV rest-frame, in a 250 ks Suzaku spectrum
taken in 2013 (T15). A massive molecular outflow was pre-
viously observed in absorption in the OH 119 um transition
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with Herschel with velocity v, (OH) = 1000 + 200 km s~
(Veilleux et al. 2013). From these early estimates, the momen-
tum rates derived for the accretion disk wind and molecular out-
flow appeared consistent with an energy-conserving scenario,
with the large-scale outflow momentum boosted by a factor
ocUgw /U1s With respect to the inner flow. This was the first direct
evidence of a UFO possibly driving a large-scale molecular
outflow in its host galaxy through an energy-driven expan-
sion (T15). The UFO was later confirmed with NuSTAR data
(Tombesi et al. 2017) taken in 2016. Due to the lower energy
resolution of NuSTAR (~0.4keV at 6keV), the UFO was seen
as a broad blended feature of absorption lines and edges above
~9keV. The properties of the nuclear outflow (voy, logé, Exin,
and P,,,) are broadly consistent between the two X-ray measure-
ments, with significant variation observed in the column density,
going from ~3 to ~6 x 10?* cm™2, suggestive of a clumpy out-
flowing gas.

The source also shows intense ionized outflows seen as broad
emission line wings of [OIII] (vey = 1300kms~!, Lipari et al.
2003) and Na I D absorption features (voy < 1450kms~!
Rupke et al. 2005) in the optical, and [Ne III] and [Ne V] emis-
sion line wings (Voy = 679 kms~! and =870km s™! respectively,
Spoon & Holt 2009) in the Mid-IR.

An independent measurement of the molecular outflow ener-
getics was obtained by detecting CO(1-0) broad wings in ALMA
data (Veilleux et al. 2017). The CO outflow has the same outflow
velocity vy ~ 1000 km s~ but a factor of ~5 smaller momentum
rate with respect to OH. It is possible to reconcile the two mea-
surements, however, once the momentum of the OH outflow is
time-averaged, taking into account the flow timescale Roy/Voy-
The estimated extents of the OH and CO outflows are 0.1-1 kpc
and ~7 kpc, respectively.

Adopting the revised BH mass mentioned above and differ-
ent assumptions on the covering factor and coupling with the
ISM, Nardini & Zubovas (2018) derived a higher momentum
rate for the X-ray UFO. This new estimate, together with the
time-averaged OH and the CO outflow values, make the energet-
ics of this wind inconsistent with the energy-driven scenario at
face value. These authors argue that if energy-driven expansion
is to be expected beyond a certain radius — (tens/hundreds pc,
e.g., Faucher-Giguere & Quataert 2012; Costa et al. 2014), any
major deviations from the expected trend could be attributed to
fluctuations in the past AGN activity, suggesting that the nuclear
outflow observed today may be significantly stronger than it was
on average in the past and that the large-scale outflow is the result
of several distinct, short-lived high-activity phases.

These results show the potential of this approach for the
understanding of the galactic wind driving mechanism(s) and for
reconstructing the history of SMBH accretion, but also highlight
the importance of having excellent quality data to shrink the sta-
tistical error bars, keeping in mind the systematics related to the
many assumptions involved in the derivation of the winds ener-
getics (see Harrison et al. 2018 for a review).

More recently, Pan et al. (2019) reported the discovery of a
Hel 10830 A mini-BAL thanks to near-IR spectroscopy, with
velocities and extensions similar to those measured for the
emission line outflow (100km/s, ~3kpc). Finally, thanks to
very-long-baseline interferometric (VLBI) observations with
the European VLBI Network (EVN) at 1.66 and 4.93 GHz,
Yang et al. (2020) recently reported the detection of a two-sided
but significantly beamed jet. The authors infer that the approach-
ing jet has an intrinsic speed v,y > 0.57c. The source has a
quite high radio power of log(L(1.4 GHz)) = 25.04 W Hz™! from
NVSS (Condon et al. 1998) and is therefore classified as moder-

ately radio-loud (R;4 ~ 20) once the obscuration in the optical
bands is taken into account (Komossa et al. 2006).

3. New observations and data reduction

Observing IRASF11119 with a long XMM-Newton observation,
coordinated with NuSTAR, was part of a systematic approach
devoted to searching and characterizing UFOs in QSOs beyond
the local Universe. This led to the approval of the SUB-
WAYS program (Matzeu et al. 2023; Medhipour et al. 2023;
Gianolli et al. 2024), a 1.8 Ms XMM-Newton large program
approved in AO18 to observe with unprecedented spectral qual-
ity 20 QSOs at z = 0.1-0.5. IRASF11119 was the only bright
source in the same redshift and luminosity range missing a
dedicated XMM-Newton long observation and, therefore, it was
requested in AO20 to enrich the sample with this peculiar and
well-studied target.

IRASF11119 was observed by XMM-Newton (obs. ID
0881350101) on 2021-11-12 for 117ks and by NuSTAR
(obs. ID 60701006002) on the same date for 53ks (PI G.
Lanzuisi). XMM-Newton pn (Striider et al. 2001) and MOS1-2
(Turner et al. 2001) data were reduced using the standard soft-
ware SAS, v20.0.0. For high-background screening, we followed
the Piconcelli et al. (2004) procedure to maximize the source
signal-to-noise ratio (S/N) by iteratively finding the combination
of source extraction region and background filtering that maxi-
mizes the S/N in a given band.

We decided to perform this optimization in the 4—-10keV
band in all cameras and not generically in the full 0.5-10keV
band, as the former is the band where the UFO search will
be carried out, given the source redshift. At these energies, the
Effective Area is smaller and the background contribution larger,
and therefore the optimization of the S/N substantially differs
from the one obtained for the full band (see also Matzeu et al.
2023). We selected only events corresponding to single and
double-pixel events (pattern 0—4 and 0-12 for pn and MOS,
respectively). A background region of 60 arcsec radius, free of
instrumental features and other detected sources, is adopted.
Different extraction radii were tested to define the source extrac-
tion region. For each radius, we calculated the maximum level
of 4—10keV band background that can be tolerated to find the
optimal S/N in the same band. The final parameters for pn are:
source radius rg. = 15", (corresponding to 75% EEF at 1 keV or
67% at 5keV), background count rate normalized to the source
area CRyre = 0.05 ¢/s, and S/N =48.3, while for MOS1(2) the
parameters are rg. = 16”(23"”), CRye = 0.01(0.003)c/s and
S/N =32.6(35.6).

The final exposure times are 92ks for the pn and 113(111)
ks for MOS1(2), respectively. Given the source flux (Fs_igkev =
6 x 10713 ergecm=2s71), our approach allowed us to retain most
of the exposure time (78 and 96% respectively), despite the
presence of several background flares during the observation. A
standard background flare cut, on the other hand, would have
retained only ~50% and ~70% of the exposure time, respec-
tively.

The EPIC source spectra were inspected for the presence
of photon pile-up using the SAS task EPATPLOT. The observed-
to-model singles and doubles pattern are both consistent with
1.0 within statistical errors and thus no significant pile-up is
present. The response files were subsequently generated with the
SAS tasks RMFGEN and ARFGEN with the calibration EPIC files
version v3.13.

The NuSTAR data were processed using the NuSTAR Data
Analysis Software package (NuSTARDAS) version 2.1.2 within
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Fig. 1. XMM-Newton and NuSTAR spectra and continuum models and
their residuals. a: background subtracted XMM-Newton (pn in black,
MOS1+2 in red) and NuSTAR (FPMA+B in blue) spectra, and their cor-
responding background levels (gray, orange, and violet, respectively)
are shown with the baseline continuum model (see Sect. 4.1). The
MOST1 and 2 and FPM-A and -B spectra have been merged for plotting
purposes. b: residuals (data-model/error), with respect to the baseline
continuum model. In green, we highlight the energy ranges where the
most prominent positive and negative residuals are found (see Sect. 4.2).
c: residuals after including three emissions and three absorption Gaus-
sian features (see Sect. 5). d: residuals after including two XSTAR tables
to model the soft and hard band absorption features (see Sect. 6.1).

Heasoft v.6.30 tools'. Calibrated and cleaned event files were
produced using the calibration files in the NuSTAR CALDB
(version 20220510) and standard filtering criteria with the
NUPIPELINE task. We checked for high background periods
using the NUSTAR_FILTER _LIGHTCURVE IDL script®. No signif-
icant solar flares were detected; the final NuSTAR exposure time
is 52ks. We tested different extraction regions to optimize the
source spectral S/N at high energies. Finally, we adopted a region
of 60arcsec radius, corresponding to ~70% of the encircled
energy fraction for the NuSTAR point spread function (An et al.
2014). This allowed us to detect the source at over 30 up to
20keV observer-frame. The background was created using the
NUSKYBGD IDL script?, which simulates the background spec-
trum at the source position considering the position-dependent
stray light background component.

Finally, all the XMM-Newton and NuSTAR spectra have been
grouped using the KB binning (Kaastra & Bleeker 2016), which
is specifically developed to optimize the S/N in narrow, unre-
solved spectral features while maintaining the necessary spec-

! https://heasarc.nasa.gov/lheasoft/
2 https://github.com/NuSTAR
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tral resolution (see Appendix C in Matzeu et al. 2023 for a thor-
ough comparison between this and other binning schemes). We
performed the fit by using the Cash statistics with direct back-
ground subtraction (also called W-stat, Cash 1979; Wachter et al.
1979) in XSPEC (Arnaud 1996). In the following, the unbinned
MOS and FPM spectra have been merged and then binned
with KB binning for plotting purposes only to highlight emis-
sion/absorption features. We also verified if the RGS spectra
contained any useful source information by looking at the pre-
reduced data. However, the source is too faint in the soft band
(Fos-2rev = 1.8 x 10713 ergecm™2s71), and the extracted spectra
are completely background-dominated.

We reduced OM data following standard procedures with
OMICHAIN. We used the OM UVWI, U, and V data points
(the only filters in which the source is clearly detected) together
with the de-absorbed X-ray best-fit model (see Sect. 4.1) to con-
struct the source broadband SED and compute the total ionizing
luminosity in the range 1-1000 Ryd, Lio, ~ 4 x 10" ergs™,
which is one of the input parameters of photo-ionization mod-
els adopted later. From the SED we derived agx ~ 1.4, typi-
cal for sources of similar luminosities (where aox is defined as
@ox = —1og(Laokev/Lasoo 1)/108(V2kev /Vasoo 4)> Tananbaum et al.
1979). A detailed characterization of the SED, to be used as input
for creating dedicated absorption tables with XSTAR and other
wind models, will be presented in Paper II.

4. Spectral analysis
4.1. Continuum

The broadband continuum of IRASF11119 (Figure 1), fitted over
the observed 0.5-10keV band with XMM-Newton and 3-20 keV
band with NuSTAR, can be broadly described by a simple model
comprising a primary power-law emission with reflection and
high energy cutoff. We model this with pexrav in XSPEC, leav-
ing the photon index, reflection parameter, and high energy cut-
off as free parameters, while the abundances and inclinations are
fixed to the default values (solar abundances and cos(i) = 0.45).
The best-fit photon index is I' = 2.05 + 0.05, with a negligi-
ble reflection component R < 0.36, and a very low high-energy
cutoff, E.,x ~ 30keV. The peculiar low value of E., will be
discussed in more detail in Sect. 7. The low reflection fraction
is consistent with the very weak neutral Fe Ka emission line
(see also Figure 3). By fixing the reflection parameter R to 1, we
obtain an even lower high energy cutoff, E.,; ~ 20keV, but we
over-predict the flux at 6.4 keV.

This primary emission is modified by a warm absorber
(WA) modeled with a XSTAR (Bautista & Kallman 2001;
Kallman et al. 2004) grid with vy, = 300km s7! and power-
law input SED with a photon index of I' = 2 (Matzeu et al.
2023). The best-fit parameters are Ny = 3.4 x 10?2 cm™ and
log(¢/ergems™) = 0.4, with outflow velocity consistent with
zero (voy < 2500km/s)®. An ionized absorber is preferred with
respect to a cold one as the latter is not able to reproduce the
observed shape of the soft part of the spectrum: the improvement
on the fit statistic (AC — stat) when using an ionized absorber
instead of a cold one, is AC — stat = 91.3 for two more free
parameters: ionization state and outflow velocity. A secondary,
unobscured pexrav component, with the same parameters and
normalization equal to ~1.2% of the primary, is needed to model

3 The velocity is derived from the observed absorber redshift table
parameter z,, using the Doppler formula and the relations between
intrinsic absorber redshift z, and source cosmological redshift z.
described e.g., in Tombesi et al. (2011).
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Table 1. Broad band 0.6—24 keV rest-frame continuum model best-fit
parameters and source properties.

Component  Parameter Units
constant Cmos 1.03 -
Crus 1.13 -
phabs log(Ny) 20.3 ® cm™2
pexrav r 2.05 +£0.05 -
R <0.36 -
E.u 30.7’:2:2 keV
Sseat 1.2+0.4% -
WA log(Nyg)  22.53+0.05 cm™2
log(é) 0.38 £0.14 erg cm/s
Vturb 300 ¢ km/s
Uout <2500 km/s
C —stat/v  552.5/376 -
Fosoreyv  1.8x10713  ergem™2s7!
Fr_10kev 52x%x 10713 erg cm 2!
Ly 10kev 1.2 x 10% erg s

Notes. Cyios and Cyy are cross-calibration constants for MOS and NusS-
TAR spectra; log(Ny) is the logarithm of column density for either the
cold absorber phabs or the Warm Absorber (WA) component; I is the
power-law photon index; R the reflection parameter defined as the solid
angle covered by the cold reflecting material in units of 27; E. is the
high-energy cutoff; fi., is the relative intensity of the secondary, unab-
sorbed, pexrav component; 10g(£¢), vy and v,y are the logarithm of
ionization parameter, turbulent velocity and outflow velocity of the WA,
respectively. C — stat/v is the fit statistic over the number of degrees of
freedom; Fys5_»ev and F,_jgrey are the observed soft and hard band
fluxes; L,_jokev is the absorption-corrected luminosity in the 2-10keV
rest frame band; ”fixed parameters.

the rise below 1keV and interpreted as scattered emission. This
is equivalent to a partial covering absorber with a covering factor
CF =0.99.

The continuum model can be described in the following way
in XSPEC format:

constant X phabs X (pexrav + (xstarwa X pexrav)),

ey

where the constant is introduced to take into account cross-
calibration between the EPIC cameras ( within 3%) and between
the XMM-Newton and NuSTAR observation (within 13%). The
phabs component models the cold galactic absorption: all the
fits presented in this section include the Galactic column density
of NG = 2 x 10 cm™2 obtained from the Ben Bekhti (2016)
survey. The best-fit parameters and continuum properties, such
as flux and luminosity, are reported in Table 1.

We also tested the non relativistic reflection model xillver,
part of the relxill package (Garcia et al. 2014; Dauser et al.
2014), which includes a cutoff power law and its reprocessed
emission (continuum and self-consistent emission and absorp-
tion features) by a distant ionized medium. We fixed the Fe
abundance to Solar and the inclination of the system to 30°, the
default value. Given the lack of relativistic effects from the inner
disk in this model, however, there is little dependency on the
emitted spectrum with inclination. The best fit is found for a sig-
nificantly ionized reflector (log(¢/ergcms™) = 3.4 + 0.6), lead-
ing to slightly larger values of the photon index (I' = 2.09+0.03),
the high energy cutoff (Eqy = 36fg keV) and non-negligible

reflection (R = 0.34”_’8:%‘5‘). The emission lines from ionized Fe

only partly model the emission observed at ~7 keV. The best fit
shows only a marginal improvement of AC = 5.5 for one more

free parameter (the ionization parameter of the reflector). For
consistency and a more straightforward comparison with results
from the literature, in the following, we use the pexrav model
(Table 1) as the baseline for the continuum fit. We stress, how-
ever, that the results on the emission and absorption features
discussed below are not affected by which of the two reflection
models is used.

4.2. Spectral scan

Although both pexrav and xillver can broadly reproduce
the observed continuum shape, they do a poor job in terms of
the spectral details. This is confirmed by the goodness of fit
computed by XSPEC: a simple reflection model can be rejected
at 95-97% confidence. As shown in the zoom-in plots in the
soft and hard band in Figure 2 (left and right, respectively),
substantial positive and negative residuals with respect to the
pexrav model described above are visible. The negative resid-
uals at 9—11keV rest frame appear at similar energies as the
broad absorption feature reported in T15. The positive and nega-
tive residuals around 1.1-1.3keV instead indicate emission and
absorption features never reported for this source.

To estimate the energy, width, and significance of any
absorption or emission feature relative to the underlying contin-
uum model, we ran a blind search simultaneously in all XMM-
Newton and NuSTAR spectra. The search was performed with our
baseline continuum model plus a narrow Gaussian line (width
fixed to owign = 10eV, i.e., unresolved). We let the power-
law photon index and normalization free to vary during the
search. The reflection parameter and high-energy cutoff were
frozen to the best-fit value to speed up the process. These have,
however, a minor impact on the significance of narrow features
such as the one investigated here, mainly thanks to the fact that
the observed reflection is negligible (see the opposite case of
APM 08279+5255 in Bertola et al. 2022).

We run the scan around the energies where residuals are
more prominent, i.e., in the soft (0.8—1.7keV) and the hard
(5—12keV) rest frame energy band in 50 and 150 energy
steps, respectively. The normalization of the Gaussian com-
ponent is free to vary between negative and positive val-
ues (1 x 1073) in 150 steps. We then generate contour
plots of the deviation in AC from the best-fitting continuum
model as a function of line energy and intensity (Figure 3).
We refer to Miniutti & Fabian (2006), Tombesi et al. (2010),
Gofford et al. (2013) and Matzeu et al. (2023) for a similar
approach.

The spectral scan confirms the presence of a highly signifi-
cant positive residual at ~1.1 keV rest-frame (Figure 3, left), with
a blueshift with respect to the most prominent lines expected in
this region of the spectrum (namely ionized Ne and Fe lines) of
the order of vy, = 3—4 X 10*kms™'. We also observe a strong
absorption feature at higher energies, drawing a clear P-Cygni-
like profile. If associated with the most prominent NeIX-X (at
0.91-0.92 and 1.02keV rest-frame) and FeXVIII-XX (at 0.87
and 0.97 rest-frame) lines, the outflow velocity implied by the
absorption feature would be in the range v,y = 0.24-0.33c.
The association with Fe L edges at 0.71-0.85keV or with the
blend of photoexcitation lines forming an unresolved transition
array (UTA) at similar energies (Behar et al. 2001; Sako et al.
2001) would imply an even larger outflow velocity. These resid-
uals are reminiscent of what observed in other similar tar-
gets like PDS456 (Reeves et al. 2016, 2020) and PG 1211+143
(Reeves et al. 2018b), where, thanks to high-resolution spectra
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Fig. 3. Confidence contours showing deviations from the continuum model described in Sect. 4.1 in the soft (left) and hard (right) band. Black
contours show AC = +0.5 while the colored contours show AC = —-2.3 (cyan), —4.61 (blue), —9.21 (green), —13.82 (red), —18.42 (magenta),
corresponding to a significance of 68%, 90%, 99%, 99.9%, and 99.99% for two parameters. In both panels, the main transitions from ionized Ne

and Fe are labeled at their rest-frame energies.

from XMM-Newton RGS, similar emission and absorption fea-
tures are resolved into multiple Fe and Ne highly ionized lines
blueshifted by outflow velocities of ~0.26¢ and ~0.06¢ respec-
tively, or IRAS 13224-3809 where Ne/Fe blended lines with out-
flow velocity of ~0.25¢ are detected through principal compo-
nent analysis (Parker et al. 2017).

In the hard band (Figure 3, right), two distinct, highly sig-
nificant absorption features are observed around 9 and 11 keV.
Both features can be attributed to a single outflow component
with vy, ~ 0.27¢ if the 9.1 keV feature is associated with a blend
of Fe XXV Hea and FeXXVI Ly« (at 6.70 and 6.97 keV rest-
frame) and the 11keV feature with a blend of Fe XXV Hef and
XXVI Lyg (at 7.89 and 8.27 keV rest-frame).

We note the lack of a prominent Fe Ka line at 6.4keV, in
agreement with the low reflection measured in Sect. 4.1, while
we observe highly significant positive narrow residuals at ~6 and
~7keV. If the latter is attributed to Fe XXV/XXVI Ka lines, the
derived blueshift is in the range vy, = 5—-17 X 103kms™". The
presence of FeXXV/XXVI emission lines would be in agree-
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ment with the high ionization found using the xillver model
for the reflector (see Sect. 4.1).

The ~6keV feature instead would require a substantial red-
shift, i.e., inflow velocity of up to 3—4 X 10*kms~! if asso-
ciated with highly ionized Fe. Alternatively, the whole feature
can be interpreted as a broad emission feature modified by
self-absorption from low-velocity ionized components, as often
observed in UV and soft X-ray lines (Costantini et al. 2007,
Pounds & Vaughan 2011).

We also note negative residuals from pn and MOSI1+2
around ~10keV rest-frame. These are, however, at different
energies in the two sets of EPIC cameras and not seen at all by
NuSTAR. The difference in energy between the pn and MOS1+2
features is of the order of ~200 eV, which is much larger than the
energy cross-calibration uncertainties expected between the two
types of XMM-Newton cameras (a few tens of eV at these ener-
gies, Saxton & Stuhlinger, priv. comm.). Therefore, we conclude
that these are most likely spurious features. Indeed, by running
the spectral scan simultaneously on all the spectra, as explained
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Table 2. Best-fit parameters and significance of the Gaussian emission
and absorption lines.

Component Parameter Units
Em,; Energy 1.12+0.06  keV
O width <282 eV
EW 119 + 65 eV
AC 37.96 -
P >99.99% -
Pure >99.9% —
Abs; Energy 1.30+£0.02 keV
O width <32 eV
EW -31+11 eV
AC 18.56 -
Ps 99.97% -
Ppre 99.8% -
Em, Energy 6.00 £ 0.04 keV
O width <102 eV
EW 75431 eV
AC 22.28 -
Py >99.99% -
Pure >99.9% —
Em; Energy 7.09+£0.04 keV
O width <132 eV
EW 1 16f§i eV
AC 31.74 -
Py >99.99% -
PMC >99.9% -
Abs, Energy 9. 13“_’8 ]10(3) keV
T width 230i1§0 eV
EW —240fgg eV
AC 32.77 -
Pg >99.99% -
Prie >99.9% —
Abs; Energy 1 1.00f8:8$ keV
O width <240 eV
EW —230”_’38 eV
AC 16.59 -
Pg 99.94% -
P 99.8% -
C —stat/v  392.47/363 -

Notes. We report the energy, line width (oyiam), and equivalent width
(EW) for each emission and absorption line; C — stat/v is the fit statistic
over the number of degrees of freedom; AC is the improvement in the fit
statistic for each added component; P is the significance of each added
component from F-test and Py is the significance based on Monte
Carlo simulations (see section 5 and Appendix B for details).

above, we do not find any significant feature at ~10keV rest-
frame.

As shown in Figure 1b, there are less prominent negative
residuals between 2 and SkeV. A spectral scan in this band
reveals absorption features at ~1.9, 2.7, and 3.4keV rest frame
at a significance of ~90-99% confidence level. These are ten-
tatively associated with Mg XII, Si XIV, and S XVI Ly« lines
(at 1.47, 2.00, and 2.62keV rest-frame respectively), assuming
a blue shift of ~0.27¢ (see Appendix A) as derived above for
the 9—11 keV features. Indeed, modeling the hard band features
with a single XSTAR table as discussed in Sect. 6 will also fit and
remove these residuals.

Finally, there are noticeable negative residuals at ~14.6 keV.
Since only the NuSTAR spectra are available at these energies,
the significance of the feature is quite low (~95% confidence
level from the spectral scan). If associated again with a blend
of Fe XXV/XXVI Ke, the observed energy would imply an
unprecedented outflow velocity of vy ~ 0.63c, similar to the
extreme wind velocity found in some of the observations of
APM 08279+5255 (Chartas et al. 2009) and more recently in
NGC 2992 (Luminari et al. 2023). The presence in IRASF11119
of a beamed radio jet with outflow velocity estimated to be
>0.57¢ (Yang et al. 2020) opens up the interesting possibility
that we may observe signatures due to outflowing jet material,
as tentatively reported in a handful of sources but never con-
firmed (Yaqoob et al. 1999; Wang et al. 2005; Zheng & Wang
2008), and suggested to explain the fastest UFOs seen in APM
0827945255 (Zheng & Wang 2008). A thorough reanalysis of
the Suzaku and NuSTAR spectra from Tombesi et al. (2015) and
Tombesi et al. (2017) to explore the persistence and variability
of all the features discussed above will be presented in Paper II.

5. Gaussian line properties and significance

To constrain the properties — energy, width, intensity — and
the significance of the putative emission and absorption fea-
tures identified in Sect. 4.2, we model each line with a Gaus-
sian component, either in emission or absorption. The best-fit
parameters of each Gaussian, labeled Em; or Abs; for emission
and absorption, respectively, and ordered by increasing energy,
are reported in Table 2. The global fit statistics of the model
comprising three emission and three absorption Gaussian lines,
added to the broadband continuum, is C — stat = 392.47 for
363 d.o.f. with a significant improvement on the fit quality (see
Figure 1c). Adding Gaussian emission and absorption lines to
model the main residuals identified in Sect. 4.2 does not signifi-
cantly impact the continuum best-fit values, which are therefore
not reported in Table 2.

The location of the Gaussian lines is well constrained, with
errors on the line energy of a few % in all cases. The width
of the lines oyiqm 1S consistent with a narrow, unresolved line
in all cases except for the absorption line at 9keV (o wian =
232*1%2eV). When the line is consistent with being unresolved,
we freeze the oyigm to its best-fit value. The equivalent width
(EW) of the emission lines is in the range EW ~ 75—-120eV,
while the absorption lines at 9-11keV have EW ~ -230eV.
The absorption line in the soft is, instead, shallower with EW ~
-30eV.

As a first assessment of the line significance, we compute
the AC between the best fit with and without each Gaussian line
and the F-test null hypothesis probability considering two more
free parameters (energy and normalization) for all cases except
the absorption line at 9keV, where also the width of the line
is a free parameter. The improvement in the fit statistic AC is
reported in Table 2 for each emission or absorption line. Pg,
defined as 1 — P,y where Py is the null hypothesis proba-
bility computed from the F-test, is also reported. All the lines
are highly significant, with P& > 99.9%, the weaker one being
the feature at 11keV, as also shown by the contour plots in
Sect. 4.2. It is, however, well known that deriving the signifi-
cance of additional components using the F-test is not appropri-
ate when looking at emission/absorption lines (Protassov et al.
2002; Markowitz et al. 2006), as the null model is at the bound-
ary of the parameter space (i.e., line normalization equal to 0).
Furthermore, the results from the F-test tend to overestimate the
significance of these components as they do not consider the full
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Fig. 4. Left: confidence contour levels of the column density Ny and the ionization parameter log(£/erg cms™"), for the best-fit model with two
XSTAR tables, one with vy, = 1000 kms™" for the low-ionization table UFO; and one with vy, = 3000 kms™ for the high-ionization UFOy one.
Right: contour plot of the outflow velocity for the UFOy in red and for UFO( in green. The blue lines mark one parameter’s 90, 99, and 99.9%

confidence levels.

range of energies where a line might be observed by chance, the
so-called look-elsewhere effect.

For this reason, we carried out a more rigorous test to assess
the significance of the line based on Monte Carlo (MC) sim-
ulations (see, e.g., Porquet et al. 2004; Miniutti & Fabian 2006;
Tombesi et al. 2010; Gofford et al. 2013; Matzeu et al. 2023 for
a similar approach). The details of the simulations can be found
in Appendix B. The goal of such simulations is to derive the
significance of each added component P, defined as Py =
1- (%) where N is the number of simulated spectra showing a
random fluctuation larger than the one observed in the data and S
the total number of simulated spectra. The values of P ¢ derived
with this approach are reported in Table 2. None of the 1000 real-
izations in the soft and hard bands show a AC greater than the
one observed for Em; >3 and Abs, leading to Ppc > 99.9% for
all these features, while Py = 99.8% for the remaining two
absorption features.

6. Ultra fast outflow modeling

In the following, the same continuum model and emission lines
described above are adopted, while the absorption lines are
replaced by absorption tables from two different outflow tem-
plates. The continuum and emission line best-fit parameters are
re-fitted to accommodate changes in the global fit.

6.1. Xs1aR tables

As a first step, we adopt absorption tables created with
the XSTAR photo-ionization code (Bautista & Kallman 2001;
Kallman et al. 2004). This allows us to constrain the physical
properties of the absorbing medium and, in particular, the ion-
ization parameter (£), the column density (Nyg), and the outflow
velocity (Vout)-

We start from the broadband continuum model described in
Sect. 4.1. The XSTAR table modeling the WA and the three emis-
sion lines described in Sect. 5 are kept in the model, while the
three absorption lines are removed and replaced by two XSTAR
tables, as both the features at ~9 and ~11keV can be modeled
with the same highly ionized dense gas layer. We used the tables
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created with the XSTAR suite v2.54a for the SUBWAYS sam-
ple (Matzeu et al. 2023), which cover a wide range of column
densities (log(Ny/cm™2) = 22-24.3) and ionization parameters
(log(¢/ergcm s™') = 2—8). These were generated for power-law
SED of I' = 2 input spectrum and an ionizing luminosity of
Lion = 1 x10%¥ ergs~!, well matched with the values observed in
IRASF11119.

One of the input parameters needed to create the tables is
the turbulent velocity vy,. To determine which input vy, is bet-
ter suited to fit the observed features, we tested different tables
with input vy in the range 10°-10*kms~'. We found that
Vb = 3000kms™! and vy, = 1000kms™! reproduce best the
observed hard band and soft band features, respectively. There-
fore, in the following, we use the pre-compiled tables with such
velocities. It is important to note that these values are lower than
what can be derived at face value from the o best-fit values of
the Gaussian lines reported in Table 2 (~8000km s_l). This is
because, in that approach, a single Gaussian profile is used to fit
what is, in reality, the blend of multiple features: Fe XXV/XXVI
Hea and Ly« in the case of the 9 keV feature, and several Fe and
Ne lines in the case of the 1.3 keV feature.

One absorption table has a high best-fit column density and
ionization parameter, as these are needed to reproduce the two
main features in the hard band through a blend of Fe XXV/XXVI
Hea-Lya and HeB-Lyg transition pairs. The outflow velocity is
Uout = 0.27 £ 0.01c, falling in the Ultra Fast Outflow regime.
We labeled this component as UFOy as it represents the high-
ionization UFO component.

The soft feature instead is reproduced by a relatively low col-
umn and low ionization gas layer, with best-fit values typical of
warm absorbers (Piconcelli et al. 2005; McKernan et al. 2007).
The outflow velocity, vy, = 0.30 + 0.01c is, however, much
higher than the typical WA and well within the UFO regime.
We labeled this component as UFOy as it represents the low-
ionization counterpart of the UFO. The two velocities are sta-
tistically self-consistent, as shown in Figure 4, right, suggesting
that the two components are part of the same outflow. The best-
fit parameters of the two XSTAR tables are shown in Table 3,
while Figure 4, left, shows the confidence contours of log(Ng)
vs. log(¢) for the two tables, while the residuals with respect to
this model are shown in Figure 1d.
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Table 3. Continuum and XSTAR absorption table best-fit parameters.

Component Parameter Units
pexrav r 2.05 +£0.06 -
R <0.35 -
E.u 25.4’:2'3 keV
f:%cat 1.2 +0.4% —
WA log(Ny) — 22.43%900 cm™2
log(¢) 0.0S’:;:%% erg cmy/s
Vturb 300 ™ km/s
Uout <2500 km/s
UFO, log(Ny) 21.54f8§§ cm™
log(¢) 2.57f8'%(7’ erg cm/s
Vrurb 1000 km/s
Uout 0.30 +£0.01 v/c
UFOq log(Ng) >23.99 cm~2
log(¢) 4.95%093  ergem/s
Drurb 3000 ) km/s
Uout 0.27 £ 0.01 v/c
C —stat/v  389.3/369 -
L> 10kev 1.3 x 10 erg s7!

Notes. One XSTAR table with vy, = 300kms™ is used for the WA
component, one with vy = 1000 km s~! for the soft UFO component,
and one with v, = 3000 kms™! for the hard UFO component. pexrav
parameters are defined as in Table 1; log(Ny), log(£), v and vy for
WA, UFO,, and UFOy components are defined as in Table 1; C — stat/v
is the fit statistic over the number of degrees of freedom; L,_jpkev iS
the absorption-corrected luminosity in the 2-10keV rest frame band;
“fixed parameters.

The column density of the UFOy component is at the limit
of the range explored by the XSTAR tables adopted, up to Ny =
2 x 10%* cm™2. Above this value, the derived intrinsic luminos-
ity would be unreliable as XSTAR does not take into account
Compton scattering. Log(Ny) and log(¢) of the highly ionized
gas are also strongly correlated, as higher ionization states pro-
duce weaker absorption troughs that, in turn, can accommodate
larger columns to fit the same observed features.

The outflow velocities of both UFO; and UFOy are well
within the UFO regime (voy > 10*kms™!) and on the high-
velocity tail of the distributions observed in the local Universe
(Tombesi et al. 2010; Gofford et al. 2013; Igo et al. 2020) and
up to z = 0.5 (Matzeu et al. 2023): there are only 3 cases of
UFO with faster velocities among the 65 individual detections in
the spectra of the four combined samples, with several sources
in common. In Figure 5, we show the best-fit model with the
three XSTAR tables described above. We labeled in red the main
absorption features produced by the WA table, in green those rel-
ative to the UFQ_ table, and in blue those relative to the UFOy
table. The ions producing the main features are also labeled.

We stress that only one XSTAR table is needed to model both
the 9 and 11keV features, and the same table also models the
less significant residuals observed at 2, 2.7, and 3.4keV (see
Appendix A). As a result, the AC obtained when adding this
component is AC ~ 42 for three more free parameters. This
is significantly larger than the AC associated with each of the
Gaussian lines reported in Table 2, boosting the overall signif-
icance with respect to the results derived in Sect. 5. Adding
the XSTAR table for the UFOr gives a AC ~ 15, comparable
with the value derived for a simple Gaussian line. The global fit
statistics of the model comprising three emission Gaussian lines
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Fig. 5. Unfolded best-fit model (black) in vF(v) including three XSTAR
absorption tables. The emission lines are shown in magenta, and the
scattered emission is in orange. The main absorption features due to the
WA, UFO., and UFOy are labeled in red, green, and blue, respectively.
The ions producing the most prominent features are labeled in black.

and three XSTAR absorption tables for WA, UFO, and UFOy is
C — stat = 389.3 for 369 d.o.f.

In order to have a rough estimate of the covering frac-
tion of the wind, we followed the approach described in, e.g.,
Nardini et al. (2015) and Reeves et al. (2016), fitting the excess
emission in the hard band (after removing the Gaussian lines at 6
and 7 keV) with an additive table created by XSTAR together with
the absorption tables, that models the reflected emission from the
wind. Indeed, the reflected emission table is able to model the
emission feature at 7 keV with emission from the FeXXVI Lya
line, whose intensity is actually driving the normalization of the
whole reflected component (see Nardini et al. 2015 for a similar
case on PDS456).

The normalization k of the reflected component is defined by
XSTAR in terms of k = fLsg/D*(kpc) where Lsg is the ionizing
luminosity in units of 10 ergs™!, and D(kpc) is the distance to
the quasar in kpc and f is the covering fraction of the gas with
respect to the total solid angle, in terms of f = Q/4n. Thus,
by comparing the predicted normalization for a fully covering
shell of gas versus the observed normalization (kygy,), the cover-
ing fraction of the gas can be estimated. For IRASF11119, with
Lion = 4 x 10% erg s™! at a luminosity distance of D = 779 Mpc,
the observed value of the normalization (k = 5.93'} x 1079)
implies a covering fraction of f > 0.4. '

In Figure 6, we show the distribution of log(Ng) Vs. oyt
(left) and log(&é) vs. veue (right) best-fit values of the three
XSTAR absorption tables adopted here and compare them with
the typical UFO and WA parameter spaces (cyan and green,
respectively) taken from the literature (e.g., Tombesi et al. 2013;
Gupta et al. 2013a; Serafinelli et al. 2019). While the WA and
UFOy components fall in the respective classical regions, the
outflow observed in the soft band falls in a poorly populated
region of low ionization/low column clouds outflowing at veloc-
ities typical of UFOs.

This UFOL component represents a promising new example
of a poorly explored phase of the UFO phenomenon, with only
about a dozen other sources known to date to show such fea-
tures mainly detected in high-resolution grating spectra. These
features are thought to be produced by ISM clouds at great
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UFOs (dashed black lines) are derived from Tombesi et al. (2013).

distances from the SMBH (tens/hundreds of parsec, also referred
to as ‘meso-scale’), entrained by the advancing outer shock of
the nuclear UFO (e.g. Faucher-Giguere & Quataert 2012). Alter-
natively, they may represent the imprint of the UFO gas itself
cooling down and fragmenting (e.g. Takeuchi et al. 2013). In the
latter case, the expected distances would be much smaller, of
the order of hundreds of R,. Variability of these features may
help discern between the two interpretations, as in the case of
PG 1211+143 (Reeves et al. 2018b), a thorough search for long
and short-term variability of both the UFO features presented
here will be addressed in Paper II.

The growing number of highly accreting sources in which
this new outflow phase has been discovered, possibly located at
the meso-scale between the nuclear UFO and the larger scale
WA, supports the idea that all these different wind components
are, in fact, different phases of a single phenomenon expanding
from the inner regions of the AGN into the host galaxy. In par-
ticular, this may be interpreted as the interface zone in which
the nuclear UFO interacts with the clumpy regions at 10s—100s
of pc distance, forming blobs of fast-moving but denser and
colder gas. This picture agrees with predictions by models of
self-regulating feedback mechanisms for the evolution of galax-
ies (Zubovas & King 2012; King & Pounds 2015; Gaspari et al.
2017).

It is interesting to note that, while in the case of ‘classi-
cal’ UFOs at the accretion disk scale, vy, is generally inter-
preted as a velocity gradient within the outflow (with values
up to 10000 km/s in the most extreme cases, e.g. Nardini et al.
2015; Tombesi et al. 2015), for the UFOy at larger scales vy
could really be interpreted as an indication of the amount of
turbulence in the flow, as for sub-relativistic outflows, at least
several 100km/s of turbulence can be expected at large scales
(Wittor & Gaspari 2020). Indeed, turbulence is key to having
entrained outflows and thus generate different absorbers along
the LOS, as found here: the stronger the turbulence, the larger
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the K-H instabilities, hence the entrainment (e.g. Gaspari et al.
2020).

6.2. Disk wind table

To model the UFO features, we also tested the publicly avail-
able* DISK-WIND table of simulated radiation-driven wind spec-
tra generated using the Monte Carlo radiative transfer code
developed in Sim et al. (2008, 2010), Matzeu et al. (2022).

The DISK-WIND computes emission and absorption spectra
arising from a smooth, steady-state, and bi-conical flow with
an opening angle of 45 degrees. With such assumptions, we
can provide a self-consistent treatment of both transmitted and
scattered components from a realistic geometry that includes
a radial-dependent ionization and velocity structure across the
flow. We can probe the overall mass outflow rate, velocity, and
viewing angle of classical UFOs. In this work, we adopted the
fast32 grid, which assumes a lunching radius of 32 R,. The
parameters of the fit are:

— The velocity parameter (f,), which relates the terminal
velocity (v.) of the wind to the escape velocity at the ori-
gin (Vese = (ZGMBH/Resc)l/Z) via fv = Voo /Uesc. In the case of
the fast32 grid adopted here, the inner edge of the wind is
launched at Resc = 32 R, and therefore ves. = 0.25c¢.

— The line-of-sight inclination angle (u) defined as u = cos(6)
where 6 is the angle between the observer’s line-of-sight and
the polar z-axis of the flow.

— The mass outflow rate (M), defined as My, = Mou/Mgad,
i.e., normalized by the Eddington limit, making this mea-
surement black hole mass invariant.

— The ionizing Iluminosity (Lx) defined as Lx =
(Lr—10kev/Lgdqa) X 100, which is also normalized to the
Eddington limit.

4 https://gabrielematzeu.com/disk-wind/
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Table 4. Best-fit parameters of the model where a DISK-WIND grid was
used to replace the XSTAR table to model the UFOy features.

Component  Parameter Units
pexrav r 2.05 +£0.05 -
R <0.35 -
Ecy 24.3%28 keV
ficat 0.45 +0.4% -
WA log(Ny) 22. 54*%%% cm™2
log(¢&) -0.03*1 erg cm/s
Vturb 300 ® km/s
Uout <2500 km/s
UFO, log(Ny) 21.60*Y %3 cm™?
log(&) 2.57*% %4 erg cmy/s
Uturb 1000 ( kl’l’l/ S
Vout 0.30 £ 0.01 v/c
DISK-WIND f 1.53*597 (1.5%) -
(Vo) (0. 38 + 0.02) v/c
u=cosf 0. 53*8 82 (0.525%) -
y 0.26 Mow
M, 0.9971 (m
Lx >1.72% (hpliey)
C — stat/v 390/370 —
le’ 10key 5.4 x 10% ergs™!

Notes. pexrav parameters are defined as in Table 1; log(Ny), log(é),
Vb and voy for WA, and UFOL components are defined as in Table 1;
For the DISK-WIND component f, is the velocity parameter defined as
Jv = Uoo/Vesc; Voo 18 the corresponding terminal velocity for v, = 0.25;
u is the cosine of the inclination angle; M, is the mass outflow rate
in Mgy units; Ly is the ionizing luminosity in Lggq units. C — stat/v
is the fit statistic over the number of degrees of freedom; L,_jgkev i
the absorption-corrected luminosity in the 2-10keV rest frame band;
?f, and p closest grid points used to derive more reliable constraints on
M, and Lx. ®fixed parameter.

— The photon index I' of the power-law continuum, extrapo-
lated over the 0.1-511keV range, used to self-consistently
compute the wind spectrum. We linked this parameter to the
pexrav best-fit photon index, recomputed after including the
DISK-WIND table.

More details on the DISK-WIND parameters are provided in
Sect. 2 of Matzeu et al. (2022).

Together, f, and u regulate the observed location and width
of the absorption features produced by the outflowing gas: f, by
setting the terminal velocity of the flow, while the launch veloc-
ity is fixed, and u by setting which part of the flow is intercepted
by the line of sight. M, regulates the amount of material in the
flow and, therefore, the depth of the absorption features. Finally,
Lx regulates the degree of ionization at the location where the
L.o.s. intercepts the flow.

The DISK-WIND model is designed to reproduce the typi-
cal UFO absorption features observed in the hard band (i.e.,
high column and high ionization state). Even if the param-
eters /\/lW and LX cover a wide range of values (M =
[O 0196-1. 287]MEdd and LX = [0 025-2. 516]%LEdd) these
intervals do not extend enough to the lower end to cover the
parameter space needed to reproduce the UFOy, feature observed
in IRASF11119. Therefore, we adopt the DISK-WIND table to
model only the UFOy features, replacing the relative XSTAR
table, while we keep the rest of the model components described
in Sect. 6.1.

counts s-1 keV-'

10+ E

: %ﬁgw #..Hhﬁmmumwmu b fuhi b
f 2l JrT i WWWWIMWMWW Rl

1 20
Rest Frame Energy (keV)

Fig. 7. XMM-Newton and NuSTAR spectra with the best-fit continuum
model and residuals, for the model described in Sect. 6.2, where the
DISK-WIND table replaces the UFOy XSTAR table. The colors are the
same as in Figure 1.

The best-fit parameters results are reported in Table 4, while
the best-fit model and residuals are shown in Figure 7. The con-
tinuum parameters are only marginally affected by replacing the
XSTAR table for the UFOy with the DISK-WIND table, except
for a significantly smaller scatter fraction. This is due to the fact
that the whole primary continuum is suppressed by the obscur-
ing materials in the wind, and the intrinsic, absorption corrected
luminosity is higher: Ly_jgkey = 5.4 vs. 1.2 X 104 erg s7L. The
WA and UFOg parameters are also only marginally affected with
respect to the fit with the XSTAR tables.

When fitted as free parameters, the wind terminal velocity
and inclination angle are well constrained (see Figure 8 left): the
line-of-sight intercepts the wind at an angle 8 ~ 58° from the
vertical axis, where the flow has a wide range of velocities and
ionization states, which blend the FeXXV and XXVI line pairs
into two rather broad absorption features. f, ~ 1.5 means that
the inner edge of the wind is accelerated from v = 0.25¢ at the
origin (Resc = 32 R) 10 o = 0.38.

Due to interpolation limitations of the current DISK-WIND
grids (Matzeu et al. 2022), it is recommended to freeze these two
parameters to the closest grid point (u = 0.525 and f, = 1.5,
respectively, in this case) in order to get more reliable con-
straints on the other two parameters of interest M, and Lx.
Figure 8, right, shows the results of this approach: the mass
outflow rate is broadly consistent with the Eddington accretion
rate (M, ~ Mggq), while the luminosity seen by the wind is
Lx ~ 2.2%Lgqq, which for a 2 x 108 M, BH translates into
Lx = 5.5 x 10%ergs™!. This is a further indication that the
absorption-corrected luminosity in the DISK-WIND fit case is
higher than in the XSTAR fit (Ly—jpkev = 5.4 X 10% erg s7h
where Compton scattering is not included: the wind sees a factor
~4 higher intrinsic luminosity with respect to the uncorrected,
observed value, as the intrinsic luminosity is affected by obscu-
ration by the thick wind itself.

Applying a bolometric correction of ky, ~ 50—60, proper
for such luminosity (Marconi et al. 2004; Duras et al. 2020), we
derive a bolometric luminosity Ly, ~ 3 x 10* ergs~!. This is
a factor ~2 larger than the one derived from the IR emission
(Veilleux et al. 2013), consistent within the BH mass and bolo-
metric correction factor uncertainties.
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Fig. 8. Confidence contour levels of the DISK-WIND parameters f, vs. u (left) and M, vs. Lx (right), see subsection 6.2 for their definitions. The
M, vs. Lx contours are obtained by fixing f, and u to their closest grid points (marked with the magenta cross) to avoid interpolation issues.

The fit quality is comparable to the fit with three XSTAR
tables for one more free parameter. In fact, the residuals for the
two fits are indistinguishable (see Figure 1d and Figure 7). We
note, however, that neither the XSTAR tables nor the DISK-WIND
one are able to perfectly model the feature at 11 keV, while they
do model the one at 9 keV. This may be related to the fact that the
wind is probably more complex in terms of clumpiness, velocity,
and ionization structure than the simple geometries assumed in
both these approaches.

The DISK-WIND table also includes emission from the out-
flowing gas outside the line-of-sight. This produces a broad
emission between 6 and 7 keV rest-frame in a classical P-Cygni
profile, with an intensity that depends mainly on the system’s
geometry. In the best fit described above, this emission partly
accounts for the narrow emission modeled with Gaussians at 6
and 7keV.

We will present in Paper II results on the physical properties
of the wind derived using state-of-the-art wind models, such as
WINE (Luminari et al. 2021), that computes both absorption and
emission from the wind in a bi-conical geometry, and XRADE
(Matzeu et al. 2022), an emulator of DISK-WIND developed to
solve interpolation limitations of this model.

7. Properties of the X-ray corona

As described in Sect. 4.1, the primary power-law in
IRASFI11119 (I' ~ 2) is modified by an extremely low high-
energy cutoff of the order of ~30keV, plus negligible reflec-
tion. By adding the XSTAR or DISK-WIND absorption tables,
the E.y value shifts to an even lower value (E.;; ~ 25keV, see
Table 3 and Table 4), among the lowest reported in the literature
(Kara et al. 2017; Tortosa et al. 2023). Figure 9 shows the con-
tour plot of the primary power-law high energy cutoff vs. photon
index from the best-fit model with the UFO XSTAR absorption
tables, described in Sec 6.1, while the gray contours show the
results from the continuum model only, described in Sect. 4.1.
We note that the high energy cutoff and the photon index of
the primary power-law modeled with pexrav are correlated, as
a flatter photon index requires an even lower cutoff to account
for the observed lack of hard band counts. Also, the addition
of absorption tables, such as XSTAR or DISK-WIND, shifts the
E.y to lower values, as part of the soft emission is absorbed by
the wind, and therefore, the continuum in the hard band can be
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Fig. 9. Confidence contour levels of the high energy cutoff vs. the pho-
ton index. The colored contours refer to the best-fit model with two
UFO XSTAR absorption tables, described in Sect. 6.1, while the gray
contours show the results from the continuum model only, described in
Sect. 4.1.

even steeper. However, the results are consistent with each other
within 1o confidence level.

Thanks to the advent of the NuSTAR hard X-ray imaging
telescope (Harrison et al. 2013), the high energy cutoff is now
known with unprecedented accuracy for tens of nearby bright
Seyfert galaxies (e.g. Fabianetal. 2015; Tortosa et al. 2018;
Kamraj et al. 2018; Balokovic et al. 2020; Kang & Wang 2022).
Figure 10 shows these measurements as a function of X-ray
luminosity for local Seyferts (gray circles, from the updated sam-
ple in Bertola et al. 2022) and the binned results from the BAT-
selected sample of Ricci et al. 2018 (magenta triangles). The few
luminous quasars at z 2 0.5 for which such measurement has
been possible so far are shown in green (Kammoun et al. 2017,
2023; Lanzuisi et al. 2019; Bertola et al. 2022; Marinucci et al.
2022), while PDS456 (Reeves et al. 2021) is shown in cyan. The
yellow/orange areas show the runaway pair-production region
(Fabian et al. 2015), translated into directly observable quanti-
ties for different geometries of the corona and assuming dif-
ferent BH mass values, shown with different line styles (see
Lanzuisi et al. 2019 and Bertola et al. 2022 for details). The E.,
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Fig. 10. High-energy cutoff vs. intrinsic luminosity for local Seyferts
measured with NuSTAR (gray dots, from the updated sample of
Bertola et al. 2022), and the binned results from the BAT-selected sam-
ple (magenta downward pointing triangles, Ricci et al. 2018). Green
data points show results for luminous quasars at z 2 0.5: pen-
tagon from Kammoun et al. (2017); squares Lanzuisi et al. (2019); star
Bertola et al. (2022); plus Marinucci et al. (2022); right-ward triangle
Kammoun et al. (2023). PDS456 (Reeves et al. 2021) is shown in cyan
and IRASF11119 in red. The different intrinsic luminosities obtained
from the XSTAR and DISK-WIND fits are shown by the vertical error bar.
The yellow/orange areas show the runaway pair-production forbidden
region (Fabian et al. 2015; Lanzuisi et al. 2019) for different geometries
and BH masses.

measured for IRASF11119 (see Figure 9) is shown by the red
cross, where the luminosity is the average of the two different
measurements obtained from the XSTAR and the DISK-WIND
fits, and the error bars show the range covered by them. The
target shows one of the lowest E reported in the literature at
all luminosities.

Several examples are known of strong X-ray UFOs detected
in sources with relatively cool coronae, such as PDS456 (E.y ~
50keV, Reevesetal. 2021), or LBQS 1338-0038 (E.y ~
50keV; Matzeu et al. 2023, Matzeu et al. in prep.). The super-
Eddington accreting NLSyls I Zw 1 (Dingetal. 2022) and
IRAS 04416+1215 (Tortosa et al. 2022) show even lower E.y
values (~15keV) and are again associated with the presence of
UFOs. These findings indicate a possible correlation between
strong nuclear outflows and a cold corona or soft continuum,
often associated with highly accreting/super Eddington and
NLSy1 sources.

High Eddington rates, by definition, promote strong
radiation-driven winds and, at the same time, increase the effi-
ciency of the corona cooling, as the Compton cooling is propor-
tional to the inverse of the radiation energy density. In fact an
anticorrelation between E., and Agqq has been indeed observed
in Ricci et al. (2018) based on BAT data, even if such anti-
correlation has not been confirmed in later studies based on
NuSTAR data (Hinkle & Mushotzky 2021; Kamraj et al. 2022;
Serafinelli et al. 2024). In a systematic study of super-Eddington
sources Tortosa et al. (2023) indeed found indication of softer

spectra and the presence of ionized outflows in most of them,
but only two out of eight show low E values.

On the other hand, a colder corona or softer power-law may
promote the formation of nuclear winds by preventing the gas
surrounding the inner disk from being over-ionized (Proga &
Kallman 2004; Nomura et al. 2020; Matzeu et al. 2022),

In particular, in case of a high accretion rate, it has been sug-
gested (e.g. Sadowski & Narayan 2016; Kubota & Done 2019)
that the inner standard accretion disk puffs up due to the high
radiation pressure of UV photons. The inner puffed-up disk
increases the UV/soft X-ray flux seen by the corona, leading
to more efficient cooling and, at the same time, shields the rest
of the inner accretion disk from hard X-rays, preventing over-
ionization and allowing for inner/faster winds to be launched.
This mechanism has been invoked for z > 6 QSOs showing a
correlation between photon index and nuclear wind (observed
as CIV emission line outflowing components) outflow velocity
(Tortosa et al. 2024).

The connection between a steep continuum and the presence
of strong/persistent nuclear outflows may also have important
implications for the impact of AGN feedback in the early Uni-
verse, given the recent results on the spectral steepening in the
z > 6 QSO HYPERION sample (Zappacosta et al. 2023). A sys-
tematic study of the incidence of UFO features as a function
of coronal properties and the Eddington ratio is thus needed to
explore the link between all these aspects of SMBH accretion,
but is beyond the scope of this paper.

8. Large-scale wind properties from optical
spectroscopy

The optical spectrum of IRASF11119 shows peculiar fea-
tures that have been only partially analyzed in the literature
(Lipari et al. 2003; Rupke et al. 2005). We reanalyzed the pub-
licly available 2013 SDSS-eBOSS spectrum of IRASF11119
by performing simultaneous multicomponent fitting using the
code PyQSOFit (Guo et al. 2018). We model the continuum
with a polynomial component and Fell emission templates from
Boroson & Green (1992). Galactic extinction is also included
through the dust-reddening maps of Schlegel et al. (1998). We
simultaneously model emission lines with a combination of nar-
row and broad Gaussian functions. These include: .

— Six narrow (FWHM <500km/s) lines: H, (6563 A), Hp

(4861 A), and [OIII] (4959,5007 A) and [NII] (6549,6584 A)
doublets. The ratios of the [OIII] and [NII] doublets were
both set to be 1:2.99 from atomic physics.

— Two very broad (FWHM > 2000 km/s) lines to account for
the H, and Hg Broad Line Region (BLR) emission.

— Six broad (500 km/s < FWHM < 2000 km/s) lines to account
for outflows or to better describe the BLR emission profile,
which is known to be poorly reproduced with only one Gaus-
sian line. The ratios of the [OIII] and [NII] doublets were
constrained as above.

We constrain the width of the narrow components to be the same,
and we do so for the broad components as well. Initially, we
also request for the line centroid offset to be the same for all
the lines belonging to the same group (narrow, broad, and very
broad), as it is a well-tested recipe used in the characterization
of galactic outflows (e.g. Brusa et al. 2015; Perna et al. 2015).
However, these constraints appear to be too harsh to model the
complex kinematics revealed by the optical spectrum, and we,
therefore leave the offset free to vary from one line to the other
in the same group.
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Fig. 11. Hp, [OIII], and H, regions of the optical spectrum of IRASF11119. The observed spectrum is plotted in gray, while the best fit is shown
as the black dashed line. Different model components are traced by lines of different colors, as indicated by the label. The vertical dashed lines
indicate the rest-frame wavelength for each labeled emission line, for z = 0.187. In the bottom panels, residuals are plotted. Note that the H, shows
significant residuals, possibly due to the blending with the [NII] doublet, but this effect is negligible for our goals.

IRASF11119, in fact, is a “blue outlier”, meaning that the
peak of the [OIII] emission lines is blue-shifted by more than
250 km/s with respect to the Balmer lines (Zamanov et al. 2002).
These rare sources (3—5% of optically selected AGN) are typi-
cally associated with low-mass, highly accreting AGN and with
the presence of nuclear outflows (Marziani et al. 2003, 2016).
Indeed, while the Hg and H,, peak at wavelengths corresponding
to z = 0.190, the [OIII] lines peak corresponds to z = 0.187,
with little to no narrow emission at the expected wavelength for
z = 0.190. The whole [OIII] emission can, therefore, be inter-
preted as due to outflowing material. We decided to untie the
centroid offset of the lines in the [OIII] doublet from the rest
of the narrow lines while keeping them tied to each other. In
this way, both narrow and broad [OIII] lines account for out-
flow emission. The fit results are shown in Fig. 11. For the
BLR, the FWHM of the broad and very broad components com-
bined is ~2500 km/s, comparable with the 2000 km/s adopted in
Nardini & Zubovas (2018) from which they derived a black hole
mass of Mgy ~ 2 % 108 Mo,

In addition to the previously reported lines, we also detect
emission from forbidden lines of different ionization levels such
as [SII], [SIII], [OII], [Nelll], and [NeV]. For each line, we
measure a non-negligible velocity shift with respect to the sys-
temic redshift obtained from the Balmer lines, and we found a
clear positive trend between this shift and the ionization level
of the gas responsible for each line. A similar trend is usu-
ally observed between the [OIII] and the Balmer lines (Veilleux
1991; Zamanov et al. 2002; Eracleous & Halpern 2004; Hu et al.
2008). This is interpreted in the context of decelerating out-
flows in a stratified medium, photoionized by the AGN (Veilleux
1991; Zamanov et al. 2002; Komossa et al. 2008; Spoon & Holt
2009): More highly ionized species correspond to gas closer to
the nuclear AGN, and the observed trend indicates a stratification
of the gas velocity, decreasing at larger radii.

To test this hypothesis, we computed the ionization parame-
ter at which each ion has its peak of relative abundance using
CLOUDY, v23.0 (Chatzikos et al. 2023), assuming a fixed gas
density of ny; = 10°cm™ and the SED of IRASF11119 as the
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Fig. 12. Distance from the ionizing source vs. velocity offset for differ-
ent emission lines (labeled) modeled in the SDSS spectrum. The dis-
tance is derived from the ionization level at which each ion has the
peak of relative abundance. The red curve is a power-law fit of the
form vy, = a X r’ + ¢ with the best-fit slope b = 0.20 + 0.07. The
gray dashed line shows a curve with a slope fixed to b = 0.5, the value
for a simple ballistic trajectory. The dotted green curves are taken from
the analytic treatment of an expanding AGN-driven wind presented in
Faucher-Giguere & Quataert (2012), for v, = 0.1¢, and central density
ny = 10 (top) and ny = 100 (bottom) cm ™.

ionizing continuum. We can then convert this into a distance
from the ionizing source using the definition of the ionization
parameter & = Ly, /nr? where n is the number density of the
absorbing material, and r is the distance.

The results are shown in Figure 12. Given the low S/N levels
of the SDSS spectrum, the [NellI], [OII], and [SII] doublets are
fitted with pairs of lines at a distance fixed to the lab value so that
we derive a single velocity offset value for each doublet. With
our assumptions, we derive that the high-ionization line [NeV]
is produced by gas at ~200pc from the center, outflowing at
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velocities of ~1500kmy/s, while [OII] and [SII] doublets are
produced by gas at few kpcs (i.e. at scales comparable with
the whole host galaxy) and at that point the outflow velocity
has dropped to ~200km/s. The red curve is a power-law fit
to the data in the form voy = a X ¥’ + ¢. The best-fit slope
is b = 0.20 £ 0.07. The dashed gray line shows a depen-
dency of the form r%3, i.e., a purely ballistic trajectory. The
best-fit relation is slightly flatter but consistent with the ballis-
tic curve. AGN radiatively driven large-scale winds are expected
to be energy-conserving at these scales and to propagate with a
flatter velocity gradient, thanks to the pressure support of the
hot wind (see, e.g., Fabian et al. 2015). This is shown by the
green dotted curves taken from the analytic treatment presented
in Faucher-Giguere & Quataert (2012), with parameters Ly, =
10% erg s7!. v, = 0.1¢, and central density ny = 10—100 cm™3,

We stress that different assumptions on the value of the con-
stant gas density can substantially change the results in terms
of the radius of each ion, while the general trend of decreas-
ing velocity at larger radii would remain. Introducing a radial-
dependent density profile would change the slope of the curve,
i.e., flatter curves for density decreasing with radius. A more
detailed investigation taking into account the possible effects of
a clumpy medium and of the different line critical densities is
beyond the scope of this paper.

9. Energetics of the outflow components
9.1. Nuclear Outflow

To derive the energetics of the nuclear outflow we followed a
standard approach starting from the best-fit values of the XSTAR
tables described in Sect. 6.1. A lower limit of the distance
between the central BH and the absorbing gas layer can be
inferred from the radius at which the observed outflow velocity
along the line of sight corresponds to the escape velocity:

2G Mgy
Ymin = 1)2

@)

out

For the derivation of the maximum distance of the absorber,
the definition of the ionizing luminosity L;,, is often used,
which is the source ionizing luminosity integrated between 1—
1000 Ryd. We computed L;,, from the broadband SED derived
in Sect. 3, i.e. Lion = 4 x 10¥ ergs™!. We use again the def-
inition of the ionization parameter, & = Lo, /nr?. As the size
of the absorber cannot exceed its distance to the black hole,
Ny = nAr < nr, we obtain:

Lion
&Nm

In the case of IRASF11119, rpin ~ 13Rg and rp.x ~ 530Rg
for the UFOy absorber. Following the same approach for the
UFO, and WA absorbers would translate into ry,;, ~ 11Rg and
Fmax ~ 10’Rg or ~650 pc for UFOy, and ryyi, ~ 10°Ry or a few
pc, and rpa ~ 10°Rg or ~10% pc for the WA. These simplified
definitions are, therefore, clearly not useful for these lower ion-
ization absorbers since the values of rpi, and rp.x Span several
orders of magnitudes from the vicinity of the SMBH to the out-
skirts of the host galaxy.

In fact, estimates of the location of the WA vary significantly
in the literature, possibly reflecting the intrinsic multiphase, mul-
titemperature nature of these outflows (e.g. Krolik & Kriss 2001;
Krongold et al. 2007; Di Gesu et al. 2013; Lahaetal. 2021).
Studies from extensive multiwavelength campaigns on single

(©)

Tmax

sources and based on variability (e.g. Kaastra et al. 2011) locate
the WA at tens of pc from the SMBH (Kaastra et al. 2012, 2014).
The location of the gas responsible for the UFOy is even more
uncertain. It has been suggested, and in at least one case derived
from variability arguments (Serafinelli et al. 2019), that these
low column and ionization UFOs may be located at the inter-
face between the nuclear UFO and the WA, i.e., hundreds of par-
secs from the SMBH (e.g., Gaspari et al. 2020), while the inter-
pretation as the UFO gas cooling down and fragmenting (e.g.,
Takeuchi et al. 2013) implies much smaller distances (hundreds
of Ry).

In any case, it is to be expected that the energy carried by
both the UFO( and the WA is only a small fraction of that of the
“classical” UFO, as the column density is 2-3 orders of magni-
tude lower, and for WA the outflow velocity is negligible (see
Reeves et al. 2018b for a notable exception). Therefore, in the
following, we focus on the derivation of the energetics of the
UFOy component only.

We compute the mass outflow rate through the standard
expression:

Moy =~ meNHUoutr, 4
following Tombesietal. (2012), Goffordetal. (2013),
Nardini & Zubovas (2018) and assuming solar abundances,
full ionization, and neglecting more complex geometrical
descriptions. my, is the proton mass, Q is the solid angle sub-
tended by the wind, and Ny, vy and r are its column density,
velocity, and radius. We adopt a solid angle Qpex/47 = 0.5
consistent with the value derived in Sect. 6.1, and compara-
ble to the one derived from the P-Cygni profile in PDS 456
(Nardini et al. 2015) and from population studies (Tombesi et al.
2010; Goftord et al. 2013).

We compute M,y using the lower limit reported in Table 3
as the upper boundary is unconstrained. The measured voy is
also a lower limit since the observed value is only the compo-
nent along the 1.0.s. Consequently, we compute M, only for the
Fmin @8 We can only derive a lower limit of this quantity. We fur-
ther note that taking into account special relativistic effects, the
observed Ny must be corrected to take into account the reduc-
tion of the optical depth of the outflowing gas for increasing vy
(e.g. Luminari et al. 2020). This velocity-dependent correction
is of the order of ~2 for an outflow velocity of 0.27c. In the
following, we take into account this correction when computing
the wind energetics. We therefore obtain My, > 2.10Mg/yr or
My 2 0.49Mggq of Moy 2 0.82M .

In the classical treatment, we can then derive the mechan-
ical power as Ey, = %Mout v2,, and the outflow momentum
rate Poy = Moy Vou. The correction on Eyj, due to the spe-
cial relativistic formula (y — DMoyc* (Saez & Chartas 2011;
Luminari et al. 2021) is minor since the Lorentz factor y is
~1.04 for vey = 0.27c. The results for UFOy are therefore
Ekin > 0.32Lb01 and Pom > 2.26Lb01/C.

In the DISK-WIND fit instead, it is possible to directly derive
the mass outflow rate and the terminal velocity of the wind, cor-
rected for projection effects, as M,,, f,, and u are parameters of

the fit. We use the Moy derived in Table 4, Moy = 0.997026 Mgqq,

that for a Mgy = 2 X 10% M, translates into 4.25%:;; Mg/ yr or
1.647033 M, given the observed mass accretion rate.

Therefore, in IRASF11119, as it happens in similar highly
accreting sources (PDS456, PG 1211+143), the mass outflow
rate is comparable with the mass accretion rate and close to
the Eddington limit. This suggests that the accretion rate in
the external part of the accretion disk is potentially higher than
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Eddington, and the outflow substantially contributes to keeping
the effective accretion rate onto the SMBH below such a limit.
The derived terminal velocity is larger than the observed one
obtained from the XSTAR fit. This is due to inclination (depro-
jection) effects and to the acceleration of the gas along the line
of sight up to the maximum velocity. Also, this is the velocity
corresponding to the inner edge of the wind (i.e., Resc = 32 Ry),
while the outer edge (i.e., Rese = 48 Ry) has a lower terminal
velocity of 0.3c. The mechanical power and outflow momentum
rate are also higher than what was estimated from the XSTAR fit:

Exin = 1.217032 Lyt and Py = 6374157 Lot /c.

9.2. Large-scale ionized outflow

We analyze the kinematic of the large-scale outflow observed in
the [OIII] emission in the SDSS spectrum using prescriptions
well established in the literature (e.g., Cano-Diaz et al. 2012;
Fiore et al. 2017). By assuming spherical geometry and constant
density of the outflow, the mass outflow rate can be computed as
Mor = 3xVourxMorxRg. (see Lutz et al. 2020 for a discussion
on the implication of different assumptions on outflow geometry
and history). Vour is the maximum outflow velocity, Ror is the
outflow radius and Mop is the mass of the gas entrained in the
outflow. We constrain Rop using the SDSS-BOSS fiber diameter
(2), which corresponds to 3.2kpc at z = 0.190. This should be
considered as an upper limit, and it is roughly consistent with
what is derived in Figure 12 for the [OIII] radial extent. There-
fore, Ror and Mor should also be considered upper limits.

The outflow velocity Voyr is estimated through non-
parametric analysis in order to minimize bias arising from the
fitting procedure. We compute both vy, and wgg. vy, is the veloc-
ity corresponding to 2% of the flux for the [OIlI] 5003 line, with
respect to the rest frame emission. wg, corresponds to the dif-
ference in velocity between 10% and 90% of the flux of the
[OII] 15008 line. The second velocity estimator, wgg, is thought
to be more robust, as it takes into account a difference between
velocities rather than just one measurement. However, it is not
sensitive to the fact that the whole [OIII] emission is blue-
shifted. Our estimate of Vgyr is therefore vy, = 3053 + 92 kmy/s,
rather than wgy = 2264 + 68 km/s.

The mass Mop is given by:

g7 LesCfOIII)

Mor = 5.3 X W

Mo &)

where L4([OIII]) is the luminosity of the [OIII],s00g line trac-
ing the outflow in units of 10* erg/s, 10[°/H is the metallicity of
the outflowing gas and n., is the electron density of the same
gas in units of 1000 cm™. Most authors estimate 7., through
the ratio R between the lines of [SII] doublet. However, in our
case, the low S/N did not allow for robust measurement of R.
In addition, this method has been shown to be biased towards
lower densities, also in samples of AGNs with outflows (e.g.,
Baron & Netzer 2019; Davies et al. 2020). For these reasons, we
conservatively assume the median density log(n.) = 3.7 + 0.16
derived in Rose et al. (2018) using the Trans-Auroral Ratio (TR)
which measures n., making use of the doublets [SII]; 40634076,
[SII a1 67176731, [O1L] 14 3726 3729, and [OI1] 14 7319,7331.

The observed [OIII], 5008 luminosity is L([OIII]) = 1.59 +
0.11 x 10*2 erg/s. However, the spectrum is reddened, as indi-
cated by the Balmer decrement H,/Hz = 12.6 £ 2.9, which
is >3-4 times higher than the standard intrinsic value of 2.86
(Osterbrock 1989). By using the empirical approach presented
in Calzetti etal. (1994), and using the extinction curve k(1)
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Fig. 13. Momentum rate vs. outflow velocity of different outflow phases
for three well-known targets. Red symbols refer to IRASF11119: filled
circles are taken from Nardini & Zubovas (2018). The empty diamond
shows the UFOy momentum rate derived from the XSTAR fit, while
the empty star shows the results from the DISK-WIND fit. The empty
pentagon shows the momentum rate of the large-scale ionized outflow
observed in [OIII]. Blue squares refer to Mrk231 (Feruglio et al. 2015)
and green triangles to PDS456 (Bischetti et al. 2019). Data points at
Vour ~ 103kms™! refer to molecular outflows detected in CO or OH.
Data points at intermediate velocities (3—5000km s™") refer to OIII and
UV winds, while at vy > 10*kms™" refer to UFOs. Dotted horizontal
lines show the expected evolution of a momentum-driven outflow, while
dashed lines show the momentum boost expected for an energy-driven
outflow.

found in Calzetti et al. (2000), we derive the corrected value of

L([OI]) = 1.61*745 x 10* erg/s. Assuming solar metallicity,

we derive Mop = 49f‘2‘§ Mg /yr. This corresponds to a momen-

tum outflow rate of Pop = 1.907 1% Ly /c.

The energetics recently derived in Pan et al. (2019) using the
same SDSS spectrum, along with dedicated NIR-MIR data, is
higher by a factor ~7 of the one derived above. This is partly
due to the different assumed geometries: while we assume a uni-
formly filled spherical geometry, they assume co-spatiality and
coupling of molecular, neutral, and ionized gas in a thin-shell
geometry, which corresponds to higher mass outflow rates (e.g.,
Maiolino et al. 2012). More importantly, their modeling of the
outflow combines information from molecular, ionized, and neu-
tral phases of the gas. Consequently, their derived parameters
are similar to those derived in Nardini & Zubovas (2018) for the
molecular outflow alone, which is dominating the energetics at
large radii. Our method, instead, by focusing on [OIII], probes
the faster, lighter, and more highly ionized phase of the large-
scale outflow.

9.3. Momentum boost diagram

Figure 13 summarises the results on the wind energetics derived
for IRASF11119 (in red). The diamond shows the UFOy
momentum rate derived from the XSTAR best-fit parameters,
while the empty star shows the results from the DISK-WIND
model fit. The empty pentagon shows the momentum rate
of the large-scale ionized outflow observed in [OIII]. The
filled circles show values from the literature, as recomputed in
Nardini & Zubovas (2018). We note that the error bars on vy
from the XSTAR fit presented in Figure 13 are much smaller
than those used in Nardini & Zubovas (2018) and derived from
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the NuSTAR follow-up of 2016 (Tombesi et al. 2017), thanks
to the much higher spectral quality and energy resolution
of our data. On the other hand, the error bars on v, from
the DISK-WIND fit are larger and more realistic than those
obtained from the XSTAR fit, as the DISK-WIND fit is taking
into account the systematic uncertainties related to the system’s
geometry.

We compare our target with two local QSOs/ULIRGS sys-
tems, Mrk231 and PDS456, chosen as two of the best-studied
multiphase outflows and at the two extremes of the wind prop-
agation mechanisms: PDS456 also known as “the gentle mon-
ster” (Bischetti et al. 2019), has a large scale outflow detected
in CO(3-2) with ALMA, with a momentum flux much smaller
than the one measured from the very well studied and persis-
tent X-ray UFO (e.g. Nardini et al. 2015; Matzeu et al. 2016).
Mrk231, on the other hand, exhibits a powerful kpc-scale, mul-
tiphase (molecular and highly ionized, UV-BAL) outflow con-
sistent with an energy-driven expansion powered by the nuclear
wind observed in the X-rays (Feruglio et al. 2015).

These two sources are at the two extremes of the broad
range of momentum boosts observed in the increasing sample of
sources from which the energetics of the different outflow phases
have been derived. In general, they show behaviors following
either the momentum- or the energy-driven framework, with a
majority in the first group (Tozzi et al. 2021; Bonanomi et al.
2023).

IRASF11119 is one of the very few sources for which the
energetics of the large-scale outflow have been derived both
in the molecular and ionized phases. According to the val-
ues derived in this work from the analysis of the new X-ray
observations, the momentum flux of the nuclear UFO is very
high in terms of Lyo/c, Pouw = 1Lyo1/c from the XSTAR fit or
Pou ~ 6L /c from the DISK-WIND results, while the momen-
tum fluxes of the large-scale outflows are comparable with what
observed in Mrk231 (Poy = 1-10Lyoi/c). The source, there-
fore, falls in the predominant group of sources (see Smith et al.
2019; Bonanomi et al. 2023) for which the large-scale wind
appears to be not significantly boosted with respect to the nuclear
outflow.

This could be due to the fact that the flow remains
momentum-driven even at large distances from the SMBH,
despite the expectations that beyond a few 100s pc the Comp-
ton cooling should become ineffective (e.g. King et al. 2011),
or could be due to an inefficient coupling of the UFO with
the host-galaxy ISM (Tombesi et al. 2015). Alternatively, the
UFO observed today may be more powerful than it has been
— on average — in the past few Myrs (flow time of the CO
large scale outflow) so that the large scale outflow is the result
of several short bursts of Eddington limited accretion episodes
(see Nardini & Zubovas 2018; Zubovas & Nardini 2020). This
is consistent with a chaotic feeding mechanism, as predicted by
the CCA scenario (e.g.; Gaspari et al. 2017). Unfortunately, we
do not have direct access to what has been the duty cycle of the
wind over time scales of 10°—10° years, i.e., the flow time of the
OH and CO, respectively, as estimated from the ratio Ryy/Vou
in Veilleux et al. (2017).

On the other hand, a purely energy-driven expansion pow-
ered by a steady nuclear wind like the one observed in this work
would imply large-scale momentum rates of hundreds to thou-
sands times Ly /c, i.e., mass outflow rates of more than several
thousand M, /yr. Such extreme mass outflow rates have been
observed only in the most powerful high-z systems, with typical
Lug > 10%7 erg s~! (Carniani et al. 2015; Bischetti et al. 2017)
and in only a couple of extreme radio galaxies (Nesvadba et al.

2008) where the AGN Ly, is comparable to IRASF11119
(fewx10% erg s7!), but the outflow is most probably powered by
the strong radio jets.

10. Summary

In this work, we have analyzed the new XMM-Newton and
NuSTAR data collected for the highly accreting, post-merger
ULIRG/QSO system IRASF11119, together with its SDSS opti-
cal spectrum. The results can be summarized as follows:

— A “classical” nuclear wind with high column and ionization
(UFOpy), outflowing at vy, ~ 0.27c is clearly detected in
the hard band, with parameters comparable to the previous
Suzaku and NuSTAR observations, while a new component
with lower column and ionization (UFQOy ) but similar speed
is detected in the soft band.

— We robustly measure one of the lowest high-energy cutoffs
observed in AGN, E.; ~ 25-30keV. Several other examples
of sources with similar properties suggest that steep X-ray
spectra — either soft power-laws or low cutoff — may promote
or be connected with strong nuclear winds.

— The optical spectrum shows a strong ionized large-scale out-
flow in the [OIII] forbidden lines, while several other for-
bidden lines are detected with decreasing outflow velocity
for decreasing ionization potential, interpreted as an outflow
decelerating, via entrainment, in a stratified medium, pho-
toionized by the AGN.

— The energetics derived for the UFOy, both from standard
assumptions applied to the XSTAR fit and more directly from
the DISK-WIND fit, are large, such that the mass outflow rate
is comparable with the mass accretion rate and to the Edding-
ton limit mass, Moy ~ Mace ~ MEdq.

— The absence of a significant momentum boost between the
nuclear UFO and the different phases of the large-scale out-
flow suggests either a momentum-driven expansion of the
wind, or a small coupling between the nuclear outflow and
the ISM, or strong variability of the nuclear outflow power
on time scales comparable with the large scale outflow flow-
time (~0.1-1 Myr).

Including IRASF11119 in the broader context of the SUBWAYS
sample of z = 0.1-0.5 QSOs with comparable X-ray spec-
tral quality gives a total UFO detection fraction of 0.35f8;ﬂ
(8 over 23 sources), slightly larger than the ~30% derived in
Matzeu et al. (2023) and identical to the value derived in the
local Universe in Tombesi et al. (2010). This is without consider-
ing the well-known, persistent UFO detected in PDS 456, which
would belong to the z = 0.1-0.5 sample but is an outlier in terms
of BH mass and luminosity.

IRASF11119 will be a natural target for XRISM
(XRISM Science Team 2020) observations: the high-resolution
spectra of Resolve (Ishisaki et al. 2018) will allow to i) charac-
terize the physical properties of the soft X-ray component of the
UFO, which is now unresolved in a blend of multiple absorption
lines probably from Ne and Fe ii) constrain with unprecedented
accuracy the properties of the high energy UFO components by
resolving individual Fe XXV/XXVI absorption lines iii) shed
light on the launching mechanism if, as expected, the detailed
shape of the absorption features are different for magnetic,
radiation, and thermal driving (Fukumura et al. 2022).
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Appendix A: 1-4 keV Spectral Scan
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Fig. A.1. Confidence contours showing deviations from the continuum
model described in Sect. 4.1 in the intermediate band. Contours as in
Figure 2.

In Figure A.1, we report the results of the line scan per-
formed in the intermediate energy range (1.5-4 keV) where
Mgll, Si XIV, and SXVI Ly« absorption lines produced by UFOs
are sometimes observed, even in CCD-resolution spectra (e.g.,
Pounds et al. 2003; Parker et al. 2018). The continuum is the
same as described in Sect. 4.1 while the details of the scan are
the same as described in Sect. 4.2. Indeed, three narrow residuals
can be seen at energies roughly corresponding to the expected
energies of such lines for an outflow velocity of vy, = 0.27¢
(dashed lines in Figure A.1). The significance of these features
is, however, low and up to 99% confidence level only for the
S XVI Ly line. The AC values from the fit with a Gaussian
line for each of these features are 4.27, 3.17, and 8.44, respec-
tively. They contribute, nonetheless, to the total AC when the
XSTAR or DISK-WIND tables are added to the continuum. As a
consequence, including these complex absorption templates into
the fit results in a significantly increased statistical significance
compared to the fit with the single Gaussian lines (see Sect. 6.1).

Appendix B: MonteCarlo simulations

For our null hypothesis baseline model, we used the 0.6 —-24 keV
rest frame best-fit continuum model described in Sect. 4.1. We
simulated 1000 sets of XMM-Newton and NuSTAR spectra with
the same response matrices, exposure times, and background
levels as the read data. These spectra were binned following the
same KB binning used for the observed spectra. We then fitted
the continuum model to each set of simulated spectra, leaving
the same free parameters described in Sect. 4.1. Then, we sim-
ulated the spectra again, starting from the new best-fit values to
accommodate for random continuum variations. We fitted these
newly generated spectra again to find the new continuum best-ft
(see Matzeu et al. 2023 for a similar procedure).

We perform a second fit on the same set of simulated spectra,
adding a narrow Gaussian profile, with line width fixed to zero
and normalization set to zero but free to fluctuate between nega-
tive and positive values to probe both absorption and emission
features. The rest-frame Gaussian line energy is then stepped
with the STEPPAR command in XSPEC, between 0.5 and 2 keV
in AE = 15¢V for the soft band features (Em; and Abs;) and
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Fig. B.1. Contour plots of high energy cutoff vs. photon index for dif-
ferent binning schemes and statistics adopted. In red, the results from a
fit performed with C — stat on spectra binned to 5 counts per bin, and in
blue (green) from a fit performed with y? on spectra binned to 20 (50)
counts per bin.

between 5 and 10 keV in AE = 25eV for the hard band fea-
tures (Emy,; and Abs,,3) to find the global C — stat minimum
for each set of spectra in the respective energy ranges. We ver-
ified that extending the hard band range to, e.g., 12 keV to
take into account that Absjz is observed above 10 keV would
not change the MC results, as the strongest random fluctuations
always occur where the count statistic is larger, i.e., toward the
low energy boundary, between ~ 5 and ~ 7 keV. Interestingly,
this also implies that by performing the search on the full 4-10
keV band - as usually done in the literature - we tend to under-
estimate the significance of the UFO features, as by definition,
they appear above ~ 7.5 keV (see also Nardini et al. 2019).

This process maps the AC variations due to random fluctua-
tions in the simulated spectra. The MC statistical significance
(Ppc) of the emission/absorption line detections can be then
computed as Pypc = 1 — (%) where N is the number of simu-
lated spectra showing a random fluctuation larger than the one
observed in the data and S the number of simulations.

None of the realizations in the soft band show AC > 37.96
and therefore Em; has Py > 99.9%, while 2 realizations have
AC > 18.56, indicating Ppic = 99.8% for Abs;. None of the real-
izations in the hard band show AC > 22.28 and therefore Em,,;
and Abs, all have Py > 99.9% while 2 exceed AC = 16.59
and therefore Abs; has Py = 99.8%. Even the less prominent
absorption features, Abs; in the soft band and Abs; at 11 keV,
are significant at > 30 from MC simulations.

Having performed 1000 sets of simulations for the soft and
hard band, respectively, the accuracy of Pyyc is limited to the
level of 1/1000. However, significantly increasing the number of
trials to increase the accuracy of Pc is computationally pro-
hibitive due to the quite complex baseline model, the simulta-
neous fit of five different spectra, and the need to sample two
different energy ranges.

Appendix C: Tests on E,; measurements

For the spectral fits performed in this work, we used the K8 bin-
ning that optimizes the bin size based on the spectral resolution
and the source counts available per resolution element, with the
main goal of characterizing the emission and absorption features
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observed. However, to our knowledge, this binning scheme has
never been tested for continuum parameters accuracy, with the
recent exception of Zappacosta et al. (2023) where, however, it
was tested in a completely different regime: extreme low counts
statistic and simple power-law models.

We, therefore, tested the impact of different fit statistics and
spectral binning on the continuum parameters I' and E, with
particular emphasis on the extremely low high energy cutoff
found in section 7. We computed the I" vs. E contours for the
C — stat fit on XMM-Newton, and NuSTAR spectra binned to 5
counts per bin, and for y? fits on spectra binned to 20 and 50
counts per bin. As can be seen in Figure B.1, the results are sta-
ble, independently of the binning scheme and statistics adopted
for the fit. We also tested the impact of including the energy
ranges 20-30 keV and 20-50 keV, where the NuSTAR spectra
are background-dominated but where some source signal is still
present. Once again, the results are stable, with E¢ in the range
25 — 30 + 10 as for the fit limited to 20 keV observer-frame.

Finally, we tested a posteriori the impact of the empirical
correction of the EPIC effective area introduced in a 2022 EPIC
calibration Technical Note® to improve the cross-calibration in
the hard band (~ 6 — 10 keV) between XMM-Newton and NusS-
TAR. The updated ARF calibration - which translates into an
increase by a factor up to 8% in the 9-10 keV band - has the effect
of reducing the discrepancies between XMM-Newton and NusS-
TAR photon index and E., in particular yielding slightly higher
I' and E . values in the joint fits of XMM-Newton and NuSTAR
spectra of a sample of local AGN (Kang & Wang 2023). We,
therefore, re-extracted the EPIC spectra with the newest calibra-
tion files and the parameter applyabsfluxcorr set to yes in
the arfgen tool and recomputed the best-fit values for the dif-
ferent models described in 4. Given the data quality available
for our target and its complex spectral shape, however, the small
differences in the EPIC responses do not significantly affect our
results, and the updated best-fit values are fully consistent within
the error bars, with the results reported in the main text.

> https://xmmweb.esac.esa.int/docs/documents/
CAL-TN-0230-1-3.pdf
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