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Feedback from Active Galactic Nucleus (AGN) may play a critical role in the coevolution
of galaxies and supermassive black holes (SMBH). Specifically, AGN feedback may quench
star formation, suppress baryon-to-dark matter mass ratio, shape galaxy morphology, impact the
circumgalactic (CGM)/intergalactic medium (IGM), and regulate SMBH accretion. One of the
most important forms of AGN feedback is powerful, quasar/AGN-driven outflows. However, the
physical details of these outflows, including their driving mechanism and spatial extent, are still
not well constrained. In addition, while these outflows are believed to be effective in massive
galaxies, their impact on dwarf galaxies (M, < 10%° M) remains largely unknown. To answer
these open questions, my thesis focuses on AGN feedback via quasar/AGN-driven outflows in
both ultraluminous infrared galaxies (ULIRGs) and dwarf galaxies with four projects.

In the first half of my thesis, I examine the outflows in nearby ULIRGs with two objectives:
In Chapter 2, I present a dedicated investigation of the highly ionized, likely pc-scale quasar/AGN

winds in a sample of 21 nearby ULIRGs through HS7T/COS far-ultraviolet (FUV) spectroscopy.



Blueshifted Ly« emission is prevalent in the sample, which is probably closely related to the
outflowing gas and AGN activity in these objects. Additionally, the Ly« escape fractions tend to
be slightly larger in objects with stronger AGN and larger outflow velocities. Highly ionized O VI
and N V outflows are detected in a coherently selected, AGN-dominated ULIRG sample for the
first time. Together with the results from a matched quasar sample, these outflows show higher
incidence rates and larger EW and velocities in X-ray weak sources and sources with high X-ray
absorbing column densities, implying that these outflows are radiatively-driven. In Chapter 3, I
describe a deep, Chandra imaging spectroscopy study of the nearby ULIRG Mrk 273. The data
have revealed a ~40 kpc x40 kpc X-ray nebula, which is relatively hot and has a super-solar o/Fe
abundance ratio. This nebula is most likely heated and metal-enriched by outflows over time.
Additionally, the existence of a dual AGN is strongly suggested by the data, and extended 1-3
keV emission are detected, likely related to the AGN photoionized gas and/or outflowing gas.

In the second half of my thesis, I turn to look at the AGN-driven outflows in dwarf galax-
ies: In Chapter 4, I report the results from a dedicated optical integral field spectroscopic study
of a sample of eight dwarf galaxies with known AGN and suspected outflows. Fast, kpc-scale
outflows are detected in seven of them. The outflows show 50-percentile (median) velocity of up

1 in clear contrast with the

to ~240 km s~! and 80-percentile line width reaching ~1200 km s~
more quiescent kinematics of the host gas and stellar components. The kinematics and energetics
of these outflows suggest that they are primarily driven by the AGN. A small but non-negligible
portion of the outflowing material likely escapes the main body of the host galaxy and con-
tributes to the enrichment of the circumgalactic medium. The impact of these outflows on their

dwarf host galaxies is similar to those taking place in the more luminous AGN with massive

hosts in the low-redshift universe. In Chapter 5, I discuss the results from a pilot HST/COS spec-



troscopy program to examine three objects studied in Chapter 4. Blueshifted absorption features
tracing fast outflows are detected in two of the three objects. For object J0954+4-47, the outflow
is detected in multiple ions and is much faster than those in star-forming galaxies with similar
star formation rates. The outflow velocity exceeds the escape velocity of this system, suggesting
that a large fraction of the outflowing gas may escape. The outflow carries significant amount
of mass, momentum and kinetic energy, which may transport material out of the galaxy more
efficiently than the gas consumption by star formation. The ratio of kinetic energy outflow rate
to AGN luminosity of this outflow is at least comparable to the expectation from simulations of
AGN feedback.

Finally, in Chapter 6, I summarize the main results of the whole thesis, and briefly highlight
several future works that may lead to a more comprehensive understanding of AGN feedback in

ULIRGs and dwarf galaxies.
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Preface

The research presented in Chapter 2 has been accepted for publication, the research pre-
sented in Chapters 3 and 4 have been previously published, and the research presented in Chapter
5 will be submitted to Academic Journal this year.

Chapter 2 is presented with only minimal modification since accepted for publication in
The Astrophysical Journal as “Galactic Winds across the Gas-Rich Merger Sequence II. Lyman
Alpha Emission and Highly Ionized O VI and N V Outflows in Ultraluminous Infrared Galaxies”
[Liu et al., 2022]. The authors are Weizhe Liu, Sylvain Veilleux, David S. N. Rupke, Todd M.
Tripp, Frederick Hamann, and Crystal Martin.

Chapter 3 is presented with only minimal modification since publication in The Astrophys-
ical Journal as “Elliptical Galaxy in the Making: The Dual Active Galactic Nuclei and Metal-
enriched Halo of Mrk 273" [Liu et al., 2019]. The authors are Weizhe Liu, Sylvain Veilleux,
Kazushi Iwasawa, David S. N. Rupke, Stacy Teng, Vivian U, Francesco Tombesi, David Sanders,
Claire E. Max, and Marcio Meléndez.

Chapter 4 is presented with only minimal modification since publication in The Astrophys-
ical Journal as “Integral-Field Spectroscopy of Fast Outflows in Dwarf Galaxies with AGN” [Liu
et al., 2020]. The authors are Weizhe Liu, Sylvain Veilleux, Gabriela Canalizo, David S. N.
Rupke, Christina M. Manzano-King, Thomas Bohn, and Vivian U.

Chapter 5 is going to be submitted to The Astrophysical Journal as “Fast Outflows and
Strong He II Emission in Dwarf Galaxies with AGN” (Liu 2022b, in prep.).
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Chapter 1: Introduction

1.1 Coevolution between Supermassive Black Holes and Galaxies

During the 1950s—1980s, it was heavily debated what powers a class of exceptionally lu-
minous extragalactic objects now known as Quasar/active galactic nuclei (AGN) [e.g. Baade and
Minkowski, 1954, Burbidge et al., 1963, Matthews and Sandage, 1963, Rees, 1984]. The prevail-
ing idea was that the energy comes from the accretion of matter onto supermassive black holes
(SMBHs) residing within the nuclei of galaxies, which is now widely accepted by the commu-
nity. Contrary to the impression left by the “supermassive” in its name, a SMBH is, in fact, tiny
when compared to the host galaxy, with a typical BH-to-host mass ratio of ~0.1%. The sphere-
of-influence radius of a SMBH is GMpy/ 0% ~ 1 to 100 pc (Mpy is the black hole mass, and
o is the stellar velocity dispersion of the host galaxy), in comparison the typical size of the dark
matter halo of a galaxy is on the order of several hundred kpc. Therefore, it is more than sur-
prising that a relatively tight correlation exists between the mass of the SMBH and the velocity
dispersion of the galaxy or classic bulge [Mpg-o relation; e.g. Fig. 1.1; Ferrarese and Merritt,
2000, Gebhardt et al., 2000, Giiltekin et al., 2009, Kormendy and Ho, 2013b]. Apparently, the
SMBH and the galaxy know each other well, but how?

One important mechanism for a SMBH to affect the host galaxy is through AGN feedback.

The accretion onto SMBH releases a large portion of the potential energy, which is more than
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Figure 1.1: The Mgy -o relation for galaxies with dynamical measurements. The best-fit relation
is shown in black line: Mpy = 10%12M (0 /200 km s~1)*?4. The method of BH mass measure-
ment is indicated by symbol: stellar dynamical (pentagrams), gas dynamical (circles), masers
(asterisks). Arrows indicate 30 upper limits on BH mass. For clarity, error boxes are plotted only
for upper limits that are close to or below the best-fit relation. The Hubble type of the host galaxy
is indicated by the color of the error ellipse: elliptical (red), SO (green), and spiral (blue). The
saturation of the colors in the error ellipses or boxes is inversely proportional to the area of the
ellipse or box. Sources shown in squares are not included in the fit. The mass uncertainty for
NGC 4258 has been plotted much larger than its actual value so that it will show on this plot.
Image credit: Giiltekin et al. [2009].



enough to unbind the galaxy if the energy is well coupled to the galaxy. The binding energy
of a galaxy is on the order of Ey, ~ Mgascr2, where M, is the mass of the galaxy and o is
the velocity dispersion of it. The typical black hole mass to galaxy mass ratio, Mpg /M is
observed to be ~ 1.4 x 1073 [Gebhardt et al., 2000, Merritt and Ferrarese, 2001, Hiring and Rix,
2004] and o of galaxies are in general <400 km s~!. The energy released by the accretion onto
a black hole is Epy = 0.1Mpyc?, assuming a typical radiative efficiency of 10%. Therefore,
Egn/Egu is Myas/Mp(c/o)* 2 80. If a portion of the energy released by the accretion is
coupled to the material within the galaxy, then the AGN can impact the host galaxy significantly.

Such process is broadly termed as AGN feedback.

1.2 AGN Feedback in a Nutshell

Broadly speaking, AGN feedback may be effective in (i) quenching the star formation [e.g.
Zubovas and King, 2012], (ii) suppressing the baryon-to-dark matter mass ratio at the higher
mass end [e.g. Croton et al., 2006], (iii) shaping galaxy morphology [e.g. Dubois et al., 2016],
(iv) impacting the circum/intergalactic medium CGM/IGM][e.g. Tumlinson et al., 2017], and
(v) regulating supermassive black hole (SMBH) accretion [Hopkins et al., 2016, Volonteri et al.,
2016]. From observations, evidence of AGN feedback have been accumulating (see Fig. 1.2 for
a list of major observational evidence of AGN feedback). In (semi)analytic models and modern
numerical simulations, AGN feedback has been modeled carefully to reproduce the physical
properties of massive galaxies we see today [e.g. Silk and Rees, 1998, Di Matteo et al., 2005,
Hopkins et al., 2006, Sijacki et al., 2007, Somerville et al., 2008, Booth and Schaye, 2009, Schaye

et al., 2015, Weinberger et al., 2017, Nelson et al., 2019].



Evidence Quality
High-velocity broad absorption lines in quasars Strong
Strong winds in AGN Strong
1,000 km s~! galactic outflows Strong
Bubbles and ripples in brightest cluster galaxies Strong
Giant radio galaxies Strong
Lack of high star-formation rate in cool cluster cores Indirect
M—o relation Indirect
Red and dead galaxies Indirect
Lack of high lambda, moderate N, quasars Indirect
Steep L—T relation in low 7 clusters and groups Indirect

Figure 1.2: A summary of major observational evidence for AGN feedback. Image credit: Fabian
[2012]

Two major modes of AGN feedback have been explored extensively in past and current
studies: The first mode is the quasar-mode or radiative mode, where a luminous quasar drives
a fast and energetic galactic outflow that either expel the gas out of the galaxy and/or heat the
gas within the galaxy to suppress the star formation within the system. The second mode is the
radio-mode or maintenance mode, where the radio jets launched by the AGN heat the hot gas in
the intra-cluster medium (ICM), intra-group medium (IGM) or the interstellar medium (ISM) of

massive galaxies and prevent the hot gas from cooling and eventually forming new stars.

1.3 Quasar-mode AGN Feedback

The quasar-mode/radiative-mode feedback though quasar/AGN-driven outflows is
the focus of this thesis.

A simple calculation assuming momentum balance suggests that quasar-mode feedback
may lead to the observed form of the M -0 relation where approximately Mgy o< o . As

pointed out by Silk and Rees [1998, and references therein], the Eddington luminosity of a SMBH



is Lggq = 47GMpymy,c/op, where the spherically-symmetric accretion onto the SMBH under
gravity is balanced by the radiation pressure. Here G is the Gravitational constant, My is the
mass of the SMBH, m,, is the proton mass, c is the speed of light, and o is the cross-section of
Thomson scattering. Imagining that the radiation pressure (L g44/c) from an Eddington-limited
quasar has swept the gas, of mass M., = f Mgy, all the way to the edge of the galaxy (which
is in principle a galaxy-wide outflow), then the balance between the outward radiation force and

the inward one due to gravity gives

ATGMpym,  Lpaa  GMuuMys fGMy, G 20%r

2
pr— pr— pr— = — 1.1

or c 72 r2 r2 ( G ) (1.1

So Mgy = Wé;’;p o* where o is the velocity dispersion of the galaxy, M g 1s the mass of

the galaxy, M, is the mass of the swept gas which is a fraction, f, of M. For the last equality
above, the galaxy is assumed to be isothermal with a radius r.

Evidence of quasar-mode feedback has been accumulating rapidly over the past decades.
Energetic AGN-driven outflows are observed in low-redshift quasars and Seyfert galaxies [e.g.
Veilleux, 1991, Crenshaw and Kraemer, 2000, Crenshaw et al., 2010, Liu et al., 2013b, Zakamska
and Greene, 2014, Wylezalek et al., 2020], luminous quasars at the peak of cosmic star formation
[e.g. Harrison et al., 2012, Carniani et al., 2015, Zakamska et al., 2016b, Bischetti et al., 2017,
Brusa et al., 2018], and all the way to z2 6 quasars at the end of reionization era [e.g. Maiolino
etal., 2012, Bischetti et al., 2019, 2022]. Such outflows are observed to range from the <kpc, fast
quasar-wind traced by ultra-frast outflows (UFO) and warm absorbers [WA; e.g. Tombesi et al.,

2010, 2015, Nardini et al., 2015, King and Pounds, 2015], and broad absorption lines (BAL) and



narrow absorption lines [NAL; e.g. Hamann et al., 1997b, 2002, Trump et al., 2006, Arav et al.,
2008, Knigge et al., 2008, Hamann et al., 2011, Gibson et al., 2009, Allen et al., 2011] to kpc-scale
galactic winds in ionized [e.g. Liu et al., 2013a,b, Harrison et al., 2014, Westmoquette et al., 2013,
Ramos Almeida et al., 2019], neutral [e.g. Rupke and Veilleux, 2011, 2013a,b, 2015, Morganti
et al., 2016, Rupke et al., 2017] and molecular phases [e.g. Veilleux et al., 2013a, Gonzalez-
Alfonso et al., 2014, Cicone et al., 2014, Feruglio et al., 2015, Aalto et al., 2015, Veilleux et al.,
2017, 2020], likely blending seamlessly with the circumgalactic medium [CGM; e.g. Tumlinson
et al., 2017].

Despite the decades of effort devoted by the community, the physical details and effective-
ness of quasar-mode feedback is still under debate. For example, the driving mechanism of the
quasar wind is still unsettled [e.g. Zubovas and King, 2014, Faucher-Giguere and Quataert, 2012,
Richings and Faucher-Giguere, 2018a,b, Ishibashi et al., 2018]; the impact from quasar-driven
outflows on the interstellar medium of galaxies may be limited [Husemann et al., 2013, 2016,
Karouzos et al., 2016, Villar-Martin et al., 2016, Bae et al., 2017]; the CGM may be “vulnerable”
to quasar-driven outflows [e.g. Veilleux et al., 2014, Tumlinson et al., 2017, Liu et al., 2019];
the existence of quasar-mode feedback in the first generation of massive galaxies is controversial
[e.g. Novak et al., 2020]. We are still lack of a comprehensive understanding of quasar-mode

feedback (and more broadly, AGN feedback).



1.4 Quasar-driven Outflows in Ultraluminous Infrared Galaxies (Chapter 2 &

3)

In the local universe, AGN-dominated ultraluminous infrared galaxies (ULIRGs; they are
defined as galaxies with total infrared luminosity L;z > 1 x 10'2L, and they are giant systems
with mass ~ 1-3 M,,) are arguably the best laboratories to examine AGN feedback in the form
of quasar-driven outflow. In a popular galaxy evolution model, the merging of two gas-rich star-
forming galaxies will lead to an early type galaxies with little star formation. In this process, there
is a ULIRG phase in the late merging stage where strong AGN feedback via outflows driven by
the quasars (likely buried in dust) will expel the gas outflow of the system or heat the gas within
it, so that the star formation will be largely quenched, leaving the galaxy “red and dead” [e.g.
Sanders et al., 1988, Hopkins et al., 2006].

Energetic, kpc-scale outflows are indeed frequently observed in such systems in ionized,
neutral and molecular phases [e.g. Fig. 1.3; Rupke et al., 2005a,b,c, Sturm et al., 2011, Veilleux
etal., 2013a, Spoon et al., 2013, Gonzdlez-Alfonso et al., 2014, Feruglio et al., 2015, Aalto et al.,
2015, Stone et al., 2016], suggesting effective, on-going quasar-mode feedback. However, the
properties of both the nuclear, <kpc portion and the large-scale, =10 kpc portion of such quasar-

driven outflows are largely unknown. As a result, two critical questions remain unanswered:

1.4.1 How Are Quasar-driven Outflows Launched? (Chapter 2)

A complete picture of AGN feedback in ULIRGs relies crucially on the knowledge of how

the accretion energy released is coupled to the ambient gas near the quasar/AGN and drives the
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Figure 1.3: Neutral gas outflow in the nearby quasar/ULIRG Mrk 231. The colored map shows
the spatially resolved velocity field of the Na I D absorption line from Rupke and Veilleux [2011],
which traces outflow extending from the nucleus up to 2-3 kpc in all directions (as projected in
the plane of the sky).. The central QSO is masked by the black filled circle, and the radio jet axis
is indicated by the red solid lines. Image credit: Rupke and Veilleux [2011].



outflow outwards. It is the nuclear (<kpc) outflows that may be used to decide how those pow-
erful quasar/AGN winds are launched. For example, in a popular blast-wave model for quasar-
mode feedback, a fast, nuclear, hot wind shocks the surrounding ISM, which then eventually
cools to reform the molecular gas after having acquired a significant fraction of the kinetic en-
ergy of the initial hot wind [e.g. Faucher-Giguere and Quataert, 2012, Richings and Faucher-
Giguere, 2018a,b]. The detection of the nuclear, warm-hot (T ~10°° K; most likely traced by
O vI AA1032, 1038, N v A\1238, 1243, and perhaps traced by Ly«) outflow phase associated
with the cooling shocked ISM is critical to confirm this scenario.

In ULIRGsS, the nuclear region is usually heavily obscured. The nuclear outflows cannot
be observed easily and has thus not been examined systematically with a coherent sample. As a
result, it is not entirely clear how the dust enshrouded quasars/AGN drive the observed kpc-scale
outflows in these systems. To shed new light on this issue, in Chapter 2, I present a dedicated
investigation of the blueshifted Ly« emission likely closely related to the outflow and the highly
ionized, <kpc scale, O vI AA1032, 1038 and N v A\1238, 1243 outflows in a sample of nearby

AGN-dominated ULIRGs through HST/COS far-ultraviolet (FUV) spectroscopy.

1.4.2 How Far Can Quasar-driven Outflows Reach? (Chapter 3)

The ultimate spatial extent of the outflows in ULIRGs is also not well constrained. Detect-
ing outflows on large spatial scale (= 10 kpc) is vital to determine how much gas may escape the
system, which is a key evaluation for the effectiveness of AGN feedback. It will also reveal the
amount of energy injected into the CGM and the amount of metals available to enrich it. There

is an emerging scenario that the star formation activity within the galaxy is heavily affected by



the properties of the CGM, the critical interface through which gas flows inwards from the ICM
and flows outwards from the ISM [Tumlinson et al., 2017]. An investigation of the impact from
outflows on CGM contributes to our understanding of the baryon cycle of galaxies and the rise-
and-fall of star formation activities over time. The low surface brightness nature of the outflowing
gas breaking out from the interstellar medium requires deep observations. To depict the fate of
outflowing gas, in Chapter 3, I describe a case study of the giant, X-ray emitting gaseous halo
around a nearby ULIRG with deep Chandra imaging spectroscopy. In addition, the deep X-ray

data also reveal the dual AGN activity and hot, X-ray emitting gas on kpc-scale in this object.

1.5 AGN Feedback in the Dwarf Galaxy Regime? (Chapter 4 & 5)

So far, the discussion of AGN feedback in literature has mainly been confined to massive
galaxies (e.g., see Fig. 1.4). Feedback from stellar processes, with stellar wind and supernovae
as the two most popular mechanisms, are deemed important in the evolution of dwarf galaxies.
The feasibility of AGN feedback in dwarf galaxies may be overlooked, which is resulted from
at least two reasons: on the one hand, only a small fraction of dwarf galaxies are found to host
AGN [See Greene et al., 2019, for a recent review], and on the other hand, stellar feedback seems
adequate to explain many of the observed dwarf galaxy properties [see Heckman and Thompson,
2017, for a recent review]. Furthermore, while many modern cosmological simulations suggest
no clear requirement of AGN feedback in dwarf galaxies, it is primarily stemed from the fact
that no black holes, and thus no AGN are “formed” in low mass galaxies in such simulations.
Nevertheless, a series of recent analytic evaluations emphasize the likely importance of AGN

feedback in dwarf galaxies [e.g. Silk, 2017]. Dedicated simulations carefully putting AGN in
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different runs of the simulation in Somerville et al. [2008] and from the semi-empirical relation-
ship obtained in Moster et al. [2013]. The shaded region shows the 16th and 84th percentiles of
the fiducial model that includes feedback from AGN and star formation (SF). The right y-axis
shows the efficiency for turning baryons into stars (Mgtenar /[ fo * Mhato))- In low mass haloes, the
stellar feedback reduces the efficiency of converting baryons into stars. In massive haloes, AGN
feedback is required in order to reduce the efficiency. Image credit: Harrison et al. [2018].
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dwarf galaxies and considering their feedback do suggest tantalizing evidence for AGN feedback
in those dwarf systems [e.g. Koudmani et al., 2019, 2020].

AGN do exist in dwarf galaxies, and the number of new discoveries keeps accumulating. In
addition, recent studies have revealed increasing number of AGN in dwarf galaxies, and evidence
exists that stellar feedback alone may not be able to reproduce certain properties of the present-
day dwarf galaxies as expected [e.g. Garrison-Kimmel et al., 2013, McQuinn et al., 2019]. It is
thus interesting to ask whether AGN feedback plays a role in the formation and evolution of dwarf
galaxies. In Chapter 4 and Chapter 5, I present two pilot studies to explore this issue. In Chapter
4, I report a ground-based integral field spectroscopy survey (IFS) survey dedicated to examining
the gas kinematics and dynamics in a sample of dwarf galaxies with AGN and suspected outflows.
In Chapter 5, I describe an HST/COS FUYV spectroscopy study of the absorption-feature traced

outflows in three objects from the sample examined in Chapter 4.

1.6 Thesis Outline

Here I lay out again the three main questions addressed by this thesis:

* How are quasar-driven outflows launched in ULIRGs? (Chapter 2)

* How far can outflows reach in ULIRGs? (Chapter 3)

* Is there AGN Feedback in the dwarf galaxy regime? (Chapter 4 and 5)

The rest of the thesis is organized as follows. In Chapter 2, I present a dedicated investi-
gation of the blueshifted Ly« emission and highly ionized O vI AA1032, 1038 and N v AA1238,

1243 outflows in a sample of nearby AGN-dominated ULIRGs through HST/COS FUV spec-
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troscopy. In Chapter 3, I describe a case study of the giant, X-ray-emitting gaseous halo around a
nearby ULIRG, as well as the dual AGN activity and hot ISM of the ULIRG, with deep Chandra
imaging spectroscopy. In Chapter 4, I report a ground-based optical IFS survey dedicated to ex-
amining the gas kinematics and dynamics in a sample of dwarf galaxies with AGN and suspected
outflows. In Chapter 5, I describe an HST/COS FUV spectroscopic study of the outflows and
He 11 A1640 emission lines in three objects from the sample examined in Chapter 4. Finally,
in Chapter 6, I summarize the main conclusions of the whole thesis and lay out several paths

forward.
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Chapter 2: Lyman Alpha Emission and Highly Ionized O VI and N V Outflows

in Ultraluminous Infrared Galaxies

2.1 Introduction

Major mergers of gas-rich galaxies, both near and far, are the paradise for magnificent
starbursts and rapid growth of supermassive black holes. In the local universe, the majority of the
ultraluminous infrared galaxies (ULIRGs) are mergers of gas-rich galaxies. The merger process
drives the gas and dust to the central region of the system, fueling the (circum)nuclear starbursts
and the rapid accretion of the supermassive black holes. As described by a popular evolution
scenario, the merger system advances from the ULIRG phase to the dusty quasar phase, and then
to a fully-exposed quasar phase, with the gas and dust either transformed into stars or expelled
and/or heated by the galactic winds triggered by the quasar and starburst activities [e.g., Sanders
et al., 1988, Veilleux et al., 2009b, Hickox and Alexander, 2018]. The ubiquity of galactic winds
in local ULIRGs, dusty quasars, and luminous post-starburst galaxies supports this scenario. The
observed winds extend over a large physical scale, from fast, nuclear winds on <pc scales all
the way to galactic winds reaching 210 kpc, blending smoothly with the circumgalactic medium
[e.g., Martin, 2005, Rupke et al., 2005c, Martin, 2006, Tremonti et al., 2007, Martin and Bouché,

2009, Sturm et al., 2011, Rupke and Veilleux, 2013b, Veilleux et al., 2013c,b, Cicone et al., 2014,
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Veilleux et al., 2014, Tombesi et al., 2015, Rupke et al., 2017, Liu et al., 2019, Fluetsch et al.,
2019, 2020, Lutz et al., 2020, Veilleux et al., 2020, for a review].

While the cooler, neutral and/or molecular phases on larger scale (Zkpc) often dominate
the outflow energetics, it is the hotter, ionized phase of the wind that serves as the best probe
for the driving mechanism of these winds. ULIRG F11119+3257, arguably the best example so
far, possesses a massive, galactic scale (1-10 kpc) molecular and neutral-gas outflow apparently
driven by the fast (>0.1 c), highly ionized (Fe XXV and Fe XXVI at ~7 keV) nuclear wind
[Tombesi et al., 2015, 2017, Veilleux et al., 2017]. While this result is intriguing, the faintness of
the majority of ULIRGs at ~ 7 keV, unlike many quasars, has impeded a statistically meaningful
study of this phenomenon in most ULIRGs with current X-ray facilities.

The superb far-ultraviolet (FUV) sensitivity of the Cosmic Origins Spectrograph (COS) on
the Hubble Space Telescope (HST) provides a powerful alternative tool for such study in the low-
z universe. Rest-frame FUV spectroscopy has enabled a comprehensive study of the multi-phase
nature of outflows, built upon the abundant spectral features arising from the high-ionization,
low-ionization, and neutral phases of the outflowing gas [e.g., Chisholm et al., 2015, Tripp et al.,
2011, Heckman et al., 2015, Hamann et al., 2019, Arav et al., 2020]. Up to now, only about a
dozen ULIRGSs have been studied with HST/COS data, but the results are fascinating. In Mrk
231, highly blueshifted Ly« emission (with respect to systemic velocity) is observed to coincide
in velocity with the highly blueshifted absorption features tracing the fast outflow in this galaxy,
suggesting an outflow-related origin for the Ly« emission [Veilleux et al., 2013c, 2016]. With
a larger sample of 11 ULIRGs, Martin et al. [2015, hereafter M15] have shown that prominent,
blueshifted Lya emission down to —1000 km s~! exists in about half of the objects, and they

argued that the blueshifted Ly« emission originates from the clumps of gas condensing out of hot
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winds driven by the central starbursts [Thompson et al., 2016]. In addition, blueshifted absorption
features from high-ionization species like O°* and/or N** (114 and 77 eV are needed to produce
these ions, respectively) and low-ionization species like Si* and Fe™ are also detected in a few
objects, providing unambiguous evidence of outflowing gas.

Despite the tantalizing evidence of FUV-detected outflows in the ULIRGs described above,
the sample examined so far is small and incomplete, where AGN-dominated ULIRGs and matched
quasars are largely missing. To address this issue, we have selected a more complete sample of
ULIRGs and quasars to systematically study the gaseous environments along the merger se-
quence, from ULIRGs to quasars. In Veilleux et al. [2022] (hereafter Paper I), we presented the
results from the first part of our study, focused on the highly-ionized gas outflows, traced by O V1
AA1032, 1038 and N v AA1238, 1243 absorption features, in a sample of 33 local quasars. We
found that the O VI and N V outflows are present in ~61% of the sample, and the incidence rate
and equivalent widths (EWs) of these highly ionized outflows are higher among X-ray weak or
absorbed sources. Similarly, the flux-weighted outflow velocity dispersions are also the highest
among the X-ray weakest sources. However, no significant correlation is visible between the
flux-weighted outflow velocities/velocity dispersions and the other properties of the quasars and
host galaxies.

In this paper, we report the results from an analysis of the Lya emission and O VI and
N V absorption features of the 21 ULIRGs in the sample !, expanding on the results from Paper
I by considering the combined ULIRG -+ quasar sample. In Sec. 2.2, we describe the HST/COS

observations of the ULIRG sample, the reduction of the data sets, and the ancillary data from the

"While FUV studies analyze Si IV and C IV transitions along with the lines of O VI and N V, our spectra do not
cover the Si IV and C IV doublets at the target redshifts.
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literature. In Sec. 2.3, we present the analysis of the FUV spectra of the ULIRGs, focusing on
Ly emission in the first part and the O VI and N V absorption features in the second. In Sec. 2.4,
we discuss the potential key factors that control the observed Ly« properties, and in Sec. 2.5, we
examine the incidence rates and properties of the O VI and N V outflows. In Sec. 2.6, we search
for trends between the O VI and/or N V outflow properties and the AGN/galaxy properties in the
ULIRG-+quasar sample. In Sec. 2.7, we summarize the main results of this paper. Throughout

the paper, we adopt a ACDM cosmology with Hy =75 km s~ Mpc™!, Q,, =0.3, and Q, = 0.7.

2.2 HST and Ancillary Data on the ULIRGs

17



100> L2000 T IveSy S0 0 T vpesy
100> oTLosy RO Iovcy
100> S orsTesy 100 e9osh
100> 0TSy ST 166 S
100> o orTILSy YO 1ob S
60— Sop 100> o oyTrLsy SO i6rsy €l El1S6  QAl IS COEl  q6€€8S10  €LTOE €17 D€
81— 6Th 100> T At $0T $9 qIm S SPTI 09€8T1°0  TLOTIA PP0—CLOT1A
60— 9ph ey 9er 6L L CIN| IS 6Vl «b690ST0  86S11Z TI10—86511Z
10 11 Trr Try vIe 08 Al IS Y9°Tl 2681°0 6LI11d LSTEF6IITILA
vE— 0Ty 0r'e vy 00r 161 w qIi 1 Tl pb8SO0  TLS80d  MNISI6E+HTLSS0d
ST TS 6Th ey 9Ll SL CIN| IS 85Tl SE8F1°0  66SLO0d 8059+665L0:1
- 8Th €8'L % 234 161 1L Al S T S88TPO0 68150 ¥IST—68150d
v— 9T 061°0 K42 8'1Y Toe 6t Al 1 0£TL  qvOFLITO  €01%0d 8€8T—€01+0:
Tl- sy 600°0> Lhieser  vo0FeEr 991 $SEL QAL IS 0LTL €910 PIOLMIN  100+LS10€-0SO
0€— Trr 'ty 0l '8l ss A ITH 9¢Tl  =lOLLITO  $0010d LETT—H0010:
(€D (48] an oD (6) (8) W0 9) (©) ) (€) @ (M
[g—wd --01] [;—s319] [{_s 1] (av) uonorly SSe[D odAy, QureN
X'Ado  (seiipdol  (AerX)HN (XH)Sor (xS)30 Aldw  NOV RSN [endeds Nwmq )30 z uoys aureN
ordures ay) ur SOY[IN Y Jo sonradoig orseqg  “[°7 Q[qel

18



2.2.1 HST/COS G130M Observations of ULIRGs

Our sample is selected based on three criteria: (1) They are part of the 1-Jy sample of 118
local ULIRGs with z < 0.3 and |b| > 30° [hence modest Galactic extinctions; Kim and Sanders,
1998a]; (2) In order to address the role of AGN feedback in these systems, the ULIRGs have
AGN signatures in the optical (AGN Type 1 or 2) or in the mid-infrared [Spitzer-derived AGN
bolometric fraction 240%; Veilleux et al., 2009b]. (3) They are the FUV-brightest ULIRGs of
the 1-Jy sample with FUV magnitudes (AB) mpyy < 21. These criteria result in a sample of 21
objects (Table 5.1): 15 of which were observed through the HST cycle 26 program (PID:15662;
PI: Sylvain Veilleux), and the remaining 6 objects have archival COS G130M spectra of sufficient
quality from three programs (PID: 12533, PI: C. Martin; PID: 12569, PI: S. Veilleux; PID: 12038:
PI: J. Green). Among these 6 objects, QSO-B0157+001, 3C 273, and Mrk 231 were also studied
in Paper I as they meet the criteria for QUEST quasars, and FO1004—2237, Z11598—0112, and
F12072—0444 were also studied in M15. In the following sections, we adopt the short names
listed in Table 5.1 when referring to the objects in our sample.

The Cycle 26 HST/COS spectra presented in this paper were obtained in TIME-TAG mode
through the PSA using the medium resolution FUV grating, G130M. Four focal plane offset
positions were adopted to reduce the impact of fixed-pattern noise associated with the micro-
channel plate. We got all four FP-POS settings for all targets, except for targets F04103, F14070,
F21219, and F23233 with a central wavelength of 1291 A. For these objects, we followed the
COS2025 recommendations and used FP-POS = 3 and 4 to get equal exposures for segments
A and B. The wavelength setting was adjusted according to the redshift of the target and was

selected to optimize the number of strong lines that can be observed with G130M. At all but the
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Table 2.2.  Summary of the HST/COS G130M Observations

Name PID PI Date R.A. Dec. Wavelength Coverage texp
1 2 (3) C)] 5) (6) (7N (3)
FO01004 12533 C. Martin 2011-12-03 010249.9631 —222157.02 1137-1274/1292-1432 1716
Mrk 1014 12569  S. Veilleux 2012-01-25 01 59 50.250 +00 23 41.30 1154-1468 1961
F04103 15662  S. Veilleux 2020-01-23 1219413 -28 30 24.64 1137-1274/1292-1432 10798
F05189 15662  S. Veilleux 2019-07-18 052101.388 -252145.10 1069-1207/1223-1363 7802
F07599 15662  S. Veilleux 2019-02-21 04 30.487 +64 59 52.75 1173-1312/1328-1468 2148
F08572 15662  S. Veilleux 2019-10-17 00 25.281 +39 03 54.83 1069-1207/1223-1363 7906
F11119 15662  S. Veilleux 2020-01-20 14 38.908 +32 41 33.04 1173-1312/1328-1468 13537
711598 12533 C. Martin 2011-11-18 1202 26.7505 —0129 15.49 1154-1468 1304
F12072 12533 C. Martin 2013-01-24 1209 45.1000 —0501 13.20 1137-1448 1176
3C273 12038 J. Green 2012-04-22 12 29 06.695 +02 03 08.66 1137-1408 4515
Mrk 231 12569  S. Veilleux 2011-10-15 1256 14.111 +56 52 24.70 1154-1468 12851
F13218 15662  S. Veilleux 2020-05-21 24 19.897 +05 37 05.06 1069-1207/1223-1363 7742
F13305 15662  S. Veilleux 2019-12-17 3316.529 —175510.52  1173-1312/1328-1468 7776
Mrk 273 15662  S. Veilleux 2019-07-23 13 44 42.080 +555312.99 1069-1207/1223-1363 4086
F14070 15662  S. Veilleux 2020-06-30 09 31.249 +05 11 31.45 1137-1274/1292-1432 13377
F15001 15662  S. Veilleux 2020-03-01 02 31.936 +14 21 35.15 1173-1312/1328-1468 10719
F15250 15662  S. Veilleux 2019-07-11 26 59.463 +35 58 37.47 1069-1207/1223-1363 4951
F16156 15662  S. Veilleux 2020-07-08 18 09.426 +01 39 21.66 1173-1312/1328-1468 13346
F21219 15662  S. Veilleux 2019-04-13 24 41.606 —1744 4552  1137-1274/1292-1432 2210
F23060 15662  S. Veilleux 2019-12-05 08 33.947 +05 21 29.95 1173-1312/1328-1468 10703
F23233 15662  S. Veilleux  2019-10-14,2020-01-2223 25 49.406 +28 34 20.84 1137-1274/1292-1432 13477

Note. — Column (1): Name of the object; Column (2): HST Program ID; Column (3): Principal Investigator; Column (4): Date of Observation;
Column (5) & (6): J2000 coordinates; Column (7): Wavelength coverage of the observations in A. The values are formatted as A/B segments or
entire wavelength ranges; Column (8) Total exposure time in seconds.

highest redshifts (z < 0.2), Ly«, the high-ionization lines from N V, and low-ionization lines
from Si 11 A1260 and Si 111 A1206 fit within the wavelength coverage of the data. At the highest
redshifts (z ~ 0.20-0.27), we lose N V and Ly« but gain Ly and O vi AA1032, 1038. The

wavelength coverage for individual observations is summarized in Table 4.2.

2.2.2 HST/COS Data Reduction

Among the 6 objects with archival data, we retrieved the fully reduced spectra for 5 of
them from the Hubble Legacy Spectrum Archive [Peeples et al., 2017], and obtained the fully
reduced spectrum of F12072—0444 published in M 15 from C. L. Martin. For the other 15 newly-

observed objects presented in this paper, the raw data were processed and combined by the CAL-
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COS pipeline v3.3.10. CALCOS corrects the data for instrumental effects, assigns a vacuum
wavelength scale, and extracts flux-calibrated spectra. It applies a heliocentric correction to the
final x1d files for each exposure, and combines the individual exposures to a single spectra when
possible.

The COS aperture is filled with emission from geocoronal airglow, so the observed wave-
lengths of these lines are independent of target position in the PSA. By inspecting the velocity
offsets of theoretical and observed wavelength of strong geocoronal lines, we can examine the
potential systematic errors in the wavelength calibration. The measured velocity offsets are ran-

domly distributed with absolute values < 30 km s+

, and we take these measurements as typical
errors of the wavelength calibration from the pipeline.

Finally, all spectra are corrected for foreground Galactic extinctions from Schlafly and

Finkbeiner [2011] and the reddening curve with Ry =3.1 of Fitzpatrick [1999].

2.2.3 Ancillary Data and Measurements

2.2.3.1 General Physical Properties

For the bolometric luminosities of our sources, we adopt Ly,; = 1.15 L;z where L;p is
the 8-1000 pm infrared luminosity retrieved from Kim and Sanders [1998a], except for the three
sources that are also QUEST quasars, which are quoted from Paper I where we assume Ly, = 7
L(5100A) + L;x based on Netzer et al. [2007]. The L(5100A) is the continuum luminosity AL
at 5100 A rest wavelength and L;p is the 1 — 1000 um infrared luminosity (the details can be
found in the notes of Table 1 in Paper I).

The optical spectral classifications are quoted from Veilleux et al. [1999]: ST means Seyfert
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I, S2 means Seyfert 2, L means LINER, HII means star-forming galaxies. The interaction
classes (or merger classes) are from Veilleux et al. [2002]: I-First approach, II-First contact,
[II(a/b)-Pre-merger (Wide binary/Close binary), IV(a/b)-Merger (Diffuse/Compact), V-Old Merger,
Iso—Isolated, Tpl-triplet. The fraction of the bolometric luminosity produced by the AGN, or
simply AGN fractions, are the average values derived in Veilleux et al. [2009b]. The AGN lumi-

nosities are defined as the bolometric luminosities multiplied by the AGN fractions.

2.2.3.2 X-ray Data

Published X-ray data and measurements exist for 14 out of the 21 objects: Those for the 3
quasars (QSO-B0157+001, 3C 273, Mrk 231) also studied in Paper I are from Teng and Veilleux
[2010], Teng et al. [2014], Veilleux et al. [2014], Ricci et al. [2017] Those for the remaining 11
sources are from a series of X-ray studies of ULIRGs and quasars [Teng et al., 2005, Teng and
Veilleux, 2010].

Following Paper I, the X-ray weakness of AGN/quasars can be described with the X-ray
to optical spectral index, apx = 0.372log[(F(2 keV)/F(3000A)] [e.g., Brandt et al., 2000].
While apx 1s measured for most nearby quasars, there are virtually no published measurements
for the ULIRGs in our sample. Instead, we have defined an alternative X-ray to FUV spectral
index, ayy, x, based on the ratio of the soft X-ray (0.5-2 keV) flux to the FUV flux from GALEX
[Martin et al., 2005], where ayv,x = log[F'(0.5 — 2 keV)/F(FUV)|. These results are listed in
Table 5.1.

For the QUEST quasars studied in Paper I, there is a clear positive correlation between

apy.x and apx (see Fig. 2.1), with a p-value ~ 2x 107" from the Kendall tau test (the null
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hypothesis is no correlation), which demonstrates that o7y x is indeed a good surrogate for apx.
For the quasars without published 0.5-2 keV flux from Chandra or XMM-Newton and/or FUV
flux from GALEX, we convert their apx listed in Paper I to oy, x by adopting the relation
apyy, x= 2.17apx+2.26 , which is obtained from a linear fit to the quasars with both oy, x and

px measurements.

Figure 2.1: The X-ray to optical spectral index cvox versus the X-ray to FUV spectral index agy, x
for the quasars in Paper I. The two indices are defined as apx = 0.372log[(F(2keV)/F(30004)]
and ayy,x = log[F(0.5—2keV)/F(FUV)], respectively. The solid line is a linear fit to the data
points. The errors on apx and ayy, x are uncertain, and largely associated with the uncertainties
in the analyses of the X-ray spectra, as described in, e.g., Teng and Veilleux [2010]. The cross in
the upper left corner of the figure indicates & 0.1 dex errors adopted in the Kendall tau test and
the fit.

2.2.3.3 Optical Spectra

The Gemini/GMOS IFU spectra from Rupke and Veilleux [2013a], Rupke et al. [2017],
or the SDSS spectra [Eisenstein et al., 2011] are adopted as the optical spectra for our objects
by default unless explicitly stated otherwise (the GMOS data are adopted by default whenever
both GMOS and SDSS data are available for the same object). The long-slit, optical spectra of all

objects but 3C 273 are retrieved from Veilleux et al. [1999], and the optical spectrum of 3C 273 is
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retrieved from Buttiglione et al. [2009]. They are adopted as the default optical spectra whenever
the Gemini/GMOS and SDSS spectra are not available.

For these spectra, the continua are modeled with either stellar population synthesis (SPS)
models [Gonzélez Delgado et al., 2005] adopting pPXF [Cappellari, 2017] or 4th-order polyno-
mials and/or power-law function with customized Python software utilizing LMFIT [Newville
et al., 2016], on a case-by-case basis. The properties of the [O 111] A5S007 and Ha emission lines

are then measured from these continuum-subtracted optical spectra.

2.2.3.4 AGN Fractions of Starburst-dominated ULIRGs

Most of the key AGN and host galaxy properties of the QUEST quasars from Paper I and
the starburst-dominated ULIRGs from M15 are tabulated in these papers. One exception is the
AGN fractions of the ULIRGs in M 15, which are estimated based on the IRAS-based 25 ym to
60 pm flux ratios (F25/F60) listed in Table 1 of M15. Specifically, the AGN fraction is calculated

adopting the best-fit to the trend presented in Fig. 36(c) in Veilleux et al. [2009b]:

2.3 Results from the HST Data Analysis

In this section, we present the major results from our analysis of the HST/COS spectra.
First, the properties regarding Lya emission are examined in Sec. 2.3.1; Second, the measure-
ment of FUV continuum luminosity is briefly described in Sec. 2.3.2; Finally, the properties of

O vi AA1032, 1038 and N v A\1238, 1243 absorbers are discussed in Sec. 2.3.3.
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2.3.1 Ly« Emission

2.3.1.1 Detection Rates

The Ly« transition falls within the wavelength range of the observations for 19 of the 21
objects. Among the 19 objects, the Ly« emission is detected (S/N > 3) in 15 of them, including
FO07599 where the Lya emission is heavily affected by deep, broad and narrow N v A\1238,
1243 absorption features (and perhaps also broad Ly« absorption). After Lya, N v A\1238,
1243 and O vI AA1032, 1038 are the most frequently detected emission lines in our sample
(notice that our G130M spectra do not cover Si IV and C IV). Descriptions about the presence of

emission/absorption features other than Ly« in our objects may be found in Appendix A.1.

2.3.1.2 Line Profiles

The Ly« profiles of the 15 Ly« detections are presented in Fig. 2.2. For these objects, the
Lya emission is the most prominent feature in the observed spectral range, except for FO07599,
where the Ly« line is severely suppressed by a highly blueshifted broad absorption line (BAL)
and several less blueshifted narrow N V 1238, 1243 absorption features. As a result, a relatively
robust measurement of the Ly« profile of FO7599 is impossible, and this source is left out from
the analyses to characterize the Ly« profiles in the following sections.

The flux and EWs of the entire Ly« profiles are measured in wavelength windows cus-
tomized for each object based on their line widths. The local continuum of each object is deter-
mined by fitting the line-free windows adjacent to the Ly« features with power-law or low-order

polynomials (order < 2). The contamination from nearby N V emission is subtracted for sources

26



Mrk 1014, FO5189, 3C 273, and F21219, where the N V doublet are modeled as Gaussian pro-
files. The foreground absorption features and absorption lines from other species at the systemic
velocity are interpolated over with cubic splines. For the non-detections, the 3-o upper limits on
the flux of Ly« are estimated in a velocity window of —1000 to 41000 km s~ *.

We adopt a non-parametric approach to characterize the Ly« profiles quantitatively: the
velocities vsy and vgy (velocities at 50 and 80 percentiles of the total flux calculated from the
red side of the line), the line width W, (which encloses the central 80 percent of the total flux),
and the line asymmetry Ag; ([vgg+v10]/Wso), Where vgy and vy are the velocities at 90 and 10
percentiles of the total flux calculated from the red side of the line) are the primary measurements
adopted for our analyses in the following sections. All velocities are calculated with respect to

the systemic redshifts listed in Table 5.1. Table 2.3 summarizes the results. A visualization of

these non-parametric measurements is shown in Fig. 4.3.
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Figure 2.2: Ly« profiles of the 14 objects with clear Ly« emission and the one with a potential
detection FO7599. The spectra are shown in each object’s rest-frame. The velocities relative
to the Ly« transition are shown on the top of each panel, and the zero velocities are indicated
by the vertical solid lines. The zero-velocities of the N v AA1238, 1243 doublet are indicated
by the vertical, green dash-dotted lines when they are blended with the Lya emission. Other
strong absorption features at the systemic velocities are indicated by vertical dashed lines in red.
Foreground absorption features at z~0 due to the Milky Way are indicated by dashed lines in
blue. The flux scale for the vertical axis in units of erg s~ cm~2 A~! is listed in the upper left
corner above each panel. To help with the visual comparison among different objects, the x-axes
are set to two fixed wavelength ranges (11921240 A or 1150-1280 A) depending on the widths
of the lines.
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Figure 2.3: Example of a line profile illustrating the various non-parametric kinematic parameters
used in this paper. The vertical dashed lines mark the locations of vy, vsg, V50, and vy for the
mock emission-line profile shown in the figure. Wy is defined as the line width between vgy and
v19, and the line asymmetry Ag; is [vgg+v10]/Wso (not shown in the figure).

Blueshifted wings of the Ly« emission are often seen across our sample (12 out of the 14
objects with robustly measured Ly« profiles show vgy < 0 and line asymmetry Ag; < 0), while
the P-Cygni-like profile (blueshifted absorption accompanied by redshifted emission) is only
seen in F15250 (in F16156, a weak blueshifted wing is seen in the Ly« emission blueward of the
strong blueshifted absorption feature, and the overall Ly« profile is thus not P-Cygni-like). This
is in clear contrast with the prevalence of P-Cygni-like profiles seen in low-redshift star-forming
galaxies [e.g., Wofford et al., 2013]. The blueshift of the velocity centroid of the Ly« line is
also prevalent in our sample, where 11 out of the 14 objects with Ly« detections show v5y < 0.
Moreover, in two Type 1 sources, 3C 273 and Mrk 1014, the broad Lya emission (accompanied
by broad N v A\1238, 1243 emission, when the spectrum covers this region) shows line width
typical for the broad emission line region (BELR) of AGN, which is often the case for low-
redshift Type 1 AGN and quasars [e.g., Shull et al., 2012]. Finally, Ly« absorption features near

systemic velocities are clearly seen in 9 objects.
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2.3.1.3 Comparison of the Lya and Optical Emission Line Profiles
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Figure 2.4: Comparison of Ly« profiles (black) with [O 111] A5007 emission lines (orange) for
the 11 objects in our sample with both Ly« detections and [O 111] A5007 observations. The flux
scale on the vertical axis refers to the Ly« line and the scale factor in units of erg s=! cm™2
km~! s is listed in the upper left corner above each panel. The [O III] emission line profiles are
re-scaled for better visualization. Nearby emission features from N V in the FUV and those from
Hp, [O 111] A4959, and Fe in the optical are marked with black and orange vertical bars when
those features are present, respectively. The panels are ordered in increasing AGN luminosities,
which are indicated in the top left corner of each panel under the object name (in log units of
solar luminosities). The panel frames of Type 1 AGN are marked in red and those of type 2 AGN

are marked in blue.

The observed Ly« profiles in these dusty ULIRGs are likely affected by complex radiative
transfer effects due to the resonant nature of the transition. While it is impossible to derive the
intrinsic profile of the resonant Ly« line with our data, the non-resonant optical emission lines
(e.g. [O111] A5007 forbidden line, Ho recombination line) provide a point of reference since they

are less affected by absorption and scattering. Qualitatively, we may therefore infer the extent to
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In Fig. 2.4 and 2.5, we plot the Ly« profiles in comparison with the [O 111] A5007 pro-

files and the Ha profiles.
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Figure 2.5: Same as Fig. 2.4 but for the comparison of the Ly« (black) and Ha (orange) emission
lines for the 15 objects with Lya detections. The nearby N V emission are marked with black
bars when those features are present. Note that, in some cases, the strong [N 1] A\6548, 6583
emission lines in the optical near —674 km s~ ! and +944 km s~! (marked by orange dotted lines)
make this comparison difficult.

which Lya photons are absorbed and/or scattered, by comparing the Ly« and optical line profiles.

All of these line profiles are continuum-subtracted and rescaled for
better visualization. In total, 11 objects with [O 111] A5S007 observations and 15 objects with
Ha observations show Ly« detections. The measurements of the [O 111] A5007 and Ha profiles

are summarized in Table 2.4. At first glance, one similarity between the Ly« profiles and the



non-resonant line profiles is the occurrence of blueshifted emission line wings in many objects.
Blueshifted [O 1] A5007 (and, to a lesser extent, Ha) emission is a tell-tale signature of ion-
ized gas outflows, so the blueshifted Ly« emission may also arise from the outflowing gas. In
addition, Ly« emission is generally broader than or comparable in width to the [O 111] A5007 and
Ho emission. Otherwise, the Ly« profiles are diverse among the objects in our sample and no
apparent trend is seen between the profiles of Lya and the non-resonant optical lines. We will

discuss these results further in Sec. 2.4.2.

2.3.1.4 Ly« Escape Fraction

At first, it may be surprising that significant Ly« emission is observed from these dusty
ULIRGs given the implied huge optical depth to Ly« photons. In this section, we quantify the
escape of Lya photons by calculating the Ly« escape fraction.

Under Case B recombination, the ionized region is optically thick to the Lyman series,
and the intrinsic F(Ly«a)/F(Ha) flux ratio depends only on the electron density and temperature.
Adopting the low density limit where n, << n. i = 1.55 x 10* cm™3, the collisions can be
safely neglected. The intrinsic Ly« flux is then predicted to be 8.1 times the intrinsic Ha flux
[Hummer and Storey, 1987, Draine, 2011].

Galaxies usually show Lya-to-Ha flux ratios much less than the predicted Case B ratio.
We can therefore describe the suppression of Lya photons by comparing the observed Ly« flux

to the intrinsic values indicated by the Ha emission. The escape fraction of Ly« photons can thus
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be defined as

B F(Lya)
fesc(LyOC> - 8.1 x F(HOé)cor.

2.1)

The intrinsic Ho flux is calculated from the observed Ho flux, corrected for the nebular

reddening using the Cardelli et al. [1989a] reddening curve, namely
F.op(Ho) = Fps(Har) x 1010128(B=V), (2.2)

and the F(B — V) is calculated from the Balmer decrement:

1 (F'(Ha)/ F(HP))obs

8 | (F (Ha) JF(H5) s

E(B=V)= {9602 1°

(2.3)

We set the intrinsic Ha/H/3 ratio to 3.1 for all but one objects as they show optical spectral features
consistent with AGN activity. The only exception is FO1004: it is located in the star-forming
region in the BPT and VOS87 diagnostic line ratio diagrams [Baldwin et al., 1981, Veilleux and
Osterbrock, 1987, Osterbrock and Ferland, 2006], and we set the intrinsic Hoa/H/3 ratio of this

object to 2.87.
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The Ha fluxes are measured from spectra gathered from literature, as described in Sec.
2.2.3.3, and can be divided into three groups: (1) Gemini/GMOS IFU observations; (2) SDSS
spectra; (3) long-slit spectra from Veilleux et al. [1999]. Some of our objects are point sources
or show very compact morphology in the narrow-band Ha images (based on the GMOS data) or
R-band images [from SDSS or Veilleux et al., 1999], so no aperture corrections are needed for
their Ha flux in the calculation of Ly« escape fraction. However, for the more extended objects,
the aperture difference between the COS FUV spectroscopy and the optical observations need
to be taken into account, as the throughput of the 2.5” COS aperture drops sharply beyond the
central 0.4”.

In practice, the aperture correction is negligible if at least one of the following three criteria
is met: (1) it is a Type 1 AGN; (2) the PSF contribution to its overall flux in the R-band image
1s more than 50% based on the measurements in Veilleux et al. [2002]; (3) the R-band effective
radius is less than 1” based on the measurements in Veilleux et al. [2002]. For the other objects,
aperture corrections are needed to account for the rapid decrease of COS throughput at large
radius as mentioned above. Specifically, we calculate the aperture correction factors for each
group of optical observations separately: (i) for the GMOS IFU observations, we generate the Ho
flux maps based on the data cube, and use the COS throughput function to vignette the Ho flux
maps within the region with radius r < 1.25”. The aperture correction factor is then the vignetted
Ha flux within r < 1.25"(corresponding to the COS aperture) divided by the original Ha flux
within the same aperture; (i1) for the SDSS spectra, we adopt the r-band images as surrogates for
the Ha flux maps. We then vignette the r-band images within the same COS throughput function,
and the aperture correction factor is the vignetted r-band flux within r < 1.25” divided by the

original r-band flux within SDSS aperture (D=3" or D=2"); (iii) for the long-slit spectra from
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Veilleux et al. [1999], we follow the same logic as adopted for the SDSS spectra but use the R-
band images in Kim et al. [2002]. The aperture correction factor is thus the vignetted R-band flux
within r < 1.25” divided by the original R-band flux within the extraction region of the long-slit
spectra (2" x5 kpc).

The aperture correction factors adopted in the calculations and resulting Ly« escape frac-

tions are listed in Tables 2.4 and 2.3, respectively.

2.3.2  Continuum Luminosity at 1125 A

As a surrogate for the FUV continuum luminosity adopted in Paper I, the monochromatic
luminosities at rest-frame 1125 A, log(AL1195), are measured whenever the continuum is de-

tected, with a bandpass of 20 A. These results are recorded in Table 5.1.

2.3.3 FUV Absorption Features

The focus of this section is the strongest metal absorption features detected in our objects,
O vi AN1032, 1038 and N v AA1238, 1243, tracers of the highly ionized gas in these systems.
Only 12 out of the 21 objects have continuum S/N in the vicinity of O VI AA1032, 1038 and/or N v
AA1238, 1243 that are high enough (S/N > 10 in a 500 km s~! window) to allow for the detection
of corresponding absorption lines. Out of these 12 objects, 6 objects show O VI and/or N V
absorption features associated with the galaxy (velocity centroid < 13000 km s~! and not from
intervening systems), and the velocity centroids of these absorption features are all blueshifted.
One more object, F15250, may display a N V absorption feature, but the doublet is so close to

a group of geo-coronal emission lines that the N V 1239 transition is heavily contaminated and
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no robust measurements of the N V feature can be made. Our estimates for the EW and centroid
velocity of the N V 1242 absorber alone are ~0.3 A and —500 km s~*, respectively, which has
not taken into account the infilling from the N v AA1238, 1243 emission. This source is excluded
from the discussions related to the absorption features in the following sections.

The properties of these detected O VI and/or N V absorption features vary wildly: FO7599
shows a >25000 km s~ wide N v A\1238, 1243 BAL accompanied by narrower absorbers
at smaller velocities, whereas F23060 shows relatively narrow and shallow N v AA1238, 1243
absorption features on top of the N v A\1238, 1243 emission. Overall, the absorption features
in F07599 and FO1004 fall in the BAL category (velocity width > 2000 km s~1), while all other
absorption features are classified as narrow absorption lines (NAL; velocity width < 500 km s~ 1).
The object-by-object description of these absorption features is given in Appendix A.1.

To quantify the strength of these absorbers, we follow the same procedure as in Paper
L. First, we fit the continuum and/or broad emission lines (Lya, O VI, N V) with low-order
polynomials or Gaussian profiles. After the spectra are normalized by the best-fits from the
continuum and/or broad emission line fits, these absorbers are quantified using a non-parametric
approach, where we measure the total velocity-integrated EWs of the outflowing absorbers in the

object’s rest frame,

W, = / 1= FOV]dN, 2.4)

the weighted average outflow velocity

(2.5)



and the weighted outflow velocity dispersion,

_ {f (0 — Vitang)?[1 — f(v)]dv

i )z, (2.6)

thavg

The results are summarized in Table 2.5.
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2.3.3.1 Evidence of Partial Covering for the O VI and N V Doublets

The profiles of the resolved O VI and N V doublets may be used to derive the basic char-
acteristics of the absorbing cloud — background source system. For the absorption features in
711598 and F13218, there is evidence of partial covering: the optical depth ratio of the spec-
trally resolved doublet deviates from the theoretical expectation from a simple model where the
foreground cloud is illuminated by the background point source with a 100% covering fraction.

For the cases where the optical depths of the doublets (proportional to Af,., the product
of wavelength and oscillator strength) differ by a factor of ~2 (like O Vi AA1032, 1038 and N v
AA1238, 1243), and the continuum intensity is normalized to unity, th