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Galaxies in which the central supermassive black hole (SMBH) is actively accreting
are referred to as active galactic nuclei (AGN) and are believed to play a crucial role in
the evolution of both individual and clusters of galaxies. Empirically, the mass of the host
galaxy and the mass of the SMBH are positively correlated. This is somewhat surprising
given that the gravitational sphere of influence of the SMBH is orders of magnitude
smaller than the host galaxy. The SMBH is believed to undergo periods of activity
during which it is capable of powering galactic-scale outflows which in turn modulate star
formation and therefore the overall mass of the host galaxy. Such processes are broadly
referred to as feedback.

Clusters of galaxies are the largest gravitationally bound systems in the universe.
The intracluster medium (ICM) in relaxed clusters is strongly centrally peaked and suffi-
ciently dense that it is expected to cool rapidly (in cosmological terms). Such cooling
should create streams of cool gas flowing to the brightest cluster galaxy (BCG) which
in turn should fuel high rates of star formation. Little evidence of either has been found
giving rise to the ‘cooling flow problem’. AGN are again invoked to explain the absence

of this cooling flow. The BCGs hosting AGN, often with powerful radio jets, are believed



to inject energy into the ICM at a rate which can counteract the cooling. This cyclical
nature of balancing the cooling is another form of AGN feedback.

In this thesis, we present case studies of three AGN which provide unique insight
into these feedback processes. Chapter 2 presents evidence for a relativistic X-ray driven
outflow on accretion disk scales in an ultraluminous infrared galaxy known to host a
galactic-scale molecular outflow. The observational properties which make a galaxy
an ideal candidate for detection of large-scale outflows are intrinsically at odd with the
properties which are ideal for detecting small-scale outflows. IRASF05189-2524, the
subject of Chapter 2, is one of only a handful of galaxies for which positive detection of
outflows on both small- and large-scale exist.

Next, we turn our attention to AGN in BCGs and the cooling flow problem. Chapter
3 presents new Chandra observations of NGC 1275, the BCG in the famous Perseus
Cluster. The high-cadence observing campaign finds X-ray variability on short intraweek
timescales. The inclusion of archival observations reveals a general ‘harder when brighter’
trend. Examination of multiwavelength light curves finds a strongly correlated optical and

-ray flare in late 2015 in which the optical emission leads the -ray emission by 5 days.
This robust (> 3 ) result is the first strong evidence of correlated emission with a time
delay and lends support to the idea that the -ray emission is produced by synchrotron
self-Compton upscattering.

In Chapter 4, we present new Chandra observations of the rare radio-quiet BCG
quasar H1821+643. It is one of only two examples in the nearby universe of a highly
luminous quasar with minimal radio jet activity at the center of a galaxy cluster. Despite
observational challenges, we produce the first high-resolution spectrum of the quasar
well-separated from the ICM in 20 years. Our short-cadence observing campaign
again reveals rapid variation on timescales corresponding to the light crossing time of
the accretion disk. Although the flux varies, the spectrum is remarkably constant when

compared to observations from previous decades.



The result of this thesis is to add to the existing body of knowledge of AGN feedback
on both galaxy and galaxy cluster scales. These three AGN presented various observing
challenges which required a combination of non-standard observational techniques and

data reduction methods in order to maximize results with current X-ray instrumentation.
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Preface

The research presented in this thesis is either published or in preparation for submi-
ssion. Chapter 2 appears in The Astrophysical Journal as IRASF05189-2524: Discovery
of an X-ray Quasar Wind Driving the Cold Gas Outflow in the Ultraluminous Infrared
Galaxy (Smith et al., 2019) and is presented here with minimal modification. Chapters
3 and 4 are in preparation for submission. The NGC 1275 combined/time-averaged
Chandra grating spectra described in Chapter 3 were also used in Reynolds, Smith et al.
(2021) and Reynolds et al. (2020) for additional studies that are not reported in this thesis.
The Chandra grating reduction pipeline developed for Chapter 3 was applied to archival
Chandra data for H1821+643 and used by Sisk-Reynés et al. (2022) and Sisk-Reynés et

al. (2022b, submitted) for studies not reported here.
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Chapter 1: Introduction

1.1 Supermassive Black Holes

It is now widely accepted that supermassive black holes reside in the centers of all
massive galaxies (see e.g. Kormendy & Richstone 1995). Some of the most compelling
evidence, both for the existence of black holes and their ubiquitous presence in galactic
centers, was found in our own Milky Way Galaxy. Long-term monitoring of stellar orbits
at the center of the Galaxy imply a central massof= 4:3 0:01 10°M (Ghezetal,,

2000; Gravity Collaboration et al., 2022). The high mass and small inferred spatial size
ruled out suggested alternatives to black holes.

All black holes can be quanti ed by three properties—mass, angular momentum,
and charge. Charg® is a scalar quantity generally assumed to(he= 0 since any
charged astrophysical black hole would rapidly discharge to its environment. Angular
momentum is a vector quantity;, more typically expressed as the dimensionless spin
parameten = J=Mgy.

It is helpful to broadly split black holes into categories based on mass and accretion
activity. Stellar mass black holes have typical masses ranging fr@& 100M and are
believed to form from the collapse of massive stars. Supermassive black holes, the type
that reside at the center of galaxies, have typical masses ranging froéh  10'°M

1



Understanding the formation of such massive black holes is very much an active area
of research. Besides mass, we can consider whether or not a black hole is actively
accreting matter. Those which are not are often referred to as quiescent, while those
that are accreting matter are referred to as active. Black holes of any mass can be either
guiescent or active with some cycling through periods of activity and quiescence on

human timescales. The focus of this thesis will be on active supermassive black holes

(SMBH) at the centers of other galaxies, referred to as active galactic nuclei (AGN).

1.2 What are Active Galactic Nuclei?

While black holes themselves do not emit any electromagnetic radiation, the energy
released by accretion onto a black hole is immense. For AGN, this produces suf cient
radiation to outshine the entire host galaxy with bolometric luminosities ranging from

10 10" erg s'. AGN are thus some of the most luminous and most distant
observable objects in the universe.

Although not understood at the time, initial reports of objects that would be later
considered AGN were identi ed via their strong, broad optical emission lines (Seyfert,
1943) and as bright radio point sources (e.g. Schmidt 1963). The former eventually
became known as Seyfert galaxies and the latter QSOs for "quasi-stellar objects'. This
early history hinted at the wide variety of observational characteristics across the entire
electromagnetic spectrum that would eventually become associated with AGN.

The large number of observational characteristics in radio, infrared (IR), optical,

ultraviolet (UV), X-ray, and -ray wavelengths which can be used to classify AGN resulted



in an extensive list of names and terminology, sometimes playfully referred to as an 'AGN
zoo'. A long-standing goal has therefore been a "uni ed model' of AGN which can
make sense of all of these properties in one coherent physical model (e.g. Antonucci
1993; Urry & Padovani 1995; Netzer 2015; Padovani et al. 2017). This has been broadly
accomplished by assuming we are looking at similar physical systems which are anisotropic
and therefore appear very different when viewed from different angles.

Fig. 1.1 (Beckmann & Shrader, 2012) illustrates our understanding of a uni ed
model of AGN. The core physical system is comprised of a central SMBH with a hot
X-ray emitting corona (labelled as electron plasma in Fig. 1.1) and surrounding accretion
disk. At a larger radius is a cool, dusty ‘torus' and interspersed lie regions invoked to
produce observed broad and narrow emission lines. Some AGN have radio jets. Note
that those that do, are believed to have two symmetric jets; one jet is shown in Fig. 1.1 in
order to include both jetted and non-jetted AGN in the diagram. Surrounding this physical
model are the different viewing angles and the common AGN classi cations associated
with those viewing angles. This diagram is signi cantly over-simpli ed, particularly with
regards to the exact nature and geometry of the corona, broad and narrow line regions,
the torus, and the thickness of the accretion disk, but it provides a useful framework for

further discussions.

1.3 Motivation for AGN Feedback

Powerful objects such as AGN must necessarily interact with their surrounding

environment, and are believed to play a major role in the evolution of individual galaxies



Figure 1.1: lllustration of the uni ed model of AGN reproduced from (Beckmann &
Shrader, 2012). The core physical components of an AGN are the central black hole,
corona (electron plasma), accretion disk, broad and narrow line regions, dusty torus, and
optional radio jets. Note that AGN with jets are expected to have two symmetrical jets.
Different viewing angles are labelled with their corresponding AGN classi cations.



and galaxy clusters. The interaction of AGN with their host galaxy or galaxy cluster is
broadly referred to as ‘feedback'. Below, we discuss the two most common types of

feedback and the types of objects in which they are thought to occur.

1.3.1 TheMgn- Relation & Radiative Feedback

Empirical studies revealed that the mass of the central SMBH is positively correlated
with the mass of the bulge of the host galaxy (e.g. Ferrarese & Merritt 2000; Gebhardt
et al. 2000). This correlation is referred to as Mey relation and is shown in Fig.

1.2 (reproduced from McConnell & Ma 2013). Such a relationship is surprising given the
many orders of magnitude that exist between the sub-parsec sphere of in uence of the
SMBH and the kiloparsec scale in uence exerted by the host galaxy.

A leading explanation for the co-evolution of the SMBH and the host galaxy is via
radiative mode (also quasar or wind mode) AGN feedback (see Fabian 2012, King &
Pounds 2015, and references therein). In this picture, accretion onto the SMBH drives a
fast out ow which collides with the interstellar medium (ISM) and can result in driving
cool gas from the host galaxy which would otherwise form stars. This cool gas, however,
is the same gas fuelling accretion onto the AGN. By growing, the SMBH will eventually
deprive itself of fuel, thus modulating both the growth of the SMBH and the host galaxy.

Evidence for fast and ultrafast out ows (UFOs) driven by the SMBH are seen in
X-ray observations as highly ionized blueshifted absorption lines (Tombesi et al., 2010).
Large-scale galactic winds are also observed via absorption lines in the infrared, optical,

and UV (see Vellleux et al. 2005 and references therein). It is dif cult to determine



Figure 1.2: Positive correlation of the mass of the central SMBH and the mass of the
bulge of the host galaxy as measured by stellar dispersioRigure reproduced from
McConnell & Ma 2013.

whether these galactic winds are driven by SMBH out ows or by starbursts. Directly
linking small- and large-scale out ows is challenging given that there are few objects in
which X-ray and infrared absorption lines are simultaneously detectable. This disussion

is continued in Chapter 2 which presents a study of one such object.

1.3.2 The Cooling Flow Problem & Kinetic Feedback

Galaxy clusters are the largest gravitationally bound objects in the universe. Roughly
50% of clusters are considered cool-core clusters where the intracluster medium (ICM)

is characterized by a high density, low temperature core2 keV; Fabian 2012) which



is strongly centrally peaked on the brightest cluster galaxy (BCG; White et al. 1997;
Hudson et al. 2010; McDonald et al. 2017). The radiative cooling times of the ICM
within the central 100 kpc of these clusters is cosmologically skort(® years) and

led to predictions of massive cooling ows of gas into the BCG (see Fabian (1994) and
references therein). X-ray observations revealed, however, that there is signi cantly less
cool gas and star formation in the BCG than expected from such cooling ows (Peterson
& Fabian 2006; Fabian 2012; Liu et al. 2019). This became known as the “cooling ow
problem’. The leading solution to the cooling ow problem is that there must be a source
heating the ICM.

The jetted radio-loud AGN frequently found in the BCG is believed to be the
primary source of ICM heating via kinetic (also radio mode) feedback (Fabian, 2012).
Observations show the jet interacting with the ICM via jet-blown bubbles (Fabian et al.
2000; Heinz et al. 2002; Bzan et al. 2004), sound waves and weak shocks (Fabian et al.
2005; Graham et al. 2008; Million et al. 2010), and AGN-driven turbulence (Zhuravleva
et al. 2014; Hitomi Collaboration et al. 2016). While it appears clear that the AGN is
injecting heat into the ICM, it is less clear exactly how the AGN appropriately balances
the cooling of the ICM. Presumably, if the AGN is fuelled directly from the ICM cooling
process (Allen et al. 2006; Gaspari et al. 2013) which in turn powers the jet, a self-
regulated feedback loop could occur. N&iandraX-ray studies of BCG AGN are

presented in Chapters 3 and 4.



1.4 AGN in X-ray

This thesis presents X-ray studies of AGN, thus it is relevant to brie y review the
primary X-ray characteristics of AGN. X-ray ux is highly variable on short timescales
implying that the emission region is located at small radii (Uttley & Mchardy 2004;
Vaughan 2005). The X-ray spectrum is characterized by a hard power law, low energy
soft excess, and a re ection component as shown in Fig. 1.3. The primary power law is
attributed to the corona of hot electrons Compton upscattering optical and UV photons
from the accretion disk. In photon units, the power law is described by a photon index
(dN/dE / AE ) of 1.9 2:0(Turner & Pounds, 1989). The re ection component
is produced by the reprocessing of the power-law component by the accretion disk and
other surrounding material. The main features of the re ection spectrum are the Compton
hump around 30keV and an iron line aroun&8 = 6:4 6.9 keV. If the re ection
is from in the inner regions of an accretion disk around a spinning black hole, then the
re ection spectrum appears broadened and smeared. Even when we see a broadened iron
line, there is often an additional narrow iron linekat 6:4 keV corresponding to the K
uorescence of neutral or low-ionization iron from larger radii. Finally, the origin of the
soft excess is less understood, but may also be attributed to smeared re ection (Crummy
et al., 2005) or smeared atomic or absorption lines (Czerny et al. 2003;fSiedi Done
2004). It should be noted that not all components are seen in all sources or at all accretion
states. Indeed, the presence or absence of such components are used to study properties

such as black hole spin and the physical details of accretion onto SMBH.



Figure 1.3: A typical X-ray SED of an AGN, reproduced from Fabian 2006. The black
line is the sum of components . The green line is the power law component attributed to
the X-ray corona. The blue components are attriuted to re ection and reprocessing of the
corona from both the inner accretion disk and material at large radii. The red line is the
soft excess whose origin is less understood, but may also be attributed to re ection.

1.5 X-ray Instruments

The study of astronomical X-rays provides unique technical challenges. Foremost,
since the Earth's atmosphere blocks X-rays, all X-ray telescopes must be space-based.
Secondly, the high-energy nature of X-rays requires a different optics approach. Visible
light telescopes typically rely on mirrors which are positioned nearly perpendicular to
incoming light. X-rays, however, are such short wavelength that they would be absorbed
by such mirrors rather than being re ected and focused. To circumvent this issue, X-
ray telescopes use series of nested parabolic and hyperbolic mirrors positioned such
that incident photons just graze the re ective surface (Wolter, 1952a,b). The angle of

incidence is roughly of order lor less. This type of mirror con guration produces a



focused image at a speci c location in the telescope’s eld of view (FOV). Images formed
away from the focal point suffer from noticeable aberrations that worsen as distance from

the focal point increases.

1.5.1 CCDs

Having collected and focused the X-ray photons, we must detect them. Starting
with the Advanced Satellite for Cosmology and Astrophys&SCA, launched in 1993,
charge coupled devices (CCDs) have been the workhorse detector for X-ray astronomy.
CCDs are sensitive photon detecting devices developed for the optical band in the 1970's
and still used in most major observatory instruments today. A CCD is comprised of
gate electrodes, an insulating layer, a photosensitive epitaxial silicon layer, and a bulk
silicon substrate. Additionally, the CCD is divided into spatial elements called pixels
which provide information about the location of incoming photons on the detector. When
a photon strikes the photosensitive epitaxial layer, electrons can be produced via the
photoelectric effect. The amount of photoelectrons produced (often referred to as an
electron cloud) is measured as charge and, when used for X-ray detection, is directly
proportional to the energy of the incident photon. Removal of an electron leaves behind
a positive "hole'. To prevent the negatively charged electron from recombining with the
positive hole, gate electrodes apply an positive voltage to trap the photoelectrons in a
potential well. Charges are permitted to accumulate for a given amount of time, called
the integration or frame time, and are then transferred along adjacent pixels via alternating

voltages in a "bucket brigade' style read out process. Charges are often quickly transferred

10



to an inactive region of the CCD, the frame store, before being read out and stored by a
local processor. The active portion of the CCD may return to observing while the frame
store simultaneously reads out to the processor.

CCDs are considered front-illuminated when the gate electrode faces the source of
light. In this position, incoming photons must pass through the gate structures before
interacting with the photosensitive silicon. The gates may prevent some photons from
being measured. Back-illuminated CCDs are ipped so that the bulk substrate is facing
the light source. This requires most of the bulk substrate to be removed effectively
resulting in directly exposing the photosensitive layer to incoming light. This does not
result in a loss of photons as seen in front-illuminated CCDs, however, it can make back-

illuminated CCDs slightly more sensitive to lower energy photons.

1.5.2 TheChandraX-ray Observatory

As a large portion of this thesis relies on technical knowledge ofcthandraX-

ray Observatory (CXO), special consideration will be givelCtandrahere in Chapter

1. Chandralaunched on July 23, 1999 and is currently NASAs agship X-ray telescope.
The High Resolution Mirror Assembly (HRMA) is a Wolter-1 grazing incidence telescope
consisting of four nested paraboloid-hyperboloid mirrors. A technical marvel, the mirrors
are the smoothest and most precisely shaped mirrors ever cre@texhdrahas four
instruments, the Advanced CCD Imaging Spectrometer (ACIS) and the High Resolution
Camera (HRC), both of which can be used for imaging or high-resolution spectroscopy

in conjunction with either the Low Energy Transmission Grating (LETG) or the High
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Energy Transmission Grating (HETG). Further discussion will focus on ACIS and the
HETG.

ACIS consists of ten CCDs split into two arrays: 1) ACIS-I has four CCDs in a
2 2 array used for imaging and 2) ACIS-S has six CCDs in & Array used for either
imaging or spectroscopy with either the HETG or LETG. Each CCD is 10224 pixels
with each pixel corresponding to a size of 0.492". All of the ACIS-I CCDs are front
illuminated. Four of the ACIS-S chips are front illuminated while two, including the chip
with the aimpoint, are back illuminated. Since launch, the effective area of ACIS below 2
keV has continuously decreased due to build up of molecular material on the cold ACIS
optical blocking Iters. The HRC does not suffer from this due to its higher operating
temperature. The effect of decreased effective area can be seen in spectra of calibration
source Abell 1795 in Fig. 1.4. At this point, ACIS is no longer particularly sensitive
below 0.5 keV but remains fully operational above 2 keV.

The ACIS-S array is speci cally designed to work with the HETG, a slitless transmi-
ssion grating spectrometer (Canizares et al., 2005). The HETG contains two gratings:
the High Energy Grating (HEG; 0.8-10.0 keV) and the Medium Energy Grating (MEG,;
0.4-5.0 keV). Although energy-dependent, the HETG provides an unparalleled resolving
power E= E)of 1000 at 1 keV and 660 at 0.826 keV for the HEG and MEG, respectively.
Photons focused by the HRMA strike the gratings and are diffracted in one dimension by

the dispersion angle given by the grating equation

in( )= ™
sin( ) = 0 (1.1)
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Figure 1.4: Observations spanning 13 years of calibration source Abell 1795 illustrate the
decreased effective area of the ACIS detector below 2 keV due to the buildup of molecular
contamination on the optical blocking Iter. The instrument is not affected above 2 keV.
Figure reproduced with modi cations fro@XCPOG, 2021.

wherem is the integer order number of the spectrumis the photon wavelength in
angstroms, ang is period of the gratings. The period of the HEG grating is 200881
while the MEG is 4001.9%\. The dispersed HETG spectra produce an X' shape (Fig.
1.5) on the CCDs with the HEG and MEG each producing spectra. An undispersed
image M = 0) is formed at the center of the dispersed spectra. Ty@hahdraanalysis
utilizes the summed rstorden = 1 spectra. While the second and third order spectra
have higher energy resolution, they typically do not have enough photons for a reasonable

signal to noise ratio.

1.5.2.1 Pileup

Pileup is a form of saturation, a phenomenon present in all X-ray detectors, but

will be discussed here usir@handraterminology. When a photon strikes the CCD and

13



Figure 1.5: A colorized image of the HETG dispersed rst order spectra on the ACIS-S
detector (individual CCDs labeled as 'S#'). The HEG and MEG each produtea 1
spectra (opposite sides of the 'X"). At the center is an undispersed zeroth order spectrum.
The gratings produce second and third order spectra which are not visible due to their
intrinsically lower intensity. Figure reproduced fradXC POG, 2021.

interacts with the photosensitive silicon layer, the generated charge produces a variety of
patterns. These patterns are graded and used to distinguish between astronomical sources
of interest and sources of noise like cosmic raghandragrades events based on 3x3
pixel “islands” centered on local charge maxima. The 256 possible grades are then binned
into seven nal grades which are used for event Itering. Grades 0, 2, 3, 4, and 6 are
considered the set of ‘good' grades for standard analysis in the sense that they are unlikely
to be due to particle background events, cosmic rays, or other types of noise. Fig. 1.6
provides an example island for each of the seven nal event grades.

Pileup occurs when two or more photons arrive in the same detector region within
the same frame time and are read out as a single photon event (see e.g. Ballet 1999;
Davis 2001). This produces multiple noticeable and undesirable effects. First, the source
spectrum is distorted and hardened—the registered energy is roughly equivalent of the
sum of the individual photons thus shifting multiple lower energy photons to one higher
energy photon. This can be referred to as energy migration. Second, the count rate
is incorrectly measured as lower than its true value—instead of two or more photons

measured per frame time, only one photon is measured per frame time. Fig. 1.7 illustrates
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Figure 1.6: Samples of each of the 7 event grade classi cations with good grades shown
in green, bad grades shown in red. By de nition, the brightest pixel is used to de ne the
center of the 3x3 pixel island.

both of these concepts by the expected source spectrum to the measured source spectrum
Davis (2001). Third, pileup causes a phenomenon referred to grade migration. Fig. 1.8
illustrates how two photons which would individually produce good grades would instead
be measured as a superposition of those good grades resulting in nal classi cation as
a bad grade. As true source photons are relegated to bad grades, they are removed
from source analysis and result in incorrectly low ux estimations. Fourth, if pileup is

suf ciently high, the piled up photons may be rejected entirely if the sum surpasses the
on board energy threshold (3 keV for Chandrg thus resulting in a image with a hole

in the center (where pileup is always greatest) where no information is collected at all.
Finally, pileup distorts the point spread function (PSF) of the source. Since pileup effects
are most noticeable where the intrinsic count rate is highest, the center of the source is
more highly piled up than the wings. Removing photons from the center of the PSF via
pileup produces a PSF that is less strongly peaked and broader than the true PSF of the

source.
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Figure 1.7: Examples of pileup on the X-ray spectrum of a quasar (Davis, 2001). Dashed
lines indicate the predicted spectrum and count rates without pileup. Solid lines indicate
the observed spectrum. The reduced count rate and high energy tail are direct results of

pileup.

Figure 1.8: Visual guide to event grade migration caused by pileup. Two incident photons
which would individually produce electron clouds corresponding to good event grades
(green pixel islands at left). Instead, they strike the same region of the CCD within the
same frame time and the combined electron cloud is recorded as one bad event grade and

discarded.
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In practice, it is not possible to avoid pileup for all sources, so various mitigation
strategies are employed to produce the best results possible. Two of the most commonly
used strategies witlChandrainclude using a subarray rather than the full detector or
using the one of the transmission gratings. Using only a subarray of the detector reduces
the frame time and thus the probability that two or more photons will arrive within
that time. The transmission gratings effectively reduce the count rate by dispersing the
incident photons. Less commonly used mitigation methods include continuous clocking
mode—which produces the fastest frame and readout time but is only accomplished by
moving from two spatial dimensions to one—and intentionally moving the source off-axis
(away from the focal point) which spreads the counts out across a much larger PSF.

There exists no standard method for exactly quantifying the amount of pileup or
exact spectral deformation caused by pileup. Often, one of the rst indications of pileup
is a trailed image, also called a read-out streak. It taBrandra40 s to transfer
accumulated charge from one row of pixels to the next. For a suf ciently bright source that
is long enough for charge to accumulate as the pixels are being read out, thus producing
measured charges along the column in which the center lies. Another way of diagnosing
pileup is by examining the observed spectrum of the source. One proxy for estimating
pileup is by calculating the ratio of bad grades to good grades throughout an image. Pileup
is always worst at the core of the PSF. Comparing the grade ratio where there is known
pileup to areas where there is assumed to be no pileup can indicate the severity of the grade
migration and thus the amount of pileup. We return to a detailed discussion of pileup in
Chapter 4 when presenting the analysis of i@wandraACIS data for the bright quasar

H1821+643.
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Chapter 2: IRASF05189-2524: Discovery of an X-ray Quasar Wind Driving

the Cold Gas Out ow in the Ultraluminous Infrared Galaxy

2.1 Introduction

In one possible evolutionary scenario, gas-rich galaxies merge together to form an
obscured ultraluminous infrared galaxy (ULIRG) which evolves into a dusty quasar and
then eventually an exposed optical quasar after shedding its gas and dust cocoon (e.g.,
Hopkins et al. 2006; Sanders et al. 1988; Veilleux et al. 2002, 2009a,b). This scenario
may account for the intimate link between the mass of the stellar spheroid component of
the host galaxy and that of the central supermassive black hole (SMBH) (e.g., Ferrarese
& Merritt 2000; Gebhardt et al. 2000; Silk & Rees 1998) by invoking negative feedback
of the active galactic nucleus (AGN) i.e. the AGN drives galactic winds which in turn
may be able to quench the growth of both the SMBH and the stellar component of the
host (e.g. Fabian 1999; King 2003; King & Pounds 2003).

Star formation is inhibited if the cold molecular gas out of which stars form is
affected by such out ows. Far-infrared molecular spectroscopy of ULIRGs has revealed
highly blueshifted absorption features indicative of high-velocity molecular out ows on

scales of hundreds of parsecs which imply signi cant mass out ow rates (&8enz
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Alfonso et al., 2017; Rupke et al., 2017; Sturm et al., 2011; Veilleux et al., 2017, 2013).
Most models explaining the origin of these galactic out ows require a very fggt (

0:1c) initial AGN accretion disk wind which shocks the surrounding interstellar medium
(ISM) and forms a hot bubble which moves the molecular material (see King & Pounds
2015 and references therein). The shock-driven galactic out ow can be divided into two
distinct regimes: momentum-driven and energy-driven.

Momentum-driven out ows occur when the kinetic energy of the wind is mostly
radiated away, in which case, only ram pressure exerts work on the surrounding ISM.
Energy-driven out ows occur if the shocked ISM is not ef ciently cooled and expands
adiabatically as a hot bubble. The momentum rate of an energy-driven out ow is expected
to be larger than that of a momentum-driven out ow and may approach values' of
10L aen =cwhich is consistent with observations of several ULIRGs (Cicone et al., 2014;
Gonalez-Alfonso et al., 2017; Sturm et al., 2011).

Galactic-scale out ows are common in U/LIRGs and often involve several gas
phases: the molecular gas (e.g., Fluetsch et al. 2019; &kmAlfonso et al. 2017,
Veilleux et al. 2013), the neutral atomic gas (Rupke et al., 2017; Rupke & Veilleux,
2013; Teng et al., 2013), the warm ionized gas (Rupke et al., 2017; Rupke & Veilleux,
2013), and sometimes even the hot ionized gas (Liu et al. 2019; Nardini et al. 2013;
Paggi et al. 2017; Veilleux et al. 2014). Conversely, out ows inferred from blueshifted
Fe XXV / XXVI absorption lines in the X-ray band at rest-frame enerfies 7 keV are
observed in AGN at sub-parsec scales consistent with an accretion disk interpretation.
These ultra-fast out ows (UFOs; Gofford et al. 2013; Longinotti et al. 2015; Nardini

et al. 2015; Parker et al. 2017; Tombesi & Cappi 2014; Tombesi et al. 2011, 2010, 2015),
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have out ow velocities which are mildly relativistiosg,y  0:1c). Con rming both a
large-scale galactic out ow and sub-parsec scale accretion disk wind in the same object
presents observational challenges requiring simultaneous detection of the out ow in the
X-rays and at lower energies (mm-optical-IR).

IRAS F11119+3257 was the rst such source in which both out ows were con rmed.
Galactic out ows were found using OH absorption measurementshi@tischel\Veilleux
et al., 2013) and con rmed with CO(1-0) emission line measurements from/Aleli\
observations (Veilleux et al., 2017). The UFO was initially detected Sithaky Tombesi
et al., 2015) and later con rmed witNUSTARbbservations (Tombesi et al., 2017). Mrk
231 is the second known object whose out ows were con rmed usitgM, Chandrg
andNuSTARFeruglio et al., 2015). Therefore, it is imperative to extend such studies to

other sources in order to quantify the occurrence of such phenomena.

2.2 IRASF05189-2524

IRASF05189-2524 is a well-studied, nearlayH 0:0426, late-stage merger ULIRG
(Veilleux et al., 2002, 2006). Itis an optical Seyfert 2 (Veilleux et al., 1999a), but contains
hidden broad-line Pain the near-infrared (Veilleux et al., 1999b). With70% of its
bolometric luminosity o 102 L ) attributed to its AGN (Veilleux et al., 2009a), the
AGN in IRASF05189-2524 is considered a quasar. A high-velocity, large-scale out ow
has been detected in the neutral, ionized, and molecular gas phases (Bellocchi et al., 2013;
Gonzlez-Alfonso et al., 2017; Rupke et al., 2005, 2017; Teng et al., 2013; Veilleux et al.,

2013; Westmoquette et al., 2012).
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In the X-ray, IRASF05189-2524 is one of the brightest local ULIRGs. Archival
XMM-NewtonandChandraobservations derive da = 2—-10 keV continuum luminosity
of 10 ergs?!(Tengetal., 2009). The X-ray ux of IRASF05189-2524 is known to
vary. TheE = 0.5-2 keV ux was relatively constant durilgMM-Newtonobservations
in 2001 March,Chandraobservations in 2001 October and 2002 January, Sunchku
observations in 2006 April. Th& = 2-10 keV ux, however, was a factor of 30
lower in the 2006Suzakuhan previously measured in théMM-Newtonand Chandra
observations in 2001-02. In addition to the drop in ux, the 2(®&zakuobservation
revealed a promineiit = 6.4 keV Fe K emission line not seen in the 2001-02 observations
(Teng etal., 2009). Observations AKCAIN 1995 andBeppoSAXn 1999 found statistical-
ly signi cant unresolved iron line emission, but also con rmed strong continuum variability
aboveE = 2 keV between the two observations (Severgnini et al., 2001). IRASF05189-
2524 was observed lyuSTARN 2013 February (21 ks) and October (25 and 8 ks) with a
coordinatedXMM-Newtorobservation during the 2013 October observation (31 ks; Teng
et al. 2015). Minor ux variations detected between these observations were not found
to be statistically signi cant, and thE = 2-10 keV ux was again consistent with the
“high” state of the 2001-02 observations (Teng et al., 2015).

IRASF05189-2524 was detected Byvift BAT with a signi cance of 6 atE =
14-195 keV and 4.2 atE = 24-35 keV (Koss et al., 2013). In re-analyzing the 2013
NuSTARand XMM-Newtonobservations, Xu et al. (2017) nd that IRASF05189-2524
may be modeled above = 2 keV by a broad iron line disk re ection. Xu et al. (2017)
also nd that possible features indicative of a high-velocity out ow in the Fe K band
are not statistically required after the t with a relativistic re ection dominated spectral
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model. Data of higher quality are needed to con rm the possible existence of these

spectral features.

2.3 Observations and Data Reduction

2.3.1 XMM-Newton

IRASF05189-2524 was observed ByVIM-Newtonfor 98 ks on 2016 Sept. 6-7
(ObsID 0790580101). The observations were reduced using standard procedures with the
XMM-NewtonScience Analysis System v16.1.0. Soft proton ares were removed, and
only single and double events were retained for the pn while single through quadruple
events were retained for the MOS. The source was extracted using a 40” radius circular
region. The background was estimated from a source-free sky region of the same size.
For the pn background, special care was taken to ensure that the background region was
not located on parts of the CCD where there are known instrumental X-ray uorescent
lines (Freyberg et al., 2004), particularly the Cu-Kne around 8 keV. The nal good
exposure time for the pn was 74.3 ks. The MOS1 and MOS2 observations were reduced
separately. Each MOS spectrum and light curve was inspected individually, and nding
no gross variability between the two, they were combined uspigspeccombine
The nal good exposure time for the combined MOS spectrum is 94.7 ks. Table 2.1
provides the nal good exposure times and count rates foXtid-Newtonobservation.

The nal spectrum for both the pn and MOS were grouped to a minimum of 50 counts

per bin in order to ensure the use of theestatistics.
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Table 2.1: Exposure times and count rates #KM-Newton observation (ID
0790580101) antluSTARbbservation (ID 60201022002) of IRASF05189-2524.

Exposure Count Rate Count Rate

Instrument

(ks) (0.5-2keV) (2-10ke¥)
EPIC pn 74.33 0.393 0.315
EPIC MOS 94.71 0.251 0.212
FPMA (full) 144.1 0.067
FPMB (full) 143.9 0.061
FPMA (simultaneous)  45.39 0.073
FPMB (simultaneous)  45.31 0.066

a Count rates foNuSTARare calculated between 3—-10 keV.

2.3.2 NuSTAR

IRASF05189-2524 was observed BuSTARor 144 ks on 2016 Sept. 5-8 (ObsID
60201022002). Spectra were created using HEAsoft version 6.22 and CALDB version
"20171002' after initially producing cleaned event les with the taulpipeline
For the screening parameters, we assumed “saacalc=2 saamode=optimized tentacle=yes”
based on thd&NUSTARSAA ltering report. From the cleaned event les, spectra and
corresponding response matrices were then created usingifineducts  tool. The
source region was chosen to be circular with a 60” radius, the background region was
also circular with 121" radius. The resulting spectra have a net exposure of 144.1 ks for
focal plane module (FPM) A and 143.9 ks for the FPMB. Due to differing orbits, the
NuSTARobservation is only strictly concurrent wikiMM-Newtonfor 45 ks. Table 2.1
provides the nal good exposure times and count rates foNh8TARobservation. All
FPMA and FPMB spectra were grouped to a minimum of 25 counts per bin in order to

ensure the use of thé statistics.
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2.4 XMM-NewtonSpectral Analysis

We perform our spectral analysis using XSPEC v12.10c (Arnaud, 1996b) using

2 statistics. All models take into account Galactic absorption withtitlads model
(Wilms et al., 2000) using a Galactic column densityNyf.co = 1:66 10°° cm 2
(Kalberla et al., 2005). All parameters are given in the rest frame of IRASF05189-2524
(z =0.0426). The fulXMM-NewtonEPIC spectrum of IRASF05189-2524 from 0.5-10
keV is presented in Fig. 2.1. All errors and limits are given at a level of 90%7 (=
2:7 for one degree of freedom). Statistical calculations were performed using XSPEC
error andsteppar commands avoiding local minima when searchifgspace. The
difference in sensitivity of the pn and MOS spectra are due to the difference in effective

area. The effective area of the MOS decreases more rapidly at higher energies than the

pn.

2.4.1 Broad-band Modeling

We begin by joint modeling the EPIC pn and MOS spectra from 0.5-10 keV with
a simple power law. This provides a poor t{,= 2/ =11.93) and is not considered
further. The spectrum is indicative of a soft X-ray absorber (see Fig. 2.1), so our next
model invokes a full covering neutral absorbewébs in XSPEC). While this provides
a better t( 2, = 6.47), itis clear that the model is not accounting for any emission that
is present at soft X-ray energids € 2 keV) and is not considered further.

We then consider a neutral partial covering absorbpcfabs ) which provides a

signi cant improvement in the overall t (2., = 1501/948 = 1.58; see Fig. 2.2a) although

red
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Figure 2.1: ThexMM-NewtonEPIC spectrum of IRASF05189-2524 from 0.5-10 keV in
the rest framez = 0:0426. Additional binning has been applied for visual purposes.

there is still excess emission at soft energies. This model has a column dgpsity
(8:54 0:12) 10?2 cm 2, and the photon index, while high & 2.29 0:01), is not
unreasonable given the large range of previously published values for IRASF05189-2524
(Ptak et al., 2003; Risaliti et al., 2000; Teng et al., 2015; Xu et al., 2017). We also test a
continuum scattering model using two power laws with the same photon index, one with
full neutral absorption and one with no absorption. The t of this model is comparable
to that with neutral partial covering absorption with no clear preference for either model.
Although these models are phenomenologically distinct, they are mathematically equiva-
lent, and we will continue our spectral analysis using neutral partial covering absorption.
Since IRASF05189-2524 is a ULIRG, we addngkal component to account for

the hot diffuse gas likely present in the host galaxy (see Fig. 2.2b). The bestntehgl
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component has a plasma temperaturé&cdf= 0:181 0:004 keV while the neutral
partial covering absorber has a column densitigf= (7:29 0:100 10?2cm 2. This
improves the tto 2, =1050/946 = 1.11 in addition to yielding a photon index of

1.97 0:01, much closer to the canonical value of= 2 (e.g., Nandra & Pounds 1994;
Reeves & Turner 2000). Both neutral partial covering absorber models (with and without
themekal component) have a covering fraction of 98% with full covering excluded at
the 90% level.

Next, we test an ionized partial covering absorlaigcf ), which slightly improves
the t ( 24 = 1034/945 = 1.09; see Fig. 2.2c). The column density increaskis, to
(106  1:10) 10?2 cm 2 with a low ionization parameter of log= 0.59 0:05erg
s 1 cm and a covering fraction of 99% (full covering remains excluded at the 90% level).
The plasma temperature of theekal component decreases slightlyk® = 0.147%:05%
keV. Now, however, the continuum abofze= 8 keV is noticeably underestimated (see
Fig. 2.2c) while the photon index has steepened(2.49 0:12). This is consistent
with the ionized partial covering absorber compromising the continuum t for the sake of
the large contribution to the residuals at lower energies. For these reasons, we discard the
model with the ionized partial covering absorber.

From the data-to-model ratios in Fig. 2.2, we nd evidence for a possible absorption
feature betweek 7 8keV. We approximate this feature by adding a Gaussian to our
model with a neutral partial covering absorber anekal component (see Fig. 2.2d).
The center of the line is located Bt= 7:81  0:10keV with a width of = 103 eV
(90% upper limit < 248 eV) and an equivalent width of &, eV. This improves the t

by 2= =9/3 which corresponds to a statistical requirement of 97% according to the
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F-test & 2 ). The column density ibly = (7:22 0:10) 10?2 cm 2, covering fraction
is 98%, photon index = 1.94 0:01, and plasma temperatukd = 0:181  0:004
keV.

In our last broad-band model, we add an unresolved Gaussian emissionHirre at
6:70 0:06keV with a width frozen to = 10 eV, consistent with iron K lines of highly
ionized iron (FeXVlll and above; Kallman et al. 2004; see Fig. 2.2e). The addition
of the emission line narrows the absorption feature to 78 eV (90% upper limit <
240 eV). The equivalent width of the absorption feature also decreases ‘&, 48/
while the equivalent width of the emission feature is 357 eV. Using an F-test, the
addition of a second Gaussian is statistically signi cant at a level of 99.7% (). Other
model parameters remain largely unchanged by the inclusion of an emission feature. The
parameters of this best- tting broad-band model{ = 1028/941 = 1.09) are presented

in Table 2.2.

2.4.2 Modeling the Iron-K Region

To more closely model the iron-K region, we consider the pn and MOS only between
E = 2-10 keV, consistent with the methods presented in Xu et al. (2017) and Braito et al.
(2018). From Fig. 2.2, it is clear that the residuals are dominated by a complex array of
features beloviE = 2 keV, some of which may be due to a photoionized emitter. Modeling
the soft X-ray emission does not impact results from the hard X-ray emission, although
the inclusion of the softer energies may detrimentally in uence the continuum estimation.

Investigating the source of the soft X-ray emission is not our primary objective and is not
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Figure 2.2: Data-to-model ratios for broad-band models; EPIC pn is plotted in black, the
MOS in red. (a) a neutral partial covering absorber by itself does not account for excess
emission belovE =1 keV and underestimates the continuum allBw8 keV; (b) adding
amekal component to account for hot diffuse gas improves issues seen in (a); (c) testing
a ionized neutral absorber results in an underestimate of the continuumBb8veV;

(d) a Gaussian is added to (b) to model an absorption featiie aB keV; (e) a Gaussian

is added to (d) to model an emission featur&ab6.7 keV.
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Table 2.2: Parameters for the best- tting broad-band model. All errors are given at the
90% level while limits are given at 90%.

Component Parameter Unit Model 2 2/
zpowerlw 1.97 0.01 11334/950
z@ 0.0426
zpcfab$ Ny 10%?cm 2 7.26 0.10 1933/948 9401/2
Covering Fraction 0.984 0.001
z@ 0.0426
mekal KT keV 0.181 0.004 1050/946  883/2
zgauss Lind& keV 7.81 0.06 1041/943 9/3
keV <0.24
z2 0.0426
EW eV -46*%,
zgauss Linde keV 6.70 0.06 1028/941 13/2
a keV 0.01
z@ 0.0426
EW eV 35 17

a8 Parameters frozen at their stated values.

b The covering fraction for the neutral partial covering absorber is purely phenomenological;

see 82.4.1 for information about a continuum scattering model.
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considered further in this paper.

We begin modeling the iron-K region with a power-law continuum and a neutral
partial covering absorber (see Fig. 2.3a). We do not includendleal component, as
it does not contribute above = 2 keV. The column density iy = (7:28*%33) 107
cm 2 and the photon index = 1.94 0:02 The covering fraction is 0.98 0:01

Next, we add a Gaussian absorption featureé at7:81  0:12keV with a width
of =143 *2 eV and equivalent width of2 *%; eV (see Fig. 2.3b). This improves
the t of the model ( 2/ = 13/3), and using an F-test, the addition is statistically
signi cant at a level 0f 99.7% ( 3 ). The column density isl; = (6:96  0:12) 10?2
cm 2 and the photon index = 1.88 0:02 The covering fraction is 0.984:91% (full
covering remains excluded at the 90% level).

Finally, we add a second Gaussian emission featute=a6:70  0:06 keV with
a xed width of =10 eV (see Fig. 2.3c). This improves the t of the model ¢/ =
9/2), and using an F test, the addition is statistically signi cant at a level of 99.3%. The
addition of a second Gaussian narrows the rst Gaussiantd. 17 eV (90% upper limit

< 257 eV) and equivalent width of 6£% eV. The column density increases slightly to

Ny = (7:03'%33) 10?2 cm 2 and the photon index steepens slightly ol :91  0:02
The covering fraction remains at 0.984517 with full covering excluded at the 90% level.
The nal parameters for this best- t model are provided in Table 2.3.

In order to better assess the signi cance of the detection of the Gaussian absorption
feature aE = 7.81 keV, we run a series of detailed Monte Carlo simulations, according
to the procedure described in Tombesi et al. 2010, quantifying the incidence of spurious

lines when blindly searching for features betwé&er 7-10 keV (rest frame). We adopt
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the best t model shown in Table 2.3 after removing the Gaussian absorption lines as our
baseline model. We simulate a set of 1000 observations with both the EPIC pn and MOS
detectors using the same observation times as given in Table 2.1 and grouping the spectra
to a minimum of 50 counts per bin.

First, we t the simulated data using our baseline model checking that the best t
values agree within the uncertainties with the input parameters used to generate the data.
Then, we look for the probability of detecting an emission or absorption Gaussian feature
betweenE = 7-10 keV due to random uctuations of the simulated data. To do this,
we add a Gaussian component to Model A with a line centroid restricted to fall between
E = 7-10 keV in steps of 0.1 keV. The width of the Gaussian line is free to vary between

= 0-300 eV. The line normalization is left free to vary during the t between positive
and negative values, thus allowing for the presence of emission or absorption features,
respectively.

Using the value of 2 = 13 as the threshold value, we nd that 8 out of 1000
(f = 0.008) simulated spectra include spurious lines which improve the t by a greater
or equal amount. We derive the con dence level of the observed absorption Ime as
1 f =0:992 corresponding to 99.2% or 2.5

The signi cant presence of an absorption feature altower keV could be indicative
of an ultra-fast out ow. The strongest highly ionized iron transitions arxke He (E
=6.697 keV) and He (E = 7.880 keV) and FxXVI Ly (E =6.966 keV) and Ly (E
= 8.250 keV). For an absorption featurekat 7.8 keV (rest-frame), only FEXV He
and FexXXVvl Ly would produce an out ow with velocities of,; = 0.15 and vy, =

0.11c, respectively.
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Figure 2.3: Data-to-model ratios for iron-K models € 2-10 keV); EPIC pn is plotted

in black, the MOS in red. (a) a neutral partial covering absorber model; (b) an Gaussian
absorption feature addedm&t= 7.8 keV which could be indicative of an ultra-fast out ow
due to FeXXV He or Fe XXVI Ly ; (c) a Gaussian emission feature addedE at

6.7 keV. Potential features & = 6.4 keV, 6.95 keV, and 7.2 keV are not statistically
signi cant.

We note an apparent narrow absorption featuré at 7 keV. However, the EPIC
pn and MOS data are not consistent at that energy, and any attempt to t a Gaussian
absorption feature is consistent with a width o= 0 eV. We conclude that this faint
absorption feature may be due to random uctuations. We also note apparent narrow
emission features & = 6.4 and 7.2 keV. These also are not statistically signi cant with
the current data, but they are close to the expected energies for BadFe K . They

will not be considered further here.
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Table 2.3: Parameters for the best- tting model from 2-10 keV. All errors are given at the
90% level while limits are given at 90%.

Component Parameter Unit Model 2 2/
zpowerlw 1.91 0.02 4255/772
z2 0.0426
zpcfab$ Ny 10?P2cm 2 7.03*%32  752/770  3503/2
Covering Fraction 0.98%512
z8 0.0426
zgauss Linde keV 7.81 0.12 739/767 13/3
keV < 0:26
z2 0.0426
EW eV -61*3¢
zgauss Linde keV 6.70 0:06 730/765 9/2
a keV 0.01
z2 0.0426
EW eV 31 18

a Parameters frozen at their stated values.
b The covering fraction for the neutral partial covering absorber is purely phenomenological;
see §2.4.1 for information about a continuum scattering model.
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2.4.3 Detailed Photoionization Modeling of the Fe K Absorber

We perform a self-consistent photoionization modeling of the Fe K absorber using
absorption tables generated with the photoionization ¢t8lEAR(Kallman & Bautista,
2001) with standard solar abundances (Asplund et al., 2009). The output parameters of
the XSTAR t are the column density, ionization parameter, and the observed absorber
redshiftz,. The ionization parameter is de ned as= Li,,=(nr?) erg s cm (Tarter
et al., 1969), wheré o, is the ionizing luminosity from 1-1000 Rynd and; n are the
distance from the central source and the number density of the gas, respectively. The
observed absorber redshift is related to the intrinsic absorber redshift in the source rest
framez, as (1 +z,) = (1 +z,)(1 + z;), wherez. is the cosmological redshift of the source.
The velocity can then be determined using the relativistic Doppler formula, (1 -

(1 + )]¥2, where =v=c

In order to best t the observed width of the absorption feature, we consider three
absorption tables with turbulent broadening velocities of 1000 ki 5000 km s?,
and 10,000 km s'. All ts include the neutral partial covering absorber and a Gaussian
emission lineE = 6.7 keV. TheXSTARabsorber well describes the observed absorption
feature aE = 7.8 keV without the need for additional Gaussian components.

Our best- t model has &, =5000 km s'. Model parameters are given in Table
2.4. Fig. 2.4 shows the data-to-model ratios of models with and withouK8iPAR
component. The redshift of the absorber is well constraineld at  0.071 0:.012

(see Fig. 2.5), which corresponds to an out owing velocitywgf = 0.11 0:01c. The

1Ry s =13:6eV
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Table 2.4: Parameters for the best- tting XSTAR model. All errors are given at the 90%
level while limits are given at 90%.

Component Parameter Unit Model 2/ 2/
zpowerlw 190 0.02  4255/772
z2 0.0426
zpcfab$ Ny 10%2cm 2 6.98 0.11 753/770  3502/2
Covering Fraction 0.98%:013
z2 0.0426
zgauss Linde keV 6.70 0.06 742/768 11/2
a keV 0.01
z2 0.0426
EW -31%%g,
XSTAR Ny 1072 cm 2 26.7%%55 730/765  12/3
log ergstcm 4.0%7
z -0.071 0.012
Vout C 0.11 0.01

a Parameters frozen at their stated values.
b The covering fraction for the neutral partial covering absorber is purely phenomenological;
see §2.4.1 for information about a continuum scattering model.

ionization parameter dbg = 4:0*%! erg s * cm indicates that the absorption feature
is due to a mixture of both FEXV and FexXVI (Kallman et al., 2004). The covering
fraction of the neutral partial covering absorber remains at 0°98#% with full covering

excluded at the 90% level.

2.4.4 Relativistic Re ection Model

Using previousXMM-Newtonand NuSTARobservations, Xu et al. (2017) found
evidence for relativistic re ection. Although the lack of a clear broad Fe K emission line

does not support interpreting the spectrum as dominated by relativistic re ection, we test
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Figure 2.4: Model residuals are presented for two models which both include neutral
partial covering and a Gaussian emission linEat 6.7 keV. The model in the bottom
panel includes alXSTARabsorption table which models the absorption feature at

7.8 keV.

that possibility in order to compare to the results presented in Xu et al. 2017 by using
the lamp-post geometry in thelxill code (Dauser et al., 2014; Gaet al., 2014).

This model (elxilllp ) considers a lamp-post geometry in which the compact X-ray
emitting source is located on the rotation axis of the black hole at a certain height speci ed
in units of gravitational radiiRy = GM g =¢. The parameters of this model include: (1)

h, the height of the source Ry, (2) a, the dimensionless spin of the black hole, i(3ne
inclination with respect to the normal to the accretion disk R@) the inner radius of the
accretion disk, (5Rqut, the outer radius of the accretion disk, @)the redshift of the
system, (7) , the power law index , (8)pg , the ionization parameter of the accretion
disk, (9)Are, the iron abundance of the accretion disk, (EQ), the observed high energy
cutoff of the primary spectrum, (11) the re ection fraction (r&ac), and (12) a model

switch controlling the re ection fraction calculation ( xRe Frac).
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Figure 2.5: Using the XSPE&eppar command, the ? statistic is plotted against the
redshift of theXSTARabsorber modeling the Fe K absorption feature at 7.8 keV. The
systemic redshift of IRASF05189-2524 € 0.0426) is shown with the vertical dotted
line. The solid and dashed horizontal lines indicate the $0%, and 3- con dence
ranges for the value of the redshift of the absorber, which is well-constrairzed #1.07

in the observed frame corresponding to an out owing velocit@:afic.
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We assume that the inner radius of the accretion disk extends to the ISCO and a
typical outer disk radius dRo.« = 400Rg. During our analysis, models were not sensitive
to the iron abundance, therefore, we x the iron abundance at solar. We assume an energy
cutoff E¢x = 55 keV, the value reported by Xu et al. (2017) whose spectral analysis
extended tde = 30 keV. We set both the re ection fraction and the xRe Frac switch to
1. Throughout our analysis,? was minimized by xing the height of the illuminating
source tch = 2 Ry, the minimum value permitted by the model.

A model including a neutral partial covering absorber egigilllp provides a
tof 2= =741.5/767. This is not statistically preferred over the models presented in
x2.4.2 andx2.4.3 and is, in fact, worse than our model with an absorbed power law and

iron K emission. We still provide full details of this best tin Table 2.5.

2.5 NuSTARSpectral Analysis

We perform our spectral analysis using XSPEC v12.10c (Arnaud, 1996b) using
2 statistics. All models take into account Galactic absorption withttads model
(Wilms et al., 2000) using a Galactic column densityNyf.co = 1:66 10°° cm 2
(Kalberla et al., 2005). All parameters are given in the rest frame of IRASF05189-2524
(z = 0.0426). All errors and limits are given at the level of 90% € = 2:7 for one
degree of freedom). Statistical calculations were performed using XS#©C and
steppar commands avoiding local minima when searchifgpace.
The NuSTARobservation may provide a useful comparison for the results based

on the XMM-Newtonobservation. However, we note that whiluSTARmay place
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Table 2.5: Parameters for the best- ttingxilllp model. All errors are given at the
90% level while limits are given at 90%. A full description of model parameters is given
in §2.4.4.

Component Parameter Unit Model 2/ 2]
zpcfab$ Ny 10%%cm 2 7.29 0.12 753/770
Covering Fraction 0.98%0%3
z2 0.0426
relxilllp h@ Ry <16 742[767
a 0.62*9:23
i degrees 49 4
Ri, @ Ry -1
Rout ® Ry 400
z2 0.0426
1.94 0.03
log ergslcm 23 05
Ar? solar 1
Ecu @ keV 55

Re ection Fractio®d
Fix Re ection Fractiof

a parameters frozen at their stated values.
b The covering fraction for the neutral partial covering absorber is purely phenomenological;
see 82.4.1 for information about a continuum scattering model.
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Figure 2.6: Spectra of the fuUNuSTARobservation betweels =3 20keV (rest frame)
with the FPMA and B shown in black and red, respectively. The background for each
detector is also included.

helpful constraints on the high-energy continuum shape and broad spectral features, the
energy resolution oNuSTARSs not well suited for the investigation of faint and narrow
spectral lines like those found in the Fe K region of ¥M-Newtorspectra. There is no
unusually large ux variability over the course of the fiNuSTARobservation, however

it is important to keep in mind the likely variable nature of UFO absorption features
(Matzeu et al., 2016). Features observed WtMM-Newtonmay or may not be present

(or present with the same strength) during kheSTARexposure that is before and after

the XMM-Newtonobservation. The spectra remain signal-dominated &ntd 20 keV,

but since our goal is to compare wiMM-Newton we perform our spectral analyses in

the mutual energy band frofs = 3—10 keV (rest frame). Figure 2.6 shows the spectrum

and background for the fuNuSTARspectrum.
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Due to the short exposure time of tNeSTARobservation which is concurrent with
XMM-Newton the signal to noise is not suf cient to detect spectral lines. We therefore
focus our analysis on the fuNuSTARspectrum. We begin our examination of the full
NuSTARspectrum by tting the data with a power-law continuum and neutral partial
covering absorber. Fig. 2.7 shows the ratio of this t along with ¥idM-Newton
observation. We freeze the covering fraction of the neutral partial absorber to 0.984. This
corresponds to the best t value in models of tKBIM-Newtonobservation (see §2.4)
where the higher sensitivity in the soft energy band (Ees 3 keV) provides tighter
constraints on the covering fraction. Next, we add the two Gaussian features detected
in XMM-Newton Both the central energy valuek (= 7.8 keV and 6.70 keV) and the
widths ( = 0.12 keV and 0.01 keV) of the Gaussian features were frozen to the values
found in XMM-Newtonbecause they are could not be constrained Wil TARWe do,
however, allow the normalization of each Gaussian feature to vary between [-1, 1] keV,
thus allowing each Gaussian to &gheran emission or absorption feature.

This model provides a reasonable t to the data with a2, = 1.03. We nd a
steeper photon index of = 2.13  0.09. The data are consistent with either an emission
or absorption feature at the energytof= 7.81 keV, with an equivalent width of 17.1 eV
+37:9 eV. Note that at the 90% level, this is consistent with X\éM-Newtordetection of
an absorption feature, but the feature is not constrain@tufBTARalone. TheNuSTAR

spectrum suggests an emission featuie at6.70 keV with an equivalent width of 75 eV

30 eV, also consistent witkMM-Newtonat the 90% level.
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Figure 2.7: Model ratio of the fulNuSTARand XMM-Newtonobservations t with a
power-law and neutral partial covering absorber. Additional binning applied for visual
purposes.

2.6 Discussion

2.6.1 Accretion Disk Wind

In x2.4, we report the analysis of the spectrum of IRASF05189-2524 with a new
higher signal-to-nois’MM-Newtonobservation. We nd that modeling the Fe K region
of the spectrum with a self-consistent photoionization table generateX@EARNdicates
the presence of an out owing accretion disk wind with a velocitygf = 0.11 0:01c.

We can estimate the energetics of the wind following the approach described in
Tombesi et al. (2013, 2015, 2017). In our study of the energetics, we will use our best- t
model presented ir2.4.3 comprised of a neutral partial covering absorber, Gaussian Fe

K emission line aE = 6.7 keV, and aixxSTARcomponent modeling the Fe K absorption

42



feature aE = 7.8 keV.

There are multiple published values for the mass of the central SMBH in IRASF05189-
2524#. The photometrically derived black hole mass is estimated #d pg = 20.8 10
M (Veilleux et al., 2009b). Using the central velocity dispersions measured from the
Call triplet line widths (Rothberg et al., 2013) and tie relation (Tremaine et al.,
2002), the mass is estimated toMgy = 42 10 M (Xu et al., 2017). Hereafter, we
assume the black hole mass calculated in Veilleux et al. (2009p)=20.8 10’ M as
a conservative estimate of the black hole mass and thus the X-ray wind energetics.

A lower limit on the radius of the wind can be derived from the radius at which the
observed velocity corresponds to the escape velagity,= 2GMpy =V, ' 5:08 10®
cm. Converting to units of Schwarzchild radiR{ = 2GMpgy =), we obtain a wind
launching radiug > 83 Rg from the central SMBH. An upper limit on the radius of
the wind can be derived from the de nition of the ionization parametgag long as the
thickness of the absorber does not exceed its distance to the SMBH, n r < nr
(e.g. Crenshaw & Kraemer 2012). This assumption is consistent with a disk wind
observed close to its launching region. Using the XSR&@Gin command and an
unabsorbed power law model, we calculate the ionizing luminosity between 1-1000 Ry
to beL,n = 8.15 10" erg s!. Using the column density and ionization parameter
from our best- t model (Table 2.4) and the de nition of the ionization parameter, we nd

Fmax = Lion= Ny =3.05 10 cmorr 6 497Rs.

2Dasyra et al. (2006) derive a dynamical mass estimaMgf = 2.95 10’ M using CO as a tracer
of young stellar velocity dispersions. This method is now understood to systematically underestimate the
black hole masses of actively star-forming galaxies like IRASF05189-2524 because the CO is tracing only
theyoungstellar population rather than the older stellar population whose movement is more indicative of
the central mass.
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In calculating the energetics, we will only consider the lower limit on the radius
of the UFO. Although the estimate of the upper limit is robust, it is far greater than
the true location of the out ow. The mass out ow rate of the wind can be estimated
considering the equatioly,s = 4 m prNyCeVoe Where = 1.4 is the mean atomic
mass per protorm, is the proton mass, ar@ is the wind covering fraction (Crenshaw
& Kraemer, 2012). Assuming spherical symmetry, the solid angle subtended by the wind
is =4 C . We conservatively assun@ ' 0.5 estimated from the fraction of sources
with detected UFOs and warm absorbers (e.g., Crenshaw & Kraemer 2012; Gofford et al.
2013; Tombesi & Cappi 2014; Tombesi et al. 2013, 2010). Using the range of launching
radii calculated above, we nd a mass out ow rateMf,; & 1.0M yr 1.

Conservatively assuming that the out ow has reached a terminal velocity, the kinetic
(or mechanical) power of the wind can be derivedgas = My V3, & 3.6 10* erg
s 1. The momentum rate (or force) of the wind is estimated t®he = MouVour &

2.2 10® dyne. IRASF05189-2524 has a bolometric luminosity, = 6.47 10 erg

s ! of which 71% is attributed to the AGNL(gn = 4:6 10 erg s *; Veilleux et al.
2009b). Comparing the wind energetics to the AGN luminosity, weEyd& 8% L sy
andRey: & 1.4L gy =C These calculated values are in line with those found in studies
with larger samples of disk winds in Seyferts and luminous quasars (e.g., Fiore et al.
2017; Gofford et al. 2015; Nardini et al. 2015; Tombesi et al. 2012, 2015). The accretion
disk wind is consistent with having a momentum rate comparable to the AGN radiation
pressure, and the energetics are high enough to in uence AGN feedback (e.g. Di Matteo

et al. 2005; Gaspari et al. 2011; Hopkins & Elvis 2010).
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Table 2.6: Location and energetics of the hot ionized disk wind (UFO) and multi-phase galaxy-scale out ows in IRASF05189-2524.
Errors are reported when provided in the appropriate references. References: 1) Smith et al. 2019; 2) Fluetsch et al. 202%&2) Gonz

Alfonso et al. 2017; 4) Rupke et al. 2017.

Gas Phase Fuind © Voina * i o S Reference
(pc) (kms?) (Myr 1) (10*dyn) (102ergs?)

hot ionized 0.002-0.010 33,0003000 1.0-6.3 22-130 360-2150 1
neutral 3000 560 962 59, 387 4
warm ionized 3000 423 288 0.78%2 0.21%%¢
molecular (CO) 189 491 219 68 17 2
molecular (OH)

low-velocity 170 200 120 16 1.6

high-velocity 340 550 150 52 14

total 2694, 684, 16 3

@ Radius of wind used for calculation of energetics.
b Velocities from Reference 1 are the average over all spaxels of the second component central velocity.



2.6.2 Connection with Galaxy-scale Out ows

Galaxy-scale out ows have been observed in IRASF05189-2524 in neutral, warm
ionized, and molecular gas phases (Fluetsch et al., 2019;&BmAlfonso et al., 2017;
Rupke et al., 2017). Results from the relevant observations are included in Table 2.6.
Energetics derived from the neutral and warm-ionized out owing gas are based on the
ground-based integral eld spectroscopy (IFS) of Rupke et al. (2017). These observations
are limited by the seeing (1”) which sets an arti cial minimum radius 400 pc. The
adopted radius for the neutral and warm-ionized gas are directly measured from IFS data
and are virtually the same. However, a detailed inspection of the neutral and warm-ionized
gas phases reveals that they differ in spatial distribution. Note that the warm ionized gas
phase is negligible compared to the other phases of the large-scale out ow, so it will not
be considered any further in our discussion.

The energetics for the molecular out ows are derived using OH and CO as tracers
for H,. OH absorption features are detected against the unresolved continuum emission
in Herschelfar-infrared spectra (Go@atez-Alfonso et al., 2017). The dimensions and
energetics of the OH out ow are derived by carefully comparing the velocity pro les
of four ground-state and radiatively excited transitions of OH and the predictions from
spherically symmetric radiative transfer models. OH molecular tracers are sensitive to
the dense molecular gas in the nucleus, so this gas component does not extend much
beyondr 500 pc. The CO energetics are derived from millimeter wave interferometry
of spatially resolved CO emission lines, and the adopted radius is directly measured from

these data (Fluetsch et al., 2019). As seen in Table 2.6, there is good agreement between
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the different tracers. To simplify our discussion of the energetics, we take the average of
the momentum rates for the neutral and two molecular out g, = 65 10** dyn)

since these phases likely provide measurements of the same out ow at different epochs
(i.e. distances from the center). We similarly take the average of the out ow velocity for
the neutral, molecular CO, and high-velocity molecular OH out owg;(y = 534 km

s 1).

To compare the energetics of the X-ray out ow with the galaxy-scale out ow, we
consider two different ways to drive a galaxy-scale out ow. In the case of a momentum-
driven out ow, we expecBquier ' Pinner Where “outer” refers to the galaxy-scale out ow
and “inner” refers to the inner X-ray wind (Faucher-Gége & Quataert, 2012; Zubovas
& King, 2012). In §2.6.1, we derivBine & 22 10°* dyn, while the momentum rate for
the galactic scale out ows are consistently measurdebgs 65 10°* dyn (Table 2.6).

This givesPeuier =Pinner 3, hOwever, given the large uncertainties in the momentum rate
estimates, our data are not inconsistent with a momentum-driving scenario.

For an energy-driven out ow, conservation of energy gig®inner VZ,er =
%f Mouter V2,er Where “outer” refers to the galaxy-scale out ow and “inner” refers to the
inner X-ray wind. The ef ciency factorf , is limited to [0,1] wheref = 0 andf =
1 are two extremes indicating either full dissipation or conservation of kinetic power
within the out ow, respectively. Using the expression for the momentum rate, this can
be rewritten ainnerVinner =  Pouter Vouter-  Thus, the expected momentum rate for the
large-scale out ow in an energy-driven out ow is given B§yer = f (Vinner =Vouter ) Pinner -

The ef ciency factor can be interpreted as the ratio between the covering fractions of the

inner and outer out ows or the fraction of the kinetic energy of the inner X-ray wind that
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goes into bulk motion of the swept-up molecular material.

Using average values for the large-scale galactic out ows along with the lower limit
of the momentum rate for the UFO, we obtdirr 0.05. This low ef ciency value could
be the result of a highly clumpy interstellar medium or if the covering fraction of the
large-scale out ow is low (Hopkins et al., 2016; Wagner et al., 2012, 2013). We note
that the ratio of the momentum rate of the molecular out ow to the momentum rate of
UFO Rmo=Puro  0.5-3) is approximately of order unity within the errors. Richings &
Faucher-Gigare (2018) nd that2.=Puro 0f order unity could still be attributed to an
energy-driven out ow where the thermalized mechanical energy is mostly lost through
ef cient cooling due to in-situ formation of molecular gas within the out ow.

Additionally, we note that a purely IR radiation driven molecular out ow (as opposed
to mechanical acceleration; see e.g. King & Pounds 2015) is not preferred, but not
strictly ruled out. In such a scenario, the momentum of the molecular out ow is given
by Pl 1+ r)(Lir=0 where theoretically 0.5-0.9 (Ishibashi et al., 2018;
Zhang & Davis, 2017) andr is the optical depth in the infrared. For IRASF05189-
2524,L g =1.38 10"2L (Gonzlez-Alfonso et al., 2017) which implieg ~ 3-5, and
thus requires signi cant IR trapping.

Finally, we consider IRASF05189-2524 in the context of nine other sources which
have observed UFOs and large-scale galactic out ows with good constraints on their
spatial scales. Fig. 2.8 shows the momentum rate against the velocity of the out ow
while 82.8 includes detailed information and references for each object. It is clear that
some objects reside in the momentum-driven regime while others are more consistent

with the energy-driven scenario suggesting that there is a range of ef ciency falctors (

48



0.001-0.5) that likely depend on speci ¢ physical conditions in each object.

2.7 Conclusions

We present newKMM-Newtonand NuSTARobservations of the galaxy merger
IRASF05189-2524 a ULIRG and optical Seyfert 2. Testing multiple spectral models
yields a best- t model consisting of a highly ionized absorber with either an absorbed
power law and neutral partial covering absorber or a neutral absorber and scattered emission.
We nd evidence for a blueshifted Fe K absorption featur&at 7.8 keV (rest-frame)
which implies an ultra-fast out ow wittv,; = 0:11  0:01c.

We calculate that the UFO has a mass out ow ratkigf; & 1.0M yr !, akinetic
power ofEx & 3.6 10* ergs?! (8% L gy ), and a momentum rate (or force) B, &

22 10°* dyne (1.4Lacn=0). Observed large-scale galactic out ows in IRASF05189-
2524 have an average momentum rate2of 68 10** dyne, yieldingPiner =Pouter

3. Given the large uncertainties in the momentum rate estim&gs; =Peuter IS NOt
inconsistent with unity, or a momentum-driven scenario. In the energy-driven out ow
scenario, the fractioh of the kinetic energy in the inner X-ray wind that goes into bulk
motion of the large-scale out ow is  0:05. Such a low ef ciency could be attributed to

a highly clumpy interstellar medium or if the covering fraction of the large-scale out ow is
low or if the hot gas has ef ciently cooled leading to an in-situ formation of the molecular
out ow.

We compare the out ow in IRASF05189-2524 to nine other objects with observed

UFOs and large-scale galactic out ows with solid constraints on the out ow energetics.
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Figure 2.8: The momentum rat@,q) normalized by the momentum of the radiation
(Lacn =0 is plotted against the wind out ow velocity for ten objects with observed ultra-

fast out ows and large-scale galactic out ows with good constraints on their spatial
scales. Solid error bars indicate that upper and lower errors were calculated whereas
dotted error bars indicate that only a range of values was provided. Arrows indicate
limits. UFO measurements are plotted as circles, warm ionized and neutral gas as squares,
the molecular (CO) as downward triangles, and the molecular (OH) as upward triangles.
For molecular measurements, lled symbols indicate a time-averaged momentum rate
whereas an open symbol is an “instantaneous” or local momentum rate. See Table 2.7 in
§2.8 for more details and references for each speci ¢ object.
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We nd that there is a range of ef ciency factors ( 0.001-0.5) and driving mechanisms
that likely depend on speci ¢ physical conditions in each object. While this remains a
small sample, it is an important step towards building a comprehensive sample which can

be used to further probe the complex relationships of AGN and galaxy co-evolution.

2.8 Appendix: Out ow Energetics of the AGN Sample

Table 2.7: Out ow velocities and momentum rates for ten objects with observed ultra-fast
out ows and large-scale galactic out ows with good constraints on their spatial scales.
Errors are presented when published by their respective authors. For simplicity, objects
with both warm ionized and neutral observed out ows were plotted as a single data point
in Fig. 2.8. References: 1) This paper; 2) Bischetti et al. 2019; 3) Cicone et al. 2014,
4) Feruglio et al. 2015; 5) Feruglio et al. 2017; 6) Fluetsch et al. 2019; 7) &Buillo

et al. 2014, 8) Goralez-Alfonso et al. 2017; 9) Luminari et al. 2018; 10) Mizumoto et al.
2019; 11) Nardini etal. 2015; 12) Rupke et al. 2017; 13) Tombesi et al. 2015; 14) Tombesi
etal. 2017; 15) Veilleux et al. 2017.

Object Gas Phase uind Poina © Ref.
(kms 1) (Lacn =0
IRASF05189-2524  hot ionized 33,0003,000 1.44-8.48 1
neutral 560 3.8852 12
warm ionized 423 0.05 0.01 12
molecular (CO) 491 4.44 6
molecular (OH) 200-550 4.4%31 8
IRAS F11119+3257 hot ionized 76,5003,300  1.30%55 13
hot ionized 76,0083 500 0.5-2 14
molecular (CO) 1000 200 1.5-3.0 13
molecular (OH) 1000 200 11t 15
molecular (OH) 1000 200 1.0-6.0 15
Mrk 231 hot ionized 20,008,500 0.2-1.6 4
hot ionized 127,00050°  0.16%% 10
hot ionized 70,000 3,000 0.016%578 10
neutral 416 1.287%2 12
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warm ionized 672 0.008 0.001 12
molecular (CO) 500-800 3.2-8.0 b4
molecular (CO) 700 8.7 o3
molecular (OH) 100-550 7.7%%8 8
Mrk 273 hot ionized 79,000 3,000 130%% 10
molecular (CO) 620 43 b3
molecular (OH) 300-700 8% 8

APM 08279+5255  hotionized 48,000-108,000 0.95
hot ionized 30,000-66,000 0.3-1.5 5
molecular (CO) 1340 2.37
molecular (CO) 1340 5.97

IC 5063 hot ionized 93,009:30 124 10
molecular (CO) 300 2.3-12.0 b3

| Zw 1 hot ionized 80,000 20,000 0.04%% 10
hot ionized 71,000 3,000 >0.03 10
neutral 120 0.3%35 12

NGC 1068 hot ionized 84,008000 75 10
molecular (CO) 100 1-27 7
molecular (CO) 150 9 k3

NGC 6240 hot ionized 43,008 000 11 10 10
hot ionized 32,000, 500 <25 10
molecular (CO) 400 8 3

PDS 456 hot ionized 69,000 18,000 2.1 1.1 9
hot ionized 75,000 3,000 1.5 11
molecular (CO) 1000 0.36 2

— . -1
=wind — ind Vwind » ind — 35 ind Vwind
ap Mying V E.y 5 My V2

b CO-based molecular out ow momentum rates from these references were divided by a factor of 3

so that they are on the same scale as the other measurements.
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Chapter 3: Correlated Variability in NGC 1275 at the Center of the Perseus

Cluster

3.1 Object Overview

NGC 1275 is the brightest cluster galaxy (BCG) of the Perseus Cluster, the closest
(z=0.0176; Hitomi Collaboration et al. 2016) massivk € 6.6 0.4 10*M ; Simionescu
etal. 2011) cool-core cluster. The Perseus Cluster is the X-ray brightest cluster in the sky
and the quintessential source for studying AGN-cluster feedback. NGC 1275 hosts an
AGN considered a Seyfert Type 1.5 based on its broad optical emission lines (Ho et al.,
1997; \eron-Cetty & \eron, 2010), but is more often classi ed as a blazar due to its
rapid continuum variability and polarization (see e.g. Angel & Stockman 1980; Pronik
etal. 1999). There are asymmetric radio jets extending from kpc scales down to pc scales,
similar to a Fanaroff-Riley type | (FR 1) radio galaxy with the jet axis near the line of sight
(Pedlar et al. 1990; Asada et al. 2006). The radio component of NGC 1275 is designated
3C 84. DeepChandraobservations of the Perseus Cluster (Fig. 3.1) reveal that the
central region of the cluster is dominated by thermal emission from the ICM cooling ow
(Churazov et al., 2003; Fabian et al., 2011) and that the radio lobes are aligned with 15

kpc diameter bubbles in the hot ICM (Fabian, 2006; Fabian et al., 2000). Further from the
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Figure 3.1: ChandraACIS X-ray image of the Perseus Cluster witll Ms exposure.
Recent bubbles aligned with current jet activity are pronounced in the center of the cluster.
Relic bubbles at larger radii are also visible. The interaction of the radio jet with the
ICM forming the bubbles is thought to be the mechanical AGN feedback responsible for
injecting heat into the cluster ICM. Image credit: NASA/CXC/SAO/E.Bulbul

center of the cluster are “ghost” bubbles that are not aligned with the current jet structure
and are thought to be relics of previous jet activity. Similar bubbles are found in the
ICM of other large galaxy clusters. ilBan et al. (2004) nd that the estimated power
needed to in ate the bubbles is tightly correlated with the cooling luminosity of cluster.
This relationship provides strong evidence for mechanical feedback from the AGN to
counteract the cooling of the ICM.

Studies of NGC 1275 at various wavelengths of have increased our understanding
of the physical composition of the complex AGN/cluster system. Near-infrared integral
eld unit data taken with the United Kingdom Infrared Telescope (UKIRT) Imaging
Spectrometer (UIST) revealed spatially resolved nuclear ro-vibrational molecular hydrogen

(H2) emission (Wilman et al., 2005). This,Hemission is suggested to originate from
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part of a clumpy disk rotating about the radio-jet axis. The change in velocity,of H
across the nucleus implies a black hole masdef;= 3.4 106 M (Wilman et al.,
2005). High spatial resolution data from temini NorthNear-infrared Integral Field
Spectrograph (NIFS) revealed molecular material forming a rotating circumnuclear disk
with radiusr 50 pc (Schanachter et al., 2013). The dynamics of such a disk imply a
total enclosed mass, which can be interpreted as an upper limit on the black hole mass, of
M =8*, 10°M . Scharviachter et al. (2013) argue that the khes are shock excited
and estimate the circumnuclear disk containd 10° M of molecular gas orbiting the
SMBH. Additionally, they nd evidence for a retrograde streamer of molecular gas.
Nagai et al. (2019) present Atacama Large Millimeter Array (ALMA) data that
traces the cicumnuclear molecular gas with CO(2-1), HCN(3-2), and H&Q) lines
with a spatial resolution of 20 pc. They also nd a complex set of molecular laments
and a cold rotating molecular disk extending 100 pc from the SMBH. Nagai et al. (2019)
highlight the similarity of this lament structure with predictions from the cold chaotic
accretion model presented by Gaspari et al. (2017). The ALMA data imply that the
rotational axis of the molecular disk is consistent with the axis of the radio jet, suggesting
that we are seeing the outer regions of the SMBH accretion ow which preserves its
orientation close to the black hole. Nagai et al. (2019) report 300-600 krlseshifted
absorption of HCN(3-2) and HC{3-2) against the radio continuum of the pc-scale jet
emission suggesting a fast molecular out ow from the AGN with gnchlumn density
Ny,  1:32 10?2 cm 2. Additional evidence of this fast molecular out ow is found
in new GeminiNIFS data showing a high velocity dispersion component of thdirté

which extends across the 33" eld of view (Riffel et al., 2020).
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Recent detailed analysis of the 2017 time-averdgjeahdraHigh Energy Transmis-
sion Grating (HETG) spectrum (data described in 83.2.1) nd evidence that 15%-20%
of the X-ray emission is absorbed a cold atomic and/or molecular column density of
Ny 8 10?2 cm ? suggesting that some of the X-ray emission is absorbed by molecular
gas found in NIR observations (Reynolds et al., 2021). Thandradata de nitely
rule out the possibility of the entire X-ray source being absorbed by molecular gas with
a column density oNy 2 10?2 cm 2 as seen by ALMA towards the pc-scale jet
(Nagai et al., 2019). Additionally, the time-averaged spectrum shows no evidence of
photoionized absorption indicative of out ows seen in approximately half of all Seyfert
AGN (Reynolds 1997; Tombesi et al. 2013; Laha et al. 2021).

Between 1970 and 2000, the X-ray and 90 GHz radio ux of NGC 1275 decreased
by roughly an order of magnitude (Fig. 3.2; Fabian et al. 2015). Radio VLBA monitoring
revealed that the ux began to increase gradually around 2005 followed by a rapid increase
around 2008 (Suzuki et al., 2012). NGC 1275 was de nitely detected at Gedy
energies at the beginning of tkermimission (Abdo et al., 2009). Subsequent monitoring
shows both gradual and rapid variations/ ares on timescales as short as a week (Kataoka
et al. 2010; Brown & Adams 2011; Hodgson et al. 2018). The detectionkeitii is of
note given that NGC 1275 was tentatively detected by the COS-B satellite between 1975-
1982 (Strong & Bignami, 1983), but not by CGRO-EGRET between 1991-2000 (Reimer
etal., 2003) even though the ux measureddgymiby 2008 was seven times greater than
EGRET's upper limit. Thus we can infer that theray emission from NGC 1275 is also
highly variabile on decade timescales. NGC 1275 was rst detected at TeV energies by

the Major Atmospheric Gamma Imaging Cherenkov (MAGIC) Telescope (Atedsal.,
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Figure 3.2: Historical light curve of NGC 1275 from 1970-2015. Gray points are 90
GHz radio measurements (Dutson et al., 2014). Various X-ray amy instruments are
plotted and labeled as individual points. The radio and high energy emission have varied
together over decade timescales, including a dramatic order of magnitude decrease in ux
between 1980-2000. Figure reproduced from Fabian et al. 2015.

2012, 2014). In 2016-2017, several bright and rapid TeV ares were detected by the Very
Energetic Radiation Imaging Telescope Array System (VERITAS; Mirzoyan 2016, 2017;
Mukherjee & VERITAS Collaboration 2016, 2017). Much work has been dedicated to
understanding connections between radio, X-ray, analy emission from NGC 1275 in

order to better understand the physical mechanisms of the AGN.

3.1.1 Radio Jet Structure

There exists a large body of literature dedicated to understanding the complex
structure of the radio jetin NGC 1275, which has changed appreciably on human timescales.
Early Very Long Baseline Interferometry (VLBI) revealed complex structure on milliarcsec

(mas) scales (Pauliny-Toth et al., 1976). The source at that time was dominated by an
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Figure 3.3: 15 GHz VLBA data of the core and lobe structure of the radio jet in NGC
1275. The asymmetric lobes have been fading for at least two decades. Figure reproduced
from Kino et al. 2017.

inverted core with a second component located 1 mas (0.4 pc) away with a position angle
(PA) of 210 (Unwin et al. 1982; Readhead et al. 1983a,b). On scales of 10-15 mas
(4-6 pc), VLBI traced out fainter knots tracing out a likely jet channel south (PA of 170-
180) from the inverted core which apparently connects to the kpc-scale jet with a PA
of 170 (Pedlar et al., 1983). Continued VLBI monitoring showed complex motions and
ux variations of these jet components (Wright et al. 1988; Marr et al. 1989; Krichbaum
et al. 1992). The northern counter-jet was detected with VLBI at 22 GHz by Vermeulen
et al. (1994). The inverted spectrum of the counter-jet suggested the in uence of free-
free absorption by an ionized screen with temperalure 10* K and column density

Ny 102 cm 2 (Vermeulen et al. 1994; Walker et al. 2000, 1994). Given that the free-
free screen absorbs the counter-jet but not the jet suggests that it is part of the outer region
of the accretion disk.

As seen in Fig. 3.2, high-frequency 90 GHz radio monitoring showed that the

58



AGN faded appreciably from early VLBI studies to a minimum around the year 2000
(Dutson et al., 2014; Fabian et al., 2015). Monitoring at 15 GHz shows the pc-scale
radio lobes fading over two decades (Fig. 3.3a; Kino et al. 2017). Since then, unusual
amounts of activity have been reported in the core of the jet. A new jet component (C3)
was discovered in 22 GHz VLBI data to be moving away from the core (C1) with a PA
of 180 (Nagai et al., 2010). Initially believed to have launched in 2005, subsequent
analysis of higher resolution 43 GHz data revealed that C3 was already distinct from C1
as early as 2003 November (Suzuki et al., 2012). A 43 GHz image of the core with main
components labeled is shown in Fig. 3.4 (reproduced from Hodgson et al. 2021). A third
core component, C2, is a faint, relatively stationary emission region with a PA40

which is thought to correspond to previous jet activity (Nagai et al., 2010).

The emerging picture is that C3 is the working surface of a new radio lobe associated
with renewed jet activity (Nagai et al. 2016; Kino et al. 2017). As of 2016, C3 was
approximately 3 mas (1 pc projected distance) due south of the core C1. Monitoring by
the Korean VLBI Network (KVN) supports this picture thus far. KVN data show weaker
features in the jet that propagate from the core with apparent speeds of ©.2A@i19
they near C3 at which point they de ect and/or break apart. The interaction of these
smaller features with C3 are associated with radio ares that are often coincident with a
major -ray are (Hodgson et al., 2018, 2021). In 2015 August, Kino et al. (2018) report
that that the location of C3 moves eastwards by 0.4 mas before continuing to propagate
to the south, suggesting that the jet's working surface is pushing into a clumpy and
dense medium; the density required to provide the necessary ram pressure corresponds

ton 4 10°-2 10 cm 3, suggesting of a clumpy molecular medium. Nagai et al.

59



(@)
(b)

Figure 3.4: The radio emission from NGC 1275 is dominated by a bright, compact core,
labeled C1 in these diagrams. Component C3 is believed to have been launched from
C1 in late 2003 corresponding to the increase in radio emission which broadly continues
today. (a) Stacked 43 GHz image reproduced from Hodgson et al. 2021. (b) RadioAstron
imaging revealing the collimation of the jet to within a few hundrgaf the black hole.
Reproduced from Giovannini et al. 2018.

(2014) reported a cylindrical jet pro le on scal& 1C° ry. VLBI imaging from the
orbiting radio telescope RadioAstron (Kardashev et al., 2013) permitted detailed study of
the collimation pro le of the jet from 10 10* r4 from the black hole (Giovannini
et al., 2018), thus providing evidence for strong collimation of the jet to within a few
hundredr 4 of the core (see Fig. 3.4b, reproduced from Giovannini et al. 2018).
Multiwavength observations of NGC 1275 strive to understand the many emission
mechanisms present in this complex source, often by studying correlated variability as it
gives insight into which emission mechanisms work in tandem. Much of this literature

will be discussed in subsequent sections alongside new variability results presented in this
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chapter.

3.2 Observations and Data Analysis

3.2.1 NewChandraObservations

We presenChandraHigh Energy Transmission Grating (HETG) observations of
NGC 1275 taken as part of a Cycle-19 Large Project. Observations were taken in 15
segments (ObsIDs) between 2017 October 24 and 2017 December 5 for a total good
exposure time of 490 ks. Dates and observation exposures are given in Table 3.1. The
large number of observations in a relatively short period of time provides an unprecedented
cadence for studying short-term X-ray variability in this object.

To reduce the risk of mild pileup, we turned off the two outer ACIS-S chips (SO
and S5) and used 1/2 subarrays on the remaining four chips resulting in a reduced frame
readout time of 2.4 seconds. Turning off the outer chips does negatively impact observing
the softest regions of the spectrum, but the contaminant build up on the ACIS optical
blocking Iters unavoidably removes those soft photons anyway.

Utilizing the HETG dispersed spectrum on ACIS-S provides a unique opportunity
to produce a high-quality, high-resolution spectrum of the AGN isolated from the surroun-
ding cluster, which until now, has affected previous low-pileup spectral observations (e.g.
Churazov et al. 2003; Berg et al. 2017; Hitomi Collaboration et al. 2018). Examining
the image of ObsID 20841 in Fig. 3.5, we see it is dominated by the zeroth order image
of the Perseus Cluster and even the famous bubbles are visible. There are two two-sided

dispersed spectra of the bright central AGN emission, one from the High Energy Grating
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Table 3.1: Information for 15 newhandraobservations of NGC 1275 including 2-10 keV ux and photon indekrom a model
consisting of a single power-law modi ed by Galactic absorption. Errors are given atdf-note is the high temporal cadence of the
observations as well as the similar roll angle of the spacecraft during all observations.

29

ObsID Start Date Exposure Roll Angle HEG Count Rate 2-10 keV Flux
(yyyy-mm-dd) (MJD) (ks) (deg) (cnt/s) (10 **ergcm?s 1)
20823 2017-10-24 58050.5 53.18 142 0.086002 2.31 0.04 1.93 0.03
20450 2017-10-27 58053.1  29.58 142 0.082004 2.07 0.06 1.87 0.04
20826  2017-10-28 58055.0 29.58 142 0.093004 2.30 0.05 2.00 0.04
20451  2017-10-30 58056.0 36.47 151 0.091003 2.41 0.05 1.89 0.03
20837  2017-10-31 58057.6  34.50 151 0.094003 2.45 0.06 1.92 0.03
20838 2017-11-01 58058.4  24.67 151 0.08004 2.22 0.06 1.93 0.04
20839 2017-11-03 58060.6 21.72 151 0.096005 2.33 0.07 1.94 0.04
20840 2017-11-04 580615 20.74 151 0.094005 2.26 0.08 1.98 0.04
20449  2017-11-06 58063.7 45.31 165 0.083003 2.37 0.05 1.88 0.03
20841  2017-11-09 58066.3 54.16 165 0.083002 2.45 0.04 1.86 0.03
20842  2017-11-10 58067.3  18.33 165 0.08005 2.08 0.08 1.89 0.05
20843  2017-11-11 58068.2 22.11 165 0.086005 2.13 0.07 1.88 0.04
20824  2017-12-02 58089.3  49.25 220 0.092003 2.52 0.05 1.90 0.03
20827  2017-12-04 58091.1 16.95 220 0.087006 2.01 0.07 1.91 0.05
20844  2017-12-05 58092.1  34.50 220 0.091003 2.37 0.06 1.92 0.03



(HEG) and one from the Medium Energy Grating (MEG), which are clearly visible. The
HETG is a slitless grating array and therefore also disperses the extended ICM of the
cluster, however, it is clear that the dispersed emission of the AGN is distinct and can be
well isolated from the ICM emission. Additionally, order sorting of the spectra, where
only photons with CCD-detected energies compatible with their spatial position along the
dispersion spectrum are accepted, further isolates the AGN spectrum from the ICM.

Utilizing the HETG dispersed spectrum on ACIS-S provides a unique opportunity
to produce a high-quality, high-resolution spectrum of the AGN isolated from the surroun-
ding cluster, which until now, has affected previous low-pileup spectral observations (e.g.
Churazov et al. 2003; Berg et al. 2017; Hitomi Collaboration et al. 2018). Examining
the image of ObsID 20841 in Fig. 3.5, we see it is dominated by the zeroth order image
of the Perseus Cluster and even the famous bubbles are visible. There are two two-sided
dispersed spectra of the bright central AGN emission, one from the High Energy Grating
(HEG) and one from the Medium Energy Grating (MEG), which are clearly visible. The
HETG is a slitless grating array and therefore also disperses the extended ICM of the
cluster, however, it is clear that the dispersed emission of the AGN is distinct and can be
well isolated from the ICM emission. Additionally, order sorting of the spectra, where
only photons with CCD-detected energies compatible with their spatial position along the
dispersion spectrum are accepted, further isolates the AGN spectrum from the ICM.

All data were reprocessed with CIAO-4.12 (Fruscione et al., 2006) and CALDB
v4.9.1. Data reduction followed standard proceduieish three exceptions. First, we

reduce the width of the spectral extraction regions by half ugildgh _factor _hetg

https://cxc.cfa.harvard.edu/ciao/threads/spetigacis/
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Figure 3.5: Image of ObsID 28041 overlaid with both the default wider spectral extraction
region (blue) and the narrower extraction region (green) used in our analysis. Both regions
use the same default circular source region (white). Narrowing the spectral extraction
region reduces the overlap of the regions toward the source. Even in a single observation,
the bubbles of the Perseus Cluster are visible in the zeroth order image.

18. This reduces the overlap of the MEG and HEG spectral regions toward the center
of the dispersion pattern which reduces noise at higher energies in the HEG thus allowing
spectral tting up to 9 keV. The difference in width of the spectral regions is shown in
Fig. 3.5.

Second, the standard algorithm for automatically locating the zeroth order image
failed for most ObsIDs, likely due to confusion from the high-surface brightness of
the extended ICM emission. An incorrect location would cause a misidenti cation of
the center of the dispersed spectrum leading to an incorrect wavelength scale used for
translating the location of the dispersed spectrum to an energy. The automatic location
was corrected by manually setting the zeroth order locatitgdatect  to the coordinates

of the nucleus of NGC 1275 as determined by the spacecraft astrometry. Then, a sub-pixel
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image (see 84.2.1) was visually inspected to ensure that the zeroth order image is correctly
centered on the AGN point source within 0.2” or less. Extracting the spectra produce a +1
and -1 order spectra for each the HEG and MEG. The +/-1 order spectra are summed for
each ObsID. Each ObsID was combined using the CtA@bine _grating _spectra
command to produce a single time-averaged HEG and MEG spectrum for NGC 1275.
Second and third order spectra were extracted and examined but did not contain suf cient
signal to noise to be useful and will not be discussed further.

An initial t of the time-averaged spectra with a single power law with Galactic
absorption Ky = 1.32 10°* cm ?; Kalberla et al. 2005) revealed 10%-15% excess
energy in three regions: 1) below 1.3 keV in the MEG, 2) between 2.2-2.5 keV in
both the MEG and HEG, and 3) from 6-7 keV in the HEG. The structure from 6-7 keV
corresponds to the known iron Kuorescent line from cold gas near the AGN (Hitomi
Collaboration et al., 2018; Reynolds et al., 2021). The lower energy residuals closely
mirror structure seen in the background spectra (see Fig 3.6a) suggesting that the standard
grating extraction algorithms underestimated the background normalization. The true
background for the AGN spectrum is mainly comprised of dispersed (and some zeroth
order) ICM emission which is centrally peaked around the AGN. The actual extracted
background spectrum, however, must be extracted from rectangular regions parallel and
adjacent to the spectral extraction regions. Due to the offset position of these background
regions, they necessarily under-predict the dispersed ICM emission (since the underlying
emission is centrally-peaked), thus leading to background regions with incorrect normali-
zation. The correct normalization cannot be easily calculated given that it is a non-trivial

function of the ICM spatial and spectral structure.
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Instead, we pursue an empirical approach to estimating the appropriate normalization
of the background by stepping through a range of background renormalization values for
both the HEG and MEG. For each combination of values, we calculate the C-statistic of
the power law t (see Fig. 3.6b). We nd that the C-statistic is minimized if the HEG and
MEG backgrounds are both scaled up by a factor of 1.96 which corresponds to setting
AREASCAL = 0.51 in the events le header. This renormalization of the background
reduces the residuals from the power law t to 3%-5%. We validated this process using
MARX (Davis et al., 2012) to simulate an HETG observation of a Perseus-like cluster
with the following components: 1) a point-like AGN with a power law spectrum with a
photon index =1.9, 2) an ICM core described by apro le with a core radius of 2'
and an optically thin thermal plasma spectrum with temperdttire= 4.keV, and 3) a
model of the ICM bubble structure made up of two annular rings offset to just overlap
at the AGN with an inner radius of 0.6', an outer radius of 1', and an optically thin
thermal plasma spectrum with temperatiiie = 2 keV. The -pro le is the isothermal
surface brightness pro le of the cluster de ned by Cavaliere & Fusco-Femiano (1976) as
S = So[1+(r=a)?] 3 *1=2 whereSy, a, and are free parameters. In this models the
radius of the X-ray core and a typical value os  2=3 (see Arnaud 2009 and references
therein). The simulated spectra were extracted from the simulated events le using the
same process as the real data. Analysis of the simulated spectra con rm that the cluster
emission leads to a systematic underestimate of the normalization of the background by a
factor of 2.

Power law ts to the individual ObsIDs revealed excess residuals in the same energy

bands as the time-averaged spectrum; however, there was insuf cient signal to noise in
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Figure 3.6: Left: Time-averaged HEG spectrum (blue) of NGC 1275 t with a single
power law and using the default background normalization (green). The signi cant
residuals in the bottom panel a2.5 keV mirror a feature in the background spectrum.
Figure reproduced from Reynolds et al. 2020. Right: C-statistic values for different
background normalizations of the HEG and MEG. Contours are shown at 1-, 90%, 2-

, and 3- . The model residuals are minimized with AREASCAL values of 0.51 for both
the HEG and MEG.

individual observations to empirically assess the background normalization. We therefore
apply the same background renormalization derived from the time-averaged spectrum to
each individual observation. Given the asymmetric nature of the cluster ICM, the amount
of ICM dispersed along with the AGN depends only on the roll angle of the spacecratft.
Both in Table 3.1 and Fig. 3.6, we see that the roll angle of all 15 observations are quite
similar, therefore the background renormalization of the observations are suf ciently
similar to not impact broad-band measurements of ux.

Once the background renormalization was applied to each observation, the HEG
and MEG were jointly t with a model consisting of a single power law with Galactic
absorption Ny = 1.32 10?* cm 2). The MEG was t between 1.5-6 keV (observed

frame), and the HEG was tfrom 2-7.5 keV (observed frame). The best twas determined
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