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Abstract

An active galactic nucleus (AGN) is powered by the accretion of matter infalling onto a
supermassive black hole (SMBH), found at the core of most galaxies. The accretion process
releases an enormous amount of radiation, while concurrently propelling matter away through
winds, especially for those accreting close to or above the Eddington limit. Black holes at
Eddington accretion rates are growing fast but are also expected to launch powerful winds
of hot plasmas due to the extreme radiation pressure from the underlying accretion disk.
These outflows, when intersecting our line of sight to the radiation source, leave imprints in
X-ray spectra of the accretion disk in the form of Doppler-shifted lines. AGN winds play a
critical role in regulating SMBH growth and the host galaxy’s evolution by carrying away a
significant portion of infalling matter. Notably, certain AGN outflows, known as ultra-fast
outflows (UFOs), can achieve speeds exceeding 3% and even reach 40% of the speed of light.
Due to their extreme velocities, UFOs are regarded as a promising candidate to affect the
galaxy evolution by depositing significant kinetic energy into the surrounding gas, thereby
heating the interstellar medium and quenching the star formation rate of the host galaxy.
However, the uncertainties in the geometries, launching mechanisms, and outflow rates of
such outflows imply substantial uncertainty in determining their effects on SMBH evolution
and the impacts on host galaxies.

By using both the currently most advanced photoionization modeling method and the data
from the currently best instrument for soft X-ray high-resolution spectroscopy, XMM-Newton
Reflection Grating Spectrometer (RGS), I studied the nature of UFOs in soft X-ray bands of
a super-Eddington narrow-line Seyfert 1 (NLS1) galaxy and a high-Eddington NLS1 AGN
and extend the analysis to a large sample of high-Eddington AGN. UFOs in the soft X-ray
bands are largely overlooked before my works and commonly exhibit a cool temperature.
My results reveal that UFOs in these systems are driven by the radiation pressure and
are sufficiently energetic to affect the evolution of their host galaxies, while the radiative
acceleration may decrease as the accretion rate increases, probably due to the change in the
geometry of accretion flows. Additionally, I also achieved the first discovery of evidence for
the connection between the accretion inflows and UFOs in the soft X-ray band of an NLS1
galaxy.
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Chapter 1

Introduction

1.1 Active Galactic Nuclei (AGN)

Abundant observational evidence strongly supports the presence of supermassive black holes
(SMBHs) with masses in the range of My ~ 10°~10'° M, situated at the core of nearly all
galaxies [81, 122], where M, is the mass of the sun. These supermassive objects may be
formed from the direct collapse of matter in the early Universe [21], or from stellar-mass
black holes undergoing super-fast accretion, or by the mergers of smaller black holes [232].
At any moment, the majority of galaxies host a dormant SMBH, i.e. it is not actively accreting
materials [169]. When the SMBHs undergo significant accretion, they emit radiation across
the entire electromagnetic spectrum, ranging from radio to gamma-rays. Consequently, such
galaxies are named active galaxies, and their central regions are recognized as active galactic
nuclei (AGN).

1.1.1 Unified Model

The taxonomy of AGN is rather complex including a large variety of sub-classes. AGN
are broadly categorized into three main types according to their brightness: quasars [312],
where the AGN component overwhelmingly dominates the radiative output of the entire
host galaxy; Seyfert galaxies [315], where the nuclear regions significantly contribute to the
energy output of host galaxies without outshining it; and Low Luminosity AGN (LLAGN)),
where the nucleus emits only a small fraction of the galaxy’s radiative output.

A further categorization of AGN is based on the optical and ultra-violet (UV) spectral
features. AGN are classified into Type 1 and Type 2, depending on whether broad lines (with
a full width at half maximum FWHM > 1000 km/s) are present or absent in their spectra,
respectively. Additionally, the classification of AGN can depend on their degree of radio
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loudness. Approximately 10%-20% of all AGN exhibit significantly brighter (> 10 times)
radio emission compared to their optical brightness and are identified as radio-loud (RL)
AGN while the others are referred to as radio-quiet (RQ) AGN [161].

A unification model was thus invoked to explain different AGN phenomena, based on the
idea that different AGN are fundamentally similar, but viewed at different orientations [9,
348]. Fig.1.1 illustrates a schematic picture of AGN in this unified model, with various AGN
types denoted in green depending on the viewing angles, and the fundamental components
highlighted in whifte. In this model, an AGN includes a SMBH at its core, a sub-parsec
(sub-pc) accretion disk surrounding the SMBH, a broad line region (BLR) made up of
high-density (n > 108 cm™>) and dust-free gas clouds in Keplerian motion at a distance of
0.01-1 pc from the SMBH [237], an axisymmetric dusty torus situated 0.1-10 pc from the
SMBH [177, 236], an outflowing radio jet directed generally along the disk’s axis, and the
narrow line region (NLR) composed of low-density, low-velocity and ionized gas extending
to 100-1000 pc [236, 237]. The key element in this unified model is the optically thick torus,
which absorbs the optical, UV, and X-ray emissions from the nucleus and the BLR. However,
the narrow line region remains visible due to its extension. In this framework, the Type 1/2
bimodality arises as an orientation effect: Type 1 AGN are those whose viewing angle allows
the central engine together with the BLR to be directly seen. In contrast, Type 2 AGN are
those whose nuclear region is obscured by the opaque torus.

While the orientation-based unified model successfully explains the spectral diversity
observed in most AGN, some recent observations have posed challenges to its validity. One
of the challenges arises from the discoveries of unobscured Type 2 AGN [246, 243]. These
sources exhibit only narrow emission lines in the optical band and little or no obscuration
in the X-ray band, contradicting the predictions of the unified model. Another notable
challenge comes from the infrared observations of AGN. Recent mid-infrared interferometry
observations of Type 1 galaxies reveal that the majority of infrared emission originates from
the dust in the polar region instead of in the disk plane, suggesting a potential deviation from
the presumed shape of torus [125]. On the other hand, the unified model does not account
for changes in accretion rates. A peculiar subclass of AGN, known as Changing-look AGN
(CLAGN), presents transitions between Type 1 and 2 classifications with relatively short
timescales, typically ~ 1-10 years or even shorter [103, 238, 342]. These timescales are
significantly less than the expected viscous timescales for AGN ~ 400 years [297]. The
origin of these rapid transitions is generally attributed to variations in the accretion flow,
including disk instabilities [193, 13, 238] and major disk perturbations, such as stellar tidal
disruption events (TDEs, [349]). These phenomena provide an additional challenge to the

unified model, which assumes a static and uniform AGN population.
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Fig. 1.1 The AGN unified model (credit: NASA, based on [348]). Different AGN regions
are labeled in white while different types of AGN are labeled in green. The manifestation
of an AGN heavily depends on our line of sight (LOS) towards the system, although it is
also linked to its accretion state, which is beyond the scope of the unified model. When the
LOS traverses the obscuring dusty torus, the broad line region is not observable, leaving only
narrow optical/UV lines in the spectrum and the AGN is classified as Type 2. Otherwise,
the AGN is categorized as Type 1. Additionally, AGN can also be split into two subclasses
depending on the presence of a radio jet: radio-loud and radio-quiet.
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1.1.1.1 Narrow-line Seyfert 1 galaxies

This thesis focuses on a subset of Seyfert 1 galaxies known as narrow-line Seyfert 1 galaxies
(NLS1). The primary criterion for categorizing them as NLS1 involves the width of the
broad component in their optical Balmer emission lines, coupled with the relatively weak
[OII]A 5007 emission (the full width at half maximum of Hf, FWHMppg < 2000km /s and
the intensity ratio between the [OIII] and Hf emission, [OIII]/HB < 3, [242, 108]). NLS1
galaxies exhibit notable features such as Fell emission [29, 353], with the ratio Fell/Hf3
being twice as strong as that in other Seyferts. NLS1s also display rapid temporal X-ray
variability [351, 189, 221]. Furthermore, these objects are typically characterized by lower
black hole masses compared to other Seyferts, ranging between 10~ M., [28, 111, 217, 245],
and high accretion rates, often approaching or surpassing their Eddington limits, Lggq =
4nGMpumpc/or, to be defined by Eq.1.7 in Sec.1.2.1 [42, 360].

1.1.2 Spectral Energy Distribution of Active Galactic Nuclei

In Fig.1.2, a schematic illustration depicts the spectral energy distribution (SED) of an AGN,
spanning from radio frequencies to hard X-rays. The figure illustrates the various physical
components believed to constitute the overall observed SEDs of AGN. Nevertheless, it is
important to emphasize that the proportional contribution of these components can vary
dramatically among different types of AGN.

1.1.2.1 Accretion Disk

The standard radiatively-efficient AGN model involves an SMBH surrounded by an optically
thick accretion disk [316, 375]. The disk can be geometrically thin or thick depending on the
accretion state [2]. The resulting continuum spectrum is expected to be thermal, characterized
by a black-body temperature of ~ 103 K that peaks in the UV band (=~ 10-400 nm). Unfortu-
nately, this UV coverage is a region of the electromagnetic spectrum that is challenging to
observe from the Earth due to the interstellar medium (ISM) absorption.

1.1.2.2 Hot corona

Within the inner region of the accretion disk, it is observed that there exists an optically thin
and high-temperature (= 108 K) electron plasma, known as a hot corona [326, 113, 114],
where the UV and optical photons, produced at the accretion disk, undergo Compton up-

scattering. As a result, the spectrum in the X-ray band above a few keV can be roughly
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Fig. 1.2 Schematic representation of the AGN spectral energy distribution including all the
main physical components (credit to [117, 121]). The total observed spectrum is shown
in black. The individual components are: 1) the synchrotron radio emission from a jet
distinguishes radio-loud from radio-quiet AGN (orange); 2) the thermal infrared emission
from the dusty torus (red); 3) the accretion disk emitting as a color temperature corrected
blackbody peaking in UV band (blue); 4) the soft X-ray excess which may arise from
the Comptonization of disk photons in the ‘warm’ region of the inner disc or from the
relativistically blurred reflection ([62, 98, 257, 229, 256, 371], purple); 5) primary X-ray
power-law continuum arising from the Comptonization of disk photons in the hot X-ray
corona (cyan); 6) reprocessed X-ray photons from the primary continuum in the accretion
disk, featuring the iron K line at 6.4—7.0 keV and the Compton hump at 20-30keV (green).
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modeled as a power-law, with an exponential high-energy rollover depending on the tempera-
ture of the plasma, typically in the range of 20-200 keV [298].

1.1.2.3 X-ray Reflection

A fraction of coronal emission serves to illuminate back the accretion disk or the torus,
creating an additional ‘reflection’ component, i.e. reprocessed X-ray photons, that consists
of the Compton hump and fluorescent emission lines [100, 304, 305]. The Compton hump
typically peaks at 20-30keV, where the low-energy side is shaped by the photoelectric
absorption of the iron and the high-energy side stems from the Compton down-scattering of
high-energy coronal photons reprocessed in the accretion disk or distant matter [273]. The
most prominent atomic features are Fe K lines at 6.4-7.0keV (depending on the ionization
state of the reflecting material). These lines are often broadened and distorted by Doppler
relativistic effects due to the strong gravitational field around the black hole, particularly
when the reflection occurs in the proximity of the SMBH [74, 188]. Such distortion provides
valuable insights into the properties of the inner accretion disk and SMBH, such as the black
hole spin and the innermost radius of the disk. Alternatively, the iron K line can appear

narrow if the reflected emission originates from mainly the outer disk or torus [218].

1.1.2.4 Soft Excess

The soft excess, a broad and featureless spectral component, is commonly observed below
~2keV in the soft X-ray band of the majority of Type 1 AGN [344]. It can be effectively de-
scribed by a thermal black body component with a temperature of ~0.1keV [320]. However,
a consensus regarding the origin of the soft excess remains elusive. Comptonization of disk
photons in a warm (~ 10° K), optically thick plasma (warm corona) is a viable mechanism
to extend the disk emission to soft X-ray energies. The warm corona may be situated in
the inner regions of the accretion disk [62] or in an extended corona located above the disk
surface [256]. Another explanation involves the reflection of the primary radiation in a
high-density ionized disk [305, 46, 98, 99]. In this scenario, the soft X-ray spectrum of the
reflected radiation contains a wealth of fluorescence emission lines, and their intensity will
be boosted by the inner high-density disk. The strong gravity in the vicinity of the black hole
can smooth these lines into a featureless component, thereby creating the observed excess.
Consequently, detecting relativistically blurred reflection lines in the soft X-ray band would

strengthen the reflection explanation for the soft excess, which will be shown in Chapter 5.
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1.1.2.5 Dusty Torus

According to the unified model, enveloping the nuclear region of an AGN is a toroidal dusty
region that is both geometrically and optically thick. The dust within this region is heated
by absorbing photons from the accretion disk and BLR, consequently re-emitting thermal
radiation in the infrared (= 1-1000um, [258, 306]). Numerous observations of nearby AGN
indicate that the torus is multi-phase and multi-dynamic rather than a continuous structure
[177, 355]. An inner hot structure exists in close proximity to the dust sublimation radius
(Tqust ~ 1500-2000 K), while the cold outer dust (7,5 ~ 10K) is located between 5—10 pc
from the SMBH and is thought to function as a reservoir connecting the host galaxy to the
accretion structure [124].

1.1.2.6 Relativistic Jets

The synchrotron radio emission emanating from a jet serves as a distinguishing feature
between radio-loud from radio-quiet AGN. Unlike the focus of this thesis on winds, which
are wide-angle and at most sub-relativistic, jets are usually highly collimated and relativistic.
The formation of a jet occurs when the black hole is spinning, and the accretion disk possesses
strong magnetization. Powerful jets can emerge from their galactic nuclei in a relativistic,
supersonic, and proton-dominated state, extending to strong, hot spot shocks with a range
spanning orders of Mpc. In contrast, weak jets degrade into buoyant plumes and bubbles
[23].

1.1.3 AGN Feedback and Outflows

AGN might significantly influence the evolution of their host galaxies, which seems incredible
given the nine orders of magnitude difference in physical size scales between an SMBH
and its host galaxy - equivalent to the contrast between the size of a coin and the Earth.
Several observational results indicate a correlation between the SMBH mass and the stellar
velocity dispersion of the host galaxy (Fig.1.3, [168]). According to the virial theorem,
the velocity dispersion reflects the kinetic energy, which is directly linked to the potential
energy of the system. Consequently, the stellar velocity offers an indirect gauge of the depth
of the gravitational potential well of the galaxy, providing an indirect measurement of the
galaxy mass. Thus, it is now established that the SMBH is correlated with the host galaxy,
as evidenced by correlations between the SMBH mass and 1) the stellar velocity dispersion
[82, 81]; 2) the bulge luminosity [205, 112]; and 3) the mass of the galaxy bulge [212, 292].

Furthermore, it has been observed that the evolution of the cosmic star-formation rate

density and the growth of cosmic black holes follow a similar pattern with respect to redshift
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Fig. 1.3 The linear correlations between the mass of the central SMBH M, and the properties
of the host galaxy bulge, i.e., the mass Myyge (left) and the effective stellar velocity dispersion
O (right). See further details in [168] and references therein.

(Fig.1.4, [4, 168]). The cosmic space density of SMBH growth (i.e. mass accretion rate)
peaks at redshift z ~ 1-3 [346, 213, 128], aligning with the epoch when the space density of
the most intense star-forming galaxies also peaks, concurrent with the maximum in cosmic
star formation density [203].

These findings collectively indicate the presence of a self-regulating feedback mechanism,
named AGN feedback. This mechanism operates through the interaction between the energy
and radiation generated by accretion onto the SMBH and the gas within the host galaxy.
The interaction may arise where the intense flux of photons and particles produced by an
accreting AGN sweeps and heats the ISM of the galaxy bulge, ultimately terminating star
formation. This, in turn, hinders the growth of the SMBH [71].

Outflows from AGN primarily act in two modes. The kinetic or radio mode, involving
powerful and highly collimated jets, typically operates when the galaxy is a massive brightest
cluster galaxy (BCG) at the cool core of galaxy clusters. This mode plays a crucial role
in hindering the efficient cooling of the intracluster medium (ICM, [224, 255, 76, 223]),
which is effective on large scales (up to 2 100 kpc). The other mode is the radiative or wind
mode, characterized by direct radiation pressure on dust (~kpc scale) [132, 134, 133] or
wide-angle winds [163] prevalent in luminous AGN, where jets are inefficient at depositing
energy into the host galaxies [317, 71]. This thesis specifically delves into the investigation



1.1 Active Galactic Nuclei (AGN)

1
—h

@ &
3 ’l‘
= ]
5 2 .
> .
= “
oC [
LL ]
2 [
o -RF
o 3 r — BH accretion rate density x 5000
[ (model extrapolation)
[ Hopkins+04 (compilation)
[ ®  Bouwens+12
-4 [ 1 1 1 1 1 L1l
0 1 3

Redshift (z)
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both declining towards lower redshift.
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of winds in the radiative mode, primarily detected as ionized blue-shifted absorption lines
in the X-ray spectra of AGN in the nearby Universe [294, 45, 222, 186]. X-ray-detected
winds are anticipated to originate from the nuclear region of AGN, i.e., the accretion disk
(<1pc). To exert a global impact on the host galaxy, these winds must couple with the ISM
and propel the gas across galaxy scales (= 1 kpc). Therefore, comprehending the energetics
and physics of ionized winds becomes crucial for understanding their impacts on the galaxy

and determining the driving mechanism behind AGN feedback.

1.1.3.1 Warm Absorber

Warm absorbers (WAs) [294] are ionized outflows usually observed in the soft X-ray spectra
of AGN. Initially discovered by Halpern [116], these absorbers were employed to account
for variable absorption observed in AGN spectra over timescales of years, originally modeled
with prominent O VII and O VIII absorption edges (0.74 and 0.87 keV, respectively, [101]).
The importance of warm absorber features was soon recognized since they were detected in
at least half of Seyfert galaxies [102, 25], establishing them as a common feature of AGN.
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Fig. 1.5 The soft X-ray spectrum of IRAS 1334942438 (credit to [308]). Within this spectrum,
a diverse array of absorption lines is evident, originating from ions spanning the range from
He-like Carbon to H-like Neon. Additionally, there are observable lines arising from low-
ionization iron (Fe VII-XII) in the form of the M-shell Unresolved Transition Array (UTA).
As indicated by the different color labels, at least two distinct ionization states of absorbers
are required to adequately describe the data.
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The advent of XMM-Newton [135] and Chandra [361] has significantly advanced our
understanding of WAs in AGNs. Detailed studies [147, 158, 58], using high-resolution
spectra from reflection grating spectrometers (RGS, [57]) onboard XMM-Newton [135],
High-Energy Transmission Gratings (HETG, [33]) and Low Energy Transmission Gratings
(LETG, [31]) onboard Chandra [361], have unveiled numerous blueshifted narrow absorption
lines, indicative of a broad range of ionization states (as shown in Fig.1.5 [308]). These
observations suggest that WAs are not confined to a single region, but rather span multiple
zones with velocities ranging from 0 to 5000 km/s, column densities from 10%° to 10**cm™2,
and ionization parameters from logé = —1 to 3 [186, 187] (with & = Lo, /nR2 defined
by Eq.1.9 in Sec.1.2.2.1.1). The precise location of WAs remains elusive, although their
relatively lower velocities imply an origin further away from the accretion disk [145, 362],
possibly extending from the BLR to distances greater than 10 pc, consistent with the NLR
[44]. Furthermore, there have been instances where faster components, at speeds on the order
of several thousand km/s, have been observed in the soft X-ray band (0.3-2keV), possibly
linked to a disk wind [345, 322, 123]. Moreover, determining the geometry of outflows
remains a challenging task. It is unclear whether the wind is a spherical shell, a continuous
stream [324, 323], or clumpy clouds [182], which also depends on the adopted launching
mechanism.

1.1.3.2 Ultra-fast Outflows

Ultra-fast outflows (UFOs), distinct from WAs, represent the most extreme category of AGN
outflows and are the center of this thesis. Characterized by their significantly blueshifted
absorption lines in AGN X-ray spectra, UFOs exhibit extraordinary velocities exceeding
0.033c¢ (over 10000 km/s) and reaching up to 0.4c, where ¢ denotes the speed of light
[38, 276, 339, 341, 338, 106, 288]. These outflows are typically associated with resonant
absorption features from Fe XXV and Fe XX VI K shell (as illustrated in Fig.1.6, [235]), orig-
inating regions with massive column densities (Vg ~ 10?>~10%*cm~2) and high ionization
states (log& ~ 4-6), suggesting their proximity to the SMBH [187]. UFOs are a prevalent
phenomenon in AGN, being detected in >34% of Seyfert AGN [337].

In addition to traditional UFOs characterized by Fe K absorption features in the hard
X-ray band, there have been noteworthy UFO detections involving oxygen K, Fe M, and
Fe L absorption lines in the soft X-ray (<2 keV) high-resolution spectra from the XMM-
Newton/RGS and Chandra/HETG detectors. The advanced resolution capabilities of these
instruments can distinguish UFOs from the slow WAs even in the same soft X-ray coverage,
such as in PG 1211+143 [276, 269], IRAS 17020+4544 [197], and PDS 456 [286]. The soft
X-ray UFOs typically share a comparable velocity range with their hard X-ray counterparts.
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Fig. 1.6 The hard X-ray spectrum of a highly accreting quasar PDS 456 (credit to [235])
showing UFO absorption in the 7-10 keV band. The absorption feature is most likely im-
printed by a powerful wind outflowing at a velocity reaching approximately 0.25¢, originating

from the accretion disk.
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0%2cm~2) and ionization

However, they exhibit substantially lower column densities (Ng < 1
parameters (log& < 4).

In some sources, UFOs have been concurrently detected in both the soft and hard X-ray
bands [287, 272, 288, 26, 181]. These observations have given rise to the hypothesis that
UFOs may possess a multi-phase origin as if a clumpy-ISM becomes entrained by an inner
UFO. This phenomenon, known as entrained UFOs (E-UFOs), results in a simultaneous
presence of both WAs and UFOs [314]. Fig.1.7 illustrates significant correlations among the
properties of WAs, soft and hard X-ray UFOs. This suggests that these winds represent dif-
ferent parts of the same stratified large-scale outflow [337, 271], located at various distances
from the nuclear SMBH. The UFO winds are postulated to originate from the accretion
disk [339], while the WA winds stem from the torus [25]. E-UFOs follow the correlation
within the Ng—log & parameter plane, although their velocities deviate from the correlation,
indicating an intermediate state between WAs and hard X-ray UFOs.

UFOs show clear signatures of variability in multi-epoch deep observations, suggesting a
possible transient nature. Notable instances of such variability have been observed in AGN
such as APM 08279+5255 [37], Mrk 509 [50], 1H 0707-495 [54], PG 1211+143 [381],
and PG 1448+273 [289], with variability timescales ranging from 10ks to several years.
Studies focusing on IRAS 13224-3809 have unveiled an anti-correlation between the strength
of absorption features, both in the soft and hard X-ray bands, and the luminosity [252],
pointing towards a connection between the accretion process and the generation of outflows.
Furthermore, investigations into the variable quasar PDS 456 and IRAS 13224-3809 have
revealed a correlation between UFO velocity and AGN X-ray luminosity, which indicates

that the wind is predominantly propelled by the intense radiation pressure [220, 259].

1.2 The physics of accretion onto black holes

Black holes, as the most extreme objects in the Universe, possess gravitational fields so
intense that not even light can escape. They are described by Einstein’s General Relativity
(GR, [68]), except at their centers (known as the singularity), where even GR fails to provide
a complete description. Astrophysically, black holes are characterized by three fundamental
properties: mass Mgy, spin angular momentum J, and electric charge Q. In what follows, we
will focus on uncharged black holes, as any electric charge in astrophysical scales is typically
negligible [34, 15]. Broadly, black holes can be categorized into two types based on their
spin: non-rotating Schwarzschild black holes [313], and rotating Kerr black holes [16, 239],
with the latter possessing nonzero angular momentum. The radius of a Schwarzschild black
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Fig. 1.7 Plots of column density (left) and velocity (right) against ionization parameter of
various absorbers in PG 1114+445 (Figures adapted from [314]). WAs are denoted by red
stars, soft X-ray UFOs are marked with green triangles, and hard X-ray UFOs are indicated
by blue squares. The black points and dashed line represent other absorbers and the linear
fit of [337]. Additionally, the magenta points correspond to other soft X-ray UFOs reported
in the literature [197, 272, 287]. WAs, soft X-ray UFOs, and hard X-ray UFOs have a
significant correlation in the Ny—log & plane while the velocity of soft X-ray UFOs does not

follow

the correlation.
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hole can be expressed as:

Mgh
Mg

GMgn _

Rs =2Ry =20 ~3(=21 ) km (1.1)

c

where R, is the gravitational radius and G is the Newton gravitational constant. The dimen-
sionless spin a, of a black hole is defined such that

B cJ
- 2
GMgy

ax (1.2)
In the GR, the spin changes the position of the event horizon. The radius of the event horizon
of a Kerr black hole in the Boyer-Lindquist coordinates is

Ryorizon = Rg(l + \/ 1 —a,%) (1.3)

Therefore, in astrophysical contexts, a, typically ranges from -1 to 1. Specifically, a positive
value of a, (i.e. a, > 0) is employed when considering a black hole with angular momentum
aligned with that of the surrounding material (prograde), while a negative value of a, (i.e.
a, < 0) when the angular momentum is in the opposite direction, resulting in counter-rotating

motion (retrograde).

1.2.1 Theory of Accretion

Accretion is one of the most energetic and efficient phenomena in our Universe, exhibiting
a mass-scale invariance that spans from stellar-mass black holes, approximately 1-10 M,
to supermassive black holes as large as 105719M,. These SMBHs, with their immense
gravitational forces, are capable of pulling in material from surrounding regions (~pc scales).
Due to the angular momentum of this infalling material, it does not directly fall into the
SMBH but instead forms an orbiting accretion disk in a Keplerian motion.

The widely accepted model for such a disk, especially when it is geometrically thin
and optically thick, is the Novikov-Thorne (NT) model [239], an extension of the standard
Shakura-Sunyaev (SS) disk model [316], which considers relativistic effects. Within the
disk, collisions between gas and dust particles transform kinetic energy into thermal energy
through viscous friction, thereby heating the disk. This process leads to a loss of angular
momentum for the material, causing it to spiral inwards and increase its velocity. It is noted
that the role of mechanical viscosity in generating the luminosity observed in accreting
systems is considered inadequate [279], pointing towards magnetic effects, particularly
magneto-rotational instability (MRI, [13, 14]), as the likely driver of viscosity.
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The local effective blackbody temperature T.¢ of the accretion disk depends on the
distance from the SMBH r as,

_ 3GMpuM

R.
4
Teff(r) = -

11—/ — 1.4
8mwor3 ( r ) (14)
where M is the mass accretion rate, o is the Stefan-Boltzmann constant, and Rj, is the
inner radius of the accretion disk. For regions where the distance from the center greatly
exceeds the inner disk radius r > Rj,, the temperature profile of a stationary Keplerian

accretion disk follows approximately as Ty o< /4

. Consequently, the temperature increases
radially inwards, suggesting that the structure of the disk may be characterized by a series of
concentric annular segments, each emitting as a blackbody. The overall contribution of these
annuli can be described as the composite emission, yielding a multi-color thermal blackbody
radiation. In the Novikov-Thorne frame, both the mass accretion rate M and the gravitational
radius R, scales linearly with the black hole mass Mgy, leading to a rough estimate of the
effective temperature of the inner part of the accretion disk,

—1/4 10M.

) /4%keV. (1.5)
Therefore, the inner disk regions of SMBHs have temperatures of ~ 10° K, where the
emission peaks in the UV band (see Fig.1.2).

The inner radius of the disk R;j, is nominally set by the radius of the innermost stable
circular orbit (ISCO) where the particles in the accretion disk lose their orbital stability
and ultimately spiral into the black hole. The location of ISCO depends on the angular
momentum of the SMBH relative to the angular momentum of the accretion disk [15]. For
example, ISCO corresponds to 1 R, for a maximally spinning (a, = 1) black hole and 6 R,
for a Schwartzchild black hole. For a retrograde-spinning (a, = —1) black hole, the ISCO
extends further outward to 9R,.

The bolometric or total luminosity of the accretion disk is given by,

Lpo = nMc? (1.6)

Here, 1 represents the mass-energy efficiency conversion, (usually assumed to be n = 0.1),
dependent on the black hole spin. For a non-rotating Schwarzschild black hole, the efficiency
N 1s 5.7% and can be as high as 42% for a maximally rotating Kerr black hole [162, 334]).

The efficiency of accretion is significantly greater than that of other energy-generation
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processes, such as nuclear fusion or fission, both of which typically yield efficiencies below
1%.

The luminosity generated by accretion processes is fundamentally constrained to a critical
value at which the outward radiation pressure equals the inward gravitational force exerted on
the infalling matter by the SMBH. Under the assumption of spherical symmetry, this critical
value is known as the Eddington luminosity [65]:

Liag = 2FOMBRMC o6 1o MBH (1.7)

or Mg
where m,, is the mass of the proton (~hydrogen atom mass) and o7 is the Thomson scattering
cross-section for electrons. The Eddington ratio Agqq is defined as the ratio of the accretor’s

bolometric luminosity to its Eddington luminosity,

AEdd = Lvol/LEad (1.8)

which serves as a useful metric for comparing BH accretion rates over a wide range of BH
masses. The term ‘high-accretion rate AGN’ is often used to describe sources with substantial
values of Agqq = 0.1. In principle, no accreting systems should exceed Aggg. However, in
practice, it is possible to surpass this limit by breaking spherical symmetry or by leveraging

strong magnetic fields (which can suppress the electron scattering cross-section).

1.2.2 Accretion Disk Winds

The material within the accretion disk typically loses energy and angular momentum due to
MRI, causing it to gradually spiral towards the SMBH. However, there are several mecha-
nisms (discussed in Sec.1.2.2.2) that can counteract this inward movement by accelerating the

accreting gas outwards, resulting in the formation of a disk wind, as anticipated in Sec.1.1.3.

1.2.2.1 Physical Properties of disk Winds
This section introduces the key properties including the ionization state, location, and

energetics of ionized disk winds and the corresponding measurements.

1.2.2.1.1 Ionization Parameter The ionization state can provide crucial information

about the winds, particularly the thermal state, and it can be assessed through the definition
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of the ionization parameter & [331],

é :%ergcm/s (1.9)
where L;;, 1s the ionizing luminosity integrated between 1-1000 Rydberg (i.e. 0.0136-13.6 keV),
ny is the hydrogen number density and R is the distance between the ionizing source and
the gas. The ionization parameter, &, quantifies the degree of ionization within the plasma,
indicating the number of ionizing photons per particle. Given the knowledge of the ionizing
spectrum, the ionization parameter can reveal the ionic composition of the plasma. For
instance, Fig.1.8 illustrates the relative abundance of various ions at different ionization
states, where the ionic transitions with greater energies tend to peak at higher ionization
states (e.g. Fe XXV and Fe XXVI peak above logé ~ 4).
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Fig. 1.8 The relative abundance of different ions with respect to elements in a photoionized
plasma versus the ionization parameter (credit to [372]). The irradiation spectrum is the
time-averaged SED of 1H 0707-495. In general, the ionic lines with larger energies peak at
higher ionization states.
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1.2.2.1.2 Location For outflows successfully leaving the accretion disk, their launching

velocities must exceed the escape velocity,

2GM,
Vese = RBH. (1.10)

This condition, in turn, establishes a lower limit on the location of outflows,

(1.11)

It implies that disk winds, e.g. UFOs with velocities of ~ 0.1c, originate from the inner
regions of the disk, ~ 100R,, whereas slower WAs emerge from the outer disks or more
distant regions, like the torus. On the other hand, the upper limit on the location of outflows
can be derived by assuming that the thickness of the outflowing shell (Ar) does not exceed
its radial distance from the center (Ar < R). Consequently, the column density can be
approximated as Ny ~ nyCyAr < ngCyR, where Cy is the volume filling factor. Combined
with Eq.1.9, the upper limit on the distance is

LionCV

Rmax — éNH .

(1.12)

Besides the constraints based on several assumptions, the precise measurement of the
wind location is theoretically achievable through Eq.1.9. However, although the ionizing
luminosity and the ionization parameter can be measured through X-ray spectroscopy, there is
a persistent degeneracy between gas density ny and the radial distance R, preventing a direct
derivation of the wind distance. In the case of the X-ray line emitting gas, the degeneracy
can be broken by density-sensitive He-like triplets. The ratio between the recombination,
intercombination, and forbidden emission lines can be used to measure nyy and to diagnose the
ionizing process of plasma (photoionization dominated or collisional-excitation dominated,
[266, 267]). The density-sensitive absorption lines from metastable levels can be another
diagnostic of gas density, which is widely used in UV spectroscopy [174, 10]. However, in
the X-ray band, this method is not effective, as these metastable absorption lines are rather
weak and inaccessible in most AGN [149, 210]. In the absence of density-sensitive lines,
timing analysis techniques on outflows may provide another avenue. The plasma density ne

is inversely correlated with its recombination timescale [178],

Xixi+! 1
tiec R — (1.13)
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where tfg;;x " is the recombination time for the ion of the element X transitioning from
stage i+ 1 to stage i, and 0tx ;11— 1S the recombination coefficient. A higher plasma density
leads to a more rapid response to variations in the ionizing continuum. Consequently, the
recombination timescale for a specific ion serves as an effective density indicator, enabling
the deduction of wind locations. This timescale can be determined by monitoring absorption
line variability in response to continuum fluctuations and measuring the delay, or absence

thereof, in the response of a particular line [183, 145].

1.2.2.1.3 Kinetic Luminosity A pivotal question in the study of AGN winds is whether
these disk winds are energetically important for the host galaxy and drive the AGN feedback.
According to theoretical models, an outflow effectively drives the feedback if its kinetic
luminosity is comparable, i.e., above 0.5% [60, 127], with the AGN Eddington luminosity
Lgq4q- The kinetic luminosity is given by

1.
Lyin = EMWV%V = 27rCVQR2pv§V(erg/s) (1.14)

where v,, is the wind velocity, M,, = AnCyQR? pvy, is the mass outflow rate of winds, Cy is
the volume filling factor (or clumpiness), Q is the solid angle normalized by 47, R is the
distance from the ionizing source, and p is the mass density. The mass density is defined as
p = numplL, where ny is the hydrogen number density, m,, is the proton mass and u is the
mean atomic mass per proton. The product of ny and R? can be replaced by Eq.1.9 and the
mass outflow rate can be rewritten as

. L;
M,, = 4nCy Qv,,mp 1L gn

Empirical observations have indicated that UFOs with sub-relativistic velocities possess

(1.15)

substantial kinetic energy, making them strong candidates for driving AGN feedback, while

WAs with low velocities lack enough kinetic energy to affect the host galaxy [337].

1.2.2.2 Launching Mechanisms

The launching mechanisms of the outflows are, to date, not fully understood. There are three
main launching mechanism theories for the outflowing winds in the literature: the thermally-
[179, 20, 19], radiatively- [282, 280], and magnetically-driven [86, 88, 90] winds.

1.2.2.2.1 Thermally-driven Winds Thermally driven winds are associated with the

process in which materials are evaporated off the outer and cooler regions of the accretion
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disk due to the hard X-ray radiation from the inner/hotter disk. X-rays can heat low-density
gas, through Compton heating, to a high temperature of T, ~ 10’ K, where 7. represents the
Compton temperature. At this temperature, the thermal velocity of the heated particles can
become sufficiently high to overcome the gravity of the SMBH (i.e. vy, > vesc), leading to
outflowing winds. This occurs predominantly at larger distances from the SMBH, where the
escape velocity vesc 1s relatively low. This launching mechanism can elucidate the origins of
the WAs, which are expected to originate from the outer disk or torus. This kind of wind
is also observed in X-ray Binaries (XRBs) at distances greater than the Compton radius,
approximately 10° R, [347].

1.2.2.2.2 Radiatively-driven Winds The Shakura & Sunyaev model has provided a
fundamental theoretical framework for radiatively-driven disk winds. At large distances
from the SMBH, the material within the accretion disk gradually loses energy and angular
momentum due to the MRI and thus spirals inwards. As the material approaches closer to the
black hole, the local energy release GMpyM / Ry and the force of radiation pressure grows
rapidly. The radiation pressure becomes particularly significant at a characteristic distance
known as the spherization radius Ryyp,, where the local energy release reaches the order of the
Eddington luminosity GMguM /Rsph ~ Lgqa- Consequently, the accreting gas is propelled
outward in the form of winds. In the case of fully ionized outflows, the radiation pressure
exerted onto the outflows is primarily driven by electron scattering, commonly referred to as
Thompson (or Compton) scattering [165, 164].

If the material in the accretion disk is not highly ionized, the gas opacity can be signifi-
cantly higher than the electron scattering cross-section [36]. This increased opacity arises
from processes such as bound-free and bound-bound transitions. At low ionization states,
the wind can be driven by spectral lines originating from numerous elemental transitions in
the UV band [282]. However, this scenario requires that the outflowing materials must be
shielded to avoid the over-ionization caused by X-ray radiation from the inner accretion flow.
Hydrodynamical simulations (see the left panel of Fig.1.9, [282, 281]) have demonstrated
that over-ionized gas from the inner disk will fall back onto the disk as a failed wind, which
acts as a shield for the outer disk regions, subsequently permitting the formation of UV
line-driven winds in distant regions (< 1 kpc). At larger scales (~ 1-10 kpc), the radiation
pressure can drive galaxy-wide dusty outflows [132, 134, 133], given the dust absorption
cross-section 6; much higher than the Thompson cross-section or (6,;/or ~ 1000, [77]).
Consequently, the effective Eddington limit (L4 < 1/6 ~ 1000Lg4q, see Eq.1.7) for dusty
gas is much lower than the standard Eddington limit. This lower limit is easily exceeded,
leading to the launching of dusty outflows and facilitating the coupling between the radiation
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field and the surrounding ISM. As a result, it becomes feasible to launch an outflow at

luminosities considerably lower than the Eddington luminosity.
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Fig. 1.9 Simulation of line pressure-driven (left, [282]) and magnetically-driven (right, [89])
outflows from the accretion disk of a SMBH.

1.2.2.2.3 Magnetically-driven Winds Magnetic fields play a crucial role in accretion
by transferring angular momentum between the inner and outer regions of the disk through
the MRI process [13, 14]. Consequently, it is conceivable that magnetic tension or magnetic
pressure could act as a driver for outflows from the disk. Studies have demonstrated that a disk
wind can indeed be generated if the poloidal component of the magnetic field has an angle of
> 30° relative to the normal vector of the disk surface [24]. The magnetocentrifugal force
and magnetic pressure accelerate the disk material, resulting in the ejection of highly ionized
winds from various regions of the disk. Simultaneously, the magnetic energy is converted into
kinetic energy of the plasma wind. Besides, magnetic fields are already known to accelerate
collimated jets (radio mode, [24]). A bimodality may exist at low/high accretion rates due to
a different configuration of magnetic fields [225]. Notably, magnetically driven winds do
not rely on radiation pressure and therefore can be important in low-luminosity AGN. This
launching mechanism also offers a plausible explanation for the extreme properties of UFOs,
as a promising candidate for driving powerful winds (see the right panel of Fig.1.9, [337, 90]).
Moreover, according to magnetohydrodynamic (MHD) simulations, magnetically-driven
winds are predicted to have an extended blue wing of absorption lines, while radiatively-
driven winds leave absorption lines with an extended red wing in the spectrum [85], which
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could serve as a probe for wind launching mechanisms, achieved by X-ray missions with

sufficient spectral resolution (see Sec.7.3).

1.3 This Thesis

Outflows have been observed in AGN for decades. However, their underlying physics,
launching mechanisms, and their impact on the host galaxies are still unknown. In this
thesis, I utilize high-resolution X-ray spectroscopy, complemented by variability analysis, to
search and study ionized outflows, with a particular focus on UFOs in the vicinity of highly
accreting SMBHs. This thesis aims to understand the launching mechanisms of UFOs around
highly accreting SMBHs, to explore the potential links between outflows and inflows within
the accretion disk, and to assess whether UFOs can effectively drive the AGN feedback. A
brief outline of the content of each chapter in this thesis is provided below.

* Chapter 2: This chapter offers an overview of the X-ray observatories utilized in
this work (XMM-Newton and NuSTAR), X-ray spectroscopy of continuum and plasma
modeling, and the data analysis methods for searching outflows.

* Chapter 3 & 4: These chapters delve into an investigation of the launching mecha-
nism of UFOs in a super-Eddington 1H 0707-495 and a high-Eddington NLS1 AGN
Mrk 1044. The research explores the dependence of the absorption and emission
components on luminosity, showing that UFOs in both two sources are driven by
radiation pressure and instantaneously respond to variations in luminosity. However,

the dynamic behaviors of UFOs are quite different in the two sources.

* Chapter S: In this chapter, the connection between accretion and matter ejection
is investigated in a high-Eddington NLS1 AGN 1H 1934-063. The high-resolution
spectroscopy, for the first time, discovers the evidence for the reprocessing of the inner

accretion flow photons off the ejection.

* Chapter 6: A systematic study of the launching mechanism of UFOs is conducted
in six highly-accreting NLS1 AGN, significantly expanding the total sample of well-
studied UFO responses from 4 to 10 sources. This population work unveils complex
behaviors of accelerated UFOs and their energetics are assessed to determine their
potential impact on the host galaxy.

* Chapter 7: This Chapter provides conclusions of works presented in this thesis, along
with brief discussions of upcoming X-ray missions and their potential contributions to

advancing our understanding of AGN outflows.






Chapter 2

X-ray Observatories and Analysis
Methods

2.1 X-ray Observatories

In this thesis, I study the physics of AGN winds through X-ray spectroscopic observations.
As X-rays are absorbed by the Earth’s atmosphere, these observations necessitate the use of
satellite-based observatories. Various observatories are currently operational, each equipped
with detectors tailored to their specific scientific objectives. In this section, I provide an
overview of the detectors onboard the space telescopes XMM-Newton [135] and NuSTAR
[118] that collected the data utilized in this thesis.

2.1.1 XMM-Newton

The X-ray Multi-Mirror Mission-Newton (XMM-Newton, [135]) is an X-ray satellite built
and launched by the European Space Agency in December 1999 (see Fig.2.1 for the sketch
of the mission). The mission aims to investigate cosmic mysteries, from the nature of black
holes to the origin of the Universe.

The satellite is equipped with three X-ray telescopes, each composed of 58 concentric
mirror shells and featuring a focal length of 7.5 m. These telescopes are paired with three
CCD-based European Photon Imaging Camera (EPIC) detectors positioned at their respective
focal points. In total, the three EPIC CCD cameras provide an effective area of 2200 cm?
around 2 keV (see Fig.2.2). The full width at half maximum (FWHM) of the point spread
function (PSF, i.e. the mirror spatial resolution) is approximately 4—6 arcseconds at 1.5 keV.
Additionally, two of the telescopes, following the Wolter type-I design and designated for
EPIC-MOS (see Sec.2.1.1.1) cameras, are additionally equipped with Reflection Grating
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EPIC-MOS

Grating
Assembly
Mirror
Door

X-ray telescope

Fig. 2.1 A schematic representation of the XMM-Newton payload (credit: ESA and [359]).
On the lower left of the figure are the aperture doors alongside the mirror modules with
the two Reflection Grating Arrays. The optical monitor (OM) is situated behind the lower
mirror module. On the upper right of the figure are the EPIC-MOS cameras (green), the

EPIC-pn camera (purple), and the RGS detectors (red). The direction of the incoming X-rays
is indicated by the blue arrow on the left.
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Spectrometers (RGS). While the RGS instruments are primarily geared towards the soft
X-ray band (0.3-2.5keV) and have a ten times smaller effective area than EPIC, they excel
in offering remarkably higher (10x) energy resolution. An optical/UV monitor (OM) is co-
aligned with the X-ray telescopes on XMM-Newton, which covers 6 energy bands spanning
from 180 to 600 nm.
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Fig. 2.2 The net effective area of all XMM-Newton X-ray telescopes, consisting of EPIC and
RGS in the logarithmic scale (credit to ESA).

2.1.1.1 European Photon Imaging Cameras (EPIC)

XMM-Newton carries three broadband X-ray (0.3—10keV) instruments based on Charge-
Coupled Device (CCD) technology. Two of these CCDs, MOS 1 and 2 (metal oxide
semiconductor, [343]) are front-illuminated and virtually identical but rotated. The third
CCD, known as the pn camera [325], is back-illuminated. Specifically, the EPIC-pn CCD
camera [325] offers an on-axis effective area of approximately 1200 cm? around 2keV,
while the two EPIC-MOS cameras combine to provide an on-axis effective area of around
1000 cm? within the same energy band. Notably, 50% of X-rays from MOS mirrors are

reflected towards the RGS instruments. The energy resolution of the three cameras is
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comparable, falling within the range of R = E /AE ~ 20-50 over the whole energy band. The
EPIC cameras offer the possibility to conduct exceptionally sensitive imaging observations
over the field of view (FOV) of 30 arcmin, positioning XMM-Newton as the second-best
X-ray observatory in terms of spatial resolution, just behind Chandra [361], but with better
effective area and timing capability.

The EPIC cameras offer various operational modes tailored to the specific requirements
of observed sources. In instances where sources exhibit high brightness, there is a risk of
pile-up, which results from the limited readout frequency of the detectors and can distort the
source spectra. In general, for point sources with a count rate exceeding 0.5 count/s in MOS
and 2 ct/s in pn, the Large Window mode can be employed to reduce the FOV and decrease
the read-out time. In cases of even greater source brightness, options such as Small Window,
Timing, and Burst modes are available to further restrict the FOV and reduce read-out times,
ensuring accurate measurement of the source spectra.

2.1.1.2 Reflection Grating Spectrometers (RGS)

The RGS instrument [57] incorporates two reflection grating arrays, RGS1 and RGS2, placed
in the converging beam at the exit of the X-ray telescope. Each array is equipped with 9
large format CCDs in the reflection direction and records the position and energy of each
photon that is reflected by the gratings. The photon position on the CCD is determined by
the dispersion relation:

mA = d(cosP — cosa) (2.1)

where A is the X-ray wavelength, m is the spectral order of the diffraction, d is the groove
separation, f3 is the deflected angle, and « is the incident angle. Both spectrometers cover
the same field of view, with the dispersion direction along the spacecraft’s Z-axis. In the
cross-dispersion direction, the size of the FOV is determined by the width of the CCDs,
which is approximately 5 arcmin.

The RGS spectrum of the source, by default, is extracted from a region along the
dispersion axis, encompassing all functional CCDs (excluding CCD 7 in RGS 1 and CCD
4 in RGS 2). The background spectrum is extracted from two rectangular regions offset
from the source region in the cross-dispersion direction to ensure they lie outside the primary
source point spread function. In cases involving crowded fields or extended sources with
potentially contaminated background regions, it is possible to use a ‘model’ background that
is appropriately scaled to match the expected background flux.

The RGS instrument achieves a high resolving power within the soft X-ray band
(0.3-1.8keV, 7-38 A), offering the resolution of R = 120-500 in the first spectral order.
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The second order provides double the resolution of the first order, but it has a poorer effective
area and a limited wavelength band (5 to 20 A, see Fig.2.2). RGS is the best instrument to
use for faint source spectroscopy below ~1 keV (above 12 A) in the last two decades. The
wavelength band spanning from 6 to 38 A encompasses numerous important transitions of
ionized elements, notably those of oxygen, nitrogen, neon, and iron. As a result, RGS stands
out as an ideal tool for studies of ionized plasma and accretion disk winds, making it the

primary instrument utilized in this thesis.

2.1.1.3 Optical Monitor (OM)

The Optical/UV Monitor Telescope (OM, [215]) onboard XMM-Newton is a co-aligned
instrument alongside the X-ray telescopes. The OM mirror has a diameter of 30 cm and
a focal length of 3.8 m. OM contains a filter wheel comprising eleven different apertures.
Among these are six broad-band filters designed for UV and optical wavelengths, covering a
wavelength range from 170 to 650 nm: V (5430 A), B (4500 A), U (3440 A), UVW1 (2910 A),
UVM2 (2310 A), UVW2 (2120 A). Additionally, OM features a white-light filter that permits
transmission across the whole wavelength band. It also includes two grisms (one for UV and
the other for optical) and a magnifier for high spatial resolution. OM allows simultaneous
observations in both the X-ray and optical/UV domains within a single mission, which is

invaluable when constructing optical-to-X-ray spectral energy distributions.

2.1.2 NuSTAR

The Nuclear Spectroscopic Telescope Array (NuSTAR, [118]) was launched by the National
Aeronautics and Space Administration (NASA) in 2012 (see Fig.2.3), focusing on the hard
X-ray energy band (3—78 keV). NuSTAR is the first X-ray telescope capable of providing
focused images in the hard X-ray regime. This consists its two Focal Plane Modules (FPMs),
each equipped with a conical approximation mirror based on the Wolter type-I design. These
modules comprise 133 nested multilayer-coated concentric mirrors. The combined effective
area of the two FPMs at 10keV totals 800 cm?. The energy resolution of FPM is around
0.4keV FWHM at 6keV and 0.9 keV FWHM at 70 keV. Additionally, NuSTAR employs a
triggered readout mechanism instead of CCDs, which significantly reduces the likelihood of
pile-up effects by minimizing the time over which pile-up can occur, from the frame readout
time to the trigger response time. Therefore, one of the advantages of NuSTAR 1is that there
are no pile-up effects in most observations. Moreover, albeit a lower resolution and effective
area than XMM-Newton at < 7keV, NuSTAR has a lower background (despite worse PSF)
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thanks to its low-Earth orbit. The instrument is therefore well-suited for studies of X-ray
reflection [74, 100] and the properties of coronae [73] in AGN.

Fig. 2.3 The artist’s concept of NuSTAR in orbit (credit to NASA/JPL).

2.2 X-ray Spectral Modeling

The instruments collect a large number of photons distributed across various energy chan-
nels. By leveraging the knowledge of the energy-dependent effective collecting area of the
instrument, the energy of photons can be recovered, ultimately yielding a spectrum. The
desired dataset is extracted from a certain source region that includes both the source of
interest and background flux. The background flux can originate from other astrophysical
sources within the extraction region and instrumental factors. To obtain a net source spectrum,
the background flux can be subtracted by selecting an appropriate background region and
subtracting the background photon counts (scaled by the ratio of the source and background
areas) from the source region photon counts. X-ray spectroscopy is a powerful technique
for gleaning the intrinsic properties of the source from spectra through a ‘forward-fitting’
approach. This approach involves initially defining a hypothetical model source spectrum,
followed by a comparison with the actual data. The spectrum is fitted to theoretical models
with a spectral fitting package. In this thesis, I employ two such packages: SPEX, which
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includes advanced photoionization calculations, [148]), and XSPEC, which is widely utilized
in the field [12]).

In addition to converting physical models into detector units, fitting packages employ
various statistical tests to assess the goodness-of-fit of a model to a spectrum and to determine
plausible parameter ranges. The conventional and still widely used approach is to find the
model that minimizes fitting statistics quantifying the difference between the model and
the data. x? statistics are frequently employed since a large number of inherently Poisson-
distributed photon counts can be approximated as Gaussian. This approximation is valid
for bright sources and low-resolution observations with CCDs when the number of photon
counts per energy bin is sufficiently large (> 25). However, when photon counts are limited,
the distribution necessitates the use of Cash statistics (C-stat, [35]). C-stat exactly accounts
for the Poisson nature of photon distributions and is usually applied in cases involving high
spectral resolution data, a scenario frequently encountered in this thesis, albeit still requiring
spectral bins grouping to satisfy the Nyquist theorem (i.e. oversample the resolution by a
factor of 3).

In this section, I describe several frequently utilized models in the analysis of AGN
spectra, including the X-ray continuum models (Sec.2.2.1) and photoionization models
(Sec.2.2.2).

2.2.1 X-ray Continuum Models of AGN

The phenomenological model, frequently used to parameterize the X-ray continuum (0.3-10
keV) of AGN in the literature, is the combination of a power-law with a high-energy cutoff,
a blackbody component characterized by its temperature, a Gaussian emission line possibly
distorted by relativistic effects and the consideration of Galactic absorption. Specifically, the
power-law component approximates the hot corona emission (Sec.1.1.2.2); the blackbody
characterizes the soft X-ray excess (Sec.1.1.2.4); and the Gaussian line explains the most
prominent reflection feature: Fe K lines (Sec.1.1.2.3). Then I describe the physical models

for these components.

2.2.1.1 Comptonization Model

The physical models for the coronal emission are nthComp [378, 382] or compTT [335, 336]
in XSPEC, and comt [335, 336] in SPEX. These models describe the process of inverse
Compton scattering of seed photons from the accretion disk in a hot corona. Key parameters

in these models include:
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* the temperature of seed disk photons kTyy, (k 1s the Boltzmann constant) which undergo

Compton scattering
* the temperature of the plasma electrons k7. where the Comptonization process occurs

* the spectral slope of the power-law I" or the optical depth of the plasma 7. The relation
between I" and 7 is given by the equation in [378],

9 MeC? 1
I ! 22
\/4 T UL(1+1/3) 2 22)

where mi, is the rest-frame electron mass.

In AGN, the temperature of the accretion disk normally peaks in the extreme UV (EUV) band
between 0.01-0.1 keV (see Fig.1.2). The temperature of the corona introduces an exponential
rollover in the high-energy part of the power-law spectrum, ranging from 15 to of the order
of 100keV [156, 153]. The spectral slope of the hot corona typically varies between 1.2-3
[153] with an optically thin plasma 7 < 1 [295].

2.2.1.2 Relativistic Reflection Model

The currently most advanced model for the X-ray reflection component is the relxill
[52, 94] package, which includes both the calculation of relativistic effects in the vicinity of
SMBHs [55, 53] and the rest-frame disk reflection model [96, 97, 95].

Models for the rest-frame ionized disk reflection spectrum usually assume the disk
as a constant-density slab illuminated by incoming photons with a certain spectral shape
(e.g. a power-law with a high energy cutoff or a thermal Comptonization model). These
models calculate the observed reflected spectra by considering both absorption and emission
processes, depending on the ionization paramter &, iron abundance Afe, and the inclination
angle between our line-of-sight (LOS) and the normal to the accretion disk i. Fig.2.4
illustrates the influence of these disk parameters on observed spectra (see more details in
[96]), where the abundance parameter is characterized by that of iron, which is abundant in
the Universe.

In the regions close to the SMBH, photons re-emitted by the accretion disk are heavily
affected by the relativistic effects due to the extreme velocity and strong gravitational field.
Fig.2.5 presents the effects of the Doppler shift, relativistic beaming, and gravitational
redshift on an emission line from the accretion disk, resulting in a broad and skewed line
profile. These relativistic effects are related to the coronal emissivity profile g (or the height

of corona / in the lamp-post geometry), the black hole spin a,, and the inner and outer disk
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Fig. 2.4 The rest-frame disk reflection spectra (credit to [96]) for different ionization parame-
ters as viewed at three inclination angles (top), and various iron abundance (bottom). In the
top panel, the red curves correspond to p = cosi = 0.95, the green curves to 4 = 0.5, and
the blue curves to u = 0.05, while the ionization parameters are marked in the plot. In the
bottom panel, for clarity, the curves are shifted by arbitrary factors, and various values of the
iron abundance are shown at the top of each curve.
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Fig. 2.5 The profile of an intrinsically narrow emission line is modified by the relativistic
effects occurring in the accretion disk (credit to [70]). The emission line is intrinsically sym-
metric and double-peaked due to the Doppler effects (upper) in a non-relativistic Newtonian
disk. The effects of transverse Doppler shifts (making the profiles redder) and of relativistic
beaming (enhancing the blue peak flux) are included in the second panel. In the third panel,
the line profile is redshifted due to the gravitational redshift. All these effects combined give
rise to a broad and skewed line profile in the bottom panel.
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radius Rj, out- The non-relativistic Newtonian emissivity profile is ¢ = 3 for flux F o< 79 (r
is the distance from the source), while the light-bending effect in the strong gravitational field
can steepen the index g > 3. Alternatively, a simple point-like isotropic lamp-post corona
self-consistently defines the emissivity profile, thereby only related to the height of corona
h. The relativistically affected line profile is sensitive to the inner radius of the disk R;, or
the black hole spin a,, while the outer radius is insensitive to the X-ray spectral fitting and

usually fixed at a large radius, e.g. 400R,.

2.2.1.3 Soft Excess Model

The soft excess may originate from the warm Comptonization component of the accretion
disk or the relativistically blurred reflection in a high-density disk (see Sec.1.1.2.4). The
warm corona can be explained by the same models described in Sec.2.2.1.1. The differences
fall in the temperature of electrons, with a cooler temperature range of k7; ~ 0.1-0.2keV,
and the spectral slope or the optical depth, with a steeper slope of I" ~ 2-3.5 and an optically
thick plasma of 7 ~ 5-40 [62, 257, 256]. The relativistic reflection scenario can be modeled
by a flavor of relxill, relxillD, where the density of the accretion 7. is variable and
can be larger than the typically assumed value of 10" cm™> [98]. Fig.2.6 illustrates that
numerous fluorescent lines in the soft X-ray band are enhanced in the high-density disk,

leading to a smoothed excess component after considering the relativistic effects.

2.2.2 Ionized Plasma Modelling

When X-ray photons from a hot corona traverse an ionized plasma, a fraction of these photons
are absorbed at specific energies corresponding to elemental transition, depending on the
ionization state or temperature of the plasma. Subsequently, these photons are generally
scattered in various directions. This scattering leaves absorption lines imprinted on the
continuum spectrum when our LOS aligns with the original direction. On the other hand, if
our LOS differs, we observe emission lines resulting from the scattered radiation. In practical
scenarios, if we are observing the X-ray radiation from AGN through an ionized outflow,
the observed spectrum will be a composite of both absorption and emission features (e.g.
Fig.1.6).

The absorption and emission lines produced in the ionized outflow are calculated theoret-
ically by simulating a slab of plasma irradiated by the radiation field with a given SED. In the
spectral modeling of this thesis, the plasma is assumed in the photoionization equilibrium,
whereby the rate of ionization is equal to the rate of recombination, although in Chapter 4
I make use of the novel out-of-equilibrium photoionization model to account for delayed
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Fig. 2.6 Reflection spectra for different densities of the accretion disk (credit to [98]). The
solid curves correspond to the density values indicated in the legend. The dashed curve is
the incident power-law spectrum that illuminates the disk. Each curve is normalized by an
extra factor for comparison, where the boosted soft X-rays are observed in the high-density
spectrum.
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responses to luminosity variations. Photoionization models, such as XSTAR [151], CLOUDY
[80], and PION [227] in SPEX, calculate all ionic line column densities at the ionization
balance based on the properties of plasma and the continuum radiation. The difference
between these two codes lies in their usage procedures. XSTAR necessitates pre-calculations,
whereas PION can autonomously run calculations within the SPEX package, making it the

most frequently used model in this thesis.

2.2.2.1 Effects of Spectral Energy Distribution

A crucial factor in the photoionization calculation is the broadband SED, which can modify
the ionization balance. The influence of different SEDs on the ionization balance of plasma
is shown in Fig.2.7, where the fop panel presents various input SEDs and the bottom panel
showcases the ‘stability curves’ [180]. These curves, depicting the ionization parameter as a
function of the pressure ratio &, serve as powerful diagnostic tools for illustrating the stable

and unstable regions of plasma. The pressure ratio is defined as the ratio between the radiation
Flec _
nHkT -
the ionizing flux F = L;o, /47R? and & = Li,, /ngR%. Along these curves, the plasma is in

pressure (F /c) and the thermal pressure (ngkT), E =

19222%, where F represents

thermal equilibrium, where the heating rate is equal to the cooling rate. To the left of the
curve, cooling dominates over heating while to the right, heating prevails over cooling. On
the branches of the curve with a positive gradient, the plasma is thermally stable, because
minor perturbations in temperature, either upwards or downwards, are counterbalanced by
corresponding increases in cooling or heating. Conversely, on the branches with a negative
gradient, the plasma is thermally unstable. As depicted in Fig.2.7, sources with harder spectra
exhibit more unstable branches, where plasma should, in principle, not be found for long

periods.

2.2.2.2 Key parameters of PION

The main parameters of PION are the column density Ny, the ionization parameter &, the
turbulent velocity o, and the LOS velocity of the outflow v gs. Ny is the total number of
hydrogen in either ionic or atomic forms, determining the line strength in the spectrum: a
higher column density results in more pronounced line features. The ionization parameter
& (see Eq.1.9) serves as an indicator to quantify the ionization state and temperature of the
plasma, with higher ionization states corresponding to enhanced occurrences of absorption
and emission lines at higher energies. The turbulent velocity o, characterizes the velocity

dispersion of the plasma, affecting both widths and the intensities of line features. The LOS
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Fig. 2.7 Different SEDs (fop) and corresponding stability curves (bottom) of irradiated plasma
(credit to [261]). The SEDs include two AGN IRAS 13224-3809 and NGC 5548 with high
and low accretion rates respectively, an ultra-luminous X-ray (ULX) source NGC 1313 X-1,
a 50eV blackbody, and a nova V2491. Additional details regarding the stability curves can
be found in Sec.2.2.2.1.
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out velocity v og is associated with the kinetic energy of plasma, resulting in shifted lines
relative to their rest-frame wavelengths.

Elemental abundances, the covering factor for absorbing gas Cr, and the solid angle for
emitting gas Q are the other three important quantities. Elemental abundances modify the
relative strengths of various lines compared with each other. Both the covering factor and
solid angle in PION range from O to 1. The covering factor Cr represents the local clumpiness
of the gas along the LOS, while the solid angle Q, normalized by 47, corresponds to the
fraction of the solid angle across the entire sky that is occupied by the emitting plasma as
viewed from the corona. Accordingly, XABS is a simplified and fast version of PION [324],
only modeling the absorption features with Q = 0. In the spectral fitting conducted in this
thesis, unless explicitly stated, the covering factor of XABS is assumed at Cg = 1, while PION
is utilized solely to explain the emission component with Cp =0 and Q = 1.

2.3 Spectral Search Methods

Outflows as well as any other involved plasma such as the ISM leave imprints on the X-ray
spectrum in the form of absorption, emission lines, and photoelectric edges. This section
introduces two powerful methods, frequently employed in this thesis, to search for ionized
outflows through spectral lines (Sec.2.3.1) and physical modeling (Sec.2.3.2) as well as an
efficient Monte Carlo (MC) simulation method (Sec.2.3.3).

2.3.1 Individual Line Search

The individual line search is a straightforward method to identify line features on the continua.
This approach involves iteratively fitting an additional Gaussian line on top of the best-fit
continuum model. In each iteration, the Gaussian line is located at a fixed energy with a
predefined line width, while the normalization can vary to be both positive or negative, to
reproduce an emission and absorption line, respectively. The line energy spans the energy
band of interest with a grid that ideally slightly oversamples the energy resolution of the
instrument. The oversampling relies on both the number of the energy grids and the width of
the Gaussian lines. In the most common case of jointly fitting the RGS and EPIC spectra
(0.4-10keV) in this thesis, the number of energy grids typically ranges between 300-2000 on
a logarithmic scale. Correspondingly the Gaussian line width varies from 5000 to 500 km/s,
to keep the balance between instrument resolution and computational costs, and keep the
independence of scanned energy bins. The original continuum model is allowed to vary

during these iterations.
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The statistical improvement to the best-fit continuum model, sz or AC-stat (both are
comparable for bright sources, see Sec.2.2 and [144]), is recorded at each step. These
values serve as an indicator of the significance of any detected line features. Each fit is a
single trial for one additional free parameter (the line normalization) compared with the
original continuum model. Consequently, an improvement of AC-stat= 9 corresponds to
a significance level of 30 [35]. By performing numerous fits for a grid of line energies
spanning the energy band of interest, as illustrated in Fig.2.8, we can estimate the detection
significance of individual line features in the spectrum.

Line significance (o)

High flux

1I0 15 20 25 30
Wavelength (A)

Fig. 2.8 Line significance assessed by a Gaussian, fitting to three flux-resolved RGS spectra
over the 7-27A wavelength range, with increments of 0.05A and a line width of 1000 km/s
(credit to [252]). The labeled transitions represent the rest-frame interstellar absorption lines.
The regions of UFO absorption are highlighted by the white background. Wavelengths are in
the observed frame.

However, it is important to note that this method is merely an approximation, as it does
not account for the numerous trials conducted to detect features across the entire energy
band, which can be important in limited-statistics spectra. This limitation, known as the
"look-elsewhere effect" [352], tends to overestimate the true significance. To determine the
actual significance of a line, MC simulations are required. Details regarding an efficient MC
simulation approach for Gaussian line searches are provided in Sec.2.3.3.
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2.3.2 Physical Model Search

Detecting lines originating from plasma with Doppler-shift significantly larger than the
spectral resolution in an X-ray spectrum is challenging. A plasma is usually characterized
by multiple physical properties as described in Sec.2.2.2.2, resulting in a large parameter
space. Consequently, fitting photoionization models are easy to fall in the local minima of
this parameter space. In such cases, the same line features can be comparably explained
by various solutions with different ionization states and speeds. In addition, some weak
plasma solutions might be overlooked, especially when no single absorption line is notably
significant, but multiple moderately significant features are present in the spectra. To address
these issues, a physically motivated spectral model search across the parameter space is
essential. Such a method to be described is capable of identifying the globally best-fit
solution, along with its statistical significance, and revealing the distribution of all potential
solutions within the parameter space. This approach is particularly valuable in uncovering
multiphase plasma.

The photoionization model is added to the best-fitting broadband continuum model,
similarly as done during the Gaussian line search (Sec.2.3.1). The only difference is that
an additive spectral model is employed for emission lines, while the multiplicative plasma
model is applied for absorption lines. In principle, an ionized outflow can have any Doppler
shift, ionization parameter, column density, and turbulent velocity, requiring the search over
a multi-dimensional parameter space of photoionization models. In this thesis, a coarse
turbulent velocity o, grid is chosen to reduce the computational cost. Our search concentrates
on the parameter space of ionization parameters log & and outflow LOS velocities vy os. The
continuum parameters and the column density of plasma Ny are allowed to vary freely in
each grid fit, with the other plasma parameters fixed, because the column density will return
to zero if the additional plasma component is disfavored by the data. Subsequently, the
statistical improvements for each fit are recorded, indicating the significance of the additional
component. For instance, Fig.2.9 illustrates the results of an absorption model scan across
the spectrum of PG 1448+273 [173]. The results reveal a globally best-fit UFO solution
with a LOS velocity of v os ~ —27000km/s and an ionization parameter of log& ~ 4.
Additionally, a potential secondary moderately ionized (log& ~ 2) UFO with a velocity of
vpos ~ —80000 km/s is also identified, demonstrating the effectiveness of the physical model
search approach.

As previously discussed in Sec.2.3.1, it is important to note that this method does not
account for the look-elsewhere effect, which arises from the increased likelihood of detecting
a spurious and strong solution purely from random noises when searching a large parameter
space. The real wind detection significance can only be obtained through MC simulations.
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Fig. 2.9 Systematic scan for ionized outflow features in the spectrum of PG1448+273
(credit to [173]). The spectrum is scanned with photonization absorption model XABS. The
grids encompass systematic velocities between +20000 and -100000 km/s (on the X-axis),
ionization parameters log & between -1.0 and +4.8 (on the Y-axis), with turbulent velocities
of 100 km/s (fop panel), 1000 km/s (middle panel), and 10000 km/s (bottom panel). The
color represents the C-stat improvement achieved by adding an absorption component to the
baseline continuum model (according to the color bar on the right), and the black contours
show C-stat fit improvement of 30, 50, and 70, respectively.
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However, such simulations, especially for non-trivial baseline continuum models, can be
computationally expensive if carried over the entire parameter space. A more efficient
MC simulation method for the line search is described in Sec.2.3.3 and could serve as an
inspiration for future efficient physical model searches.

2.3.3 Cross-Correlation Based Monte Carlo Simulation

As mentioned in Sec.2.3.1 and 2.3.2, only through MC simulations to estimate the false
positive rate can obtain the actual detection significance of lines or plasma. In each simulation,
a fake synthetic spectrum is generated, based on the best-fit continuum model as a template,
replicating the characteristics of real data, including the same response matrix and statistical
properties. The simulated spectrum ideally only contains Poisson noise without any plasma
line features. Subsequently, the same search procedure, as previously described in Sec.2.3,
is applied to each simulated spectrum to determine the fraction of spectra with spurious
detections that are stronger (i.e. with higher statistical improvement) than the one detected
in the real spectra, regardless of the parameter grid associated with the fake detection (i.e.
across the entire parameter space). To achieve a 30 detection (i.e. 99.7 % probability), the
search must be conducted on 1000 simulated spectra. This results in a computational cost on
the order of approximately 103 hours for Gaussian line searches and 10* hours for physical
model searches.

In this thesis, for the sake of the computational costs, an efficient MC method, recently
developed by [172], is employed for the line search, applied in Chapter 5. The innovation of
this method is to employ the cross-correlation (CC) approach instead of fitting the Gaussian
line spanning a specified energy band. For simplicity, we take an example of a fixed line
width and search within the parameter space of the line energy. The CC is calculated in the

form of

N
C=) xiyi (2.3)
i=1

where x and y are the arrays of the residual spectrum and the Gaussian line model, respectively,
at a predefined line width and energy. The residual spectrum is obtained after modeling
the continuum in Y-axis units of Photon/s/keV/cm?. Then the CC values obtained from
real and simulated data are normalized by the root-mean-square (RMS) value of simulated
CCs, within each parameter bin, i.e. with a specific fixed line energy. The renormalized CC
serves as an indicator of the detection significance, similar to Ay or AC-stat. By counting
the number of simulated CCs, across all line energy grids, that exceed the real CC, we can
calculate the true significance of the line detection at each energy. Notably, this step takes

the look-elsewhere effect into account.
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The cross-correlation approach provides a substantial boost in the efficiency of MC
simulations, making them approximately 10,000 times faster compared to traditional spectral
fitting methods. While this approach has been successfully applied to line searches, its
potential extension to physical model searches remains an area for future development and

exploration (see Sec.7.3.1).

2.4 Variability Analysis

In addition to the presence of line features in X-ray spectra, ionized outflows also manifest
their presence through variability in the X-ray emission. Since UFOs are believed to originate
from the inner accretion disk, they can exhibit high variability [247, 289]. UFOs are expected
to respond rapidly to changes in the continuum emission, with ionization states changing
on timescales of hours or less depending on the black hole mass. This rapid response
leads to an increased variance in energy bands corresponding to strong UFO features. UFO
lines, in practice, appear as positive spikes in variability spectra, as depicted in Fig.2.10
[247]. Therefore, variability analysis is another powerful and model-independent method for
detecting ionized outflows [247, 131]. This section describes the details of two variability
analysis methods, which are applied in Chapter 5: fractional excess variance spectrum and

principal component analysis in Sec.2.4.1 and 2.4.2 respectively.

2.4.1 Fractional Excess Variance Spectrum

The fractional excess variance spectrum, often denoted as Fy, or RMS spectrum, is a widely
used method for quantifying spectral variability [67, 350]. The basic principle involves
the following steps: 1) compute the variance of light curves within specific energy bands,
2) subtract the variance contribution expected from measurement errors, 3) normalize the
resulting net variance by the mean count rate of light curves, and 4) repeat this process across
multiple energy bins to generate an RMS spectrum. This can be accomplished either in the
time domain, calculating the variance of light curves in specific energy bands, or in Fourier
space by integrating the power spectrum within a given energy band between two frequencies.
These two approaches are formally equivalent: the lowest frequency probed for a particular
light curve corresponds to the inverse of the light curve duration, while the highest frequency
is the Nyquist frequency 1/(2dt), where dt is the time step of the light curve.

Here we present analytic formulae in the time domain (see details of the Fourier domain

approach in [350]). For X-ray light curves or time segments within a given energy band, the
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Fig. 2.10 The first principal component (PC1) obtained through principal component analysis
(PCA) and the fractional excess variance spectrum (inset) for IRAS 13224-3809 from 1 to
10keV (credit to [247]), with the energies of the strongest UFO lines marked by dashed lines.
Energies are in the observer’s frame.
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fractional excess variance Fy,. is calculated as follows:

2 2
S*— 04,

F, var — -
2

(2.4)

Here, ¥ represents the mean flux of light curves. S denotes the mean squared variance, given
by

s2- L i(xi —)? (2.5)
Ni:I

where N is the number of light curves. The mean squared error 62, is calculated as

- 2
Y Oeri (2.6)

where O, ; represents the Poisson error of the xﬁh light curve or time segment. The uncertainty

of Fy,r is defined by
1 o2 o021
F.)= e )2 e 7 )2 2.
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The calculation of Fy,; is then repeated across the desired energy range to produce the RMS
spectrum, as exemplified in Fig.2.10, 0.3—-10keV for XMM-Newton.

2.4.2 Principal Component Analysis

Principal component analysis (PCA) is a method of decomposing a dataset into a set of
orthogonal eigenvectors, or principal components (PCs) to describe the variability of the
data [209, 250]. The advantage of this method over the RMS spectrum is that it can isolate
contributions from different variable mechanisms rather than just the sum of all variability
like the RMS approach. The PCs are calculated by the singular value decomposition (SVD)
method, which factorizes an n x m dimensional data set in the form of

M = UAV* (2.8)

where U is an n X n matrix, V is an m X m matrix and A is an n X m diagnoal matrix. The
matrices U and V then each describe a set of orthogonal eigenvectors associated with the
matrices MM™ and M*M, respectively. The corresponding eigenvalues are given by the

diagonal values of A, and are equal to the square of the variability in each component.
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In practice [250, 247], the matrix M could be a grid of background-subtracted spectra
F(E,t) extracted from a specific time interval, with columns corresponding to energy and
rows corresponding to time. Then it is transformed to normalized residual spectra:

F(E,t)—F(E)

f(Et) = F(E) (2.9)

where F'(E) represents the time-averaged spectrum at E energy bin. PCA then decomposes

this grid into a set of spectral components f;(E) and light curves for components A;(z) such
that

FE 1) =Y aifi(E) x Ai(t) (2.10)
i=1

with a set of eigenvalues corresponding to each PC g; as coefficients. Errors are determined
through the MC approach of [231] by perturbing the input spectra with Poisson noise and
repeating the analysis, then measuring the standard deviation.

By plotting the fractional variability of each component (i.e. the squared root of @;) on a
log scale (see Fig.2.11), the real variable components can be distinguished from the noise,
where the variability of noise components follows a geometric decay, as a straight line on
the diagram. As a result, PC1 spectra typically exhibit the most significant variability in the
source spectra, and they can be compared with the RMS spectrum calculated using the same
dataset. The difference between them can diagnose the correlated and uncorrelated variability.
For example, Fig.2.10 illustrates that the Fe XXV peak is weaker in the PC1 spectrum than
the RMS spectrum, suggesting a weaker correlation between Fe XXV and the continuum

compared to other lines.
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Fig. 2.11 Log-eigenvalue (LEV) diagram for Ark 564 (credit to [250]). This diagram
illustrates the fractional variability of each eigenvector obtained from the PCA of Ark 564.
The black line represents the best-fit geometric progression, expected from the noise. Notably,
the first three components are highly significant due to their deviation from the expected
noise level.
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Wind-luminosity evolution in narrow-line
Seyfert 1 AGN 1H 0707-495






Abstract

In this chapter, we perform a flux-resolved X-ray spectroscopy on a super-Eddington and
variable NLS1 AGN, 1H 0707-495, using all archival XMM-Newton observations to study
the structure of the UFO. We find that the wind spectral lines weaken at higher luminosities,
most likely due to an increasing ionization parameter as previously found in a few similar
sources. Instead, the velocity is anti-correlated with the luminosity, which is opposite to the
trend observed in the NLS1 IRAS 13224-3809. Furthermore, the detection of the emission
lines, which are not observed in IRAS 13224-3809, indicates a wind with a larger opening
angle in 1H 0707-495, presumably due to a higher accretion rate. The emitting gas is found
to remain broadly constant with the luminosity. We describe the variability of the wind with
a scenario where the strong radiation extends the launch radius outwards and shields the
outer emitting gas, similarly to super-Eddington compact objects, although other possible
explanations are discussed. Our work provides several hints for a multi-phase outflow in 1H
0707-495.

3.1 Introduction

Radiation pressure due to a high accretion rate is a popular theory for the origin and accel-
eration mechanism of UFOs [e.g. 291, 220]. It is therefore of great interest to investigate
UFOs in sources accreting near or above their Eddington limit. NLS1 galaxies are an ideal
population, characterized by low-mass, high-accretion-rate SMBHs (Sec.1.1.1.1). In the
past few years, UFOs have been discovered in many NLS1 galaxies, e.g., IRAS 13224-3809
[hereafter IRAS 13224 252], WKK 4438 [138], 1H 0707-495 [hereafter 1H 0707, 170], PG
1448+273 [173], IRAS 00521-7054 [a Seyfert 2 galaxy, 357], and PG 1211+143 [a narrow
emission line quasar, 276], showing a blueshifted Fe absorption line above 7 keV.

A series of deep studies on IRAS 13224, on the basis of a 1.5 Ms XMM-Newton obser-
vation campaign, found an anti-correlation between the equivalent width of the absorption
lines and the hard X-ray flux, suggesting that the disappearance of absorption lines in the
brightest state is due to the almost completely ionized gas [252, 247, 259]. The blueshift of
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absorption lines is also correlated with the luminosity, suggesting a radiatively-driven UFO.
It is therefore of crucial importance to determine whether such UFO-luminosity dependence
is also present in other NLS1 AGN and use it to probe the wind nature.

1H 0707 is selected for three reasons: 1) 1H 0707 and IRAS 13224 share many similarities
among the broadband spectra [380], timing behavior [155], and UV emission features [192].
1H 0707 shows strong UFO absorption in the low-flux state, which was suggested to weaken
with increasing flux by Kosec et al. [170, hereafter PK18]. 2) 1H 0707 has been observed by
XMM-Newton for ~ 1.4 Ms, providing enough counts for the flux-resolved analysis. 3) The
high spectral resolution of the gratings aboard XMM-Newton allows us to use also soft X-ray
features rather than only iron absorption lines, which is crucial as the Fe K lines are often

affected by the instrumental background.

3.2 Data Reduction and Products

The data analyzed in this chapter comprise archival XMM-Newton observations of 1H 0707.
These observations span a period from 2000 to 2019, encompassing a total gross exposure
time of 1.4 million seconds. We have made full use of the data obtained from the EPIC, RGS,

and OM instruments.

3.2.1 Data Reduction

The data are processed with the XMM-Newton Science Analysis System (SAS v19.0.0) and
calibration files available by February 2021, following the standard SAS threads. Briefly,
EPIC-pn and EPIC-MOS data are reduced with EPPROC and EMPROC tools respectively.
The background flare contamination is filtered with a standard filtering criterion of 0.5 and
0.35 counts/sec (in the 10-12keV band) for pn and MOS separately. The source spectra
are extracted from a circle region with a radius of 20 arcsec centered on the object (X-ray
flux peak), and the background spectra are extracted from a nearby circular region with a
radius of 60 arcsec away from the source and the copper hole. We adopt a radius of 20 arcsec
for the source extraction to decrease the background contamination following Chartas and
Canas [39]. The RGS data are reduced with the RGSPROC task, for which high-background
contamination is corrected by a threshold of 0.2 counts/sec. We extract the first-order RGS
spectra in a cross-dispersion region of 1 arcmin width, and the background spectra are
generated by photons beyond the 98 percent of the source point spread function as default.

We only use the good time intervals common to both RGS 1 and 2 and stack their spectra.
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Only image mode OM data are available, which are reduced using the standard OMICHAIN

pipeline, including all necessary calibration processes.

3.2.2 Light Curve

We extract EPIC-pn (0.3—10 keV) light curves from each observation and create an integrated
light curve (see the upper left panel of Fig.3.1). For completeness, we have checked that
the shapes of light curves for EPIC-MOS and RGS are identical to those for EPIC-pn. The
corresponding hardness ratio (HR, H: 2-10keV; S: 0.3-2keV) and the count rate histogram
are plotted separately in the lower left and right panel of Fig.3.1. 1H 0707 went into a low
hard state after 2011. The change has been reported and explained with the light bending
effect [79]. An extreme soft variability was also discovered in the 2019 joint observation with
eROSITA, interpreted with partial covering absorption [27, 248]. To investigate the variability
of the UFO with the luminosity, we divide the entire light curve into 7 flux intervals using
the good time interval (GTI) files generated by TABGTIGEN script, and the thresholds are
selected so that the number of counts in each interval is comparable (see Tab.3.1). The levels
from the lowest to highest flux are referred to as F1, F2 ... F7, and their thresholds are marked
in different colors in Fig.3.1.
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Fig. 3.1 Upper left: An overall EPIC-pn light curve (0.3-10keV) from 2000 to 2019
XMM-Newton observations, where the time gaps between observations are ignored and the
observation dates are marked. The vertical dashed lines indicate the begin and end time for
each observation. The colors represent the different flux intervals, which have comparable
counts. Lower left: The corresponding X-ray hardness-ratio of EPIC-pn light curves. S
and H denote the counts in the soft and hard energy bands defined as 0.3-2 and 2-10keV,
respectively. Right: The count rate histogram.
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Table 3.1 Details of EPIC-pn flux-resolved level selection in 1H 0707-495

Level Minimum Maximum  Frame® Exposure

(counts s1) (counts s™1) (ks) (ks)
F1 0.0 2.0 1.15 215
F2 2.0 3.61 0.54 254
F3 3.61 4.45 0.28 183
F4 4.45 5.32 0.24 152
F5 5.32 6.35 0.23 128
F6 6.35 7.93 0.29 106
F7 7.93 20.0 0.59 77

¢ Frame means the average duration time for each segment in EPIC-pn light curves for a
given flux level.

3.2.3 Time-averaged and Flux-resolved Spectra

We stack the EPIC (0.4-10keV) and RGS (0.4-1.77 keV) spectra from different observations
into time-average broad-band spectra using EPICSPECCOMBINE and RGSCOMBINE scripts.
RGS 1 and 2 spectra are combined to increase the signal-to-noise (S/N) ratio per energy bin.
We cut off the energy coverage below 0.4 keV because we focus on the wind features, which
usually appear well below 30 A (> 0.4keV), and want to avoid the RGS high background
regions (see the bottom panel of Fig.3.2). To obtain flux-resolved spectra, we split each
observation according to the defined count rate limits (shown in Fig.3.1 and Tab.3.1) by
applying the generated GTI files and extract the spectra following the same steps for time-
resolved spectra. We then obtain 21 EPIC (one pn and two MOS for each flux level) and 7
RGS spectra by stacking the spectra within the same flux level.

For clarity, only EPIC-pn and RGS source and background spectra are shown in Fig.3.2.
The spectra are plotted in the same colors as the thresholds in Fig.3.1. The ~ 1.5 keV peak
in the EPIC background spectra is due to the blend of the strong instrumental Al K and Si
K emission lines [e.g. 199]. The background spectrum is comparable to the source spectra
above 8keV for EPIC and on both ends (> 30A and < 7A) for RGS. The typical UFO
feature in EPIC spectra is the broad Fe absorption among 7-8 keV, although there are other
absorption lines of Si XIV and S XVI between 1.5 and 3 keV (see PK18). The two dips in
the RGS spectra near 13 and 21 A are not UFO features but RGS instrumental chip gaps.
They will not affect our detection of UFOs since these dips are very narrow.

We check the OM light curve for different filters and find that the variability amplitudes
of each light curve are less than 20%, which is orders of magnitude smaller than the X-ray

variability (see light curves in Fig.3.1), as commonly observed in NLS1s [3]. Therefore,
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Fig. 3.2 The time-average and flux-resolved source spectra of 1H 0707 using EPIC-pn
(Upper) and RGS (Lower) instruments. The background spectra are also plotted, comparable
to the source spectra above 8 keV for EPIC-pn and on both ends of the spectral range of RGS.
The spectra have been rebinned for clarity.
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we assume that the emission in each OM band is steady and only extract the time-average
spectra of different filters. The ‘canned’ response files are used in our spectral analysis!.
To obtain high-quality data and avoid over-sampling for spectroscopy, we group EPIC
spectra with SPECGROUP, and employ obin command for RGS and EPIC spectra in SPEX
so that each group is not narrower than 1/3 of the spectral resolution, enabling us to resolve

emission and absorption lines in soft energies [144].

3.3 Methods and Results

3.3.1 EPIC+RGS Continuum Modelling

We use the SPEX (v3.06.01) package [148] in this paper to analyze the spectra. All XMM-
Newton spectra are thus transferred into the format which can be read by SPEX using
OGIP2SPEX script. We employ the Cash-statistics [35] and estimate all parameter uncer-
tainties at the 68% confidence level, i.e. AC — stat = 1. The calibration differences between
the detectors are taken into account by allowing a relative instrument normalization free
to vary (with that of EPIC-pn fixed to unity). The Galactic ISM absorption is described
by the hot model, using the default proto-solar abundances of Lodders et al. [196]. The
temperature is fixed at 0.02 eV to have a quasi-neutral ISM. The Galactic column density is
set at Ngal = 4 x 10*°cm™2 [150] during the spectral fitting. The redshift of the source is
also taken into account by a reds model with a fixed redshift z = 0.04057.

We begin the broadband X-ray spectroscopy by fitting the high-quality time-average
spectra (EPIC+RGS). After checking the consistency of the residuals between EPIC and
RGS spectra to the continuum model in soft energies, we adopt EPIC and RGS data between
1.77-10 and 0.4-1.77 keV respectively, because EPIC has a relatively low spectral resolution
in the soft band but complements the RGS in the hard band. The physical properties of the
spectral components in 1H 0707 continua have been discussed in many papers with great
detail [54, 79, 27] and are beyond the purpose of this paper. Therefore, we just describe the
continuum with phenomenological models as we mainly focus on the outflow properties. The
spectral shape of 1H 0707 has been reported to be characterized by a power-law component,
a soft excess, and two strong skewed and broad emission lines [78]. We initially applied
a typical continuum model (hot*reds* (pow+bb)) to the time-average spectra, where the
blackbody reproduces the soft excess, and clearly found two broad emission lines peaking at
around 0.9 and 6.5 keV.

Uhttps://www.cosmos.esa.int/web/xmm-newton/om-response-files
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Therefore, the data can be described by a continuum model plus two broad lines, which
are related to the inner-disk reflections: hot*reds*(pow+bb+laor*(delt+delt)). This
model was also adopted by Fabian et al. [78]. The result reveals a power-law component with
a photon index of ' = 2.75f8:8%, a soft excess described by a black body with a temperature
of T;, = 0. 123f8:88: keV, and two relativistically-broadened emission lines characterized by
energies of ~ 0.9 and ~ 6.5keV, an innermost radius of ~ 1.2r, (ro = GMgy / c?), a fixed
outermost radius of 400r,, an emissivity index of g = 5.3f8:i and an inclination angle of
50.7°. This phenomenological model is then applied to the seven flux-resolved spectra. Since
the innermost and outermost radius and the inclination angle are not expected to significantly
change within the observation period, we fix them at the best-fit values derived from the
time-averaged spectrum. The parameters are summarized in Tab.3.2. The spectral slope
gradually increases with the flux level, consistent with the ‘softer-when-brighter’ trend shown
in Fig.3.1. The statistics suggest a general tendency of a better fit appearing at a higher flux
level (i.e. the C-statistics are smaller for comparable degrees of freedom). This indicates that
the residuals are weaker when the flux is higher, compatible with what was previously seen
in IRAS 13224 [252, 259].

3.3.2 Gaussian Line Scan

To confirm the weakening trend for the absorption lines with the luminosity, following the
approach described in Sec.2.3.1, we search for narrow spectral features by fitting a Gaussian
line spanning the 0.4-10keV energies. We adopt a logarithmic grid of 1000 energy steps
between 0.4 and 10 keV, which maintains the balance between the computational cost and
the instrumental resolving power. For the high S/N ratio and easy recognition of the lines,
we start the scan for the time-average spectra and test several line widths between 500 km/s,
and 10000 km/s.

Results of the line scan over the time-average spectra are expressed as the square root
of AC—stat times the sign of the Gaussian normalization in Fig.3.3. Based on ATOMDB?,
emission lines are identified, and corresponding rest-frame energies are labeled. Since the
UFO has been confirmed by PK18, drops next to peaks are assumed to be the blue-shifted
absorption lines corresponding to the identified emissions. After several trials of shifting the
rest-frame absorption lines, we find that many absorption lines match a typical UFO blueshift
of z~ —0.15: N VII, O VIII, Fe XVII, Ne X, Si XIV, S XVI, and Fe XXV/XXVI. The Si
XIV emission line is not detected possibly due to the superposition of the absorption line

from another ion. Our results are consistent with most of the absorption lines already reported

Zhttp://www.atomdb.org/Webguide/webguide.php
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Fig. 3.3 The results of a line search over the XMM-Newton broadband time-average spectra
(0.4-1.77 keV from RGS and 1.77-10keV from EPIC) in the AGN rest frame. Four different
line widths 0, (FWHM= 2.3550,) of 500, 1000, 5000, and 10000 km/s are adopted. The sin-
gle trial significance is calculated as the square root of AC—stat times the sign of the Gaussian
normalization to distinguish the emission and absorption features. The emission/absorption
lines are identified as blue/red. The emission lines are labeled at the rest frame of the transi-
tion, while the absorption lines match the blueshift around z ~ —0.15. The shaded region
corresponds to 5o of the single trial significance.

in PK18, which focused on the XMM-Newton observations before 2010. As we cannot rule
out the possibility that the features in the 2-3 keV range are affected by instrumental effects,
we prefer to pay more attention to other strong UFO signatures in this paper. Details of the
identified lines are listed in Tab.3.3. Ideally, a Monte Carlo simulation should be done to rule
out the possibility of the look-elsewhere effect. However, we do not do this because of the
extremely high significance of the features (each feature has a AC—stat > 25 detection) with
the Monte Carlo simulations being redundant to corroborate the detection.

The Gaussian line scan with the same primary settings is then applied to the flux-resolved
spectra and the results are shown in Fig.3.4. As previously reported UFOs in other sources
[252, 259], there is a general trend that the significance of the flux-resolved spectra residuals
weaken at high fluxes. For individual lines, only Fe XVII and Ne X features nearly disappear
in the highest flux spectra, while the others, no matter absorption or emission lines, are weak
but are still recognizable in the spectrum. This implies that the UFO does not completely
disappear in 1H 0707, as PK18 suggested. The variable position of the absorption residuals
with respect to the vertical dashed lines indicates that the velocity of the UFO changes with
the luminosity, which is investigated with the aid of physical models in Sec.3.3.3.2.
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Fig. 3.4 The results of a line search over the flux-resolved RGS-EPIC spectra. Three different
line widths (1000, 5000, 10000 km/s) are adopted. The emission and absorption features
detected in Fig.3.3 are labeled by vertical blue and black dash lines separately.
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Table 3.3 The strongest transition residuals fitted with a Gaussian.

Transition AC-stat  Rest-frame  Best-fitting? Norm FWHM
energy (keV) energy (keV) (10°° ph/s) (keV)
Absorption

0.004 0.2 0.006
N VII 69 0.500 0'60118'88‘3‘ —1.7}88 0047;888%
O VIII 110 0.653 0'76718288% —1 '718:% 0.093;8;885
Fe XVII 65 0.826 09967050  —1.0103  0.06270%
Ne X 122 1.022 1.216700%  —1.7195  0.287002
Fe XXV/XXVI 106  6.699/6.973 7707005 —0.127502  0.817008

Emission

0.001 0.5 0.005
N VII 251 0.500 0.508 000 38703 0.0467 5002
O VIII 202 0.653 0.669709%01 L1701 0.02119903

0.003 0.2 0.008
Fe XVII 79 0.826 0.88418.8843‘ 1.11%.210 0.08618_8(1) i
Ne X 49 1.022 10757000 0.587509  0.06675 508

0.02 0.02 0.07
Fe XXV/XXVI 121 6.699/6.973  6.8610%2  0.087902  0.66+0V7

% The best-fitting energy of the Gaussian is in the AGN rest frame.

3.3.3 Wind Modelling

In this section, we employ the photoionization code PION, described in Sec.2.2.2, to model
the wind in 1H 0707 and to study the emission and absorption lines produced by the ionized
gas. Once a radiation field is provided, this model reproduces the X-ray spectrum of a

photoionized plasma.

3.3.3.1 SED and thermal stability

The intrinsic SED of 1H 0707 is computed from UV/optical to hard X-ray energies by
taking advantage of the time-average OM fluxes. The UV/optical spectra are described by an
additional blackbody component to the best-fit continuum, hot*reds* (etau*pow+bb+bb+
laor*(delt+delta)), where the additional thermal emission is characterized by a temper-
ature of ~ 14 eV, consistent with [253]. Here, we apply a convolution model etau (cut-off at
0.136 keV) to the power-law component, to avoid the unphysical divergence at low energies
of the pow component. The X-ray continuum parameters remain unaltered after including
OM data. The redshift effect and ISM absorption are removed to obtain the intrinsic and
rest-frame source spectrum as seen by the winds. Owing to the missing far-ultraviolet
(FUV) data due to the interstellar absorption, SEDs covering this domain are interpolated
(i.e. assuming a straight line to link the UVW2 and the 0.4 keV X-ray data points) to avoid

over-estimating the UV flux, but later on we test how the UV bump affects the ionization
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Fig. 3.5 The SEDs (Upper) and the corresponding stability curves (Lower) of a plasma in
the photoionization equilibrium for different 1H 0707 flux levels. The red and black bold
lines in the lower panel represent the best solutions (410 uncertainty) of the photoionized
emitter and absorber respectively for time-average spectrum, where the fits are described in
Sec.3.3.3.2. The positive gradient of the curves indicates the winds of 1H 0707 are thermally
stable.
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balance. The time-average and flux-resolved SEDs of 1H 0707 are shown in the upper panel
of Fig.3.5. From the soft to hard energies, the SEDs deviate above 0.01 keV and get close at
high energies (> 7 keV), which has already been indicated by the steady UV/optical fluxes
and smaller X-ray variability above 8 keV (see in Fig.3.2). We caution that the SEDs above
10keV are predicted by a power-law model without any constraint from XMM-Newton data.
SEDs, cut at 10keV, have thus been input in the following analysis to estimate the influence
of the high-energy tail and we find that cut does not make any significant difference for our
results due to the softness of SEDs.

We then compute the photoionization balance of ionized gas irradiated by the radiation
field from 1H 0707 with the PION code. We also test the XABSINPUT tool in SPEX, which
is a pre-calculated model and performs the same calculation. The results obtained from
PION and XABSINPUT are consistent. In the lower panel of Fig.3.5, we illustrate the stability
curve (see details in Sec.2.2.2.1). All curves are compatible below kT ~ 0.03keV while
F1 displays a slightly different behavior at high-temperature states. The bold lines (PION
and XABS) indicate the best solutions (10 errors) of the photoionized absorber (black)
and emitter (red) for the time-averaged spectrum, where the fits are described in detail in
following Sec.3.3.3.2. In Fig.3.5, the stability curves of the investigated spectra are very
similar with a positive gradient, which means that winds of 1H 0707 are likely thermally
stable.

3.3.3.2 Full wind model

To determine the physical properties of UFOs in 1H 0707, we employ XABS and PION models
to, respectively, describe the absorption and emission components of the photoionized gas
by inputting the calculated SED and ionization balance. We perform the physical model
search, described in Sec.2.3.2, to locate the best-fit solutions for absorbing and emitting gas.
We adopt a grid of turbulent velocities with the same values as used in Sec.3.3.2 (o, = 500,
1000, 5000 km/s). The grid of ionization parameters log & spans between 0 and 6 with a step
of Alog& = 0.1. v g is varied between -105000 and 0 km/s for XABS, and between -39000
and 35000 km/s for PION (the minus sign implies blueshift), with steps that depend on the
turbulent velocity (Avy os = 500, 700, 2500 km/s for ¢, = 500, 1000, 5000 km/s respectively).
Each scan is performed with the corresponding SED and ionization balance. The PION model
is pre-calculated with the code® used in [264] to speed up scans and the volume density is
assumed at nyy = 1cm 3 as PION calculates fast at a low volume density, which has little

effect on modeling.

3https://github.com/ciropinto1982/Spectral-fitting-with-SPEX/tree/master/SPEX-physical-grid-scan
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Fig. 3.6 Photoionization absorption (left) and emission (right) model scan over the time-
averaged spectrum of 1H 0707 within two different grids of log& and vy os with a turbulent
velocity of 5000 km/s. The velocities on the X-axis are relativistically corrected. The color
shows the statistical improvement AC—stat after adding the absorption and emission model to
the continuum model. The red cross indicates the best-fit solution.

The results of XABS and PION scans over the time-averaged spectrum are shown in Fig.3.6.
The results with different turbulent velocities are compatible with each other. Therefore,
we only present the significance distributions with ¢, = 5000km/s, which has the largest

statistical improvement. We then correct the velocity in our line-of-sight for the Doppler

relativistic effect through the standard equation: v/c = /(1 +vLos/c)/(1 —vLos/c) — 1.

For absorbing gas (left panel of Fig.3.6), our search achieves a strong detection of the
highly ionized (log& ~ 4.2) plasma with a blueshift velocity peaking around —0.14¢ and
a statistical improvement of up to AC—stat = 320, which aligns with the best-fit solution
(v ~ —0.13¢, log & = 4.3) found in PK18. In addition, our results indicate a secondary less
significant (AC—stat ~ 160) peak of a lower ionization state (log& ~ 3), appearing also in
flux-resolved results, which itself could be considered significant if it is detected alone. The
presence of the secondary peak could suggest a multi-phase absorbing wind in 1H 0707,
consistent with the discovery in PK18.

For emitting gas (right panel of Fig.3.6), the peak corresponds to a solution at log(& /ergcms™!) ~
3.6 with a blueshift velocity of v ~ —0.02¢. The ionization parameter is over one order of
magnitude larger than that (~ 2.4) of PK18, while the velocity is consistent with theirs. Their
results were derived by explaining both emission and absorption components, while here we
just consider the emission component. Moreover, the plot shows two potential solutions of
logé < 3 and > 3. The peak of the PION scan shows that the emitting gas is increasingly
ionized at a higher luminosity (log & ranging from ~ 2 to 4).
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However, we have to caution that the wind properties of the model scan might not be
ultimate, as they are obtained by scanning an individual photoionization model, either XABS
or PION, without simultaneously taking both of them into account. Therefore, we apply a
full wind model, including both PION and XABS, on the top of the continuum model and
link their line width, o,, for saving computational time and avoiding further degeneracy,
as it has insignificant effects on the fit. Then we directly fit the spectra starting from the
solutions obtained with the emission and absorption model scans. The line width is assumed
at 5000 km/s during F7 spectrum fitting due to its loose constraint at the highest flux level.

The parameters of the absorbing/emitting gas at different flux levels are listed in Tab.3.4.
The wind properties of the emitting and absorbing gas derived from the time-averaged
spectrum are similar to those of PK18. Some differences may come from the data selection
and the SED inputted into PION as they used the data before 2010 and the default SED in
SPEX (i.e. NGC 5548 SED). We find an increasing ionization parameter of the absorber as
the source luminosity rises. The most significant change in the full wind model compared
with the individual XABS or PION scan is that the best-fit solution of the emission component
falls in the low-ionization region. The fitting result to the time-averaged spectrum, as an
example, and the corresponding residuals are shown in Fig.3.7. Most of the lines detected in
Sec.3.3.2 are well explained while the N VII feature and Fe XXV/XXVI emission are still
not modeled.

As for the flux-resolved results, the absorber displays an increasing ionization state,
a slightly higher column absorption, and a slower velocity with the brighter source. The
properties of the emitter are instead not that variable at different luminosities, indicating a
stable emitting gas, although there is a weakly decreasing trend of the ionization parameter
and column density. The line width is relatively stable and supports our assumption of
o, = 5000km/s for F7. In terms of statistics, the full wind model provides of course better
fits than the individual photoionization models (see for a comparison the AC—stat between
Tab.3.4 and Fig.3.6). The extent of the improvement decreases with the increasing fluxes as
expected due to the weakening wind features. Furthermore, the statistical improvement of
a full wind model AC-stat,ionxabs» 18 not simply the sum of that of applying an individual
XABS and PION on the continuum, AC-staty,ps + AC-statpion, but usually smaller than the sum,
which indicates that some residuals are explained by the overlapping of the emission and

absorption components.
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Fig. 3.7 The time-averaged X-ray spectrum (fop) of 1H0707 using RGS (left) and EPIC-pn
(right) data. The top two panels contain fits with the baseline continuum model (blue) and
the continuum plus a PION and XABS model (red). The background is shown in dots. The
bottom two panels are the corresponding residuals to the broadband continuum fit with the

emission and absorption included. The spectrum is well explained except residuals among
0.5-0.6 and 6-7 keV.
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3.4 Discussion

3.4.1 Systematic Effects
3.4.1.1 Eddington Accretion Rate

UFOs are expected to be mainly driven by the radiation pressure when the black hole is
accreting at a high, super-Eddington, accretion rate [330]. 1H 0707 has been reported to
accrete either just below [78] or above the Eddington limit [63]. Accordingly, we estimate the
accretion rate by measuring the bolometric luminosity of 1H 0707 from our interpolated time-
average SED (0.01eV-1000keV), which is Lyg ~ 2 X 10% erg/s. We adopt a BH mass of
2 x 10° M, [379, 155, 63] and the corresponding Eddington limit is Lggqq ~ 2.8 x 10% erg/s.
This means 1H 0707 is accreting close to the Eddington limit (r2 ~ 0.7).

However, we caution that the interpolation between the FUV and the soft X-ray bands
only provides a lower limit for the bolometric luminosity, as we do not know the actual SEDs
of 1H 0707. To investigate the effect of the interpolation, we calculate the non-interpolated
SED predicted by continuum models (i.e. using the additional blackbody spectrum instead of
a straight line between the UV and soft X-rays) on the top panel of Fig.3.8. The corresponding

bolometric luminosity is estimated at Lo ~ 5.5 X 10%

erg/s, which is a super-Eddington
accretion rate for 1H 0707, (m ~ 20), as suggested by Done and Jin [63]. As a result, the
high accretion rate of 1H 0707 has been confirmed whether we adopt the interpolated or
non-interpolated SED. We also repeat the ionization balance calculation (see the bottom
panel of Fig.3.8) and the full wind modeling. The solutions of the photoionization models
are also illustrated in the stability curve. The inclusion of the FUV bump cools the plasma
down, while the temperature of the emitter remains unchanged. Although the stability curves
are different, the photoionized plasma exposed to a non-interpolated SED is still thermally
stable. Furthermore, we have tried to fit the photoionization models on the flux-resolved
spectra with non-interpolated SEDs, and still found the trends we discovered in Tab.3.4, apart
from a systematic shift in the absolute values. Therefore, we confirm that the interpolation of
SED has negligible influence on our conclusion about the UFO variability, but it will likely

underestimate the actual accretion rate.

3.4.1.2 Screening Effect

It is worth noting that there might be differences between the SED that we observe and the
SED portions that ionize all the different regions of the wind. In the case of super-Eddington
accretion, the thick inner disk [316, 1] and the wind itself may self-screen the inner regions of

the wind from some UV/optical emission from the outer part of the disk. Therefore, we also
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simulate the self-screening effect for 1H 0707 by manually constructing pseudo-SEDs with
just 10% and 1% of the UV/optical emission received by winds as well as the corresponding
stability curves. Results show that the variation in the optical-UV flux by a factor of 10—100
in 1H 0707-495 does not lead to a thermally unstable wind due to its soft SEDs. As a result,

the effect of UV/optical screening will not affect the our wind modeling.

3.4.1.3 Relativistic Effect

It has been recently reported that the special relativistic effects are of importance for UFO
modeling [202, 200], because the radiation received by the ultra-fast outflows would decrease
with an increasing outflow velocity. They argued that most UFO velocities from the literature
cannot be reproduced in a radiatively-driven scenario within the relativistic treatment, unless
the winds are launched at a radius of > 507, with a velocity up to 0.15¢, in an Eddington or
Super-Eddington luminosity case.

Coincidentally, 1H 0707 potentially satisfies all of these conditions. Its relativistically
corrected outflow velocity is ~ 0.145 ¢ derived from the time-average spectrum, which is
not extreme like the 0.3 — 0.4 ¢ seen in some quasars [288, 357]. Furthermore, if we assume
the launching radius to be equal to the escape radius, rese = 2GMpy /v, the lower limit
on the location of the wind is > 95r,. Moreover, the accretion rate of 1H 0707 (12 > 0.7,
as estimated in Sec.3.4.1.1) likely surpasses Eddington, meaning that the radiation force
must be very high and that magnetic fields might not be necessarily required although still

potentially helping to accelerate the wind at the observed speeds.

3.4.1.4 F1" spectrum (low state)

We note that the F1 spectrum also includes the full observations affected by the AGN intrinsic
variability event after 2010 and, therefore, we need to investigate how much the variability
affects our result. We produce F1" spectra by excluding the latest two observations, and find
that the observations before 2010 contribute about 85% of the total counts in the F1 spectra.
This implies that F1" is not very different from the F1 spectrum. However, we perform
the same analysis for F1" as done for the F1 spectrum, i.e., the spectral fitting, ionization
balance calculation, and photoionization modeling. The X-ray spectroscopy demonstrates
that F1" has a softer spectrum (AI" ~ 0.2) with other parameters similar to the F1. The SED
and stability curve of F1" also do not dramatically change and only show a slightly steeper
spectrum and a hotter plasma, which would not affect our results. We conclude that the
inclusion of the final observations in the low-flux spectrum does not significantly affect the

wind modeling.
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3.4.2 Evolution of the Wind Components

In Sec.3.3.3.2, we have measured the wind properties at different flux levels and discovered
several potential trends of the parameters. We thus plot the column density, ionization param-
eter, and the relativistically corrected velocity of the absorption and emission components
in Fig.3.9 and 3.10, respectively. We take the observed fluxes measured by the continuum
model as the X-axis because they are not affected by the modeling of the photoionized gas
and supply the lower limits of the source luminosity. The results obtained from the time-
average spectrum are also marked for comparison. The grey points present another solution
of the emitting gas, which has a high ionization parameter (log& > 4) and column density
(Ng > 10%2cm™2), indicated by the PION model scan (see Fig.3.10). Their fitting statistics
are comparable with that of the low-ionization solution in the F6 spectrum (AC-stat < 1)
and marginally better fits in the F7 spectrum (AC—stat ~ 4), while in the other spectra, the
low-ionization solution is preferred to the high-ionization one. This suggests that there might

be another emission component, which becomes more important at high-flux levels.

3.4.2.1 Absorbing gas

Fig.3.9 suggests a possible correlation between the ionization parameter of the absorbing
gas and the X-ray flux, while the velocity is anti-correlated with the X-ray flux. The Pearson
correlation coefficient of the ionization parameter, column density, and velocity versus the
flux are 0.93, 0.92, and 0.75 respectively, implying a strong correlation. Here, we perform a
linear fit with a slope fixed at unity in a logarithmic (1:1 Log) space among the ionization
parameter and the flux, to compare with the definition of the ionization parameter (Eq.1.9).
We also fit another linear function with a free slope (Log/Log), which supplies a slightly
better fitting result. The Log/Log fit provides

Foa—10 )

logg = (3.00+0.58) + (1.8340.77) log(— =10

(3.1)
corresponding to > /v =13/5. The positive slope means the absorbing gas is increasingly
ionized with the enhanced radiation field, which would lead to a decline of the equivalent
widths of the lines at the same column density of the wind. Furthermore, the slope is
consistent with unity within less than 2 &, indicating that nyR? is relatively constant with the
luminosity. It also suggests that the wind in 1H 0707 can respond to the ionizing luminosity
instantaneously, which is not achieved by IRAS 13224 [259], perhaps due to a more severe
degeneracy between the two solutions (Fe XXV and Fe XXVI dominated UFO). Regarding
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Fig. 3.9 The column density (fop), ionization parameters (middle), and velocities (bottom) of
the photoionization absorbing plasmas versus the absorbed X-ray fluxes of the flux-resolved
spectra. The uncertainties within the 68% confidence level are shown in black. The time-
average results are also marked and shown with orange points. The linear fits with (1:1 Log)
and without (Log/Log) a slope fixed at unity are performed in a logarithmic space for the
ionization parameters of the absorbing gas, and also for the logarithmic of column density
and the absolute value of the velocity of the absorber (Log/Log). Another solution (grey),
comparable in statistics, is also shown in the plots, and its flux is slightly shifted for clarity.



3.4 Discussion 73

2_ L] [l
;\10 : Emission I
| :
L 1
. 10k
o L avg
SRR SO SO S SRR ;-
F10° “ 1 |
. | | | | | |
5_
E T
Y 4r 1
o
g avg
w 3 :
(@)] 3 3 S 3-- ]
S 1 i
20 | | | ! |
—0.04F
C
z-oo3y M ]
(@) L L W )]
fe | T I
Q l [
—-0.02F
| | | | | |
4 6 8 10 12 14

Fo.a-10kev (x1072erg s71 cm™?)

Fig. 3.10 The column density (fop), ionization parameters (middle), and velocities (bottom)
of the photoionization emitting plasmas versus the absorbed X-ray fluxes of the flux-resolved
spectra. The uncertainties within the 68% confidence level are shown in black. The time-
average results are also marked and shown with orange points. The black horizontal dash
lines display the average values of parameters calculated from those of flux-resolved points,
indicating a more or less stable emitting gas. Another solution (grey), comparable in statistics,
is also shown in the plots, and its flux is slightly shifted for clarity.



74 Wind-luminosity evolution in narrow-line Seyfert 1 AGN 1H 0707-495

the possibility of a steeper slope (> 1), this might be due to small, local, changes in the
density and the position of the absorbing gas.

In addition, we apply the linear fit in a logarithmic space (Log/Log) on the column
density and velocity of the absorbing matter, y2/v = 4/5 and x?/v = 7/5, respectively. The

Log/Log fit gives
Nu Fo.a—10
log Ty = (~1.13£0.42) 4 (1.25 £0.51) log(5). (3.2)
log M (4754 0.05) + (—0.15 % 0.05) log(-24=10) (3.3)
km/s 10-12 7

where c is the speed of light.

This anticorrelation between the wind velocity and X-ray flux is opposite to the correlation
observed in PDS 456 [220] and IRAS 13224 [259], where they interpret that the winds are
mainly accelerated by the strong radiation field in high-accretion sources. Alternatively,
based on the simulations for a purely MHD driven wind with some parameter assumptions,
Fukumura et al. [89] indeed predicted a weak anticorrelation in their Fig. 2a when the
flux/accretion rate scaling parameter s = 3, which is defined by Lj,, o< riz’. In their model,
they construct several relations between the ionizing luminosity and wind parameters, such as

S 1-2/s
the ionization parameter, & o< L.

and the density n,, o< leo/rf . For s = 3, the wind density
increases slower than the X-ray flux, and therefore, an increase in Lj,, will bring the wind
ionization front to larger radii, yielding slower plasma velocities. However, the s = 3 case is
not quite physical because this scaling parameter tends to be below unity for a high accretion
rate (m > 1) region due to the photon trapping effects [329].

In fact, given the high accretion rate estimated in Sec.3.4.1.1, it is difficult to neglect the
role of the strong radiation field. For this reason, we come up with two possible explanations
to account for the decreasing trend of velocity. The first is that the gas is driven by the line
radiation pressure [282] and is being over-ionized in the higher flux states with a consequent
decrease in the driving force and thus the wind velocity. On the other hand, the second
explanation is that a stronger radiation field beyond the Eddington limit, presumably due to
a region in the disk with higher local 1, increases the wind driving force, thus expanding
the wind launching region into disk radii with lower Keplerian velocities, in turn leading to
lower outflow velocities. This explanation was also invoked by Pinto et al. [261] for super-
Eddington stellar-mass compact objects (ultraluminous X-ray sources, ULXs), in which at
higher fluxes the wind showed lower velocities.

As another option, Fabian et al. [75] suggested that when the disk reflection component

is strong relative to the primary continuum, the highly blueshifted absorption lines are likely
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a consequence of the reflection component passing through an optically thin, highly ionized
absorbing layer at the surface of the inner disk rather than a fast wind. The relativistic
velocity is interpreted as the orbital motion of the inner disk. In this case, a higher hot
corona would reduce the effect of light bending, resulting in a brighter luminosity, a smaller
reflection fraction, and therefore weaker absorption lines. Moreover, the greater coronal
height means that the reflection peak would come from the larger radius of the disk, leading
to a slower velocity, compatible with the anticorrelation observed in 1H 0707. Nevertheless,
the ionization state is not determined because it should decrease due to the more distant
location in a constant disk, while the density of the disk may drop outwards due to the
reduced radiation pressure, perhaps leading to an opposite trend. The validation of this
scenario requires a precise calculation of the density structure of the outer Thomson depth of
the disk and will be done elsewhere. Therefore, for the rest of this Chapter, we will keep the
UFO explanation for the absorption features.

3.4.2.2 Emitting gas

For the parameters of the emitting gas shown in the right panel of Fig.3.10, we find that they
are more or less constant at different fluxes, which is illustrated by the consistency with a
constant function fitted to the flux-resolved points, despite the potential decrease in ionization
parameter and column density. The stable velocity implies that the emitting gas is located at
constant radii from the center. The relatively constant emitting gas is compatible with the
argument by PK18 that the emission might come from a relatively large-scale wind. The
large-scale emission origin is also suggested by Parker et al. [248] who find the Fe and Ne
complex emission lines around 1 keV are less variable than the continuum. The emission
lines are probably located on large enough scales that they are relatively unaffected by the
variability of the absorbed continuum.

Furthermore, if the wind is launched isotropically, in principle, both the blueshifted
and redshifted emission lines are detectable and we should observe a centrally peaked or
flat-topped emission line profile. However, only blueshifted emission lines are detected. One
explanation is that if the wind is indeed launched at a large opening angle, either there might
be a particular MHD configuration breaking the symmetry of the wind, or the redshifted part
is partially obscured by the blueshifted absorbing gas for some geometrical configurations.
The assumption of a large open angle is plausible for a high-Eddington AGN as the matter
pushed outwards is likely to form a shield to outer gas, thus absorbing the redshifted emission.
This scenario also gives an explanation for the potentially cooler emitting gas in the high flux
states, because the stronger radiation field will push more matter away, leading to a stronger

screening of the hot inner gas.
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Interestingly, in the high flux states (i.e. F6 and F7), there is another solution for the
emitting gas, comparable in statistics, with a distinct ionization state and column density,
while the other parameters are consistent within the uncertainties. This distinction is also
suggested by what we obtained in PION model scans, where a log& gap appears for the
emission component. This occurs because an ionization parameter logé ~ 3 would lead to
Fe complex emission lines around 0.95 keV that are not observed in the spectrum. The Fe
XXV/XXVI emission lines are not taken into account in the time-averaged spectrum (see
Fig.3.7) but are accounted for by a log& ~ 4.5 emitting gas in F7 spectrum. As a result, the
alternative high-ionization solution implies that either another weak emission component is

hidden in the spectrum or the emitting gas is not constant with luminosity.

3.4.3 A Stratified Wind

3.4.3.1 Multi-wavelength Information

PK18 discovered a trend for which the higher ionization emission lines are more blueshifted
in 1H 0707 by combining the N VII and O VIII lines with the low ionization lines observed
in the UV spectrum from Leighly and Moore [192]. Here we complement other identified
ionization lines in the X-ray band and reproduce the result in Fig.3.11. The outflow velocity
of each ion is obtained by the shift obtained in Tab.3.3. The ionization parameter is the value
at which the abundance of each ion peaks in a plasma photonionized by 1H 0707 SED. Our
result confirms the previous finding and demonstrates that the velocities of ions up to Ne X

are monotonically increasing. A power-law function is thus applied to fit and provides,
Voutfiow = (1502 +437)& (0-395006) /g (3.4)

which is compatible with the result from PK18 within the uncertainties. As they suggested,
the 2—3 is consistent with being constant and hence the outflow energy is conserved if the ion
emission results from the same wind producing the UFO absorption lines.

However, the Fe XXV/XXVIions deviate from the power-law curve with a relatively slow
velocity. According to the full wind model fit, we find that the majority of Fe XXV/XXVI
features originate from Fe XXV and thus only show Fe XXV ions in the figure. The deviation
suggests that the high ionization lines are mainly related to another component. This finding
also supports a secondary emission component suggested in Sec.3.4.2.2. On the other hand,
we caution that the Fe K band is modeled with a simple 1aor component rather than a

physical reflection model, which might explain the Fe K emission residuals.
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Fig. 3.11 The outflow velocity of different ions in 1H 0707 versus the ionization parameter at
the peak abundance of each ion in a photoionized plasma. The velocities for the UV ion are
taken from Leighly and Moore [192] and Leighly [190], where the uncertainty is assumed at
500 km/s. The ions up to Ne X are characterized by a power-law function (blue), while Fe
XXV is not along with the curve.
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Fig. 3.12 The predicted column densities of different partially ionized ions in a photoionized
plasma vs. the ionization parameter assuming Ny = 10?*cm™—2 and the time average SED
(see Fig.3.5).
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To investigate the abundance distribution of each ion at different ionization states, based
on the calculated ionization balance for 1H 0707, we plot the column density of each
identified ion line versus the ionization parameter in Fig.3.12. In terms of the emitting gas, it
is unlikely to produce both the O VIII and Fe XXV emission using one component with an
ionization parameter of log& ~ 2.7 without over-predicting lower-ionization iron species.

This confirms the need for another emission component to produce the Fe XXV.

3.4.3.2 Zooming on 2008 Epoch

In principle, the secondary emission component might be an artifact of the flux-resolved
integration. When we merge the spectra of the same fluxes but different epochs, the time
variability could wash out or broaden the emission and absorption features. Dauser et al.
[54] indeed discovered evidence for a faster UFO from the 2010 observation than that of
the 2008 spectrum. To understand how many phases of outflows are required, we extract a
combined spectrum from the 01/31/2008 and 02/02/2008 observations (see the bold dates
in Fig.3.1), for the sake of the plenty of counts and closeness in time, and fit it with double
photoionization models.

Here we employ double emission or absorption components over the baseline continuum
model rather than applying an additional XABS or PION upon the full wind model, because
of the statistical limit. The emitting gas is explained by the precalculated model of o, =
5000km/s for saving the computational cost. Including one emission component leads to
a statistical improvement of AC—stat ~ 55 against the baseline continuum and provides an
emitting gas characterized by an ionization parameter of log& = 2.5 and a LOS velocity
of —0.012f8:882 c. This component is mainly required by the strongest feature, O VIII.
The inclusion of an additional highly ionized (log& = 4.0) emission component improves
the statistics of AC—stat/Adof = 43/2 with a high velocity of —0.02570003c. This fast
component mainly models the Fe XXV line. The improvement of including a secondary
emission model is comparable to that of the first emission component, confirming the
existence and increasing significance of the high ionization emission component with the
source luminosity, since the observations we have chosen are dominated by the highest flux
level. This thus might be a hint for a more structured wind.

Regarding the possible secondary absorption, the remaining absorption residuals between
0.5 and 0.6 keV seen in Fig.3.7 provide a hint for a low ionization component. We thus
apply double XABS models to the baseline continuum of the 2008 spectrum. The primary
absorption, similar to the results in Tab.3.4, requires a LOS velocity of —0. 1221’8:882 ¢, an
ionization parameter of log& = 4.86f8:(1)§, a line width of o, = 79904_“323 km/s and the
column density of Ng = 1.5f8§ x 10%3cm~2, with a AC—stat = 62 improvement. As shown
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in Fig.3.7, this component mostly explains the absorption above 0.65 keV. Interestingly, the
secondary absorption, which is characterized by a broad line profile (o, = 10532ﬂ81§km /s),
a modest velocity (v.os = —0.07579:90% ¢), a low ionization state (log& = 1.467)-0%) and
a low column density (Ng = 4.6f8:§ x 102%cm™—2), has a similar statistical improvement of
AC—-stat = 50 to the primary one. The reason why this component was not detected before,
although the XABS scan at some fluxes show local peaks in this area (see Fig.??), is due to the
limit of the line width. We indeed find a secondary peak through the XABS model scan with
o, = 10000km/s in F7. This component makes a great contribution to the residuals between
0.5 and 0.6 keV, which are mainly N VII and O VII lines.

Resolving time and flux by only looking at the 2008 spectra removes some degeneracies,
making us find a slower absorber, which could fit in between the emitter and the fast absorber
and describe the complex structure of winds. From this slow absorption component, we
might see the outer layers of the wind. Basically, this component with the intermediate
velocity could be the absorption part of the P-cygni profile where the emission comes from
the primary emitter.

After modeling the 0.5-0.6 keV absorption residuals, a natural question is where the
N VII emission comes from. We find that there is no way to fit the N VII by adding a
PION component without over-predicting the O VII or Ne IX and Fe complex emission
between 0.9-1.0 keV. Therefore, either the N VII originates from another mechanism such
as the shock, or the abundances are not solar with over-abundant nitrogen, presumably due
to enrichment by Asymptotic giant branch (AGB) stars [369]. The collisional ionization
might facilitate a high amount of O VIII and N VII without O VII if the temperature is high
(e.g. 1keV). Hence, as a test, we replace the PION with a cie model in SPEX assuming
the solar abundance and free line width, but it cannot explain N VII and O VIII with a high
temperature of 1.4 keV, because a lot of Fe L. complex ions are also expected. On the other
hand, we allow the nitrogen abundance of PION to vary and find it requires an extremely
high value of ~ 17 solar abundance, suggesting that the AGB stars (main generators of ISM

nitrogen) might be more abundant in the galactic central regions.

3.4.4 Implications for Feedback and Wind properties

It has been well established that UFOs at small scales might carry enough power to affect the
evolution of their host galaxies at larger scales such as quenching or triggering star formation
[60, 127, 337, 206]. According to simulations, the deposition of a few percent of the source
Eddington luminosity into the ISM is sufficient to prompt a considerable effect on the host
galaxy. The kinetic power of the UFO in 1H 0707 is estimated by Eq.1.14, described in
Sec.1.2.2.1.3.
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To estimate the solid angle, we utilize the omeg parameter of PION code in the full wind
spectral analysis, which includes direct information on the fraction of solid angle covered by
the reprocessing gas shell (omeg= Q/4m). We adopt the time-average spectrum and allow
omeg to vary. If we assume the emission and absorption come from the same gas, i.e. a
P-cygni profile, we could force omeg to explain the difference between PION and XABS flux by
coupling the ionization parameter and column density between the two components, where
omeg provides a lower limit of > 0.98. Such a high solid angle indicates a fully covered gas
shell, which is likely due to the strong radiation field. If we remove that assumption and
decouple the parameters, the obtained solid angle is > 0.725, still suggesting a large opening
angle. We would utilize the conservative value of omeg> 0.725 during the estimation.

We estimate the volume filling factor through Eq. 23 in Kobayashi et al. [167] by
assuming that most of the mass of the outflow is contained in the clump. Although they
focus on stellar mass systems, the volume filling factor is independent of the black hole
mass and hence the equation also applies to AGN. By assuming that the mass outflow rate is
comparable to the accretion rate and the relativistically corrected LOS velocity of absorbing
gas is the wind velocity, we obtain C ~ 8 X 103, which is similar to a typical value of the
outflow from the supercritical accretion flow.

The ionizing luminosity (1-1000 Rydberg) is estimated from the interpolated SED at
Lion ~ 1.42 x 10 erg/s, which is a lower limit for Li,,. Therefore, the lower limit on the
mass outflow rate is M,, > 0.046 M, /yr and the kinetic energy of the UFO wind is then
Lin > 2.74 x 108 erg /s =~ 9.8%Lgqq. This lower limit meets the theoretical condition and
demonstrates that 1H 0707 has enough influence on the surrounding medium.

Furthermore, we attempt to constrain the region from which UFOs originate with different
methods. As mentioned in Sec.3.4.1.3, the wind is at least launched at 95 r,. Alternatively,
if the absorption wind responds on time to continuum variations, the light needs to travel
a distance between 230-1150s (see frame time in Tab.3.1), which corresponds to R; =
cAt ~ 23-117rg. This should be an approximate distance between the wind and the X-
ray emitting source, which is consistent with the former estimate. For the upper limit, if
we assume the ionized gas can recombine within each segment at a given flux level, the
lower limit of the density could be estimated by using rec_time code in SPEX, which is
np > 2.1 x 10°cm™3 by adopting frec < 230s (frame time for F5) and the heating/cooling
rate of O VIII line, nyt = 4.78 % 103cm—3s~!. This could be used to estimate the maximal
launch radius through R = \/Lion/Eny < 3 x 10'®cm ~ 103 ry. On the other hand, through
Eq.1.12 the maximal launch radius is R < CLion/ENg = 5.7 x 10 cm = 1947 r, when
we take the average column density calculated from the flux-resolved results (Ng ~ 1.27 X

10?3 cm™2). The same procedures are applied to the emission component, obtaining a location
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estimation of 3 x 10°-8 x 10° rg. As aresult, the launch radius of the UFO is estimated
between 95 — 1947 r; and the density of the wind is thus constrained within the range ng =
Lion/ER? = 5 x 1019-1 x 103 cm™3. The emission component arises from the outer region

of 3 x 103-8 x 10° rg and the corresponding density is nyg ~ 9.5 x 103-5.9 x 103 cm 3.

3.4.5 Comparison with other AGN

Thanks to the high-resolution grating instruments, the UFO has been discovered among
many other AGN that accrete near the Eddington limit. The velocity of the UFO in 1H
0707 (~ 0.145 ¢) does not stand out if compared to other AGN, such as PG 1211+143 (0.2 c,
[276]), Mrk 1044 (0.08 c, [181]), IRAS 13224-3809 (0.24 ¢, [252]), PG 1448+273 (0.09 ¢ and
0.26c¢c, [173, 289]), and IRAS 00521-7054 (0.4 c, [357]). The other parameters also fall in
the typical UFO region, where the ionization parameter spans from log(£ /ergecms™!) ~ 3-6,
and column density log(Ny/cm™2) ~ 22-24 [339, 187].

IRAS 13224 is a source that shares many similarities with 1H 0707. In particular, the
ionization parameter and column density of the UFO observed in IRAS 13224 are similar to
our results, despite a faster velocity. However, the trend of the UFO velocity with AGN flux
is opposite between these ‘twin’ sources as discussed in Sec.3.4.2.1. Another main difference
is that the strong emission lines are only detected in 1H 0707 [259]. A plausible origin is
that the emitting gas has a large opening angle in 1H 0707 (Q/4x > 0.725). If such a large
solid angle results from the magnetic field, it would require a peculiar MHD configuration,
since MHD-driven winds tend to be along with the polar direction [87]. Alternatively, the
high accretion rate is likely to launch more matter at a wide-ranging angle. According to
Alston et al. [7], the accretion rate of IRAS 13224 is around riz ~ 1-3, while in our estimation,
1H 0707 probably has a much higher accretion rate (riz = 0.7-20). This explanation is also
supported by the discovery of photoionized emission lines in many ULXs, accreting at
super-Eddington rates [262, 171, 259, 264].

The number of AGN with multiphase outflows has increased in the last decade. For
example, the detection of two fast UFOs at 0.25 ¢ and 0.46 ¢ was reported in the spectrum
of PDS 456 [288]. Similarly, up to 4 UFO phases are reported in IRAS 17020+4544 [309]
and Mrk 1044 [181]. Our secondary UFO in absorption is similar to the UFO2 in Mrk 1044,
of which ionization parameter is log& ~ 1.6, velocity voy ~ 0.086¢ and column density
log(Ny1/cm™2) ~ 21.2, although our turbulent velocity is larger than their fixed value of
10 km/s. However, as Kosec et al. [170] stated, the difference between these objects and
1H 0707 is that, to our knowledge, 1H 0707 is the currently unique source, which shows
significantly blueshifted, probably multiphase X-ray absorption and emission at the same
time, likely driven by a higher accretion rate.
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3.5 Conclusions

In this Chapter, we perform a flux-resolved X-ray spectroscopy on all available archival
XMM-Newton data of the highly accreting NLS1 1H 0707 to investigate the variability of
UFO at different flux levels. We have found that the ionization parameter of the UFO is
correlated and the velocity is anticorrelated with the luminosity. In the brightest state, the
wind features are weak, implying the gas is highly ionized, similar to the phenomenon seen
in NLS1 IRAS 13224. The emitting gas is nearly constant with a potential cooling tendency
with luminosity, indicating that it originates from a large-scale wind. We propose that all of
these results might be consistent with a scenario where the stronger radiation field pushes
the wind launching region outwards, leading to a slower and broader wind. The inner wind
portions would shield the outer gas, resulting in a cooler plasma. We also discuss alternative
solutions. Our study confirms the existence of a stratified wind discovered by Kosec et al.

[170] and provides hints for multiple phases in both absorption and emission components.






Chapter 4

Constraints on ultra-fast outflows in a
narrow-line Seyfert 1 galaxy Mrk 1044






Abstract

In this Chapter, we perform a time- and flux-resolved X-ray spectroscopy on four XMM-
Newton observations of a highly accreting NLS1 galaxy, Mrk 1044, to study the dependence
of the outflow properties on the source luminosity. We find that the UFO in Mrk 1044
responds to the source variability quickly and its velocity increases with the X-ray flux,
suggesting a high-density (10°—4.5 x 10'>cm™3) and radiatively driven outflow, launched
from the region within a distance of 98—6600 R, from the black hole. The kinetic energy of
the UFO is conservatively estimated (Lypo ~ 4.4%Lgqq), reaching the theoretical criterion to
affect the evolution of the host galaxy. We also find emission lines, from a large-scale region,
have a blueshift of 2700—4500 km/s in the spectra of Mrk 1044, which is rarely observed in
AGN. By comparing with other sources, we propose a correlation between the blueshift of
emission lines and the source accretion rate, which can be verified by a future sample study.

4.1 Introduction

Under the investigation of the past two decades, UFOs show variable signatures, i.e., variable
velocities and transient features, based on multi-epoch deep observations [54, 220, 131].
However, the exact nature of UFO variability and their launching mechanisms are not well
understood. They could be driven either by the radiation pressure [282, 319, 115] or by
magneto-rotational forces [160, 87, 90] or a combination of both. Variability might be key to
determining UFO launching mechanisms. It has been found that the velocity of the UFO in
PDS 456 and IRAS 13229-3809 increases with the source luminosity [220, 259], supporting
that UFOs in high-accretion systems are mainly accelerated by the strong radiation field.
However, in Chapter 3, we find an anti-correlation between the UFO velocity and X-ray
luminosity in 1H 0707-495, challenging our understanding of the UFO driving mechanism.
Therefore, it is worth investigating the dependence of UFOs on the source luminosity and
accretion rate in other sources to better understand the nature of UFOs.

Mrk 1044 is a nearby (z = 0.016) and luminous (L;;m—2kev = 1.4 X 10% erg/s, [110])
NLS1 AGN, hosting a central SMBH with a reverberation-mapped mass of Mgy = 2.8 X
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Table 4.1 General overview of the analyzed observations on Mrk 1044

Obs. ID Date Instrument Net exp. Net count rate
(ks) (cts/s)
0824080301 2018.08-03 o Pt Y o
0824080401 2018-08-05 E;I(C}épn 19373 0%;‘9
0824080501  2018-08-07 EI;ICC}'SPH 19331 0%54
0841820201 2019-08-03 El;lg'spn 19206 0?23

10°M,, [64] or a mass, determined through the FWHM(Hp) and Lsog, of Mgy = 2.1 x
10% M., [110]. Mrk 1044 shows a soft X-ray excess in the spectrum [59]. It was interpreted
by relativistic reflection from a high-density accretion disk in Mallick et al. [208], although
in general a warm corona model also provides a statistically acceptable description of the soft
excess below 2keV [257, 99, 256]. In the XMM-Newton/RGS spectrum, based on a series of
narrow absorption lines, Krongold et al. [181] found four distinctive UFOs, explained by a
shocked outflow scenario. From the multi-wavelength observations, Mrk 1044 was reported
to have multi-phase outflows in optical and UV bands as well, including two unresolved and
one resolved ionized gas outflows traced by [O III] in the optical band as well as two Ly-o
absorbing components in the ultra-violet (UV) energy range [83, 368].

In this Chapter, we will present the high-resolution spectroscopic analysis on four XMM-
Newton/RGS observations of Mrk 1044 (PI: C. Jin). In section 4.2, we present the four
XMM-Newton observations and our data reduction process. Details on our analysis and
results are shown in section 4.3, where we expand the work by Krongold et al. [181], find
an additional blueshifted photoionized emission component, and further study the relation
between the properties of winds and the source luminosity. We discuss the results and provide

our conclusions in section 4.4 and section 4.5, respectively.

4.2 Data Reduction and Products

Mrk 1044 has been observed with a large XMM-Newton program (PI: C. Jin) for three orbits
in 2018 and one orbit in 2019. The details of the analyzed observations in this work are
listed in Tab.4.1. This work focuses on the RGS and we use the EPIC and OM data mainly
to determine the shape of the SED, for which the MOS results are redundant as pn has a

significantly higher effective area in the hard band.
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4.2.1 Data Reduction

The data sets are processed with the XMM-Newton Science Analysis System (SAS v20.0.0)
and calibration files available by September 2022, following the standard SAS threads. We
reduced EPIC-pn data using EPPROC package and produced calibrated photon event files.
The filter of the background flare contamination is set at 0.5 counts/sec in 10-12 keV for
EPIC-pn data. We extracted the source spectra from a circular region of radius 30 arcsec,
and the background spectra from a nearby source-free circular region with the same radius.
No significant pile-up effect is found with the task EPATPLOT. The EPIC-pn spectra are
grouped to over-sample the instrumental resolution at least by a factor of 3 and each energy
bin has a minimum of 25 counts to maximize the S/N. We employed the RGSPROC package
to process the RGS data with a filter of 0.3 counts/sec to exclude the background flares.
The first-order RGS spectra are extracted from a cross-dispersion region of 1 arcmin width.
The background spectra are selected from photons beyond 98% of the source point-spread
function. The RGS1 and RGS2 spectra are combined. During the observation, Mrk 1044 was
also monitored by OM in the UVW1 (29101&) filter. We reduced OM data with OMICHAIN
tool including all necessary calibration processes. The UVW1 flux is less variable than the
X-ray flux, i.e., almost stable in 2018 and dropped by 13% in 2019.

4.2.2 Light Curve

By using the task EPICLCCORR, we present the background-substracted and deadtime-
corrected light curves extracted from the EPIC-pn (0.3—10keV) data in Fig.4.1. It reveals
that Mrk 1044 is bright and variable during the observations. The corresponding hardness
ratio (HR=H/H+S, H: 2-10keV; S: 0.3-2keV), plotted in the bottom panel, shows a softer-
when-brighter behavior. To investigate the variability of the UFO with the luminosity, we
divide three consecutive observations in 2018 into three flux levels, marked by different
colors. The reason why we exclude the 2019 observation is to ensure the causality between
the variations of the UFO and the luminosity, i.e., we are studying the response of the same
absorber to the source. The thresholds are set to make the number of counts of each level
comparable. The good time interval (GTI) files for each level are generated with TABGTIGEN
task. The flux-resolved EPIC-pn and RGS spectra at the same flux level are extracted and
stacked following the steps described in Sec.4.2.1. The observations in 2018 are also stacked
into one single spectrum, named 2018. In this work, we will perform the flux-/time-resolved
spectroscopy for a total of 8 spectra, where the time-resolved spectra are referred to as
T1...T4 chronologically (e.g. T1 refers to Obs. 0824080301) and the flux-resolved spectra
are referred to as F1, F2, F3 from the lowest to the highest state.
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Fig. 4.1 The EPIC-pn (0.3—-10keV) light curve (upper) and corresponding hardness ratio
(lower) of the observations of Mrk 1044, where the observation dates (T1-T4) are marked.
The colors represent the different flux intervals (F1-F3) with comparable counts.

4.3 Results

4.3.1 Continuum Modelling

We start the broadband X-ray spectroscopy from the stacked 2018 EPIC-pn and RGS spec-
tra, due to their high statistics, in the XSPEC (v12.12.1) package [12]. The instrumental
differences are accounted for by adopting a variable cross-calibration factor. In this Chapter,
we use the x? statistics and estimate the uncertainties of all parameters at the default 90%
confidence level (i.e. sz =2.71),but 1o (A)(2 = 1) uncertainty is shown in Fig.4.8 and
4.9. We consider the RGS spectra between 0.4—1.77 keV and the EPIC-pn spectra between
1.77-10keV in our analysis, not only because of their consistency in the soft X-ray band,
but also due to the influence of the lower resolution but higher count rate of EPIC-pn on the
detection of atomic features. The luminosity calculations are based on the assumptions of
Hy =70km/s/Mpc, Qp = 0.73 and Qy = 0.27.

The broadband X-ray model for Mrk 1044 was proposed by Mallick et al. [208] for
the archival XMM-Newton data in 2013. We adopt a similar model combination: tbabs*
zashift*(nthComp+relxilllpCp), to explain those spectral components. The model
takes into account the galactic hydrogen absorption (tbabs) with the solar abundance calcu-
lated by Lodders et al. [196], the redshift of Mrk 1044 (zashift), the soft excess in form

of a warm Comptonization component (nthComp), and the hot coronal continuum like a
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power-law plus a lamppost-geometry relativistic reflection (relxilllpCp, RELXILL v1.4.3,
[94]). The Galactic column density, Ngal, is allowed to vary due to the discrepancy between
NG =2.9 x 10?%m~2 [120] and N§* = 3.6 x 10*°cm~2 (NHtot tool, [366]). The choice
of the solar abundance calculated by Lodders et al. [196] instead of Wilms et al. [367] is to
keep consistent with the subsequently used photoionization models in Sec.4.3.3, although it
does not affect our conclusions (only a Ay> ~ 10 difference around O K-edge, ~ 0.53 keV,
region). Instead of using the high-density relativistic reflection model adopted in Mallick et al.
[208], here we choose the warm Comptonization model plus a standard relativistic reflection
component, of which the disk density is fixed at log(ne/cm~3) = 15, in our analysis. It is
because we find the fitting of the relativistic reflection model is much poorer (Ax? ~ 670)
than the warm Comptonization scenario when we include the RGS data, probably due to a
thick inner disk distorted by strong radiation pressure, breaking the thin-disk assumption
of the reflection model. The seed photon of the warm Comptonization is fixed at a disk
temperature of 10eV, which is the value obtained by including the OM data (see Sec.4.3.3).

The fitted parameters of the stacked 2018 spectrum are listed in the third column of
Tab.4.2. The data/model ratio in the RGS band is shown in the upper panel of Fig.4.2,
featuring a broad absorption feature above 1 keV. The results reveal a primary continuum with

aslopeof I' = 2.26f8:8} and a plasma temperature above > 196 keV, a warm Comptonization

characterized by a temperature of 0.234_“8:81 keV and a soft photon index I'yc = 2.52f8:82,
and a relativistic reflection component with a reflection ratio of freg = 0.19f8:83. The

corresponding optical depth of the warm corona is 7y © ~ 30 [377]. The spin of the black hole
cannot be constrained and is thus fixed at a, = 0.998. The inner radius of the disk is within
Rin < 23 Risco, where Rysco is the innermost stable circular orbit (ISCO). The inclination
angle, ionization parameter, and iron abundance of the accretion disk are derived to be
i=34") (deg), log(& Jergems™!) = 3.4f8€, and Ap. = 3.6f8:g (in units of solar abundance),
respectively. The hot corona, if assumed in a lamppost geometry, is measured at the height
of h= 4732 Ruorizon above the accretion disk, where Ryorizon 18 the vertical event horizon of
the Kerr black hole. The marginal differences between our results and Mallick et al. [208]
based on the archival 2013 observation (i = 46.42:3 deg, log(& Jergems™!) = 2.96f8:?‘1‘,
Afe = 2.21’8:2 in their fit) may come from the different explanations for the soft excess and
the intrinsic variability of the source.

We apply the best-fit model to time-/flux-resolved spectra as well, with several invariable
properties (i.e. Ngal, i and Ag.) on short-term timescales linked to those of the 2018 results.
The results are listed in Tab.4.2. There is no significant change in the broadband continuum

during the 2018 observations, T1, T2, T3, within their uncertainties, confirming the prerequi-
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Fig. 4.2 The data/model ratio (upper) and single trial significance (lower) obtained from the
Gaussian line scan with different line widths (500, 1500, 4500 km/s) over the rest-frame
stacked 2018 spectrum in RGS band. The vertical dashed lines represent the rest-frame
positions of the known ion transitions as a reference. The grey region marks the significance

of 30.
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site of the flux-resolved spectroscopy. The spectral slopes derived in flux-resolved spectra

verify the softer-when-brighter behavior observed in Fig.4.1.

4.3.2 Gaussian Line Scan

To better visualize and identify the atomic features upon the continuum, we launch a blind
Gaussian line scan over the spectra (see details in Sec.2.3.1). We adopt three line widths o,
of 500, 1500, 4500 km/s and the corresponding numbers of energy steps are 2000, 700, 300,
respectively, in order to match the RGS spectral resolution power (Rrgs ~ 150-800).

The scan results over the 2018 spectrum in the RGS band are shown in the bottom panel
of Fig.4.2. The rest-frame energies of the known strong ionic transition lines in the soft
X-ray band are marked by the vertical blue dashed lines. We identify the O VII and O VIII
emission lines close to their rest-frame positions as well as several emission features in the
Ne IX/X and Fe XVII-XX region. No absorption features are found at/close to their rest
frames. The strongest absorption feature is located around 1.2 keV with a broad line width,
likely from blueshifted Fe and Ne ionic absorption lines.

Table 4.3 Best-fit parameters of an additional Gaussian model over the continuum model
for the absorption feature around 1.2 keV and the O VIII emission line.

Parameter F1 F2 F3
EDS (keV) 1.160j89;81§ 1.1932848%‘1‘ 1.239286853
EWas (V) 50713 74725 73135
AXZs 40 45 39
EST (keV) 0.66oj13;6°)8} 0.66375- 90 0.663t§;588%
EWen (V) 14759 < 6.4 2.2%13
Ax2n 27 7 10

The same approach is then applied to the time-/flux-resolved spectra with the same
primary settings, of which results are shown in Fig.4.3 and Fig.4.4, separately. There are no
significant differences among the results of time-resolved spectra, except for the T4 spectrum.
Due to its low flux, the T4 result has a weaker detection significance of lines and the strongest
absorption feature becomes around 0.7 keV, suggesting a different ionization state of the
absorber in T4 observation. In the other three spectra, the emission (O VII, O VIII and
0.8—1keV emission) and absorption (~ 1.2 keV line) features observed in the 2018 spectrum
are all obvious. The absorption feature in T1 spectrum, the brightest observation, seems to
be more blueshifted than others. In addition, the line width of the 1.2 keV trough is not as
broad as that of the 2018 spectrum, due to the stack effect of the variable feature. Comparing

the flux-resolved results, we notice a decreasing significance of the O VII and O VIII lines
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position of the centroid of the absorption/emission feature and the corresponding uncertainty.
(see Tab.4.3).
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and an increasing blueshift of the absorption feature with the source luminosity, implying
the existence of possible wind-luminosity relations. We thus fit the absorption feature with
a Gaussian model and the parameters are listed in Tab.4.3. The energy centroid of the
absorption feature increases with the flux and is highlighted in red in Fig.4.4. The best-fit
parameters for the O VIII emission line are also listed in Tab.4.3 and depicted in purple in

Fig.4.4, indicating a slightly increasing blueshift.

4.3.3 Search For Outflows

To further study these emission/absorption lines, we employ the physical photoionization
model, PION. The intrinsic spectral energy distribution (SED) of Mrk 1044 inputted into
PION is derived from the UV to hard X-ray energies. Due to the stability of the OM flux, we
stack the OM spectra and model it with an additional diskbb component, characterized by a
temperature of 102!
an SMBH with a mass of ~ 3 x 10° M, [316], might be explained by the truncated disk
(suggested by the inner radii R;, in relxilllpCp, see Tab.4.2). The interstellar extinction
[Eg—v = 0.031, 214] is also considered. The SED of Mrk 1044 in 2018 is shown in Fig.4.5
compared with other Seyfert galaxies, where it shares a similar soft SED with 1H 1934-063.
The observed data are shown on top of the SED, where the deviations from the best-fit SED

come from the removal of the Galactic absorption, redshift, and dust-reddening components.

eV. Such a temperature is relatively low for the accretion disk around

By measuring the bolometric luminosity (1073~10% keV) predicted by the model, Lgoj ~
1.4 x 10** erg/s, we thus estimate the Eddington ratio of Mrk 1044 at Agqq = Lpoi/Lgad ~ 0.4,
adopting a SMBH mass of 2.8 x 106 M., [64]. Although our estimated Eddington ratio is
slightly different from the literature [Agqq = 0.59, 110], due to the different masses adopted
[Mgy = 2.1 x 10° M, 110, it still implies a high-accretion system.

To take advantage of both the advanced reflection model (RELXILL), implemented in
XSPEC, and the PION model in SPEX, we adopt the code used in Parker et al. [251] to
construct the tabulated model, which is an XSPEC version of PION and XABS (see details in
Sec.2.2.2.2), called PION_XS and XABS_XS. The LOS outflow velocity v og is replaced by
the LOS redshift 71 os.

4.3.3.1 Absorption

We launch a systematic scan over a multi-dimension grid of the parameters (log &,z os, 0y)
of xabs_xs, as introduced in Sec.2.3.2. The range of log & is 0-5 with a step of Alog& =0.1.
The grid of the turbulent velocity o, is the same as that of the Gaussian line scan (o, =
500, 1500,4500 km/s). The LOS velocity, z1 os, ranges from -0.35 to 0, with an increment
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Fig. 4.5 The averaged spectral energy distribution of Mrk 1044 in 2018 compared with
other Seyfert galaxies (NGC 5548, [228]; IRAS 13224-3809, [137]; 1H 0707-495, [372];
1H 1934-063, [373]). The EPIC-pn, RGS, and OM data are shown as well, where the
deviations from the best-fit SED come from the removal of the Galactic absorption, redshift,
and dust-reddening components.
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Fig. 4.6 Photoionization absorption (left) /emission (right) model search over the stacked
2018 spectrum of Mrk 1044 upon the broadband model. The color illustrates the statistical
improvement after adding an absorption/emission component. The best-fit solution is marked
by a red cross.

depending on the choice of ¢, (cAzos = 500,700, 1500 km/s for o, = 500, 1500,4500 km/s
respectively). The scan is performed upon the best-fit model obtained in Sec.4.3.1.

The scan result of the 2018 spectrum is shown in the left panel of Fig.4.6, where the
best solution is marked with a red cross. Because of the consistent solutions with different
turbulent velocities, we only present the result with ¢, = 4500 km/s in this paper, which has
the largest detection significance. The velocity on the X-axis is the relativistically corrected
velocity. It reveals a strong detection (Ay? = 103) of a highly ionized (log& = 3.72) and
ultra-fast (z; 05 = —0.15) absorber. If we allow the line width to vary, the solution of the
direct fit (o, ~ 12000 km/s, Ny = 2.3 x 10! cm™2) is listed in Tab.4.2, consistent with our
scan result. The contribution of this absorber to the modeling is mainly around 1.2 keV from
blueshifted Fe XXII-XXIV and Ne X (see Fig.4.3), without any absorption features detected
in the EPIC band probably due to its relatively low column density and the soft SED.

The same scan is also performed for the time-/flux-resolved spectra and their best-fit
solutions are summarized in Tab.4.2. The UFO detection significance in each spectrum is at
least 40, i.e. Ax> =24.5 for 4 d.o.f. We also calculate the X-ray flux between 0.4 and 10
keV with the cf1ux model in Tab.4.2.

Among the time-resolved spectra, apart from T4, the ionization state and column density
of the UFO are consistent within their uncertainties. The UFO velocity indicatively has an
increasing trend with the source flux. As for T4, instead of the 1.2 keV feature, the best-fit
solution of T4 explains the blueshifted O VIII line around 0.7 keV (see the bottom panel of
Fig.4.3 and the secondary solution in the left panel of Fig.4.6). It means that a completely
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different absorber dominates the T4 spectrum, which was observed one year apart from the
others. Although according to the T4 scan result, a similar high-ionization and fast region
exists with a lower significance than that of the best fit, that solution is weakly detected
(Ax?/d.o.f. = 13/4) after including a primary absorber and an emitter (see Sec.4.3.3.2).
Therefore, we do not consider this secondary component of T4 in the following as the
constraints on its parameters are too loose for meaningful discussions.

The flux-resolved spectroscopy is likely to smear/broaden the variable line features,
which may lead to degenerate solutions. To reduce the influence of this effect, we fix the line
width of XABS_XS at 9000 km/s, the average value of the time-resolved results, although the
trend discovered below remains the same with a free line width. Among the flux-resolved
spectra, we find that a faster, more ionized, and Compton-thicker plasma tends to appear in a

brighter state.

4.3.3.2 Emission

The same systematic scan is applied to the PION_XS model over the continuum model to
study the photoionization emission component. The only difference is the searched velocity
grid, ranging from 0.1 to —0.1, as we do not find strongly shifted emission lines in the
bottom panel of Fig.4.2. The scan result of the 2018 spectrum is shown in the right panel
of Fig.4.6 with a fixed line width of 1500 km/s. It reveals the highly significant detection
(Ax? = 69) of a blueshifted (z1 os = —0.011) photoionized emitter with a modest ionization
state (log& = 2.5). The statistical improvement shown in Tab.4.2 is smaller (Ay 2 — 48) than
that of the scan because some residuals fitted by PION_XS in the scan over the continuum
model have been explained by the model including a XABS_XS. The primary emitter is not as
highly ionized as the absorption component (perhaps related to UFO in T4). The potential
secondary solution (log& > 3.5) in the scan plot is discussed in Sec.4.4.

We do not perform the emission model scan over the time-/flux-resolved spectra as
the velocity of the emission component is generally not as variable as the absorption [e.g.
159, 287, 172]. The best-fit parameters of PION_XS are shown in Tab.4.2. Each solution,
except T1, has at least 3.50 (i.e. Ay? = 20) detection significance. The unconstrained
line width in T1 and T4 is fixed at 1500 km/s. In general, the line width of the emission
component is narrower than that of the absorption. The column density, ionization state,
and velocity of the emitter are stable within their uncertainties among the time-resolved
spectra, while those parameters are tentatively correlated with the source luminosity in the
flux-resolved results. The velocities are all blueshifted at least more than 2700 km/s. Apart
from F1, the PION_XS model mainly explains the O VIII and Fe/Ne lines around 1 keV, while
it models the O VII and O VIII lines in F1 spectra (see Fig.4.4).
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4.4 Discussion

By analyzing the RGS data of a large XMM-Newton campaign on Mrk 1044 in 2018 and 2019,
we find a highly-ionized UFO and a blueshifted photoionized emitter in the spectra. The
UFO detection confirms the existence of the UFO1 reported in Krongold et al. [181] from the
2013 XMM-Newton observation, sharing a similar ionization state and velocity, although the
UFO in their paper was associated with a fixed narrow profile (6, = 10km/s). The reported
multi-phase outflow is also marginally supported by the UFO detected in T4, which has
similar parameters to their UFO2 component, while we do not find other cold UFOs like their
UFOQO3/4 phases in Mrk 1044. The emitter shows a much lower ionization state and column
density than UFO, implying the average photoionization emission component originates
from a different gas from absorption, while the UFO in T4 perhaps might be related to the
emitter due to their similar column density, ionization state, and turbulent velocity.

In the scan of the photoionization emission model (see the right panel of Fig.4.6), we
may discover a potential secondary emitter, which is trying to complement the blue wing of
the Fe K emission. The best fit (Ay2 = 37) of the secondary emitter requires an ultra-fast
(zLos = —0. 121’8:8%) and highly ionized (log& = 3.71“8:%) plasma with a column density of
Ny = 3.6ﬂ:§ x 102! cm~2 and an unconstrained turbulent velocity fixed at 6, = 9000 km/s.
This emitter shares common properties with the absorber, indicating the same origin of the
absorption. We plot the stacked 2018 EPIC spectra and the best-fit model including two
emitters in the top panel of Fig.4.7, compared with the continuum plus one emitter. The
corresponding data-to-model ratios are shown in the second and third panels. However, we
are concerned about the requirement of this secondary emitter as the not well-explained
Fe K profile might result from the imbalance between the statistics of the RGS and EPIC
data, where the grating data have more bins (a factor of 4) than CCD data and the model is
mainly adjusted to fitting soft X-ray residuals. To test this possibility, we fit the continuum
model to only EPIC data (1.77-10keV) and show it in Fig.4.7 as well as the corresponding
ratio. Compared with the results in Tab.4.2, the continuum model only requires a harder
spectral slope (I' = 2.16f8:8§) and explains the blue wing of Fe emission well, while the
other parameters remain unchanged. In terms of fitting the EPIC data, this continuum model
is much better (Ay 2 — 86) than the continuum plus two emitters fitted to the RGS+EPIC data.
It suggests that the additional emission component is spurious, although we cannot exclude
the possibility of an intervening outflow contributing to a part of the Fe K profile. Therefore,

we tend not to discuss the evolution of the secondary emitter in the following.
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Fig. 4.7 The stacked 2018 EPIC spectra of Mrk 1044. The fits of the continuum plus one
or two emitter(s) to the RGS+EPIC data are shown in red dashed and green solid lines,
respectively. The fit of the continuum model to only EPIC data (1.77-10keV for consistency
with other fits) is shown in the blue line. The corresponding data/model ratios are shown in
the following panels.
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4.4.1 Evolution of the Wind Components

In Sec.4.3.3, we have measured the properties of the absorption and emission components at
different flux levels. To further investigate the relations between wind properties and source
luminosity, we plot the column density, ionization parameter, and velocity of absorbing
and emitting gas versus the calculated fluxes in Fig.4.8 and 4.9, respectively. The blueshift
of the features, measured by the Gaussian model, are included as well. The absorption
line is assumed to come from Ne X (Est = 1.022keV), while the emission line is O VIII
(Erest = 0.6535keV). We fit these parameters with a linear function in a logarithmic space.
The same fit with a slope fixed at unity is also performed on the ionization parameter to
show the expected behavior in photoionization equilibrium, according to the definition of
the ionization parameter (Eq.1.9). All of the fits provide positive correlations between wind

properties and the source luminosity.

4.4.1.1 Absorbing gas

For the absorption component, the Pearson correlation coefficients of the best-fit values
of (Ny, F), (log&,F), v F), (Vgaus, F) points considering their uncertainties are 0.76, 0.86,
-0.86 and -0.96 respectively [48], suggesting a moderate correlation between (Nyg, F') and
strong correlation among the others. The Log/Log fits give:

1og102fvﬁ = (—0.940.8) +(1.59i0.98)1og(%), 4.1)
1ogL — (2.9640.33)+ (1.08+0.41) log(-04=10) 4.2)
ergem/s 10—
log% = (—1.1240.14) + (0.39£0.16) 1@%), 4.3)
1og@ = (—1.40+0.16) + (0.73i0.19)1og<%). (4.4)

The best-fit value of the slope in Eq.4.2 is consistent with unity, despite the large uncertainty,
indicating that the absorbing gas responds to the variability of the source radiation instanta-
neously, which implies a high volume density. The weakly increasing trend of the column
density is opposite to the relation shown in IRAS 13224-3809 (see Fig.7 in [259]), where the
column density slightly decreases along with the increasing ionization parameter (log& up
to 6) and luminosity. It means the UFO in Mrk 1044 probably has not been over-ionized,

as suggested by the modest ionization state (log& ~ 3.7 — 4.0), and still requires a larger
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Fig. 4.8 The column density (top), ionization parameter (middle), and velocity (bottom) of
the photoionized absorbing plasmas versus the unabsorbed X-ray flux for the flux-resolved
spectra. The blueshift of the main absorption feature (i.e. Ne X) measured by Gaussian
is also included, where the corresponding flux is manually shifted for clarity. The linear
function fits, with (1:1 Log) and without (Log/Log) a slope fixed at unity, are performed in a
logarithmic space. See details in Sec.4.4.1.
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Fig. 4.9 The column density (top), ionization parameter (middle), and velocity (bottom) of
the photoionized emitting plasmas versus the unabsorbed X-ray flux for the flux-resolved
spectra. The blueshift of the main emission feature (i.e. O VIII) measured by Gaussian
is also included, where the corresponding flux is manually shifted for clarity. The linear
function fits, with (1:1 Log) and without (Log/Log) a slope fixed at unity, are performed in a
logarithmic space. See details in Sec.4.4.1.
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column density to visualize the absorption features at a higher ionization state (e.g. see Fig.
10 in [264]).

The positive correlation between the velocity and the X-ray flux suggests that the wind is
radiatively driven, which is also observed in other high-accretion systems, IRAS 13224-3809
[259] and PDS 456 [220]. According to Eq.4 in Matzeu et al. [220], the net radiatively-
driven (i.e. radiative minus gravitational force) outflow should have a relationship among the

velocity, the ionizing luminosity L;,, and the launching radius R,

1/2 1/2 —-1/2
v/c o ko./4710L0./4710RW / : 4.5)
where ko.4—10 = Lvol/Lo.4—10 is the bolometric correction factor. The relation observed in
Mrk 1044 (from XABS_XS instead of the phenomenological model) is consistent with the

power index (0.5) in Eq.4.5 within uncertainties, at variance with the results derived from
IRAS 13224-3809 (0.05+0.02) and PDS 456 (0.22 £ 0.04).

4.4.1.2 Emitting gas

For the emission component, the Pearson correlation coefficients of the best-fit values of
(Ny, F), (log&, F), (v, F), (Vgaus, ) points considering their uncertainties are 0.73, 0.68, -0.83,
and -0.69, respectively, suggesting moderate correlations, except for a strong correlation
between (v, F'). The fits provide:

Nu F0.4—10)

log Tpe— = (~2.8+2.3) +(3.68:£2.79) log(~ 3 (4.6)
1ogL — (—0.49+2.16) + (3.27 4 2.64) log( 04=10 4.7)
ergem/s 10-11
log O.|(‘)}|10 = (—0.68+£0.14) + (0.9240.17) log(fi 0(')4_‘1110 ), (4.8)
log ggg‘l‘ﬂ = (~0.574£0.17) + (O.80i0.22)10g(io(')41110). (4.9)

However, the extremely large uncertainties of the fitted parameters, except for the velocity-
related fits, preclude any authentic conclusions on the emitting gas. Moreover, a large range
of locations of the emission, suggested by the moderate ionization state, a low column density,
and a narrow line width, will result in a low coherence between the plasma and the source

[143], impeding the discovery of correlations.
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4.4.2 Outflow Properties

The kinetic power of UFO is estimated by Eq.1.14. We estimate the ionizing luminosity
(1-1000 Rydberg) from the SED presented in Fig.4.5 at Lo, ~ 3.9 x 10¥ erg/s and find,
Liin ~ 5.89 x 10%QCyerg/s by inputting the results of the UFO obtained in the 2018
spectrum. Here we adopt a conservative value of the opening angle Q = 0.3 from the GRMHD
simulations of radiatively-driven outflows in high-accretion systems [330]. The filling factor
Cy =7 x 1073 is derived from Eq.23 in Kobayashi et al. [167] assuming that the outflow mass
rate is comparable with the accretion mass rate and the accretion efficiency is 1 = 0.1. The
conservative value of the UFO kinetic energy is thus Lygo ~ 1.54 x 10 erg /s ~ 4.4%Lgq,
surpassing the theoretical criterion, suggesting that the UFO in Mrk 1044 is very likely to
influence the evolution of the host galaxy.

According to Eq.1.11, we can estimate the lower limit of the outflow location, R >
2GMgn/vigo > 98R,. It provides an upper limit of the outflow density, ng = Lion/ER? <
4.5 x 10"2cm™3. On the other hand, by using the time-dependent photoionization model
TPHO [303], we simulate the response of plasma with different densities to the source
variability to estimate the lower limit of the plasma density and further the upper limit
of the outflow location. The duration of the low, middle, and high states of the source
are 3ks, 1.5ks, 3 ks respectively, provided by the timescale of segments of flux-resolved
spectra, shown in the top panel of Fig.4.10. The time-dependent evolution of the ionic
concentration of predominant absorption lines, i.e., Ne X and Fe XXII-XXIV, are shown in
the lower four panels of Fig.4.10. Gases with a density above 10° cm ™~ respond quickly to
the luminosity. If we assume the UFO in Mrk 1044 responds to the source instantaneously,
suggested by Eq.4.2, the lower limit of the density is 10°cm™3. The recombination timescale
of the plasma at logé = 3.7 can be evaluated through the rec_time code in SPEX. For
example, the recombination time of the Fe XXIV line, the predominant line in UFO, is
calculated t. < 195, consistent with our assumption. The volume density of the UFO
is thus estimated between ny = 10°—4.5 x 10'>cm ™ and the corresponding location is
R = \/Lion/nu& = 98-6600 R,

For the emitting gas, we have to adopt another method to derive the upper limit of its
location, since its response to the source is unconstrained. Through Eq.1.12, the upper limit
of the location can be estimated, R < CyLion/ENg < 7.8 X 106 Rg. The lower limit could
be calculated by the same method for absorbing gas at > 1.2 x 10* R,. However, since
the emission comes from a wide range of distances, the observed velocity is an averaged
value and may not be representative of the escape velocity of the emitting gas close to the
center. If we assume the emitting gas shares the same origin with the UFO detected in
T4, the lower limit of the location can be estimated at > 320R,. Our constraints on the
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Fig. 4.10 Top panel: The input light curve that we expect in Mrk 1044 (an approximation)
for the TPHO model. The duration of the low state, the middle, and the high state are 3 ks,
1.5 ks, and 3 ks respectively. Middle and Botton panels: The time-dependent evolution of Ne
X and Fe XXII-XXIV relative concentration for different densities and are compared with
the ionic concentrations for a plasma in photoionization equilibrium (black stars).
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location of the emission components are rather loose and span the whole range of distances,
3 x 102-7.8 x 10° Ry, from the accretion disk to the interface between the outer disk and the
BLR. The range of the corresponding density is 1.2 x 10%~7 x 10T cm=3.

4.4.3 Comparison with other AGN

By comparison with UFOs discovered in other AGN, the ionization state (logé ~ 3.7) and
the velocity (v ~ 0.15¢) of the UFO in Mrk 1044 are typical (log& ~ 3-6, v ~ 0.08-0.3c,
[235, 173, 248, 219, 187]). The column density (Ng ~ 2.3 x 10>l cm™2) is not as thick as
typical UFOs discovered from Fe K absorption feature (log(Ny/cm™2) ~ 22-24). However,
the low column density is common in UFOs detected in the soft X-ray band [197, 269, 373].
Alternatively, another potential explanation is the relatively low inclination angle of Mrk
1044 (i ~ 34°) that we are therefore seeing a narrower wind region.

The correlation between the velocity of the UFO and the source luminosity is consistent
with the phenomenon observed in PDS 456 [220] and IRAS 13224-3809 [259], while
different from 1H 0707-495 [372]. The reason might come from their different Eddington
ratios, as the former three (PDS 456, Agqq ~ 0.77, [235]; IRAS 13224-3809, Agqq = 1-3,
[7]; Mrk 1044, Agqq ~ 0.4) are not so highly accreting as 1H 0707-495 (Agqq > 0.7, [372],
or Agqq = 140-260, [63]) of which the structure of the accretion flow does not significantly
deviate from the standard thin disk model [316].

Blue-shifted emission lines are rarely observed in AGN. To our knowledge, among
Type 1 AGN, only four sources (1H 0707-495, [372]; ESO 323-G077, [139]; NGC 4151,
[11]; NGC 7469, [109]) reveal blueshifted emission lines, as well as the partially absorbed
emission lines in NGC 4051 [277]. Given the fact that blueshifted emission lines were
also found in some Ultra-luminous X-ray (ULX) sources (e.g., NGC 55 ULX and NGC
247 X-1, [260, 263, 172]), we propose that blueshifted emission lines are related to high
accretion rates and plot the blueshift of emission lines versus the Eddington ratios in Fig.4.11
[139, 66, 226, 372, 376]. The Eddington ratio of 1H 0707-495 is assumed at its lower limit,
0.7, as we cannot constrain the upper limit and only know it is a super-Eddington AGN. The

Pearson coefficient is 0.87, suggesting they are highly correlated. The linear fit gives:
vem(km/s) = (11560 + 1756) Agqq + (170 £ 240). (4.10)

Although the fit seems to strongly support our hypothesis, due to the small size of the sample
and the uncertainty on the Agqq, we are unable to confirm that correlation. The reason why
there are no blueshifted emission lines in other high-Eddington AGN is probably a too-strong

continuum, washing out the lines, or the small viewing angle close to face-on. The validation
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Fig. 4.11 The velocity of emission lines versus the estimated Eddington ratio of Type 1 AGN.
See more details in Sec.4.4.3.
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of this correlation requires a systematic analysis of a large sample of AGN at different
accretion rates.

4.5 Conclusions

In this Chapter, through the time- and flux-resolved X-ray spectroscopy on four XMM-
Newton observations of Mrk 1044, we investigate the dependence of the wind properties
on the source luminosity. We find that the absorbing gas quickly responds to the source
variability, suggesting a high-density plasma (ng ~ 10°—4.5 x 10'2cm™3). Furthermore,
the UFO velocity is correlated with the X-ray luminosity, suggesting that the UFO in Mrk
1044 is accelerated by the radiation field. The emitting gas is located at a large range of
distances from the SMBH and shows a blueshift of 2700-4500 km/s. By comparing with
the discovered blueshifted emission lines in other AGN, we propose that the blueshift of
emission lines is probably correlated with the source accretion rate, which can be verified
with a large sample study.






Chapter 5

Ejection-accretion connection in a
narrow-line Seyfert 1 AGN 1H 1934-063






Abstract

In this Chapter, we present a high-resolution spectral analysis of a simultaneous XMM-
Newton and NuSTAR observation of a NLS1 AGN 1H 1934-063, to investigate outflows
and their connection to the accretion. Through the time-resolved and flux-resolved X-
ray spectroscopy, we discover a potentially variable WA and a relatively stable ultra-fast
outflow (UFO, vypo ~ —0.075 ¢) with a mild ionization state (log(& /ergcms™!) ~ 1.6). The
detected emission lines (especially a strong and broad feature around 1 keV) are of unknown
origin and cannot be explained with emission from plasmas in photo- or collisional-ionization
equilibrium. Such emission lines could be well described by a strongly blueshifted (z ~ —0.3)
secondary reflection off the base of the equatorial outflows, which may reveal the link between
the reprocessing of the inner accretion flow photons and the ejection. However, this scenario
although very promising is only tentative and will be tested with future observations.

5.1 Introduction

By assuming that the escape velocity is equal to that observed in the outflowing gas, the
fastest UFOs are thought to be launched in the inner region of the accretion disk, which is the
same region that is probed by the inner-disk reflection spectroscopy. If the inner layer of the
outflow is thick enough, probably at or above the Eddington limit, it may reflect part of the
X-ray disk/corona emission producing a Doppler-shifted reflection signal. This scenario has
been proposed to explain the strongly blueshifted Fe K emission line in a super-Eddington
AGN Swift J1644+57 [157]. Therefore the reflection emission might reveal the physical
properties of the wind launching region and improve our understanding of UFOs.

1H 1934-063 (hereafter 1H 1934; also known as IGR J19378-0617, SS 442, and IRAS
19348-0619) is a radio-quiet NLS1 [244] galaxy at a redshift of z = 0.0102 [301], which
ranked seventh in 10-20 ks excess variance among 161 AGN in the XMM-Newton archive
(CAIXA, [265]). It hosts a SMBH with a mass of Mgy = 3 x 10° M., estimated from FWHM
Hp [300, 207]. This source was twice observed by XMM-Newton in 2009 (18 ks, [244])
and 2015 (140ks, [84]) joint with a 65 ks NuSTAR observation. 1H 1934 has two different
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measurements of the black hole spin, a, < 0.1 [84] and a, > 0.4 [136], depending on whether
a high density was adopted in the reflection model. Frederick et al. [84] also discovered a
time lag (~20s) of the disk reflection components behind the coronal power-law continuum,
indicating a 9 4 R, distance between the corona and the accretion disk.

The fact that this AGN is bright (Fx ~ 5 x 10~ erg / cm? /s) and rapidly variable in the
X-ray energy band may enable us to study any potential outflow and its variability. We
present the high-resolution soft X-ray analysis based on the concurrent XMM-Newton and
NuSTAR observation of 1H 1934 (PI: E. Kara). This Chapter is organized as follows. We
present the data reduction procedure and products in Sec.5.2. Details on our analysis and
results are shown in Sec.5.3. We discuss the results and provide our conclusions in Sec.5.4

and Sec.5.5, respectively.

5.2 Data Reduction and Products

5.2.1 Data Reduction

1H 1934 was simultaneously observed by XMM-Newton (Obs. ID: 0761870201) and NuSTAR
(Obs. ID: 60101003002) on 2015 October 1-3 with a total exposure time of 140 and
65 ks, respectively. We utilize the data from XMM-Newton/EPIC and NuSTAR/FPMs to
determine the X-ray broadband spectrum. The results of this paper are mostly based on
the high-resolution RGS spectrum. The OM spectrum is also included to get the SED for
photoionization modeling.

The XMM-Newton data are reduced with the Science Analysis System (SAS v19.1.0)
and calibration files available by May 2021, following the standard SAS threads. In brief,
the EPIC-pn and EPIC-MOS data are processed with EPPROC and EMPROC packages,
respectively. The filtering criteria of the background flare contamination are set at the
standard values of 0.5 and 0.35 counts/sec (in the 10-12keV) for pn and MOS separately.
We extracted EPIC source spectra from a circular region of radius 30 arcsec, and background
spectra from a nearby source-free region of the same radius. We do not find any significant
pile-up in both pn and MOS above 7 keV, which was marginally reported in Frederick et al.
[84]. We stack MOS1 and MOS2 spectra to maximize the signal-to-noise. The EPIC spectra
are grouped to over-sample the instrumental resolution by a factor of 3 and to a minimum of
30 counts per energy bin. The RGS data are processed with the RGSPROC tool, for which
background flares are excluded by a threshold of 0.2 counts/sec. We extract the first-order
RGS spectra in a cross-dispersion region of 1’ width and the background spectra by selecting
photons beyond the 98% of the source point-spread-function as default. We only use the
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good time intervals common to both RGS 1 and 2 and stack their spectra for the high signal-
to-noise. We regroup the RGS spectrum so that each bin is not narrower than 1/3 of the
spectral resolution. Only the UVW2 (2120 A) filter of OM operated during the observation,
which is reduced using the OMICHAIN pipeline, including all necessary calibration processes.

NuSTAR observed 1H 1934 simultaneously with XMM-Newton for exposure times of
roughly 65 ks per instrument. The reduction of the NuSTAR data is conducted following
the standard procedures with the NuSTAR Data Analysis Software (NUSTARDAS v.2.0.0)
and the updated calibration files from NuSTAR CALDB v20210427 using the NUPIPELINE
task. The source spectrum is extracted from a circular region of radius 80 arcsec and the
background spectrum is from a free-source region with a radius of 120 arcsec. The spectra

are grouped to at least 30 counts per bin to have a sufficiently high S/N.

5.2.2 Light Curve

We show the EPIC-pn (0.3-10keV) light curve with a time bin of 100 s and the corresponding
count rate histogram in Fig.5.1. The light curve is color-coded according to the hardness
ratio (HR=H/H+S, H: 2-10keV; S: 0.3-2keV). 1H 1934 presents a softer-when-brighter
behavior during the observation with a strong flux dip by a factor of ~ 6, which was proposed
to result from the strong light-bending effect while the change in accretion rate was excluded
due to the stable UV flux [84]. To resolve any narrow and variable spectral features, we
divide the entire light curve into two flux intervals, marked by the horizontal grey dash line,
based on the intersection (21.5 c/s) between two Gaussians that were fitted to the count rate
distribution (see red lines in the bottom panel of Fig.5.1). We caution that this cut is just
a way to carve up the data, not indicating two processes [S]. Accordingly, the low- and
high-flux spectra are extracted as well as the flux-resolved NuSTAR spectra at the exactly

same time intervals. The ratio of total counts between the low- and high-flux is about 0.5.

5.3 Results

5.3.1 Spectral Variability

As we are mainly interested in the search for resolved spectral lines and evidence for outflows
in 1H 1934, we start with a model-independent spectral-variability analysis, i.e. PCA and
RMS analysis (described in Sec.2.4).

We apply the PCA method with the code of Parker et al. [247] to the RGS data to
search for narrow spectral features. We adopt 10 ks time bins and 100 energy points in the
logarithmic space between 0.3 and 10 keV. The light curve of XMM-Newton is accordingly
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Fig. 5.1 The EPIC-pn (0.3—10keV) light curve with a time bin of 100s (top) and the
corresponding count rate histogram (botfom). The light curve is coded according to the
hardness ratio. S and H denote the counts in the soft and hard energy bands defined as 0.3-2
and 2-10keV, respectively. The horizontal dashed grey line indicates the threshold of the
flux intervals, which is determined by the intersection (21.5 ¢/s) between the two Gaussian
lines fitted (red lines in the bottom panel) to the count rate histogram.
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Fig. 5.2 The first component of PCA (fop) and the fractional excess variability (bottom) of
RGS spectrum are shown. The rest-frame positions of the ion transition lines among the
RGS band are marked by the vertical blue dashed-dotted lines. Three highly blueshifted
(z ~ —0.078) absorption features are also indicated with vertical green dotted lines.

split into 13 segments. The first principal component (PC1) of RGS is shown in the top panel
of Fig.5.2. The RGS PC1 spectrum shows some dips in correspondence to the energies of
the dominant X-ray transitions. Later on, we will attempt their identification through spectral
modeling. However, some peaks do not always match such transitions, probably indicating
the presence of Doppler-shifted variable lines.

We adopt the same spectra used for the PCA to compute the RMS spectrum. The result
is displayed in the bottom panel of Fig.5.2. The shape of the RMS spectrum is remarkably
similar to that of PCA, which only shows the amplitude of the correlated variability.

5.3.2 XMM-Newton and NuSTAR Continuum Modelling

We begin the broadband X-ray spectroscopy by fitting the time-averaged RGS, EPIC, and
FPM spectra simultaneously using the XSPEC (v12.11.1) package [12]. The instrumental
differences are taken into account by employing a variable cross-calibration factor (except for

RGS fixed to unity, [204]). We adopt the ? statistics and estimate all parameter uncertainties
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at the 90% confidence level corresponding to Ay? = 2.71 in this Chapter. The luminosity
calculations are based on the assumptions of Hy = 70km/s/Mpc, Qx = 0.73 and 3, = 0.27.
After checking the consistency of residuals between EPIC and RGS spectra to the continuum
model in soft energies, we use the RGS data between 0.4—1.77 keV and EPIC (pn+MOS) data
between 1.77-10keV for spectral fittings, because the relatively low resolution but higher
count rate of EPIC may affect the detection and identification of atomic spectral features by
increasing model degeneracies. Due to the background contamination, we limit the analysis
of the NuSTAR (FPMA/B) spectra to the 3-30keV energy band. The same selection applies
to the flux-resolved spectra.

We adopt a similar model to the best-fit one found in Frederick et al. [84]: tbabs*zashift
* (diskbb+relxilllpCp), to explain the broadband continuum. Briefly, this model takes
into account the galactic hydrogen absorption (tbabs) with the solar abundance calculated
by Wilms et al. [367], the redshift of the source (zashift), the X-ray soft excess in the form
of a multi-color disk blackbody (diskbb), and the coronal continuum as a power-law like
component, plus the lamppost-geometry relativistic reflection (relxilllpCp, [94]), respec-
tively. The galactic column density, Ngal, is allowed to vary due to the discrepancy between
NG = 1.5 x 10! cm™2 [61] and N§*' = 1.06 x 10*! cm™2 [150]. The inner radius of the
reflection component is assumed at the ISCO. Here we adopt a phenomenological model for
the soft excess as its nature is still being debated [46, 99, 229, 371]. The result of the time-
averaged spectrum reveals the primary continuum with a slope of I' = 2. 15f8:8}, a soft excess
characterized by a disk black-body with a temperature of 7j, ~ 0.13 keV, and a relativistic
reflection component with a reflection fraction (a ratio of the intensity emitted towards the
disk compared to that one escaping to infinity) of freg = 0.621“8:82. The inclination angle,
ionization state and the iron abundance (in units of Solar abundance) of the disk are required
to be i ~ 39°, log(& Jergems™!) = 3.08f8:8§ and Age = 6.6f%‘7) respectively. The corona is
measured at a height of 4.7133 Rorizon above the SMBH with a spin of a, = 0.21703 if we
assume the corona as a compact point. All of these are similar to previous results [84, 356].
It is noticed that Jiang et al. [136] adopted a high-density reflection model without diskbb
to fit the same data and obtained a high spin value of a, > 0.45 with a similar abundance
of Ape = 5.979% and a disk density of log(ne/cm™3) ~ 17.7 (fixed at log(ne/cm™3) = 15 in
relxilllpCp). We tried the same high-density model for our spectra and found that the fits
are much poorer (Ay? ~ 475) than the current model, perhaps because they only consider the
EPIC spectrum above 0.5 keV, while we extend that to 0.4 keV and the high-density reflection
cannot explain that band well.

The same best-fit model applies to the flux-resolved spectra, with several parameters

linked to the time-average results, including the inclination angle, black hole spin, iron
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Table 5.1 Best-fit parameters of the 1H 1934-063 time-average and flux-resolved spectra

modeling.

Description Parameter avg low-flux  high-flux

tbabs NG (10%! cm™2) 2.1
diskbb Tn (keV)  0.13070:002 0.1291000% 0.133 10003
Ngg (10%) 12793 09792 13752
relxilllpCp h (Rorizon) 4-7J—r%:§ <29 6'4t%:‘21

a, (¢J/GM?) 0.21193

i (deg) 39.0113
r 2151000 2.007000 2187001
log(& /ergems™!) 3.087007  3.03100°  3.1210.9¢

Ake 6.629

kT, (keV) 40019,
fref 0.6250;  0.84%0  0.537017
Neea (1073  0.197007 2473 0.191993
broadband x2/d.of. 2143/1564 1552/1341 1943/1455
xstar_abs1 Ny (102 cm—2) 2-0t8:451 5-9t%:2 2. 1i8:2
(WA) log(& /ergems™!) 1.6870:08  2.42709%  1.71109
z0s (1074 —0.7813¢ 29753 —0.113]
broadband+abs1 x2/d.olf. 2029/1561 1518/1338 1857/1452
xstar_abs? Ny (10 cem™2)  6.6751 7.9%%3 51133
(UFO) log(& /ergems™!)  1.6751 1.819% 1.5%92
zLos (1072) —7-75f82(1)g —7-75f8j%8 _7~83t81£
broadband+abs1+abs2 x2/d.olf. 1985/1558 1502/1335 1834/1449
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abundance, and the temperature of the corona, which are not expected to vary over a few
hours. The details of fits are shown in Tab.5.1. As explained by Frederick et al. [84], the
decreasing corona height and ionization parameter plus the increasing reflection fraction
during the low-flux state could be attributed to the light-bending effect, where the corona

may drop down closer to the accretion disk causing the dip in flux.

5.3.3 Gaussian Line Scan

To search for any strong and narrow features upon the continuum, we perform a Gaussian
line scan, described in Sec.2.3.1, over the continuum in the XMM-Newton energy band. We
ignore NuSTAR data due to its lower spectral resolution. We fit a Gaussian line spanning the
0.4-10keV range with a logarithmic grid of energy steps. The grid of the line width o, in
km/s ranges from 500 to 5000 km/s and the corresponding line width in keV is o = %E .
For the sake of the balance between the computational cost and the resolving power, we
employ different numbers of points N, for each line width so that the product of o, and N,
equals to 109.

The results of the scan over the time-averaged and flux-resolved spectra are expressed as
the square root of Ay? times the sign of the normalization, shown in Fig.5.3. This quantity
provides a rough estimate of the single trial detection significance of each Gaussian line
(ignoring the look-elsewhere effect). The zoom-in result for the time-averaged RGS spectrum
is shown in the top panel of Fig.5.4. The grey region marks the 30 significance level. We mark
the rest-frame positions of the main ionic transition lines within the XMM-Newton band with
the vertical blue dashed-dotted lines. Coincidentally, we identify several absorption lines at
their rest-frame energies: N VII, O VII, O VIII, Fe XVIII, and Ne IX. Other unidentified lines
are also marked as the reference. As for the other more or less significant absorption lines,
three of them could be identified as N VII, O VII, and O VIII blueshifted by ~23400 km/s
(corresponding to z ~ —0.078), presented by the vertical green dotted lines. Compared with
the absorption features, the emission lines seem to be blue- or red-shifted and are not easy
to identify as the emission from the same outflowing gas. In particular, there is a strong
broad emission around 1 keV, halfway between the rest-frame positions of Fe XX and Ne X.
We also find that the residuals and normalization of the Gaussian lines appear to be slightly
stronger in the high-flux spectrum, although the trend cannot be confirmed due to the limited
statistics.
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Fig. 5.3 The results of the line search over the XMM-Newton broadband time-average (fop)
and flux-resolved (middle and bottom) spectra in the AGN rest frame. The line width in
velocity o, ranges from 500 to 5000 km/s. The significance is expressed with the square root
of Ax? times the sign of the Gaussian normalization. The grey region corresponds to a 3¢
value of the single trial significance.
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Fig. 5.4 The single trial significance obtained from the Gaussian line scan with different
line widths over the RGS spectrum is displayed in the top panel. The grey region marks the

significance 30. The true significance of the residuals (bottom) is obtained from the MC
simulations with the same line widths. The grey region represents 99% significance level.
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5.3.4 Cross-Correlation Based Monte Carlo Simulation

Although the Gaussian line scan is powerful in locating any possible spectral lines, many
spurious features might appear significant due to the look-elsewhere effect [352]. To account
for this effect, we perform the cross-correlation-based MC method, described in Sec.2.3.3.
Since we are interested in the resolved soft X-ray features, the cross-correlation method is
only applied to the time-average RGS spectrum.

We perform 10000 simulations with the fakeit tool in XSPEC based on the best-fit
continuum model. A set of Gaussian line models to be cross-correlated is generated, with a
centroid energy spanning over the RGS band with a logarithmic grid of 2000 points, a line
width ranging from 0 to 5000 km/s, and a normalization fixed at unity. The true significance
of lines is shown in the bottom panel of Fig.5.4. The true significance confirms the existence
of absorption lines including O VIII, blueshifted N VII, and O VII. We also find five emission
lines above the 99% significance level, particularly the ~1keV emission, which is also found
in Sec.5.3.3 and will be investigated in Sec.5.3.6. We caution that lines with a weak true
significance are not necessarily fake as the true significance provides a very conservative
approach by assuming the worst case of a single and independent line with any shift in the
observed spectrum. The photoionization model is therefore required to model these lines

simultaneously.

5.3.5 Search For Outflows

In this section, we employ the photoionization code XSTAR [151], to describe the absorption
features in 1H 1934 spectrum and to investigate the outflow variability during the observation.
XSTAR computes the physical conditions and synthetic spectra of the gas photoionized by a
given radiation field. It calculates the intensity for a large number of lines and enables fits to
data through the constructed table of synthetic spectra.

The intrinsic SED of 1H 1934 input into XSTAR 1is computed from the UV/optical to
hard X-ray energies by adding the OM data. The UV/optical fluxes are described by an
additional diskbb component characterized by a temperature of ~ 12eV. The interstellar
extinction (Eg_y = 0.293, [299]) has been taken into account. The time-averaged and
flux-resolved SEDs are shown in Fig.5.5 as compared with other Seyfert galaxy SEDs,
where 1H 1934 SEDs look similar to that of IRAS 13224-3809. Accordingly, we estimate
the accretion rate by measuring the bolometric luminosity from the time-averaged SED
(1073-10% keV), which is Ly, ~ 1.725 x 10** erg. The accretion rate is thus high since we
obtain m = Lyo/Lgdd ~ O.40f8:g; if we adopt a SMBH mass of 3 x 10° M, with a typical
~0.5 dex uncertainty [300, 207].
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Fig. 5.5 The time-averaged and flux-resolved SEDs of 1H 1934 compared with other Seyfert
galaxies (NGC 5548, [228]; IRAS 13224-3809, [138]; 1H 0707-495, [372]). The UV/optical
fluxes are predicted by a color-corrected (Eg_y = 0.293, [299]) additional diskbb charac-
terized by a temperature of ~ 12eV.
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For the modeling of outflows in flux-resolved spectra, we still employ the XSTAR
model generated by the time-averaged SED because the SED does not significantly vary
during the observation. The input SED ranges from 1eV to 30keV to avoid the possible
effects from > 30keV band, which cannot be constrained with the available data. We
adopt a grid that has a turbulence velocity of 100 km/s (due to narrow lines detected in
Fig.5.3) and covers a wide range of ionization states (log(& /ergcms™!) = 0-6) and column
densities (Vg (cm~2) = 10°-10?*) to compute the XSTAR table model. The code returns
one emission and one absorption spectrum table, and here we use the absorption component
(XSTAR_ABS) for modeling. In Sec.5.3.6, we will use the emission component (XSTAR_EM)
to model emission features.

5.3.5.1 Best-fit Outflow Model

To locate the global best-fit solution, we build a systematic scan over a large grid of the
parameter space of XSTAR_ABS before directly fitting to the spectra, described in Sec.2.3.2.
We create a multi-dimension grid of the logé (0-6 with Alog& = 0.12) and z; o (from
—0.25 to 0.02 with Az os = 0.001), and allow Ny to be free.

The scan result for the time-averaged spectrum is shown in the left panel of Fig.5.6. The
line-of-sight redshift is relativistically corrected. The search achieves a very strong detection
(Ayx? ~ 120) of a mildly ionized (log(& /ergcms™!) ~ 1.7) absorber at the rest frame of AGN
(v ~ 0). The spectral fit reveals the column density of Ny = 2.0f8:i % 102cm™2. These
properties suggest that this solution corresponds to a common WA as those found in other
AGN [58, 146]. It is noted that there are several secondary peaks (v < —0.05¢) in the plot,
indicating the presence of a fast ionized outflow component in the spectrum. However, the
secondary peaks might not be independent of the primary WA as they might explain the same
residuals with different models.

We, therefore, perform a further XSTAR_ABS scan over a new baseline model, which
includes a best-fit WA and the broadband continuum. The searched parameter space remains
the same. The result is shown in the right panel of Fig.5.6. There is a less strong but
still significant detection (Ay> = 48) of a secondary component, which is an ultra-fast
(relativistically corrected velocity, v ~ —0.075 ¢) outflow with a similar ionization parameter
(log(& Jergems™!) ~ 1.6). With such high Ay? statistics, MC simulations are redundant. The
fitting results of two XSTAR_ABS components over the time-averaged spectrum are presented
in the third column of Tab.5.1. The column density of the UFO (Nyg ~ 6.6 X 10°cm=2) is
significantly lower than that of the WA, resulting in weaker spectral features. The spectral
features of the WA are mainly located at the rest frame of N VII, O VII and O VIII 1s-2p
lines, while the main absorption lines of the UFO are the blueshifted N VII and O VII and
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Fig. 5.6 Photoionization absorption model search for the time-averaged spectrum of 1H 1934
over the broadband continuum model (/eft) and with the addition of a WA (right) in the AGN
rest frame. The velocity on the X-axis is relativistically corrected. The color illustrates the
statistical improvement after adding an absorbing model. The best-fit solution is marked by a
red cross.

a weaker O VIII, marked in Fig.5.4. Such differences illustrate that the best-fit value of
the UFO ionization parameter might be lower than that of the WA, although it cannot be

confirmed within the uncertainties.

5.3.5.2 Outflow variability

As for the flux-resolved spectra, we directly fit them with the best-fit model (continuum plus
two absorbers), and the parameters are shown in Tab.5.1. The statistical improvement of the
high-flux spectrum is larger than that of the low-flux one, which is compatible with what
we found in the line scan result (see Sec.5.3.3). Although the UFO could be regarded as
stable during the observation within the uncertainties, the WA slightly varies from the low-
to high-flux state in the column density (NH(1020 cm_z) from 5.93:2 to 2‘11“822) and the
ionization parameter (log & from 2.421“8:(1)2 to 1.71Jj8:(1)g) at 90% confidence level. It would
be interesting if this is real and this variability comes from the response to the change in
source luminosity (or to the interaction of the UFO with the surrounding medium - should
the WA represent the UFO shock front), as the WA is usually expected to be stable far from
the central SMBH and the response timescale should be much larger than dozens of hours.
To investigate the validity of this discovery, we have checked the results of the same
wind search on the flux-resolved spectra. The ionization parameter of the WA in both spectra

ranges from O to 3, suggesting that the observed variation might be artificial if we slightly
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loosen the confidence level of the parameters. However, the possibility of a variable WA
cannot be excluded without more observations. The statistical improvements of the UFO
detection in low- and high-flux spectra are comparable (Ay? ~ 16 and ~ 24 respectively),
rather than the dramatic change in those of the WA (Ax? ~ 34 and ~ 85 separately). The
main change in the outflow during the exposure therefore seems to originate from the WA.

More observations are needed to confirm this.

5.3.6 Emission Line Modelling

In this section, we explore the nature of the unknown emission, especially for the line around
1 keV, in the time-averaged spectrum of 1H 1934 for enough counts. Compared to the
absorption, the emission is more complex and highly depends on the geometry, as it collects
all photons that are not directed along the LOS towards the source. None of the emission
lines detected in Fig.5.4 are at the rest-frame of any known strong photoionization emission
lines, implying that either they are Doppler-shifted photoionization lines or they are produced
by other processes. The baseline model used in this section is the broadband continuum plus

two absorbers adopted in Sec.5.3.5.

5.3.6.1 Photoionization Emission

It is natural to expect photoionized emission in the spectrum after finding two photoionization
absorption components. We hence launch a physical emission model scan on the spectrum
fitted with the new baseline model, where we adopt the XSTAR emission spectrum table
(XSTAR_EM) generated in Sec.5.3.5. The range of the searched grid of the ionization parameter
is the same as that of the absorption component, while the redshift spans between —0.1 and
0.1 as we are not sure whether the emission lines are blue- or red-shifted and do not expect a
high velocity of emitting gas. The results are shown in Fig.5.7, presenting a series of peaks
at different shifts with weak detection statistics.

The best-fit solution (Ax? ~ 28) of XSTAR_EM requires a column density of Ny < 3.3 x
10?* cm~2, an ionization parameter of log(£ /ergecms™!) = 4. 11“8:%, and a redshift of z1 o5 =
I.Sf? '12_ 4 X 10~4. The velocity is consistent with the rest frame, and the ionization parameter
is over two orders of magnitude higher than that of the absorption component, indicating
that the light elements are fully ionized and the emission may originate from a different
plasma than the absorbing gas. The best-fit spectrum is shown in the top panel of Fig.5.8,
where the contribution of XSTAR_EM is negligible in RGS band due to the high ionization
state. We have checked that XSTAR_EM mainly explains the high-ionization features such as
Fe XXV/XXVI. Even if we add another photoionization emission component, the secondary
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Fig. 5.7 Photoionization emission model search for the time-averaged spectrum for the
broadband model plus two absorbers, similar to Fig.5.6.

emitter only explains some putative redshifted (zp os ~ 0.0024) O VII lines at a low ionization
state (log(& /ergems™!) < 1.6) with an even weaker improvement (Ay> ~ 13). Regardless
of the detection significance and plausibility of the highly photoionized emission, it seems
that photoionization cannot well model the broad line around 1 keV, even if we tried using a
convolution model (gsmooth in XSPEC) to broaden the line width of XSTAR_EM.

5.3.6.2 Collision Ionization Emission

Collision ionization provides an alternative origin since it could predict emission lines around
1 keV (Fe L-shell transitions) stronger than photoionization [166]. We adopt the well-known
bvapec model in XSPEC with Solar abundance. This reproduces the emission spectrum of a
plasma in collisional ionization equilibrium (CIE), which is characterized by its temperature
and turbulent velocity. The best-fit model requires a temperature of k7,-'F = 1.18J_r8:(1)é keV,
a velocity broadening of GVCIE < 7500 km/s, and a redshift of zfgss = 0.0llfg:gg}. The
corresponding spectrum is presented in the middle panel of Fig.5.8, revealing a series of
emission lines around 1 keV. The strongest and over-predicted line is Fe XXI with a rest-frame
wavelength of 12.286 A (i.e. 1.009 keV). A fit with a free Fe abundance does not provide
better statistics. The remarkable fit improvement (Ay? ~ 42) suggests that the collision
ionization seems to be a promising explanation for the 1 keV emission but it overpredicts the

emission around 1 keV.
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Fig. 5.8 Fits with different emission models, including photo- (fop), collision-ionization

(middle), and reflection (bottom) for the time-averaged RGS spectrum. The baseline model
is the broadband continuum plus two absorption components (see Tab.5.1).



132 Ejection-accretion connection in a narrow-line Seyfert I AGN 1H 1934-063

5.3.6.3 Emission of a secondary reflector

Fluorescence from the disk-reprocessing of the inner coronal photons is another potential
origin, as the time-averaged spectrum is dominated by the reflection (freg ~ 0.6). The
reflection lines in a rotational disk are anticipated to have asymmetric double peaks where
the blue wing is stronger due to the relativistic beaming (see details in Sec.2.2.1.2).

Initially, we utilized a phenomenological model, diskline, to describe line emission
from a relativistic accretion disk. We adopted two disk line components to model the line
around 1 keV and the possible N VII emission at 0.5 keV, because of the indicative wings
around these two energies (see Fig.5.4). The inclination angle is linked to the primary
reflection component angle. The outer radius is fixed at 1000 R, and the inner disk radii of
these two components are tied together as we do not expect their positions to be significantly
different. The fit returns a Ay> ~ 80 improvement with a inner radius of 561’%?Rg. The
emissivity index is around 3, consistent with the solution in Newtonian spacetime. The best-
fit centroid of the higher energy line is at 0.996Jj8:8§g keV, which agrees with the Gaussian
line fit.

Then we replace the phenomenological disk line models with a physical model, another
relxilllpCp component. The parameters are linked to those of the first relxilllpCp
component, except for the free inner disk radius, ionization parameter, and normalization.
The redshift is also allowed to vary because the strongest reflection line in the soft band is
O VIII and we thus tested whether such a strong 1keV emission could be a blueshifted O
VIII, which is plausible for reflection in the inner region of a rapidly rotational disk or the
base of the wind. The best fit reveals a moderately ionized reflector with a strong blueshift
of z}f‘éls ~ —0.31, resulting in a Ax? ~ 32 improvement. A reflection component that is
blueshifted by ~0.3 would predict a strong broad iron line at ~ 8 keV. Such a feature is not
observed in the spectrum, and thus the normalization of this component is low, and thus
under-predicts the 1 keV line, as well.

However, the fit highly improves if we free the spectral slope in the second reflection
model. A much softer (I' > 3.2) continuum irradiating the secondary reflector results in a re-
markable statistical improvement of Ay? ~ 75, requiring a blueshifted (zEng = —O.332J_r8:88%)
ionized (log(& /ergems™!) = 2.50f8:ﬁ ) reflector with an inner radius of R;, = 186J_r?86 Rs.
The best-fit RGS spectrum is illustrated in the bottom panel of Fig.5.8. The main contribution
of the secondary reflector to the modeling is the flux around 1keV with a double peak profile,
which is produced by a distant inner radius. The requirement for such a soft continuum
implies that the emission lines are from a gas irradiated by both the hot corona and the soft
excess, no matter whether the soft excess originates from a warm corona or the relativistic

reflection. We attempted to replace the diskbb with a Comptonization model nthComp and
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Fig. 5.9 Model components of the best-fit model derived in section ??. The black solid line is
the total contribution of the model components. The purple, orange, and blue dash lines are
the soft excess, coronal emission plus the primary relativistic reflection, and the secondary
reflection respectively.

adopted this as the radiation field of the second reflector, to investigate the origin of the X-ray
radiation field. We did not find any significant improvement with respect to the disk model
and thus preferred to keep the diskbb model as the detailed investigation of the radiation
field for the secondary reflection is beyond the scope of this paper.

Interestingly, a further statistical improvement could be achieved by allowing the inclina-
tion angle of the second reflection to vary. We obtain a lower inclination angle (i = 261“; deg),
a smaller inner radius (R;, = 355; Rg) with a sz /d.o.f. =7/1 improvement, corresponding
to the significance of ~ 2.7¢. The model components are illustrated in Fig.5.9. The smaller
inner radius leads to a skewed broadened line profile due to the relativistic effects rather than
a double-peak profile, but the modeling for the 1 keV emission is even better according to
the statistics. As a result, it seems that a strongly blueshifted reflection component with a
soft continuum is a physically promising explanation, and the differences caused by the free
inclination angle suggest a more complex scenario for the reflection, which is discussed in
Sec.5.4.2.
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5.4 Discussion

5.4.1 Multi-phase Absorber

Through the line scan and the MC simulations, we detect and confirm several absorption
lines at the rest-frame positions of ion transitions and three blueshifted features in the RGS
spectrum of 1H 1934, which respectively correspond to a WA and a UFO. The ionization
states of these two absorbers are similar (logé ~ 1.6-1.7), while the velocities differ.

Tombesi et al. [337] suggested that the UFO and the WA originate from a single large-
scale wind, where the UFO is denser, faster, and more ionized than the WA. However,
the discovered UFO in 1H 1934 is not highly ionized and even less dense than the WA,
inconsistent with this scenario. Alternatively, Pounds and King [271] considered another
explanation that the WA is produced in the shock where a UFO collides with the surrounding
medium. In this case, the weakly ionized UFO discovered in 1H 1934 could be explained by
the entrained UFO, which is pushed at a velocity comparable to that of the UFO and retains
its ionization state and column density of the surrounding medium. Such E-UFO has also
been observed in IRAS 17020+4544 and PG 1114+445, where there is evidence for three
kinds of outflows, including WAs, E-UFOs, and UFOs [309, 314]. E-UFOs could be the
missing link between the high-ionization UFOs and the slow WAs.

Apart from the outflow explanation, an alternative scenario has been proposed that
the highly blueshifted absorption lines seen in the spectrum might be the results of the
reflection component passing through a thin, highly-ionized absorbing layer at the surface
of the accretion disk (e.g. PG 12114143 and IRAS 13224-3809, [93, 75]). It should be
noted that only the part of the absorber in front of the inner reflected emission contributes
to the absorption. The observed velocity originates from the projected Keplerian motion
along our LOS, vi.0s = VabsSiNO & vapsRem /Rabs, Where v,y is the Keplerian velocity of the
absorber, v ps = \/m, and Ren, and Ry, are the radii of the reflector and absorber
respectively. If we assume the reflection occurs at the ISCO of a Schwarzschild black hole
(ax =0), Rem = 6 R, the absorber is thus around 18.6 R, where the relativistic beaming effect
probably leads to a single blueshifted absorption line. The actual test for this interpretation
requires an accurate calculation of the absorption through the disk atmosphere and will be

considered in a future paper with more data.

5.4.2 Explanations for the Line Emitter

The emission features detected in the 1H 1934 spectrum are unknown and, in particular,

the 1 keV emission line has never been well explained in previous work, although a similar
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broad feature at ~1keV was found in 1ES 1927+654 [296]. According to our results,
we find that the second blueshifted reflection model fits such emission feature better than
photo- and collisional-ionization models provided that the ionizing field is softer (I" > 3.2)
than its primary continuum (I" ~ 2.15) and the gas is hotter (log(& /ergcms™!) ~ 2.5) than
any absorption component (log& ~ 1.6-1.7). Coupling the inclination of two reflection
components (i ~ 39°) constrains the inner radius of the second reflection to R;, ~ 70-252R,,
while leaving them free yields Rj, ~ 8-52R, and a lower inclination angle (i ~ 26°). The
fact that fluorescence provides a better description than recombination of photoionized gas
means that the line-emitting gas is likely optically thick, consisting of a layer very close or
part of the inner accretion disk. Such plasma is blueshifted as indicated and is outside the
line of sight towards the X-ray emitting region (otherwise the soft energy band of the spectra
would be highly suppressed).

Disk atmospheric origin: The scenario proposed by Gallo and Fabian [93] and Fabian
et al. [75] for the blueshifted absorption lines could also be applied to the emission when the
disk inclination (i ~ 40°) is not as large as that of IRAS 13224-3809 (i ~ 70°), at which the
wind absorption may be smaller and more of the inner accretion flow should be observed.
In this scenario, the strong blueshift originates from the circulation of the accretion disk,
resulting in a velocity shift comparable to the Keplerian velocity expected from a radius close
to the R;,. The static disk reflection explanation implies an inclination angle common between
the two reflection components. The corresponding inner radius of the second reflection is
among 70-252 Ry, which is almost an order of magnitude larger than the Keplerian radius,
Rx = GM /v ~ 11Ry, related to a relativistically corrected velocity (v ~ —0.293 ¢) from the
modeling. Hence, our fits disfavor a purely static disk reflection origin, which requires an
inclination angle identical to the primary reflector.

Magnetic outflows: An alternative scenario is that the emission lines are produced by
the reflection of the inner accretion flow photons off the base of the magnetically-driven
outflow (see the top panel of Fig.5.10). Under this circumstance, the base of the high-speed
outflow is launched at a small angle concerning the disk surface and does not obscure the
corona but only generates emission lines by reflection (e.g. 1keV line). The wind will
then be lifted, maximizing the velocity exactly in our LOS, yielding a high blueshift. The
absorption features will only be observed when the gas rotates following the magnetic field
lines with a velocity vector becoming close to the polar direction. The projection of the
velocity in LOS is expected to be smaller than the emission lines, which is consistent with
our results. However, it is unclear whether the wind orientation could dramatically change
within a small region at a speed of ~ 0.3 ¢, which occurs in a timescale of a few seconds.

The requirements of the small region are due to the short recombination time scale of ions
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(e.g. ~ 1 sec for O VIII, [264]) and the fact that outflows will be porous after leaving the
base. Moreover, if the velocity of the UFO absorption phase (~ 0.075¢) is indeed due to a
projection of the actual velocity, we can estimate the inclination of the LOS with respect

to the UFO, 0, by calculating 6 = arccosgjgggi ~ 75°. The angle between our LOS and the

disk axis thus should be > 75°, implying a Seyfert 1.5-2 galaxy and more obscuration than
what we observed.

Radiative outflows: The standard quasar-like equatorial outflow is another possible
scenario, where the outflow is launched at an intermediate angle (e.g. close to 40°) with
emission lines produced by the reflection of the inner region photons off the base of the
wind (see the bottom panel of Fig.5.10). Here the base of winds is the inner thick disk
puffed up by the strong radiation field. The primary reflection probably comes from the
reprocessing in the inner thin disk. The reflection lines will be observed at a blueshift close
to the maximal velocity, while the signatures of the photoionization are hardly detected in
the form of either emission or absorption lines because of the over-ionization in the inner
region. The UFO moving at ~ —0.075 ¢ might be the optically thin outflow from a broad
range of radii with a ~ —0.075 ¢ part making the largest contribution in our LOS. In this case,
the wind is inclined concerning the disk, implying that the inclination angle of the second
reflection should be different from the angle between the disk axis and our LOS, compatible
with our discovery of a lower inclination angle i ~ 26°. By assuming the derived velocity as
the escape velocity, the launching radius of the outflow would be Resc = 2GM /v? ~ 22 Ry,
consistent with our fitted R;, ~ 8-52R,. In addition, Thomsen et al. [333] predicted that
the iron line profile produced from the super-Eddington thick disk is symmetric in shape.
The line profile revealed by the line scan (see the 1keV emission in the middle panel of
Fig.??) looks symmetric, supporting the hypothesis of the reflection off a super-Eddington
disk. Consequently, the standard quasar-like equatorial outflow could be an explanation for
our results to be verified with future observations.

5.4.3 Outflow Properties

The kinetic energy of the UFO is estimated through Eq.1.14. By measuring the ionizing
luminosity (1-1000 Rydberg) at Lio, ~ 1.68 x 10* erg/s, we find:

Luro = 0.5V pomppLionQC/E ~ 4.77 x 10¥QCyerg/s (5.1)

using the UFO results derived from the time-averaged spectrum. If we adopt the conservative
value 0.3 for the solid angle from GR-MHD simulations of radiatively-driven winds in
super-Eddington systems [330], and the filling factor Cy ~ 3 x 10~* through Eq. 23 in
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Fig. 5.10 Simplified scheme of the possible explanations for the outflow in 1H 1934-063.
The SMBH is surrounded by a standard thin disk (fop) or a thick inner disk (bottom), and
the lamppost geometry is assumed for the hot corona. The absorption lines are observed
through the outflow in front of the hot corona. Top panel: The outflow driven by the magneto-
rotational force is launched at a small angle concerning the disk and then could be quickly
lifted to the polar direction. The emission originates from the reflection on the wind base
within the disk. Bottom panel: The radiation pressure in the Eddington-limit system thickens
the inner disk and drives the outflow to the equatorial direction. The emission lines come
from the reflection on the inner thick disk.
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Kobayashi et al. [167] by assuming that the outflow rate is comparable to the accretion rate,
the kinetic energy is Lypo ~ 5.2 X 1042 erg/s ~ 3%Lyo or 1%Lgqq, above the theoretical
criterion 0.5%Lgq4q to affect the surrounding medium and host galaxy [60, 127]. The detection
of reflection off a faster and more ionized phase of the UFO would suggest stronger feedback.

Furthermore, we estimate the location of the detected ~ —0.075 ¢ UFO. According to
Eq.1.11, the UFO is at least at R > 2GMpgy/ V%FO 2 358 Ry. On the other hand, the upper
limit of the radius is obtained R < CyLion/ENy ~ 4.2 x 10° R, through Eq.1.12. Hence, the
location of that UFO is estimated between 3.6 x 102—4.2 x 10° R and the density of the wind
is thus constrained within nyg = Lioné/R2 ~1.2x10°-1.7 x 1083 cm—3.

5.4.4 Comparison with other AGN

The properties of the warm absorber in 1H 1934 do not stand out if compared with other AGN.
The velocity of the UFO (0.075¢) is at the low end among other AGN, such as Mrk 1044
(0.08c, [181]), PG 1448+273 (0.09c, [173]) and IRAS 13224-3809 (0.24 c, [252]). However,
the other parameters of UFO (log(Ny/em~2) = 6.6731 x 10'° and log(& /ergems™!) =
1.64_“8:%) are smaller than the typical UFO region, where the ionization parameter and the
column density spans from log & ~ 3-6 and log(Ny /cm™2) ~ 2224 respectively [339]. The
estimated kinetic energy of UFO is thus weaker but still effective enough to affect the host
galaxy. For comparison, a similar weak UFO has also been found in other two sources, PG
1114+445 [314] and IRAS 17020+4544 [309], where the column density of UFO is similar
or lower than that of the warm absorber. This can be explained with an entrained UFO,
produced by the interaction between the UFO and surrounding materials, fitting in between
the UFO and the warm absorber.

The variability of the warm absorber has been observed on a time scale of days or weeks
in several Seyfert 1 galaxies, e.g. MCG-6-30-15 [72], Swift J2127.4+5654 [310] and Fairall
51 [327], while the variation only happens in the column density and could be explained
by the X-ray eclipse. If the potential variation of the warm absorber in 1H 1934 is true, the
change occurs in the ionization state within ~ 1.5 days due to the variable ionization.

An origin within relativistic reflection off the base of outflows with a strong blueshift
is a rather new topic. Kara et al. [157] invoked a strongly blueshifted Fe K reflection line
through the X-ray reverberation in a super-Eddington AGN, Swift J1644+57, where the high
accretion rate is induced by a tidal disruption event (TDE), in which an AGN destroyed a
star and the fallback surpassed Eddington. In 1H 1934, we do not observe a TDE and the
same strong blueshift is associated with the soft X-ray emission rather than the Fe K line. We
notice that there is a broad emission feature at 1 keV in 1ES 1927+654, which was presumed
to be the Ne X (1.02 keV) or the ionized Fe L emission from Fe XX-XIV [296]. But another
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interpretation similar to ours was proposed by Masterson et al. [216] that the broad 1 keV
emission line could be reproduced by a high-density (logn. > 18cm™>) and blueshifted
(z ~ —0.3) reflection model, implying the base of the outflow after the TDE. In our case,
we attempt to replace the secondary reflection model with a free-density version but only
obtain an upper limit of logne < 16.6cm ™. It is reasonable since our lines are not as broad
as in 1ES 19274654 and imply the base of the wind instead of the standard disk photosphere,
which should be very dense at the inner disk. Ideally, more strongly blueshifted fluorescent
lines should be observed to justify this origin, which will be checked with observations.

5.5 Conclusions

In this Chapter, we perform a variability analysis, and a time- and flux-resolved X-ray
spectroscopy on a joint XMM-Newton and NuSTAR observation of NLS1 1H 1934-063 in
2015 to investigate the nature of the soft X-ray features. We find some absorption features
are close to their rest frame and come from a distant warm absorber, which seems to
weakly vary within the exposure time. Some absorption features are consistent with a UFO
(vuro ~ —0.075¢), which might be an E-UFO as a result of the interaction between the UFO
and surrounding medium. The detected emission lines do not match any known rest-frame
ion transitions. A secondary blueshifted (z ~ —0.3 ¢) reflection model fits such emission
features better than photo- or collisional-ionization plasma models. We explain this with the
reprocessing of inner accretion flow photons off the base of an equatorial wind, which could
be the link between reflection and ejection in high-accretion AGN.
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A systematic study of the ultra-fast
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Abstract

In this Chapter, we performed high-resolution spectroscopy of archival XMM-Newton obser-
vations on six highly-accreting NLS1 galaxies, to study the launching mechanisms of UFOs.
The methods of the line scan and photoionization model scan are used to discover three
previously unreported UFOs. We investigate the response of UFO properties, such as the
column density Ny, ionization parameter log &, and velocity v, to the luminosity variations.
Combined with the published results of four AGN, we compare the best-fit slope of the
correlations between the UFO properties and luminosity, i.e. I'y,,, Diog £+ and D'yelocity with
the intrinsic AGN properties. 5 out of 7 UFOs within the sample exhibit positive I'y,, and
I'jog £ suggesting UFOs respond to the radiation field, while only 2 of them present a positive
[elocity, indicating a radiatively accelerated outflow. We observe no significant dependence
of I'n,, and I'i,e ¢ on intrinsic AGN properties, but there is an anti-correlation between the
UFO acceleration I'yeocity and the Eddington ratio Agdd. Our results imply that UFOs in
highly accreting AGN are likely driven by radiation pressure, but the acceleration decreases

as the radiative accretion rate approaches or exceeds the Eddington limit.

6.1 Introduction

Despite numerous UFOs detected in AGN, their wind-driven mechanisms remain poorly
understood. In Chapter 3 and 4, we explored UFO launching mechanisms by analyzing
their variability in one super-Eddington and sub-Eddington AGN. However, so far only four
UFOs have been extensively studied in relation to luminosity variations, leading to limited
knowledge about their launching mechanisms. To address this gap, we intend to conduct a
systematic study of UFO responses to source variability, aiming to enhance our understanding
of their nature and the underlying mechanisms.

In this Chapter, we will show the detailed high-resolution spectroscopic analysis of a
sample of UFOs in 6 nearby NLS1 galaxies, observed by XMM-Newton, mainly focusing
on RGS data. In Sec.6.2 and Sec.6.3, we will list the sample selection criteria and our data

reduction processes respectively. The adopted analysis methods are described in Sec.6.4.
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Our results are summarized in Sec.6.5, where we find previously unreported UFOs in three
AGN, and further study the relationship between the UFO properties and the source. We
discuss our results and compare them with the literature in Sec.6.6. Finally, in Sec.6.7 we
draw our conclusions and point out prospects.

6.2 Sample Selection

The systems of interest in our study are AGN with UFOs. We thus explored the archival
XMM-Newton dataset, in particular RGS spectra, which possess both high spectral resolution
and sufficient photons due to its large effective area in the soft X-ray band. Our selection is

based on the following considerations:

1. A UFO has to be detected in the system. Since we are also interested in discovering
new UFOs in AGN, the search is not limited to the UFO-reported AGN but rather is
extended to all Seyfert galaxies and quasars with an XMM-Newton exposure time of
> 50ks, resulting in a sample of 307 targets. The long exposure time is necessary for
RGS to detect and resolve narrow lines (e.g. see Fig. 11 in [171]).

2. The UFO absorption features in the soft X-ray band might be heavily contaminated
by the transient obscuration event or the persistent torus obscuration. Thus only AGN
with a neutral column density log Ny /cm™2 < 22 are selected, leading to the sample

size down to 179.

3. To detect the potential UFO response to the source variability, we need enough counts
to perform time- or flux-resolved spectroscopy. In the initial stage, we adopted the
product of the averaged RGS flux at 15A and the total exposure time as a probe for
the number of soft X-ray counts, which is easily accessed through the XMM-Newton
Science Archive (XSA). The exact number of counts is obtained by extracting the RGS
spectra (listed in column 6 of Tab.6.1). The threshold is set at half the soft counts of
PDS 456, which is the target with the least soft X-ray counts among four previously
analyzed sources, i.e. 50000, to ensure statistics. The resulting sample size becomes
29.

4. The detection significance of UFO is a key quantity for the strict constraints on
parameters, which are indispensable for the discovery of UFO response. Therefore,
we selected out sources with a UFO detection of AC-stat > 30 for 4 d.o.f., i.e.> 4.60,
in the stacked spectrum to ensure constraints on UFO parameters in the time- or flux-

resolved spectra. This filter cannot be directly applied before performing the physical
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modeling, so we modified the size of our sample during the analysis and ended up with

the number of 6.

Our final sample consists of 6 AGN, all of which are nearby NLS1 galaxies. Their basic
information is shown in Tab. 6.1, ordered by the accumulated RGS counts. The black hole
mass (Mgy) and the bolometric luminosity (Lyo)) are obtained from the literature, while the
latter is also estimated in this work as well as the accordingly calculated Eddington ratio. All
of them are high- or super-Eddington AGN, expected to launch outflows [240]. The disk
inclination angles are obtained based on the reflection spectroscopy results from the literature
and this work, except for RE J1034+396, which exhibits no discernible reflection features in

the spectra. For this particular case, the value is loosely constrained by the simulations [129].

6.3 Data Reduction

The analyzed observations of the sources in our sample are shown in Tab.6.2. We discarded
the observations with less than 20 ks exposure time. Specifically for RE J1034+396, we also
excluded several observations before 2020 that had a similar flux level with the extensive
campaigns in 2020 and 2021. This was to avoid potential influence from the long-term
continuum variation on flux-resolved spectroscopy. The data sets were reduced following the
standard SAS threads with the XMM-Newton Science Analysis System (SAS v20.0.0) and
calibration files available by September 2022. In this Chapter, apart from the RGS data, we
also use EPIC-pn and OM data to help constrain the SED of the AGN.

Briefly, we reduced the EPIC-pn data using EPPROC and filtered the time intervals
affected by the background flares, which show the count rates larger than 0.5 counts/sec
in the 10-12keV range. The source and background spectra were extracted from a cir-
cular region with a radius of 30 arcsec centered on and offset but near the source re-
spectively. The pile-up effect was examined by task EPATPLOT. Only one observation
of RE J1034+396 (0506440101) and four observations of PG 1211+143 (0112610101,
05020501(2)01, 0745110301) are affected by pile-up. Therefore, an annulus region with an
inner radius of 32 arcsec and an outer radius of 45 arcsec was applied to extract the source
spectrum of RE J1034+396, while an annulus with an inner radius of 10 arcsec and an outer
radius of 30 arcsec was adopted for the PG 12114143 source spectra. The RGS data were
processed by the RGSPROC package with a flare filter of 0.3 counts/sec. The first-order RGS
spectra were extracted from a cross-dispersion region of 1 arcmin width and the background
spectra were extracted from photons beyond 98% of the source point-spread function as
default. We only used the GTI common to both RGS 1 and 2 and combined their spectra for
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the high S/N. The OM data were reduced with OMICHAIN and stacked into a time-averaged
spectrum for each source, since they are relatively stable and much less variable than the
X-ray flux, at most 25% variations in our sample.

To investigate the dependence of UFOs on source variability, we adopted different
stacking approaches for the EPIC-pn and RGS spectra of each object and generated the
time-averaged, time-resolved, and flux-resolved spectra. The stacking approaches and
corresponding labels are listed in Tab.6.2. The EPIC-pn (0.3-10keV) light curves and corre-
sponding hardness ratios (HR = H/H+ S, H: 2-10keV; S: 0.3-2 keV) are extracted with the
EPICLCCORR task and shown in Fig.6.1 and 6.2. For the flux-resolved approach, we equally
divided the light curves into several flux levels (the number shown in Tab.6.2), which makes
the number of counts of each level comparable (> 10* counts). The GTI files were created
with the TABGITGEN package and the flux-resolved spectra were subsequently extracted and
stacked. For each source, except for 1H 1934-063, a time-averaged spectrum from all obser-
vations is also extracted and labeled as ‘avg’, while the averaged spectrum of 1H 1934-063
results from stacking two new observations in 2021 and refers to as ‘2021°. The EPIC-pn
and RGS spectra were separately stacked with EPICSPECCOMBINE and RGSCOMBINE and
grouped to over-sample the instrumental resolution at least by a factor of 3.

6.4 Methods

In this section, we present the results of our analysis methods, including the spectral modeling
(see Sec.6.4.1), Gaussian line scan (see Sec.6.4.2), and the photoionization model scan (see
Sec.6.4.3) to visualize the UFO absorption lines in each spectrum, identify the best-fit
solution for UFOs and obtain the UFO properties.

6.4.1 Continuum Modelling

The X-ray data analysis software XSPEC (v12.12.1, [12]) is used for broadband-band spectral
analysis of the EPIC-pn and RGS data. We consider the RGS spectra between 0.4—1.77 keV,
and the EPIC-pn spectra only between 1.77-10keV (except for RE J1034+396 and PG
12444026 between 1.77-8keV due to the background domination above 8 keV) in our
analysis, due to the influence of the lower resolution but higher count rate of EPIC-pn on
the detection of atomic features. The instrumental differences are taken into account by
adopting a variable cross-calibration factor constant. We use the C—stat [35] statistics and
estimate the uncertainties of all parameters at the 10 (i.e. AC—stat = 1) confidence level.

In this Chapter, the luminosities are calculated by the cf1ux model with the assumption
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Fig. 6.1 The EPIC-pn (0.3—10keV) light curve (upper) and the corresponding hardness ratio
(lower) of the observations of 1H 1934-063 (a), RE J1034+396 (b), and PG 1244+026 (c).
The individual and flux-/time-resolved spectra of each source stacked by different approaches
(listed in Tab.6.2) are marked in different colors with labels.
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Fig. 6.2 Similar to Fig.6.1, but for PG 1211+143 (d), I ZW 1 (e) and IRAS 1702044544 (f).
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of Hy = 70 km/s/Mpc, Q = 0.73 and Q) = 0.27. We use tbabs in XSPEC to model the
Galactic absorption with Galactic column densities provided by HI4PI Collaboration et al.
[120], except for 1H 1934-063. For this particular case, we accounted for the relatively heavy
Galactic absorption (~ 10?! cm~2) using the high-resolution photoabsorption model ismabs
instead. We adopt the solar abundance calculated by Lodders et al. [196] to keep consistent
with the subsequently used photoionization model in Sec.6.4.3. The redshift of AGN is
taken into account by zashift in XSPEC. In this Chapter, since we are only interested in
the atomic features instead of the origin of the broadband continuum, we adopt the model
diskbb, characterized by the temperature at the inner accretion disk, to phenomenologically
account for the soft excess for the sake of simplicity. The primary and reprocessing emissions
are explained by a flavor of the relativistic reflection model (RELXILL v1.4.3, [94]), which
includes a hot Comptonization continuum (relxillCp).

Therefore, the general continuum model for most targets in this work is:
constant*tbabs*zashift*cflux*(diskbb+relxillCp),

except for RE J10344+396 and IRAS 17020+4544. Due to the lack of discernible reflection
features in the spectra of RE J1034+396, we adopted the best model combination from
Jin et al. [142], which assumes the warm Comptonization explanation for the soft excess
and consists of three Comptonization components for the hot, intermediate, and warm
Comptonization emission. In IRAS 17020+4544, a single reflection component cannot
explain the relativistically broadened Fe K emission. Therefore, following the best-fit
continuum model from Gonzalez et al. [107], we included an additional 1aor component,
which models the disk line affected by strong gravity, with disk parameters (the inclination
angle, inner and outer disk radius) linked to those of relxillCp, while the line energy,
emissivity index, and normalization are left free. For the remaining targets, our general
continuum model also aligns with the best combination in prior studies on those sources [154,
194, 373, 364]. The long-term invariants, such as the black hole spin, disk inclination angle,
and iron abundance, were linked together across the averaged, time- and flux-resolved spectra
of the same source during the analysis. Moreover, we have tested a few different continuum
models, such as changing the flavors of RELXILL and replacing the phenomenological
model diskbb with a warm corona or a high-density relativistic reflection model. We found
that the choice of the continuum model does not affect the following results on the line
modeling and detection of UFOs. Details of continuum parameters are unrelated to our goal
and thus are not shown in this work. Only inclination angles derived from the reflection
model are listed in Tab.6.1 for further analysis in Section 6.5.2.
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6.4.2 Gaussian Line Scan

To identify both the narrow and broad atomic features, we perform blind line search, described
in Sec.2.3.1, by assuming the line widths at o, of 500, 1500, 4500 km/s, and the corresponding
numbers of the energy steps at 2000, 700, 300, respectively. This analysis approach is
performed for every spectrum extracted from the observations of the sources in our sample.
The results are shown in Figs. A.1 to A.6, where the centroid of prominent UFO absorption
features discovered in the following photoionization modeling are highlighted by the vertical
dashed red lines. The details of the line scan results over each spectrum of individual sources

are presented in Appendix A.

6.4.3 Photoionization Model Scan

As we have done in Chapter 4, we adopted the code used in Parker et al. [251] to construct
the tabulated XSPEC version of PION for photoionization modeling. In this Chapter, we only
make use of the absorption component of PIQN, i.e., XABS, and the re-built model is thus
named as XABS_XS.

The intrinsic SEDs of individual sources are derived from the UV, constrained by OM
spectra, to the hard X-ray band (from 1eV to 10keV). We adopted the AGN SED model,
AGNSLIM [184, 185], sharing the same temperature between the disk and the seed photon
of the warm Comptonization, only for SED calculations. This model allows us to directly
measure the Eddington ratio, listed in Tab.6.1. The relativistic reflection component was
included as well and fixed at the best fit derived from the continuum modeling in Section
6.4.1 without the primary continuum in the model. The Galactic extinction is also considered
by the redden model according to Schlafly and Finkbeiner [311]. Nonetheless, for RE
J1034+4396, PG 1244+026, and I ZW 1, the UV/optical data cannot be well explained
by AGNSLIM. In these cases, we employed the phenomenological model diskbb for the
UV/optical spectra. Specifically, the characterized disk temperatures of these sources are
301“%2, 281“%;, and 121250 eV respectively. We roughly estimated their Eddington ratios by
calculating the bolometric luminosity (1073103 keV) predicted by the model. The intrinsic
time-averaged SEDs of each source are shown in Fig. 6.3. Due to the concerns about the
potential impact of the loosely constrained UV/optical measurements on photoionization
modeling, we investigated and confirmed that variations in the disk temperature within
the uncertainties do not significantly affect the ionization balance of the plasma, and the
conclusions of this work.

We then launch a systematic scan over a multi-dimension grid of the parameters (log &, z1 0s, O))

of XABS_XS upon the continuum model for each spectrum, as introduced in Sec.2.3.2.
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Fig. 6.3 The averaged SED of sources in our sample compared with 1H 0707-495 [372],
IRAS 13224-3809 [138], and Mrk 1044 [374].
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The grids consist of the ionization parameter log&, ranging from 0 to 5 with a step of
Alog& = 0.1, the turbulent velocity o, (o, = 500, 1500,4500 km/s) and the LOS velocity
vLos, from -105000 km/s to O with an increment depending on the choice of 6, (cAzros =
500,700, 1500 km/s for o,, = 500, 1500,4500 km/s respectively).

The photoionization model scan is performed on every spectrum in our sample. If the
secondary solutions have a significance above 30 in a single trial, i.e. AC-stat= 16.25 for
4 degrees of freedom, we will iteratively include an additional absorption component into
the model and re-perform the scan upon the new baseline model until the significance of
adding a further absorption component to the model falls below 3c. For clarity, we only
present the scan results detecting UFOs across the time-averaged spectrum of each target in
Fig.6.4, while the results detecting WAs, such as 1H 1934-063 [373], RE J1034+396 (firstly
detected), I ZW 1 [43, 303], and IRAS 17020+4544 [309] are not shown. We exhibit results
with a line width of 1500 km/s except PG 1211+143 (o, =500 km/s) due to the consistency
among scan results with different line widths. The velocity on the X-axis is relativistically
corrected. The grid with the strongest detection is marked by a red cross but it may not be
the final result, because during the direct spectral modeling, the line width is free to vary and
the best fit may fall in another solution. But the scan plots at least provide a reference map
for the globally best-fit solution of UFOs.

6.5 Results

In this section, we present the results of the photoionization modeling (Sec.6.5.1), the
tentative dependence of UFO detection on viewing angles (Sec.6.5.2), the evolution of UFO
properties across various flux states (Sec.6.5.3), and the potential correlations between the

evolution slopes and intrinsic source properties (Sec.6.5.4).

6.5.1 Photoionization Modeling

According to the scan results in Fig.6.4, we directly fit the photoionization absorption model
with a free turbulent velocity to each spectrum in our sample with the initial values obtained
from the scan results. Conservatively, we also test other peaks in the scan plots in case their
significance is larger than those obtained from the scan with a fixed line width, e.g. the
best-fit UFO in 1H 1934-063, RE J1034+396 and PG 1211+143. The final best-fit parameters
of UFOs are listed in Tab.6.3, while those of WAs are listed in Tab.A.1. Only the absorbers
with a significance above 30 (i.e. AC—stat > 16) are taken into account, which explains

why some previously reported UFOs are not included in our results, e.g. 4 UFOs in IRAS
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Fig. 6.4 Photoionization absorption model search for the time-averaged spectra of 1H 1934-
063 (a), RE J1034+396 (b), PG 1244+026 (c), PG 1211+143 (d), I ZW 1 (e) and IRAS
17020+4544 (f) over the baseline model (continuum or plus WAs). The color illustrates the
statistical improvement after adding an absorption component with a line width of 1500 km/s
(except PG 1211+143 with 6, = 500 km/s). The solution with the most significant detection

is marked by a red cross.
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1702044544 but only 1 UFO with AC—stat > 16 [309]. Despite the presence of numerous
solutions in the scan plots, multiple UFOs are not detected in our results, except for PG
1211+143 and I ZW 1. This is because the solutions partially degenerate and account for the
same line features, making the secondary solutions insufficiently apparent once the primary
UFO is considered. We have also estimated the potential influence of the strong emission
lines in some spectra on the modeling of the absorption component. We compared the fits
before and after including a photoionization emission component i.e. PION_XS and found it
does not significantly affect the fits and our conclusions, due to the narrow line widths of the
emission lines.

Notably, two sources, RE J1034+396 and PG 1244+026, had no previously reported
UFOs. Furthermore, there was no UFO detection in the soft X-ray band of the I ZW 1 spec-
trum [318]. Importantly, this detection is not merely a result of including new and previously
unanalyzed observations of these sources but is primarily attributed to the effectiveness of
our methodology. The description of UFOs in individual sources is presented as follows,
while that of WAs is shown in Appendix.A:

1H 1934-063: UFOs detected in the 2021 observations exhibit distinct properties from
that in 2015 (see Chapter 5), with higher ionization states, larger column densities, and faster
speeds. However, the observations of these two epochs share similar X-ray luminosity (see
panel a of Fig.6.1), indicating that the difference is unrelated to the radiation field. The origin
of the UFO change remains mysterious, perhaps resulting from different phases of UFOs or
unknown prior variable accretion rates. In the flux-resolved spectra from consecutive 2021
observations, most UFO properties remain stable within their uncertainties, except that the
velocity tends to be higher when the source is brighter (see Tab.6.3).

RE J1034+396: UFOs in RE J1034+396 are degenerated to explain similar Fe complex
absorption lines between 1-1.2keV (Fig.A.2), indicating the same origin. The degenerated
region can be observed in panel b of Fig.6.4, where the best-fit UFO solutions for F1 and F2
spectra manifest at the high-speed end of the degenerate solutions while the ‘high’ spectrum
solution is notably confined to the low-speed domain. The statistical difference between these
two distinct solutions within the ‘high’ spectrum is AC—stat = 16 and it becomes even larger
for UFOs in flux-resolved spectra, disfavoring the explanation of stochastic variability. The
origin of this UFO change is still unknown, although the ionization parameter and column
density appear to be correlated to the luminosity while the velocity does not exhibit the
same behavior. Within the two flux-resolved spectra of 2020-2021, when the variation in the
source luminosity is negligible, UFO properties remain constant within their uncertainties.

PG 1244+026: The UFO in PG 1244+026 has a stable velocity while simultaneously

exhibiting tentative flux-dependent trends in the ionization state and column density. These
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Table 6.3 Table of the best-fit UFO parameters derived from extracted spectra of targets in
Chapter 6. The uncertainties of parameters are estimated at 10 error bars.

Sources UFO Luminosity
logé Ny Oy VLOS AC-stat | Lo.4—10kev
ergems™!  (102'em™2)  (km/s) (km/s) (10% erg/s)
1H 1934-063
2015 1267015 0.057001 8677392 —24000730 30 1747002
2021 2941005 11703 61517330 5520010500 32 173759
F1 290700 09703 2368737 —5310010%, 20 1.447501
F2 3.057048 13703 243373938 6030071250 17 2.227092
RE J1034+396
avg 338005 2773 49730 —634807,% 75 3.8701
Fl 3260001 18113 1867350 —63270728%0 28 3.3703
F2 343101 29112 42738 —6372013% 34 401902
high 4.40709¢ 1474 316371835 —2010071% 32 42701
PG 1244+026
avg L4270 0157003 108735 —135307%) 114 7.0
F1 159709 0.23%902 6373 —1317071) 32 54701
F2 1467013 0.25790¢ 99t —13710M3) 53 7175
F3 13707 0.127502 7375 —136501080 22 8.3701
F4 13702 0047000 3197322 13470780 18 10.77973
PG 1211+143
2257019 0157000 317072850 —1078078%0 48 :
- R R N L T 01 R R
5.0, 6001500 4487385 27300730 24 -
T3 3.037018 26050 218%57  —1278075)0 69 28.370¢
T4 1637006 0.6703 <51 —17820M3% 22 27.070°
TS 45752 1271752 <58  -51930730 23 STARY
T6 153101 23752 58720 —1776011%0 100 157193
T7 222709 07753 23178 —17550M% 73 18.5703
T8 3.33700% 2013 <14 —4122073%0 17 18.670%
T10 2177518 04703 gotsl  —101107%0 23 21.675%
T11 4197022 1107830 127718 72930718 23 1913
1ZW 1
avg? 4.801008 15007300 <21 —6423077 56 70416
2267013 0147057 20247882 258007300 48 12
_ 4.54100¢ 15007300 4975 —639907120 51 21419
2.067029 0157000 2489188 —261007800 23 -2
Fo 4.50%00s 15007300 <22 —65400T)0 19 8723
2697037 036707 1473787 258007300 29 2
2020 376750 7t 650733  —41310730 18 12.6703
IRAS 17020+4544
avg 1.970) 030750 2471730 23155730 49 22.6102
F1 15T 0197505 29921198 2311071200 17 20.5702
F2 18107 0267000 1707M30 23110733 19 22.610°
F3 19707 0337598 1958761 23200730 22 28.7°58

* A secondary UFO is detected in this spectrum.
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trends are illustrated by the increasing ratio between blueshifted O VII and O VIII with
enhanced luminosity (see Fig.A.3), indicative of a decreasing ionization parameter and
column density. However, deciphering the underlying reason for this decreasing trend is
challenging. We notice that one observation (2011) occurred three years before the others
(2014). Through the trial of the time-resolved spectroscopy, we found that the UFO properties
in that observation resemble those found in the others, ruling out the explanation of different
UFO phases. Even after removing the 2011 observation, time-resolved results still lead to
a decreasing trend of the ionization parameter within 10, excluding the possibility of long
time-gap accretion variations. Given its low and stable velocity vi og ~ —13500 km/s, the
UFO may originate from a distant place from the SMBH, leading to a less responsive UFO
to the source variation, which awaits future investigation.

PG 1211+143: Consistent with the literature [269, 288], we found that UFOs in PG
1211+143 are highly variable and multi-phase. The LOS velocity ranges from —10000 to
—72000 km/s and the ionization parameter log & spans between 1.6 and 5. The predominant
UFO features are blueshifted Fe UTA lines in the soft X-ray regime, along with S XVI, Ar
XVIII, and Fe XXV/XXVI features in the hard X-ray band. We do not find any UFOs with
a significance AC—stat > 16 in the T2 and T9 spectrum, whereas a secondary UFO attains
noteworthy significance in the T1 spectrum. The most robust UFO detection falls in the
faintest T6 spectrum (AC—stat = 100), attributed to the passage of an absorbing cloud [288].
Among UFOs in our results, the solution featuring vi og ~ —18000 km/s emerges as the
most recurrent, while others manifest a notably stochastic behavior. Given the consecutive
observations of 2014, such complexity cannot be attributed to the long time-gap accretion
variations and was explained by some intrinsic disk instability or different phases of a
stratified wind [269].

I ZW I: We found a highly-ionized (log& > 4.5) and fast-moving UFO in 2015 ob-
servations through blueshifted Fe XXV-XXVI absorption lines, consistent with previous
works [285]. The UFO detected within the 2020 spectrum exhibits a comparable ionization
parameter (log& ~ 3.8) to the one found in Rogantini et al. [302], accounting for residuals
around ~ 1.2keV and in Fe K region [364]. The contribution to the Fe XXV residuals
suggests a common origin between the UFO detected in 2020 and those in 2015, despite
a five-year gap between observations, and different velocities and ionization parameters.
Moreover, in 2015 observations, our scan uncovers a previously unreported secondary UFO
in the soft X-rays, particularly evident for the absorption feature around 0.7 keV (Fig.A.5).
The column density and velocity of this UFO are stable in 2015 observations. There is a
marginal correlation between the ionization parameter and X-ray luminosity, although this

correlation disappears when uncertainties are considered at a 20 level.
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IRAS 17020+4544: We discovered a moderately ionized (log& ~ 1.9) UFO with a
LOS velocity of v pos ~ —23100 km/s in the soft X-ray band. It accounts for the residual
around 0.71keV (Fig.A.6). This UFO is consistent with the findings of Sanfrutos et al.
[309], while the remaining three UFOs in their work disappear in our analyses due to their
tiny significance (AC-stat< 10). The properties of such UFO are remarkably stable across

flux-resolved spectra.

6.5.2 Inclination-dependent UFO detection?

By employing the relativistic reflection model for modeling the Fe K emission, we can
constrain the inclination angle of the accretion disk. It is observed that most UFOs in our
sample are detected in AGN with i > 30°. Combined with the sample of Parker et al. [249],
most of which are Type 1 AGN, we expand the population size to 26 AGN, including UFO
detection and inclination angles derived from relativistic reflection spectroscopy, shown in
Fig.6.5. UFO detections are strongly concentrated at 30-60°, suggesting UFOs are detectable
only within specific viewing angles. However, this phenomenon most likely results from
selection effects. At low inclinations, our LOS intersects directly the innermost region of
the accretion disk, where the plasma may be fully ionized and undetectable, even if a UFO
exists [259]. In the edge-on scenario, the nucleus is heavily obscured by the dusty torus
(typically Type 2 AGN), preventing the detection of soft X-ray UFOs. In cases that are
not Compton-thick with a column density of Ny < 10%*cm~2, UFOs are detectable in hard
X-rays, while UFOs in Type 2 AGN, which have a similar detection fraction as that in Type
1 AGN [339], are not equally included in the sample, leading to the lack of UFO detection
at high inclinations. Another caveat is the degeneracy between the inclination angle and
other parameters of the reflection model (e.g. Fe abundance Ap. and ionization parameter
log &), which may affect the values of the inclination angle [293]. Consequently, due to the
biases mentioned above, the hypothesis of inclination-dependent UFO detection is tentative,
awaiting an enhanced sample size of AGN with detections of both UFOs and relativistic

reflection, as well as model-independent measurements of inclination angles.

6.5.3 The evolution of UFO properties across different X-ray luminosi-
ties

To further investigate the dependence of the wind properties on the source luminosity, we
plot the best-fitting column density, ionization parameter, and velocity of UFOs in our
sample versus the unabsorbed luminosity between 0.4—10keV in Fig.6.6 and fit them with a
power-law function, as depicted by the dashed lines. The ‘I ZW 1-2’ refers to the second
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Fig. 6.5 The distribution of disk inclination angle of sources in our sample plus four studied
sources compared with the sample of Parker et al. [249]. Most UFOs in the sample are
detected with a disk inclination angle between 30-60°.

UFO in I ZW 1. Given the variable and multi-phase nature of UFOs, discerning whether
UFOs exhibiting distinct properties are manifestations of the same plasma is challenging.
Consequently, to ensure that we are tracing the same absorber at different fluxes rather
than comparing different UFOs in different epochs, in our fitting, we exclude UFOs that
significantly differ from others and have long intervals from the rest within the same system,
i.e. excluding the UFO in the 2015 spectrum of 1H 1934-063 during the fitting. The second
UFO observed in the T1 spectrum of PG 1211+143 is marked by the same label as others
within PG 12114143 and all UFOs in PG 1211+143 are fitted together because UFOs in
this AGN have too many phases to identify which UFOs share the same origin. The fitted
power indexes, referred to as I'yy, Flogg and T'yejocity, are listed in Tab.6.4, which also include
results from previous archival studies, where only I'yejocity Was calculated for PDS 456. The
uncertainty of slopes fitted from only two points (i.e. 1H 1934-063 and I ZW 1-2) is large and
calculated from the error propagation formula instead of the Levenberg-Marquardt algorithm.

In our sample, the majority of UFOs (5 out of 7) exhibit positive 'y, and I't, ¢ within
1 o uncertainties. It means that UFOs likely become increasingly ionized in response
to an enhanced radiation field and to remain observable at higher ionization states, their

corresponding column density usually also increases. The column density and ionization
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Fig. 6.6 The column density (top), ionization parameter (middle) and velocity (bottom) of
the photoionized absorbing plasma in our sample versus the unabsorbed luminosity between
0.4-10keV. The ‘I ZW 1-2’ refers to the second UFO in I ZW 1. The fits with a power
function are performed and depicted by dashed lines. See details in Section 6.5.3.
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Table 6.4 Table of the fitted power indexes of the column density, ionization parameter, and
velocity of the photoionized plasma in our sample (plus the published results) with their 1 &
uncertainties versus the unabsorbed luminosity between 0.4—-10keV.

Names Iy Flogg 1—‘Velocity
This work
1H 1934-063 0.63+1.49 0.024+1.58 0.27+0.09
RE J1034+396 6.13+£1.62 6.79+£2.65 —-0.04+0.54
PG 1244+026 —241+1.10 —1.02+£0.18 0.034+0.04
PG 1211+143 2.14+1.35 522£3.08 —-0.02+£0.52
I1ZW 1 2.83+0.30 0.86+0.15 0.22+0.03
I1ZW 1-2 4344+3.76 5.904+2.66 —-0.07%£0.14
IRAS 17020+4544 1.454+0.55 1.494+0.31 0.0144+0.004
Published work

Mrk 1044¢ 1.594+£0.98 1.08+£041 0.394+0.16
1H 0707-495% 1.254+0.51 1.83+£0.77 —-0.15£0.05
IRAS 13224-3809¢ —0.08 £0.04 0.284+0.11 0.05+0.02
PDS 4564 0.24+0.03

References: a: [374], b: [372], c: [259], d: [220]

parameter of the UFO in 1H 1934-063 remain constant with large uncertainties, due to
the limited observations. As we described in Sec.6.5.1, the UFO in PG 1244+026 shows
well-constrained anticorrelations, likely due to the less responsive UFO at distant places,
awaiting future investigations. According to the definition of the ionization parameter (Eq.1.9
introduced in Sec.1.2.2.1.1), the slope @' ¢ that is consistent with unity suggests a UFO
responding to the ionizing luminosity instantaneously. However, in our sample, strictly
speaking, only the UFO in I ZW 1 presents the instantaneous response, although that in IRAS
1702044544 1s also likely to be another case if we slightly relax the uncertainty range above
1 0. As for the other three UFOs with positive slopes (i.e. RE J1034+396, PG 1211+143, and
I ZW 1-2), the values are way higher than the unity but with large uncertainties, due to either
degenerated solutions, or a multi-phase nature, or only two points. As a result, we prefer to
claim that most UFOs in our sample (5/7) respond to the radiation field (hotter-when-brighter)
but 4 UFOs (three plus 1H 1934-063) do not have well-constrained trends of the column
density and ionization parameter, due to the complex nature of UFOs and limited data.
Different from Ny and log &, UFO velocities are precisely measured thanks to the power-
ful resolution of RGS and narrow line width of absorption lines, leading to relatively better
constrained I'yejocity. However, only 2 out of 7 UFOs (1H 1934-063 and I ZW 1) exhibit posi-
tive [yelocity (= 30), while the others are consistent with being zero within their uncertainties.
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Again, 3 out of 5 constant cases (RE J1034+396, PG 12114143, and I ZW 1-2) have large
uncertainties due to the complex nature of UFOs and limited data points. Although I'yejocity Of
IRAS 17020+4544 is also positive within 10, the proximity of its value to zero, a probability
of 37% to be constant given by Akaike information criterion (AIC, [119]) calculations, leads
to its classification as constant. The positive I'yejocity points towards a radiatively-driven UFO,
while a constant value may result from the stacked flux-resolved spectra smearing out the
lines and trends. Theoretical predictions, as presented by Matzeu et al. [220], i.e. Eq.4.5,
suggest that the net radiatively-driven (i.e. radiative minus gravitational force) outflow should
exhibit a relationship involving the outflow velocity, luminosity, and launching radius Ry, .
However, none of the positive I'yejociry in our sample reach up to 0.5 as predicted. This
deviation may be attributed to the variations in the launching radius or a variable correction
factor, due to the relatively stable UV/optical flux and the fluctuating X-ray flux. Another

consideration is the possible influence of the magnetic launching mechanism.

6.5.4 Correlations between evolution slopes and intrinsic AGN proper-
ties

Furthermore, we explored the potential correlations between the slopes of UFO properties as
a function of luminosity and the intrinsic properties of AGN, listed in Tab.6.1. The properties
consists of the black hole mass Mgy, bolometric luminosity Ly, Eddington ratio Ag44, and
inclination angle i. The plots for each combination are depicted in Fig.A.7. The Pearson
correlation coefficients r and the corresponding p-values were calculated for each pair of
quantities.

We do not find any statistically significant correlations among all pairs of quantities, as
suggested in previous works by [337, 106], except for the combination between the Eddington
ratios Agqq and velocity slopes [yelocity (see the bottom plot of panel ¢ of Fig.A.7), showing a
moderate anti-correlation with a Pearson correlation coefficient of r = —0.57 and a p-value
of 0.065. However, we caveat that the results of PG 12114143 derived from multi-phase
UFOs are included as well during the correlation calculations. After removing PG 1211+143,
we find an anti-correlation with a Pearson correlation coefficient of r = —0.79 and a p-value
of 0.007. That pair is depicted in Fig.6.7. The linear regression is conducted on the data in

the linear-log scale, yielding
Dyelocity = (—0.51£0.14) log Agqq + (0.07 +0.04). (6.1)

The fit is illustrated in Fig.6.7 with the blue line and 10 uncertainty is represented by the

shaded area. The explanation for this anti-correlation is discussed in Section 6.6.1.
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Fig. 6.7 The evolution slopes of the UFO velocity I'yejocity Versus Eddington ratio Agqq. The
data come from the results listed in Tab.6.1 and 6.4. The horizontal dashed line denotes
['Velocity = 0. The blue line shows the linear regression fitted to the data in the linear-log scale
with 10 uncertainty shaded. PG 12114143 is excluded from this plot due to multi-phase
UFOs.
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6.6 Discussion

6.6.1 Anti-correlation between I'y¢jocity and Agqq

In Sec.6.5.4, we have shown evidence for an anti-correlation between the evolution slope of
velocity as a function of luminosity and the Eddington ratio with a high statistical significance.
This indicates that the outflow is less responsive, in velocity space, to the same change of
the ionizing luminosity. The dependence of the velocity on the source luminosity, ['yelocity-
represents a form of ‘radiation acceleration’. According to the standard thin disk accretion
model [316], an anticipated outcome of the force multiplier is the increasing acceleration
of UFOs as the Eddington ratio rises. However, during the transition to the high-/super-
Eddington regime, remarkable changes occur in the geometric configuration, as depicted in
Figure 6.8. It has been ubiquitously accepted that the inner part of the accretion disk would
become slim around highly-accreting black holes [2, 240, 136, 47].

In this scenario, the approximation, to first order, is to assume that winds are launched
at the point where the local Eddington limit is approached, or the so-called spherization
radius Ry, [316, 278]. In the high/super-Eddington regime, this radius is proportional
to the dimensionless mass accretion rate normalized by Eddington mass accretion rate,

1 = Mace /Mgqq, where Mgqq is the mass accretion rate at the Eddington limit,
Rup < Riniit. 6.2)

The wind launching radius will thus increase as the Eddington ratio rises, coupled with
reduced Keplerian velocity, thus leading to a slower launching velocity.

Within the slim disk, especially below Ry, the frequent interaction between matter and
photons delays the liberation of the radiation energy arising in the deep disk. The radiation
energy is thus trapped in the accretion flow and can fall onto the black hole with the accreting
gas without being radiated away [241]. Therefore, the observed luminosity in the slim disk is
expected to increase slower than that of the thin accretion disk as the accretion rate increases,
resulting in reduced radiation acceleration.

Additionally, the intense radiation field can result in an over-ionization of plasma in the

inner part of the accretion disk, leading to a decrease in the cross-section o [307, 152],

logE
oo 25

z (6.3)
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Fig. 6.8 The simplified schemes of AGN with low (fop) and high (bottom) accretion rates.
The SMBH is surrounded by a standard thin disk and a hot corona. Top panel: The ultra-fast
outflow is launched by the radiation field from the accretion disk. Botfom panel: The inner
part of the accretion disk becomes slim in the high-accretion regime. The UFO launching
radius could be extended outwards with a lower Keplerian velocity, leading to a slower UFO
launching velocity. Within the slim disk, the photon-trapping effect becomes non-negligible,
reducing the observed luminosity. Moreover, the plasma from the inner accretion region can
be over-ionized by the bright X-ray luminosity and experience less radiative force.



6.6 Discussion 167

where E is the energy available for the ionization of plasma. The launched winds thus
become transparent to X-ray photons and experience low radiatively-driven force, dampening
the radiation acceleration.

The combination of these three mechanisms is likely to result in the reduction of acceler-
ation, reproducing the observed anti-correlation between I'yejocity and Agdq. Nevertheless, we
have to caution that the observed trend is based on a sample of only 10 points. The systematic
flux-resolved analysis of AGN across various accretion rates (Aggqy < 0.1 or Aggg > 1) is
required to constrain the discovered trend. Furthermore, theoretical simulations about how
the properties of UFOs launched by different mechanisms evolve with the accretion rates

should be done in the future for comparison with the observational results.

6.6.2 Implications for AGN feedback

According to Eq.1.14, we estimate the kinetic power of UFOs in our sample (plus the
published results), listed in Tab.6.5. UFO properties are taken from results of stacked
spectra, so the secondary UFO of PG 1211+143 in the time-averaged spectrum is also
included and denoted as ‘PG 1211+143-2". The conservative value of the solid angle is
Q = 0.3 determined by the observational UFO detection rate [339] and is consistent with
the GR-MHD simulations of radiatively-driven winds in super-Eddington systems [330]. By
assuming that the outflow mass rate is comparable to the accretion rate Moy ~ My, which
is reasonable in high-accretion systems, the filling factor could be derived through Eq. 23 in
[167].

In general, the lower limit and upper limit on location can be constrained by Eq.1.11 and
1.12. Correspondingly, the density is derived through the ionization definition. Alternatively,
we can use the rapid UFO ionization responses to the continuum, exemplified by I ZW 1 and
IRAS 17020+4544, both of which have I'},, ¢ values close to unity, to derive constraints on
their respective locations [145]. The average duration of time segments sharing the same flux
level (i.e. regions with the same color in Fig.6.2) is 3260 s for [ ZW 1 and 1300 s for IRAS
17020+4544. The on-time response requires that the ionic recombination must be completed
within this duration. Therefore, the upper limit on the location can be estimated through the
ionization definition by considering the recombination time, which is inversely proportional
to the plasma density. Using the rec_time code in SPEX, we estimated that UFOs are
launched from distances < 203 R, for I ZW 1 and < 7000 R, for IRAS 17020+4544.

The kinetic energy of most UFOs in our samples has surpassed the theoretical criterion,
suggesting that UFOs have enough influence on the surrounding medium and host galaxy.
An exception is observed for UFOs in PG 1211+143, consistent with what was found in
Danehkar et al. [51]. However, the total kinetic power of two UFOs reaches the threshold.
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Moreover, due to their transient occurrence, the other high-velocity and highly ionized UFOs
in PG 12114143 are not included but may have a larger influence on the host galaxy. Within
our sample, the UFO in RE J1034+396 is the most significant contributor (~ 26%Lg4q) to its
host galaxy, even larger than those in the powerful quasar PDS 456 and the super-Eddington
NLS1 1H 0707-495. The primary UFO in I ZW 1 is the second-largest contributor to its
host galaxy in our sample (~ 18%), which is consistent with the estimation from Reeves
and Braito [285] (15-25%). Additionally, the location of this UFO is tightly constrained,
R ~ 52-133R,, indicating its origin within the inner accretion disk with a high density
> 10%cm3.

6.7 Conclusions

In this Chapter, we present a systematic analysis of the available archival XMM-Newton
observations of six highly accreting NLS1 galaxies through high-resolution time- and flux-

resolved spectroscopy. In summary, the results of our analysis are the following:

e The powerful method of the photoionization model scan over the high-resolution
RGS spectra reveals three previously unreported UFOs in the archival datasets of RE
J1034+396, PG 12444026, and [ ZW 1.

e The UFO detection in our sample combined with the literature [249] exhibits an
inclination-dependent behavior, where most UFOs are detected in AGN with an incli-

nation angle between 30-60°, most likely due to selection effects.

e 5 out of 7 UFOs in our sample present a positive dependence of the column density and
ionization state on the X-ray luminosity, suggesting that they respond to the radiation
field.

e The ionization parameter and column density of the UFO in PG 1244+026 are anti-
correlated with the X-ray luminosity, which is challenging to explain and awaits further

investigations.

e Only 2 out of 7 UFOs within the sample show a positive correlation between the
velocity and X-ray luminosity, indicating a radiatively-driven UFO. while the rest

remains constant, probably due to the smeared lines of flux-resolved spectra.

e We do not find any correlation between the dependence of the UFO column density
and ionization parameter on X-ray luminosity and AGN intrinsic properties, such as

the black hole mass, bolometric luminosity, Eddington ratio, and inclination.
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e We discover an anti-correlation between the evolution slope of UFO velocity with
luminosity (i.e. radiation acceleration) and the Eddington ratio. It may be explained by
the combination of an extended wind launching radius, photon-trapping effect, and the
over-ionization of plasma in highly-accreting systems.

e We estimate the location and energetics of UFOs and conclude that they could exert a
significant feedback impact on the surrounding environment.



Chapter 7

Conclusions and Future Research

7.1 Conclusions

In this thesis, I have employed high-resolution X-ray spectroscopy, complemented by vari-
ability analysis, to study the nature, launching mechanisms, and structure of UFOs and their
impact on the accretion flow and the surrounding environments in a total of eight highly
accreting AGN.

The main conclusions are:

e UFOs exhibit significant variability and commonly display characteristics of multi-
phase structures, indicating a stratified wind structure in AGN.

e The presence of blueshifted emission lines, which are rarely observed in AGN spectra,
may be associated with the high Eddington accretion rates.

e UFOs originating from inner areas of the accretion disk may interact with the accretion

inflows, leaving imprints in X-ray spectra.

e UFOs in high- and super-Eddington AGN are likely driven by the radiation pressure
but the radiation acceleration can decrease as the accretion rate approaches or exceeds
the Eddington limit.

e UFOs may have sufficient kinetic energy for driving AGN feedback to affect the

evolution of host galaxies.
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7.2 Open questions on AGN outflows

This thesis has revealed the complexity of UFO launching mechanisms and the variable nature
of UFOs based on a limited sample of AGN and one of the most advanced high-resolution
instruments (i.e. XMM-Newton/RGS) for the last 24 years. However, there are still several

open questions on AGN outflows:

1. What are the net accretion (growth) rates of SMBHs?
The estimation of the net accretion rate of SMBHs heavily depends on the detection
and characterization of outflows in the system. It may be underestimated by orders
of magnitude if outflows are overlooked or loosely constrained. High-quality high-
resolution data and efficient search methods are both indispensable to discovering

outflows and strictly constraining plasma parameters.

2. What drives the UFOs?
Radiation pressure and magnetic fields are both likely to drive UFOs. The UFO
launching mechanisms could be determined by constraining UFO velocity responses
to variations in the source luminosity. However, the quality of current data limits our
exploration in this direction and only ten AGN in Chapter 6 are well investigated.
Additionally, resolved absorption line profiles can also determine the wind launching

mechanisms, as mentioned in Sec.1.2.2.2.3, requiring high-resolution observatories.

3. Is there any connection between different types of AGN winds?
The structure of AGN winds and the connection between various types of winds, e.g.
UFOs, E-UFOs, WAs, and galaxy-wide winds (detected in multi-wavelengths) are
still unclear, although WAs were proposed to be generated by the Compton cooling
of UFOs shocking against the ISM with E-UFOs as an intermediate state and propa-
gating into galaxy scales [337, 271, 340, 314]. High-resolution X-ray observatories
capable of distinguishing different X-ray winds and the utilization of multi-wavelength

observations are necessary to facilitate the exploration of connections among them.

4. Are outflow rates energetic enough to affect the evolution of the host galaxy?
The lack of constraints on the location of X-ray absorbers limits our ability to estimate
their kinetic energy and to make meaningful comparisons with winds observed at
multiple wavelengths. Determining the location of these winds necessitates an initial
constraint on their gas density through the ionization parameter’s definition (see Eq.
1.9). There are two effective methods to gauge gas density, including density-sensitive

spectral lines and the recombination timescale of ions, as described in Sec.1.2.2.1.2.
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However, the density-sensitive absorption lines in the X-ray band are rather weak in
most AGN, requiring observatories with large collecting areas. The method using
recombination timescale of ions depends on the development of time-dependent pho-
toionization models, such as TPHO and TEPID [201], as well as the high-quality data

capable of tracing the plasma response to source variations.

7.3 Future Research and Missions

This section will introduce my near-future plan for X-ray studies of AGN outflows, and
introduce recent and near-future X-ray missions, including XRISM, NewAthena, and LEM,

which could help solve open questions mentioned in Sec.7.2.

7.3.1 Efficient Ionized Outflow Search

As previously introduced in Sec.2.3, automated routines have been developed and employed
for the detection of ionized winds in X-ray spectra across this thesis. The detection statistical
significance is determined by MC simulations. An efficient MC method based on cross-
correlation, described in Sec.2.3.3, can reduce the computational cost by four orders of
magnitude, while so far it has only been developed for line searches and applied in Chapter 5
and on ULX spectra [173].

Recently, I have made significant enhancements and extensions to this method, shifting
its application from line searches to photoionization model scans. For instance, I simulated
10000 spectra and obtained their residual spectra based on the RGS spectrum of 1H 1934-063
in Chapter 5, and then created a set of model spectra generated by a multi-dimensional grid of
XABS parameters to cross-correlate residual spectra. The resulting significance map, including
look-elsewhere effects, is shown in Fig.7.1 (similar to the right panel of Fig.5.6), where the
significance of the best solution is around 3.20. This advancement facilitates rapid wind
detection and parameter recovery of any ionized plasma within X-ray spectra, decreasing
the required computation time from 108 seconds down to 10* seconds. Its remarkable
efficiency paves the way for extensive population studies of UFOs, especially in the era of
high-resolution X-ray observatories. These missions will produce a wealth of high-quality,
high-resolution data, which would demand substantial computational time for traditional
spectral fitting approaches.

I will carry out a large population study of AGN ionized winds, in particular searching
the XMM-Newton and Chandra archives of AGN, as well as upcoming XRISM observations.
By systematically analyzing UFOs in a large sample, including those detected in AGN with
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Fig. 7.1 The true detection significance of UFO solutions in 2015 X-ray spectrum of 1H
1934-063 [373]. The real and simulated spectra were searched in a multi-dimensional grid of
the ionization state and velocity with a line width of 900 km/s, based on the cross-correlation
rather than time-consuming spectral fits, decreasing the required computation time from 10%
seconds down to 10* seconds.
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Eddington ratios beyond the scope of this thesis, Aggq > 1 or Aggg < 0.1, I aim to gain a
comprehensive understanding of UFO launching mechanisms. Comparing the energetics,
structure, and location of different winds will potentially provide insights into the impact of

these winds on the surrounding AGN environments.

7.3.2 Future X-ray missions
7.3.2.1 X-ray Imaging and Spectroscopy Mission (XRISM)

In September 2023, the X-ray Imaging and Spectroscopy Mission (XRISM, [332]) with
unprecedented spectral resolution in the hard X-ray band, has been launched, which will
open a new era of high-resolution X-ray spectroscopy. The main instrument onboard XRISM
is an X-ray micro-calorimeter named Resolve, with a high spectral resolution of 5eV
approximately constant across the energy band of 0.3—12 keV. This results in a moderate
resolution of R = E /AE ~ 200 at 1 keV (comparable or worse than XMM-Newton/RGS at
this energy) but a high resolution of R 2> 1000 in the iron K band (around 7 keV, see top panel
of Fig.7.2). XRISM therefore is an ideal instrument for studies of highly ionized plasma in
the iron K band.

The effective area of the mirrors onboard XRISM is 150-300cm? across the energy band
(slightly better than RGS, see bottom panel of Fig.7.2). It offers a relatively poor 1-2 arcmin
spatial resolution and a field of view of 3 x 3 arcmin separated into 36 pixels, each acting as
an individual micro-calorimeter. The high spectral resolution but limited collecting area and
spatial resolution means that XRISM is most useful for observations of sources such as X-ray
binaries, and bright nearby AGN (see Fig.7.3 for an example simulation) and ULXs. XRISM
can separate the broad iron K reflection features from the narrow wind absorption lines,
resulting in much more confident detection of (perhaps multiphase) winds in AGN and X-ray
binaries. Furthermore, XRISM will bring a revolution beyond the field of winds, particularly

to studies of extended X-ray sources such as galaxy clusters and supernova remnants [370].

7.3.2.2 New Advanced Telescope for High Energy Astrophysics (NewAthena)

The New Advanced Telescope for High Energy Astrophysics (NewAthena) mission, a re-
designed version of Athena [234], is one of the European Space Agency flagship observatories
to be launched in late 2030s. It will carry two main instruments: the Wide Field Imager
(WFI, [284]) and the X-ray Integral Field Unit (X-IFU, [18, 17]). WFI is a wide field (40
arcmin) CCD camera with moderate spectral resolution (50-100eV), benefiting from the

~ 5 arcsec spatial resolution of the telescope. X-IFU is a micro-calorimeter similar to Resolve
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Fig. 7.2 Top: Resolving power of Hitomi/SXS [328] compared with XMM-Newton/RGS,
Chandra/HETG and CCD detectors (credit to [233, 69]), where XRISM/Resolve is the
replacement for the Soft X-ray Spectrometer (SXS) onboard Hitomi (lost in 2016). Black
lines indicate the resolving power required to distinguish K lines from H- and He-like ions,
triplet lines from He-like ions, and a Doppler shift with 100 km/s accuracy. Bottom: Effective
areas of Athena/X-IFU, XRISM, XMM-Newton/RGS, and Chandra/HETG (credit to [18]).
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onboard XRISM, but with a better spectral resolution of 2-3 eV across 0.2—12keV and with
significantly more (4000) active pixels (vs 36 on XRISM).

Both instruments will benefit from a large mirror with a total collecting area of 1.4m?.
The large collecting area will be the main driver for the science of accretion disc winds with
NewAthena, allowing objects 50 fainter to be studied with a similar level of detail as the
objects observed with XRISM. For point X-ray sources, X-IFU will be able to carry out
similar science as the micro-calorimeter onboard XRISM, but with much shorter exposures
(see Fig.7.3), or for much more distant objects. It will therefore be able to perform a
large population study of accretion disk winds to great detail, as well as detect disk winds
in high-redshift AGN. For the bright X-ray sources, X-IFU will be able to perform time-
resolved spectral studies on the dynamical timescales of winds to determine the launching
mechanism and location of winds. Beyond the disk wind science, NewAthena will bring
another revolution in the studies of extended sources due to very good spatial resolution and

a large number of X-IFU active pixels.

7.3.2.3 Line Emission Mapper (LEM)

Line Emission Mapper (LEM, [175]) is a proposed X-ray mission concept which, if approved,
could be launched in the late 2030s. The main instrument onboard LEM will be a revolution-
ary microcalorimeter array consisting of 13,806 pixels, with a spectral resolution of 1-2 eV
across 0.2-2keV. It will have a large field of view 30 x 30 arcmin, and a high collecting area
(1600cm?). The instrument will offer high-quality data around the wavelength of O VII and
O VIII transitions, allowing for detailed studies of less ionized outflows (which are often
observed in AGN) in an energy band where XRISM and NewAthena will offer relatively poor
spectral resolutions (R < 400). Furthermore, the combination of a large collecting area and
field of view make LEM an exquisite observatory to study faint diffuse structures.
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Appendix A

Details of individual targets and spectral
analysis

In this appendix, we present an overview of basic information for six AGN shown in Chapter
6, alongside details of the Gaussian line scan results and the photoionization modeling of
warm absorbers (listed in Tab.A.1).

A.1 1H 1934-063

1H 1934-063 is a nearby (z = 0.0102) radio-quiet NLS1 galaxy, presenting variable X-ray
fluxes [265]. The spin of the central SMBH was estimated at a, < 0.56 [373] or a, > 0.4
[136] depending on whether a high-density relativistic reflection model was adopted. In
the 2015 observation of 1H 1934-063, a ~ 20s time lag was detected between the disk
reprocessing component and the primary continuum, indicating a compact corona with
a height of 9+ 4R, (R, = GMgyn/ ¢?) in the lamppost geometry. In the RGS spectrum,
distinct signatures of a WA and a moderately ionized UFO have been identified as well [373].
Moreover, the tentative evidence for the reprocessing of the coronal photons onto the base of
winds has also been observed. Furthermore, two XMM-Newton observations were conducted
on 1H 1934-063 in 2021.

The results of the Gaussian line scan in the RGS band are shown in Fig.A.1, highlighting
the consistent presence of the WA features, such as N VII, O VIII, Fe XVIII, Fe XVII, and
Ne IX across all spectra. The prominent UFO absorption features transition from O VII
and O VIII to Fe complex lines, Fe XXI-XXIII between 2015 and 2021. In contrast, the
properties of the WA remain constant for six years (see Tab.A.1).
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Table A.1 Table of the best-fit WA parameters in extracted spectra of targets in Chapter 6.
The uncertainties of parameters are estimated at 10 error bars.

Sources WA
logé Ny Oy VLOS AC-stat
ergcms™ ' (10%cm™2)  (km/s) (km/s)
1H 1934-063
2015 1.887003 871 104755 —360"%0 159
2021 1.8979-92 8l 9278 ~27073 215
-+0.03 +2 +18 +90
SRR B e
"=~ -0.03 —1 —10 —60
RE J1034+396
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T
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PG 1211+143
T7 2.407008 1872 <36 —30007350 22
1ZW 1
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N s B AL e S
17 —0.06 -2 —21 —300
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* Multiple WAs are detected in this spectrum.

®* The parameter is fixed.
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Fig. A.1 The single trial significance obtained from the Gaussian line scan with different
line widths (500, 1500, 4500 km/s) over the rest-frame spectra of 1H 1934-063 in the RGS
band. The vertical dashed blue lines represent the rest-frame energies of the known ion
transitions as a reference, while the red lines and the shaded region respectively correspond
to the centroid and 10 uncertainties of the prominent UFO absorption lines detected in the
following photoionization modeling. The gray region marks the 30 significance.
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A.2 RE J1034+396

RE J1034+396 is a nearby (z = 0.042) NLS1 galaxy, firstly exhibiting significant X-ray quasi-
periodic oscillation (QPO) within an AGN with the period of 2.7 x 10~4Hz [104, 8, 141]. It
has an extraordinarily steep soft X-ray in the spectrum [283]. The mass of the central SMBH
was estimated within 10°—107 M, (summarized by [49]), with the most probable mass range
of (1-4) x 10% M, [104, 230, 40]. Over more than a decade, XMM-Newton has observed this
source multiple times. A large observation campaign of this source was executed in 2020 and
2021 with a total amount of 855 ks exposure time. In Chapter 6, we focus on the data from
the 2020-2021 campaign, as well as three archival observations capturing RE J1034+396 at
bright states.

We present the outcomes of the Gaussian line scan over the continuum model in Fig.A.2.
The results unveil a series of strong absorption lines at their rest-frame energies, including Ne
IX, Fe XX, O VII, and O VIII. The spectra require two distinct WAs, each existing at different
ionization states (log& ~ 3.6 and log & ~ 1.9). However, the cooler WA is superfluous for the
‘high’ spectrum (see Tab.A.1). A broad trough is evident on the blue side of the O VII line.
We initially speculated its association with blueshifted O VII. However, our photoionization
model scan suggests a neutral absorber (log& ~ 0) with an ultra-fast velocity. In the F1
and ‘high’ spectra, the line width of this component is too broad to be constrained and thus
fixed at 10000 km/s. This particular neutral ionization state precludes its classification as a
UFO. Consequently, we name it a ‘warm absorber’, while its origin remains subject to future
investigation.

A3 PG 1244+026

PG 12444026, identified as a highly variable NLS1 galaxy [140], exhibits notable features in
the spectrum, including a strong soft excess and a highly ionized Fe K emission line [46].
Within this source, a soft lag at high frequencies and a hard lag at low frequencies were
independently discovered by Alston et al. [6] and Kara et al. [154], suggesting the relativistic
reflection in the inner accretion disk and the propagation of the accretion fluctuations respec-
tively. Between 2011 and 2014, XMM-Newton conducted six observations of PG 12444026,
with five of these observations occurring consecutively in 2014. Despite these observations,
the literature lacks any reports of UFOs in PG 1244+026.

The findings from the Gaussian line scan are presented in Fig.A.3. Within the time-
averaged spectrum, a series of absorption lines appear as well as the N VII, O VII and
~ 0.9,keV emission lines. The identified UFO features encompass blueshifted O VII and O
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VIII, featuring a stable velocity of vi og ~ —13500 km/s across all flux- and time-resolved
spectra (time-resolved results are not shown). There is no warm absorber detection in this

system.

A4 PG 1211+143

PG 12114143 is a well-studied and luminous NLS1/quasar at a redshift of z = 0.0809,
showing a typical X-ray luminosity of ~ 10* erg/s and a bright optical flux with a strong
‘Big Blue Bump’. This source is well-known for its spectral complexity and the presence
of highly variable and multi-phase UFOs [276, 274, 275, 270, 272, 269, 288]. The velocity
range of these UFOs spans from -18000 km/s to -81000 km/s [272, 51], revealing absorption
lines across both soft and hard X-ray bands. Moreover, a corresponding UV counterpart to the
UFO, outflowing at a comparable velocity, was documented by Kriss et al. [176]. In addition,
a soft time lag of ~ 500s at ~ 10~*Hz [56] and a hard lag up to ~ 3ks at ~ 1072 Hz [195]
were reported in this source. The total XMM-Newton exposure on this source culminates at
~ 900 ks, with a majority of observations conducted consecutively at varying flux levels. As
a result, a time-resolved spectroscopic analysis is undertaken to investigate both temporal
and flux variability.

The Gaussian line scan results are shown in Fig.A.4, where the UFO features are marked
by vertical red lines. The predominant UFO features are blueshifted O VIII and Fe UTA
lines in the soft X-ray regime, along with S XVI, Ar XVIII, and Fe XXV/XXVI features in
the hard X-ray band. The UFOs identified within our analysis are multi-phase and highly
variable, compatible with prior investigations [288, 269]. According to our criterion for the
outflow detection significance, we only find one fast warm absorber in the ‘T7’ spectrum
(see Tab.A.1).
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AS TZW1

1 ZW 1 is a nearby (z ~ 0.06) NLS1 galaxy with a bright (~ 10%erg/s, [91]) and variable
X-ray luminosity [365]. Its X-ray spectrum reveals the presence of a strong Fe K emission
and a weak soft excess [92]. Wilkins et al. [365] unveiled a time lag of ~ 160 s between
the reflection-dominated energy and continuum-dominated band within 3—-12 x 10~* Hz.
Notably, the signatures of the light bending and X-ray echoes around the event horizon were
observed through the delayed and redshifted flare emission observed in a luminous event
in 2020 [363]. Furthermore, the soft X-ray spectrum of I ZW 1 reveals the presence of
two WAs, exhibiting a long-term variable nature [43, 318]. It was attributed to the presence
of either a two-phase WA originating from a shared clump or absorbing gas existing in a
non-equilibrium state. The exploration of the hard X-ray spectrum unveils the existence of a
highly ionized (log& ~ 4.9) and high-speed (v ~ —0.25¢) UFO during the 2005 and 2015
observations [285]. A subsequent observation in 2020, analyzed by Rogantini et al. [302],
discovered a UFO, characterized by a similar velocity yet manifesting a lower ionization
state (log& ~ 3.8).

We present the results of the Gaussian line scan in Fig.A.S5, where discernible absorption
lines such as O VIII and Fe XVIII are identified at their rest-frame positions. A prominent
trough appears around 0.53 keV across all spectra, which is associated with low-ionized
oxygen. The UFO features are marked by the red vertical dashed lines in both soft (O
VII and Fe XXI-XXIII) and hard (Fe XXV-XXVI) X-rays. Consistent with findings by
Silva et al. [318], our analyses have detected two distinct slow absorbers, characterized by
neutral (log& ~ —0.4) and high (log& ~ 2.7) ionization states (see Tab.A.1). However, the
high-ionization WA is not statistically necessary for the 2005 spectrum, according to our
detection threshold. The limited photon counts of the 2005 spectrum cannot provide robust
secondary absorber detection. While similar residuals around 0.7 keV are observed in the
2020 spectrum, they have already been explained by the warm absorber featuring a lower
ionization parameter (log& ~ —1), identified as Fe V-VI lines. The requirement for this lower
ionization state is attributed to a distinct absorption feature solely within the 2020 spectrum,
located around 0.63 keV. The absence of this feature within the 2015 spectra prevents the
neutral warm absorber from entering the cooler regime, thus compelling the consideration of

an alternative UFO to account for the unexplained 0.7 keV feature.
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A.6 IRAS 17020+4544

IRAS 17020+4544 emerges as a nearby (z = 0.0604) radio-loud NLS1 galaxy, known to
be characterized by a WA [191] and a compact radio emission [321]. The archival multi-
wavelength campaign for IRAS 1702044544 has revealed the presence of multi-phase UFOs
(v ~ 24000-27000 km/s) in the X-ray spectra [197, 309], a galaxy-scale molecular outflow
[198] in addition to a sub-relativistic jet on parsec scales in the radio band [105]. Moreover,
a UV counterpart of the X-ray UFO outflow has been detected through Lyo absorption,
showing a velocity similar to its X-ray counterpart. Collectively, these discoveries suggest
that AGN-driven hot gas gives rise to large-scale shocks into the interstellar medium.

The outcomes of the line scan are depicted in Fig.A.6, exhibiting strong absorption and
emission lines within the spectra. The prominent absorption features are located around
0.53, 0.75, and 0.88,keV. As reported in Sanfrutos et al. [309], our investigation identifies the
presence of three distinct warm absorbers (WAs) in the spectra, each marked by substantial
statistical significance (see Tab.A.1). WAT1 and WA3 emerge as absorbers characterized by
low ionization states, mainly explaining the absorption feature at 0.53 keV. On the other hand,
WA?2 is moderately ionized and models the feature around 0.75 and 0.88 keV.

A.7 The slope of the UFO properties versus Mgy and L;,,

The slopes of the UFO properties including the column density I'y,,, ionization state 'y, ¢
and velocity I') are collected to compare with the intrinsic AGN properties, consisting of
the black hole mass My, bolometric luminosity Ly, Eddington ratio Ag44, and inclination
angle. The results are depicted in Fig.A.7. Our examination, facilitated by calculating the
Pearson correlation coefficient, failed to reveal any significant correlations between the pairs
of I'y, /Toge and AGN properties by calculating the Pearson correlation coefficients. Only

an anticorrelation is observed between I, and Agqq, discussed in Section 6.5.4.
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