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Introduction

I.1 Active Galactic Nuclei

Active Galactic Nuclei (hereafter AGN) appear as bright point sources located in the center
of galaxies. In galaxies hosting an AGN (at least 17% of galaxies in optical spectroscopic
surveys,|Ho et al.|1997} Carter et al. 2001, Miller et al.[2003) the luminosity of the point-like
nucleus (10* —10* erg s~!) always dominates over the starlight luminosity of the entire
galaxy by at least an order of magnitude.

The emission of radiation from AGN covers the entire electromagnetic spectrum, from
radio to gamma-ray energies. It is understood that the primary source of energy em-
powering this enormous release of radiation is the gravitational infall of matter onto a
supermassive black hole (hereafter SMBH), with a mass ranging from 10° up to a few 10°

M. This is in fact the most efficient way in nature of extracting energy from matter. For
instance, in the case of gravitational accretion onto a fast rotating black hole, the rate of
conversion of matter into energy can be up to ~30% (e.g., Bambi|2012). For comparison,
the efficiency of nuclear fusion of hydrogen is only ~0.7%.

The AGN taxonomy is wide. For historical reasons, local AGN (at redshift z<0.1) are
referred to as "Seyfert" galaxies, while more luminous (with a bolometric luminosity

Lio 2 10%erg s7!) and distant AGN are more often named as quasars. In the optical AGN
are divided into two main classes. The so-called type 1 AGN show broad (BL, with a full
width at half maximum FWHM> 1000 km s™!) and narrow (NL, FWHM<500 km s~!) emis-
sion lines in their spectrum, while in type 2 AGN, only NL are present (e.g., Netzer|1990).
About ~15-20% of quasars are ~100 times brighter at radio than at optical wavelengths
(Kellermann et al.{1989). Differently from most radio-quiet AGN, these radio-loud AGN
show ~kpc extended lobe of radio emission (e.g., Centaurus A, [Israel|1998).

In the ’90s a simple explanation that unified AGN phenomenology was put forward. This
so-called "Unified Model" (Fig. [.1JAntonucci[1993, [Urry & Padovani[1995) in its basic
prescription is still valid today. We give here a brief overview of the basic features of the
Unified Model, while in Sect. [L.1.1}-Sect[[.1.5|we summarize in detail the different regions
of the AGN.

It is believed that the matter falling onto the SMBH forms a thin accretion disk around
it, which emits thermal radiation mostly at optical/UV wavelengths. In the innermost
AGN region, close to the SMBH, resides a corona of hot electrons, which Compton up-
scatters the disk radiation to X-ray wavelengths. The UV-to-X-ray radiation produced
in the nuclear region photoionizes the ambient gas. The circumnuclear ionized gas is
thought to be distributed in two main regions. The fast moving gas in the so-called Broad
Line Region (BLR), which is located in the vicinity of the nucleus is thought to produce
the BL. On the other hand, the gas producing the NL is distributed in a roughly conical
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Figure I.1: Sketch of the standard Unified Model for AGN, not to scale. The different AGN regions
are labeled. The presence of an optically-thick torus determines an anisotropic obscuration of the
nuclear region. From|Urry & Padovanil (1995).

Narrow Line Region (NLR) located farther from nucleus. The key ingredient of the Unified
Model is an optically-thick torus, which prevents a direct view of the nucleus and of the
BLR to equatorial observers. In this framework, the type 1/ type 2 bimodality is readily
explained as an orientation effect. Namely, type 1 AGN will be those which are viewed
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from a polar line of sight that does not intercept the obscuring torus. In radio-loud AGN
the radio emission is due to a collimated jet of relativistic electrons that emits synchrotron
radiation. The jet is absent in radio-quiet AGN.

This general picture of AGN anatomy is supported by solid observational evidence. For
instance, the idea that an accretion disk surrounding a SMBH is present in AGN is strongly
supported by the observations of relativistically broadened iron emission line in AGN X-
ray spectra (see Reynolds & Nowak|2003, for a review). The line is thought to be produced
by reflection (i.e. back-scattering) of the X-ray radiation coming from the hot corona near
the disk. The observed line profile (e.g. in the prototypical case of MCG-6-30-15, Tanaka
et al.|1995) is explained if both the relativistic Doppler distortion due to the orbital motion
of the disk material around the black hole, and the gravitational redshift of the SMBH
field (i.e. “clocks near black holes run slowlier”) are considered.

A proof that the BLR gas is orbiting in the gravitational field produced by a SMBH is
offered, for instance, by the so-called reverberation mapping (Peterson & Horne|2004).
This consists in measuring the time delay after which a BL responds to changes of the
optical/UV continuum. If interpreted as light-travel time (7;1 ~ r/c, where c is the speed
of light), this delay is a measure of the radius r at which the line is produced. This allows
to directly measure the mass M of the SMBH assuming that the line width AV is simply
due to Keplerian motion (AV2 ~ M/r).

Finally, a quite convincing evidence in favor of the Unified Model has been the discovery
of polarized broad emission lines in e.g., the prototypical Seyfert 2 NGC 1068 (Antonucci
& Miller|1985). This indicates that, although not visible, a BLR is still present in obscured
AGN. The optical polarization of type 2 AGN, being perpendicular to the main source axis,
is explained if the radiation coming from the BLR is scattered in our line of sight by free
electrons located in a conical region along the pole of an obscuring torus coaxial with
the source. Indeed, in this configuration, the torus prevents a direct view of the nuclear
region and, at the same time suppresses the scattered light in a significant range of angles.

I.1.1 The accretion disk

The matter falling onto the central SMBH, before disappearing beyond the event horizon,
orbits around it and forms an accretion disk. The inner radius of the disk R;, is nominally
set by the radius of the innermost stable circular orbit (Rjsco) of a test particle in the space-
time metric around the black hole. Thus, ultimately, it depends on the black hole mass M
and on its spin (Carter|1971). The same holds for the accretion efficiency 1 = Ly, /M c?
(where Ly, is the bolometric luminosity of the disk and M is the mass accretion rate).
Theoretical calculations in a general relativity framework predict that the accretion disk
around a classical, non rotating, Schwarzschild black hole starts at 6R, (where Ry =
G M /c? is the gravitational radius) and has an efficiency 1 = 0.057. When the black hole
spin is included in the computation the Kerr metric has to be used. For a rotating Kerr
black hole, Rjscq decreases steeply as the spin increases, while the efficiency increases.
For an asymptotic, maximally rotating black hole R, = 1R, and 1) = 0.42 (e.g., Bambi
2012).

For a typical AGN hosting a black hole of 108 M, Ry is of the order 107> pc, which means
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that the inner radius of the disk lies at a distance of a fraction of light hours from the black
hole. At large radii the disk self gravity becomes important and the disk is unstable to
self-fragmentation (Toomre|1964). This self-fragmentation radius, which is of the order
~10* Ry = 0.1 pc for a black hole mass 10® M, nominally defines the outer boundary of
the disk.

At first approximation, the spectrum emitted by the accretion disk is modeled well by the
classical Shakura-Sunyaev model of a geometrically-thin, optically-thick disk (Shakura
1973). This ideal disk emits a blackbody-like spectrum which is obtained by integrating
the blackbody spectrum of a thin disk annulus over the radial temperature profile of the
disk. The latter scales with the black hole mass as M~/4, which means that disks around
lighter black holes are hotter and emit at shorter wavelengths (see e.g., Peterson(1997).
For instance, the accretion disk around ~ 102 Mgblack hole radiates predominantly in
the far UV part of the spectrum, while for ~ 108 Mblack hole the peak of emission is in
the extreme UV. Conversely, for stellar-mass black hole of few M, the peak of the disk
emission is in the X-ray band.

I[.1.2 The hot corona

The blackbody emission of the disk declines towards X-ray energies. The X-rays at energies
above ~2.0 keV are thought to originate in a hot tenuous plasma which probably resides
in the inner part of the accretion flow (Haardt & Maraschif1991). The X-ray emission is
produced via inverse Compton scattering of the disk-photons by the hot electrons of this
corona. The resulting X-ray spectrum has a power-law shape with an exponential cutoff
at high energies. The electron temperature of the corona (kT=20-100 keV) can be directly
obtained by simultaneously measuring the slope and the high energy cutoff of the hard
X-ray power law (see Malizia et al.[2014). On the other hand, observationally probing
the location and the geometry of the X-ray emitting region is challenging (but see Reis
& Miller|2013} and references therein). Recent results of X-ray spectral-timing analysis
of AGN set the distance between the corona and the accretion disk to be in the 1-10 R,
range. Moreover, the rapid variability of the hard X-ray emission of AGN suggests that
the corona is compact in size. Indeed, in a few gravitationally lensed quasars, the size of
X-ray emitting region has been measured to be of the order of ~10 gravitational radii.

I.1.3 The line emitting gas

Emission lines from a variety of ionized species and with a bimodal line width (where the
BL have a FWHM up to ~ 10* km s~'and the NL of the order of 10! km s™!) are observed
across the electromagnetic spectrum of AGN. Broad Balmer hydrogen lines are prominent
in the optical spectrum of type 1 AGN (Sulentic et al.|[2000), while the UV band covers
the transitions from the hydrogen Lyman series (Scott et al.[2004) and from more highly
ionized carbon, nitrogen, and oxygen species (e.g., C1v, Bachev et al.|2004). Later, broad
lines from e.g., O viI, Ne IX, have were also detected in the X-ray (Costantini et al.[2007,
Detmers et al.[2011).

Conversely, NL are present in the spectra of both type 1 and type 2 AGN. In the optical
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band, a narrow [O 111] AA5007, 4959 A doublet is typically seen. In the UV and in the X-ray
spectrum of type 1 AGN NL are often difficult to be disentangled from either the prominent
BL or the bright continuum. However, in some cases, a temporary low X-ray continuum
allows the detection of a rich spectrum of X-ray NL, of which the O viI forbidden line is
usually the most prominent line. (e.g.,[Whewell et al.[2015).

Photoionization is the most likely source of line excitation for the AGN circumnuclear
gas (see Netzer|[2008, for a review). A direct evidence in favor of this is, for instance
the correlated line and continuum variations observed during reverberation mapping
campaigns of Seyfert galaxies. Photoionization equilibrium (i.e. the balance between
the ionization and the recombination rate) is reached at temperatures of the order ~ 10*
K for a wide variety of astrophysical plasmas. The temperature of the line-emitting gas
in AGN can be directly estimated using the measured ratios of the strengths of emission
lines with different upper levels (Osterbrock(1989), such as [O 111] [I(14959) + I(A5007)] /
I(A4363). These measurements usually indicate a temperature typical of photoionization
for the NLR gas.

Despite being both dominated by photoionization, under other respects the BLR and the
NLR are two different gaseous environments. The absence of strong broad forbidden lines
indicates that the gas in the BLR must have a density of the order of atleast ~ 108 cm™3. This
is the critical density above which the [O 111] forbidden line is collisionally suppressed. The
geometry, the kinematics and the ionization conditions of the BLR gas can be probed using
reverberation mapping techniques and photoionization modeling. The BLR size that is
deduced from measurements of reverberation lags of e.g. the Hg line ranges between 10
and 100 light days (Peterson et al.[2004). Interestingly, the inferred BLR size correlates
with the AGN optical luminosity as ~ L7 ' (where Ls, is the luminosity at 5100 A, see
Kaspi et al.[2000). This matches qualitatively with what is expected in a photoionization
scenario, where the luminosity of the ionizing source regulates the size of the zone of
ionized gas. High ionization lines are found to respond to continuum variations faster
than low ionization lines, which indicates that the BLR gas is stratified in ionization. The
spatial distribution of the line emission in the BLR has been modeled using the LOC
(locally optimally emitting cloud, Baldwin et al.|1995) approach. This model is based on
the idea that line-emitting clouds of gas of various density are distributed around the
nucleus. Emission of a particular line comes predominantly from a location where clouds
with optimal conditions for the emission of that line reside. The LOC model has been
used to successfully model the optical and UV BLR (Korista et al.[1997, |[Korista & Goad
2000) and more recently, in a few cases, (e.g./Costantini et al.[2007) it has been extended
to the X-ray BL.

In contrast to the BLR, the NLR does exhibit the [O 111] forbidden transition which indicates
a lower density of the emitting gas (n = 10® —10°cm™3, see a review from Netzer|1990).
Another difference is that the NL are not observed to vary, even in sources undergoing
drastic continuum changes. This suggests that the NL are emitted at larger distance from
the center and that the NLR itself is spatially extended. Indeed, in nearby Seyfert 2 the NLR
is spatially resolved and can be directly imaged (e.g., Circinus, Wilson et al.[2000, NGC
1068, Pogge|1988) . These studies indicate a conical geometry for the NLR gas, extended
up to distances of the order of ~100 pc. The NLR is a complex gaseous environment, and
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a LOC photoionization modeling is required to account for the observed properties of
the optical/UV NLR (Ferguson et al.[1997). Concerning the X-ray NL, Bianchi et al.| (2006)
found that a density profile scaling like ~ r2 is required to reproduce the observed [O 111]
to soft X-ray ratio observed in spatially resolved X-ray and optical images of the NLR in
nearby Seyfert 2. For a tentative optical-to-X-ray photoionization modeling of the NLR in
a nearby quasar see chapter/[l}

I.1.4 The obscuring torus

A toroidally-shaped, dusty structure screening the central engine on the equatorial line of
sight was firstly invoked in/Antonucci (1993) to account for the observed type 1-type 2 AGN
bimodality. The toroidal geometry of the obscuring medium was initially inferred from
the observed optical polarization of type 2 AGN. The measured polarization angles can be
explained by the presence of an absorber preventing the nuclear light to be scattered in a
significant range of angles. A torus shape is the simplest configuration which achieves this
effect. The observed biconical geometry of the ionized gas in NLR, that is not obscured
by the torus, is also naturally explained in this geometrical configuration.

In the context of the Unified Model, the location of the inner edge of the torus, nominally
separating it from the BLR, can be set by the dust sublimation radius beyond which
dust grains can survive the AGN radiation field. This is ultimately regulated by the AGN
luminosity (e.g., Krolik & Kriss|2001). Thus, it is at ~sub-pc scales in Seyfert objects and at
~pc scale at quasar luminosities.

Probing the location and the detailed geometry of the obscuring material in AGN is a
crucial test for the current theoretical paradigm.

The dust in the torus absorbs the AGN X-ray/UV radiation and re-emits thermally at
infrared wavelengths. The K band wavelength (~2.2um) is close to the peak emissivity
of the hottest dust. Thus, in this band, the reverberation lag technique probes the torus
inner boundary (Suganuma et al.|2006} |[Kishimoto et al.|2007, Koshida et al.[2014} Pozo
Nufiez et al.2014). The time-lags measured in these experiments, which were successfully
carried out for a handful of medium-to-low redshift AGN, are a factor 3-4 larger than
those found in the optical for e.g. the HfB broad emission line. This indicates that the
BLR is limited in size (Landt et al.|2014) by the inner wall of the torus, which is in good
agreement with the Unified Model.

Atlonger, mid-infrared (MIR) wavelengths (8-13 um), colder dust can be probed. Recently,
thanks to the significant improvements in the long-baseline IR interferometry offered
by the ESO MID-infrared interferometric instrument (MID], see e.g., Jaffe et al.|2004,
Burtscher et al.|2013) and the Astronomical Multi-BEam combiner (AMBER, see e.g.,
Weigelt et al.[2012), it has become possible to map the distribution the of MIR-emitting
dust with an unprecedented spatial resolution of the order of few milliarcseconds. For a
few well observed nearby sources, the detailed geometry of the dust emission could be
revealed. For instance, Tristram et al.| (2014) modeled the emissivity map of Circinus in
three MIR bands. Roughly 20% of the MIR flux is emitted by a thin, centrally located, 1 pc
large, disk like structure while the bulk (~80%) of the MIR emission comes from a second,
thicker component, elongated along the polar direction. A somewhat similar structure
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has been observed also in two other type-2 AGN (NCG 1068 Raban et al.[2009, and NGC
424. Honig et al.[2012) and in the type-1 source NGC 3783 (Honig et al.|2013). Moreover,
18 out 123 sources in the/Asmus et al. (2016) sample show clear indication of an elongated
MIR morphology, and it is argued that this detection rate is artificially lowered by e.g., the
lack of sufficient high-quality datasets in the sample.

These findings challenge the simple torus paradigm of the Unified Model. While the hot,
NIR-emitting dust may indeed be confined in a central small equatorial torus, much of
the cooler dust may reside in an extended region having an elongated geometry and,
possibly, a different dynamic (e.g., a wind, as argued in|Honig et al.[2012}2013).
Indications for a more complex geometrical distribution of the obscuring material in
AGN are provided also by studies the X-ray band (see|Bianchi et al.|2012, and references
therein). Recent results from X-ray variability studies indicate that some cold obscuring
material, likely in the form of clumps, is present within the dust sublimation radius also in
optically unobscured type 1 AGN (see Sect].3.2). These findings are naturally explained
in the context of new theoretical models of non-uniform clumpy tori (Elitzur & Shlosman
2006} Nenkova et al.2008, Honig & Kishimoto2010). These models are promising because
as well as accounting for the time-variable X-ray obscuration, they also reproduce better
the IR SED of both type 1 and the type 2 AGN over the full range of IR wavelengths covered
(Nenkova et al.|2002).

In a clumpy torus framework the BLR, and the dusty torus are part of the same clumpy
medium which decreases in ionization as the distance from the center increases. In
this context, the AGN classification must be reinterpreted. The degree of obscuration
is determined not only by the observer’s viewing angle, but also by the cloud number
density on the equatorial plane. When the cloud number density is low, the source may
appear as an unobscured type 1 AGN even to equatorial observers.

All in all, while the classical model of a uniform axysimmetric torus has been proven to
be inadequate by these, and others pieces of evidence, a new paradigm is far from being
firmly set (see |Netzer|2015, and references therein). The nature of the AGN obscurer
remain uncertain and a comprehensive picture of how it forms, evolves and remains
stable over a long period of time is still missing.

I.1.5 The relativistic jet

The synchrotron radio emission from a jet distinguishes radio-loud from radio-quiet AGN.
Radio-quiet AGN are not always radio-silent, as in some cases they show evidence for
weaker radio lobes (Panessa et al.|2014). For an overview of the observational properties
of AGN jets see Hardee|(2008). For the purpose of this thesis, it is important to clarify the
difference between AGN jets and winds (see e.g.,[Konigl|2006). A jet is a highly-collimated
flow of relativistic particles, which emits non-thermal radiation. On the other hand, winds
are less collimated flow of ionized gas, identified by their thermal emission signatures. The
outflow velocity of a wind, even for the fastest cases, is always sub-relativistic (v, < 0.1c¢).



8 Rationale of this thesis 12

[.2 Rationale of this thesis

The Unified Model has been an ambitious attempt of explaining a vast observational
taxonomy using a small number of physical parameters. Namely, the source inclination
with respect of the observer line of sight determine the detectability of the nucleus and
of the optical/UV/X-ray BLR, while the presence (or the absence) of a jet determine the
AGN radio-loudness (or quietness). Undoubtedly, this model has enabled a significant
progress in our understanding of the AGN phenomenon. Nevertheless, some questions
remain open (see e.g.,[Beckmann & Shrader|2012).

In this thesis we use X-ray spectroscopy to characterize the central engine and the circum-
nuclear environment in some nearby AGN. Using high-resolution X-ray spectroscopy; it
is possible to probe the physical conditions in the absorbing/emitting photoionized gas
surrounding the black hole. This ionized material is often found to be part of a fast outflow.
As we shall see, AGN winds are theoretically expected to have a profound impact on the
surrounding galactic environment. For this reason, the possible impact of winds beyond
the AGN boundary is currently a matter of investigation in observational astrophysics.

I.2.1 The role of winds in shaping the AGN environment

A potentially crucial additional ingredient in the AGN science is a wind energized by the
black hole activity and interacting with the interstellar medium of the host galaxy.

From a theoretical point of view there are reasons to expect an important wind component
in AGN. For instance, accretion disk winds of various kinds have been invoked in models
for the formation of the jet (e.g., Blandford & Payne|1982) and of the torus clumpy medium
(e.g., [Elitzur & Shlosman|2006). It is also straightforward to prove that the AGN activity
must somehow regulate the star-formation in the host galaxy. Indeed, a tight correlation
between the mass of the central black hole and the stellar mass of the galactic bulge (the
so-called M-o relation, Merritt & Ferrarese{2001) holds. This relation naturally follows as a
consequence of the so-called AGN feedback scenario. Detailed numerical simulations of
the galaxy/black hole coevolution (Di Matteo et al. 2005} |Scannapieco & Oh|2004, Sijacki
et al.[2007, Hopkins et al.|2008} [Hopkins & Elvis[2010) show that the energy output from
the accreting SMBH results in powerful gas outflows. These winds effectively deplete the
galaxy of its cold gas, thereby halting the star formation and preventing further black hole
growth.

An accretion disk around a black hole can launch a wind, provided that either the gradient
of gas pressure (thermal driving), or the radiation force (radiative driving) or the Lorentz
force (magnetic driving) overcomes the gravitational force (see|Proga|2007, for a review).
Radiatively and magnetically driven disk winds are theoretically expected to reach the
highest terminal velocities, of the order 10* km s~ (Proga et al.|2000, [Everett|2005). Fast
disk winds are able to drive a large-scale outflow in the ISM of the host galaxy provided
that energy is conserved in the wind-ISM interaction, i.e., that the shocked hot ISM does
not radiatively cool on a timescale shorter than its flow time (King & Pounds|2015, and
references therein). The large-scale outflow is able to clear up a galaxy of its gas as required
in the AGN feedback scenario.
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Outflows of different kinds are observed across the electromagnetic spectrum of AGN,
from X-ray to radio wavelengths. Observations in different bands probe outflows in dif-
ferent phases, from the highly-ionized gas to the cold, molecular, gas. However, so far,
observations of AGN outflows have not yet provided a firm confirmation of the AGN
feedback scenario, nor have allowed to definitively discriminate between different wind
driving mechanisms.

In the X-rays two classes of highly-ionized gas outflow are probed. The so-called ultrafast
outflows (UFO) are highlighted by blueshifted absorption lines from the most highly-
ionized iron species (Fe xxv-Fe xxv1). These highly-ionized winds reach mildly relativistic
velocities (of the order ~0.1 ¢) and are believed to be accelerated out of the accretion
disk, possibly via magnetic driving (Tombesi et al.|2012). Conversely, the so-called warm
absorbers (WA, see Sect. [L.4|for a detailed description) can be detected in both the X-ray
and the UV band via narrow absorption lines (NAL) of several ionized species of e.g., Fe,
Si, Mg, O, N, and, C. These are more gentle winds reaching velocities of the order of few
thousands km s™!.

An interesting class of AGN showing outflows in the optical/UV band are the so-called
broad-absorption line quasars (BAL QSO, see(Hamann & Sabral2004|for a review). These
sources display broad (with a typical width of 10* km s™!) absorption troughs due to reso-
nant transitions of ionized metals e.g., C1v, Nv, O vI, Si1v, which are strongly blueshifted
(from few 1000 to few 10000 km s™!) with respect to the source systemic velocity. In-
terestingly, in some cases the X-ray spectrum of BAL QSO requires a partially covering
or ionized X-ray absorption, which can be variable on timescales as short as few hours.
These UV/X-ray properties are consistent with the picture of a nuclear wind (e.g.,|Giustini
et al.[2015).

At optical wavelengths, large scale (~ kpc, Harrison et al.2014) galactic winds are revealed.
Indicators in the optical band can probe the mildly-ionized, neutral, and dusty compo-
nent of galactic outflows (Rupke & Veilleux|2013). These winds can in principle be driven
by the stellar winds and supernovae generated in a powerful starburst or by the AGN
activity or by a combination of the two. However, the high-velocity winds observed in
QSO0 hosts (up to few thousands km s™) are difficult to be produced from a starburst
alone (Rupke & Veilleux|2013).

In the infrared and in the submilimeter, transitions from a plethora of molecular species
(e.g., OH,|Sturm et al.|2011|and CO, |Cicone et al.|2014) highlight massive outflows of cold,
molecular gas. This phase of the outflow carries the largest amount of mass away from
the galaxy and thus provide the most effective feedback. For instance, in the best-studied
case of Mrk 231, the giant molecular outflow seen in CO (Feruglio et al.)2010), OH (Fischer
et al.[2010), HCN, HCO+, HNC (Aalto et al.|2012), and, water vapor (Gonzalez-Alfonso
et al.|2010) has been shown to be able to expel the cold gas reservoir of the galaxy in about
107 yr (Feruglio et al.|[2010).

Recently, in two notable cases (IRAS-F11119+3257 Tombesi et al.[2015/and Mrk 231 |Fer
uglio et al.|2015), a nuclear UFO of highly-ionized gas and a galactic molecular outflow
have been simultaneously observed. The energetics of these flows are consistent with a
picture where energy is conserved in the wind/ISM interaction.

Finally, in the radio band outflows of neutral gas, with velocity ranging from few hundreds
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Figure I.2: Spectral components of the AGN continuum in the X-ray band. The most relevant
spectral features are labeled.

up to a few thousands km s™! have been discovered in a handful of radio-loud objects
using the H1-line and/or the carbon monoxide (CO) transitions as tracers (see Morganti
2015, and references therein). In the best studied case (4C 12.50 Morganti et al.[2013),
the Very Large Baseline Interferometer (VLBI) has imaged the H1 outflow to be located
off-nucleus, in a region of bright radio emission due the ongoing jet-ISM interaction. This
proves that, in the case of radio-loud AGN, the activity of the jet is able to drive an outflow
in the ISM of a galaxy (Wagner & Bicknell[2011, Wagner et al.[2012).

I.3 The broadband X-ray spectrum of AGN

Currently, the leading missions dedicated to X-ray astronomy are the ESA satellite X-ray
Multi Mirror (XMM-Newton) and the Chandra satellite of NASA, that were both launched
in 1999. Both these spacecrafts are equipped with X-ray detectors based on CCD technol-
ogy (e.g., the EPIC camera|Striider et al.2001, Turner et al.[2001)on board XMM-Newton
and the ACIS detector on board Chandra), which are sensitive to X-rays in the 0.3-10.0
keV band. It is common in the terminology of X-ray astronomy to divide this bandpass
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into a soft and a hard band, below and above 2.0 keV, respectively. With these non disper-
sive instruments, especially with the XMM EPIC-pn which has a highest effective area
among the current X-ray detectors, a low-resolution (e.g., for the EPIC-pn the spectral
resolving power is R=20-50) but broadband spectroscopy of astrophysical sources can
be performed. This is ideal, for instance, for accessing the physics producing the AGN
continuum emission. Recently, the launch of the Nuclear Spectroscopic Telescope Array
(NuStar, Harrison et al.|2013), which is the first X-ray telescope capable of focusing the
hard X-ray light up to ~80 keV, has expanded the high quality coverage of X-ray band to
above ~10 keV. As we shall see important features of the AGN continuum are expected in
this energy range.

I.3.1 The X-ray spectral continuum

In Fig. |2} we show the typical X-ray spectrum of a type 1 AGN, cleaned from any absorp-
tion. This is a rather idealized case since the spectrum is often modified by absorption
from both neutral and ionized gas along the line of sight. However, for clarity, we illustrate
at first the spectral components of the intrinsic AGN continuum and hence in Sect.
and in Sect. [[.4]we describe the effects of cold and warm absorption on the spectrum,
respectively. The knowledge of the continuum shape, especially in the soft X-ray band
where most of the absorption features fall, is crucial for a correct absorption estimated.
As shown in Fig. three main spectral components are typically needed to account for
the X-ray continuum across the 107!-10% keV band. There is a general consensus about
the origin of the X-ray emission above ~2.0 keV. In this spectral range the emission is
dominated by the Comptonized radiation of the hot corona (Sect. [[.1.2). The predicted
power-law shaped spectrum provides a good fit for both Seyfert and quasar objects. Typi-
cal spectral slopes range between I' = 1.6 —1.9 (e.g.,|Bianchi et al.[2009} [Piconcelli et al.
2005), with possible subtle differences between the quasar and Seyfert population. Re-
cently, the advent of NuStar has opened the possibility of measuring the high-energy
cutoff of the AGN X-ray continuum with an accuracy never achieved before (of the order
of 10% in the best constrained cases, e.g.,[Brenneman et al.2014, Marinucci et al.[2014a).
The knowledge of both the spectral slope and of the cutoff energy allows to directly access
the corona physical parameters (the temperature kT and the plasma optical depth 7).
A prominent iron line emerging over the X-ray continuum is ubiquitously detected in
AGN. On average, the line peaks at the energy expected for the Ke transition of neutral
iron (~ 6.4 keV) and has an ubiquitous narrow profile (Jiménez-Bailon et al.|2005, |Corral
et al.|2008, |Bianchi et al.|[2009), which is barely resolved by current grating spectrome-
ters (Yaqoob & Padmanabhan|2004). In some cases, a broad component (e.g.,[Nandra
et al.[2007) can be disentangled from the narrow core. Reflection of the disk radiation
in some neutral distant material (e.g., the obscuring torus, [Matt et al.[1991) is a likely
origin for the narrow core of the line. Conversely, the broad component may result from
reflection by the disk material (Fabian|2006) or, sometimes, may be partially ascribed
to the line-emitting gas in the BLR (e.g., Mrk 279, |Costantini et al.[2010). For genuine
disk-lines, relativistic effects may significantly affect the line profile (seeMiller|2007, and
references therein). Reflection processes produce also a continuum emission due to
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electron scattering. The contribution of this reflected continuum to the total AGN X-ray
spectrum becomes significant at hard energies. Indeed, if reflection occurs in a Compton
thick material ( Ny > 10%* cm™2), a broad hump is expected at 30-40 keV (Murphy &
Yaqoob|2009).

In the majority of type 1 AGN, the combination of a primary and a reflected continuum is
not sufficient to account for the emission at energies below ~2.0 keV. At these energies
a broad excess, which can be phenomenologically modeled as a blackbody at tempera-
tures of the order of ~150 keV (e.g., Piconcelli et al.|2005), is often seen. This so-called
soft-excess (Singh et al.|1985) cannot be ascribed to the accretion disk, because the Wien
tail of the disk blackbody emission is not expected to be strong at soft X-ray energies (Sect.
LLI).

There is no general consensus about the origin of the soft-excess. Comptonization of
the disk photons in a warm, optically plasma is a viable mechanism to extend the disk
emission to soft X-ray energies. The Comptonizing plasma may reside in the inner regions
of the accretion disk, (Done et al.l2012) or in an extended corona located above it (Petrucci
et al.[2013).

Another possible explanation invokes reflection of the primary radiation in an ionized
disk (Ross & Fabian|2005). The soft X-ray spectrum of the reflected radiation would con-
tain a wealth of fluorescence emission lines. According to this so-called light-bending
model, in the case of disk reflection, the strong gravity in the vicinity of the black hole
smoothen these lines in a pseudocontinuum, thereby creating the observed excess. A
rapidly spinning black hole is often required in this model to justify the extreme relativistic
blurring (e.g.,Crummy et al.[2006).

Finally, other authors (Turner et al.[2009) have proposed that the soft X-ray spectrum of
AGN is dominated by absorption in a patchy medium, which partially covers the source.
As a consequence of the partial-covering, there is a leakage of flux at lower energies that
modifies the continuum slope. This absorption may arise for instance in a clumpy disk
wind, located within the BLR.

X-ray spectral fitting alone is not sufficient to distinguish among these models. Even in
high quality dataset, (e.g., MCG 6-30-15, Ballantyne et al.[2003} [Miller et al.[2008) models
with drastically different physical assumptions are equally able to account for the observed
spectral shape. Complementary experiments, exploiting for instance the informations
contained in the time domain, may, in some cases provide a discriminating evidence. For
instance, during a multiwavelength monitoring campaign of the bright Seyfert 1 Mrk 509,
the UV flux followed the variability of the soft-excess (Mehdipour et al.2011). This is easily
interpreted as a Comptonization framework, where the optical/UV disk photons directly
feed the Comptonizing the corona. A reflection scenario would more naturally predict a
correlation between the soft-excess and the hard X-ray flux above ~10 keV, because of the
Compton reflection hump expected at ~ 30 keV. This correlation is absent in the Mrk 509
case.

On the other hand, recent observations of short time lag between variation in the soft
X-ray band with respect to the hard X-ray band (De Marco et al.[2013) have been success-
fully explained in a reflection based scenario (Fabian et al.|2009, Cackett et al.|2013).
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I.3.2 X-ray variability

AGN are variable X-ray sources. For instance, early on it was noticed (Matt et al.[2003)
that the spectra of some type 2 AGN taken at different epochs show drastic changes in
both flux and spectral shape. Prompted by this finding, in the last ten years many studies
have been dedicated to AGN spectral variability and a rich phenomenology has emerged.
Spectral variations have been observed on timescales ranging from few hours up to few
years, in both type-2 and type-1 AGN. This is often ascribed to a variable absorption of
the X-ray radiation along the line of sight. For instance, on these timescales many type 2
AGN (e.g., NGC 7582, Piconcelli et al.[2007, UGC 4203, Risaliti et al.|2010}, and, NGC 454
Marchese et al.[2012) have been observed to change look, switching from a Compton-
thick state ( N >10%* cm™2) to Compton thin state ( Ny < 10?* cm™2). Variations in the
absorbing column density and/or covering fractions have been observed also in some,
on average unobscured, type 1 sources. (e.g., NGC 4151, |Puccetti et al.2007, 1H 0557-385,
Longinotti et al.|2009, and, SWIFT J2127.44-5654, Sanfrutos et al. 2013|) This ubiquitous
rapid variability suggests that some cold X-ray absorbing material must be present in
the vicinity of the central engine, even in optically unobscured AGN (Bianchi et al.|2012).
This material is probably patchy and may belong to the BLR itself or to a clumpy torus
extending inward beyond the dust sublimation radius (Miniutti et al.[2014).

The clumpy nature of the absorption is unambiguously witnessed by recent observations
of rapid occultation and de-occultation of the X-ray source. For instance, in the best
studied Seyfert 1.8 NGC 1365, a 10-hours long eclipse has been observed (Risaliti et al.
2009). Assuming a simple picture of a cloud orbiting at Keplerian velocity, the observed
crossing time of the line of sight implies that the cloud is moving at v > 10* km s™! ata
distance of ~ 10* R, from the nucleus. In this scenario, the inferred physical properties of
the cloud (physical size of the order of 10'® cm and density of 101°-10'! cm™3) are typical
for the BLR material. The case of Mrk 766 (Risaliti et al.|2011) indicates that eclipsing
events occur also in type 1 sources. For instance, a systematic search for eclipse events
in the vast archive of AGN light curves of the Rossi X-ray timing explorer (RXTE) has
encountered eight objects with multiple events (Markowitz et al.[2014).

The variable absorption can coexist with relativistic disk reflection (e.g., NGC 1365, [Risaliti
et al.[2013, and MCG 6-30-15Marinucci et al.2014b) or with a Comptonized soft-excess
(e.g., NGC 5548, Mehdipour et al.|2015). In a disk reflection scenario, a variety of possible
spectral appearances are predicted as the geometry of the disk-corona system changes
(Miniutti & Fabian|2004). Namely, when the primary X-ray emitting spot migrates closer
to the black hole, because of the stronger gravity, the radiation will be focused down to
the disk, without reaching the observer. In the most extreme conditions, a low-flux, flat
spectrum is predicted. For the case of e.g., Mrk 335 (Wilkins & Gallo|2015), the variable
light bending may be alone sufficient to explain the spectral history of the source. In
this context, in chapter 2| we test the light-bending model against a scenario based on
Comptonization and variable absorption for the long-timescale variable X-ray spectrum
of the bright Seyfert 1 1H 0419-477.

The analysis reported in chapter[3|of this thesis is related to the dramatic spectral changes
that we witnessed in 2013, during an optical/UV/X-ray/gamma-ray observational cam-
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paign dedicated to the prototypical Seyfert 1 NGC 5548. The coincidence between this
historical spectral transition and our monitoring campaign provided a unique opportunity
to investigate the cause of this unusual event. During the campaign, the source was ~25
times weaker at soft X-rays than the long-term average, while behaving almost normally
at energies above ~2.0 keV. At the same time, in the UV it shows broad absorption troughs
in the blue wings of e.g., the Lya, C1v, and NV, broad emission lines, that were never
present before. In|Kaastra et al.|(2014) we propose that all these changes are due to the
onset of a weakly ionized, fast wind, located within or just outside the BLR, which blocks
90% of the soft X-ray flux in our line of sight. In chapter[3jwe show that the rapid variability
of this newly discovered obscurer is consistent with the picture of a patchy wind. Whether
the obscuring wind in NGC 5548 is a unique case or a common mode of AGN variability
is an intriguing question that deserves further investigations.

I.4 AGN ionized outflows

In the last fifteen years, thanks to advent of high resolution X-ray grating spectrometers,
such as the Reflection Grating Spectrometer (RGS, |den Herder et al.|2001) on board XMM-
Newton and the low/high energy transmission grating spectrometers (LETGS, |Brinkman
et al.|2000, and HETGS, |Canizares et al.[2005) on board Chandra, the field of X-ray spec-
troscopy has been revolutionized. With these instruments, an unprecedented spectral
resolving power of R=200-1000 has become available, allowing for the first time a detailed
diagnosis of the physical conditions (kinematics and ionization state) of the absorb-
ing/emitting gas in a variety of astrophysical sources.

An advantage of X-ray spectroscopy compared to other wavelengths is that a larger band-
pass is covered. Thus, numerous transitions of abundant elements such as iron, neon,
oxygen, nitrogen, and carbon can be detected in a single X-ray observation. For instance,
the Fe1 and the O 1 absorption edges from a neutral gas fall in the X-ray band. X-ray tran-
sitions from ionized gas comprises a wealth of lines and edges from both lowly-ionized
iron (Fe 11-Fe xX1V) and oxygen (O 1v-O V1), up to helium-like and hydrogen-like oxygen
(O viI-0 vii), carbon (C v—C Vi), nitrogen (N VI-N viI) and neon (Ne ix-Ne X). In 15 years
of XMM-Newton and Chandra operations, many of these transitions have been detected
both in absorption and in emission in several high resolution X-ray spectra of AGN up a
redshift z of ~0.1.

I.4.1 Warm absorber diagnostics in the X-ray and in the UV bands

A warm absorber is identified in the X-ray and in the UV spectrum of type 1 AGN via the
detection of narrow absorption lines (NAL) from several ionized species of e.g., Ne, O, Fe,
C, N, Mg, and Si. These lines are usually blueshifted with respect to the systemic velocity,
which indicates a global outflow of absorbing gas. Transitions from low ionization species
(e.g., Mg11, C11-C1v, and, Si 11-Si 111) are seen in the UV. Conversely, high ionization species
(e.g., Nex-Nex, and, O vii-O viiI) produce only X-ray features. Ions like e.g., O vi, which
produces features in both bands, are suitable to investigate the connection between the
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UV and the X-ray absorber.

From a single X-ray or UV spectral observation, the kinematics and the ionization condi-
tions of the gas can in principle be estimated. However, the current UV spectrometers
are sensitive to details of the velocity structure that are not resolved in the X-ray. On
the other hand, determining an accurate solution for the gas ionization parameter &
using only few UV transitions is difficult. This is not the case in the X-ray, where dozen of
transitions are typically detected. For instance, the M shell transitions from many ionized
iron species form a deep unresolved transition array (UTA) which is a typical feature of
X-ray warm absorbers. The shape of this trough is also sensitive to small variation of the
ionization parameter (Netzer2004). For these reasons, the combination of X-ray and
UV spectroscopy provides the best possible diagnostics of the physical conditions in the
outflow.

In a spectral observation, the kinematics of the gas is determined straightforwardly from
the Doppler shift of the absorption lines. Moreover, individual ionic column densities can
be readily derived from the observed depth of the absorption lines. In the UV, a velocity
dependent covering factor (Arav et al.|2002) has to be considered in the column density
determination. The global properties of the absorbing gas, namely the global hydrogen
column density Ny and gas ionization parameter £ can also be accessed by fitting the
numerous X-ray features with a synthetic model of a photoionized absorber (e.g., XABS,
Kaastra et al.[1996). In these models the ionic column densities of different elements are
linked to each other through the ionization balance prescribed by the Spectral Energy
Distribution (SED) of the source. The ionization balance is computed through a photoion-
ization code, such as Cloudy (Ferland et al.2013) or XSTAR (Kallman|1999).

Besides characterizing the physical conditions in the outflow, the aim of the study of
warm absorbers is to ascertain whether these winds are energetically important for the
AGN feedback scenario. This can also be evaluated from spectroscopic observables.
According to theoretical models, the outflow can provide an effective feedback if its kinetic
luminosity is comparable (i.e., between 0.5% and 5%, Hopkins & Elvis2010}, and references
therein) with the AGN bolometric luminosity Ly,;. The kinetic luminosity is simply given
by Liin = M v?/2, where v is the outflow velocity and M is the mass outflow rate. The
latter scales as ~ v Ny r (e.g.,/Crenshaw et al.2003b) and thus depends critically on the
distance r of the outflowing gas from the nucleus.

Moreover, it depends on the geometry of the outflow, which is difficult to determine. It is
often assumed (Blustin et al.[2005) that the outflow is a partially filled spherical shell of gas,
with an opening angle Q@ and a volume filling factor f. An average value of 2=1.6 is de-
rived assuming that 25% of AGN are type 1 (Maiolino & Rieke|1995) and that the covering
factor of these outflows is roughly 50% (Crenshaw et al.|2003b). An analytical expression
for the volume filling factor f can be derived from the prescription that the momentum
of the outflow must be of the order of the momentum of the absorbed radiation plus
the momentum of the scattered radiation. Namely, M v ~ Py + Py, = Zabs 4 Lion(] —g=71)
where L, is the luminosity absorbed by the outflow in the 1-1000 Ry range, L;,, is the
source ionizing luminosity in the same range, and 7 is the optical depth for Thompson
scattering.

Provided that the density n of the absorber is known, the distance r can be in principle
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determined from the definition of ionization parameter & = L;,,/nr? (Tarter et al.[1969).
In the UV the gas density can be in some cases directly diagnosed using some density-
sensitive lines (e.g., Si11, Sil1ll, C11, C111, and, FeI11) from collisionally-excited metastable
transitions (Bautista et al.|2009).

Alternatively, the recombination timescale of a particular ion can also be used as a den-
sity indicator, as it scales like ~ n!. This timescale can be accessed by searching for
absorption line variability in response to continuum variation and measuring the delay
(or the lack of delay) in the response of a particular line. Depending on the timescales
that one wants to test, this is feasible with either a single long observations (e.g., Krongold
et al.|2007) or extensive monitoring campaigns (e.g., Kaastra et al.[2012). When none
of these density indicators is available some milder constraints can still be put on the
gas location. These are derived from some general considerations (Blustin et al.[2005).
The prescription that the velocity of the outflow must be greater than the escape velocity

from the black hole (v > 4/ 225\/1 ) sets a lower limit for the distance. Conversely, an upper

limit of r > ]L\}“—;f, (where f is the volume filling factor) is derived if the thickness of the

outflowing shell is not greater than its distance from the center. These constraints on
the distance, although quite approximated, are in most cases sufficient for an order of
magnitude evaluation of the contribution of the wind for the AGN feedback.

1.4.2 Observed properties of warm absorbers

Ionized outflows are common in AGN. About 50% (Crenshaw et al.|2003b) of radio-quiet
Seyferts 1 host a warm absorber. Typical absorbing column densities range between
102°-102 cm~?while the observed outflow velocities are of the order of few hundreds up
to few thousands km s~! (McKernan et al.[2007). Recently, warm absorbers analogous
to those found in radio-quiet AGN have been discovered also in the X-ray spectrum of
radio-loud objects (Torresi et al.[2012}, and references therein). However, for radio-loud
objects, the statistics of X-ray WA studied at grating resolution comprises of only four
sources, including the case of 4C +74.26 that we present in Chapter 3}

In the last fifteen years UV/X-ray observational campaigns have been performed for some
nearby Seyfert 1 (Costantini|2010, and references therein) unveiling the detailed structure
of the outflow. Warm absorbers are multicomponents winds, covering a wide range in
ionization parameter and in velocity even in the same object. The combination of X-ray
and UV spectroscopy provides the complete census of the ionization and velocity compo-
nents of the outflow. Hence, the interplay between the X-ray and the UV absorbing gas
can be explored by comparing the gas kinematics and the ionic densities independently
derived in each band.

Usually at least some of the UV and X-ray components share, within the uncertainty due
to the lower X-ray spectral resolution the same kinematics (e.g., NGC 3783, Kaspi et al.
2002a, NGC 4051,/ Kraemer et al. 2012} and, Mrk 509, |[Ebrero et al.l2011). Moreover, in some
cases, (e.g., Mrk 279, Arav et al.[2007) a correspondence in the ionic column densities of
common ions is found, provided a covering factor acting in the UV band. These findings
suggest that the UV and X-ray absorber are the manifestation of the same, composite
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outflow.

Nevertheless, determining how the different gas phases are geometrically and physically
related is not trivial. From the kinematical correspondence it is often inferred that the UV
and the X-ray absorbing gas may be co-located (Ebrero et al.[2011). Some authors (e.g.,
Kraemer et al.|2012) have suggested a scenario where the UV absorbing gas is in the form
of colder clumps embedded in a flow of tenuous and more highly ionized gas. This may
be the case for the outflow in NGC 3783, where the high-ionization UV components have
been found to have pressures similar to those of the three X-ray ionization components,
(Gabel et al.[2005) which are thermally stable (Netzer et al.[2003). In other cases, the
distance estimations indicate that the highly ionized components are located much closer
to the black hole than lowly-ionized components (e.g., NGC 4593 |[Ebrero et al.[2013). This
is suggestive of a stratification of the ionized matter in the wind.

The quest of measuring the density of the absorber to infer its distance has led to many
studies of the WA variability on short timescales. Changes in the WA opacity or ionization
were observed for instance in NGC 3783 (~31 days, |Krongold et al.|2005) and NGC 4051
(few ks—few months, |Krongold et al.|2007, [Steenbrugge et al.[2009). On the other hand,
assessing the WA variability on long (e.g., ~years) timescales requires that high quality
multi-epoch spectroscopy is available, which is seldom the case. A multi-epoch study of
the WA was attempted, for instance, in the case of Mrk 279 (Ebrero et al.|2010) without
finding significant variability. A more noticeable long-term variability of the WA was ob-
served, for instance, in Mrk 335 (Longinotti et al. 2013) where the emergence of an ionized
outflow that was not historically present was observed in 2009. In this respect the WA
variability that we observed during the 2013-2014 observational campaign of NGC 5548 is
an outstanding case. We found that the WA has recombined in response to the dramatic
lowering of the ionizing flux caused by the inner obscurer that we discovered during the
campaign (Kaastra et al.|2014). Signatures of the lower-ionization WA are indeed seen
in the UV and in the X-ray spectra taken during the campaign (see|Arav et al.|2015/and
chapter[3). In most cases, obtaining accurate estimation of the location of the absorber
is not possible. Direct density indicators are rarely detected, and when available, they
constrain the location only for the specific outflow component to which they belong. So
far, density-sensitive lines have been detected in the UV in a handful of sources (Kraemer
et al.|2006, Gabel et al.|2005, Arav et al.|2015). Attempts of measuring the gas density via
the line variability have sometimes led to undetection (which implies however a robust
lower limit for the distance e.g.,[Kaastra et al.[2014, |Arav et al.|2012) or to contradictory
results (Krongold et al.[2007} Steenbrugge et al.[2009, e.g., NGC 4051). Recently,|Crenshaw
& Kraemer| (2012) have made the census of the distance estimations available so far for
the well known X-ray/UV absorbers. They found that in nearby Seyferts the absorbers
are located between ~0.01 and ~100 pc from the center, i.e., outside the BLR and inside
the NLR. This range of location is consistent with a scenario where the wind originate
via photoionized evaporation of matter off of the surface of the obscuring torus (Krolik &
Kriss|2001).

A connection between the WA and the line emitting gas in the NLR has also been sug-
gested in some cases (Behar et al.[2003, Detmers et al.[2009). However, accurate distance
estimation of the WA and detailed multiwavelength photoionization modeling of the NLR
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are needed to set a connection on a firm basis.

The kinetic luminosity carried by the warm absorber is usually modest (< 0.1% Ly,o;,|Costan{
tini[2010} and references therein). Thus, these ionized outflows are not expected to pro-
duce a significant feedback in the AGN environment. However, in a recent theoretical
modeling of the wind/ISM interaction (Hopkins & Elvis|[2010), the energy needed for
an effective feedback has been found to be an order of magnitude lower (~ 0.5% Ly,,;)
than what was previously thought (~ 5%Ly,,). Interestingly, Crenshaw et al. (2015) have
shown that the energetics of the outflow in NGC 4151, exceeds this lower benchmark if
the outflow discovered in the NLR of this AGN is summed up with the classical warm
absorber.

1.5 This thesis

In the cases of study treated in this thesis (1H 0419-577, NGC 5548, and, 4C +74.26) we
draw a geometrical picture of the AGN gaseous environment, thanks to the analysis of
the X-ray data. In each of these cases we detected an AGN outflow, with quite different
characteristics.

The main results of this thesis are the following.

e In chapter[I|we analyze the longest exposed high-resolution X-ray spectrum ever
taken of the Seyfert 1.5 galaxy 1H 0419-577. This was acquired as a part of a UV/X-ray
campaign dedicated to this source. A simultaneous optical spectrum was also used
in the analysis. We detect a thin, lowly ionized warm absorber, which is consistent
to be one and the same with a galactic scale outflow detected in the UV. This is
the first X-ray absorber ever detected so far away from the nucleus. Thanks to
the optical/UV/X-ray spectral coverage, we could also attempt a multivawelength
photoionization modeling of the narrow emission lines. The line-emitting gas is
located much closer to the nucleus, at ~pc distance. Our photoionization analysis
suggests the NLR is a complex gaseous environment, stratified both in ionization
and in density.

¢ In chapter[2]we focus on the broadband optical-to-X-ray spectrum of the same
source. We successfully model it using a Comptonization model, where the disk-
photons are up-scattered to X-ray wavelengths by two intervening layers of plasma
having different temperatures and optical depths. The X-ray photons above ~2.0
keV are produced in the classical hot, optically thin corona. Conversely, softer X-ray
photons are produced in an another corona, which is warm and optically thick. In
this framework the historical spectral variability of this source is readily explained
as due to a neutral absorber with a variable opacity which intervenes in the line of
sight. We speculate that the variable X-ray absorption originates in the innermost
dust-free region of a clumpy torus.

¢ In chapter(3} we analyze several high resolution X-ray spectra that were taken in 2013-
2014 in the context of a multi-satellite observational campaign of the prototypical
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Seyfert 1 galaxy NGC 5548. During the campaign, we discovered the source in an
unusual condition of heavy and persistent soft X-ray obscuration. We find that
this newly discovered obscurer is rapidly variable, on timescale as short as two
days, both in column density and in covering fraction. This is consistent with the
picture of a patchy wind. In September 2013, the source underwent a two-week long
re-brightening. Our analysis of the September 2013 spectrum indicates that this
is a flare of the intrinsic continuum. This temporary flux enhancement provided
a unique occasion to disentangle the WA features from the obscured continuum.
We detect absorption from Fe-UTA, O 1v-O 1v, which are consistent to belong to a
lower-ionized counterpart of the historical NGC 5548 warm absorber. This confirms
that the WA has recombined in response to the lowering of the ionizing flux caused
by the inner obscurer.

In chapter [4) we model the X-ray absorption of the giant radio-loud quasar 4C
+74.26. We clearly disentangle from the heavy Galactic absorption a highly-ionized
outflow (v ~3600kms™!) located at the redshift of the source. This is one of the
few cases so far of a well-characterized WA in a radio-loud galaxy. We discuss a
scenario where the ionized gas flows along the polar axes of the source and cause
an apparent redshift of the polarized Ha line. The kinetic luminosity carried by the
outflowing gas is insufficient to produce a significant AGN feedback in this quasar.
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Abstract

In this paper we analyze the X-ray, UV, and optical data of the Seyfert 1.5 galaxy 1H0419-
577 with the aim of detecting and studying an ionized-gas outflow. The source was observed
simultaneously in the X-rays with XMM-Newton and in the UV with HST-COS. Optical
data were also acquired with the XMM-Newton Optical Monitor. We detected a thin, lowly
ionized warm absorber (log& ~0.03,log Ny ~19.9 cm™2) in the X-ray spectrum, which
is consistent to be produced by the same outflow already detected in the UV. Provided the
gas density estimated in the UV, the outflow is consistent to be located in the host galaxy
at~ kpc scale. Narrow emission lines were detected in the X-rays, in the UV and also in
the optical spectrum. A single photoionized-gas model cannot account for all the narrow
lines emission, indicating that the narrow line region is probably a stratified environment,
differing in density and ionization. X-ray lines are unambiguously produced in a more
highly ionized gas phase than the one emitting the UV lines. The analysis also suggests
that the X-ray emitter may just be a deeper portion of the same gas layer producing the
UV lines. Optical lines are probably produced in another disconnected gas system. The
different ionization condition and the ~ pc scale location, suggested by the line width for
the narrow lines emitters, are evidences against a connection between the warm absorber
and the narrow line region in this source.
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22 Introduction 1.1

1.1 Introduction

Active galactic nuclei (AGN) are believed to be powered by the accretion of matter onto a
supermassive black hole (Antonucci|1993). Emission and absorption lines in AGN spectra
are the signatures of a plasma photoionized by the central source. High-resolution spec-
tral observations can probe the physical conditions in this gas, providing information
about the interaction between AGN radiation and the surrounding environment.
Avariety of emission lines with different width (from 10? to 10* km s~!) can be identified in
AGN type 1 spectra. The diverse line broadening reflect a different location of the emitting
region: narrower lines are believed to originate in a region far (~100 pc) from the black
hole, which is lower in density and in temperature than the broad line region (BLR), where
broader lines are emitted (Osterbrock|1989). Line emission ranges from the optical (e.g.
[O111], hydrogen Balmer series) to the X-ray waveband (e.g O vi1, O viii, Ne 1x). Narrow
lines may be more difficult to detect. For instance, narrow lines (NL) in the UV from e.g.
C1vand O vi are blended in a dominant broad component and difficult to disentangle
(e.g.[Kriss et al.)2011). In the soft X-ray, the flux of any emission line is usually outshone by
the underlying continuum and lines detection is favored by a temporary low-flux state of
the source (e.g. NGC 4051, Nucita et al.[2010). Whether X-ray lines arise in the same gas
emitting the longer-wavelength lines is an open issue that has been recently addressed
through multiwavelength photoionization modeling. In the case of Mrk 279, X-ray broad
lines are consistent to be produced in a highly-ionized skin of the UV and optical BLR
(Costantini et al.|2007). |Bianchi et al.| (2006) found that a single medium, photoionized by
the central continuum, may produce the [O 111] to soft X-ray ratio observed in spatially
resolved images of the narrow line region (NLR).

Besides the line-emitting plasma, another photoionized gas component that can mod-
ify the spectra of type 1 AGN is a warm absorber (WA) which intervenes in the line of
sight. WA are commonly detected in about half of type 1 AGN (Crenshaw & Kraemer
1997, |Piconcelli et al.|2005) via UV and/or X-ray absorption lines. These lines are usu-
ally blueshifted, (see|/Crenshaw et al.[2003b) indicating a global outflow of the absorber.
In the past ten years, multiwavelength UV-X-ray campaigns (see|Costantini|(2010) and
references therein) have depicted the physical conditions in the outflowing gas in great
detail. WA are multi component winds spanning a wide range in ionization and in velocity
(e.g.,|Kriss et al.[2011, Ebrero et al.2011). X-ray spectra show the the most highly ionized
lines (e.g., from O vii, O viil and Ne 1X), while a lower ionization phase (e.g.,C 11, Mg 11)
is visible only in the UV. In some cases (e.g., NGC 3783, NGC 5548, NGC 4151, Mrk 279),
a common phase producing e.g. O VI lines in both the UV and the X-ray spectrum has
been identified (Kaspi et al.[2002b} |Steenbrugge et al.[2005, Kraemer et al.|2005, |Arav et al.
2007). Similarities in the line width (NGC 3783, Behar et al.[2003) and in the gas column
density (NGC 5548, Detmers et al.|[2009) suggest a connection between the WA and the
gas in the NLR. However, the origin of WA is not clearly established yet, mainly because of
the great uncertainty in estimating its location.

Provided the gas density, the distance of the outflow from the central source can be
in principle derived from the gas ionization parameter & = L;,,/nR? (where L;,, is the
source ionizing luminosity, n is the gas density, and R is the distance from the ionizing



1.1 Introduction 23

source). However, the gas density in most cases is unknown, and the distance may just
be estimated indirectly (Blustin et al.[2005). Absorption lines from collisionally excited
metastable levels may provide a direct density diagnostic (e.g./Bautista et al.[2009), but
they are rarely detected. In the UV, metastable lines from e.g. Fe 11, Si11, and C i1 have been
detected in a handful of cases (e.g.Moe et al.[2009,|Dunn et al.|2010, Borguet et al.[2012).
In the X-rays the identification of metastable lines from O v is hampered by uncertainties
in the predicted line wavelength (Kaastra et al.[2004). So far, available estimations, using
different methods, have located the outflows within the BLR (e.g., NGC 7469, Scott et al.
2005) or have located them as far as the putative torus (e.g.[Ebrero et al.[2010). In some
quasars, a galactic scale distance has been reported. (Hamann et al.[2001} [Hutsemékers
et al.|2004, Borguet et al.[2012} |[Moe et al.|2009).

The distance estimation allows quantifies the amount of mass and energy released by
the outflow into the medium. Hence, it is possible to establish, if WA contributes to the
AGN feedback, which is often invoked to explain the energetics and the chemistry of the
medium to a very large scale (Sijacki et al.|2007}, Hopkins et al.2008}|Somerville et al.|2008,
McNamara & Nulsen|2012). Warm absorbers usually produce a negligible feedback (e.g.
Ebrero et al.2011). Only the fastest AGN wind (e.g. Moe et al.|[2009, Dunn et al.[2010,
Tombesi et al.[2012) may be dynamically important in the evolution of the interstellar
medium (Faucher-Giguere & Quataert2012).

In this paper, we analyze a long-exposure XMM-Newton dataset of the bright Seyfert
galaxy 1H 0419-577, which was taken simultaneously with a Cosmic Origins Spectro-
graph (HST-COS) spectrum. The source is a radio-quiet quasar located at redshift z=0.104
and is spectrally classified as a type 1.5 Seyfert galaxy (Véron-Cetty & Véron|2006). Using
the Hf line width, Pounds et al.| (2004a) derived a 1.3 x 10® M, mass for the supermassive
black hole (SMBH) hosted in the nucleus. The HST-COS spectrum has been published by
Edmonds et al.| (2011, herafter E11). The UV spectrum displays broad emission lines from
C1v, Ov], and Ly« and absorption lines (E11). Three outflowing components were iden-
tified in absorption with the line centroids located at v, =—38km s~!, v, =—156km s,
and vz =—220km s~! in the rest frame of the source. Only a few ionized species (H1, C1v,
Nv, Ov1) were detected in component 1, while component 243 displays a handful of
transitions from both low (e.g., C 1) and high-ionization species (e.g. C1v, Nv, O vI).
The present analysis is focused mainly on the high-resolution spectrum collected with
the Reflection Grating Spectrometer (RGS,|den Herder et al.|2001); in a companion paper,
we will present the broad band X-ray spectrum of this source. Analysis of a previous
RGS dataset is reported in |[Pounds et al.[(2004b). Hints of narrow absorption features
from an Fe unresolved transition array (UTA) were noticed in the spectrum. However,
the short exposure time (~ 15 ks) has so far prevented an unambiguous detection and
characterization of a warm absorber in this source.

The paper is organized as follows: in Sect. we present the XMM-Newfon observations
and the data reduction; in Sect. we describe the spectral energy distribution of the
source; in Sect. we discuss the spectral analysis; in Sect. we model the narrow
emission lines of the source; in Sect. we compare the X-ray and the UV absorber; in
Sect. we discuss our results and in Sect. we finally present the conclusions. The
cosmological parameters used are: Hy=70 km s~! Mpc™!, £,,=0.3 and 2,=0.7. Errors are
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Table 1.1: XMM-Newton observation log for 1H 0419-577

Observation ID 0604720401 0604720301
Date 28/05/2010 30/05/2010
Orbit 1917 1918
Net exposure (ks) ¢ 61 97

RGS Count Rate (s71) 0.337+0.002 0.385+0.002

EPIC-pn Count Rate (s™!)  1.41£0.02 1.56+0.02

Notes. Y Resulting exposure time after correction for flaring.

quoted at 68% confidence levels (A )(2 =1.0) unless otherwise stated.

1.2 Observations and data preparation

In May 2010, two consecutive exposures of 1H 0419-577 were taken with the XMM-
Newton X-ray telescope with both the EPIC cameras (Striider et al.[2001, Turner et al.
2001) and the RGS. Moreover, optical monitor (OM,|Mason et al.[2001) imaging mode data
were acquired with four broad-band filters (B, UVW1, UVM2, UWV2) and two grism filters
(Grism1-UV and Grism2-visual). The source was observed for ~ 167 ks in total, and a
slight shift in the dispersion direction was applied in the second observation. In this way,
the bad pixels of the RGS detectors were not at the same location in the two observations,
allowing us to correct them by a combination of the two spectra (see Sect. [1.2.1). Details
of the two observations are provided in Table[1.1}

1.2.1 The RGS data

For both RGS datasets, we processed the data following the standard procedure[ﬂusing the
XMM-Newton Science Analysis System (SAS, version 10.0.0) and the latest calibration files.
We created calibrated event files for both RGS1 and RGS2, and to check the variation of the
background, we also created the background light curves from CCD 9. The background of
the first observation was quiescent, while the second light curve showed contamination
by soft protons flares. We cleaned the contaminated observation by applying a time filter
to the event-files: for this purpose, we created the good time intervals (GTI) by cutting all
the time bins in the light curve where the count rate was over the standard threshold of
0.2 counts s~!. Resulting exposure time after deflaring is 97 ks. Starting from the cleaned
event files, we created a fluxed spectrum for each RGS detector for both observations.
We did this through the SAS task rgsfluxer, considering only the first spectral order and
correcting for the background.

The spectral fitting for 1H 0419-577 was performed using the package SPEX, version
2.03.02 (Kaastra et al.[1996). We first fit the RGS spectrum of each observation to check

Thttp://xmm.esac.esa.int/sas/8.0.0/documentation/threads/
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whether the continuum was unchanged in the two datasets: we found that the continuum
could be phenomenologically fitted by a broken power law in both datasets. The variations
of the fitted parameters were within the statistical errors. Moreover, the measured flux
in the RGS bandpass was basically the same (within ~ 8%) in the two observations. This
source is well known in the literature for being highly variable in the soft X-ray band
(<2.0keV) (e.g.[Pounds et al.[2004a): our observation caught it in an intermediate flux
state (2, ooy #1071 ergs™! cm?).

Given the stability of the continuum shape in the two observations, we could safely
perform a combination of the spectra to improve the signal to noise ratio. We followed the
same route outlined in Kaastra et al.|(2011); here we just summarize the main steps. We
combined the four fluxed spectra created with rgsfluxer into a single stacked spectrum
using the SPEX auxiliary program RGS_fluxcombine. The routine RGS_fluxcombine sums
up two spectra using the exposure time to weigh all the bins without bad pixels. In the
presence of a bad pixel, this procedure is incorrect since it would create an artificial
absorption line (for an analytical example see, Kaastra et al.|2011). To correct the output
spectrum from bad pixels, the task works as follows: in the presence of a bad pixel, it looks
at the neighbouring pixels and, assuming that the spectral shape does not change locally,
it estimates the contribution to the total flux expected from good data. Using this fraction,
the task estimates the factor by which the flux at the bad pixel location has to be scaled.
For the final composite spectrum, the proper SPEX readable response matrix was hence
created through the tool RGS_fmat.

1.2.2 The OM data

We retrieved the processing pipeline subsystem (PPS) products of the OM Image Mode
operations to extract the source count rates in four broadband filters: B (A.4=4340 A),
UVWI1 (A4=2910 A), UWNM2 (A,4=2310 A), and UVW2 (1.4=2120 A). Hence, we converted
the count rates to flux densities using the conversion factors provided in the SAS watchout
web pageﬂ

We also processed the images from the OM optical grism using the standard reduction
pipeline (omgchain) provided in the SAS. The task corrects the raw OM grism files from
the Modulo-8 fixed pattern noise and removes the residual scattered light features. It
rotates the images, aligning the grism dispersion axis to the pixel readout columns of the
images, and it runs a source detection algorithm. Finally, the tool extracts the spectra of
the detected sources from the usable spectral orders. A step-by-step description of the
grism extraction chain is given in the SAS User’s Guide. For the present analysis, we used
the 5 ks long optical spectrum (grism1, first dispersion order) from the dataset 0604720301
to measure the luminosities of the optical narrow emission lines of 1H 0419-577 (Sect.

L4.4).

Zhttp://xmm.esac.esa.int/sas/11.0.0/watchout/Evergreen_tips_and_tricks/uvflux.
shtml
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1.2.3 The EPIC data

To constrain the spectral energy distribution (SED) of the source in the X-ray band, we
used the broadband EPIC-pn spectrum. We applied the standard SAS data analysis
thread to the observation data files (ODF) products of both observations. We created the
calibrated EPIC-pn event files, and we cleaned them from soft proton flares through a
time filtering of the light curves. The counts threshold over which we discarded the time
bins of the light curves was determined by a 20 clipping of the light curve in the whole
EPIC band. Starting from the clean event files we extracted the source and background
spectra and we created the spectral response matrices. We fitted the EPIC-pn spectrum
with a phenomenological model, considering the effect of the galactic absorption. The
unabsorbed phenomenological continuum model of the EPIC-pn spectrum served as
input for the X-ray SED.

1.3 The spectral energy distribution
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Figure 1.1: The spectral energy distribution for 1H 0419-577. Open diamonds are the fluxes from
the OM optical and UV broad band filters discussed in the text. The filled circle is the continuum
flux taken from the simultaneous HST-COS observation. Open squares are from the unabsorbed
model for the X-ray continuum, observed with the EPIC-pn.
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We exploited the simultaneous XMM-Newton and HST-COS observation to constrain
the SED of source. The shape of the SED at lower energy is constrained by the XMM-
Newton OM and by HST, while the EPIC-pn camera covers the higher energy range. For
this purpose, we estimated the UV continuum of the source at 1500 A in the complete
HST-COS spectrum. We selected a wavelength region that was not contaminated by any
emission lines (1495 A-1505 A), and we averaged the 83 spectral points comprised in it.
We cut off the SED at low (E < 1.36eV) and high energy (E > 100keV). Indeed, the AGN
spectral energy distribution falls off with the square of the energy above 100 keV, while the
optical-UV bump has an exponential cutoff in the infrared (Ferland et al.[2003). We show
the SED in Fig. From a numerical integration of the SED, we calculated the source
bolometric luminosity (logLy, = 45.95 erg s~1): for the SMBH hosted in 1H 0419-577, the
Eddington ratio is therefore Ly,,/ Lgqq =0.5. The source ionizing luminosity in the 1-1000

Ry energy range is logL;,, =45.43 erg s™!.

1.4 Spectral analysis

1.4.1 RGS continuum fitting

We show the composite RGS spectrum of 1H 0419-577 in Fig. We fitted the spectrum
in the 8-38 Aband, and we applied a factor 5 binning. Because the (more appropriate)
C-statistic cannot be computed in the case of our combined fluxed spectrum, we used the
)(2 statisticfor the fit. We checked that atleast 20 counts were collected in each spectral bin,
as required for using the y? statistic. We consider the cosmological redshift and the effects
of Galactic neutral absorption. For the latter, we used the HOT model (collisional ionized
plasma) in SPEX for it, considering a column density of Ny =1.26 x 102° cm™ (Kalberla
et al.[2005) along the line of sight and a temperature of 0.5 eV to mimic a neutral gas.
We modeled the continuum emission with a broken power law. The best-fit parameters
that we obtained are I} =2.73+0.02 and I, =2.30£0.03 as indexes with a break energy of
E, =0.80+0.03keV.

1.4.2 RGS emission lines

Superposed on the underlying continuum, the spectrum exhibits emission lines, of which
most are broadened. To model the broad emission features of the spectrum, we added a
Gaussian to the fit for each candidate emission line, leaving the centroid, the line-width
and the flux as free parameters. We also tested the significance of the improvement of the
%2 given by the extra component through an F-test. The F-test is trustworthy in testing
the presence of an emission line if the line normalization is allowed to vary also in the
negative range (Protassov et al.[2002).

We show the results in Table Three broad components gave a highly significant
improvement of the fit. Beside the Ne 1x blended triplet and the O viiI Lya line, that are
redshifted respectively at ~ 15.1 A and ~ 21.2 A (Fig. [I.2), the most prominent broad
emission feature we detected in the spectrum is a blend of the lines of the O viI triplets. In
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Figure 1.2: Composite RGS spectrum of 1H 0419-577. We rebinned the spectrum for clarity. The
solid line corresponds to the best-fit model. The main emission features are labeled.

Fig. we provide a zoom on the 20-26 A spectral region, where O viI and O VIII lines are
seen. To fit the spectrum in this complex region, we first modeled the prominent narrow
line visible at ~ 24.4 A with a delta function, finding a rest wavelength of 22.11+0.08 A for
it. Therefore, we could identify this line as due to the forbidden transition of O vii: the
line is formally detected with the F-test giving a significance above 99.99%. The line was
unresolved, but we could however estimate un upper limit for its line width. Assuming a
3:1 value for the forbidden-to-intercombination line ratio (Porquet & Dubaul2000), we
provided the intercombination and resonance lines that corresponds to the detected
Ovii-fline. After adding these two narrow lines, the spectrum was still poorly fitted in the
23.5-24.5 A range, showing broad prominent residuals. Hence, we added a broad-line to
the fit leaving the centroid free to vary in the range among the known transitions of the
O VII triplets. The modeling of the oxygen emission features allows a proper detection of
any intervening absorption system (e.g|Costantini et al.[2007). Indeed, transitions from
O 1v-Ov1I are in principle present in the same wavelength region covered by the blend of
the O viI lines.

Beside the O vii-f line, we determined upper limits for the luminosity of several other
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narrow lines. Since the narrow line width is not resolved in the RGS spectrum, we modeled
them with a delta function. We estimated the upper limits by determining the maximum
normalization below which a delta line centered at the wavelength of the known transition
is undetectable over the continuum. The parameters of the X-ray narrow lines are listed
in the upper panel of Table
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Figure 1.3: Middle Panel: Best fit to the RGS spectrum of 1H 0419-577 in the 20-26 A wavelength
range. Upper Panel: Absorbing components. The neutral absorbers at z=0 and the local warm
absorber (shifted downward for plotting purpose) are displayed as solid lines. Lower Panel: Profiles
of the broad and narrow emission features.

Table 1.2: Parameters of 1H 0419-577 X-ray broad lines.

Ion“ Restwavelength?  log(Lp,)° FWHM? F-test ¢
A ergs! kms™!

ovil 21.69£0.07 42.44+0.07 110001000 >99.99%

O vIi 19.17£0.06 41.95+0.16  5000+2000 99.2%

Ne1x 13.66£0.05 41.81+0.15 5000+3000 99.6%

Notes. @ Line transition. Note that O viI and Ne IX are blends. (¥’ Wavelength of line centroid in
the local frame. (¢) Intrinsic line luminosity. (Y’ Line Doppler broadening as given by the full width
at half maximum of the fitted Gaussian. (¢) Line significance as given by the F-test probability.
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1.4.3 RGS absorption lines

We modeled the X-ray absorbing gas of 1H 0419-577 using the photoionized-absorption
model XABS in SPEX. This model calculates the transmission of a slab of material, where
allionic column densities are linked through the ionization balance. Thus, it computes the
whole set of absorption lines produced by a photoionized absorbing gas for a gas column
density Ny and anionization parameter . The gas outflow velocity v, is another free
parameter. We set instead the RMS velocity broadening of the gas to the default value
(100 km s71). The input ionization balance for XABS is sensitive to the spectral shape of
ionizing SED: we calculated it running the tool xabsinputwith the SED described in Sect.
[1.3]as input. The xabsinputroutine makes use internally of the Cloudy code (ver.10.00,
Ferland et al.|1998) to determine the ionization balance. In the calculation, we assume
solar abundances as given in Cloudy (see Cloudy manualﬂfor details). We found that the
absorption features of 1H 0419-577 can be fitted by a thin and lowly-ionized absorber.
The best-fit parameters are Ny =8=+3 x 10" cm2and log& = 0.03 £ 0.15. We had no
strong constraints on a possible outflow velocity. We estimated an upper limit at 99%
confidence (A y2=6.67 for one parameter) of v, <210 km s™!. By adding the absorption
component, we achieved an improvement of the statistic of A y2=25 for 3 extra degrees
of freedom. According to the F-test, this y? improvement is significant at a 99.7% level of
confidence. The most prominent absorption lines (Fig. are transitions from lowly
ionized oxygen species, such as O 1v and OV, redshifted to 25.1 A and 24.7 A (Fig. [1.3).
respectively.In Table we provide the column densities, predicted by XABS, of the
main ions of the absorber. As a comparison, we also fitted each ionic column density
individually with the SLAB model. SLAB is a simpler absorption model where all the ionic
column densities are modeled independently, since they are not linked each other by
any photoionization model. In the line-by-line fit with SLAB, we kept the same outflow
velocity and velocity broadening of the previous XABS fit. XABS predictions and SLAB
fit are consistent within the quoted errors. Therefore, we will use hereafter the value
provided by XABS as reference.

1.4.4 The UV and optical narrow emission lines

We also studied the narrow emission-lines present in both the optical and the UV spectrum.
In the middle panel of Table[1.4} we list the UV narrow emission lines derived from the fit
performed on the simultaneous HST-COS spectrum. Each line was fitted by a combination
of resolved broad and narrow components (see Sect. 3.1 and Fig. 2 in E11 for details).
From the parameters of the fit, a formal 5% error was estimated on the narrow component,
for both the line luminosity and line width. This error does not include any uncertainty
associated to the blend of the narrow and the broad components.

Finally, the lower panel of Table[I.4]lists the optical narrow emission lines, which were
obtained by fitting the OM grism spectrum (Fig. [1.4). We fitted the continuum with a
broken power-law, and we modeled the sinusoidal feature that was due to a residual
Modulo-8 fixed pattern noise with Gaussians. We clearly detected the broadened features

Shttp://nublado.org/
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Table 1.3: Column densities of the main absorbing ions for 1H 0419-577.

XABS ¢ SLAB?
Ion log(Nion) log(Nion)
cm™? cm™?
Owv 162+0.1 16.1+0.2
Oov 16.2+0.1 16.4+0.4
Ovi 159+£0.1 <15.6
Ovilt 15.2+£0.1 15.9+0.5
Cv 16.1+0.1 <16.8
Niv 15.3+0.1 <15
Nv 153401 15404

-1.7
Nvi 153+0.1 <15.5

Notes. @ Ionic column densities provided by the XABS model. Quoted errors are from the prop-
agation of the error on the fitted hydrogen column density. *) Ionic column densities from the
line-by-line fitting performed with the SLAB model.

Table 1.4: Parameters of the X-ray, UV, and optical narrow lines of 1H 0419-577.

Ion Wavelength ¢ log(Lops) ? FWHM®
A

ergs! kms~!
Cvi 33.73 <41.67
NvI 29.53 <40.73
N vII 24.78 <40.65
Ovi-f  22.11+0.08 41.84+0.08 <2500
O viIl 18.97 <41.69
Ne 1x 13.70 <40.52
Civ 1551 42.89 805+40
Civ 1548 43.03 805+40
Lya 1215 43.18 488+24
ovI 1038 42.69 840+42
OovI 1032 42.73 840+42
[O111] 5007 43.13+0.01 1200£100
[O111] 4959 42.71+£0.03  500+£300
Hp 4861 42.14+0.12 488 (fixed)

Notes. Parameters and errors for the X-ray, UV, and optical narrow emission lines of 1H 0419-577.
(@ Wavelength of the transition in the rest frame. () Intrinsic line luminosity. ) Doppler broadening
of the line, as given by the full width at half maximum of the fitted Gaussian. Note that the X-ray
lines are not resolved in the RGS spectrum.

of the hydrogen Balmer series (Hf 24861 A, Hy 14341 A, H6 24102 A and He A3970 A) and
the narrow emission lines of the [O 111] doublets A15007,4959 A. In the analysis, we used
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Figure 1.4: OM optical grism spectrum of 1H 0419-577 in the 4000-6000 A range. The best-fit model
is displayed by a solid line. The main emission features from the hydrogen Balmer series an the
[O111] doublet are labeled.

the luminosities of the [O 111] lines and of the narrow component of Hf. We modeled the
[O111] lines with Gaussian profiles, leaving the centroid, the line width, and the flux as
free parameters. The full width at half maximum (FWHM) of the [O 111] lines was resolved,
and it is reported in Table[1.4] In fitting the Hp line, we used two Gaussians, respectively,
for a narrow and a broad component. We set the wavelength of the narrow component
to the nominal wavelength of the Hf transition and its width to that of the Ly a narrow
component measured in the UV, leaving only the normalization as free parameters. All
the parameters of the broad component were otherwise left free. The fitted FWHM for
the broad HB component (4700 £ 400 km s™!) is within the range of the three broad
components of Ly @ measured in the UV spectrum (~ 1000, 3400, and 14 000 km s™!).

1.5 Photoionization modeling

To estimate the global properties of the gas that emits the narrow lines in 1H 0419-577,
we used the photoionization code, Cloudy v. 10.0 (Ferland et al.[1998). In the calculation,
we assumed total coverage of the source and a gas density of 102 cm™3. We note that the
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Table 1.5: Covering factor, column density and ionization parameter for the gas emitting the UV
and X-ray narrow lines in 1H 0419-577.

C, log Ny log&
cm™2
UV 0.104+£0.006 21.67+0.25 0.48+0.15
X»b 0.104 (fixed) 21.40+£0.25 1.44+0.15

Notes. (@) Best-fit parameters for the gas emitting the UV lines. (?) Parameter of the gas model
consistent with the observed upper limits and best-fit of the only detected X-ray line. We imposed
the same gas covering factor of the UV-emitter. See text for details.

assumption on the gas density is not critical for the resulting gas parameters. Indeed,
line ratios of He-like ions are not sensitive to the gas density over a wide range of density
values (Porquet & Dubau/2000). We used the SED described in Sect. [1.3]and the ionizing
luminosity derived from it as input. We created a grid of line luminosities for a wide range
of possible gas parameters: the column density ranged between log Ny =[19—23]cm™
and the ionization parameter between log& = [—0.3—2.7]ergcms ™! with a spacing of 0.25
dex and 0.15 dex, respectively. In the fitting routine, we first computed the gas covering
factor C, for each grid entry by imposing to the model to match the luminosity of the
Lyaline. Hence, we modeled the data by minimizing the merit function:

’

(CVLC_LO s)z
D

aobs

where L, is the model-predicted luminosity of each line, C, is the gas covering factor,
and Ly, is the observed line luminosity with statistical error o ,,s. We fitted all the UV,
X-ray, and optical luminosities listed in Table The C1v, OV, and [O111] doublets
were considered as a blend, and 30 upper limits for the X-ray lines of Table[1.4]were also
included.

A model with a ~ 10% covering factor, log Ny ~ 21.67 cm~2and log& ~ 0.48 fits the
three UV data points (Lya, C1v, O vi) and agrees with all the upper limits for the X-ray
luminosities. In fitting the UV lines we obtain a minimum y2/d.o.f=0.35/1. With just
one degree of freedom the probability of getting a low or lower observed y? for a correct
model is 0.45.The derived parameter for the UV emitter are outlined in Table[1.5] We
report the width of the grid step as error on the parameters. The error for the covering
factor is estimated by propagating the error (~5%) on the luminosity of the Ly« line.
This best-fit model neither matches the luminosity of the O vii-f nor the luminosities of the
optical lines, suggesting that X-ray and optical lines arise in a gas with different physical
conditions. It was not possible to estimate the parameters of the X-ray emitter through a
proper fit, because we had only one line detection. However, the measured upper limits
provide useful constraints for the model. Assuming the same covering factor of the UV
emitter, we selected all the models in the grid that agree with the measured upper limits
and match the luminosity of the O vii-fline within 30 . In this calculation, we added the
contribution of the best-fit UV model to the X-ray luminosities. We find that the selected
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models have log Ny; ([21.13—21.93] cm™2) and their ionization parameter is comprised
within log & =[1.12—2.06]. Therefore, the fit that best models the O vii-fline has a column
density consistent within a grid step with the UV emitter one (log Ny ~21.40 cm™2) but
its ionization parameter is (log& ~1.44). This may indicate a geometrical connection
between the UV and the X-ray emitter. In the case when also the gas covering factor is left
free, we obtained a broader parameter range, (C, =[0.03 —0.60], log Ny =[20.90—23.00]
cm™2), which still indicates a higher ionization parameter (log& = [1.12 — 1.60]) with
respect to the UV-emitter. We also remark that none of the models in our grid match the
optical-lines luminosities. Finally, we note that models with parameters consistent with
the warm absorber detected in the RGS spectrum neither fit the UV ( )(2 =[246—631])
nor the X-ray (the O viI-fis not fitted within ~ 60) emission lines. We show the best-fit
models for the UV and the X-ray emission lines in Fig. The derived parameter for the
X-ray emitter are outlined in the second row of Table[L.5

1.6 Comparison between the UV and the X-ray absorber

We investigate the possible relationship between the UV absorber found for 1H 0419-577 in
E11l and the X-ray absorber found here (Sect. by comparing the gas parameters
independently measured in the two different wavebands.

Three different outflow components (v, =—38km s, v, =—156km s}, and v =—220km s7!)
were identified in the UV. Because of the the lower RGS resolution, we were not able to
resolve any of the UV components; however our upper limit for the outflow velocity of the
X-ray absorber is consistent with all of them. Thus, it is likely that we observed a blended
superposition of the UV components in the X-rays.

In Table we compared the UV and X-ray column densities for C11, C1v, Nv, and O VI.
Absorption lines from O vi were detected in both bands, while lines from C11, C1v,and Nv
were detected only in the UV; their column densities however could be predicted by our
XABS model. We report the sum of the column densities of the UV kinetic components
1,2, and 3, in Table[1.6] These were obtained using a UV partial covering model, with a
power law distribution of the optical depth (see E11 for details). The column densities
independently found in the X-ray and the UV agree within the quoted error range for all
ions.

The ionization parameter of the UV absorber is given in terms of Uy = Qi

4nR2c N
Qy is the rate of ionizing photons emitted by the source, R is the absorber distgnce from
the source, c is the speed of light, and Ny is the total hydrogen column density), while
we used & as defined in Sect. For the SED of 1H 0419-577,log& =1.7 +log Uy. In the
UV, the determination of Uy is not well constrained: for a broken power law SED and for a
gas with solar abundances, log Uy =[-1.7 to -1.5] (Fig. 8 in E11). Applying the conversion
factor just given, this value corresponds to log & =[0 to 0.2], which is consistent with the
more constrained value found here for the X-ray absorber: log& =[-0.12 to 0.18].

(where
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Figure 1.5: Best fit of the intrinsic luminosities of the UV narrow emission lines (middle panel).
The model is displayed by a solid line only to guide the eye. The line luminosities predicted by the
model in the X-ray (left panel) and in the optical (right panel) band are displayed by red crosses
connected by a solid line. The model agrees with the upper limits for the X-ray lines but does not
fit the optical lines. The qualitative best fit model for the X-ray lines is also shown by red crosses
connected by a dot dashed line. Error bars, when larger than the size of the plotting symbols, are
also shown. Note that a 30 error bar is shown for O VII-fline.

1.7 Discussion

1.7.1 Absorber distance and energetics

The spectral analysis of the RGS spectrum of 1H0419-577, together with the analysis of the
simultaneous COS spectrum (E11), revealed that the X-ray and the UV emission spectra of
1H 0419-577 are both absorbed by a thin, weakly ionized absorber. As pointed out in Sect.
[1.6]the ionization parameter and the ionic column densities independently measured
in the UV and the X-ray agree with each other. Thus, it is likely that the UV and X-ray
warm absorber are the same gas. In the UV, the kinetic structure of the warm absorber
is resolved, with three outflowing components detected. The bulk of absorbing column
density is carried by components 2+3 (see Table 1 and 2 and Fig. 3 in E11). Therefore, we
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Table 1.6: Comparison between the UV and X-ray column densities of the absorbing ions in
1H 0419-577.

uv @ X?
Ion log(Nion) log(Nion)
cm ™2 cm™2

Cin 12.99-13.08 13.11
Civ  15.16—15.29 15.42
Nv 15.16—15.31 15.36
Ovl 15.83—15.96 15.89

Notes. @ Ionic column densities measured in the UV. We considered the sum of the three kinetic
components detected. ) Ionic column densities predicted the X-ray model (XABS), as discussed in
Sect

likely detected a blend of the UV kinetic components dominated by the UV components
2+3 in the lower resolution X-ray spectrum. Having established the connection between
the UV and the X-ray absorber, we can exploit the complementary information derived in
the two wavebands to estimate the warm absorber location and energetics.

In the following discussion, we consider that an ionized medium, parameterized by
log& ~ 0.03 and Ny =~ 8 x 10*® cm™2(this paper), is outflowing from the source at the
velocity of UV component 3 (v4 =—220km s7!). Additionally, we use a gas number density
ny < 25cm~3, as estimated in E11 for the UV component 2+3. This upper limit for the gas
number density was derived from the ratio of the (nondetected) first excited metastable
and the ground level of C11. As already pointed out in Sect. the C 11 column density
measured in the UV is well accounted for by our absorber model. We note however that
the C11 1334.5 A profile is possibly asymmetric in the COS spectrum, and the centroid
is slightly shifted with respect to the UV component 3: at least part of the CII emission
may in principle arise in a kinetic component that is separated from the UV component 3.
However, this possible additional component is not evident in any other lines.

Given the X-ray/UV connection just established, the following discussion is based on
the assumption that the upper limit for the gas density estimated in the UV may be
applied to the UV/X-ray absorber. We assume a thin shell geometry for the outflow. In this
approximation, the outflow is spherically shaped with a global covering factor of the line
of sight C,. Each outflowing shell, Ar thick, is partially filled with gas, with a volume filling
factor f. The volume filling factor f can be estimated analytically (Blustin et al.[2005)
from the condition that the kinetic momentum of the outflow must be on the order of
the momentum of the absorbed radiation plus the momentum of the scattered radiation.
Applying this condition, we found that the absorber in 1H 0419-577 has a volume filling
factor f ~3 x 1073, suggesting that it may consist of filaments or fragments that are very
diluted in the available volume and intercepting our line of sight.

Exploiting the tighter constraint on the ionization parameter provided by the present
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analysis we confirm the distance estimation given in E11:

Lion yij2 »

> R . .
R_(an) 3kpc (1.1)
This estimation places the warm absorber at the host galaxy scale, well outside the central
broad-line region (Rgy ~ 0.07 pc, Turner et al.[2009). UV absorbers located at a galactic-
scale distance are not uncommon in low-redshift quasars (see Table 6 in E11 and references
therein). The X-ray/UV connection that we infer for this source would therefore make its
low-& absorber the first galactic scale X-ray absorber ever detected. A possible confining
medium for an X-ray absorbers located at about a ~kpc from the nucleus could be a radio
jet-like emission. This source is radio quiet, but a 843 MHz flux detection (Mauch et al.
2003) may be due to a weak radio lobe. More accurate radio measurements are required
to test this possibility. This a galactic-scale wind may be both AGN or starburst driven.
However, the UV analysis for this source, suggests that the photoionization of the outflow
may be dominated by the AGN emission (see discussion in E11 and references therein).
We also estimated an upper limit for the WA distance from the condition that the thickness
Ar of the outflowing-gas column should not overcome its distance R from the center
(Blustin et al.|2005). Analytically, this condition is

Ar NH _gRNH <
R anR Lionf T

From Eq. we derived: R < 15kpc. We note that this distance is well within the typical
extension of a galactic halo (e.g., as mapped by H I emission for a large sample, |de Blok
et al.|2008). Therefore, we use this estimation in the following to derive hard upper limits
for the mass outflow rate and kinetic luminosity.

The outflow mass rate is given by

(1.2)

Moy =4numpRv Ny Co =[4—16] Mgy, (1.3)

where y=1.4 is the mean atomic mass per proton and mp is the proton mass. We assumed
a covering factor C,=0.5, given by the fact that outflows are seen in about 50% of the
observed Seyfert galaxies (Dunn et al.|2007).

This value may be compared with the classical mass accretion rate of a black hole in the
Eddington regime (Mpgqq = Li,o1/1¢?) to obtain an estimation of the impact of the mass
loss due to the outflow on the AGN. Assuming a typical accretion efficiency n = 0.1 and
taking Ly, =9 x 10%%erg s7!, as estimated from the SED (see Sect. , we obtained

Mggq ~2M, yr\. (1.4)

As found in most cases (see/Costantini(2010), the mass outflow rate can be of on the same
order of the mass accretion rate, suggesting a balance between accretion and ejection in
this system. The kinetic luminosity of the outflow is

M, V>
Liin = —o;t ~ 10807 erg 71 (1.5)
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and it represents a low fraction (S 1072% ) of the AGN bolometric luminosity L. Thus,
the outflow is not energetically significant in the AGN feedback scenario, where kinetic
luminosities of a few percent of the bolometric luminosities are required (Scannapieco
& Oh|2004). We finally estimated the maximum kinetic energy that the outflow can
release into the interstellar medium in the case that it is steady all over the AGN life time
(~ 4 x 108 yr, |[Ebrero et al.|2009):

Eyor 2 1078575 erg, (1.6)

As argued in|Krongold et al.| (2010), this value may in principle be sufficient to evaporate
the interstellar environment out of the host galaxy. However, it is not trivial to couple this
energy effectively to the galaxy (e.g./King2010).

1.7.2 The origin of the emission lines

The simultaneous HST-COS and XMM-Newton observation of 1H 0419-577 provided a
set of narrow lines, ranging from the optical to the X-ray domain, suitable for photoion-
ization modeling. We show that a single gas model cannot account simultaneously for all
the narrow line emission. The UV lines are emitted by moderately ionized gas, intercept-
ing about the 10% of the total AGN radiation field. This value for the covering factor is
consistent with what previously was reported (C,=1.9%-20.5%, Baskin & Laor|2005). The
X-ray lines are instead emitted in a more highly ionized gas phase: (log& ~ 1.44). We also
found that a gas with the same column density and covering factor as the UV emitter is a
good description of the X-ray emission. This may suggest that the two emitters are two
adjacent layers of the same gas.

Most of the optical emission is not accounted for by our model: it can explain only up to 4%
of the HB luminosity and 0.3% of [O 111] luminosity. Lower densities are required to emit
the [0 111] lines: the [O 111] A5007A line is indeed collisionally de-excited for nj; 2 10° cm™
(Osterbrock|1989). Our simple photoionization model cannot however account for the
variety of gas physical conditions occurring in the narrow-line region. Our analysis sug-
gests that the NLR is a stratified environment hosting a range of different gas components.
Previous studies have shown that multicomponent photoionization models are required
for describing the narrow emission lines spectrum of AGN. The narrow line emission from
the infrared to the UV is well reproduced assuming that the emitting region consists of
clouds with a wide range of gas densities and ionization parameters (Ferguson et al.[1997).
In the case of NGC 4151, more than one gas component, with different covering factor,
is required to explain line emission even limiting the analysis to the soft X-ray regime
(Armentrout et al.[2007). In the present case, the data quality did not allow us to test a
more complex, multicomponent scenario.

The estimated gas parameters of the warm absorber are largely inconsistent with the
emitters. Thus, neither the UV nor the X-ray emitter can be regarded as the emission
counterpart of the warm absorber. Therefore, a connection between the warm absorber
and the gas in the NLR is discarded in the present case.
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1.7.3 The geometry of the gas

The present analysis of the UV and X-ray spectrum of 1H 0419-577 revealed three distinct
gas phases: the UV/X-ray warm absorber, the X-ray emitter (log&x ~ 1.44), and the UV
emitter (log&yy ~ 0.48). We used the line width of Table[1.4]to estimate qualitatively the
location of the emitters. Assuming that the NLR gas is moving in random keplerian orbits
with an isotropic velocity distribution, the velocity vry, 3, by which the narrow lines are
broadened is given by (Netzer|1990):

4GM

VrwHM = W’ 1.7)

where M is the mass of the SMBH and R is the radial distance from it. The FWHM of the
UV lines ([488-805] km s™!, Table therefore give the approximate location of the UV
emitter:

RSI\I;N[I—:‘}]pC. (1.8)

This distance would imply a gas number density of 1y = (Lion & yv)/(Ry)? ~# 1078 cm™
at the location of the UV emitter, which is consistent with the range of gas density and
distance where these lines are optimally emitted (Ferguson et al.[1997). The X-ray emitter
is consistent to be a gas with covering factor and column density similar to the UV emitter.
This suggests that it may be a layer of gas adjacent to UV emitter. The higher X-ray
ionization parameter may by both produced by a smaller distance to the SMBH and a
lower gas density. The gas density in the NLR ionization cone has a smoothly decreasing
radial profile (Bianchi et al.[2006). Therefore, a similar gas density for both the emitters
can be assumed if the UV and X-ray emitter are not radially detached, as we suggested.
From the definition of ionization parameter, it follows that

Suv
R ~'\| =Ry ~[0.3—1.0]pc.

Ex

This estimation is consistent with the lower limit for the distance (Rg™ R 0.1pc) that is
implied by the upper limit for the broadening of the O vii-fline. This first order estimation
places the emitters on a very different distance scale compared to the absorber, again
arguing against a connection between emission and absorption in this source. We did not
detect the NLR in absorption: this may indicate that the NLR ionization cone is not along
our line of sight, as this would produce visible O viI absorption lines. We are possibly
detecting scattered light from the NLR. The presence of a circumnuclear scattering region
has been proposed, such as for the case of NGC 4151 (Kraemer et al.[2001).

1.8 Summary and conclusions

We analyzed and modeled the X-ray, UV, and optical data of the Seyfert 1.5 galaxy 1H 0419-577.
Simultaneous X-ray (RGS) and UV (HST-COS) spectra of the source were taken to study the
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absorbing-emitting photoionized gas in this source. Optical data from the OM were also
used for the present analysis. We found three distinct gas phases with different ionization.
The X-ray and the UV spectrum are both absorbed by the same, lowly ionized warm
absorber (log& = 0.03+0.15). The outflow is likely to be located in the host galaxy at a
distance R R 4kpc from the central source. The kinetic luminosity of the outflow is a low
fraction (S 1072%) of the AGN bolometric luminosity, making the outflow unimportant for
the AGN feedback. However, this galactic-scale X-ray absorber, like the one we serendipi-
tously discovered in this source, might still play a role in the host galaxy evolution.

We performed photoionization modeling of the narrow lines emitter using the available
UV, X-ray, and optical narrow emission lines. The analysis indicates that the narrow line
emitters are not the emission counterpart of the WA. A connection between the WA and
the NLR can therefore be discarded in this case.

The X-ray emission lines are emitted in a more highly ionized gas phase compared to the
one producing the UV lines. We suggest a geometrical connection between the UV and
the X-ray emitter, where the emission takes place in a single gas layer, that is located at
about a ~ pc scale distance from the center. In this scenario, the X-ray lines are emitted
in a portion of the layer located closer to the SMBH.

Finally, our analysis suggests that the NLR is a stratified environment, hosting a range of
gas phases with different ionization and density.
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Abstract

In this paper, we present the longest exposed (97 ks) XMM-Newton EPIC-pn spec-
trum ever obtained for the Seyfert 1.5 galaxy 1H 0419-577. With the aim of explaining the
broadband emission of this source, we took advantage of the simultaneous coverage in the
optical/UV that was provided in the present case by the XMM-Newton Optical Monitor and
by a HST-COS observation. Archival FUSE flux measurements in the FUV were also used for
the present analysis. We successfully modeled the X-ray spectrum and the optical/UV fluxes
data points using a Comptonization model. We found that a blackbody temperature of
T ~ 56 eV accounts for the optical/UV emission originating in the accretion disk. This tem-
perature serves as input for the Comptonized components that model the X-ray continuum.
Both a warm (T,,. ~ 0.7 keV, T, ~ 7) and a hot corona (T;,. ~ 160 keV, Ty, ~ 0.5) intervene to
upscatter the disk photons to X-ray wavelengths. With the addition of a partially covering
(C, ~ 50%) cold absorber with a variable opacity ( Ny ~ [10'° —10??] cm™2), this model
can explain also the historical spectral variability of this source with the present dataset
presenting the lowest one (Ny ~ 10° cm2). We discuss a scenario where the variable
absorber becomes less opaque in the highest flux states because it gets ionized in response
to the variations of the X-ray continuum. The lower limit for the absorber density derived
in this scenario is typical for the broad line region clouds. We infer that 1H 0419-577 may
be viewed from an intermediate inclination angle i > 54°, and, on this basis, we speculate
that the X-ray obscuration may be associated with the innermost dust-free region of the
obscuring torus. Finally, we critically compare this scenario with all the different models
(e.g., disk reflection) that have been used in the past to explain the variability of this source.

41
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2.1 Introduction

The infalling of matter onto a supermassive black hole (SMBH) supplies the energy that
active galactic nuclei (AGN) emit in the form of observable radiation over a broad energy
range. In the radio quiet case, the AGN emission mostly ranges from optical to X-ray
wavelengths. The optical/UV emission is thought to be direct thermal emission from the
accreting matter. A standard geometrically thin, optically thick accretion disk (Shakural
1973}|Novikov & Thorne|1973) produces a multicolor blackbody spectrum, whose effective
temperature scales with the black hole mass as oc M~'/4, Therefore, for a typical AGN
hosting a supermassive black hole (SMBH) of M ~ 108M,, the disk spectrum is expected
to peak in the far UV range (e.g., for an Eddington ratio of L/Lgqq~ 0.2, T ~20eV ).

The Wien tail of the accretion disk emission is not expected to be strong in the soft X-rays.
However, Seyfert X-ray spectra display a prominent “soft excess” (Arnaud et al.[1985, Piro
et al.|1997) that lies well above the steep power law, which well describes the spectrum at
energies larger than ~ 2.0 keV (Perola et al.|[2002, |Cappi et al.[2006, Panessa et al.[2008).
The origin of the soft X-ray emission in AGN has been debated a lot in the last decades.
Comptonization of the disk photons in a warm plasma is a possible mechanism to extend
the disk emission to higher energies (Magdziarz et al.| 1998, Done et al.2012). Alternatively,
relativistically blurred reflection of the primary X-ray power law in an ionized disk (Bal}
lantyne et al.[2001, |[Ross & Fabian|2005) is another possible explanation. Partial covering
ionized absorption (see Turner et al.[2009, for a review) is also able to explain the soft
X-ray emission without requiring extremely relativistic conditions in the vicinity of the
black hole. Discriminating among these models through X-ray spectral fitting alone is
difficult, even in high signal to noise spectra. In many cases, models with drastically
different underlying physical assumptions can provide an acceptable fit (e.g., Middleton
et al.)2007, Crummy et al.[2006). For instance, in the case of the well-known nearby Seyfert
1 MCG-6-30-15, both a reflection model (Ballantyne et al.|2003) and an absorption based
model (Miller et al.|2008) have been successfully used to fit the spectrum. For these
reasons, the nature of the soft excess is still an open issue (see also|Piconcelli et al.[2005).
Recently, the multiwavelength monitoring campaign (spanning over ~ 100 days) of the
bright Seyfert galaxy Mrk 509 (Kaastra et al.[2011) provided possible discriminating evi-
dence. During the campaign, the soft excess component varied with the UV continuum
emission (Mehdipour et al.[2011} hereafter M11). This finding disfavors disk reflection,
at least as the main driver of the source variability on the few days timescale which was
typical of the campaign. Indeed, in the case of disk reflection the soft excess component
should vary in correlation with the hard (R 10 keV) X-ray flux because of the broad re-
flection bump at ~ 30 keV that characterizes any reflection component. The M11 result
is not a unique case: in a different case, the soft excess variability has been found to be
independent from the hard X-ray variability also on a longer (~ years) timescale (e.g., Mrk
590, Rivers et al.|2012).

The correlation between the soft X-ray and UV variability may be a natural consequence
of Comptonization, because the soft X-ray emission is directly fed by the disk photons
in this framework. Indeed, this interpretation explains the simultaneous broadband
optical/UV/X-ray/gamma-ray spectrum of Mrk 509 obtained in the monitoring campaign
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Figure 2.1: Historical X-ray (0.5-2.0 keV) fluxes of 1H 0419-577. Each symbol indicates a flux
measurement, as obtained in the labeled date.

(Petrucci et al.|2013) hereafter P13).
In the P13 broadband model, two Comptonized components model, respectively, the
"soft-excess“ and the X-ray emission above ~ 2.0 keV. Indeed, it is commonly accepted
that the phenomenological power law that characterizes AGN spectra above ~ 2.0 keV is
produced by Comptonization of the disk photons in a hot (T~ 100 keV), optically thin
corona (Haardt & Maraschi|1991). The nature and the origin of the hot corona are still
largely unknown. However, recent results from X-ray timing techniques (e.g., X-ray re-
verberation lag, [Wilkins & Fabian|2013) or imaging of gravitationally lensed quasar (e.g.,
Morgan et al.[2008) indicates that it may be a compact emitting spot which is located a
few gravitational radii above the accretion disk (e.g., Reis & Miller|2013).
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Table 2.1: XMM-Newton datasets log.

Obs Observation ID Date Orbit  Netexposure*  Fys 5 okev ” Fo.0-10.0kev”
ks 10712 erg s7lem? 10712 erg sl cm

1¢ 0112600401 04/12/2000 181 6 14 16

2¢ 0148000201 25/09/2002 512 11 1.8 8.2

3¢ 0148000401 30/03/2003 605 11 7.6 11.3

4¢ 0148000501 25/06/2003 649 6 6.4 10.3

5¢ 0148000601 16/09/2003 690 11 5.6 10.0

69 0604720301/401 28-30/05/2010 1917/1918 97 10 14

Notes. () Net exposure time after flaring filtering. (*) Observed fluxes in the quoted bands (¢ Archival
datasets. (¥) Datasets analyzed in this paper.

2.2 1H 0419-577: A variable Seyfert galaxy

The Seyfert 1.5 (Véron-Cetty & Véron|2006) galaxy 1H 0419-577is a radio quiet quasar
located at redshift z=0.104. The estimated mass for the SMBH harbored in its nucleus
is ~ 3.8 x 108M,, (O’Neill et al.[2005). The source has been targeted by all the major X-
ray observatories, and, in Fig. [2.1)we plot the historical fluxes in the 0.5-2.0 keV band.
As noticed for the first time in|Guainazzi et al.| (1998), 1H 0419-577 undergoes frequent
transitions between low and high flux states. While the bulk of the flux variation occurs
in the soft X-ray, the spectral slope flattens out drastically in the hard (2-10 keV) X-ray
band (down to I' = 1.0 in the lowest state, |[Page et al.|2012}|Pounds et al.|2004a). Due to
this peculiar behavior in the X-rays, 1H 0419-577 is challenging for any interpretation,
and for this reason, it has been subject of discussion over the past years.

According to Page et al.|(2002), the cooling of the plasma temperature in the hot corona
may produce the observed flux/spectral transition. Afterwards, Pounds et al. (2004ajb)
carried on a systematic study of the spectral variability in this source, using five ~15
ks long observations, which had been taken during one year with a time spacing of
~3 months. These authors concluded that the spectral variability is dominated by an
emerging/disappearing steep power-law component, which is, in turn, modified by a
slightly ionized variable absorber. The fitted absorber becomes more ionized and less
opaque as the continuum flux increases, supporting the idea that a fraction of the soft X-
ray emission may be due to re-emission of the absorbed continuum in an extended region
of photoionized gas. An alternative explanation of the same XMM-Newton datasets was,
however, readily proposed in the framework of blurred reflection model (Fabian et al.
2005, hereafter F05). This model prescribes that AGN spectral variability is due to the
degree of light-bending, as the primary power-law emitting spot moves in a region of
stronger gravity. Low flat states, such as the ones observed in 1H 0419-577, are extreme
reflection-dominated cases occurring when the primary emission is almost completely
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focused down to the disk and do not reach the observer. The broader spectral coverage
provided by two subsequent Suzaku observations of 1H 0419-577 did not break this
models degeneracy. The variable excess observed above ~15 keV can be either explained
by reflection (Walton et al.|2010} |Pal & Dewangan|2013) or by reprocessing of the primary
emission in a partially covering Compton-thick, screen of gas (Turner et al.[2009). The
high ionization parameter suggests that this absorber may be part of a clumpy disk wind
located within the broad line region (BLR).

In this paper, we present the longest exposure EPIC-pn dataset of 1H0419-577 that has
been obtained so far. The XMM-Newton observation was taken simultaneously to a HST-
COS observation in the UV (Edmonds et al.|2011) and caught the source in an intermediate
flux state (Fig. [2.1). In the Reflection Grating Spectrometer (RGS) spectrum of this dataset
(already presented in|Di Gesu et al.|2013} hereafter Paper I) we detected a lowly ionized
absorbing gas (also observed in Suzak u,[Winter et al.[2012). We found that the X-ray and
the UV absorbing gas (Edmonds et al.[2011) are consistent to be one and the same. The
low-gas density estimated in the UV and the low ionization parameter that we measured
in the X-ray imply a galactic scale location for the absorbing gas (d ~ 4kpc). In this
respect, the warm absorber in 1H 0419-577 represents a unique case, being the first X-ray
absorber ever detected so far away from the nucleus. The absorbing gas does not have an
emission counterpart since more highly ionized lines which are produced by elements
such as O vii, O viil, and Ne I1x, are the most prominent emission features in the X-ray
spectrum. The photoionization modeling of the X-ray and UV narrow emission-lines
confirmed that they are produced by a more highly ionized gas phase which is located
closer (~1 pc) to the nucleus.

In the present analysis, we exploit the simultaneous UV and optical (thanks to the XMM-
Newton Optical Monitor) coverage to model the X-ray spectrum in a broadband context
using Comptonization. The paper is organized as follows: in Sect. 2.3], we explain the
data reduction procedure; in Sect. we present the spectral analysis of our dataset; in
Sect. we apply our best fit model to the past XMM-Newton datasets with the aim of
explaining the historical spectral variability; finally we discuss our results in Sect. [2.6/and
in Sect. [2.7]we outline our conclusions. The cosmological parameters used are: Hy=70
km s7! Mpc™}, 2,,=0.3 and ©2,=0.7. The C-statistics (Cash|1979) is used throughout the
paper, and errors are quoted at 90% confidence levels (AC = 2.7). In all the spectral
models presented in the following, we consider the Galactic hydrogen column density
from [Kalberla et al. (2005, N =1.26 x 102 cm™2).

2.3 Observations and data preparation

The source was observed in May 2010 with XMM- Newton for ~167 ks. The observing time
was split into two observations (Obs. ID 0604720301 and 0604720401, respectively) which
were performed in two consecutive satellite orbits. For the present analysis, we used
the EPIC-pn (Striider et al.|2001) and the Optical Monitor (OM, Mason et al.|2001) data.
Besides the HST-COS observation simultaneous to our XMM-Newfon observation in the
UV the source has been observed twice with the Far Ultraviolet Space Explorer (FUSE),
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Table 2.2: OM, FUSE, and HST/COS continuum values for 1H0419-577.

Instrument A%  AAPD E° AT? 4 Norm ®
A A ergstcm?AT!
OM-b 4340 1307  3.37x107"°  02% 29707
OM-uvwl 2910 1829  1.10x107*  03%  3.2%9
OM-uvm2 2310 1333  132x107"  06% 4573
OM-uvw2 2120 811 140x107  09%  3.1%%3
Cos 1500 10 2.44x 107" 4% - 2.2%7
FUSE 1031 10 2.80x 1071 14% 1198
FUSE 1110 10 3.66x 107" 16% 1.7+

Notes. () Centroid of the spectral bin for each instrument. () Spectral bin width. For the OM-filters,
we used the filter width. We assigned a narrow spectral width of 10 A to the COS and FUSE flux
measurements. () Flux density. () Statistical error for the flux density. () Intercalibration factor
relative to the EPIC-pn, with errors.

respectively, in 2003 and 2006. In this analysis we used the FUSE flux measurements
reported in the literature (Dunn et al.[2008, [Wakker & Savage|2009). Finally, we retrieved
all the available archival datasets from the XMM-Newton archive and we used them to
study the source variability.

2.3.1 TheX-ray data

We processed the present datasets and all the archival Observation Data Files (ODF) with
the XMM-Newton Science Analysis System (SAS) version 10.0, and with the HEAsoft
FTOOLS version 6.12. We refer the reader to Paper I for a detailed description of the data
reduction.

For the present datasets, we extracted the EPIC-pn spectra from both 0604720301 and
0604720401 observation. We checked the stability of the spectrum in the two observations,
and we found no flux variability larger than ~ 7%. Therefore, we summed the two spectra
into a single combined spectrum with a net exposure time of ~ 97 ks after the background
filtering. We used the FTOOLS mathpha and addarf to combine, respectively, the spectra
and the Ancillary Response Files (ARF).

We reduced all the archival datasets following the same standard procedure described in
Paper I, and we discarded the datasets with ID 0148000301 and 0148000701, because they
show a high contamination by background flares. Hence, we created the EPIC-pn spectra
and spectral response matrices for all the good datasets.

We fitted all the X-ray spectra in the 0.3-10 keV band and we rebinned them to have at
least 20 counts in each spectral bin, although this is not strictly necessary when using
the C statistics. In Table[2.1} we provide the most relevant information of each XMM-
Newton observation, and we label them with numbers, following a chronological order.
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2.3.2 The optical and UV data

As also described in Paper I, in our XMM-Newton observation OM data were collected in
four broad-band filters: B, UVW1, UVM2, and UVW2. In the present analysis, we used
the OM filters count-rates for the purpose of spectral fitting. Therefore, we also retrieved
the spectral response matrices correspondent to each filter from the ESA Websiteﬂ We
corrected the flux in the B filter to account for the host galaxy starlight contribution. For
this, we used the same correction factor (56%) estimated in M11 for the stellar bulge
of Mrk 509. Since Mrk 509 hosts a BH with a mass similar to the one in 1H 0419-577 ,
the stellar mass of the bulge should also be similar in this two galaxies (e.g., Merritt &
Ferrarese|2001).

In Paper I, we derived a value for the UV flux of the source at 1500 A from the continuum
of the HST-COS spectrum. Moreover, two other UV fluxes measured with FUSE are
reported in the literature, at 1031 A (Wakker & Savage|2009) and 1110 A (Dunn et al[2008),
respectively. When the overlapping wavelength region between COS (2010 observation)
and FUSE (2003 and 2009 observations) is considered, the level of the UV continuum
of the source is the same (see|(Wakker & Savage|2009, [Edmonds et al.[2011).Therefore,
we could safely fit the FUSE fluxes with the COS, OM, and the EPIC-pn data that were
simultaneously taken in 2010. For this purpose, we converted the UV fluxes back to count
rates. We used the HST-COS sensitivity curve and the FUSE effective area (see also M11)
for this. We outline all the UV and optical continuum values for 1H 0419-577 in Table[2.2]
To check for a possible variability of the source in the optical-UV, we also obtained the
OM fluxes from the archival XMM-Newton observations. For all the archival datasets,
except Obs.1, OM data were available in the U, B, V, UVW1, and UVW?2 filters.

2.4 Spectral modeling

2.4.1 A phenomenological model

We started with a pure phenomenological modeling of the present EPIC-pn spectrum
using SPEX (Kaastra et al.|[1996) version 2.04.00. We first attempted to fit the spectrum in
the 2.0-10.0 keV energy region with a canonical simple power law (I' ~ 1.6). The broadband
residuals (Fig. show large deviations from this simple model. Besides a prominent soft
excess in the 0.3-2.0 keV band, the model does not account for a broad trough between
2.0 and 4.0 keV. To phenomenologically account for this nontrivial spectral shape, a
combination of four different spectral slopes would be required all over the 0.3-10.0 keV
band. Nonetheless, a prominent peak in the model residuals (Fig. at~ 0.5 keVis
still unaccounted. We identified this feature as due to the blend of the O viI-O viiI lines
that we detected in the simultaneous RGS spectrum (Paper I). Furthermore, a shallow
excess is seen at ~ 5.5 keV. Fitting this feature with a delta-shaped emission line which
is centered at the nominal rest frame energy of the Fe Ka line-transition, does not leave
any prominent structure in the residuals. If the line width is left free to vary, the fitted

lhttp://xmm2.esac.esa.int/external/xmm_sw_cal/calib/om_files.shtml
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Figure 2.2: Main Panel: Model residuals to a power law model in the 0.3-10.0 keV band. A prominent
soft excess in the ~ 0.3-2.0 keV band and a shallow excess at the rest frame energy of the Fe
Ka transition are seen. Secondary Panel: Model residuals to the broadband phenomenological
model in 0.3-2.0 keV band. An arc-shaped feature at the rest frame energy of the O vii-O VIl
transitions is seen.

line-width (o =300%£200 eV) is well consistent with what was previously reported for this
source (Turner et al.|2009, Pounds et al.|2004a,b). We also attempted also to decompose
the Fe Ka in a combination of a broad plus a narrow component, but this exercise did
not lead to a conclusive result. Despite the good data quality of the present dataset, the
line-width of the broad component and the normalization of the narrow component
cannot be constrained simultaneously.

In conclusion, the long exposure time of the present EPIC-pn spectrum unveiled a complex
continuum spectral structure, which calls for more physically motivated modeling to be
fully understood.

2.4.2 Reflection fitting

At first, we tested a disk reflection scenario for the present spectrum. As noticed in Sect.
this model has already been successfully applied to Obs. 1-5 (F05). Besides the main
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Table 2.3: Best fit parameters for the reflection fitting.

Simple reflection model a
r’ 2.17+0.01
Ry 1.6+0.1 R,
Rbreakd 72 Rg
Gin © 5.9+0.3
Jout” 2.6+0.2
Incl. 8 20+8
Eh 20.840.3
Foow " 16.6+0.07 x 10 %erg s~! cm?
Fet! 7.47047 % 10 2erg s cm?
C/d.o.f 383/240
Composite disk model m
r’ 2.13+0.01
Rin2=Roui1 " 1.90+0.06 R,
Incl & 41+2
Gn ° 6+2
P 89+11
Gout 1 3.7+0.2
Sout " 20+1
Foow * 15.9£0.1 x 10~ 2erg s~ cm?
Ee! 8.0+0.1 x 107 %erg s~! cm?
C/d.o.f 354/240

Notes. (@ Xspec syntax: PHABS*(POW-+KDBLUR2(REFLIONX)). ¥) Photon index. () Disk inner
radius. Y Break radius above which the emissivity profile of the disk changes slope. (¢) Index of the
emissivity profile of the disk for r < Ryeq. ) Index of the emissivity profile of the disk for r > Ry eq.
® Disk inclination. "V Disk ionization parameter. ) Unabsorbed flux of the main power law in the
0.5-10 keV band. () Unabsorbed flux of the reflected power law in the 0.5-10 keV band. " Xspec
syntax: PHABS*(POW+KDBLUR(REFLIONX)+KDBLUR(REFLIONX)). ) Inner radius of the second
reflection, which is coupled with the outer radius of the first one. () Index of the disk emissivity
profile for the first reflection. (") Disk ionization parameter for the first reflection. () Index of the disk
emissivity profile for the second reflection. (") Disk ionization parameter for the second reflection.

power law continuum, the second relevant spectral component in this model is a rela-
tivistically smeared reflected power law, which is thought to be produced in an ionized
accretion disk.

We fitted the spectrum with Xspec (Arnaud|1996) version 12.0, and we used PHABS to
account for the Galactic hydrogen column density along the line of sight. We used RE-
FLIONX (Ross & Fabian|2005) to model the reflected component, and we left the ionization
parameter of the reflector free to vary. Hence, we accounted for the relativistic effects
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Figure 2.3: Reflection fraction as a function of the power law flux with errors. The reflection fraction
is given by the ratio between the 0.5-10.0 keV fluxes of the reflected component to the primary
power law. The value for the present dataset is labeled, while all the others data points, including a
lower limit indicated by an arrow, are taken from F05. The observation numbers for each data point
are labeled on the upper axes (see Table[2.I). Note that the data point labeled with a ”X” has not
been used in the present analysis (see Sect. [2.3.1).

from an accretion disk that surrounds a rotating black hole (Laor|1991) with KDBLUR2.
The free parameters in this component are the disk inclination and inner radius, along
with the slopes and the break radius of the broken power law shaped emissivity profile.
We kept the outer radius frozen to the default value of 400 gravitational radii (Ry), and
we set the iron abundance to the solar value (Anders & Grevesse|1989). We extended the
model calculation to a larger energy range (0.1-40 keV) to avoid spurious effects due to
a truncated convolution. We also attempted to fit the spectrum with a composite disk
model (see F05), by splitting the disk in two regions with different ionization parameters to
mimic a more realistic scenario where the disk ionization varies with the radius. However,
with a simple reflection model we already obtained a statistically good fit, which was not
strikingly improved (AC =29) by using a more complex composite disk model. We list
the best fit parameters of the reflection fitting in Table[2.3] Overall, our result agrees with
the main predictions of the physical picture proposed in F05. The black hole hosted in
1H 0419-577 may be rapidly spinning, as suggested by the proximity of the fitted disk
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inner radius to the value of the innermost stable orbit of a maximally rotating Kerr black
hole. The steep emissivity profile of the disk indicates that it is illuminated mostly in
its inner part, as it is expected if the primary continuum is emitted very close to the BH.
In this framework, the historical source variability is due to the variable light bending,
which may produce a negative trend of the reflection fraction with the power law flux.
Our results are consistent with the general trend noticed in FO5 (Fig. [2.3).

2.4.3 Broadband spectral modeling

The AGN emission can be also produced by thermal Comptonization (see Sect. [2.1). This
model has the advantage of explaining AGN emission in a consistent way over the entire
optical, UV, and X-ray energy range (e.g., Mrk 509, M11, P13). Indeed, the disk blackbody
temperature that can be constrained from a fit of the optical/UV data serves as input for
the Comptonized components that produce the X-ray continuum. The model includes
both a warm (hereafter labeled as "wc“) and a hot Comptonizing corona (hereafter labeled
as "hc") to cover the entire X-ray bandpass. Given the simultaneous X-ray, UV, and optical
coverage available in the present case, it is worthwhile testing also this scenario.

We fitted the EPIC-pn spectrum of 1H 0419-577 with the COS, FUSE, and OM count-rates
with SPEX. We left the normalization of each instrument relative to the EPIC-pn as a
free parameter to account for the diverse collecting area of different detectors. In the
fit, we both accounted for the Galactic absorption and for the local warm absorber that
we detected in Paper 1. For the former, we used the SPEX collisionally-ionized plasma
model (HOT), setting a low temperature (0.5 eV) to mimic a neutral gas. The cosmological
redshift (z=0.104) was also considered in the fit. The final multicomponent model is
plotted in Fig.

We used the disk-blackbody model (DBB) in SPEX to model the optical-UV emission
of 1H 0419-577. This model is based on a geometrically thin, optically thick, Shakura-
Sunyaev accretion disk (Shakura|1973). The DBB spectral shape results from the weighed
sum of the different blackbody spectra emitted by annuli of the disk located at differ-
ent radii. The free parameters are the maximum temperature in the disk (T;,,,) and the
normalization A = R? cosi, where Ry, is the inner radius of the disk and i is the disk
inclination. Instead, we kept the ratio between the outer and the inner radius of the
disk frozen to the default value of 103. The best-fit parameters of the disk-blackbody
(Fig. long dashed line) are: T, =56+ 6eV and A=(1.2+0.6) x 106 cm?. The fitted
intercalibration factors between OM, COS, FUSE, and EPIC-pn with errors are reported in
Table[2.2] The effect of these intercalibration corrections is within the errors of the disk
blackbody parameters given above.

We used the COMT model in SPEX, which is based on the Comptonization model of
Titarchuk! (1994) to model the X-ray continuum. The seed photons in this model have a
Wien-law spectrum with temperature 7. In the fit, we coupled T; to the disk temperature
Tmax- The other free parameters are the electron temperature T and the optical depth
of the Comptonizing plasma. A combination of two Comptonizing components fits the
entire EPIC-pn spectrum. The warm corona (T, ~ 0.7 keV) is optically thick (7, ~ 7) and
produces the softer part of the X-ray continuum below ~2.0 keV (Fig. dotted line). On



52 Spectral modeling 24

- ' L L | ' L | ' L | ' =
= -1 \ |
T g ]
& i ]
1
-12] |
5 1077
8‘\ [ ]
o [ i
> 107"k ., E
‘0 F 3
c L ]
) N ]
© L . B -
3 10_145‘ II \\ E
L E ] \ ]
C I \ ]
[ I | |
-15] ¢ | v
107 il L PR .
1 10 100 1000

Observed wavelength (A)

Figure 2.4: Best fit Comptonization model for 1H 0419-577. Solid line: Total model. Crosses:
Fluxed EPIC-pn spectrum (rebinned for clarity), OM, COS, and FUSE data points with errors. Long
dash line: Disk blackbody component. Dot line: Warm Comptonized component. Dash line: Hot
Comptonized component. Dash dot line: Gaussian O ViI (triplet) emission line. Dash dot dot line:
Cold reflection component, accounting for the Fe Ka emission lines.

the other hand, the hot corona (T, ~ 160 keV) is optically thin (7}, ~ 0.5) and accounts
for the X-ray emission above ~2 keV (Fig. dashed line).

Hence, we identified the remaining features in the model residuals as due to the O vii-
Ot (Fig. dash dot line) and Fe Ka emission lines (Fig. dash dot dot line). We
added a broadened Gaussian line to the fit with the line-centroid and the line-width
frozen to the values that we obtained in the RGS fit (Paper I) to account for the O viI
emission. The fitted line luminosity is consistent with what is reported in Paper 1. The
shallower O viiI line that was present in the RGS spectrum is undetected in the EPIC data.
In a Comptonization framework, a possible origin for the Fe Ka emission is reflection
from a cold, distant matter (e.g., from the torus). We have shown in Sect. 2.4.1|that the
Fe Kaline in 1H 0419-577 might also be broad. Detailed study of the properties of the
Fe Ka emission line produced in cold matter show that the line may appear broadened
in some conditions because of the blend between the main line core and the so-called
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Table 2.4: Luminosities of the broadband model components.

Model component logL ¢
1

ergs-
Disk blackbody 45.70
Warm corona 44.79
O VIl emission line  42.83
Hot corona 45.64
Cold reflection 43.78

Notes. @ Total intrinsic luminosity.

"Compton shoulder" (see Yagoob & Murphy|2011). The predicted apparent line broaden-
ing is consistent with what we have obtained in Sect[2.4.1]from a phenomenological fit of
a possible line-width. We added a REFL component to the fit to test this possibility. We
considered an incident power law with a cutoff energy of 150 keV with the same slope and
normalization that we derived from the phenomenological fit (Sect. [2.4.1). We set a null
ionization parameter and a low gas temperature (T ~ 1eV) to mimic a neutral reflector,
and, to adapt the model to the data, we left only the scaling factorE] (s) free to vary. A
reflected component with s = 0.3+0.1 satisfactorily fits the Fe Ka line and slightly adjusts
the underlying continuum (AC =—7).

We list the luminosities of all the model components in Table[2.4] while the parameters
and errors of the Comptonized components are outlined in Table[2.5]

2.5 The historical spectral variability

2.5.1 The baseline model

In Fig. we plot the historical X-ray, optical, and UV fluxes of 1H 0419-577 from the
archival XMM- Newton observations and from the present dataset. The optical-UV flux
of the source has been stable throughout the ~8 years during which OM observations
are available (Obs 2-6). Nevertheless, as already pointed out in Sect. the source has
been observed by XMM-Newton in a variety of flux states in the soft X-rays (see Fig. [2.5),
ranging from the deep flux minimum of September 2002 (Obs.2) to the highest state of
December 2000 (Obs.1). We used the Comptonization model that successfully fitted the
present dataset as a baseline model for the fit of the past XMM-Newton observations.
Because the maximum observed variability in the optical-UV (~ 20%) is within the errors
in the disk blackbody parameters that we derived in the broadband fitting (Sect. [2.4.3),
we assumed the same seed photons temperature of the present dataset in the baseline
model.

2In the REFL model, the total spectrum N(E) is given by N(E)= N;(E)+ sR(E), where N;(E) is the incoming
spectrum, R(E) is the reflected spectrum, and s is the scaling factor. See the SPEX manual for details.
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Figure 2.5: Upper panel: Variability of the optical and UV fluxes in the OM broadband filters for the
archival and present XMM-Newton datasets. Lower panel: Variability of the soft (0.5-2.0 keV) and
hard (2.0-10.0 keV) X-ray fluxes.

In Fig. we plot the historical fluxes of the Fe Ka emission line that were measured
from a phenomenological fit of the archival and present XMM-Newton datasets in the
2.0-10.0 keV band. Although the line is not well constrained in any of the archival datasets,
its flux is, however consistent to have been stable in the ~ 10 years long period covered by
XMM-Newton observations. Therefore, the cold reflection continuum associated to the
Fe Ka line should have remained constant. Since we are mainly interested in studying the
source variability in the soft X-ray band, we included just a delta function to account for
the Fe Ka emission line in the baseline model. Indeed, the addition of a cold reflection
continuum is not critical for the resulting parameters. Finally, we included unresolved
Ovii-fand O viil-Ly a emission lines in the baseline model. Previous analysis of the RGS
spectrum (Pounds et al.|2004b) has shown that O vii and O viii lines were present in Obs
2-5. The baseline model provides a formally acceptable fit for all the datasets except Obs.
2, namely the lowest flux state.
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Figure 2.6: Historical and present observed fluxes of the Fe Ka emission line with errors as a
function of the source flux in the 0.5-10.0 keV band. The arrows represent upper limits for the line
flux. The value for the present dataset is labeled, and the observation numbers for each data point
(see Table are labeled as well on the upper axes.

2.5.2 Thelow flux state

We show a comparison between the low-state spectrum and the present dataset in Fig.
At a first glance, the spectrum appears much flatter in the ~1.0-2.0 keV band and
displays a peak at ~0.5 keV resembling the shape of an emission line. Indeed, this feature
is well modeled by the O viI-O viiI emission lines that are present in the baseline model.
The fitted line fluxes (Fg, = (16 £8) x 10~ photons s~ cm™2 and Fgy,; = (8 £4) x 107>
photons s™' cm™) are consistent with what previously reported for the RGS spectrum
of this dataset (Pounds et al.2004a). The residuals to the baseline model display a deep
trough, approximately in the same energy region where the spectrum flattens out with
respect to the present dataset. We added to the fit a neutral absorber located at the
redshift of the source, modeled by a cold (T=0.5 eV) collisionally-ionized plasma (HOT
model in SPEX) to attempt adapting the baseline model to the low-state spectrum. By
letting all the Comptonized emission being absorbed by a partially covering (~ 60%), thick
(Ny ~5x10%2 cm™) cold gas, we achieved a statistically good (C/d.0.f.=163/152) fit to
the data, accounting for all the features left in the residuals by an unabsorbed model.
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Figure 2.7: EPIC-pn spectrum of 1H 0419-577 in the low flux state (Obs.2, left panel) and in the
present intermediate flux state (Obs.6, right panel). The best fit Comptonization model is displayed
as a solid line. Model residuals, in terms of o, are also shown. We rebinned the spectra for clarity
purposes. Note that error bars are as large as the thickness of the model line for the present dataset.

2.5.3 Partial covering of the baseline model

Prompted by the results of the low state fit, we checked if the addition of a cold absorber
could also improve the fit of the other datasets. We outline the results of this exercise for all
the archival datasets in Table[2.5] An additional partially-covering absorbing component
with a similar covering factor (~ 50%) but a lower column density provides a significant
improvement of the fit for Obs. 3-5. In contrast, no absorbing component is statistically
required in the fit of Obs. 1 and and 6, namely the two highest flux states. For these
datasets, we set an upper limit to the absorbing column density by keeping the covering
factor fixed to ~ 0.5. In Fig. we plot the parameters of the absorber as a function of
the source flux. The absorbing column density shows a negative trend with the flux, while
the covering fraction is consistent to be constant. The variable absorbing component
does not, however, account for all the source variability. As we show in Fig. we still
observe an intrinsic variability in both the two Comptonized components after removing
the effect of the variable absorption.

We also tested a different scenario where the absorber is constant in opacity and its
variability is driven only by a variable covering fraction. At this purpose, we attempted
to fit Obs. 4 and 5 keeping the absorber column density frozen to the value observed
in the low-flux state and letting only the covering factor free to vary. In both cases, we
had to release the parameters of the underlying continuum to achieve an acceptable
fit. In detail we obtained a covering factor of ~4% for Obs. 4 but the model residuals
are important between 2 and 5 keV. In Obs. 5, the fit erases the absorber pushing the
covering factor to a much lower value (~0.03%). In both cases, the fit is statistically worse
(C/d.0.f=216/152 and 152/139 respectively) than what is reported in Table Thus, we
rejected this possibility, and we concluded that the absorber model outlined in Table[2.5]
better fits the data.
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Table 2.5: Best fit parameters and errors, for the absorbed Comptonization model.

Obs  Tye®  Twe®  EYE okev © , The” The?  ERS o ey © C/dot? Nu¢  GJ Acs
keV 0_1%erg sTem?  keV 0_Ig ergs ! cm 102! cm™2

1 1.1£02 6.5+0.9 5.8+0.5 140£30 0.2+0.1 241 157/141 <1 05 -7

2 0.6+0.1 53+06  0.45+0.05 150780 0.7+03 9.1+0.6 314/151 47+10 0.6+0.1 -143

3 0701 6305 46+0.8 160+60 0.3+0.2 14.3£0.3 187/151 743  05+0.1 -26

4 0.67+0.09 7.6£07  43%09 130779 0672, 131 158/139 944 05+02 -14

5 0.46+0.05 9.0+0.7 2.9+05 170+40 0.3+0.2 12.6+0.1 202/139 1143  0.5+0.2 -62

6  0.7+04 6.9£05 5.9+0.6 160£30 0.5+0.1 18.1£0.2 293/240 <0.002 05() -0.3

Notes. (Y Plasma temperature of the Comptonized components. (?) Plasma optical depth of the
Comptonized components. () Observed flux of the Comptonized components in the quoted band.
4) C-statistic for the unabsorbed model. ®) Column density of the local neutral absorber. ") Covering
fraction of the local neutral absorber. ) Decreasing of the C-statistic with respect to the unabsorbed
model.

2.6 Discussion

2.6.1 TheX-ray spectrum of 1H 0419-577

The long exposure XMM-Newton observation of 1H 0419-577 that we presented in this
paper provided a high-quality X-ray spectrum which is suitable for testing physically
motivated models against real data. Exploiting the simultaneous coverage in the opti-
cal/UV that was provided in the present case by the OM and by HST-COS, we successfully
represented the broadband spectrum of 1H 0419-577 using Comptonization. The emerg-
ing physical picture provided that the optical-UV disk photons (T ~ 56 eV) are both
Comptonized by an optically thick (7, ~ 7) warm medium (T;,. ~ 0.7 eV) and by an
optically thinner (7}, ~ 0.5) and hotter (T;,. ~ 160 keV) plasma to produce the entire X-ray
spectrum.

A similar interpretation has been recently proposed for the broadband simultaneous
spectrum of Mrk 509 (M11, P13) and also for a sample of unobscured type 1 AGN (Jin
et al.[2012). A reasonable configuration for these two media in the inner region of AGN
is possible. Two different Comptonizing coronae may be present. The geometrically
compact hot corona may be associated with the inner part of the accretion flow, while the
warm corona may be a flat upper layer of the accretion disk (P13). Alternatively, according
to a model proposed in Done et al.| (2012), the warm Comptonization may take place in
the accretion disk itself below a critical radius after which the radiation cannot thermalize
anymore. It is in principle also possible that the seed photons are provided to the hot
corona by the soft excess component (e.g., PKS 0558-504,|Gliozzi et al.|2013). We note that
the broadband spectrum of 1H 0419-577 is consistent with a “nested-Comptonization”
scenario provided a slightly thicker warm Comptonized component (7 ~ 11). Finally, we
suggest that the Fe Ka emission line in 1H 0419-577 is produced by reflection in a cold
thick torus. The long-term flux stability of the line that we note in Fig. supports this
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Figure 2.8: Variability of the local neutral absorber in 1H 0419-577. The gas column density (upper
panel) and and covering factor (lower panel) with errors are plotted against the observed source
flux in the 0.5-10.0 keV band. Arrows represent upper limits for the column density. Crosses

represent fixed values for the covering factor. The values for the present dataset are labeled, and
the observation numbers for each data point (see Table are labeled as well on the upper axes.

interpretation.

Tombesi et al.|(2010) reported the detection of an ultra fast outflow (UFO) in 1H 0419-577.
According to these authors, the signature of the UFO is a blushifted Fe Xxvi-Ly a absorption
line located at a restframe energy of ~7.23 keV which is possibly accompanied by a Fe xxv
feature at ~ 8.4 keV. Despite the high signal-to-noise ratio none of these features is evident
in the present spectrum. We estimated upper limits for the equivalent width (E W) of the
main UFO absorption lines, assuming the same outflow velocity given in Tombesi et al.
(2010, v~11100 km s7!). The deepest UFO that is consistent with our dataset is much
shallower than what previously reported, because we found EW $12eVand EW $9eV
for the Fe xxvi-Ly @ and Fe xxv-Hea transition, respectively.

2.6.2 The historical spectral variability of 1H 0419-577

The Seyfert galaxy 1H 0419-577 is well known for showing a remarkable flux variability
in the X-rays that is accompanied by a dramatical flattening of the spectral slope as the
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Figure 2.9: Variability of the intrinsic 0.5-10.0 keV luminosity in 1H 0419-577. The unabsorbed
luminosities of the hot and the warm Comptonized component, along with the total intrinsic
luminosities are plotted against the observed source flux in the 0.5-10.0 keV band. The symbols are
outlined in the legend. Error bars, when larger than the size of the plotted symbols, are also shown.
The values for the present dataset are labeled and the observation numbers for each data point (see
Table are labeled as well on the upper axes.

source flux decreases. Nonetheless, the optical/UV fluxes that were observed in diverse X-
ray flux states are rather stable. In Sect. we showed that a Comptonization model can
explain the historical spectral variability of 1H 0419-577 , provides an intrinsic variability
of the two Comptonized components, and a partially-covering, cold absorption variable
in opacity.

The intrinsic variability of the X-ray Comptonized continuum is easy to justify. Indeed,
Monte Carlo computations of X-ray spectra from a disk-corona system show that coronae
may be intrinsically variable even when given an optical depth and a electron temperature.
Without requiring variations in the accretion rate that would be inconsistent with the
stability of the optical/UV flux, a substantial variability may be induced, for instance, by
geometrical variations (e.g.,/Sobolewska et al.2004) or by variations in the bulk velocity of
the coronal plasma (e.g., in a non static corona, Malzac et al.[2001).

However, apart from the smaller intrinsic variation, the variable cold absorption causes
the bulk of the observed spectral variability. In this respect, 1H 0419-577 is not a unique
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case. So far, cold absorbers variable on a broad range of timescales (few hours—-few
years) have been detected in a handful of cases, (e.g., NGC 1365, NGC 4388, and NGC
7582, Risaliti et al.|2005} |[Elvis et al.|2004, Piconcelli et al.[2007) including some optically
unobscured, standard type 1 objects (e.g., NGC 4151, 1H0557-385, Mrk 6 Puccetti et al.
2007, |Longinotti et al.[2009, Immler et al.|2003) and narrow line Seyfert 1 (e.g., SWIFT
J2127.4+5654 |Sanfrutos et al.[2013). In most of these cases, discrete clouds of cold gas
with densities and sizes typical of the BLR clouds may cause the variable absorption.
The estimated location of these clouds is within the “dust sublimation radius”, which
nominally separates the BLR and the obscuring torus. This indicates that the distribution
of absorbing material in AGN may be more complex than the axisymmetric torus that is
prescribed by the standard Unified Model (see|Bianchi et al.[2012} and references therein).
The variation of the cold absorber in 1H 0419-577 is driven by a decreasing opacity, which
seems to show a trend with the increasing flux (Fig. upper panel). In in the two highest
flux spectra, the absorbing column density is consistent to have been at least a factor ~ 40
thinner than in the lowest flux spectrum. At the same time, the absorber covering factor
remained constant (~ 0.5) within the given errors. A simple explanation for this behavior
is that the neutral column density became ionized in the highest flux dataset because it
responded to the enhanced X-ray ionizing continuum. An inspection of the archival RGS
spectra (Pounds et al.2004alb) may provide additional support to this hypothesis. The
broad emission features from O viI and O viil that we detected in the RGS spectrum of the
present dataset (Paper I) are also present in all the past RGS spectra. We note, however, that
in the present dataset, the luminosity of both these lines is lower than what was observed,
for instance, in the lowest flux state (e.g., by a factor ~2 and ~5, respectively) Moreover,
we clearly detected a broad line from a more highly ionized species (Ne IX, see Paper I),
which is undetected in all the archival RGS spectra. This may be a qualitative indication
of a more highly ionized gas in the BLR during the higher flux state. The enhanced flux
may have increased the ionization of the gas, causing the enhancement of the Ne 1x and
the decrease of the O viI-O vii1. The difference in unabsorbed continuum luminosities
that we observed, for instance, between the lowest flux state of September 2002 and the
following observation of March 2003 (AL ~ 3x 10* erg s, see Fig. may indeed ionize
a cloud of neutral hydrogen with typical BLR density in the observed timescale (At <7
months). Assuming that the absorber is a cloud of pure hydrogen that does not change in
volume as a consequence of the ionization, then the fraction of hydrogen that became
completely ionized in March 2003 is as follows:

N, —N
fH _ H,Sep02 H,Mar03 ~85%. (2.1)

N H,Sep02

If the cloud is illuminated by AL the conservation of energy, assuming spherical symmetry
implies that:
GyALAt
fga
where C, is the absorber covering factor, d is the absorber distance, U;=13.6 €V is the
ionization threshold of hydrogen, ny is the absorber density, and f = 1072 is the volume

~ Uy fuhn. (2.2)



2.6 Discussion 61

filling factor of the broad line region (Osterbrockl[1989). Taking the dust sublimation
radius (Rpyst ~ 0.6 pcﬁ) as an upper limit for the absorber distance from Equation
follows that

ng R 6x108cm™. (2.3)

This lower limit is well consistent with the typical range of densities of the BLR clouds
(108 —10'2cm™3, |Baldwin et al.[1995).

We also note that this scenario resulted in a statistically better fit of the data than a model
mimicking a single cloud with a constant opacity crossing the line of sight (see Sect. [2.5.3).
Indeed, the time interval of a few months separating the XMM-Newton observations of
1H 0419-577 is inconsistent with the expected duration of an occultation event due to a
single BLR cloud. For instance the occultation observed in NGC 1365 (in April 2006, see
Risaliti et al.|[2007) lasted ~4 days. A similar eclipse, lasting only 90 ks, has been observed
in SWIFT J2127.445654 (Sanfrutos et al.|2013).

In the scenario we are proposing for 1H 0419-577, when the continuum source is found
in a low flux state, the surrounding gas is on average less ionized. We suggest, therefore,
that in these conditions the number of neutral clouds along the line of sight may be larger,
making obscuration events more probable.

We finally remark that a simple argument can explain the stability of the optical/UV
continuum in 1H 0419-577in this framework. The optical/UV continuum source is 10
times larger in radius than the X-ray source (see e.g., Elvis|2012). Therefore, a covering on
the order of ~ 50% of the X-ray source implies a negligible covering of the ~ 0.5% for the
optical/UV source.

2.6.3 The geometry of AGN

We can put significant constraints on the geometry of 1H 0419-577 from the fitted pa-
rameters of the disk blackbody (Sect. [2.4.3). The fitted disk blackbody normalization A is
linked to the disk inclination angle i. Analytically,

A=R?’ cosi, (2.4)

where Ry, is the inner radius of the disk. The disk inner radius may be set by the radius
of the innermost stable circular orbit (Risco), which is allowed in the space-time metric
produced by the black hole mass (M ~ 3.8 x 108 Mg in this case, (O’Neill et al.|2005)
and by its spin. The two extreme cases are a maximally rotating black hole and a non-
rotating Schwarzschild black hole (seeBambi|2012). Therefore, according to this general
prescription, R;, may only vary in the range:

Riy ~ Risco =[1—6] Ry, (2.5)

where R, =2GM /c? is the gravitational radius, G is the gravitational constant, and ¢ is
the speed of light. Combining Equations[2.4|and 2.5} we obtain:

i =[70°—89°]. 2.6)

3We estimated the dust sublimation radius of 1H 0419-577 using the ionizing luminosity given in Paper I
and the formula of|Barvainis| (1987), assuming T=1500 K for the dust sublimation temperature and a=0.05 um
for the dust grains size.
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To set a more robust lower limit for the disk inclination angle, we additionally considered
the error of the disk normalization (Sect. and of the black hole mass (~ 0.5 dex,
see |O’Neill et al.|2005, and references therein) in the calculation. With these tighter
constraints:

i>54°. 2.7)

These inclination values are well consistent with the intermediate spectral classification
of 1H 0419-577 as Seyfert 1.5. It is therefore possible that our viewing direction toward
1H 0419-577 is grazing the so-called “obscuring torus” that is prescribed by the standard
Unified Model (Antonucci|1993). In this framework, the inner part of the torus may be
responsible for the X-ray obscuration.

The structure of the obscuring medium in AGN may be more complex than the classical
donut torus paradigm. Indeed, this model faces difficulties in explaining several theoreti-
cal and observational issues, including, for instance, the wide range of X-ray obscuring
column densities (see|Elvis|2012, and references therein). A clumpy torus (Nenkova et al.
2008) may alleviate part of these problems. In the latter case, when the numerical density
of clouds along the line of sight is low, even a source viewed from a high inclination
angle may appear like a Seyfert 1 (see also |Elitzur{2012). Moreover, in this model, the
BLR and the torus itself are part of the same medium, decreasing in ionization as the
distance from the central source increases. Indeed, it has been proposed (seeNenkova
et al.|2008) that the clumpy torus extends inward beyond the dust sublimation point.
The innermost torus clouds, being more exposed to the ionizing radiation, are probably
dust free and may dominate the X-ray obscuration. Given the high viewing angle derived
above, 1H 0419-577 may possibly fit in this framework.

2.6.4 A comparison with other models

The model that we presented in this paper explains both the optical/UV/X-ray broadband
spectrum and the historical variability of 1H 0419-577in a reasonable geometrical config-
uration. However, the hard X-ray energy range above 10 keV is not covered by the present
spectral analysis. In that range, 1H 0419-577 displays a “hard-excess” (Turner et al.|2009,
Pal & Dewangan 2013, |Walton et al.2010) over a simple power law model, that shows some
evidence of variability (a factor ~ 2, see Turner et al.[2009). The extrapolation to harder
energies of our broadband model predicts a flux of ~2.9 x 107! erg s~ cm?in the 10-50
keV band. This flux is higher than the 70 month-averaged flux observed with BAT in the
same band (~ 2.2x 107 erg s~! cm?,[Baumngartner et al.2013) but well consistent with the
latest Suza k u measurement taken only 5 months before our XMM-Newton observations
(~2.7x 107! ergs~! cm?,|Pal & Dewangan/2013). Because of this relatively short time
interval between the Suzaku and XMM-Newton observation, it is indeed likely that
Suzaku caught the source in the same flux condition of our observation (see also Fig.
[2.1). In the context of the Suzaku data analysis (Pal & Dewangan/2013), the authors
also attempted to fit a Comptonization model to the May 2010 EPIC-pn spectra. They
obtained, however, a poor result mainly because of a prominent excess in the residuals
near ~ 0.5 keV. In the present analysis, thanks to the higher resolution provided by the
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RGS, we could easily identify that feature as due to the O viI line complex. Apart from
this discrepancy, the parameters they obtained for the warm Comptonized component
reasonably agree with our result.

On a different occasion (July 2007), Suzak u caught the source in a bright state, similar
to what was observed by XMM-Newton in December 2000 (Obs.1). The hard X-ray curva-
ture that was observed in that case (F5_soxev ~ 2.6 x 107!! erg s™!) can be fitted using a
Compton-thick, highly ionized absorption, covering ~66% of the line of sight. To check if
our model could also explain this historical hard X-ray maximum, we compared the hard
X-ray flux extrapolated by the fit of Obs. 1 with the one observed by Suzaku. We noted
a small disagreement as the flux predicted by our model is by a factor of 1.6 lower than
the observed one. Thus, we cannot definitively rule out that a partially-covering ionized
absorber was present in the high flux state of July 2007. In the framework proposed in
this paper, it may in principle be the ionized counterpart of the cold absorber present in
the low flux state.

Besides our interpretation, the light bending model may also explain the variable X-ray
spectrum of this source and fits both the XMM-Newton and the Suzak u datasets (F05,
Walton et al.[2010} |Pal & Dewangan|2013, this paper). We note, however, that a variable
absorption is required to fit the data even in this disk-reflection framework. Indeed, a
cold absorber showing the same trend noticed here (with a column density dropping
from Ny ~10%' cm~?to 0) is present in the FO5 model. Additionally, an O viI edge with
a variable depth, which mimics an ionized warm absorber, is also included. The latter
is somewhat at odds with what we reported in Paper I because the warm absorber in
1H 0419-577 is too lowly ionized to produce any strong O VII absorption features. More-
over, a short timescale variation of the ionized absorption edges, as required in F05, is
difficult to reconcile with the galactic scale location (see Paper I) of the warm absorber
in this source. In our analysis, solar abundances are adequate to fit the data. In the light
bending model, the metal abundance in the disk is a free parameter, and it has been
reported to vary from supersolar in September 2002 (~ 3.8, F05) to undersolar in January
2010 (~0.5,|Pal & Dewangan|2013). This is another issue that is difficult to explain. Fi-
nally, we note that a physical interpretation of the source variability that is observed with
Suzaku is not possible in the context of the light bending model alone, and additional
variability in the disk-corona geometry, possibly caused by a variability in the accretion
rate (that would be however inconsistent with the stability of the optical/UV flux noticed
here) has to be invoked (Pal & Dewangan|2013).

In conclusion, the Comptonization model proposed here for the present and historical
broadband spectrum of 1H 0419-577 does not rule out other possible interpretations. It
has, however, the advantage of explaining all the observational evidences collected in
the last ten years over the broadest range of wavelength available without requiring any
special ad hoc assumption. A future observation in the entire X-ray band with XMM and
NuSTAR would be important to solve the long-standing ambiguity in the interpretation
of the spectral variability in this peculiar Seyfert galaxy.
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2.7 Summary and conclusions

We modeled the broadband optical XMM-OM), UV (HST-COS, FUSE), and X-ray (EPIC-
pn) simultaneous spectrum of 1H 0419-577 taken in May 2010 using Comptonization.
The X-ray continuum may be produced by a warm (T, ~ 0.7 keV, 7., ~ 7) and a hot
Comptonizing medium (T;,. ~ 160 keV, T ~ 0.5) which are both fed by the same optical/UV
disk photons (T, ~ 56 €V). The hot medium may be a geometrically compact corona
located in the innermost region of the disk. The warm medium may be an upper layer
of the accretion disk. Reflection from cold distant matter is a possible origin for the Fe
Ka emission line. Despite the long exposure time of our dataset, we do not find evidence
of the ultra fast outflow features that have been reported in the past for this source.

Providing a partially covering (~50%) cold absorber with a variable opacity ( Ny ~[101° —
1022] cm™2) and a small variability intrinsic to the source, this model can also reproduce
the historical spectral variability of 1H 0419-577. The opacity of the absorber increases
as the continuum flux decreases. We argue that the absorber may have the typical density
of the BLR clouds and that it becomes optically thinner in the higher flux states because it
gets ionized in response to the enhanced X-ray continuum.

Relativistic light-bending remains an alternative explanation for the spectral variability
in this source. We note, however, that a variable elemental abundance and a variable
absorption are required in this scenario. The latter is difficult to reconcile with the UV/X-
rays absorber that we have determined to be located at a ~ kpc scale.

Finally, we suggest that 1H 0419-577 may be viewed from a high inclination angle which
marginally intercepts a possibly clumpy obscuring torus. In this geometry, the X-ray
obscuration may be associated with the innermost dust free region of the obscuring torus.

The present spectral analysis in the optical/UV/X-ray represents a substantial step forward
in the comprehension of this intriguing Seyfert galaxy. However, further investigations
(e.g., with NuSTAR) are needed to understand the true nature of the spectral variability of
this source.
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Abstract

During an extensive multiwavelength campaign that we performed in 2013-14, we
found the prototypical Seyfert 1 galaxy NGC 5548 in an unusual condition of heavy and
persistent obscuration. The newly discovered “obscurer” absorbs most of the soft X-ray con-
tinuum along our line of sight and lowers the ionizing luminosity received by the classical
warm absorber. We present the analysis of the high resolution X-ray spectra collected with
XMM-Newton and Chandra throughout the campaign, which are suitable to investigate
the variability of both the obscurer and classical warm absorber. The time separation
between these X-ray observations range from two days to eight months. On these timescales
the obscurer is variable both in column density and in covering fraction. This is consistent
with the picture of a patchy wind. The most significant variation occurred in September
2013 when the source brightened for two weeks. A higher and steeper intrinsic continuum
and a lower obscurer covering fraction are both required to explain the spectral shape
during the flare. We suggest that a geometrical change of the soft X-ray source behind
the obscurer causes the observed drop in the covering fraction. Because of the higher soft
X-ray continuum level, the September 2013 Chandra spectrum is the only X ray spectrum
of the campaign in which individual features of the warm absorber could be detected.
The spectrum shows absorption from Fe-UTA, O1v, and OV, consistent with belonging
to the lower-ionization counterpart of the historical NGC 5548 warm absorber. Hence,
we confirm that the warm absorber has responded to the drop in the ionizing luminosity
caused by the obscurer.

65
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3.1 Introduction

In the X-ray band, active galactic nuclei (AGN) are variable emitters. The origin of this
variability, which can be even large and fast (e.g., [Matt et al.[2003), is not fully understood
yet (see e.g. McHardy et al. 2006} Turner et al.|2009, |Ponti et al.2012). Variable absorption
of the X-ray radiation along the line of sight is one of the possible explanations. Indeed,
many absorbing components, spanning a broad range in ionization, can be detected in
AGN X-ray spectra.

Cold neutral absorption is able to strongly suppress the soft X-ray flux and to change
the curvature of the X-ray spectrum. In recent years, evidence for variability due to cold
X-ray absorption in both type 1 and type 2 AGN has increased. In many cases, changes in
the absorber column density and/or covering fraction, on timescales of a few hours or a
few years, have been reported, e.g., in NGC 4388 (Elvis et al.2004), NGC 4151 (Puccetti
et al[2007), and 1H 0557-385 (Coffey et al.[2014). On these same timescales, the X-ray
absorbing column density may even drastically switch from Compton thick to Comp-
ton thin as observed in several type 2 AGN, e.g., NGC 7582 (Piconcelli et al.[2007), UGC
4203 (Risaliti et al.|2010), and NGC 454 (Marchese et al.[2012). This rich phenomenology
suggests that cold gas is present even in the innermost region of AGN (see|Bianchi et al.
2012). This material is probably patchy and may belong to the broad line region (BLR)
or to a clumpy torus (e.g., Miniutti et al.[2014). In the best studied Seyfert 1.8 source,
NGC 1365, a single cloud was monitored while eclipsing the central X-ray source for a few
hours (Risaliti et al. 2009). In the last decade, this source was observed in a vast variety
of spectral appearances, ranging from Compton thick (Risaliti et al.[2005) to an almost
unobscured condition more reminiscent of a pure type 1 AGN (Walton et al.|2014).
Absorbers at higher ionization (the so-called warm absorbers, WA) imprint discrete ab-
sorption lines on ~50% of type 1 AGN spectra (Crenshaw et al.[2003b). These features,
which fall mainly in the soft X-ray (e.g., from Ne 11-Ne x, Fe x-Fe xx1v, and O 1v-0 viI) and
in the UV (e.g., O vi, Mg11, C11I-C1v, and Si11-Si 1v) domain, are usually blueshifted with
respect to the systemic velocity, therefore indicating a global outflow of the absorbing gas
(Crenshaw et al.[2003b). In local Seyfert 1 galaxies, absorption lines usually have a narrow
profile (FWHM~ 10? km s7!). In about 15% of optically selected quasars (Weymann et al.
1991), broad absorption lines (BAL) with a typical width of 10* km s~! have also been
observed (Hamann & Sabra|2004). In the last ten years, observational campaigns provid-
ing simultaneous high resolution UV and X-ray spectroscopy have been performed for a
handful of local AGN (see|Costantini[2010, for a review). In some cases (e.g., NGC 4151,
Kraemer et al.[2005/ Mrk 279, |Arav et al.[2007, |Costantini et al.|2007| 1H 0419-577|Di Gesu
et al.|2013), it has been established that X-ray and UV narrow absorption lines (NAL) may
be the manifestation of the same outflow, even though it is not trivial to determine how
the X-ray and UV absorbing gas are physically and geometrically related. The UV and
X-ray absorbing gas could be colocated (e.g., Mrk 509, |Ebrero et al.[2011), and the UV
absorbing components could be denser clumps embedded in a more highly ionized wind
(e.g., NGC 4051, Kraemer et al.[2012). The WAs are usually complex multicomponent
winds spanning a broad range in velocity and in ionization. The lower ionization com-
ponents produce the UV lines, while the higher ionization phases are only seen in the
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X-rays. An intermediate phase producing absorption lines in both bands may in some
cases be present.

Variability in the warm absorption may in principle contribute to the overall X-ray vari-
ability of AGN on different timescales. To assess the WA variability on long (e.g., ~years)
timescales it is necessary that high quality multiepoch spectroscopy is available, which
is seldom the case. A multiepoch study of the WA was attempted, for instance, in Mrk
279 (Ebrero et al.[2010) without finding significant variability. In a different case (Mrk
841,|Longinotti et al.[2010), comparing two different observations taken ~4 years apart, a
moderate decrease in the WA ionization as the continuum dims was observed. An even
more noticeable long-term WA variability was reported in the case of Mrk 335 (Longinotti
et al. 2013), where the emergence of an ionized outflow that was not historically present
was observed in 2009. On shorter timescales, changes in the WA opacity or ionization
were observed for instance in NGC 3783 (~31 days, |Krongold et al.[2005) and NGC 4051
(few ks—few months, Krongold et al.|2007, |Steenbrugge et al.[2009).

The timescale over which absorption lines are observed to vary can be used to measure
the distance of the absorbing gas from the ionizing source (see|Crenshaw et al.|2003b).
Indeed, for photoionized gas in equilibrium, the recombination timescale depends on
the gas number density n. Besides the distance r, the gas density is the only other un-
known parameter in the definition of ionization parameter & = L;,,/nr? (where Ly, is
the ionizing luminosity in the 1-1000 Ryd band). Searching for absorption line variability
on short timescales and thus constraining the location of the WA is the main motivation
for conducting monitoring campaigns of AGN (e.g., Mrk 509, see |[Kaastra et al.[[2012).
The knowledge of the location is crucial to estimate the mass outflow rates and kinetic
luminosities associated with these absorbers (e.g.,|Crenshaw & Kraemer|2012), and thus,
to evaluate their potential impact on the host galaxy environment.

With this aim, during the summer of 2013 and the winter of 2013-14 we performed
a large multiwavelength monitoring campaign on the bright Seyfert 1 NGC 5548. The
overview of the campaign is presented in|Mehdipour et al.| (2015} hereafter Paper I). NGC
5548 is a prototypical Seyfert 1 galaxy, which has been studied for decades from optical
(e.g., Peterson & Wandel|1999) to X-ray wavelengths (e.g.,|[Nandra et al.[1993} Iwasawa et al.
1999). From a dynamical modeling of the BLR (Pancoast et al.|2014), it is inferred that this
source is observed at an inclination angle of ~ 30° and hosts a supermassive black hole
(SMBH) of ~ 3 x 107 My, in its center. Previously, high resolution UV (Crenshaw & Kraemer
1999, |Crenshaw et al.[2003a) and X-ray (Kaastra et al.2000, 2002, Steenbrugge et al.[2003}
2005) spectra have revealed several deep NAL that can be ascribed to a moderate velocity
(Vout=200-1200 km s7!) ionized outflow.
Unexpectedly, throughout the whole 2013-14 campaign, NGC 5548 appeared dramati-
cally different than it appeared in the past (e.g., from the Chandra observation of 2002,
Steenbrugge et al.|2005): the object was ~25 times less luminous in the soft X-rays. More-
over, NGC 5548 showed broad, asymmetric absorption troughs in the blue wings of the
main UV broad emission lines (e.g., in Lya, C1v, NV). In|Kaastra et al.| (2014, hereafter
K14), we proposed that all these changes can be ascribed to the onset of a persistent,
weakly ionized, fast (v~5000 km s™'), wind (hereafter “the obscurer”). The obscurer is
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Figure 3.1: From top to bottom panel: the observed light curves of NGC 5548 in two X-ray bands
and in the UV (1=2030 A). These curves are obtained from the daily Swift monitoring performed
during our campaign. In each panel, the pink horizontal dashed line marks the flux level measured
by Swift at unobscured epochs (2005 and 2007). From left to right, vertical lines indicate first and
last XMM-Newton observation of summer 2013 (dashed lines), the three Chandra observations
of September 2013 (dotted lines), and the last two observations of the XMM-Newton program (in
December 2013 and February 2014, dashed lines).

located within or just outside the BLR, at a distance of a few light days from the SMBH, and
may have been launched from the accretion disk. It blocks ~90% of the X-ray flux along
our line of sight, thereby lowering the ionizing luminosity received by the WA. Indeed,
in this obscured condition, the historical NGC 5548 WA is still present, but with a lower
ionization. In the X-rays, the WA is consistent with being ~3 times less ionized than what
was observed in 2002 (K14), and, at the same time, in the UV it shows new lower-ionization
NAL (from, e.g., C11 and C111,|Arav et al.[2015).

In this paper, we use all the high resolution X-ray spectra collected during our campaign
to assess what drives the spectral changes of NGC 5548 on timescales as short as few
days. This is the typical time separation between the X-ray observations of the campaign.
These spectra are suitable to investigate the absorption variability because they cover the
energy band where the main ionized and neutral absorption features of, e.g., oxygen and
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iron, fall. During the campaign, the source was always weak in the soft X-rays, except
for a sudden brightening in September 2013 (Fig. [3.1). On that occasion, we triggered a
Chandra-LETGS observation. In the following, we also investigate the possible causes
and consequences of this sudden brightening.

The paper is organized as follows: in Sect. [3.2]we briefly present the data sets that we use
in this analysis, and in Sect. [3.3]we describe the template spectral model that we apply to
all the data sets in Sect. Finally in Sect. [3.5|we discuss our results, and in Sect. [3.6]we
outline the conclusions.

The C-statistic (Cash|1979) is used throughout the paper, and errors are quoted at 68%
confidence level (AC = 1.0). In all the spectral models presented in the following, we use
the Galactic hydrogen column density from Wakker et al.| (2011, Ny =1.45 x 10%° cm™2).
The cosmological redshift that we adopted for NGC 5548 is 0.017175 (de Vaucouleurs
et al.[1991).The cosmological parameters are set to: Hy=70 km s~! Mpc™, ©,,=0.3 and
QA:07

3.2 Thedata

The XMM- Newton observed NGC 5548 between June 2013 and February 2014 using both
the EPIC cameras (Turner et al.[2001, [Striider et al.|2001) and the Reflection Grating Spec-
trometer (RGS,|den Herder et al.[2001). The core of the campaign consisted of 12, ~50 ks
long, XMM-Newton observations that were taken every ~ 2-8 days in June and July 2013.
After these, two other observations were acquired in December 2013 and February 2014,
providing 14 XMM-Newton data sets in total. The details of all the observations, which
we hereafter label in chronological order as XM1-XM14, are given in Table[3.1} During the
entire campaign, the source was also monitored daily by Swift (Gehrels et al.[2004), both
in the X-rays with the X-Ray Telescope (XRT, Burrows et al.2005) and in the UV with the
UV Optical Telescope (UVOT, Roming et al.[2005). Swift-UVOT flux measurements in the
UVW2 (2=2030 A) filter, corrected for reddening and for the host galaxy contribution as
explained in Paper I, are also used in the present analysis.

In September 2013 we triggered a Chandra observation because Swift observed a sudden
brightening (Fig. [3.1). The observation was performed with the Low Energy Transmis-
sion Grating Spectrometer (LETGS, Brinkman et al.[2000) in combination with the High
Resolution Camera (HRC-S). The observing time was split into three observations (Obs.
CH1-CHS3) of 30, 67, and 123 ks. The first two were taken on September 1st and 2nd, while
the third and longest observation was taken a week later on September 10th. Simulta-
neously with this observation a higher energy spectrum was acquired with the Nuclear
Spectroscopic Telescope Array (NuSTAR, |Harrison et al.|2013) satellite. In the occasion of
this flaring event, no XMM-Newton observation was available.

A detailed description of the data reduction procedure for all the instruments is given in
Paper 1. In the present analysis, we fit the high resolution RGS and LETGS spectra. The
simultaneous EPIC-pn and NuSTAR spectra at higher, less absorbed energies provide
the continuum baseline over which the absorption is superposed. |Ursini et al.| (2015),
hereafter U15, provide a detailed modeling of the continuum at high energies.
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Table 3.1: List of XMM-Newton and Chandra data sets used for present analysis.

Obs. Date Satellites Fgzo “ Fos—okev” Boo-100kev ”
yyyy-mm-dd (1074ergs™! cm? A™Y) (107'2ergs~! cm?)
XM1 2013-06-22 14 2.07 1.1 13.2
XM2 2013-06-30 14 2.28 3.5 29.9
XM3 2013-07-07 14 2.07 2.1 21.2
XM4 2013-07-11 14 2.32 3.6 32.1
XMb5 2013-07-15 14 2.57 2.6 26.9
XM6 2013-07-19 14 2.74 2.3 274
XM7 2013-07-21 14 2.88 2.3 23.5
XM8 2013-07-23 14 3.09 2.2 25.1
XM9 2013-07-25 14 2.97 3.2 29.8
XM10  2013-07-27 14 3.29 3.0 294
XM11 2013-07-29 14 3.21 2.8 26.4
XM12  2013-07-31 14 3.21 2.2 23.6
CHI __ 2013-09-01 24 454 77 38.7
CH2  2013-09-02 24 4.48 4.4 29.7
CH3  2013-09-10 234 4.89 5.7 36.1
XM13 2013-12-20 14 3.27 2.1 21.8
XM14  2014-02-05 14 3.49 4.1 24.4

Notes. Instruments are labeled with numbers, as followed: 1: XMM-Newton, 2: Chandra, 3:
NUSTAR, and 4: Swift. () UV flux measured by Swift-UVOT, corrected for reddening. *) Observed
flux in the quoted bands, as derived from our best-fit model.

As in K14, we fitted the EPIC-pn in the 1.03-10.0 A (~1.24-12 keV) band together with the
RGS in the 5.68-38.23 A (~0.32-2.2 keV) band. Thus, the two instruments overlap in a
small band allowing us to check for possible intercalibration mismatches. In all our fits,
the intercalibration factor used in K14 (~ 1.027) was adequate. Because of an incomplete
correction for the gain of the EPIC-pn (not corrected in the SAS v13 we used, see Paper
D), the Fe K line appears blueshifted (see Cappi et al. in prep. for a detailed discussion),
which we correct for with an artificial redshift for these spectra. However, this solution
leads to a poor fit near the energy of the gold M-edge of the telescope mirror. For this
reason, we omitted the interval 5.0-6.2 A (~2.0-2.5 keV) from all our fits.

We fitted the Chandra-LETGS spectra between 2 and 40 A (~0.3-6.2 keV). We used the
NuSTAR spectrum simultaneous to CH3 in the 0.2-2.5 A (~5-60 keV) band. Since Chandra-
LETGS and NuSTAR were consistent in the overlapping band, we did not apply any inter-
calibration correction in the joint fit.
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3.3 The template model

To assess the variability of NGC 5548, we used the same template model to fit all the
spectra. This template is close to the model adopted in K14, differing from it only in the
modeling of the “soft-excess” (Arnaud et al.[1985) component. We performed all the spec-
tral analysis with the latest version of SPEX (v. 2.05, Kaastra et al.[1996). In our template
model, we considered the cosmological redshift and the Galactic absorption. For the
latter, we use a collisionally ionized plasma model (HOT), with a nominal temperature of
0.5 eV for a neutral gas.

Our continuum model includes a primary and reflected power law, on top of which lies a
soft-excess component. In NGC 5548 the reflection is consistent with being constant (see
U15), thus producing a steady narrow Fe Ke line (see Cappi et al., in prep.). In the present
analysis we used the reflection parameters obtained in U15, i.e., [=1.9 and E,;=300
keV for the photon index and the high energy cutoff of the primary power law, in the
SPEX reflection model REFL. This model includes both a Compton reflected continuum
(Magdziarz & Zdziarski|1995) and the Fe Ka line (Zycki & Czerny|1994). To adjust the fit of
the Fe Ka line, we allowed the normalization of REFL to be free to vary within the errors
of the U15 model. When using EPIC-pn data, we applied to REFL an artificial blueshift
(z=-1.25x1072) to correct for an apparent centroid shift of the Fe Ka line (see also Sect.
B:2).

The X-ray obscuration affects the spectrum mainly below 2.0 keV and therefore makes
the detection of the soft excess from X-ray spectra elusive. Nevertheless, this component
contributes to the continuum in the band where most of the absorption is seen, thus
its modeling is critical for evaluating the absorption variability. In Paper I we show that
the soft-excess component is likely to be the tail of a component extending from UV
to soft X-rays, which is produced by Compton up-scattering of the disk photons in a
warm, optically thick plasma. Therefore, in this framework, the UV emission (which is not
affected by the obscuration) is a proxy for the X-ray soft excess. We used COMT (based on
Titarchuk|1994) to model the soft-excess component and we used the UV flux (Fy3q) listed
in Table3.1|for each observation to set the normalization. The 0.3-2.0 keV luminosity of
the soft-excess is given by: (LSS0, oy/10%W) = 2.093 + 2.893 x ( Fy30 /107**]y), valid for
the range of observed UV fluxes used here (Mehdipour, private communication). Hence,
consistent with the long-term variability analysis in Mehdipour et al. (in prep.), we kept
the COMT component constant in shape in all the fits, with its 0.3-2.0 keV flux varying
according to the UV flux. We use the mean values given in Paper I for the other COMT
parameters, namely the Wien temperature of the incoming photons (T, = 0.8 eV), the
temperature (T; =0.17 keV), and the optical depth (7 =21) of the plasma.

A detailed modeling of the X-ray emission features of NGC 5548 will be presented in
Whewell et al, in preparation. The X-ray narrow emission lines are consistent with being
constant during the XMM- Newton campaign, and thus could be kept frozen in all our fits.
For the narrow lines, we obtained the values in the K14 fit, while for the broad emission
features we used the fluxes given in|Steenbrugge et al.| (2005).

In K14, we found that the obscurer causing the persistent flux dimming of NGC 5548 comprises
two ionization phases (hereafter labeled as “warm” and “cold"). The warm phase is mildly
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ionized (log& =—1.25) and has a larger covering fraction (e.g., Cv, warm ~86%, Cy cold ~
30%, K14) and a lower column density (e.g., Ny warm ~ 10?2 cm™2, Ny coiq ~ 102 cm™2,
K14) than the cold phase, which is consistent with being neutral. In SPEX, we used a pho-
toionized absorber model (XABS) for both the obscurer components and we adopted for
them the same kinematics (outflow and broadening velocity) used in K14. The ionization
balance for both the obscurer components is computed using the intrinsic, unabsorbed
spectral energy distribution (SED).

Finally, we included six more XABS components in the template model to account for
the lower ionized counterpart of the historical NGC 5548 warm absorber. The ionization
balance for all the WA components is computed using a SED filtered by the obscurer. We
label the WA components with capital letters, from A to F as the ionization increases. As in
K14, we assumed that the WA varies only in ionization when the ionizing SED illuminating
it changes. Indeed, from UV spectra we know that the kinematics of the WA components
has not changed over at least 16 years, and Ebrero et al. (in prep.) shows no historical
evidence for total hydrogen column density variations. We kept therefore the kinematics
and the equivalent hydrogen column density of all the WA components frozen to the
parameters obtained from the unobscured 2002 spectrum (see the updated fit in Ebrero
etal, in prep.).

In the following, we apply this template model to all the XMM-Newton and Chandra data
sets of our monitoring campaign. In all the fits, the free parameters are the slope and the
normalization of the primary power law, column density, and covering fraction of the two
obscurer phases. Besides these, in the fits of those data sets in which either the continuum
or the obscurer parameters change significantly, we also allow the ionization parameters
of the warm absorber to vary. The variability in flux of the soft excess component was
determined directly from the Swift UV flux, as explained above.

3.4 Fitting the variability

3.4.1 The core of the campaign: from June to August 2013

The XMM-Newton monitoring campaign began on June 22nd, catching NGC 5548 at
the lowest flux level observed in any of the high resolution spectra of the campaign
(Fo320kev ~ 1.1 x 10712 erg s™! cm?, for Obs. XM, see Table[3.1). Throughout all the
summer of 2013, (Obs. XM2-XM12) the 0.3-2.0 keV flux remained quite stable (within
a factor ~ 1.3) around an average level of ~ 2.7 x 107!2 erg s™! cm?. The stacked XMM-
Newton spectrum of Obs. XM1-XM12 is published in K14. In that paper, we consistently
determine both the average obscurer parameters and the average obscured SED illu-
minating the WA. Accordingly, we compute the ionization balance and the ionization
parameters for all the WA components.

We fitted Obs. XM1-XM12 assuming the average WA determined in K14. Hence, only the
continuum and the two obscurer phases were left free in the fits. Furthermore, we set a
lower limit for the continuum slope (I' > 1.5) in the fits to be consistent with what was
observed during the campaign at higher energies and with the analysis repeated by Cappi
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et al, in preparation. Indeed, when fitting this absorbed spectra below ~10 keV, a flatter
intrinsic continuum becomes degenerate with a stronger obscuration. The assumption
on the slope aimed at minimizing this ambiguity, however, did not affect the final results
(as we checked a posteriori, see below).
As a first step we fit the spectra, allowing for both the obscurer phases with just one of the
parameters (column density, and covering factor) free. When only the covering fractions
are allowed to vary, the fit displays strong residuals, for instance, the negative residuals
just below ~10 A (See Fig. first panel). In the observation where they are more evident
(Obs. XM5) the C-statistic is 600 for an expected value of 340. When we fixed the covering
factors but instead allowed the column densities to vary, more systematic residuals be-
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Table 3.2: Best-fit parameters and errors, for the individual XMM-Newton and Chandra observa-
tions. In the last row, we list also the parameters derived in K14 for the average XM1-12 spectrum
for comparison.

Obscurer components ¢ WA components b
Obs re Niwarm ¢ Cvwarm® Nicold?  Cv,eod ¢ &af &8/ &c/ ép/ &gl &p/ C/Expected G§
(1022 cm™2) (1022 cm™2) (log erg cm s7h
XM1 1.5 % 1.7+£0.1  0.86+0.01 12+1 0.47+0.02 384/334
XM2 1.58+0.03 1.04+0.04 0.927£0.005 10+£2 0.170%0.03 422/345
XM3 1.5 1.42+0.06 0.909+0.005 11+3 0.18+£0.02 379/337
XM4 1.60£0.03 1.17+0.04 0.922+£0.004 14+£2 0.19+£0.03 406/346
XM5 1.57+£0.03 1.44£0.05 0.915+0.004 8+1 0.24+0.03 435/335
XM6 1.5% 1.4£0.1 0.916£0.005 5+1  0.30£0.08 .k B N o 415/341
XM7 1.5% 1.40£0.05 0.909£0.005 12+£2 0.27£0.03 0-33% 1.06% 1.70% 1.91% 2.48% 2.67 394/340
XM8 1.53+0.03 1.62+0.07 0.88+0.05 9+1 0.35+0.03 389/339
XM9 1.64+0.03 1.58+0.05 0.896+0.004 11+£2 0.24+0.03 390/340
XM10 1.57+£0.03 1.43+0.05 0.911+0.004 9+1 0.24+0.03 434/344
XM11 1.56%+0.03 1.46+0.05 0.902+0.004 10+£2 0.23+0.03 399/340
XM12 1.5 1.43+0.04 0.922+0.005 12+2 0.27+0.03 447/338
CH1 1.83* 1.7£0.2 0.74£0.03 17* <023 0.38* 1.11* 1.75* 1.96* 2.53* 2.72* 149/152
CH2+3 1.83£0.02 1.49+0.08 0.79+0.07 17+3 0.35£0.03 0.38 1.11 1.75 196 253 2.72 530/311
XM13 1.5% 1.7£0.1 0.87£0.02 9+2 0.33+0.03 0.33* 1.06* 1.70* 1.91* 2.48* 2.67* 415/340
XM14 1.59+0.01 1.22+0.03 0.917+0.003 10* <0.003 039 112 176 197 254 273 485/342

K14 ** 1.566+£0.009 1.21£0.03 0.86+0.02 9.6+0.5 0.30+0.10 0.33 1.06 1.70 1.91 2.48 267

Notes. (@ For the warm obscurer: logé = —1.25. For the cold obscurer: log& = —4 () For Obs.
CH2+3, XM14, and K14, the ionization parameters given the output of the iterative fitting procedure
described in Sect. () Photon index of the primary continuum. ) Column density of the
obscurer components. ) Covering fraction of the obscurer components. /) Ionization parameters
of the warm absorber components. &) C-statistics of the final best-fit model. ® Frozen parameters.
) Lower limit of the fitting range. *** Best-fit parameters derived in K14 for the coadded XM1-12
spectrum.

tween 10 and 20 A are apparent (Fig. second panel). Therefore, we conclude that the
two phases of the obscurer have to be variable both in column density and the covering
fraction to adapt the template model to all the individual XMM-Newton observations.
We tested however the possibility that the obscurer varies in ionization rather than in
covering fraction. For most of the data sets, a statistically acceptable fit can be achieved
keeping the covering fraction of both the obscurer phases frozen to the average values
derived in K14, and allowing the ionization parameter of the warm obscurer to vary in-
stead. However, with these constraints the best fit prefers an almost neutral obscurer (e.g.,
log& <—3.5), which would be too lowly ionized to produce, for instance, the broad C1v
absorption lines that are seen in the UV. Hence, we discarded these fits.

The final best-fit parameters are listed in Table[3.2] In a couple of cases, the fit stopped at
the lower limit we had imposed for I'. We checked how much further the fit of these data
sets could be improved allowing an even flatter continuum. In all cases, releasing the
spectral index resulted in a negligible improvement of the fit (e.g., for Obs. XM1, AC =—1
for I'=1.46).

The RGS spectra of the individual observations are rather noisy and the residuals do not
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show any hint of unaccounted WA features. However, as a final test, we checked how
sensitive are the best fits to possible variations in the WA ionization. We attempted to
refit each observation setting the WA ionization parameters according to the variation
from the average of the continuum normalization. All the fits were insensitive to this
variation, (e.g., AC ~—1) with the free parameters remaining the same within the errors.
Therefore, we concluded a posteriori that assuming a constant WA in the core of the
XMM-Newton campaign was reasonable. We show in Fig. [3.2| (third and fourth panel) an
example of best fit (Obs. XM5).

3.4.2 The flare of September 2013 as seen with Chandra-LETGS and
NuSTAR

In September 2013 we triggered a series of 3 Chandra-LETGS observations because it
seemed that NGC 5548 was recovering from the obscuration. Indeed, in a few days, the
X-ray flux in both the Swift-XRT bands rose above the level measured at unobscured
epochs and remained steady for about a week. This brightening was however a short-
lived flare, and after a few days the source fell again to the typical low flux level of the
XMM-Newton campaign (Fig. [3.1). Our triggered Chandra-LETGS observations missed
the peak of the flare. The first two observations were taken during its declining tail, while
a week later the third one caught a smaller rebrightening.

To understand if and how the absorbing components had responded to these continuum
changes we needed to use in the photoionization modeling of the obscurer a SED repre-
sentative of NGC 5548 during the flare (Fig. solid line). To construct it, we used the
Comptonization model of Paper I, which extends from the UV to the soft X-rays. At the
same time, NuSTAR provided the continuum slope at high energies. In the UV, we took
the model values corresponding to A =2987 A, A = 1493 A 2 =909 A. We then interpolated
20 data points in the model between 0.03 and 100 keV. Finally, we cut off the SED at low
energies (below 0.01 Ryd).

We consistently derived the obscurer parameters and the WA ionization parameters
using the same iterative method of K14. At each iteration of this fitting routine new
obscurer parameters are fitted. Next, the new obscured continuum is used as the ionizing
SED in the photoionization modeling of the six WA components. The new ionization
parameters are assigned by rescaling those observed in the unobscured spectrum of 2002
to the level of the current obscured continuum. Explicitly, the ionization parameters at the
N, iteration are given by: & /&2002 ~ Lion,N/ Lion,2002- Finally, the ionization balances for
the new ionization parameters are recomputed before moving to the next iteration. The
final outputs of this procedure are the obscurer parameters, the obscured SED illuminating
the WA, and the rescaled WA ionization parameters.

At first, we dealt with the third and longest Chandra-LETGS spectrum (Obs. CH3) and we
fitted it jointly with the simultaneous NuSTAR spectrum. We started with a few iterations
where only the continuum was allowed to vary. However, since in this way the fit was left
with large residuals (C/Expected C=846/307, Fig. first panel), we released first the
covering fractions (Fig. second panel) and in turn the column densities of both the
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Figure 3.3: The unobscured (solid line) and obscured (dashed line) spectral energy distributions
for NGC 5548 during the September 2013 flare, which were used for the photoionization modeling
of the absorbers. The three data points in the UV (filled circles) are taken from the Comptonization
model of Paper I. The data points from the EUV to hard X-rays (open squares) are also interpolated
from the X-ray continuum model. See Sect. for details.

obscurer phases (Fig. third panel). Once we achieved the best fit, we applied it to
the other two Chandra-LETGS spectra, for comparison. For obs. CH1, the fit tends to
steepen the continuum up to I' ~ 2.2. In contrast, we could easily fit Obs. CH2 just by
renormalizing the model. Therefore we decided that we can stack observations CH2 and
CH3, and thus increase the signal-to-noise ratio of the spectrum.

We fitted this stacked spectrum (hereafter labeled as Obs. CH2+3) together with NuSTAR
using the iterative procedure just described. The final best-fit model is shown in Fig.
(fourth panel) and the final obscured SED produced in the iterative fitting is plotted in
Fig. [3.3|with a dashed line. Using the above best fit, we tested whether the difference in
photon index for observation CH1 could be due to changing properties of the obscurer. If
we keep the continuum shape frozen, the best fit prefers zero covering fraction for the
cold obscurer. For this data set, we favor this solution because a large variation of the
continuum slope would be inconsistent with what NuSTAR and INTEGRAL have shown
for the whole campaign (see U15).
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All the best-fit parameters for the Chandra observations are shown in Table[3.2] Compared
to the spectra of the core of the campaign, the Chandra spectra require both a steeper
continuum (I' ~ 1.8) and a lower covering fraction of the warm obscurer ( Cy yarm ~ 0.8).
However, in principle, it is possible that a change in the ionization state of the obscurer
mimics adrop in the covering fraction. The data quality is not sufficient to fit the ionization
parameter, therefore we refitted the spectrum with the ionization parameter of the warm
obscurer expected if it responds immediately to flux changes. We used the UVW?2 flux to
calculate the expected increase in ionization parameter. In the fi,t we used the covering
fractions as given in K14. With these constraints, the resulting fit is statistically worse
(C/Expected C=647/311) and shows larger positive residuals in the Chandra-LETGS band.
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Figure 3.5: The Chandra-LETGS spectrum of NGC 5548 in the 15-24 A wavelength region. The
solid line represents our best-fit model. The most prominent emission and absorption features
are labeled. The spectrum shows some WA signatures (Fe-UTA, O 1v-O V) that were not detected
during the XMM- Newton campaign.

We derive a better fit by leaving the ionization parameter of the warm obscurer free, but
the obtained ionization parameter (log& ~ 0.9) is unrealistically high (~100 times than
the average value) considering the increase by only a factor 2 in the UVW2 flux during
the flare. Therefore, we can exclude that a change in the ionization of the obscurer is the
dominant cause of the observed flare.

During the XMM- Newton campaign, the discrete features of the WA are always blended
with the obscured continuum and not detectable. During the Chandra observation the
source was about twice as bright, and some WA signatures are visible in the stacked CH2+3
spectrum (Fig. [3.5). These features are consistent with the WA model computed via our
iterative procedure. The broad trough at ~ 16 A is a blend of unresolved transition array
(UTA) from several ionized iron species. Between 20 and 24 A, some O 1v-O v absorption
lines are present. In Table[3.3] we list which of the O 1v and OV lines predicted by our
WA model contribute to each feature. The WA comprises six ionization components that
could be distinguished thanks to the excellent data quality of the 2002 spectrum. Here,
the lower statistics does not allow us to overcome the blending among the components.
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Table 3.3: List of the O 1v and O v lines predicted by our WA model that contributes to the features

visible in Fig.

lon WA component Outflow velocity Agps® 77
kms™! A
C 1148 20.23 27
ov B 547 20.27 7
D 254 20.29 3
E 792 20.26 1
o B 547 21.04 3
C 1148 21.00 2
C 1148 22.67 143
Ov B 547 22.71 34
D 254 22.73 16
o C 1148 23.04 10
B 547 22.08 5

Notes. @ Predicted wavelength, considering the cosmological redshift and the blueshift due to the
outflow. () Line optical depth.

3.4.3 The end of the campaign: the observations of December 2013
and February 2014

In the last two XMM- Newton observations of the campaign, NGC 5548 was again at the
same flux level of summer 2013. Therefore, at first we attempted to fit them again using
the same WA of the average spectrum. The parameters of the continuum and of the two
phases of the obscurer were free. This attempt resulted in a satisfactory fit for XM13, while
for Obs. XM 14, we obtained a high column density for the cold obscurer ( Ny ¢o1q ~ 7% 10%
cm~2) largely inconsistent with what was observed throughout the campaign. Thus, we
attempted to refit this data set freezing the cold column density to the average value
measured in the previous observations. This resulted in negligible covering fraction for
the cold obscurer ( Cy, ¢oq S 1072) and in a flatter continuum (I ~ 1.6 instead of ~1.7). This
lower value of T is also similar to the other values measured at this luminosity (Fig. [3.8).
For these reasons, we considered this solution more physically plausible. For this data set,
a solution with a negligible covering fraction of the cold obscurer and a flatter continuum
is also found in U15 when including in the fit INTEGRAL data at higher energies.

Considering the large change in the obscurer, also for this observation, we used our
iterative method to determine the ionization of the WA (for details see Sect. [3.4.1). We
built the SED for Obs. XM 14 interpolating the Comptonization model of Paper I repeating
all the steps already described in Sect. In this case, the slope of the continuum
at X-ray energies is provided by the fit of the EPIC-pn data. Starting from the solution
just described, the fit converged in a few iterations. We also made some iterations where
the ionization parameter of the warm obscurer was left free. However, since it was not
possible to constrain it, we finally kept it frozen to the value found in K14 (see Sect. [3.3).
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Figure 3.6: XMM-Newton spectrum and model residuals for Obs. 14. The solid line represents our
best-fit model. We rebinned the data for clarity.

We adopt the final result of the iterative routine as our best-fit model. The parameters
resulting from this exercise are outlined in Table

We show the final best-fit model for Obs. XM 14 in Fig. The final WA model that we
found is only slightly different from the average model. The residuals of the best-fit model
display some possible features at ~10.3 A and ~12.3 A, which are close to the expected
wavelength of the Ne 1X-K edge (10.54 A) and Ne X-Ly a (12.34 A), respectively. We checked
whether adding additional absorbing column density in Ne 1x-Ne X could improve the fit.
For this, we used the SLAB model in SPEX, which allows us to fit a single ionic column
density regardless of the ionization balance with the other ions. We found however that
this additional component is not required by the fit (AC =—1).
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3.5 Discussion

3.5.1 The short-term variability

During our extensive monitoring campaign in 2013 and early 2014, NGC 5548 was al-
ways obscured. In this analysis we applied the model developed in K14 for the average
spectrum of the core of the campaign to all the individual observations, with the aim
of understanding how the source varies. When both the intrinsic continuum and the
obscurer are allowed to vary, the model is able to explain the variability on the two days
to eight-month timescale sampled in the monitoring campaign. The obscuring material
that is causing the soft X-ray flux depression of NGC 5548 varies along our line of sight,
both in column density and in covering fraction. The scenario proposed by K14, that
the source is obscured by a patchy wind, is consistent with our variability findings. In
this framework, the variability of the obscuration may well be due to several reasons, e.g.,
motion across the line of sight and changing ionization with continuum variability.

The best-fit parameters for the continuum and the two phases of the obscurer are shown in
Fig[3.7]as a function of time. During the core of the XMM-Newton campaign (Obs. XM1-
XM12) the source was steadily obscured and the variability in flux was relatively small
(~27%). The only clear outlier with a flux significantly different from the average is Obs.
XM1. The values we found for the warm obscurer parameters (Fig. [3.7]4th and 6th panel)
deviate from those found in K14, the coadded XM1-XM12 spectrum. This is because we
used a different method to model the soft excess, which dominates the continuum in the
band where the absorption from this component is more effective. In our modeling, the
Comptonized soft-excess, whose normalization is set by the UV flux measured by Swift
for each observation, is always more luminous (Loc.g—h%kev =[0.8—1.4] x 10*® erg s~') than
the phenomenological blackbody fitted in K14. Throughout the core of the campaign, the
intrinsic continuum is fairly constant in shape (with a standard deviation of the spectral
index o ~ 3%) and slightly variable in normalization (o yyw, ~ 17%, ONorm ~ 24% for
the soft-excess and the power-law component, respectively). For the obscurer, the cold

component was the most variable (o Cv.cod ™ 31% and o N coa ™ 23%). In contrast,

for the warm component the covering fraction is stable (o Cv warm ™~ 2% and the column
density shows rather small variability (o Ny warm ™ 13%). The large deviation from the
average of the cold covering fraction suggests that the obscurer inhomogeneity, which is
possibly dominated by the cold phase, may have caused most of the variability observed
during this phase of the campaign.

We also presented the Chandra-LETGS data sets, which were acquired in September 2013,
when NGC 5548 underwent a two-week brightening. With respect to the core of the cam-
paign changes in both the continuum and the obscurer are required to fit these spectra.
At the time of the Chandra observation, the UV flux measured by Swift, which in our
interpretation is a tracer for the soft X-ray excess, was the highest of the whole campaign.
At the same time, the continuum at hard X-ray energies increased in flux and became
steeper. For both observations the warm obscurer component has a significantly lower
covering fraction. In the first observation, the covering fraction of the cold component is
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also lower. As pointed out in Sect. a variation in the obscurer ionization alone is
insufficient to explain the observed variation in spectral shape.

The decrease in covering fraction, in principle, can be due either to a local thin patch of
the obscurer passing in our line of sight at the moment of the Chandra or to a geomet-
rical change of the UV/soft X-ray continuum source behind the obscurer. The former
possibility, although it cannot be excluded, would however require that the intrinsic con-
tinuum and the obscurer change properties in synchrony, which seems ad hoc. In the
Comptonization model of |Petrucci et al.[(2013), the UV/soft X-ray spectrum is supposed
to be produced via Comptonization of the UV disk photons in a “warm” (T ~ 1 keV) and
moderately thick (7 ~ 10—20) corona. A “hot” corona, with higher temperature (~ 100
keV) and smaller optical depth (~ 1), in turn Compton upscatters these UV/soft X-ray
photons to hard X-ray energies. In this interpretation, an increase in physical size of the
warm corona, while naturally augmenting both the UV and the soft X-ray flux, would also
result in a drop of the observed obscurer covering fraction. Moreover, the increase in the
UV/soft X-ray photon flux will more effectively cool the hot corona, hence producing a
steeper hard X-ray spectrum, which is in agreement with the observation.

Because of increased soft X-ray flux in the Chandra observations, some discrete WA
features (Fe UTA, O 1v-0O v) became evident in the spectrum. These are the only detectable
WA signatures in any X-ray spectrum of our campaign. These features are best fitted by a
WA, which has a significantly lower degree of ionization than observed in the unobscured
2002 spectrum. Like K14, for all the WA components we found best-fit ionization pa-
rameters, which are 0.40 dex lower than the 2002 values (log&3%%=0.78, 1.51, 2.15, 2.36,
2.94, and 3.13). This means that the ionizing luminosity received by the WA decreased
by a factor of ~ 4. Thus, our analysis confirms the K14 finding. The decrease in the WA
ionization, which is also seen in the UV (Arav et al.[2015) is explained when the newly
discovered obscurer is located between the nucleus and the WA. In this geometry, the
obscurer shadows the central source and prevents most of the ionizing flux from reaching
the warm absorber.

The absorbersin NGC 5548 changed again in the last observation of the campaign, namely
Obs. XM14. We found that in this data set, the covering fraction of the cold obscurer
became negligible. At the same time, the continuum above 2.0 keV is similar to what is
observed throughout the XMM- Newton campaign, while the soft-excess component is
only slightly higher. Thus, the most likely cause of the spectral changes observed in this
data set is again the inhomogenity of the obscuration.

Variability in the continuum and obscurer parameters is also noticed in the U15 analysis
of six XMM- Newton and one Chandra observations, which were acquired simultaneously
with a higher energy observation. However, the parameters obtained fitting the EPIC-pn
jointly with RGS as done here are not directly comparable with those obtained fitting the
EPIC-pn jointly with NuSTAR and/or INTEGRAL, as done in U15. This is both because
of cross-calibration issues between the instruments and of differences in the analysis.
In particular, as noticed also in U15, RGS and EPIC-pn are mismatched in flux in the
overlapping band as a function of energy (e.g., Detmers et al.[2009). On the other hand,
NuSTAR spectra are systematically steeper than EPIC-pn spectra (AT ~ 0.1 see Cappi et al.,
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Figure 3.7: From top to bottom panel: observed flux in the 0.3-2.0 keV band, photon index of the
primary continuum, column densities of the cold and the warm obscurer, and covering fractions of
the cold and warm obscurer are shown as a function of time. The flux is plotted in units of 107!
erg s~! cm?. The column densities are plotted in units of 1022 cm™2. The Modified Julian Day (MJD)
correspondent to each observation is labeled on the horizontal axes, which we shrunk for display
purpose. Black diamonds and red asterisks identify parameters measured with XMM-Newton and
Chandra-LETGS, respectively. Error bars, when larger than the size of the plotting symbol, are also
shown. Upper limits are plotted as an arrow. Crosses represent values that were kept frozen in the
fits. In each panel, the dotted horizontal line indicates the parameter value derived in K14 for the
coadded XM1-12 spectrum.
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Figure 3.8: Fitted continuum slope as a function of the observed 5.0-10.0 keV flux for all XMM-
Newton and Chandra data sets, with errors. Black diamonds and red asterisk identify parameters
measured with XMM-Newton and Chandra-LETGS, respectively. The black cross represents the
higher value of T that, for Obs. XM14, would be required by a fit including the cold obscurer (see

Sect. .

in prep). In the present analysis, we also consider the ionized phase of the obscurer (K14),
while U15 use two purely neutral components. This can affect the broadband curvature of
the model. Moreover U15 has an additional degree of freedom in the high-energy cutoff
of the continuum. For all these reasons, the only meaningful comparison is among the
overall trend of the parameters. Even taking the differences between our analysis and the
one presented in U15 the parameters into account, trends that we discuss below still hold.

3.5.2 What drives the variability?

To understand if there are some systematic factors driving the short-term variability of the
source, we looked for correlations among the best-fit parameters and the unobscured flux
measured for the 16 data sets presented here. We used the hard X-ray flux in the 5.0-10.0
keV band and the UVW2 flux listed in Table[3.1]as tracers of the intrinsic continuum, as
they are almost unaffected by the obscuration. Even considering these unabsorbed bands,
the range of flux sampled in the monitoring campaign is narrow (a factor of ~2), with
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symbol, are also shown. Upper limits are plotted as an arrow. Crosses represent values that were
kept frozen in the fits.
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the only outliers at lower and higher flux being Obs. XM1 and Obs CH2+3. Therefore, to
evaluate the reliability of any correlations we checked if this still holds when we remove
these two data points from the computation of the Pearson correlation coefficient.

In Fig. [3.8)we show that the best-fit continuum slope steepens as the hard X-ray flux
increases. For the complete sample the correlation is extremely significant. The Pearson
correlation coefficient is R = 0.85, implying a probability p ~ 1075 for the null hypothesis.
When excluding Obs. XM1 and Obs. CH2+3 from the computation, the degree of corre-
lation still remains significant (Rxy2—xm14=0-68, pxavz—xmi14=1%). This trend has already
been noticed in the past for NGC 5548 in|Kaastra et al.| (2004) and has also been reported
in other Seyfert galaxies (e.g., MCG 6-30-15|Shih et al.|2002), with different interpretations
(see, e.g., Ponti et al.[2006, Giacche et al.|2014). In the same Fig. We show also that for
Obs. XM14, the higher value of I' that would be required by a fit, including a thick cold
obscurer (that we rejected, see. Sect. [3.4.3), is inconsistent with the correlation valid for
all the other data sets.

In Fig. B.9|we plot the parameters of both the obscurer phases as function of the UVW2
flux. The only parameter showing a possible trend with the intrinsic continuum is the
warm covering factor. Namely, the drop observed during the Chandra observations may
be the tail of a mild decreasing trend visible also for the XMM- Newton data points (Fig.
bottom panel). Formally, when the two Chandra data points are included in the
computation, a significant correlation (R,; =—0.73, p.,y=1%) is present. When consid-
ering only the XMM- Newton sample, the trend is only qualitative (Ryy;_xm14 = —0.03
Pxmi1—xm14=25%). In Sect. We suggested that the drop in covering fraction observed
during the September 2013 flare is due to an increase in the size of the soft X-ray/UV
source. A clear correlation between the warm covering fraction and intrinsic continuum,
supported by more numerous data points at different flux values, would favor the hypoth-
esis that this is a systematic effect producing at least part of the observed covering fraction
variability. This trend is not apparent for the cold covering fraction. This could be due
to a higher degree of inhomogenity in the cold phase that would also explain its larger
variability in covering fraction (e.g., it went from 0.47 in Obs XM1 to 0 in Obs. XM14).

In conclusion, a combination of changes in the continuum and in the obscurer physical
parameters is required to explain the short-term spectral variability of NGC 5548 during
our 2013-2014 campaign. The lack of correlation between the intrinsic continuum (as
traced by the UVW?2 flux) and obscurer parameters indicate that the obscurer must physi-
cally change properties independent of the source flux level. The case of the September
2013 spectrum suggests that the soft X-ray emitting region change geometry as the flux
increases. This could be a systematic effect contributing to the overall covering fraction
variability.

3.6 Summary and conclusions

During the multiwavelength monitoring campaign that we performed in 2013-2014 for
the Seyfert 1 galaxy NGC 5548, the source had a soft X-ray flux well below the long-term
average, except for a two-week-long flare in September 2013. In K14, we have ascribed
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this condition to the onset of a persistent, weakly-ionized but high-velocity wind that
blocks ~90% of the soft X-ray flux and lowers the ionizing luminosity received by the WA.
Thus, in this condition, the normal WA that was previously observed in this source is still
present, but with a lower ionization. We fitted all the high resolution XMM-Newton and
Chandra data sets that were taken during the campaign with a model that consistently
accounts for a variable continuum, the newly discovered obscurer, and the new ionization
conditions of the historical WA. We found that on the timescales sampled in the moni-
toring campaign (2 days—8 months) both the intrinsic continuum and the obscurer are
variable. The obscuring material varies both in column density and in covering fraction.
This rapid variability is consistent with the picture of a patchy wind proposed by K14.
The Chandra spectra that were taken just after the peak of the flare in September 2013 are
explained by both an increase and a steepening of the intrinsic continuum and a drop in
the obscurer covering fraction. The latter is likely to be because of a geometrical change
of the soft X-ray continuum source behind the obscurer.

Moreover, the spectrum show absorption from Fe-UTA, O 1v, and O v, consistent with
belonging to the lower-ionized counterpart of the historical NGC 5548 warm absorber.
These are the only individual WA features in any X-ray spectrum of the campaign.

We also looked for correlation between the fitted parameters and some tracers of the
intrinsic continuum flux. A positive correlation between the X-ray continuum slope and
the observed 5.0-10.0 keV flux holds for both the XMM-Newton and Chandra data sets.
The addition of the two Chandra points produce a formal anticorrelation between the
warm obscurer covering fraction and the intrinsic continuum luminosity, as traced by the
observed UVW?2 flux.
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Abstract

Outflows of photoionized gas are commonly detected in the X-ray spectra of Seyfert 1
galaxies. However, the evidence for this phenomenon in broad line radio galaxies, which
are the analogous of Seyfert 1 in the radio-loud regime, has so far been scarce. Here, we
present the analysis of the X-ray absorption in the radio-loud quasar 4C +74.26. With
the aim of characterizing both the kinetic and the ionization conditions of the absorbing
material, we fitted jointly the XMM-Newton-RGS and the Chandra-HETGS spectra, that
were taken 4 months apart. The intrinsic continuum flux did not vary significantly during
this time lapse. The spectrum shows the absorption signatures (e.g., Fe-UTA, O V11, and
Ne vii-Ne X) of a photoionized gas outflow ( Ny ~ 3.5 x 102! cm2,10g & ~ 2.6, Ugy, ~ 3600
km s7!) located at the redshift of source. We estimate that the gas is located outside the
broad line region but within the boundaries of the putative torus. This ionized absorber is
consistent to be the X-ray counterpart of a polar scattering outflow reported in the optical
band for this source. The kinetic luminosity carried by the outflow is insufficient to produce
a significant feedback is this AGN. Finally, we show that the heavy soft X-ray absorption
that was noticed in the past for this source arises mostly in the Galactic ISM.

89
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4.1 Introduction

In the last fifteen years, thanks to the advent of high resolution X-ray spectrometers, such
as the XMM-Newton Reflection Grating Spectrometer (RGS) or the Chandra Low and
High Energy Transmission Grating Spectrometers (LETGS and HETGS), our knowledge
of the circumnuclear gaseous environment of Active Galactic Nuclei (AGN) significantly
advanced.

It is now established that roughly half of all local Seyferts galaxies host a photoionized
warm absorber (WA) that produces features detectable in the X-ray and in the UV band
(Crenshaw et al.;2003b). These absorption lines are usually blueshifted with respect of the
systemic velocity, which indicates a global outflow of the absorbing gas. Spectroscopical
observations allow to characterize the physical conditions (kinematics and ionization)
of the gas with high accuracy (see |Costantini 2010, for a review). In photoionization
equilibrium, the ionization parameter & = L;,,,/nr? (where Li,, is the ionizing luminosity
between 1 and 1000 Ryd, n is the gas density, and r is the distance from the ionizing
source) parameterizes the state of the gas. In the X-ray band, a plethora of transitions
from e.g., ionized C, N, O, Ne, and Fe reside, which allows to determine an accurate solu-
tion for &. From spectroscopical observables, useful constraints can be put on the gas
location (Blustin et al.2005), which serve to quantify how much momentum is transferred
by the outflow to the surrounding medium (e.g., Crenshaw & Kraemer|2012).

The studies of WA in Seyfert galaxies show that these outflows span roughly four or-
ders of magnitude in ionization (log& ~ 0 —4), and reach velocities of few thousands
km s~!(McKernan et al.[2007). They are often located as far as the putative torus (Blustin:
et al.[2005). Some outliers may be located closer to the nucleus, at the distance of the
accretion disk, or farther out in the galaxy at ~kpc distance from the center (Di Gesu et al.
2013). In most of the cases, the kinetic power of the WA is found to be negligible with
respect to the AGN radiative power (e.g., Ebrero et al.2016). Thus, WA are not expected
to play a significant role in a possible negative AGN feedback (Scannapieco & Oh[2004}
Somerville et al.[2008, Hopkins et al.[2008, Hopkins & Elvis[2010} |King & Pounds|2015).
A different class of photoionized winds are the so-called ultrafast outflows (UFO). These
may be present in 35% (Tombesi et al.|2010) of Seyfert galaxies and differ from classical
WA because of the higher outflow velocity (v~0.1 ¢, where c is the speed of light) and
of the higher ionization (log& > 3, Tombesi et al.[2011). Hence, because of the higher
energy and higher blueshift of their transitions (e.g., Fe xxv-Fe xxv1), UFO are detectable
only in lower-resolution CCD spectra. These powerful winds are believed to be a nuclear
phenomenon originating from the accretion disk (Tombesi et al.[2012} Nardini et al.2015).
The detection of photoionized features in broad line radio galaxies (BLRG), which are the
analogous of Seyfert 1 in the radio loud regime, was expected to be difficult because of
the presence of a relativistic jet. Indeed, the Doppler-boosted, non-thermal radiation of
ajetlocated close to the line of sight could mask the absorption features. Although this
view has now been overcome, the statistics of known WA in BLRG relies on a handful of
cases, of which only three are WA detection in a high resolution X-ray dataset.

Hints of photoionized absorption were noticed, for instance, in the ROSAT-PSPC spectrum
of 3C 351 (Fiore et al.[1993) and 3C 212 (Mathur|1994). Interestingly, these two sources
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display WA features also in the UV (Mathur et al.[1994} Yuan et al.[2002). More recently,
Molina et al.|(2015) reported the detection of O viI and of Fe XX absorption edges in the
EPIC-pn spectrum of IGR J14488-4008, a giant radio-loud galaxy discovered by INTEGRAL.
The first case of a WA in a BLRG studied with a grating spectrum was a long Chandra-
HETGS spectrum of 3C 382 (Reeves et al.[|[2009). The detection of this WA, which is
consistent to be located at the distance of the narrow line region (NLR), was promptly
confirmed by a subsequent RGS observation (Torresi et al.|2010). A second case is the
remarkable photoionized outflow in 3C 445. In the Chandra-HETGS spectrum of this
source|Reeves et al.| (2010) detected a low-ionization outflow consistent with moving at a
sub-relativistic velocity. A deep Suzaku spectrum shows also indications of blueshifted
absorption from highly-ionized iron (Braito et al.[2011). Both these spectra are consis-
tent with a scenario where our line of sight intercepts an equatorial disk wind located at
~sub-pc scale. The low-ionization absorber may consist of sparse clumps embedded in
a highly-ionized wind (Reeves et al.[2010). Besides these two cases, Torresi et al.| (2012)
report a WA detection in the RGS spectrum of 3C 390.3.

Signatures of more highly-ionized UFO have been also detected in the CCD spectra of a
handful of radio loud sources (Tombesi et al.|2014), with a statistical incidence compara-
ble, within the uncertainties, to what is found for radio-quiet Seyferts.

In this paper, we present the analysis of the X-ray grating spectrum, obtained with the
RGS and the Chandra -HETGS, of the BLRG 4C +74.26. This source is located at a redshift
0f0.104 (Riley et al.[1989). In the optical, it shows broad permitted lines, with a a FWHM of
10000 km s~ for the Hg line (Winter et al.2010). Using this line width a SMBH mass of
3 x 10° My is inferred.

Because of its ~1 Mpc projected linear size (Riley et al.|1989), this source is the largest
known radio source associated with a quasar. Its radio morphology is typical for a Fanaroff-
Riley type II source (FRII), although the 178 MHz radio luminosity is border line with the
type I class (FRI). Observations with the Very Large Array (VLA) have revealed a one-sided
jet which is at least 4 kpc long (Riley & Warner|1990). The flux limit for a counter-jet, that
could be set with a subsequent Very Long Baseline Interferometry (VLBI) observation
(Pearson et al.|1992) implies that the source axis lies at < 49° from our line of sight.
Evidence for a high-velocity outflow in 4C +74.26 was found in the optical spectropolari-
metric analysis performed inRobinson et al.[(1999). These authors noticed that the broad
He line appears redshifted in polarized light, which can be explained if the scattering
medium producing the polarization is part of a polar outflow.

Since 1993, 4C 4+74.26 has been targeted by many X-ray observatories, including ROSAT,
ASCA, Beppo-SAX XMM- Newton, and Suzaku. Both in the XMM-Newton (Ballantyne &
Fabian|2005) and in the Suzaku (Larsson et al.2008) spectrum a broadened Fe Ka emission
line has been clearly detected at 6.4 keV. Recently, in both the Suzaku (Gofford et al.[2013)
and the XMM-Newton spectrum (Tombesi et al.|2014) additional absorption features in
the Fe-K band were noticed. These could be due to a highly-ionized UFO, with a measured
outflow velocity of the order of ~0.1c.

By studying the correlations between the Suzaku light-curves in different bands,Nodal
et al.|(2013) were able to extract the stable soft-excess (Singh et al.|1985) component that
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may dominate the continuum emission at soft energies (i.e. below 2.0 keV). According to
these authors, the most likely origin for the soft-excess in this source is thermal Comp-
tonization of the disk photons in a warm plasma (as in e.g.,|[Noda et al.|2011}|Done et al.
2012, Jin et al.[2012} |Petrucci et al.[2013,Di Gesu et al.[2014} |Giustini et al.|2015; Boissay
et al.[2016).

It was however noticed that the soft-excess underlies a heavy soft X-ray absorption. For
instance, absorption from a substantial column density of gas in excess at the Galactic
column density was eatlier on noticed in the ROSAT-PSPC (Brinkmann et al.[1998), ASCA
(Brinkmann et al.[1998, Sambruna et al.[[1999} Reeves & Turner|2000) and Beppo-SAX
(Hasenkopf et al.2002) spectrum. In a more recent XMM- Newfon observation, Ballantyne
(2005) detected a column of cold absorption greater than the Galactic value, with an
intrinsic column of ~ 1.9 x 10>! cm~2. Moreover, the broadband XMM- Newton spectrum
shows evidence for a weak WA intrinsic to the source. The latter is highlighted by features
identified as the O vii and O vIiI absorption edges (Ballantyne & Fabian|2005).
Motivated by these indications for a complex absorption in this source, here we use the
archival XMM-Newton Reflection Grating Spectrometer (RGS) and Chandra High Energy
Trasmission Grating Spectrometer (HETGS) spectra of 4C 4+74.26 to characterize for the
first time the kinematics and the ionization condition of the X-ray absorbing material.
In the following Sect. [4.2]we describe our data reduction procedure. Hence, in Sect.
we build the spectral energy distribution (SED), and in Sect. [4.4we perform the spectral
analysis. Finally in Sect. [4.5|we discuss our results and in Sect. [4.6|we state the conclu-
sions.

The C-statistic (Cash|1979) is used throughout the paper, and errors are quoted at 68%
confidence level (AC =1.0). In all the spectral models presented, we use the total Galactic
hydrogen column density from Willingale et al. (2013, Ny =2.31 x 102! cm™2). In our
luminosity calculations we use a cosmological redshift of z=0.104 and a flat cosmology
with the following parameters: Hy=70 km s~ Mpc™?, ©,,=0.3, and £,=0.7.

4.2 Observations and data preparation

The radio-loud galaxy 4C +74.26 was observed with Chandra and XMM-Newton in Octo-
ber 2003 and February 2004, respectively. Thus, the time separation between these X-ray
observations is only 4 months. In Table[4.1jwe summarize the basic information of each
observation.

Chandra observed 4C +74.26 for ~70 ks in total using the HETGS in combination with
the ACIS detector. The total exposure time was split into two observations that were
taken two days apart. For both Obs-ID 4000 and 5195 we retrieved the Medium (MEG)
and High Energy Grating (HEG) spectra and their respective response matrices from the
tgca)ff] archive. We further treated these spectral products with the CIAO (version 4.6)
tools. For each observation and for both HEG and MEG, we combined the first posi-
tive and negative spectral order using the CIAO script add _spectral _orders. Hence, we
fitted jointly HEG and MEG (allowing a free intercalibration factor) with a simple phe-

Thttp://tgcat.mit.edu/
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Table 4.1: XMM-Newton and Chandra observation log for 4C +74.26.

Date Instrument ObservationID Netexposure ® Fys soxev’  Foo-100kev’
(ks) (107" ergs™! cm?)
2003/10/06 HETGS 4000 37 0.7 2.8
2003/10/08 HETGS 5195 31 0.8 2.9
2004/02/06 RGS 0200910201 34 0.9 3.0

Notes. @ Resulting exposure time after correction for background flares. () Observed flux in the
quoted bands.

nomenological power law to check for variability between the two observations. The
fitted slopes (I = 1.32 £0.02, I5;95 = 1.34 £ 0.02) and normalizations (N o1 myyy =
(9.9+0.1) x 10 phs~'keV~!, Norms g5 =(10.5+0.2) x 10° phs~' keV~!) were well con-
sistent with each other (see below for a physically motivated fit). Therefore, we could
sum up the spectra of individual observations into a single spectrum to improve the
signal-to-noise. We did this using the CIAO script add _grating spectra.

We reduced the raw XMM-Newton Observation Data Files (ODF), available at the ESA
archiveﬂ using the Science Analysis Software (SAS, version 13) and the HEASARC FTOOLS.
We created calibrated EPIC-pn event files selecting only the unflagged single events. To
check the time stability of the background we used the light curve in the hard 10-12
keV band, that is background dominated. A high level of background due to soft proton
contamination is evident towards the end of the observation. Thus, we cleaned the event
file using a time filter, following the same procedure explained in|Di Gesu et al.[ (2013).
For RGS-1 and RGS-2 we created calibrated event files and background light curves taking
the background from CCD 9. The RGS background light curve was quiescent. Next, for
all the instruments, we extracted the source and background spectra and we created the
spectral response matrices.

Finally, we extracted the source count rate in all the available OM filters, namely U
(Aesr =3440 A), UVIW2 (A =2910 A) and UV M2 (A =2310 A). Using the interactive
SAS tool omsource, we computed the source count in a circular region centered on the
source coordinates and 6 pixels large. For the background we used another circular region
of 12 pixels, free from other sources and instrumental contaminations. We converted the
count rates to fluxes using the standard conversion factors provided in the SAS watchout
web pageﬂ Hence, assuming Ry=3.1, we corrected all the fluxes for the Galactic reddening
(E(B—V)=0.39, |Schlafly & Finkbeiner|2011). For the correction, we used the IDL routine
ccm _unred, which dereddens a user-defined vector of fluxes using the Galactic extinction
curve of|Cardelli et al.| (1989).

Zhttp://xmm.esac.esa.int/xsa/
Shttp://xmm.vilspa.esa.es/sas/7.1.0/watchout/Evergreen_tips_and_tricks/uvflux_
old.shtml
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Figure 4.1: Spectral energy distributions for 4C +74.26. Filled circles: OM fluxes corrected for the
Galactic extinction. Open squares: X-ray intrinsic continuum, obtained from a phenomenological
fit of the EPIC-pn spectrum.

4.3 The spectral energy distribution

As a preliminary step of our analysis we constructed the Spectral Energy Distribution
(SED) of the source. This is needed for the photoionization modeling of the absorbers.
The OM fluxes together with the EPIC-pn spectrum constrain the SED from optical/UV up
to X-ray energies. We fitted the EPIC-pn data with a phenomenological model including
a black-body (Tzg = 109keV) at soft energies, a power-law (I'=1.7) at hard energies, and a
broad Fe Ka line (FWHM=0.5 keV). All these components are absorbed by the Galactic
column density of Ny =2.31 x10%! cm~2(see the discussion below). We adopted the
unabsorbed phenomenological continuum of this fit as the the X-ray SED. Combining this
X-ray continuum (Fig. open squares) with the OM fluxes corrected for the Galactic
extinction (Fig. filled circles) we obtained the SED shown in Fig We cut off the
SED at low and high energy, respectively at 0.01 Ryd and 100 keV.
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Figure 4.2: Confidence level contour plot for the excess of Ny over the Galactic value ofKalberla
et al. (2005) vs the normalization of the modified blackbody (left panel) and the power-law slope
(right panel). The curves were obtained from a phenomenological fit of the EPIC-pn (Sect. [£.3). In
each panel, the curves correspondent to a confidence level of 68%, 90%, 99% and 99.99% are shown.

4.4 Spectral Analysis

4.4.1 The Galactic absorption

The X-ray spectrum of 4C +74.26 showed a heavy soft X-ray absorption in excess at the
Galactic column measured by 21 cm surveys (e.g., Ny = 1.16 x 102! cm™2, [Kalberla
et al|2005) in all the historical records (Sect. [4.1). We illustrate this issue using our
phenomenological fit of the EPIC-pn spectrum (Sect. [4.3). In Fig. we show the
confidence contour (i.e. curves of constant A C) of the Ny excess as a function of the
modified black-body normalization (left panel) and of power-law slope (right panel) . An
excess of Ny of atleast ~ 1.5 x 102! cm~2is observed in both figures at a confidence level
0f 99.99%.

Part of this excess of absorption can be due the gas in our Galaxy rather than to some
absorber intrinsic to the source. Indeed, the total foreground X-ray absorption may be,
in some cases, significantly larger than what is inferred using the Ny value provided
by 21 cm surveys (Kalberla et al.|2005, Dickey & Lockman|1990). The difference may
be ascribed to the presence of hydrogen in molecular form (H,) in the Galactic ISM
(Arabadjis & Bregman|1999). The latter is indeed elusive to 21 cm measurements. We
used the calibration of|Willingale et al.[ (2013) to infer the equivalent hydrogen column
density of the the molecular hydrogen (/Vj,) along the line of sight of 4C +74.26. We found
Ny, = 1.15 x 10*' cm™2. Thus, the total Galactic hydrogen column density absorbing
the X-ray spectrum is: Ny + Ny, =2.31 x 10%! cm™?, consistent with the total column
density inferred from the broadband X-ray spectrum (Ballantyne|2005). Applying the
standard Galactic E(B—V)/ Ny ratio (1.77 x 10722, Predehl & Schmitt|1995), this hydrogen
column density is also consistent with the Galactic reddening of E(B—V)=0.39 (Schlafly

“http://www.swift.ac.uk/analysis/nhtot/index.php
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Figure 4.3: Relative residuals of the MEG (left panel) and the RGS (right panel) spectrum after a
simple power law fit. Vertical lines indicate the wavelengths of the Galactic (dotted-dotted-dotted-
dashed line) and intrinsic (dashed line) candidates absorption lines and edges. The spectra have
been rebinned for clarity.

|& Finkbeiner|2011). We use this Galactic column density value in all the spectral analysis
here below. The remainder of the excess absorption is due to the photoionized gas of
the outflow (see Sect. . In fact, as our model shows, there is no need for additional
neutral gas when this outflow is taken into account.

4.4.2 A preliminary look at the spectral residuals

We performed the spectral analysis of the RGS and the HEG datasets using SPEX, version
3.0 (Kaastra et al.[1996). We began by fitting the RGS spectrum with a simple power law
continuum absorbed by the Galactic hydrogen column density and we inspected the
relative residuals (Fig. right panel).

The most prominent features in the RGS residuals is a broad absorption trough visible
at ~ 18 A. We note that the Fe-L edges from the neutral absorber in our Galaxy cannot
be responsible for this feature, as they would be expected at ~17.1 A. Moving redward, a
narrow feature, located at the wavelength expected for the O viI absorption line (~ 21.6 A)
at redshift zero, is clearly visible. Between 23 A and 24 A, where redshifted O v1I transitions
are expected, the residuals are systematically positive. This structure is a candidate broad
emission line. Absorption from other transitions of ionized oxygen are also expected in
this crowded spectral region (e.g., Detmers et al.|2011).

We repeated this exercise for the HETGS spectrum. Guided by the knowledge of the
RGS spectrum, we could recognize also in the MEG the same absorption trough at ~ 18
A. In the MEG this falls towards the end of the sensitive band, where the effective area
starts degrading. Blueward of this, between 10 and 15 A, the HETGS residuals show some
candidate absorption lines from the main Ne 1x-Ne X transitions, indicating that some
photoionized absorption may affect this spectrum.
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Figure 4.4: Best fit of the RGS and of the HETGS spectrum of 4C +74.26. The diamonds and the
triangles indicate the HETGS and the RGS data points respectively. The HETGS spectrum has been
shifted upwards (x 3) for displaying purpose. Vertical lines indicate the band where the instruments
overlap. The solid lines represent our best fit models. Emission lines are labeled. The spectra have
been rebinned for clarity.

4.4.3 Setup of the joint RGS/HETGS fit.

The qualitative analysis of the RGS and of MEG spectra shows hints of a complex ionized
absorption in this source.

In order to accurately disentangle the multiple absorption components of this spectrum,
we fit jointly the RGS and the HETGS data sets. The negligible variation in observed
flux during the ~4 months separating these two observations (Table is indeed an
indication that the source and the absorbers were in the same conditions when these two
spectra were taken. With a joint fit we take advantage of both the high HETGS spectral
resolution at short wavelengths, where most of the features from higher ionization species
are expected, and the high sensitivity of the RGS at long wavelengths, where the absorption
features of e.g. ionized iron and oxygen reside.

In the fit, we used the RGS between 7 and 30 A and the MEG between 2 and 19 A. The
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Table 4.2: Best fit parameters and errors for the final best fit model. Parameters without errors were
kept coupled in the fit, either to the RGS or to the HETGS value.

Model component Parameter =~ RGSvalue HETGS value Units
Power law re 1.67£0.05  1.68+0.02
Los_100kev?  13.7£0.5 11.4£0.3 10* ergs™!
Tip © 170+ 15 170 eV
Black-body Lostoowey ?  1.7£0.8 10408 10 ergs™
w4 1.92 1.92+0.08 A
Fe Ka line FWHM® 0.16 0.16+£0.13 A
Lrexatine © 7 6+4 10%2erg s
wd 21.7£0.1 21.7 A
OvII (triplet) line FWHM® 1.0£0.3 1.0 A
LO VIIlineh 9+3 9 1042erg s_l
Ny ' 2+1 1.2 102 cm™2
Warm Galactic absorber TS 0.23+0.04 0.20 keV
Ny 3.5£0.6 3.1+0.3 10%! cm™2
Intrinsic warm absorber log& " 25+0.1 2.57+0.06 ergcm s
Vout' 3600 3600+70 km s

Notes. () Power law slope. ¥’ Model component luminosity, in the quoted band. () Blackbody tem-
perature. (Y Wavelength of the line centroid. () Full width at half maximum of the line. ") Absorber
column density. ¢ Absorber temperature. " Absorber ionization parameter. () Absorber outflow
velocity.

quality of the HEG spectrum is worse than the MEG, thus we use HEG only in the Fe
Ka region between 1.5 and 5 A. For the joint fit, we created two spectral sectors in SPEX,
one for the RGS (RGS 1 and RGS 2) and one for the HETGS (HEG and MEG). In this way;,
each instrument is fitted independently, but the model parameters can be coupled. In
the following, we fit jointly the HETGS and the RGS tying the absorption components
together but allowing the continua to vary. In Fig. [4.4 we show the final best fit model in
the total energy range covered.

4.4.4 Continuum

We set a simple continuum model comprising a power law and a phenomenological
modified blackbody mimicking a soft-excess (Singh et al.|1985) component. For the
latter we used the MBB model in SPEX, which includes the effect of Compton scattering
(Kaastra & Barr|[1989). In the fit we always kept the modified blackbody temperature
of the HETGS model coupled to the RGS value because, in our fit, the band where the
soft-excess component is supposed to dominate is mostly covered by the RGS. For the
power-law component, we set the initial value of the slope to the one determined by the
EPIC-pn fit. As the best fit was reached, the value of I settled at 1.67+0.05, while we found
Tzg =170+ 15 eV. The final best fit values for the continua are given in Table 1stand
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Figure 4.5: RGS-1 spectrum of 4C +74.26 in the 23.0-25.5 wavelength region. The vertical dash-
dotted lines mark the position of the resonance, intercombination, and forbidden line. The solid
line represents the fit with a narrow profiled O viI triplet, which we were forced to reject (see Sect.
[4:45). The dotted line represents our best fit model with a single Gaussian line representing a
broadened O viI triplet. In both cases, the triplet profile is affected by absorption from ionized
oxygen (O vII) intrinsic to the source as labeled. The spectrum has been rebinned for clarity.

2nd panel. A small difference in the normalizations of the continuum components is
sufficient to account for the change of flux between the HETGS and the RGS observations.

4.4.5 Emission lines

The presence of a broad Fe Ka emission line in 4C +74.26 is well established (Ballantyne
& Fabian|2005}|Larsson et al.2008). The line is also well visible in the HETGS data (Fig. .
We fitted it with a phenomenological Gaussian emission line with free centroid, width,
and normalization. The values we obtained (Table[4.2] 3rd panel) are well consistent both
with what is reported in the literature (Ballantyne|2005) and with our phenomenological
fit of the EPIC-pn (Sect. [4.3).

In Fig. we show the spectrum in the 23-25.5 A range where we already noticed an
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excess in the residuals (Sect. reminiscent of a broad emission line. At first, we tested
whether these residuals could be accounted for with a narrow-profiled O viI triplet. We
added to the fit three delta-profiled emission lines (DELT model in SPEX) for the resonance
(A=21.6 A), intercombination (1=21.8 A), and forbidden line (A=21.1 A), respectively. We
let the normalization of the forbidden line free to vary and we assumed a ratio 1:3 for the
other lines, as expected if photoionization occurs in a low-density plasma approximation
(Porquet & Dubauf2000). This fit (Fig. does not reproduce well the data and leaves
large residuals between 23 and 24 A.

Thus, we added to the fit a Gaussian profiled emission line. We let the line centroid
free to vary among the nominal wavelengths of the O vii triplet and we used the width
of the broad H, line given in Winter et al.[(2010) to set the fitting range for the width
of a blended triplet (FWHM=[0.36-1.23]A). A broad O vi1I line having FWHM=1.0+0.3
better accounts for the excess in the residuals in the 23-25.5 A region. For the final fit, the
statistical improvement produced by the addition of the O viI broad line is AC =—24 for
3 additional degrees of freedom. An F-test gives a probability of a chance improvement of
~ 1072, In this fit the normalization of the narrow components goes to zero, indicating
that the data quality does not allow to deblend them from the broad component. The
modeling of the broad emission line is critical for a correct evaluation of the absorption
(e.g., |Costantini et al.2007, Di Gesu et al.|2013) because many transitions from ionized
oxygen may in principle be detected within the line profile. We outline in Table[4.2} 3th
and 4th panel, the final best fit values for the line parameters.

4.4.6 Aline-by-line fitting of the absorption features

Before proceeding with a global modeling of the absorbing components, we first at-
tempted to identify the absorption features of the spectrum on a line-by-line basis (e.g.
Ebrero et al.l2013). We note however that not all the WA features can be identified with this
method because of blending with neighboring transitions (as in e.g. the Fe-UTA) or with
other components (e.g. Galactic). Moreover, only a global modeling is able to account
also for the additional continuum curvature produced by e.g., an ionized absorber.

We visually identified in the spectrum the most prominent features, and for each of those,
we added to the model a Gaussian profiled absorption line multiplied by a blueshift model.
The line centroid was set the to the wavelength of the nearest known transition, while the
line FWHM was set the default value of 0.1 A. Thus, in this exercise, the free parameters
were the line normalization and the blueshift.

In Table[4.3lwe list our line identifications. In the RGS band we detected an O viI resonance
line at redshift zero and at the redshift of 4C +74.26. The addition of an O viiI-Ly a line
(A=18.97 A) line at the redshift of the source resulted instead in a negligible improvement
of the fit (AC=-3). In the HETGS band, we detected absorption from Ne IX at redshift 0
and from Ne 1%, Ne X, Mg 1x, Mgx and MgXI in the source rest-frame. The magnesium
lines are blended, so we fitted them simultaneously with the same blueshift. All the lines
detected in the HETGS band show a similar blueshift, suggesting that they may be part of
the same outflowing system.
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Table 4.3: Identification of the main absorption features in the RGS and in the HETGS spectrum of
4C +74.26.

Wavelength¢  z? Uout © AC? Identification

A kms™! Ion Transition

21.602 0.104 2100£900 -9 O vII 1s2—1s2p' P,
21.602 0 0 -14  Ovn 1s2—1s2p' P,

13.447 0.104 3900£200 -96 Nelx 1s2—1s2p'P,
13.447 0 0 -47  Nelx 1s2—1s2p'P,

12.132 0.104 4100£300 -52  Nex 1s—2p (Lya)
9.378* 0.104 MgIx 2s2—1s2s22p
9.281* 0.104 3600100 -85 Mgx 1s%(18)2s—1s(2S)2s2p(3PY)
9.169* 0.104 Mg X1 1s2—1s2p'P,

Notes. () Nominal laboratory wavelength of the line. (!) Redshift applied. () Blueshift applied.
@ Improvement of the C-statistics with respect to a model including only the continuum, the
emission lines, and the Galactic neutral absorber. ® Lines fitted simultaneously with the same
blueshift.

4.4.7 Absorption at redshift zero

We modeled the Galactic cold absorption using a collisionally ionized plasma model in
SPEX (HOT), setting a temperature of 0.5 eV for the neutral gas case. This component
produces O1and Fe I absorption at ~23.5 A and ~17.4 A respectively.

As pointed out in Sect. [4.4.2lnarrow absorption lines from O viI and Ne Ix at redshift zero
are detected, respectively in the RGS and in the HETGS spectrum. These could originate
in the warm plasma of the Galactic corona, which is collisionally ionized (e.g.,|Yao & Wang
2005, [Pinto et al.[2012). To model it, we added another HOT component to the fit. We
let both T and the gas column density Ny free to vary. We kept instead the broadening
velocity frozen to the default value of 100 km s™. The final best fit values that we found
for all these free parameters are listed in Table[4.2} 5th panel.

4.4.8 Intrinsic photoionized absorption

We modeled the intrinsic photoionized absorption using the XABS model in SPEX which
computes the transmission of a slab of material where all the ionic column densities are
linked to each other through the photoionization balance prescribed by the SED (Fig. [4.1).
We computed the latter with the SPEX auxiliary tool XABSINPUT and the photoionization
code Cloudy (Ferland et al.|2013), version 13.01. For the XABS component, we allowed
the column density, the ionization parameter, and the outflow velocity of the gas to vary,
while we kept the broadening velocity frozen to the default value of 100 km s,

We found that an intrinsic photoionized absorber with Ny; ~3x10%! cm™2and logé& ~ 2.6
best fits the candidate absorption features of the spectrum. The systematic blueshift of
the lines corresponds to an outflow velocity of vy, ~ 3600 km s~!. We list in Table 6th
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panel, the best fit parameters for the WA. After achieving the best fit, we decoupled the
column density and the ionization parameter of the RGS model from the HETGS values
to check for a possible time variability of the WA in the 4 months separating the HETGS
from the RGS observation. We found that during this time interval the WA parameters
are consistent not to have varied. We note that a one zone WA is sufficient to best fit
the ionized absorption features of the spectrum. Indeed, the fit erases any additional
ionized absorbing components, either photoionized or collissionally ionized. The final C-
statistics for a model including two Galactic absorbers and an intrinsic WA is C/Expected
C=1065/931.

In Fig. we show the transmission of all the absorbing components of the model,
together with the ratio between the data and the continuum model, which highlights the
absorption features. In the RGS band the most evident WA feature is the broad absorption
trough visible at ~ 18 A. This is mostly produced by the unresolved transitions array (UTA)
from the ionized iron (e.g., Fe Xx—Fe xx) contained in the photoionized gas. Besides this,
a O viI absorption line is prominent at ~23.5 A. This feature is blended with the O line
from the neutral absorber in the Galaxy. In the HETGS band, the absorption lines are
weak. The most apparent features are from highly-ionized species, such as Ne viI-Ne X
and Mg VIII-MgXI.

4.5 Discussion

We have presented a joint analysis of the RGS and of the HETGS spectrum of the heavily X-
ray absorbed radio-loud quasar 4C +74.26. Thanks to the high spectral resolution of these
grating spectra, we could reveal a rich spectrum of absorption features, originating from
both Galactic and intrinsic material. In our analysis we used the total Galactic column
density given in Willingale et al.| (2013), which includes the contribution of molecular
hydrogen. This is roughly twice the value provided by 21 cm surveys. The enhanced
Galactic absorption explains the heavy suppression of the soft X-ray flux that was noticed
in the past for this source (Brinkmann et al.{1998}|Sambruna et al.[1999, Reeves & Turner
2000} |[Hasenkopf et al.|2002, Ballantyne & Fabian/2005).

The intrinsic absorption comprises a highly-ionized WA which produces a deep Fe-UTA
trough in the RGS and the weak absorption features that are visible in the HETGS spectrum.
We found that an outflow velocity of ~ 3600 km s™'is required to best-fit the absorption
features visible in both the spectra. This finding is a piece of evidence for WA absorption
in radio-loud objects, which so far has been scarce. Indeed, besides 3C 382, 3C 445 and 3C
390.3,4C +74.26 is the 4th radio-loud source where a photo ionized outflow has been well
characterized in a high-resolution dataset. The column density, ionization parameter, and
outflow velocity that we measured for the WA in 4C +74.26 are within the range observed
in Seyfert 1 galaxies (McKernan et al.[2007) and are also in line with what is found in 3C
382 and 3C 390.3, the other two radio-loud galaxies hosting a classical WA. The case of 3C
445 is an outlier, as this source hosts a high-velocity, high-column UFO-like wind (see the
review of|Torresi et al.|2012).

In the following sections we use the results of our spectral analysis and the information
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Table 4.4: Properties of 4C +74.26.

Source properties Ref

Mgy =3x10° Mg Winter et al.|(2010)
i <49° Pearson et al.[(1992)
Lo =9.7x10% erg s Sect.
Lbol/LEdd =0.25 Sect.

Myee =17 Mg yr! Sect.

Lion =8.8 x 10% erg s7! Sect.

P =2x10* ergs™! Sect.
Pet/Lpag=6x10"* Sect.
Rpgir=0.2pc Sect.
Rror=6pc Sect.

Ionized outflow properties Ref
1.6<R<1.8pc Sect.|4.5.1
f=7x107° Sect. |4.5.1
My =0.4 My yr~! Sect. [4.5.1

Lign = 1.5 x10% Sect. [4.5.1

from the literature to infere a possible geometrical model for the outflow is this AGN. At
this purpose, in Sect. [4.5.1]we estimate the possible location and the energetics of the
warm absorber. In Table[4.4} upper panel, we outline some basic physical properties of
the source that serve for an order of magnitude comparison. We took the black hole mass
Mgy and the source inclination i, from the literature as already explained in Sect.
From a numerical integration of the SED of Fig. [4.1jwe computed the ionizing luminosity
Lo between 1 and 1000 Ry and the bolometric luminosity over the whole optical and
X-ray band. We note that the bolometric luminosity is probably underestimated because
the radio emission at low energies and the gamma ray emission at high energies are not
included in our SED. Hence, using these data we estimated the Eddington luminosity Lggq
and the mass accretion rate M,., for which we assumed an accretion efficiency n = 0.1.
For the jet power Be; we used the radio flux at 1.4 GHz (Condon et al.{1998) and the scaling
relationship of|/Cavagnolo et al.| (2010). The radius of the broad line region Ry scales
with the optical luminosity at 5100 A (Wandel[2002). The latter is given inWinter et al.
(2010). Finally, the radius of the putative torus Rrogr, which is nominally set by the dust
sublimation radius, scales with L;,, (Krolik & Kriss2001).

4.5.1 Location and energetics of the ionized outflow

In Table[4.4] lower panel, we outline some physical properties of the ionized outflow that
we estimated using our measured parameters, namely Ny ~ 3.1 x 102! cm™2, log& ~ 2.6,
and v,y ~ 3600 km s~!. We follow here the argumentation of [Blustin et al. (2005) which
assumes that the outflow is a partially filled spherical shell of gas, with a volume filling
factor f. An analytical expression for the volume filling factor f is derived in Blustin et al.
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(2005) from the prescription that that the kinetic momentum of the outflow must be of the
order of the momentum of the absorbed radiation plus the momentum of the scattered
radiation. For the ionized outflow in 4C 4+-74.26 we found that the ionized gas fills only
the ~ 0.007% of the spherical volume, which suggests that it may consist of sparse clumps.
We set a range of possible distances for the absorber from the conditions that the velocity
of the outflow must exceed the escape velocity from the AGN and that the outflowing
shell must not be thicker than its distance from the center (Ar/R < 1). Analytically:

2GMBH <R< Lionf
2 ¢ Ny

where G is the gravitational constant. For our parameters, both these expressions return
avalue ~2 pc (Table[4.4). This constrains the ionized outflow of 4C +74.26 to be located
outside the BLR (Rp;r = 0.2 pc) but within the boundary of the putative torus (Ryor =6
pc)

A patchy ionized outflow located outside the BLR is a natural candidate for being the
scattering outflow that is required in the Robinson et al.| (1999) analysis of the polarized
optical spectrum of this source. Their model prescribes that the observed redshift of
the polarized Ha line is due to a high-velocity motion of the scattering material which
polarizes the BLR light. In this framework, the outflow velocity inferred for the scatterer
depends on the inclination of the scattering cone with respect to the jet axis. For the case
of a scattering outflow coaligned with the radio jet, they quote a velocity of ~5000 km s7!.
Interestingly, if we consider the same source inclination used in the Robinson et al.| (1999)
model (~ 45°) and we assume that the WA found in our analysis is outflowing along the
polar axis of the source, we obtain a deprojected velocity of v,/ cos45° ~5000 km s~ (Fig.
[4.7). This matches with what[Robinson et al,| (1999) predicts. This correspondence hints
at the possibility that the WA detected here and the outflowing polar scatterer discovered
in|Robinson et al.| (1999) are one and the same.

Given the velocity, the mass outflow rate is given by

. 1.23my, Lion f Vo 2
Mgy = 5

where m, is the proton mass. and (2 is the solid angle of the outflow, that we set to 2.1 sr,
as in(Torresi et al.|(2012). This is derived assuming that at least 50% of radio-loud objects
host an outflow, like in Seyferts galaxy, and using the information that ~33% of the radio
galaxies belonging to the 3CR sample are type 1 AGN (Buttiglione et al.|[2009). Hence,
using the mass outflow rate, the kinetic luminosity of the outflow is readily computed as
Lyin = %Mout v§ut'

The value we obtained for the latter is at least four order of magnitude lower than the bolo-
metric luminosity. Theoretical AGN feedback models (e.g., Di Matteo et al.|2005}|[Hopkins
& Elvis|2010) typically require kinetic luminosities of the same order of the bolometric
luminosity for an outflow to be able to halt the star formation in a typical galactic bulge.
Thus, this outflow is unable to deliver a significant feedback in this AGN. Moreover, as
found for the other radio-loud galaxies hosting a WA, the kinetic luminosity of the outflow
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Figure 4.7: Sketch of the outflow in the inner region of 4C +-74.26. The observer line of sight lies
at 45° from the jet axis. The WA is part of a polar outflow located outside the BLR. The ionized
gas outflows along the polar direction with a velocity of ~5000 km s~!, which is observed as ~3500
km s~'from the observer inclination angle.

is negligible compared to the jet power ( Ly, ~ 107B,,). Thus, the case of 4C +74.26
confirms that the jet is a more likely driver of AGN feedback in radio-loud galaxies
let al2012).

4.6 Summary

We performed a joint analysis of the RGS and of the HETGS spectrum of the radio loud
quasar 4C +74.26. The spectrum is affected by an heavy X-ray absorption, arising from
both Galactic and intrinsic material.

The most of the absorption in the soft X-ray band is due to the Galactic ISM. We point out
that when considering also the contribution of molecular hydrogen, the total Galactic
Ny is roughly twice the standard value provided by 21 cm surveys.
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A photoionized outflow ( Ny ~3.2 ~10%! cm™2, 10g& ~ 2.6, gy ~ 3600 km s71) located at
the source rest-frame produces a sharp Fe-UTA trough in the RGS and the weak absorp-
tion features visible in the HETGS. The kinetic luminosity carried by the outflowing gas
(Lyin ~ 1075 Ly is negligible for the AGN feedback in this source.

We discuss a scenario where the photoionized gas is part of a polar-scattering outflow,
detected also in the optical-polarized spectrum.
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Nederlandse Samenvatting

Motivatie

Melkwegstelsels zijn enorme door zwaartekracht gebonden systemen die honderden
miljarden sterren bevatten. Elk melkwegstelsel bevat een Super Zwaar Zwart Gat (SZZG)
in het centrum. Superzwaar betekent een massa van miljoenen tot miljarden keer de
massa van de zon. Het centrale SZZG is in 17% van de melkwegstelsels actief. In deze
Actieve Galactische Kernen (AGK, ook bekend als Seyfert stelsels of quasars), is de optische
helderheid van de kern groter dan de helderheid van alle sterren in het melkwegstelsel bij
elkaar. Deze enorme hoeveelheden straling, die uit het gehele spectrum van radiogolven
tot gamma-straling bestaan, worden gevoed door het invallen van materiaal vanuit het
melkwegstelsel naar het zwarte gat toe. Accretie door zwaartekracht is de meest efficiénte
manier die de natuur kent om energie te onttrekken aan normale materie.

Astrofysische metingen laten zien dat de massa van het centrale SZZG ook de massa
van de centrale bol van sterren bepaalt. Dit is de zogenaamde M — o relatie die we in Fig.
[I]laten zien. Op de één of andere manier beinvloedt de activiteit van het centrale SZZG de
mogelijkheid van het melkwegstelsel om tijdens zijn evolutie sterren te vormen. Theoreti-
sche modellen voor deze AGK terugkoppeling verwachten dat een snelle gasvormige wind,
gevoed door het actieve zwarte gat, uitzet in het omringende melkwegstelsel en op een
gecompliceerde manier interactie daarmee ondergaat. Onder sommige omstandigheden
is de wind zelfs in staat om grote uitstromen van gas te veroorzaken die uiteindelijk de
hele koele gasvoorraad uit het melkwegstelsel blaast. Een tekort aan koel gas heeft voor
het melkwegstelsel het gevolg dat er geen nieuwe sterren meer gevormd worden en dat
het zwarte gat niet verder groeit. Men denkt dat dit mechanisme de M —o relatie reguleert.
Er worden verschillende soorten AGK winden waargenomen in submillimeter, infrarood,
optisch, UV en Rontgenstraling met spectroscopische technieken. Met behulp van een
spectroscopische observatie kunnen de fysische eigenschappen van de wind worden
gemeten. Deze kunnen vergeleken worden met de verwachtingen uit de huidige theoreti-
sche modellen. Het uiteindelijke doel van dit onderzoek is het vinden van observationeel
bewijs dat AGK terugkoppeling bestaat.

De anatomie van een AGK

De zichtbare eigenschappen van een AGK kunnen veel van elkaar verschillen. Sommige
AGK zijn bijvoorbeeld sterke bronnen van radiostraling, terwijl anderen dat niet zijn.
Vanuit spectroscopisch oogpunt kunnen AGK opgedeeld worden in twee klasses: Type
I AGK laten zowel nauwe als brede emissielijnen zien in de optisch/UV/Roéntgen band,
terwijl het spectrum van Type II AGK alleen nauwe emissielijnen laat zien. We denken dat
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Figuur 4.8: Correlatie tussen de massa van get zwarte gat en de massa van de centrale bult van het
melkwegstelsel. [Credit: K. Cordes & S. Brown (STScl)]

dit verschil wordt verklaard door een eenvoudig enkelvoudig model. In Fig. [2]laten we
een illustratie van het model zien. Van binnen naar buiten bevat dit model het volgende:

1.

Een SZZG omringd door een accretieschijf. De schijf zendt vooral thermische
straling uit in de optische/UV band.

. Een Brede-Lijn Regio (BLR) gevormd door wolken van geioniseerd gas die in een

snelle baan (met een snelheid in de orde van 10 000 km s!) rond het zwarte gat
draaien. De BLR staat op maximaal een paar lichtdagen afstand van de kern.

. Een torus van optisch dik en koud materiaal die de kern en de BLR omvat. De torus

ligt op een paar lichtjaar afstand van de kern.

Een kegelvormige Nauwe-Lijn Regio (NLR) gevormd door geioniseerde gaswolken
die met ongeveer 100 km s™! in een baan rond de kern draaien. De NLRs zijn zowel
boven als onder de polen van de torus te vinden en kunnen op afstanden tot wel
100 lichtjaar van de kern staan.

. Een nauwe straalstroom van relativistische deeltjes afkomstig vanuit de kern. De

deeltjes in de straalstroom zenden synchrotronstraling uit in de radio band. De
straalstroom is er niet altijd. Dit bepaalt of een AGK 'radio-luid’ of 'radio-stil’ is.
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Figuur 4.9: Schematische weergave van de basisanatomie van een AGK, volgens het zogenaamde
"getinificeerde model". [Credit: Brooks/Cole Thomson Learning]

Volgens deze geometrie zijn de kern en de BLR gezien vanuit een equatoriale ge-
zichtslijn achter de torus verscholen. Deze objecten zien eruit als Type II AGK. AGK die
daarentegen vanuit een polaire gezichtslijn worden bekeken, zien eruit als Type I AGK.

AGK in de Rontgenband

In dit proefschrift bestuderen we AGK met behulp van Rontgenspectroscopie. De huidige
instrumentatie voor Rontgenastronomie is geschikt voor zowel lage resolutie spectrosco-
pie in een brede band (0.3—10 keV) als hoge resolutie spectroscopie. De eerste is het beste
geschikt voor het bestuderen van de continuumemissie in de Réntgenband, terwijl de
laatste beter bruikbaar is voor het bestuderen van uitstromen van gas.

Het Rontgen continuum

De accretieschijf in AGK zendt niet veel straling uit in de Rontgenband. Men denkt dat de
Rontgenstraling wordt geproduceerd in een compacte corona van heet plasma op een
afstand van een paar lichturen van het zwarte gat. De optische en UV fotonen die door
de schijf worden uitgezonden krijgen meer energie als zij met de hete electronen in de
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corona botsen. Daarom verlaten ze de corona als Rontgenfotonen. Dit is een bekend
stralingstransportverschijnsel dat het 'inverse Compton’ effect wordt genoemd.

Het Rontgenspectrum dat door deze Comptonisatie wordt geproduceerd kan bena-
derd worden door een machtswet. Dit is een spectrale vorm die inderdaad alomvertegen-
woordigd is in AGK spectra boven de ~2 keV. Bij energién onder de 2 keV, daarentegen,
ligt het spectrum van type I AGK vaak boven deze theoretische machtswet. De oorsprong
van deze 'zachte’ Rontgenstraling is nog steeds een open vraagstuk.

AGK zijn variabele Rontgenbronnen. Spectra van dezelfde AGK die op verschillende
tijdstippen genomen zijn, kunnen er heel verschillend uitzien, zowel in helderheid als
spectrale vorm. De helderheid in de 'zachte’ Rontgenband kan bijvoorbeeld een factor
2—20 zwakker zijn en tegelijkertijd in de loop van enkele uren behoorlijk veranderen. In
veel gevallen verklaart een tijdsafthankelijke absorptie van de Rontgenstraling de waar-
genomen variabiliteit goed. In de praktijk zien AGK er meer of minder helder uit in
Rontgenstraling afthankelijk van hoeveel Rontgenstraling er langs de gezichtslijn wordt
geabsorbeerd. Deze variabele Rontgenabsorptie wordt veroorzaakt door wolken van koud
(neutraal) materiaal aan bijvoorbeeld aan de rand van de torus, of in sommige gevallen
zelfs in de BLR.

Warme absorbeerders

Ruwweg de helft van de Seyfert 1 melkwegstelsels bevat een warme absorbeerder (WA),
in essentie een 'zachte’ (v, =~100—1000 km s™!) uitstroom van geioniseerd gas. De geio-
niseerde atomen in de wind absorberen het licht uit de kern op een specifieke frequentie.
De WA laat zich in een spectrum zien als een overmaat aan Nauwe Absorptie Lijnen
(NAL) van diverse geioniseerde elementen, zoals ijzer, zuurstof, stikstof en koolstof. De
lijnen worden gedetecteerd in hoge-resolutie UV en Rontgenspectra van AGK. Vanwege
de beweging van het gas naar ons toe, worden de lijnen op een frequentie gemeten die
iets hoger ligt dan de frequentie in het laboratorium. Dit heet het Doppler effect. De
verschuiving van de frequentie is daarom een maat voor de uitstroomsnelheid van de
wind.

Het materiaal van de WA blijft vrij constant geioniseerd omdat het continu wordt
verlicht door de straling uit de kern. Dit wordt fotoionisatie genoemd. In een fotogeioni-
seerd gas in evenwicht is het aantal ionisaties (een foton botst met een atoom waardoor
een elektron losschiet) op hetzelfde moment gelijk aan het aantal recombinaties (een
electron valt terug in het atoom en zendt een foton uit). Door deze fotoionisatiebalans
expliciet uit te rekenen is het mogelijk om de concentratie van alle soorten ionen in het
gas te voorspellen en daarmee ook de sterkte van de absorptielijnen uit te rekenen. Dit
modelleren van fotoionisatie levert een meting op van de mate van ionisatie van het
gas, die wordt aangeduid met de ionisatieparameter &, en van het globale absorberend
vermogen dat wordt aangeduid met de kolomdichtheid van waterstof Ny .

In de afgelopen 15 jaar zijn WAs uitgebreid onderzocht door veel waarneemcampag-
nes in het UV/Rontgen van Seyfert 1 AGK uit te voeren. Hiermee is een gedetaileerd
fysisch beeld ontstaan. WA zijn winden die zelfs in één object meerdere onderdelen met
verschillende ionisatieparameters en snelheden bevatten. De lijnen die bij de hoogst-
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geioniseerde WA horen (Ne 1x-Ne X, O viI-O viiI en C vi) worden alleen in de Rontgenband
gedetecteerd, terwijl de laagst-geioniseerde lijnen alleen in het UV te meten zijn (Si 11-Si 111,
Mg1i en CII-C1v). In sommige gevallen kan een tussenfase lijnen zowel in de UV als
Rontgenband produceren (O vi).

Het is vaak niet mogelijk om de afstand r van de WA tot de kern nauwkeurig vast
te stellen. In principe geeft de ionisatieparameter &, die schaalt als 1/nr? met n de
gasdichtheid, een directe indicatie van de WA afstand. In de meeste gevallen wordt er
echter geen directe indicator van de gasdichtheid gemeten en is alleen een orde van
grootte schatting van de afstand mogelijk. Af en toe laat een UV absorptielijn van een
dichtheidsathankelijk metastabiel niveau het toe de dichtheid te schatten. Het meten van
derecombinatietijdschaal #,.. ~ n~! van een specifiek ion (het meten van de reactietijd van
de absorptielijn op de verandering van het stralingscontinuum) is een andere mogelijke
methode om de dichtheid te bepalen. Om de reactietijd te kunnen meten is het nodig om
tijdsopgeloste spectroscopie te gebruiken op een tijdschaal van een paar ks tot een paar
dagen, afthankelijk van de bron.

Met behulp van deze methoden is de afstand van de WA in een handvol nabije AGK
vastgesteld. Volgens de huidige schattingen zijn WA ongeveer even ver verwijderd van de
kern als de verhullende torus. Het bepalen van de afstand geeft ook een schatting van
de energie die de WA aan de omgeving aflevert. Dit wordt uitgerekend via de kinetische
helderheid Ly, ~ v Ny r. Het is nuttig om deze helderheid te vergelijken met de totale
AGK helderheid Ly, om te bepalen of de WA belangrijk is voor de AGK terugkoppeling
met het melkwegstelsel. Voor een typische WA is Ly;, veel kleiner dan L, dus dragen
deze geioniseerde winden niet veel bij aan AGK terugkoppeling.

Dit proefschrift

In dit proefschrift hebben we Rontgenspectroscopie gebruikt om de gaswolken rondom
de kern en het emissiemechanisme in drie nabije AGK te bestuderen: 1H 0419-577, NGC
5548 en 4C +74.26. De belangrijkste resultaten zijn:

1. We hebben gevonden dat de Rontgen WA in 1H 0419-577, die ook in het UV ge-
detecteerd is, deel is van een galactische wind. Gebruikmakend van fotoionisatie
modellering hebben we laten zien dat de optische/UV/Réntgen NLR een gecompli-
ceerde gasrijke omgeving is die gelaagd is in zowel ionisatie als dichtheid.

2. Met optische/UV/Réntgen data hebben we laten zien dat de extra zachte Ront-
genemissie in 1H 0419-577 misschien wordt geproduceerd door Comptonisatie
van fotonen uit de accretieschijf in een warme corona die zich wellicht vlak bo-
ven de schijf bevindt. We vonden ook dat de variaties in helderheid in een brede
golflengteband van deze AGK gedurende ~ 10 jaar kan worden verklaard door een
variabele koude absorbeerder die zich waarschijnlijk aan de binnenste rand van de
verhullende torus bevindt.

3. Met behulp van een lange waarneemcampangne van de WA in NGC 5548 in 2013
hebben we een AGK ontdekt in een ongebruikelijke toestand waarin de zachte
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Rontgenstraling gedurende een lange periode werd geabsorbeerd. We hebben laten
zien dat de Rontgenvariabiliteit gedurende de campagne consistent is met het
beeld van een gestructureerde wind die onze gezichtslijn blokkeert. Deze wind
in de buurt van de kern blokkeert ook het licht dat door de WA wordt ontvangen,
waardoor die in een lagere ionisatiegraad terechtkomt in vergelijking met eerdere
waarnemingen. We hebben dit scenario bevestigd door het analyseren van de
Rontgenabsorptielijnen van de WA.

4. Met behulp van een hoge-resolutie Rontgenspectrum hebben we een uitstroom
van fotogeioniseerd gas in de radio-luide quasar 4C +74.26 gekarakteriseerd. Deze
is consistent met een polaire verstrooiingsuitstroom die in het optisch gedetecteerd
is.
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Motivation

Galaxies are giant, gravitationally bound systems containing up to 100 billions of stars.
Every galaxy hosts a supermassive black hole (SMBH) in its center. Supermassive means
a mass of millions-up-to-billions times the mass of the sun. In 17% of the galaxies the
central SMBH is active. In these so-called Active Galactic Nuclei (AGN, a.k.a. Seyfert
galaxies, or quasars), the optical luminosity of the point-like nucleus overcomes the
starlight luminosity of the entire galaxy. This enormous release of radiation, which ranges
from radio up to gamma-ray energies, is powered by the gravitational infalling of galactic
material onto the SMBH. Gravitational accretion is indeed the most efficient way in nature
to extract energy from normal matter.

Astrophysical measurements show that the mass of the central SMBH determines the
number of stars contained the galactic spheroid (the so-called bulge). This is the so-called
M — o relation that we show in Fig.

Thus, somehow, while the galaxy evolves, the activity of the central SMBH influences
its ability to form stars. Theoretical models for this so-called AGN feedback prescribe
that a fast gaseous wind, powered by the black-hole activity, expands in the galactic envi-
ronment and interacts with it in a complex way. In some conditions, the nuclear wind is
able to drive a large-scale outflow which eventually depletes the galaxy of its gas reservoir.
Hence, as a consequence of the lack of cold gaseous material, the galaxy stops forming
stars and the black hole stops growing. This mechanism is believed to regulate M —o
relation.

AGN winds of different kinds are observed at submillimeter, infrared, optical, UV, and
X-ray energies using spectroscopical techniques. From a spectroscopical observation, the
physical properties of the wind can be measured. These can be compared with the pre-
dictions of the current theoretical scenarios. The ultimate aim of this research is finding
the observational proof of AGN feedback.

Anatomy of an AGN

The observational properties of AGN can be quite diverse. For instance, some AGN are
powerful radio emitters, while some others are not. From a spectroscopical point of view,
AGN can be divided in two classes. Type 1 AGN exhibit both narrow and broad emission
lines in the optical/UV/X-ray spectrum, while the spectrum of type 2 AGN displays only
narrow emission lines. We believed that this dichotomy is explained by a simple Unified
Model. In Fig. [2Jwe show the basic AGN anatomy.

Inside out, the model comprises:
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Figure 4.10: Graphical representation of the black hole mass-galaxy bulge mass correlation. [Credit:
K. Cordes & S. Brown (STScl)]

. A SMBH surrounded by an accretion disk. The disk emits thermal radiation mostly

in the optical/UV band.

. A Broad Line Region (BLR) formed by ionized gas clouds orbiting around the black

hole at velocities of the order of 10 000 km s~!. The BLR is located at a maximum
distance of few light-days from the nucleus.

. A torus of optically-thick, cold, material surrounding the nucleus and the BLR. The

torus is located at a distance of few light-years from the nucleus.

. A conically-shaped narrow line region (NLR) formed by ionized gas clouds orbiting

around the center at velocities of the order of few 100 km s™!. The NLR is located
above and below the pole the torus and may extend up to distances of the order 100
light-years from the nucleus

. Acollimated jet of relativistic particles, emanating from the nucleus. The particles in

the jets emit synchrotron radiation in the radio band. The jet is not always present.
This determines whether the AGN is radio-loud or radio-quiet.

According to this geometry, the torus screens the nucleus and the BLR light along the
equatorial direction. Thus, AGN viewed from a polar inclination angle are not obscured
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Figure 4.11: Schematic representation of the basic anatomy of an AGN, according to the so-called
“Unified Model”. [Credit: Brooks/Cole Thomson Learning]

by the torus and will appear as type 1. Conversely, AGN viewed from an equatorial line of
sight will appear as type 2.

AGN in the X-ray band

In this thesis we study the AGN environment using X-ray spectroscopy. The current instru-
mentation for X-ray astronomy allows to perform both a low-resolution, but broadband
(i.e., in the 0.3-10 keV band) spectroscopy, and a high-resolution spectroscopy. The former
is better suited to study the X-ray continuum emission, while the latter is more useful to
study the outflows.

The X-ray continuum

The accretion disk in AGN does not emit much radiation in the X-ray band. The X-ray
radiation is thought to be produced in a compact corona of hot plasma located at a
distance of some light-hours from the black-hole. The optical/UV photons emitted by
the accretion disk gain energy from the encounter with the hot electrons of the corona.
Thus, they emerge from the corona as X-ray photons. This is a well-known radiative
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phenomenon named inverse Compton effect.

The X-ray spectrum produced by this Comptonization can be approximated by a power-
law shape. This is indeed the spectral shape ubiquitously observed in AGN spectra above
~2.0 keV. On the other hand, at energies below ~2.0 keV, the spectrum of type 1 AGN often
lies well above this theoretical power-law. The origin of this so-called soft-excess is still
an open issue.

AGN are variable X-ray emitters. Spectra of the same AGN taken at different epochs may
look quite different, both in luminosity and in spectral shape. For instance, the luminosity
in the soft X-ray band may decrease of a large factor (e.g., 2-20) and at the same time,
the spectrum may undergo significant changes even on a timescale of few hours. In
many cases, a time-variable absorption of the X-ray radiation explains well the observed
variability. In practice, AGN appear more or less X-ray luminous depending on how much
the X-ray radiation is absorbed along the line of sight. This variable X-ray absorption may
be due to some patchy cold (i.e. neutral) material located around the inner edge of the
obscuring torus, or in some cases, even within the BLR.

Warm absorbers

Roughly half of Seyfert 1 galaxies host a warm absorber (WA) i.e. a gentle (vy,=few
hundreds—few thousands km s™!) outflow of ionized gas. The ionized atoms contained in
the winds absorb the nuclear light at a specific frequency. Thus, the spectral signatures of
WA are a plethora of narrow absorption lines (NAL) from many ionized species of common
atomic elements such as iron, oxygen, nitrogen and carbon. The lines are detected in the
UV and X-ray high-resolution spectra of AGN. Because of the motion of the gas towards
us, these lines are detected at a frequency which is higher than the laboratory one. This is
called Doppler effect. Thus, the shift in frequency of the lines provides a measurement of
the outflow velocity of the wind.

The WA material remains steadily ionized because it is constantly illuminated by the AGN
light. This is called photoionization. In a photoionized gas in equilibrium, the number of
photoionizations (i.e. a photon hits a nucleus a nucleus and an electron is stripped) must
be instantaneously equal to the number of recombinations (i.e. an electron rebinds to a
nucleus and a photon is emitted). By explicitly computing this photoionization balance,
it is possible to predict the concentration of all the ionic species contained in the gas and
thus the expected strength of all the absorption lines. This photoionization modeling
provides a measurement of the level of ionization of the gas, which is quantified by the
ionization parameter &, and of its global absorbing power, which is quantified by the
hydrogen column density Ny .

In the last fifteen years, WA have been extensively studied by performing many UV/X-ray
observational campaigns of nearby Seyfert 1. A detailed physical picture has emerged.
WA are multicomponent winds spanning a range in ionization and in velocity even in
the same object. The lines belonging to the most highly-ionized WA components (e.g.,
Ne 1x-Ne X, O viI-O viiI, and, C Vi) are detected only in the X-ray, while the least ionized
lines are detected only in the UV (e.g., Si 11-Si 111, Mg 11, and, C11-C 1v). In some cases, an
intermediate phase producing absorption lines in both the UV and the X-ray band (e.g.
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O V1), may be present.

Determining accurately the distance r of the WA from the center is often not possible. In
principle, provided the gas density 7, the ionization parameter &, which scales like 1/nr?,
is a direct indicator of the WA distance. In practice, in most cases no direct density indica-
tor is available and only an order of magnitude estimation of the distance is possible. In
fewer cases, the detection in the UV of absorption lines from density-sensitive metastable
levels provides a density diagnostic. Measuring the recombination timescale f;o. ~ 1!
of a particular ione (i.e., measuring the time delay after which an absorption line reacts
to changes in the illuminating continuum) is another possible method of determining
the density. In order to observe this time delay, it is necessary to perform a time-resolved
spectroscopy on a few ks—few days timescale, depending on the source.

Using these methods, the distance of the WA has been determined in a handful of nearby
AGN. According to the estimations available so far, WA are often located as far as the
obscuring torus. Determining the distance serves also to estimate the amount of energy
that the WA delivers in the surrounding environment. This is quantified by the kinetic
luminosity Ly, ~ v® Ny r. It is useful to compare this luminosity with the total AGN
luminosity Ly, in order to ascertain whether the WA is important for the AGN feedback
scenario. For a typical WA, Ly, is much smaller than L. Thus, these ionized winds
alone do not contribute much to a possible AGN feedback.

This thesis

In this thesis, we have used X-ray spectroscopy to study circumnuclear gaseous environ-
ment as well as the primary emission mechanism in three nearby AGN: 1H 0419-577, NGC
5548, and, 4C +74.26.
The main results are:

e We found that the X-ray WA in 1H 0419-577, detected also in the UV, is part of a
galactic wind. Using photoionization modeling techniques, we showed that the
optical/UV/X-ray NLR is a complex gaseous environment stratified both in ioniza-
tion and in density.

e Using optical, UV and X-ray data, we showed that the soft-excess in 1H 0419-577
may be produced by Comptonization of the disk photons in a warm corona, possibly
located above the accretion disk. Moreover, we found that the broadband variability
of this AGN during ~ 10 years may be due to a variable cold absorber, possibly
located around the inner edge of the obscuring torus.

e In 2013, during an extended monitoring campaign dedicated to the the WA in NGC
5548, we discovered the AGN in an unusual condition of heavy and persistent soft X-
ray obscuration. We showed that the X-ray variability observed during the campaign
is consistent with the picture of patchy wind obscuring our line of sight. This inner
wind also filters the light received by the WA, which become less ionized that what
was observed during historical unobscured epochs. We confirmed this scenario by
analyzing the X-ray lines of the WA.
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e Using an high resolution X-ray spectrum, we characterized a photoionized gas out-
flow in the radio-loud quasar 4C +74.26. This is consistent to be X-ray counterpart
of a polar scattering outflow detected in the optical band for this source.
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