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ABSTRACT OF THE DISSERTATION

The Role of Quasars in the Formation of Massive Galaxies

by

Andrey Vayner
Doctor of Philosophy in Physics
University of California San Diego, 2019

Professor Shelley A. Wright, Chair

This thesis studies actively accreting supermassive black holes (SMBH) known as quasars
and their impact on the formation and evolution of massive galaxies. Theoretical work predicts
that quasars are responsible for regulating the growth of the SMBH and its host galaxy. Winds
driven by radiation pressure from the accretion disk and quasar jets are predicted to remove a
substantial amount of gas from the host galaxy. Massive galaxies are observed to form the ma-
jority of their stars when the Universe was only 3.5 billion years old. During this epoch, the

most massive SMBH already grew a substantial fraction of their mass. The SMBH is predicted

XiX



to regulate the growth of the host galaxy during this co-evolutionary phase.

We have undertaken an extensive adaptive optics (AO) assisted integral field spectroscopy
(IFS) survey of distant quasar host galaxies when the Universe was only 2.2-4.6 Gyr old. We
conducted observations using the 10-meter W.M. Keck Observatory optical and infrared tele-
scope. The survey aims to measure the gas-phase properties of quasar host galaxies such as
metallicities, star formation rates, photoionization mechanisms, and search for galaxy-wide out-
flows potentially driven by the quasar. We detect outflows in all objects on scales from < 1 kpc
to 10 kpc. Half the outflows are consistent with being driven by a powerful energy-conserving
shock, while the rest are either driven by radiation pressure or an isothermal shock. The outflows
are the dominant source of gas depletion in these distant quasar host galaxies.

For the quasar 3C298, we have also conducted observations aimed at studying the molec-
ular gas reservoir with the Atacama Large Millimeter Array (ALMA). In addition to detecting an
ionized outflow in 3C298, we detect the first molecular outflow driven by a distant quasar. These
observations show clear evidence for quasar driven outflows removing the molecular interstellar
medium (ISM) through negative feedback.

The gas in the host galaxies is photoionized by a combination of O & B stars, the quasar,
and radiative shocks. The chemical enrichment of the ISM is lower compared to the level ob-
served in massive local galaxies. The quasar host galaxies appear to be under-massive relative
to the mass of the SMBH based on local-scaling relations between the SMBH mass and galaxy
mass. Substantial stellar growth and chemical enrichment are necessary if these galaxies are to

grow and evolve into the most massive present-day elliptical galaxies.
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Chapter 1

Introduction

Modern cosmology has provided us with a profound understanding of the contents that
make up our Universe. Ever since the discovery that we live in a non-static, expanding Uni-
verse by Edwin Hubble and Georges Lemaitre, astronomers have been trying to better measure
the expansion rate, size, and history of our Universe. In the young Universe when the temper-
atures cooled down to approximately 3000 K, protons and electrons were able to recombine.
After recombination, light was able to travel freely through the Universe, producing the cos-
mic microwave background (CMB). As the Universe expanded the wavelength of the photons
from the CMB shifted from optical to the radio. Following the discovery (Penzias and Wilson,
1965) of the CMB, ground and space-based radio observations have focused on measuring the
properties of the Universe using this relic light source. Today, the CMB appears as a faint uni-
form background on the sky, with small anisotropies caused by early quantum fluctuations in
the Universe. Precision cosmology began with balloon, rocket and space observations of the

CMB in the 1970s and 80s attempting to search for and understand the fluctuations of the early



Universe giving clues about its content and expansion history. During the same time advances
in precision distance measurements to stars and galaxies allowed for the use of Type-IA super-
novae as standardized candles, meaning that discovery and monitoring of this type of explosion
allow for accurate distance measurement to the galaxy in which it exploded. The high intrinsic
luminosity of Type-IA supernovae meant that researchers could measure the distances to further
galaxies than previously possible. Both CMB and supernova surveys provide us with clues on
the formation, expansion rate, contents, and evolution of our Universe.

These works were critical to the formation of our current theory of galaxy formation and
evolution. From these cosmological surveys, we learned that the Universe is 13.8 billion years
old, and not only expanding, but today, there is an acceleration to the expansion of the Universe.
The source of the acceleration is unknown and has been called “dark energy", making up 68.5%
of the energy budget of the Universe. The rest of the energy content is in the matter, with 26.4%
in cold dark matter and 4.9% in ordinary matter (Planck Collaboration et al., 2014). According
to these cosmological surveys for any given galaxy approximately 18%, of the galaxy’s content
needs be in ordinary matter or Baryons. Stars, gas, and planets make up this percentage of matter.
However, observations of nearby galaxies found that only at most 10 — 20% of the Baryonic
matter is locked up in stars (Kormendy and Ho, 2013). The rest of the matter is thought to reside
in a gas phase surrounding galaxies in what we call the circum-galactic or inter-galactic medium
(CGM/IGM). The CGM plays a crucial role throughout the life of a galaxy, as the majority
of the gas is thought to reside there. Gas inflows from the CGM into galaxies providing fuel
for star formation. The CGM extends up to radii ten times larger than the radius of a galaxy’s

disk while the IGM extends to even larger distances. During the lifetime of a galaxy stars form



within galaxies, inside stars Hydrogen and Helium are used up as fuel and get converted into
heavier elements on the periodic table. Gas enriched with heavy elements gets expelled into the
interstellar medium as stars die, enriching the ISM with heavy elements. In Astronomy, metals
refer to any element on the periodic table that is not Hydrogen or Helium. Majority of metals in
the Universe form either inside stars or during explosions of massive stars and mergers of stellar
remnants.

Observations of enriched gas at vast distances within the CGM is puzzling, how did the
gas transfer from the disk of a galaxy (8 kpc or 26,000 light years) to size scales of 100 kpc. For
context, there is approximately the same mass of metals in the CGM/IGM of a typical galaxy as
there is inside of it (Tumlinson et al., 2011; Werk et al., 2011). The ratio between stellar mass to
total dark matter mass decreases for more massive galaxies, meaning a larger fraction of the gas
content did not get converted into stars relative to less massive galaxies. In other words, the more
massive the galaxy, the more inefficient star formation has been throughout its lifetime. Figure
1.1 showcases the fit to the measured ratios between the stellar mass of a galaxy to its total dark
matter halo mass. Galaxies live inside halos of dark matter which constitutes the majority of the
galaxy’s mass. From the cosmological observations, approximately 18% of a galaxies’ mass is
supposed to be in stellar matter. However, observations found the percentage of ordinary within
galaxies to be much lower than the measured cosmological value.

To expel material outside of galaxies to large radii requires very energetic events to occur
within the galaxy. Supernova explosions are excellent sources of energy to expel material outside
of galaxies (Leitherer et al., 1999; Murray et al., 2005). Other notable sources of energy are an

Active Galactic Nucleus (AGN), where energy from gas accreted onto a supermassive black hole
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Figure 1.1 Percentage of baryonic mass locked up in stars within galaxies of different mass.
Orange curve represents a fit to the ratio between stellar and total dark matter mass measured in
the local Universe taken from Behroozi et al. (2010). The dashed line represents the expected
value from cosmological observations. In the nearby Universe at most 10-20% of baryonic
matter is locked up in stars. We show the pictures of galaxies living in the dark matter halo at
their location of the x-axis. Elliptical galaxies live in the most massive dark matter halos, while
irregular dwarf galaxies live in the smallest dark matter halos.



(SMBH) can turn into kinetic energy of a wind that can drive material outwards.

Over the life-time of an accreting SMBH, approximately 10% of the gravitational poten-
tial energy can be converted into light that can power a quasar. The amount of energy available
in photons can be substantial, and if the energy can couple to the gas in the bulge of a galaxy,
it can remove a substantial amount of fuel for star formation. As an example; the amount of
available energy from the accretion of mass onto an SMBH, assuming a radiative efficiency of

10% is given by:

Egn = 0.1M,c?, (1.1)

while the binding energy of a galactic bulge is approximately:

~ 2
EBmd,Bulge ~ MbulgeU (12)

where My,4 and o are the mass and velocity dispersion of the bulge. The ratio of Fpy and
EBind, Buige simplifies to 5.3x107%(£)? using the average SMBH to bulge mass ratio of 5.3x 10~
observed in the nearby Universe. For a bulge with a velocity dispersion of 200 km s~ the ratio
is approximate 1000, implying that if only a small percentage 0.1 — 1% of the binding energy

of the SMBH is turned into an outflow, the outflow can unbind a significant fraction of the gas

content within the bulge. Potentially expelling gas to very large radii into the CGM/IGM.



1.0.1 A brief history of AGN and quasars.

AGN have a fascinating history (Shields, 1999; Kellermann, 2014); the first AGN was
discovered in a nearby galaxy NGC 1068 by F.A Fath in 1909 (Fath, 1909). This discovery
came long before NGC 1068 was found to be an external galaxy outside of our own Milky
Way, at that time it was still referred to as a nebulae which was discovered by Charles Messier
(Messier, 1781). In fact, Fath’s work aimed to test whether the observed nebulae were part of our
galaxy such as Orion’s nebula, or extra-galactic. For the majority of the objects, he found that
the nebulae were a collection of stars, due to evidence of absorption lines seen in their spectra,
similar to those observed in our Sun. However, in NGC 1068, he discovered strong emission
lines, similar to those in Planetary Nebulae, the spectrum also showed absorption lines, similar
to other objects in his sample. Higher spectral resolution observations by Slipher (1917) of NGC
1068 noted a highly redshift velocity for the object, and line broadening towards the center of
the galaxy. Years later, Carl Seyfert (Seyfert, 1943) began a survey looking at galaxies with
high nuclear light concentration. After taking spectra of some of these objects, he noted that
some contain very broad ~ 8,000 kms~! emission lines, as well as narrower high excitation
lines similar to the planetary nebula NGC 7027. He noted that only a small fraction of the
spiral galaxies showed very broad emission lines, there was no interpretation for their origin, or
the high excitation narrower emission lines. Work by Woltjer (1959) was some of the first at
attempting to interpret the galaxies discovered by Carl Seyfert. He pointed out that the broad
emission lines discovered were very compact on the sky (<1") or about 70 pc indicating a very

high mass concentration on the order of 10° Mg, . Following World War II the 1950s brought



considerable advances in radio technology, some of the objects with peculiar emission lines were
also found to emit strong radiation in the radio. Notable objects such as NGC 1068, M87 and
Cyg A were found to be strong radio emitters (Bolton et al., 1949; Ryle et al., 1950; Baade and
Minkowski, 1954). During the 1950s there were several radio surveys of the sky such as with
the Cambridge Interferometer (2C: Shakeshaft et al. (1955) and 3C: Edge et al. (1959) surveys)
that provided one of the most extensive catalogs of radio sources on the sky for that decade.
Following and during these surveys, there were attempts to localize the sources better to attempt
identifying them with optical counterparts.

The initial localization of radio sources focused on the brighter, more compact sources
since the position for these objects were known to higher accuracy. The radio source 3C 295 was
one of the first objects to be localized (Elsmore et al., 1959) within the 3C survey. First optical
images with the 200-inch Hale telescope showed a cluster of galaxies. The first spectra also
taken with the Hale telescope found a redshift of 0.46 (Minkowski, 1960) for the radio galaxy
based on the detection of [O11] emission lines. This was the highest redshift (most distant) galaxy
known at that time.

Matthews and Sandage (1963) were attempting to localize objects with the smallest an-
gular size observed with interferometers in the radio at that time, in search of “radio stars". 3C
48 was localized in 1960 and identified with a 16th magnitude star, and a spectrum was even
taken; however, the emission lines were not identified. In 1960 at the winter the American As-
tronomical Society (AAS) meeting, 3C48 was dubbed as the “first radio star" ever to be observed
(Kellermann, 2014). Following this discovery, another object, 3C 273, was localized using lu-

nar occultations with the 64-m Parkes Radio Telescope in Australia (Hazard et al., 1963). The



position was more accurate compared to interferometric observation at that time for this target.
3C 273 was identified with a 13th magnitude star showing a faint wisp nearby, similar to the
center of the nearby elliptical galaxy M87. A spectrum was taken with 200-inch Hale telescope
(Schmidt, 1963), the spectrum showed broad emission lines from Hydrogen, with similar line
width to some of the objects studied by Carl Seyfert two decades earlier. The best explanation
for this object was that it was a nucleus of a faraway galaxy at a redshift z=0.16, rather than a star
within the Milky Way galaxy. Both the presence of the very broad emission lines, high radial
velocity, and forbidden [O111] emission lines, and lack of proper motion made it hard to explain
3C 273 as a star. Following this discovery, the spectrum of 3C48 taken in 1960 was re-examined
and, it was possible to also explain all of the observed emission lines with a highly redshifted
object at z=0.369. Nevertheless, the name “quasi-stellar radio sources" stuck for objects such as
3C 273 and 3C 48, later shortened to “quasar” in a Physics Today review article by Chiu (1964).
Work by Kristian (1973) was the first to identify the host galaxies of some of the closer quasars,
concluding that quasars live at centers of galaxies. However even in the initial imaging of 3C
48 by Matthews and Sandage (1963) they noticed faint “fuzz" or nebulosity around the quasar.
From spectroscopic observation of this faint extended emission it was confirmed that it comes
from gas surrounding the quasar (Wampler et al., 1975) in its host galaxy.

Following the discovery of the optical counterpart to 3C 273, it was noted that quasars
show excess ultraviolet light in their spectra. A search began using optical imaging for star-
like objects that show similar colors, leading to the discovery quasars that were not associated
with radio emission (Sandage, 1965). Similar to their radio counter parts they showed highly

redshifted broad Hydrogen lines as well as narrow forbidden lines from Oxygen, Neon, and



Nitrogen. Eventually, the agreed upon name for these objects was simply “quasi-stellar objects"
or QSOs or sometimes radio-quiet quasars. Today, we know that they all belong to the same
class of objects, with the only difference that some show prominent radio emission and others
don’t. Throughout this thesis I will refer to quasars as the general class of luminous AGN that
have a bolometric luminosity of > 10%* erg s~!. In the initial studies it was quickly noted that
radio quiet quasars are far more common than quasars, today we know that roughly 10% of the
entire quasar population is radio-loud. Surveys searching for quasars continued to grow since the
early 1960s, at optical and radio wavelength, with the eventual addition of X-ray observations
from first balloon and rocket observations (Bowyer et al., 1970) and eventual space observations

with the Einstein Observatory (Tananbaum et al., 1979) and ROSAT.

1.0.2 Source of power within quasars and the unification model

For a long time, there was a debate as to what powers the emission seen in quasars. Large
and rapid optical variability for some quasars implied small sizes (Matthews and Sandage, 1963).
Initial theoretical work focused on very massive stars at centers galaxies as the power source.
Later theoretical work introduced SMBHs as the engines powering quasars (Zel’dovich, 1964;
Salpeter, 1964; Lynden-Bell, 1969). Notably, work by Lynden-Bell (1969) made an interesting
prediction that if quasars are powered by accretion onto SMBHs, and with quasars having a finite
lifetime, then today in the nearby Universe, the centers of galaxies should all contain SMBH with
masses > 10° M, . By counting the number of quasars as a function of distance, we learned that
quasars were nearly 1000 times more prevalent in the distant young Universe compared to today

(Manti et al., 2017). The consensus today is that quasars are powered through the accretion of



gas onto an SMBH. The luminosity of a quasar is given by the following equation:

Lquasar = nMoCQ (13)

where M, is the accretion rate of gas onto the SMBH and (1) is the radiative efficiency
in the range of 0.05-0.42, depending on the spin of the black hole (Kerr, 1963; Thorne, 1974).

In his early work, Carl Seyfert noticed that there were two types of Seyfert galaxies, ones
that show both broad (5,000-8,000 km s—! ) Hydrogen and narrow (500-1000 kms~! ) forbidden
emission lines which are called type-1 Seyfert galaxies and objects that only show narrow Hy-
drogen and forbidden metal lines with weak continuum, called Seyfert type-2. It was challenging
to explain the differences between these two types of galaxies; however, a breakthrough came in
1977 (Rowan-Robinson, 1977) that proposed the central continuum source and the region from
where the broad emission line arises may be obscured by dust in type-2 Seyfert galaxies. Fur-
thermore, the dust in the vicinity of the nucleus was notable in explaining the infrared emission
observed in Seyfert galaxies. Spectro-polarimetric observations of NGC 1068 a type-2 Seyfert
galaxy showed broad Hydrogen lines in polarized light that were missing in the total intensity
spectrum (Antonucci and Miller, 1985). The polarized flux spectrum resembled that of a type-1
Seyfert galaxy due to evidence of broad Hydrogen emission lines and a blue continuum. This
early study concluded that there must be an optically thick component that is blocking the light
from the broad-line region and scatters the light along other lines of sight in type-2 systems. A
dusty geometric torus was introduced to the AGN phenomena to explain the difference between

the two types of AGN. The dust in the torus absorbs UV photons produced in the accretion disk
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and re-emits them at infrared (1-1000 m) wavelengths. The dust sublimation temperature sets
the inner radius of the dusty torus. The unification of the two types of Seyfert galaxies started
the work on the AGN unification model. Seyferts and quasars were unified by merely setting an
arbitrary bolometric luminosity cut at 10*5 erg s~. Objects that are less luminous than 10*® erg
s~tare called Seyferts (either type 1 or type 2), and more luminous objects are called quasars
(either type -1 or type -2). Eventually, with the launch of the Hubble space telescope, a torus-
like object was observed in the galaxy NGC 4261 (Jaffe et al., 1993). More recently there have
been observations with ALMA, a radio telescope able to detect and map the dusty torus using
emission from molecular gas (Imanishi et al., 2018).

Aside from quasars emitting prominent radio emission, another class of objects known
to emit in the radio were BL Lac objects; however, they showed drastically different optical
properties to quasars. Unlike quasars, BL Lac objects did not show any prominent broad or
narrow emission lines, simply a highly variable continuum in the optical. During a conference
on BL Lac Objects, Blandford and Rees (1978) proposed that these are simply radio galaxies,
where the viewing angle is along the axis of the jet. The highly beamed synchrotron emission
produces a continuum emission seen at all wavelength. The beamed synchrotron emission from
the jet outshines the isotropic emission from the gas, stars, accretion disk, and broad-line region.
If these objects were viewed from the side, they would show jets and lobes, similar to quasars
and radio galaxies. The generally accepted unification model of today (Figure 1.2) is presented
in Antonucci (1993); Urry and Padovani (1995) based on the earlier works listed above.

The unification model is developed from observations of nearby AGN. In the more distant

Universe, galaxy evolution can play an essential role in causing the apparent differences in type
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1 and type 2 AGN. Since the discovery of Ultra-Luminous Infrared Galaxies (ULIRGs) and
their association with quasar activity, there have been several proposed models that link AGN
and quasar obscuration to galaxy evolution (Sanders et al., 1988; Hopkins et al., 2008). In these
models typically the quasar is triggered in a gas-rich merger between two galaxies. As the
galaxies pass close to each other, the gas and dust within them begin to lose angular momentum
and spiral towards their centers. As the gas moves inwards, a nuclear star-burst is triggered along
with rapid accretion of gas onto the SMBH, which triggers quasar activity in the center. However,
because of the large gas and dust content in the inner regions of the galaxy, majority of the light
coming from either the accretion disk or from young stars in the nucleus are obscured by dust.
Of course, some of the light from the quasar can also be obscured by a torus-like phenomenon,
but just as equality, it can be absorbed by the infalling gas and dust and tidal debris from the
merger on larger scales. Eventually, the quasar drives a wind that clears the gas and dust from
the inner regions and the UV light from the accretion disk can escape, at this point the quasar
becomes apparent in UV and visible light.

The key generally agreed upon structures of an AGN/quasar are listed blow:

o Supermassive black hole: In the center there is a SMBH with a mass range of 106710

Mg

e Accretion disk: In the center gas accreting onto the SMBH forms a thin optically thick
disk of temperature T' ~ 10%~> K which primarily emits in the UV. The typical size of a

quasar accretion disk is on the order of 10** — 10 cm. (Mudd et al., 2018)

e Broad-line region: Beyond the accretion disk, there are high-density clouds with electron
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densities > 10° cm™2 , and temperatures of 10* K. The clouds rapidly orbit the accretion
disk, producing Doppler-broadened lines seen at UV and optical wavelength with line
widths of 5,000-20,000 km s~ . The typical size of a broad line region is on the order of

10'7 ¢cm. (Gravity Collaboration et al., 2018)

Hot Corona: Close the SMBH and surrounding the accretion disk there is a hot optically
thin corona. The corona up-scatters photons produced in the accretion disk through inverse
Compton scattering. The up-scattered photons are seen in high-energy X-ray spectra of

AGN/quasars as a power-law continuum.

Torus: A dusty torus surrounds the accretion disk, with an inner radius at a distance where
UV and X-ray photons no longer sublimate dust. The dusty torus dominates the emission

at mid-infrared wavelength.

X-ray reflection: Some of the up-scattered photons produced by the hot corona are re-
flected of the dusty torus, producing a reflection component seen in the X-ray spectra of

quasars and AGN.

Narrow-line region: Even further from the dusty torus, there are lower density clouds
that are photoionized by the accretion disk and produce recombination radiation seen in
Hydrogen, Helium and forbidden metal lines (e,g [O111] , [N11] ). The velocity widths

1" The size of this narrow-

of these emission lines are on the order of 500-1000 km s~
line region (NLR) can vary drastically, spanning from a few tens of pc to a few kpc. An

extended narrow line region (ENLR) refers to gas photoionized by the accretion disk on

kpc scales.
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e Quasar jets: Jets are evident in about 10% of quasars, extending from scales of a few pc

to Mpc scales. The jets produce synchrotron emission seen at nearly all wavelength.

1.0.3 Evidence for SMBH in nearby galaxies.

As noted by Lynden-Bell (1969), if quasars were common phenomena in the distant
Universe, today the remnants of quasars should be dormant SMBH at centers of most galaxies.
One of the ways to search for SMBH at centers of galaxies in the nearby Universe is through
measuring the motion of stars or gas within the sphere of influence of an SMBH given by the

equation below.

GMsyBr Msyr 9 -
Rinfluence = =48 14
1 e 1% 109 M, ) \300km s—1 ) ¢ 14

For an SMBH with a mass of 1x10? M, and a galaxy where stars are moving at 300km s~

in the bulge, the sphere of influence is only 48 pc. At the distance of the Virgo cluster, this trans-
lates to an angular scale of 0.4" on the sky. The sphere of influence subtends a small angle, which
is difficult to probe from the ground due to turbulence in the atmosphere, which blurs images
from space. Astronomical seeing refers to the amount of blurring that is caused by the earth’s
atmosphere, which is the effective resolution of a telescope. On the best astronomical sites on
earth, the typical median seeing is about 0.7" in the visible; this is larger than the gravitational
sphere of influence of an SMBH at the distance of the Virgo cluster. The first SMBH mass mea-
surements focused on two nearby galaxies; M31 and M32 for which the sphere of influence on

the sky is 5.75" and 0.46", respectively. The SMBH in M32 was measured first under seeing

14



Narrow Line
Region

Broad Line
Region

Accretion
Disk

i

Obscuring
Torus

Figure 1.2 Unified AGN model based on (Urry and Padovani, 1995), today this the most agreed
upon model of an AGN. At the center, there is an SMBH with gas accreting on it in a thin
accretion disk. Dense clouds orbit in the broad-line region outside the accretion disk. A dense
torus consisting of dust and molecular gas surrounds the broad-line region and the accretion disk.
Above the plane of the accretion disk/torus low density gas is photoionized by the accretion disk
in the narrow-line region. Jets from the accretion disk extend perpendicular to the accretion
disk/torus. Lines of sight through the dusty torus produce quasar and AGN spectra lacking
broad emission lines from the broad-line region and do not show continuum from the accretion
disk. Lines of sight perpendicular to the dusty torus produce quasar spectra with both broad and
narrow line emission and, continuum emission emitting in the UV. For radio-loud quasars, view
along the jet produces BL Lac or Blazer synchrotron spectrum that outshines the rest of the AGN
and galaxy structure. When the viewing angle is away from the axis of the jet, radio lobes and
extended jet emission are visible as in radio galaxies and radio-loud quasars.
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conditions that barely matched the size of the sphere of influence (Tonry, 1987). The mass of
the SMBH in M31 was published a year later by Dressler and Richstone (1988), and this study
also confirmed the mass measured for M32 under better seeing conditions. Following the launch
of the Hubble Space Telescope, weighing the masses of SMBHs shifted towards space obser-
vations which are unaffected by the blurring effects of the atmosphere and many more SMBH
masses were measured for galaxies in the nearby Universe, see Kormendy and Ho (2013) for
review. The projected sphere of influence for the SMBH within the Milky Way galaxy is much
larger than M31 and M32 at about 41". Measuring the SMBH mass at the center of the Milky
Way galaxy was challenging because of the high obscuration by dust towards the center. It was
not until advancement in infrared detectors which allowed to see the stars in the galactic cen-
ter at near-infrared wavelengths where the dust attenuation is minimal. The first evidence for a
massive compact object within 0.6 pc of the galactic center was by Sellgren et al. (1990) from
the evidence of an increase in the mass to light ratio in the inner 0.6 pc. Eventually, with the
advancement in adaptive optics (AO) technology, it was possible to resolve the individual stars
within the galactic center and track their orbits over time and measure the mass of the SMBH
(Ghez et al., 2008; Genzel et al., 2010). Adaptive optics (AO) corrects for the blurring effects
of our atmosphere, making the images much sharper. Starting from the year 2000, AO assisted
observations were used to measure the masses of many more SMBHs.

The theory of general relativity predicts the existence of an “Event Horizon" around a
black hole. Within this region, even light cannot escape the gravitational potential of the black
hole. Even for nearby galaxies the size of the event horizon is very small on the sky, requiring

telescopes with nearly the diameter of our planet to resolve. For emitting gas near the SMBH,
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the theory of general relativity predicts an image with a central depression and a ring due to light
being bent by the strong gravitational potential of the black hole. The Event-Horizon Telescope
(EHT) using an assembly of millimeter-wavelength radio telescopes around our planet took the
first image of the event horizon around the SMBH in the galaxy M87 in 2017 (Event Horizon
Telescope Collaboration et al., 2019). The reconstructed images agree with the prediction for
the size and shape of the event horizon around a massive black hole. These observations provide
an independent proof for the existence of SMBH at centers of galaxies, and that SMBHs are
responsible for powering central engines of active galactic nuclei. The profound conclusion
provided by these observations is that there is an SMBH at the center of every galaxy in the

nearby Universe. These SMBHs must be the remnants of quasars seen in the distance Universe.

1.0.4 SMBH and galaxy correlations; start to the field of AGN feedback

With a large enough sample of black hole masses, a tight correlation between the mass of
the SMBH and the velocity dispersion, luminosity, and mass of the bulge emerged (Magorrian
etal., 1998; Gebhardt et al., 2000; Ferrarese and Merritt, 2000). These results were very puzzling
because the gravitational sphere of influence of the SMBH is so much smaller than the size scales
over which these quantities are correlated. How does the galaxy know about the presence of the
SMBH? How does the SMBH know about the mass of the entire galaxy? Theoretical papers
attempting to explain these correlations quickly developed, starting with Silk and Rees (1998)
which proposed that if a small fraction of the quasar’s bolometric luminosity is converted into
kinetic energy of an outflowing gas shell, it may be possible to expel a significant fraction of

the gas from the galaxy. They proposed the accretion disk surrounding the SMBH drives the
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wind once the galaxy has reached the critical ratio of 5.3 x 10~® between SMBH and galaxy
mass observed in the nearby Universe. The seminal paper by Silk and Rees (1998) along with
the observed correlation in nearby galaxies effectively started the field of AGN feedback. AGN
feedback generally refers to a process that can either inhibit star formation in the host galaxy
due to AGN (quasar) activity or expel the gas from the inner regions of the galaxy, removing the
fuel necessary for star formation. The only time that the galaxy knows about the existence of the
SMBH and vice-versa is during the feedback process, which effectively establishes the observed
correlations. Furthermore, during episodes of AGN feedback, the expelled gas from the galaxy
is highly enriched as it processed through stellar evolution. The velocities predicted from quasar
driven winds are fast enough to escape the gravitational potential of the galactic disk, meaning
that gas from the ISM can be transferred deep into the CGM/IGM, helping explain the missing
baryon problem discussed earlier. Over the years, the theoretical models of AGN feedback have
evolved. Today, theoretical work predicts that feedback happens in two stages. First, the wind
is driven in the vicinity of the SMBH, the generally accepted mechanism for driving this wind
is through radiation pressure or a jet from the AGN accretion disk. Once the SMBH and galaxy
evolve to the critical ratio seen in the nearby Universe, this wind becomes powerful enough to
expand deeper into the ISM, eventually heating the gas and driving a secondary outflow that
sweeps material out of the galaxy (Hopkins and Elvis, 2010a; Faucher-Giguere et al., 2012;
Zubovas and King, 2012, 2014). This mode of feedback is often referred to as transformative,
where the galaxy generally goes from being star-forming to quiescence.

To address the cooling problem in nearby galaxy clusters, “maintenance mode" feedback

has also been introduced into galaxy evolution. In the early 1990s, it was noted that massive
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galaxies and galaxy clusters show an overabundance of X-ray emission. Given our understanding
of gas cooling mechanisms, the X-ray gas surrounding massive galaxies should have cooled
quickly in the absence of any energy input. This gas should have then accreted onto the galaxy
and contributed to star formation. However, observations indicate both lack of large reservoirs
of cold gas and any evidence for recent star formation at a rate consistent with the available hot
gas reservoir. The slower cooling timescale for the hot X-ray gas indicates a heating mechanism
in the halos of massive galaxies. With the launch of the ROSAT and eventually the Chandra
Space Telescope it was noted that some clusters show cavities in their X-ray emitting halos
(Boehringer et al., 1993; Carilli et al., 1994; McNamara et al., 2000; Hlavacek-Larrondo et al.,
2013). Such cavities are most notable in NGC 1275 and M87 which are the brightest cluster
galaxies (BCGs) in the Perseus and Virgo galaxy clusters. Radio emission from jets often fills
the X-ray cavities, indicating that jets might be responsible for carving them, hence providing
the turbulence, which keeps the X-rays gas from cooling. The required energy to vacate the X-
ray gas in the cavities is consistent with the energy deposition from powerful quasar jets (Birzan
et al., 2008; Fabian, 2012), indicating a balance between the heating and cooling mechanisms
in halos of massive galaxies. In the current feedback paradigm, maintenance feedback follows
sometime after transformative feedback, in order to keep the galactic halos hot, preventing future
gas from accreting onto galaxies and providing fuel for future star formation. This mode of
feedback effectively keeps the galaxies on the local scaling relations, preventing the SMBH and
galaxy from growing further. Maintenance-mode feedback addresses the cooling-flow problem,
by keeping the baryons locked up in the hot gas halo further helping to explain the significantly

lower ratio between total stellar and dark matter halo mass ratio in massive galaxies (Figure 1.1.
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Other terms often used to describe this mode of feedback is “radio-mode" or “hot-halo-mode."

1.0.5 Discovery of small scale quasar/AGN outflows

The first outflows in quasars were discovered from the presence of broad blueshifted ab-
sorption lines in rest-frame ultraviolet spectra. These outflows were found to be moving fast,
away from the accretion disk at velocities up to 20% the speed of light. These types of outflows
are found in approximately 40% of optically selected AGN (Ganguly and Brotherton, 2008;
Allen et al., 2011); however, the intrinsic value may be higher. Outflows detected from absorp-
tion lines in rest-frame UV spectra are called Broad Absorption Line winds or BAL. To explain
the BALs, Murray et al. (1995) applied similar mechanisms for driving outflows from massive
O and B stars to quasars, which similarly show very broad blueshifted absorption lines in their
spectra. The generally accepted mechanism for driving the outflows is through radiation pres-
sure from the accretion disk on gas in the vicinity. Recently X-ray spectra of nearby AGN show
the presence of broad blueshifted absorption lines. The outflows detected in X-rays are referred
to as Ultra-Fast Outflows or UFOs. Theoretical work proposes that on small scales in the vicin-
ity of the AGN, BAL, UFOs, and jets from the accretion disk are responsible for driving the
large scale outflow on galaxy scale. However, observationally linking these phenomena to the

expulsion of gas and quenching of star formation in quasar host galaxies has been challenging.
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1.0.6 Galaxy scale outflows in the local Universe. Implication of feedback
in nearby systems

The primary method for detecting galaxy-scale outflows has been through the use of neb-
ular emission lines such has [O111] , Har, and [N11], by looking for evidence of broad asymmetric
profiles. Some of the initial work was done in the late 1960s by Burbidge and Burbidge (1965);
Walker (1968); Weedman (1970), which detected asymmetric profiles in the 500.7 nm [O111]

emission line with a width reaching a few thousand kms~!

. There was even attempts to link
the nuclear activity in these sources to the ejection of gas from the inner regions of these galax-
ies. As detector technology improved and larger more powerful telescopes were constructed
along with bigger samples of AGN and quasars (e.g., from the Sloan Digital Sky Survey) to
study, it became clear that broad asymmetric nebular emission profiles are typical in galaxies
with quasars and AGN. With the advent of integral field spectroscopy (IFS), it became possible
to study the two-dimensional structure of outflows in galaxies hosting powerful AGN. IFS pro-
vides a spectrum for each spatial location in the field of view of the instrument. This enables
the measurements of the motion of stars and gas at a discrete location in the two-dimensional
field of view. Previously, the majority of spectroscopic observations were done with long-slit
observations which only provided a one-dimensional view of the galaxy. In the nearby Universe
z< 0.3 IFS observations of both type-1 and type-2 quasars primarily selected from the SDSS
sample reveal evidence for ubiquitous galaxy-scale outflows (Liu et al., 2013b; Harrison et al.,

2014). In several objects, the galaxy-wide outflows were detected in other gas phases such as

neutral (Rupke et al., 2002; Rupke and Veilleux, 2011), and molecular Feruglio et al. (2013);
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Cicone et al. (2014) revealing that powerful outflows driven by quasar activity can remove the
molecular reservoir in galaxies, which is the direct fuel for star formation. However, the num-
ber of galaxies showing direct evidence for molecular outflows is still very small in the nearby
Universe. Furthermore, it has been a challenge to link the small scale winds in the vicinity of
the SMBH to the larger scale outflows detected with ionized, molecular, and neutral gas tracers.
Attempts have been made for Mrk273 and IRAS F11119+3257 which show both nuclear winds
and galaxy-scale molecular and ionized outflows (Feruglio et al., 2015; Tombesi et al., 2015).
However linking the small and large scale outflows has been tricky, as the two outflows have
drastically different time scales. The galaxy-scale outflows in these systems have been propa-
gating on the order of millions of years, while the nuclear wind in the vicinity of the SMBH has

a time scale on the order of thousands of years. Making the causal link is henceforth difficult.

1.0.7 Galaxy scale outflows in the distant Universe. Implication of feed-
back at early time.

The ages of stars in massive local galaxies indicate that the bulk of them formed when the
Universe was younger than 8 billion years (Gallazzi et al., 2008). If the local scaling relations
are a consequence of AGN feedback, the stellar populations in massive elliptical galaxies today
must have existed during episodes of powerful AGN feedback. From studying the demographics
of both star-forming galaxies and AGN, the majority of SMBH and stellar growth happens in the
early Universe with both star formation and AGN activity peaking when the age of the Universe

was only 2.6-5 billion years Delvecchio et al. (2014); Madau and Dickinson (2014). To under-
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stand the effects of AGN feedback on star formation, we have to study galaxies hosting luminous
AGN in the early Universe. The challenge with studying distant galaxies is their small angular
size on sky ~1" together with surface brightness dimming as a function of redshift, proportional
to (1+z)~* where z is the redshift of the galaxy. Furthermore, quasars can outshine the light from
their host galaxy by several orders of magnitude, hence require observations with high contrast
capabilities. Due to the expansion of the Universe, all of the vital emission lines that are used
to detect outflows and study the conditions (e.g., metallicity, density, and temperature) of the
ISM get shifted out of the optical waveband. For galaxies in the redshift range of z=1-3, the
typical nebular emission lines (HS,[O111] ,Ha ,[N11] ,[SII]) are redshifted to the near-infrared.
To study distant galaxies through similar methods to local systems requires observations at the
longer wavelength. Large format infrared detectors allowed for the construction of integral field
spectrographs operating at 0.8-2.5 um on 8-10 m class optical/infrared telescopes. Advances in
laser-guided star adaptive optics (LGS-AO) allowed for the correction of atmospheric blurring
of distant galaxies. By pairing LGS-AO with near-infrared IFS provided the necessary contrast
to study the host galaxies of AGN and quasars in the distant Universe.

Initial studies found outflows in ULIRGs hosting quasars (Alexander and Hickox, 2012;
Harrison et al., 2012), star-forming galaxies (Genzel et al., 2014), radio galaxies (Nesvadba
et al., 2008; Steinbring, 2011; Nesvadba et al., 2017a,b,c), type-2 quasars (Brusa et al., 2016)
and un-obscured type-1 quasars (Cano-Diaz et al., 2012; Carniani et al., 2015, 2016). Linking
these ionized outflows to star formation properties has been quite challenging. Some objects
show outflows with energy rates consistent with the theoretical prediction of AGN feedback

that is necessary to establish the local scaling relations. In these cases, the energy rates are on
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the order of 0.1-5% of the total quasar or AGN luminosity. However, it is difficult to interpret
whether these outflows are affecting the star-forming properties of these galaxies. In specific
cases, studies found that galaxies hosting powerful AGN show lower gas fraction and shorter
depletion time for the gas reservoir (Kakkad et al., 2017; Brusa et al., 2018). In other systems,
outflows driven by quasars are found in regions with no recent star formation, while in regions
away from the outflows star formation is still ongoing (Cano-Diaz et al., 2012; Cresci et al.,
2015; Carniani et al., 2016). The concern for some of these galaxies is that the observations
are taken at seeing limiting resolution, which might not be high enough to resolve the outflow
geometry. In some systems, these outflows can simply be expanding perpendicularly to the disk
of the galaxy, and we are seeing them above the plane of the galaxy, where star formation is not
expected to occur. Alternatively, star formation can still be occurring in regions with outflows;
however, it may be heavily obscured by dust.

All near-infrared IFS studies have focused on ionized gas in galactic outflows. Lower
than expected energy rates of outflows in the distant Universe (z> 1) are attributed to unac-
counted mass, which is in either a molecular or neutral gas phase. Numerous studies (e.g.,
Cano-Diaz et al. (2012); Maiolino et al. (2012); Richings and Faucher-Giguere (2018)) discuss
the possibility for the majority galactic outflows to be in a molecular state, inspired by both
theoretical work and observations of nearby galaxies (Cicone et al., 2014). The molecular gas
in the outflow arises either from shock-heated gas that cools and forms molecules or directly
from molecular clouds inside the galaxy being over-pressured by a hot outflow from within.
The added benefit of detecting outflows directly in the molecular gas phase means direct proof

for removal of the gas reservoir from the galaxy. Detection of warm molecular (T> 200 K)
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gas indicates that gas is being heated, meaning it will not collapse and form stars on a regu-
lar timescale. Detection of warm molecular gas at mid-infrared from the Hydrogen molecule
(Hs) in the outflow of M82 supports the idea of molecular gas heating by shocks in galactic out-
flows. Work with the Spitzer Space Telescope found evidence for an increased presence of warm
molecular gas in galaxies with both intense star formation or AGN activity in nearby galaxies
(Hill and Zakamska, 2014; Guillard et al., 2015; Petric et al., 2018; Lambrides et al., 2019). The
poor angular resolution of the Spitzer telescope made it impossible to resolve the gas within the
outflows. Before 2012 there was no telescope powerful enough to detect and resolve outflows
in distant galaxies (z> 1, look-back time > 8 Gyr) in the molecular gas phase. The Atacama
Large Millimeter Array (ALMA) provided the necessary collecting area, and resolution to both
detect molecular outflows in distant galaxies as well as resolve them from the rest of the galactic
structure. However, the number of detected molecular outflows at the peak epoch of galaxy and
SMBH formation is still very limited.

In the luminous radio-loud quasar host galaxy of 3C 298 Vayner et al. (2017) finds a
multi-phase outflow driven by the quasar. Ionized gas in the outflow is detected through nebular
emission lines with the Keck telescope and the OSIRIS instrument paired with the laser guide
star adaptive optics system. A molecular outflow is detected through emission from rotation
transitions of the CO molecule with ALMA. Both outflows are emanating from a disk centered
on the quasar. The energy rates of both the ionized and molecular gas phase are consistent with
the theoretical predictions (e.g., Zubovas and King (2012)), with the molecular gas containing
the larger fraction of the gas in the outflow. Furthermore, the rest of the molecular gas in the

system is stable against collapse, meaning at present it will not form stars.
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In the host galaxy of the obscured AGN XID 2028 (Brusa et al., 2018) also detects a
molecular outflow through CO emission using ALMA, in addition to an ionized outflow that
was detected previously with Very Large Telescope (VLT) and the SINFONI instrument. The
majority of the gas in the outflow is also in the molecular gas phase, similar to 3C 298. The
depletion time scale for the gas within the galaxy is shorter than typical galaxies of similar
mass. In a lower luminosity AGN; zC400528 Herrera-Camus et al. (2019) detects a multi-phase
outflow with similar results and conclusions as with 3C298 and XID 2028. To understand the
demographics of molecular gas in outflows driven by the most powerful AGN and starbursts still
requires further observations. The sample today is very limiting, and it is hard to understand
the dominant mechanism for driving both the ionized and molecular outflows. Furthermore,
to understand the impact of AGN activity and whether it matches with theoretical predictions
requires more detection and characterization of molecular gas within distinct regions of distant

galaxies.

1.0.8 Inter stellar medium conditions and gas photoionization in quasar
host galaxies:

Ever since the discovery of extended ionized emission around distant quasars (Matthews
and Sandage, 1963; Wampler et al., 1975), there have been numerous studies interested in un-
derstanding the mechanisms for gas ionization. In 1981 a diagnostic system was proposed by
Baldwin et al. (1981) to separate different photoionization mechanisms by taking a ratio of four

nebular emission lines — the classical diagram on y-axis plots a ratio of log([O111] /H/) against
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log([N11]/Hev) on the x-axis. Using photoionization models the diagram was later updated by
Veilleux and Osterbrock (1987) to incorporating a separation between star formation and AGN
ionization. They also introduced additional diagnostic line ratios between log([O111] /Hf3) and
log([SIT]/Ha ) or log([O1] /Hae ) . The Sloan Digital Sky Survey (SDSS) brought a revolu-
tion to our understanding of photoionization diagnostics. Due to the increase in the number of
line ratios measured from high signal to noise ratio spectra the two sequences on the BPT dia-
gram became more apparent. The two sequences are star-forming abundance sequence and the
starburst-shocks-AGN mixing sequence. With the increased number of objects, it became pos-
sible to characterize the shape of the two sequences on the BPT diagrams. Kewley et al. (2001)
using stellar population synthesis and photoionization models revised the boundary between gas
photoionized by star formation and AGN. Figure 1.3 shows the classical BPT diagram with the
two mixing sequences highlighted. The star-forming sequence provides information about the
metallicity of star-forming regions, the stellar ionizing radiation field as well as information on
the gas condition in star-forming regions (e.g., density, temperature). The mixing sequence, on
the other hand, consists of gas photoionized by AGN and shocks and can provide information
on the hardness of the AGN ionizing radiation and the metallicity of the gas photoionized by the
quasar/AGN. Models of radiative shocks predict line ratios that are consistent with the location
of the mixing sequence (Allen et al., 2008; Newman et al., 2014; Dopita et al., 2015). Galaxies
with powerful outflows and systems within mergers often show evidence for shocked emission
(Rich et al., 2015). Gas with harder ionization tends to lie at higher log([O111] /H/3) values, while
gas with lower metallicity at lower log([N11]/Ha)regions on the BPT diagram. The BPT diagram

is a powerful tool in selecting galaxies with AGN, particularly type-2 AGN which do not show
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characteristic broad emission lines and strong UV continuum. At redshift > 0.5 Ha and [NI1]
get redshifted out of the spectral range of optical spectrographs. Luckily, the log([N11]/He) ratio
correlates with both stellar mass and rest-frame galaxy colors. For systems at z> 0.5 stellar mass
and galaxy colors can be used as a proxy for the log([N1I]/Ha)line ratio. Modified diagnostic
diagram use log([O111] /Hp) and galaxy stellar mass (Juneau et al., 2011) or rest-frame galaxy
color (Yan et al., 2011) for photoionization diagnostics at z> 0.5 which are calibrated to the
traditional SDSS z=0.1 BPT diagram. “Color-excitation" (CEx), refers to the diagrams using
galaxy colors while “stellar mass-excitation" (MEx) refers to diagrams using stellar masses as a
proxy for log([N1I1]/Ha).

Theoretical work has predicted evolution in both sequences on the BPT diagram as a
function of redshift. Lower gas-phase metallicity, harder ionization conditions in the ISM, and
presence of denser gas in higher redshift galaxies cause a shift in both sequences. At z> 1 all
the nebular emission lines are redshifted into the near-infrared, to understand the demographics
of photoionization conditions in higher redshift galaxies requires spectroscopic observations at
a wavelength of 1-2.4pum. Near-infrared multi-object spectrographs assembled large samples of
nebular emission lines (HS,[O111] ,Ha ,[N11] ,[SII]) data that can be used for ionization diag-
nostics similar to low redshift galaxies, using the log([O111] /Hp3) vs log([N11]/Ha) diagnostic
diagram. In a large sample of star-forming galaxies at z~2 Steidel et al. (2014); Strom et al.
(2017) find elevated line ratios compared to the local star-forming sequence on the BPT dia-
gram. The elevated values are consistent with the theoretical predictions made by (Kewley et al.,
2013a). Similarly, in a large sample of AGN, there is tentative evidence for systems lying outside

the local mixing sequence (Juneau et al., 2014; Coil et al., 2015; Strom et al., 2017; Nesvadba
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Figure 1.3 The classical BPT diagnostic diagram used to distinguish between gas photoionized
by stars, AGN and shocks. Green curves represent the boundary of the star-forming sequence,
where points photoionized by massive O and B stars lie. The mixing sequence contains points
where shocks and AGN photoionize gas. The outline of the sequences is taken from Kewley
et al. (2013a). In the background, we show line ratios from the Sloan Digital Sky Survey.
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et al., 2017c; Law et al., 2018). Given the numerous sources of ionization in quasar host galax-
ies (star formation, quasar and shocks) it is crucial to spatially resolve the quasar host galaxy to
understand the various contributions to gas ionization. In both nearby and distant AGN/quasar
host galaxies studies have found regions with distinct photoionization mechanisms (Davies et al.,
2014; Williams et al., 2017; Vayner et al., 2017). The question remains whether the condition
of the ISM in high redshift quasar host galaxies is different from local AGN and other lower

luminosity AGN at high redshift.

1.0.9 Thesis outline

The aim of this thesis is to understand the fundamental processes governing massive
galaxy formation. To meet this objective, I have conducted high spatial resolution and high
contrast observation of a representative sample of 1.4 < z < 2.6 radio-loud quasar host galaxies.
Observations were conducted for 11 objects with the OSIRIS IFS and the facility laser-guide-
star adaptive optics system at the W.M. Keck Observatory. By observing nebular emission lines
in distant quasar host galaxies, I was able to map the distribution, kinematics, and dynamics
of the ionized gas. From these observations, I was able to search for outflows and understand
their dynamics and impact on the host galaxy, understand the sources of gas photoionization
and measure star formation rates and masses of the quasar host galaxies. For select objects, |
have also conducted mm-radio interferometric observations with the ALMA to understand the
distribution, kinematics, and dynamics of the molecular gas.

To date, this is the largest adaptive optics and IFS survey of quasar host galaxies at the

peak epoch of galaxy and SMBH growth. The selected quasars are some of the most bolometri-
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cally luminous objects in the Universe, with measured spectral energy distributions from gamma
rays to cm waves. At redshift ~ 2 these objects already contain SMBH with masses on the order
of 10° M, , indicating that these systems are the most likely progenitors to the massive elliptical
galaxies (e.g., M87) seen in the nearby Universe. The sources are selected from the historic 3C
and 4C catalog of radio sources and contain heritage multi-wavelength observations in radio,
optical and X-rays. For all the objects the conducted IFS observation are some of the first to
resolve the two-dimensional structures of the host galaxies at high SNR.

In chapter 2, I present our technique developed to remove the luminous quasar to detect
and study the faint extended host galaxy. We apply the technique on a pilot survey of luminous
type-1 quasars at z~2. We demonstrate that we can successfully remove the quasar and detect
extended emission as close as 0.2" from the quasar down to a flux of 1 x 10717 erg s—1.

In chapter 3, I present results on the first object; 3C298 observed within the radio-loud
sample. 3C298 is a late-stage merger system between two disc galaxies with a projected sep-
aration of 8 kpc. The quasar lives in a disc galaxy with powerful quasar driven outflows that
are emanating from the disc. In the merging galaxy 8 kpc away from the quasar an outflow is
also detected. Narrow nebular emission lines with ratios consistent with star formation and a
detected a molecular reservoir suggest recent star formation in the tidal tail feature, 21 kpc away
from the quasar. ALMA observations for this object reveal the first molecular outflow detected
at the peak epoch of galaxy and SMBH growth. The dynamical mass of the galactic disc cen-
tered on the quasar as measured from molecular gas observations with ALMA reveals that the
SMBH mass is overly-massive compared to the mass of the galaxy. This implies that the galaxy

resides away from the local scaling relation between the mass of the SMBH and the mass of the
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galaxy. At present, there is not enough molecular gas in the 3C 298 system to grow the stellar
mass to the expected value based on the local scaling relations. The system requires substantial
gas accretion from the CGM/IGM or dry mergers with galaxies in the quasar’s environment to
provide fuel for star-formation or grow the stellar mass through mergers. This object challenges
the paradigm of merger-induced AGN activity and the stage at which feedback is supposed to
occur relative to the merger time scale.

In chapter 4, I present the results of the entire radio-loud sample. I find that the host
galaxies of the quasars appear to be metal-poor relative to galaxies hosting AGN in the nearby
Universe. For sources where we could measure the velocity dispersion and mass of the host
galaxy, I find them to be offset from the local scaling relation, similar to 3C 298. The under-
massive metal-poor galaxies indicate that they require significant growth from z ~ 2 to present
day if they are to evolve into the most massive galaxies seen in the local Universe. Powerful
outflows are detected in most objects, however only four show energy rates consistent with the
prediction of AGN feedback. Galaxy-scale outflows line up with the projected extent of the
radio jets in these systems; however, the jets are not doing any work on the outflows at the
present time. If the jets were to drive the outflows, it would have had to happen in the past
in very dense environments close to the SMBH. On the other hand, the outflows can be driven
by either radiation pressure on dust or through a BAL type wind, and if the jets turned on at
later times, they would proceed in the path of least resistance, along the path of the outflow.
These results disagree with the typical assumption that type-1 quasar appears near the end of
massive galaxy formation and that feedback occurs once the galaxies have assembled onto the

local scaling relations.
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In chapter 5, I outline future projects that address the evolutionary path of massive galaxy
formation from z~ 2 to the present day. A consequence of the results presented in chapters 2 and
3 is that the galaxies harboring the most massive SMBH at z~ 2 need to go through substantial
growth to increase their stellar mass and enrich their ISM. The first project looks at the gas
reservoir in the CGM of these quasar host galaxies, to understand the amount of available gas
and its transport into the quasar host galaxies to fuel future star formation. The project will also
address the role of dry mergers from quiescent galaxies in growing the stellar mass of the quasar
host galaxies.

A second project looks at the molecular gas reservoir in these systems, mainly searching
for evidence of molecular outflows or putting stringent limits on the molecular gas mass in quasar
driven outflow regions.

I then predict the state of the field in five years with the addition of James Webb Space
Telescope, and ten years with the addition of the next generation large ground-based facilities
such as TMT, GMT, EELT, and ngVLA. I also discuss future multi-messenger astronomy with
the LISA spacecraft in helping understand the co-evolution of galaxies and SMBH in the distant

Universe.
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Chapter 2

Providing stringent star formation rate
limits of z~2 QSO host galaxies at high

angular resolution

2.1 abstract

We present integral field spectrograph (IFS) with laser guide star adaptive optics (LGS-
AO) observations of z~2 quasi-stellar objects (QSOs) designed to resolve extended nebular line
emission from the host galaxy. Our data was obtained with W. M. Keck and Gemini-North
Observatories using OSIRIS and NIFS coupled with the LGS-AO systems, respectively. We
have conducted a pilot survey of five QSOs, three observed with NIFS+AO and two observed
with OSIRIS+AO at an average redshift of z=2.2. We demonstrate that the combination of

AO and IFSs provides the necessary spatial and spectral resolutions required to separate QSO

34



emission from its host. We present our technique for generating a PSF from the broad-line
region of the QSO and performing PSF subtraction of the QSO emission to detect the host galaxy
emission at separation of ~0.2” (~1.4 kpc). We detect Ho narrow-line emission for two sources,
SDSSJ1029+6510 (z,=2.182) and SDSSJ0925+0655 (zx,=2.197), that have evidence for both
star formation and extended narrow-line emission. Assuming that the majority of narrow-line
Ho emission is from star formation, we infer a star formation rate for SDSSJ1029+6510 of 78.4

! originating from a compact region that is kinematically offset by 290 - 350 kms™!

Mg yr~
. For SDSSJ0925+0655 we infer a star formation rate of 29 M, yr~! distributed over three
clumps that are spatially offset by ~ 7 kpc. The null detections on three of the QSOs are used
to infer surface brightness limits and we find that at 1.4 kpc from the QSO the un-reddened star
formation limit is < 0.3 M, yr~! kpc~2. If we assume typical extinction values for z=2 type-1
QSOs, the dereddened star formation rate for our null detections would be < 0.6 M, yr—! kpc 2.
These IFS observations indicate that while the central black hole is accreting mass at 10-40% of

the Eddington rate, if star formation is present in the host (1.4 - 20 kpc) it would have to occur

diffusely with significant extinction and not in compact, clumpy regions.
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2.2 Observations

We used the near infrared integral field spectrographs OSIRIS (Larkin et al. 2006) on
the Keck telescope and NIFS (McGregor et al., 2003) on the Gemini north telescope (program
identification GN-2012B-Q-53) coupled with the observatories’ laser guide star adaptive optics
systems. We present K-Band spectra of 5 quasars at an average redshift of z ~ 2.2 (angular size
scale, 8.5 kpc per arcsecond) with an average total on-target integration time of 3600s. On each
night we observed an A type standard star for telluric correction and flux calibration. Table 2.1

summarizes our observational parameters and setup.
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2.2.1 Target Selection

We selected these QSOs from the fifth edition of the SDSS quasar catalog based on the
seventh data release (Schneider et al. 2010). For this pilot survey we selected sources that would
have optimal AO performance to aid in the PSF subtraction. Criteria for the Keck and Gemini
North observations were: (1) all objects must be observable with the ALTAIR and Keck AO
systems based on tip/tilt magnitude and separations (R mag < 16.5 within 25” for ALTAIR
system and R mag < 18.5 within 45” for Keck-AQ), and (2) objects must have redshift between
2.016 and 2.427 where Ho falls in the prime K-band wavelength regime (< 2.2 pm). Using
these constraints at K-band allowed only ~30 observable QSOs. We made our final selection
based on available tip/tilt stars that are bright and close in separation: one with on-axis tip-tilt
source correction (R=16.4 mag), and four for off-axis tip-tilt correction. Table 2.1 contains all
the information on the tip/tilt stars. All of our selected sources are Type 1 radio-quiet QSOs with
1.4 GHz flux < 0.15 mJy (Becker et al. 1995) with no availible near-IR spectroscopy, making our
sample less biased towards QSO hosts with high star formation rates. Host galaxies with high
star formation rates presented in Alexander et al. 2010, Cano-Diaz et al. 2012 were pre-selected

based on long slit spectra of the [O111] 5007 A line or far-IR observations.

2.2.2 Archival Data

For multi-wavelength analysis of our objects we include archival observations on our
sources. Table 2.2 contains optical to near-infrared archival photometric information on our

QSO sample, encompassing archival data from the SDSS for the optical magnitudes and 2MASS
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for near-infrared. As of Data Release 10, SDSS has incorporated WISE and 2MASS pho-
tometric data into their catalog, made available in web format on the object explorer web-
site that can be accessed through sdss3.org. In Table 2.3 we present photometry for the four
WISE bands at 3.4um, 4.6um, 12um and 22um. All five sources are detected in the 3.4-
12pm bands however only three sources have reliable photometry, where the other two suf-
fer from confusion of flux from the bright nearby tip/tilt stars. Three sources are detected in the
22pm band, one is undetected and one doesn’t have reliable photometry due to confusion; please
see Table 2.3 for details on the individual sources. Two of our sources, SDSSJ1029+651 and
SDSSJ2123-005 were observed with the Herschel space telescope’s SPIRE instrument' in the
250pm, 350pmé& 500pm bands. We downloaded the fully reduced level 2 maps from the Her-
schel data archive (http://irsa.ipac.caltech.edu/applications/Herschel/), we converted the maps
from Jy/beam to Jy/pixel by dividing the maps by the beam size found in the SPIRE Handbook,
available at herschel.esac.esa.int and applied standard aperture photometry over the beam size
(17.6”, 23.9”, 35.2") of the telescope in each of the bands at the optical location of the QSOs
from Table 2.1. The two sources are undetected in all of the bands and we provide the three

sigma limits in Table 2.3.

1PIs: D.Weedman, observation ID:1342270222 & H.Netzer, observation ID:1342270338
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2.3 Data Reduction

2.3.1 OSIRIS

The OSIRIS observations were reduced using the publicly available OSIRIS data re-
duction pipeline?. Dark frames were median combined to produce a master dark frame using
the OSIRIS pipeline routine “combine frames”. Each science and calibration frame then had the
master dark subtracted from it and the following pipeline routines were performed: ‘““adjust chan-

2 13 9 (13 29 2

nel levels”, “remove crosstalk™, “clean cosmic rays”, “extract spectra”, “assemble data cube”,
“correct dispersion”. For sky subtraction, each science frame had the nearest in time sky frame
subtracted using the “scaled sky subtraction” routine that accounts for the temporal variability
of the OH sky lines (Davies 2007). The science and telluric frames were stacked together using
a 30 mean clip algorithm in the “mosaic frames” routine to remove large bad pixels that occur
from the “extract spectra” routine . A 1D telluric spectrum was then extracted from the high-
est signal-to-noise spaxels in the telluric cube using the “extract star” routine. Strong hydrogen
absorption lines were masked using the “remove hydrogen lines” routine, and the blackbody
of the star was subtracted using the “divide blackbody” routine. The spectra were normalized
and used to correct for atmospheric absorption and the instrumental footprint in the mosaiced
science frame. The final science data was flux calibrated using standard star observations that

were taken closest in time, at similar air mass and were reduced in the same manner as described

above.

Zhttp://www?2 keck.hawaii.edu/inst/osiris/tools/
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2.3.2 NIFS

The NIFS observations were reduced using the Gemini NIFS IRAF reduction pipeline
that operates within Pyraf 3. Some modifications were applied to the standard pipeline and
additional routines were written to match our science goals. For each night we reduced the
Xe, Ar lamp observations to establish the wavelength solution for each of the targets using the
Gemini NIFS Pyraf baseline calibration routine. Dark frames for the science observations were
median combined and subtracted from each of the science and sky frames. The science, telluric,
and sky frames were then reduced using the NIFS science reduction routine. The end result is a
data cube which has been flat fielded, bad pixel masked and reformatted into a 3D cube, which
was spatially re-sampled from the native spatial sampling of 0.1 x 0.04” to square pixels with
a size of 0.05”. The science and telluric frames had the nearest sky frame in time subtracted,
with OH emission line scaling between the sky and science frames. The centroids of the QSO
and telluric stars were obtained through a 2D Gaussian fit to a spectrally collapsed image, and
the dithered observations were shifted and stacked using a 30 mean clipped algorithm. The
1D telluric star spectrum was extracted by averaging spatially over the highest signal-to-noise
spaxels, its blackbody was subtracted, and the strong hydrogen absorption line were masked.
The 1D telluric spectrum was then divided into the science cube to correct for atmospheric and

instrumental absorption features.

3http://www.gemini.edu/sciops/instruments/nifs/data-format-and-reduction

43



2.4 Extraction of BH masses and PSF subtraction of the QSO

Using the SDSS spectra (Figure 2.1, left) we derive the bolometric luminosity (Lp,;)
from the rest-frame 1450A continuum using methodology presented in Runnoe et al. 2012. We
obtain the black hole mass (Mpy) using equation (7) presented in Vestergaard and Peterson
2006, utilizing the 1350A continuum value together with 1549A CIV FWHM, derived by fit-
ting a Gaussian profile using the curve_fit function that is part of the scipy package, written
for python based on non-linear least squares routine. Table 2.4 contains the above information.
Using our K-band QSO spectra (Figure 2.1, right side) we derive luminosity of the broad Ho
emission line, black hole mass and the equivalent width (Table 2.5). We fit the line using a Gaus-
sian profile which assisted in deriving the broad Ha  luminosity, redshift and equivalent width.
In deriving the line luminosity and equivalent width we integrate over 1.3 x the FWHM of the
fitted profile. The black hole mass was then estimated using equation (6) from Greene and Ho
2005. The presented near infrared spectra were extracted from our data cubes using a spatial

aperture of approximately the seeing halo.

2.4.1 PSF construction and subtraction

The broad Ho emission originates from gas located in a compact disk within the central
few parsecs making this emission essentially point-like in our observations. We use spectral
channels that confine the broad line emission for PSF construction. Our algorithm finds the

highest signal-to-noise spectral channels that do not coincide with OH emission lines to be com-
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Figure 2.1 SDSS spectra of all the sources in our sample (Left). The SDSS wavelength range
covers rest frame UV emission lines of QSOs at this redshift. Vertical dashed lines indicate
emission from Ly, CIV, CIII], Mgll. Near-IR spectra are presented on the right side, where the
broad Har line is present. These were extracted from the data cubes, integrating over the spaxels
within the seeing halo.

bined to create a master PSF image. Generally the selected PSF regions are 2.5-3 nm (10 - 15
spectral channels) in size and tend to sit near the peak of the broad Ha line. We hypothesised
that the majority of the extended narrow line emission will be within 400km s~ from the QSO’s
redshift, where the PSF has the highest signal to noise and the greatest potential for contamina-
tion from the NLR, so we also select spectral regions that are offset from the peak of the broad
emission line (not including OH sky lines), that should have minimal contribution from extended
narrow-line emission. We combine all spectral regions using a 3¢ clipping routine, to mitigate
contamination from the extended narrow-line emission. This way spaxels that do contain narrow

1

emission would be weighted less since spectral channels offsets by 2000 - 3000km s~ are less
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Table 2.4 QSO General properties

QSO v LBol MBH Eddington
erg s 'x10%" Mg x10° Ratio
SDSS0850+5843 2.211 0.216£0.029 1.75+0.13 0.098
SDSS0925+0655 2.197 0.05940.008 e
SDSS1005+4346 2.086  1.98+0.06 10.2+0.4 0.14
SDSS1029+6510 2.163  1.3940.06 8.0+0.5 0.14
SDSS2123—-0050 2.261  2.57£0.07 8.5+0.5 0.24

Column 3 is the bolometric luminosities (Lpg,;=4.2x L1450) 0b-
tained from rest frame 1450A continuum with corrections from
Runnoe et al. 2012. Column 4 is the black hole mass obtained
from rest frame 1549A CIV emission line (Vestergaard and Peter-
son 2006). Column 5 is the ratio of the bolometric luminosity to
the Eddington luminosity obtained from the measured black hole
mass.

Table 2.5 Properties of Broad-line Ha emission

QSO ZHa Ly, Mgy Equivalent
ergs™! Mg x10°  Width (A)
SDSS0850+4-5843 2212 3.16x10** 1.4940.38 38446
SDSS09254-0655 2.196 3.58x10*  1.9440.5 352+1
SDSS1005+4+4346 2.105 7.42x10* 5.434+1.47 230+1
SDSS1029+6510 2.183 3.12x10* 0.9040.22 28942
SDSS2123—0050 2.281 3.84x10% 5.0%1.41 281+1

Column 3 is the luminosity of the broad Ha line. Column 4
is black hole mass derived from Hoe FWHM and its luminosity
as in Greene and Ho 2005. Column 5 is equivalent width of the
broad Ha line.

likely to contain NLR. The end result is a 2D image of our observed PSF that gets normalized
to the flux at the peak pixel. We then go through individual channels in our data cube, scale the
image to the maximum value of the PSF at the particular channel and subtract the image. This
routine provided the best residuals post PSF subtraction. Some studies have additional steps

with PSF construction, by initially fitting and subtracting the nuclear continuum with a low or-
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der polynomial (Inskip et al. 2011). The purpose of the linear fit is to remove any continuum
emission from the host galaxy. In our work, extensive studies of the final PSF subtracted cube
using both methods does not reveal a continuum emission from the host galaxy at the 3o level
(average K mag > 20.9), hence we decided not to include this additional step in our QSO PSF
construction routine since it adds at least 1.2 times more noise in the PSF subtracted cubes.

To test the quality of our PSF subtraction, we constructed radial profiles at different
wavelength channels, before and after PSF subtraction, to verify whether the final cube had
the central core and seeing halo successfully removed. Figure 2.2 shows the results of these
tests for two of our targets. The green and blue radial profile curves are constructed from a
spectrally-summed image which contains both broad and narrow Ha emission (AX =2.5 nm or
Av=1142kms~1 ). The green curve is constructed from the data cube before PSF subtraction,
the blue is after the PSF is removed and the red curve is constructed from just the PSF image
(~ A\ =2.5 nm, spectrally offset 1-5nm). The points are constructed by taking an average in an
annulus with Ar=0.1" at a range of separations from the centroid of the QSO. The radial profile
in the post PSF subtracted data cube (blue curves) have little slope and significantly less flux, and
do not strongly correlate with the general shape of the green and red curves. This demonstrates
that the PSF subtracted data has a significant portion of the QSO flux removed, with only the
inner 0.2” being strongly dominated by noise from PSF subtraction. Averaging over the data
cube along the spectral axis, we find that generally within 0.2” the QSO still contributes to about
10-20% of the total data counts, while only 2-5% outside 0.2”. As expected, observations with
the smallest PSF FWHM showed the best post PSF subtraction data cubes producing the best

contrast. However it should be noted that leftover QSO continuum/BLR light does not affect
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measured values derived from narrow line emission, since they are derived by fitting the line
and any underline continuum left over from PSF subtraction simultaneously, at which stage the

continuum contamination can be calculated.

— BLR + NLR spectral region
~1.0 — PSF
— PSF subtracted

— BLR + NLR spectral region
— PSF
0 — PSF subtracted

Average annular flux log, [DN/s]
o
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Figure 2.2 Radial profiles for SDSSJ1029+6510 (left) and SDSSJ0925+4-0655(right). Green and
blue radial profile curves are constructed from spectrally integrated images which contain both
broad and narrow Ha , while the red curve is constructed from the PSF image. The blue curve
is constructed in the same spectral regions as the green curve however post PSF subtraction,
indicating that our PSF removal technique is capable of removing both the AO corrected core as
well as the seeing halo.

2.5 Results

To find narrow line emission we searched all of the individual ~ 3,000 spaxels in each of
the cubes using an algorithm that searches for flux above a predefined threshold, in combination
with visual inspection of each cube. When a line feature is identified we calculated the signal-
to-noise by obtaining the standard deviation in the surrounding spatial and spectral pixels, and
divided it into the fitted peak of the emission line. For cases where a faint emission feature is
found we bin the data using nearby spaxels to increase the signal-to-noise to distinguish between

a faint noise spike versus real emission. We confirm a detection if the peak of the emission line is
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greater than 30 from the neighboring spaxels and the spectral width is greater than the intrinsic
instrumental width of 0.35 nm and 0.20 nm for OSIRIS and NIFS respectively. For bright noise
spikes we wrote a routine that parses through the cube and removes them if their counts are So or
higher from the surrounding region (one spaxel in each spatial direction, and 2 spectral channel
two the left and right of the spike), some of these features have a FWHM greater than instrumen-
tal but given their spatial isolation and significantly higher counts than the surrounding region
we quantify them as being "noise spikes". Majority of them are associated with locations of OH
sky lines, hence we believe these spikes are residuals caused by sky subtraction. This routine
also confirms faint extended structure in the case of SDSSJ0925+0655 to be real rather than a
combination of separated noise spikes. After searching through the five observed data cubes we
identify narrow line emission in two of the systems, SDSSJ1029+6510 and SDSSJ0925+06. For
the given QSO redshift, the identified emission lines are likely narrow Har . If [N11] 6584A were
assumed instead the flux ratio between it and undetected Ho  would be >30 in some regions,
this is well beyond what has been found in other galaxies (e.g, Kauffmann et al. 2003). Once
an Ha line is identified we searched for [NII] 6548,6584 A and [SII]6718,6733 A at a similar
velocity offset from the broad Ha line. The detected narrow Ha emission lines all lie within
600 kms~! from of their respective QSOs broad Har redshift, however the full spectral axis
in each spaxel was examined for potential narrow emission lines that could be associated with
structure surrounding our QSOs. All of the line fits were done with a single Gaussian function
using the non-linear least squares routine provided through scipy. The initial guess for the peak
is the value at the location of the maximum flux, the initial guess on wavelength offset is the

1

location of the maximum flux, and initial guess on ¢ was 80 km s~ , no further constraints were
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put on the parameters. The radial velocity map is derived from the measured line offset in each
spaxel relative to the redshift of the broad Ha line. The velocity dispersion map of the gas
is derived after removing the instrumental width in quadrature from o at each spaxel. Velocity
dispersion map is used to dictate the region over which the spectra need to be summed to derive

total flux.

2.5.1 OSIRIS: SDSSJ1029+6510

Figure 2.3 (panel I) shows the K-band image of the SDSSJ1029+6510 QSO from the
collapsed data cube (1.99-2.4 pum). Figure 2.3 (panel II) and Figure 2.3 (panel III) show the
2D kinematics of the extended narrow line emission relative to the broad Ho emission and the

spectra of the individual components.

The PSF subtracted data cube reveals three extended narrow line emission regions, la-
beled A, B and C in Figure 2.3 (panel II). These emission-line regions have a blue-shifted ve-
locity offset of 10-500 kms~! with respect to broad Ho emission, and a maximum projected
separation of ~ 0.6”(4.2 kpc) from the QSO. We bin the individual spaxels in regions A and C to
detect a hint of Hae emission at a signal-to-noise of 3.1 and 2.1, respectively. Individual spaxels
in region B reach a signal-to-noise of >2, with the central 3 pixels reaching a signal to noise >
7. In Table 2.6 we present the extracted emission-line properties of the individual regions. Using
[N II] & Ha we adopt the the line ratio separation between star formation and AGN to be at
log([N11]/Ha)=-0.5 in the HII diagnostic or “BPT" (Baldwin et al., 1981) diagram (Figure 2.5).

The majority of the objects in the region log([NII1]/Ha)<-0.5 are star forming galaxies (Kauft-
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mann et al. 2003, Kewley et al. 2001, Groves et al. 2006). While low metallicity regions ionized
by an AGN can be a contaminant at these line ratios, all of the QSOs in our sample (particularly
SDSSJ1029+6510) show strong UV emission lines in CIV,SIV+OIV and MglI (Figure 2.1) that
are typical of solar to super-solar metallicity QSOs; hence for this particular system we are not
concerned about low metallicity contamination in the region log([N11]/Ha)<-0.5. Our limits al-
low us to discard shock contributions to the emission for regions A and B, line ratios of emission
due to shocks tend to reside in log([N11]/Ha)>-0.4 on the BPT diagram (Allen et al. 2008) from
a gas that is moving at the recorded velocities of our extended emission. Based on the ratio of
log([N11]/Hev) for A, this region can reside in the transition zone between AGN/SF, assuming

1

no extinction, the star formation rate limit for Ho flux in region A is 11.0+£2.3 Mg yr~* using

the Schmidt-Kennicutt law (SFRy, = Kennicutt 1998), this is a limit because AGN

Lo
1.26x 1071 °
photo ionization contribution will increase the observed flux, hence the star formation rate is
lower than what is quoted. Region B is located well in the star formation position on the BPT
(log(IN11]/Har)<-1.5) diagram with a star formation rate limit of 67.44+5.7M, yr~' . Region

C resides well inside the AGN component of the diagram, and therefore is likely narrow line

emission from the QSO, at a projected radial distance of ~2.8 kpc.

Table 2.6 SDSSJ1029+6510: OSIRIS-AO Narrow Emission-line Properties

Component Fy. Finrn65 84A [NII]/Ha SFR V., Vo Mayn
Mg yr~t kms™! kms!
A 422 +0.75 <0951 <0.2310 ~oo ST78+16 163+36
B 226 +192 <0.71 <0.0319 6746 -3554+19 34+12 0.94+0.07
C 414+ 1.95 2.3440.73 -0.24+032 --- -39+42 36440

Column 2 and 3 units are erg s~* cm ™2 x 10717, Column 8 is in units of M, x 10°.
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Figure 2.3 Upper left: K-Band image of SDSSJ1029+6510 from the collapsed OSIRIS LGS-AO
data cube using 0.1” spatial sampling. Upper right: radial velocity map (kms~—! ) of extended
narrow Ha emission detected post-PSF subtraction. Radial velocity measurements are obtained
by fitting narrow Ha: emission line in the individual regions with a Gaussian function. The spa-
tial resolution of each observation is reprsented by the ellipse in the lower left corner obtained
through 2D Gaussian fitting to the PSF image. Bottom: Averaged per spaxel spectra of each
of the labeled components with some relative flux offset. The light blue curve shows the wave-
length dependence of the noise and OH sky emission. Dashed red lines represent the expected
wavelength of narrow emission lines. North is up, east is left.

2.5.2 NIFS: SDSSJ0925-+0655

Figure 2.4 (panel I) is a K-Band image of the QSO constructed by summing the flux

across the entire data cube (1.99-2.4 ym). Figure 2.4 (panel II and III), show the 2D kinematics
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Figure 2.4 Upper left: K-Band image of SDSSJ0925+4-0655 from the collapsed NIFS Altair
AO cube using 0.05” spatial sampling. Upper right: PSF subtracted image showing resolved
extended Ha narrow line emission in contours that stretch from 1.80-50 and the velocity map
(kms~! ) obtained from fitting the Ha line in the individual regions using a Gaussian function.
The spatial resolution of each observation is represented by the aperture in the lower left corner
obtained through 2D Gaussian fitting to the PSF image. Bottom: Averaged per spaxel spectra
of each of the labeled components with some relative flux offset. The light blue curve shows
the wavelength dependence of the noise and OH sky. Dashed red lines represent the expected
wavelength of narrow emission lines. North is up, east is left.

of the extended narrow line emission relative to the redshift of the broad Ha emission and the
spectra of the individual components, respectively. The post-PSF subtracted data cube reveals

resolved narrow Ha  emission originating from three distinct regions (A, B, and C), that are
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both spatially offset (0.5”-1") and redshifted (80-250 kms~! ) from the QSO, see Table 2.7 for
extracted parameters on individual regions. We bin by 0.25” x0.25” for each of these regions to
increase the signal-to-noise for kinematic analysis. Using ([N II] & Ha ) ratio diagnostic, we put
the separation between star formation and AGN at log([N11]/Ha))=-0.5, with star formation being
the dominant photoionization mechanism in log([NI11]/Ha)<-0.5 (see, section 2.5.1 for further
discussion). Limits on the log([N11]/Ha) ratio places regions A,B and C inside the star formation
region on the BPT diagram. Our limits allow us to discard shock contributions to the emission
for regions A,B, and C, line ratios of emission due to shocks tend to reside in log([N11]/Ha)>-0.4
on the BPT diagram (Allen et al. 2008) from a gas that is moving at the recorded velocities of our
extended emission. Using the Schmidt-Kennicutt law (Kennicutt 1998) we obtain un-reddened
upper limit star formation rates of 13£2.3, 12.040.5, 4.040.4 M, yr~! for regions A, B and C,

respectively. Assuming these three clumps have virialized we obtain dynamical masses of 8.7,

1.0, 0.3 x10°M,, (Table 2.7 using the standard virial mass equation M., = 5R"E)

Table 2.7 SDSSJ0925+0655: NIFS-AO Narrow Emission-line Properties

Component  Fp,  Fjn;6584A [NIIJ/Ha  SFR Vv, v, Mayn
Mg yr~t  kms™! kms~!
A 4334122 <0245 <0.0565 13+2.3 88.4+19.6 103.1£19.3 8.7+4.1
B 4.11£0.163 <058  <0.1410 12+0.5 242.6+£15.4 37.7+14.5 1.0+0.8
C  120+0.126 <0.148 <0.1222 4404 250.5+15.6 42.44+14.7 0.3+0.05

Column 2 and 3 units are erg s ' cm~2 x 10~!7. Column 8 is in units of M, x 10°.
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Figure 2.5 Line ratio diagnostics for our detected narrow-line emission using the standard BPT
diagram. Limits for log([O111] /H/3) and log([N11] /Hev ) for SDSSJ1029+6510 regions A,B & C
(TOP) and regions A,B, & C for SDSSJ0925+0655 (BOTTOM) are over-plotted. Dashed curve
represents the empirical boundary between star formation and AGN from SDSS (z<0.1) by
Kauffmann et al. 2003. The solid curve is the theoretical star formation boundary from Kewley
et al. 2001. Our limits indicate that the narrow-line emission that we detect is not strongly
dominated by AGN or shocks, with the possible exception of the low-signal to noise region C in
SDSSJ1029+6510.
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2.5.3 Null detections: SDSSJ1005+4346, SDSSJ2123-0050

& SDSSJ0850+5843

The remaining three targets reveal no narrow-line Ha emission offset spatially or spec-
trally from the QSO. Null detections may be due to two possibilities: (1) these sources have
heavy extinction azimuthally around the QSO >1 kpc; and/or (2) these sources have sufficiently
low star-formation rates that reside below the sensitivity limit of these observations.

We perform a Monte-Carlo simulation in which we generate star forming regions with
narrow-line Ho emission surrounding the QSO at various spatial separations. The purpose of
this simulation is to find the limiting flux (and unreddened star-formation rate limits) of our ob-
servations and determine how our PSF removal techniques affect our sensitivity versus distance
from these QSOs. For our simulations, individual star-forming regions occupy 0.2”x0.2"” in
the OSIRIS data cube and 0.25”x0.25” in the NIFS data cube, with each spaxel containing a
spectrum consisting of an emission line resembling narrow Ha with a fixed full width at half
maximum of 80 kms™! (not convolved with an instrumental profile). We select a FWHM of 80
kms™! to match the widths of some of our detected extended narrow line emission, to further
test their validity. In a given data cube the star forming regions have a spatially uniform flux,
the integrated flux over all the simulated regions vary between cubes. We insert these regions
uniformly surrounding the QSO in a cross shape to resemble resolved extended structure, which
ranges from 0.1” to 1.5” in separation from the QSO in the NIFS data cubes and 0.1”-0.7"in the
OSIRIS cubes. The star forming regions are always centered on the quasar whose position we

obtain by fitting a 2D Gaussian to an image of a collapsed data cube along the spectral axis. The
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spacing between the star forming regions is 0.1” to allow signal-to-noise estimates surrounding
each individual region. We vary the star formation rates from 0.5 Mg yr~! to 40 Mg yr! in
each of the narrow-line emission regions. For the OSIRIS data, we insert the simulated star
forming regions into a data cube that is created by running the extract spectra routine that simply
transforms the two dimensional data into a 3D cube. For the Gemini data we run the standard iraf
reduction pipeline that extracts the 2D spectra and constructs the 3D data cubes, into which we
insert the star forming regions. We then process the data cubes through the rest of the reduction
pipeline as described in §2.3. Finally we run our PSF subtraction routine on the reduced data
cubes as described in §2.4. We attempt to recover each of the narrow-line Ha emission regions
that were artificially inserted. Just as for the real data, emission must be detected with a min-
imum of 3¢ confidence, and emission lines must have a FWMH greater than the instrumental
width.

Recovered star-forming regions with minimum star-formation rates at various angular
separations are presented in Figures 2.6 and 2.7, and fluxes of Hoe  from SDSSJ0925+0655 and
SDSSJ1029+6510 regions A,B, and C are over-plotted for comparison. In general we find that
our data reduction procedure is not the main factor for missing narrow Ha: flux; the dominant
effect is the sensitivity of the detector and PSF removal within 0.2” from the QSO. At separations
> (0.2” , limiting star-formation rates are an average of 1.4 My yr~! (0.7x10"erg s~! cm™?)
integrated over a star-forming region for the NIFS instrument and 1.5M, yr—! for OSIRIS. This
translates to 0.32Mg, yr—! kpc=2 and 0.53M,, yr—! kpc~?2 in the NIFS and OSIRIS data cubes
respectively.

For SDSSJ1029+6510, we show the integrated flux of region B as well as its individual
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components in Figure 2.6, and find they are detected without binning. These simulations and the
limiting fluxes for both of these sources indicate low Ha flux at near and far angular separations
from the QSO. For SDSSJ0925+0655, fluxes of the observed components sit well above the star
formation distribution (Figure 2.7), and in principle we are able to detect fainter emission at

smaller separations. The other three QSOs do not show any signs of Ha narrow-line emission.
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Figure 2.6 Limiting integrated flux in a 0.2”x0.2"region that was recovered at various sep-
arations from the QSO in our Monte Carlo simulation from the OSIRIS observations of
SDSSJ1029+6510 (green). Fluxes and distribution of features A, B, C (light red) from Fig-
ure 2.3 are over plotted. In addition, flux from individual spaxels of region B are plotted in
dark red. The three inner spaxels surpass the 0.2” x0.2” box flux limit, while integration of the
additional 4 outer spaxels builds a spectrum with a signal-to-noise that is significantly above the
noise floor. Note: although the spatial size of region B is greater than 0.2”x0.2”, 90% of the
flux sits in the central 3 spaxels, who individually contain a signal to noise ratio > 3.

We use the bolometric luminosities of our sources to make estimates of dust extinction.
The Bolometric luminosities of our sample all sit near 1x10*"erg s=! cm~2, the maximum value

for a z~2 QSO is around 1x10*erg s~! cm~2 as has been found by studies such as Croom
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et al. 2009. This limit only allows us to correct for 2.5 magnitudes of extinction at 1450A ,
so the limiting star formation rates get as large as 2.03 Mg yr! (0.5Mg, yr—! kpc™2) or 2.2
Mg yr! (0.8M, yr—! kpc~2, using a Small Magellanic cloud extinction curve from Gordon et al.
2003) for NIFS and OSIRIS respectively (see §2.6.1, 2.6.2). Note that for SDSSJ0925+0655 the
limits may be higher as the QSO is intrinsically redder than the rest of our sample (see §2.6.2).
We acknowledge that the dust in these scenarios is uniformly distributed, hence the same dust
properties that we find along the line of sight to the QSO are elsewhere in the galaxy. Most
studies that quote star formation rates give them integrated over some angular scale, typically
the beam size of their instrument if the sources they are referencing are not resolved. At the
angular resolution of our observations we are capable of resolving a typical z~2 galaxy with an
angular scale of ~1”. Integrating these limits over a 1” box we obtain for NIFS: 22M, yr—*
(33M, yr~! with maximum dust extinction), OSIRIS: 37Mg, yr—! (54M, yr~! with maximum
dust extinction). These limits are a sum of the lowest flux that we detected around the QSOs in
a 1”2 box in our simulations with the addition of possible dust obscuration. We believe these
are hard limits on the upper value of the star formation rate in these host galaxies. Derived
SFR limits include contamination from dust in the AGN. There is a possibly that most of the
dust is surrounding the nuclear region rather than distributed in the host galaxy. Archival WISE
photometry of our sources (Table 2.3) shows that 3 of our sources are detected at 22pm(rest
frame ~ 7pum), all of the sources are detected in the other 3 WISE bands that range from 1-3.75
pm at an average redshift of z=2.2, however only 3 sources have reliable photometry due to
confusion of flux from the nearby bright tip/tilt stars. For the sources that were detected at an

observed wavelength of 22um we find that the average flux density is 16.8mJy indicating that
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the dust is AGN heated (Rowan-Robinson 1995). Limits closer to the value with minimum dust
(22Mg, yr=! for NIFS and 37Mg, yr—! for OSIRIS) may be more realistic, as some previous
studies of dust in type-1 luminous QSOs near z~2 have found a number of sources with very

little (A <0.01) to no extinction (see, Fynbo et al. 2013).
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Figure 2.7 Limiting integrated flux in a 0.25”x0.25"region that was recovered at various
separations from the QSO in our Monte Carlo simulations from the NIFS observations of
SDSSJ0925+0655 (green). Integrated fluxes of features A, B, C (red) from Figure 2.4 are over-
plotted.

2.5.4 Unresolved QSO narrow line region emission

Examining QSO spectra extracted over the PSF halo (Figure 2.1, right side) we do not
detected any unresolved narrow line region emission in any of our sources. We find that generally
the spectra are well fitted with a single Gaussian profile and inclusion of narrow emission is

only required for the case of SDSSJ1029+65 due to narrow Ha emission associated with star
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formation within 0.2” of the QSO. We place a flux limit of 3-4x107!" erg s~! cm~2 which

converts to 1-1.5x10%? erg s~!, assuming the NLR emission line has a FWHM of 80 kms™* .

2.6 Discussion

There are two explanations for the null narrow-line Ha emission detections for three
of the sources in our sample. This could be caused simply by the lack of star formation and/or
significant extinction in the host galaxy. We argue that the main reason we do not see a significant
amount of narrow Ha is likely due to the lack of star formation rather than extinction. Multi-
wavelength observations can help estimate the amount of obscuration that is present in the galaxy
due to dust. Using available multi-wavelength data we find that our sources do not contain
sufficient amounts of dust to cause the observed Ha: limits. The QSOs in our sample are all
luminous type-1 AGN representing some of the most powerful QSOs at z~ 2. As we will
argue in the following sections, even a small dust correction to these systems will increase the
bolometric luminosities of our objects above the observed values at this redshift. This indicates
that the majority of QSOs in our sample are hosted inside galaxies that are either transitioning

from star forming to quenched galaxies or already reside in quiescent galaxies.

2.6.1 SDSSJ1029+6510

The host galaxy of this object shows compact vigorous star formation within 2 kpc from
the QSO. The rest of the galaxy seems to show no narrow Ha which we attribute to low star

formation rates. SDSSJ1029+6510 is the second most powerful QSO in our sample with a
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bolometric luminosity of 1.394-0.06 x 10*erg s~!(Table-2.1), in addition to the second longest
observation time in our sample. Note that some of the emission in individual spaxels of region
B are at the 30 level, near the limit of our observations. The ratio of log([N1I]/Ha) < —1.5 is
located in the Hil star formation portion of the diagram (Figure 2.5) for region B making it a

L This indicates

strong candidate for star formation with a formation rate of 67.4+5.7Mg yr~
rapid star formation within 2kpc of the QSO.

For region C, a ratio of 0.5740.3 for log([NI11]/Ha) puts this source partly in the AGN
ionization region of the diagram (Figure 2.5), and detection of [NII] emission with higher signal
to noise than Ha suggests this emission is due to the AGN. Lastly for region A, the measured
ratio of log([NI1]/Ha))=—0.6 places it partially inside the star-formation region on the diagram.

This source has a lack of extended star-forming regions, with 90% of the star formation
activity within 2 kpc from the QSO. This is in stark contrast to other resolved host galaxies
in Inskip et al. 2011, Cano-Diaz et al. 2012 and Alexander et al. 2010, which have extended
star forming regions over several kiloparsecs with star formation rates of ~100 Mg, yr=! . Our

limiting flux simulations indicate that we should detect star formation rates as low as 1.4 M, yr—!

1 em~2, at separations >0.2" from the QSO.

or down to a flux level of 0.6-0.8x10 '7erg s~
Instead, we detect two "streams" (region B at SNR>3) of narrow Ha and nothing else significant
around it (regions A and C are ~ 30). This indicates that the surrounding (>2 kpc) regions have
narrow Ha flux that is below the sensitivity of the instrument.

Dust can cause extinction of Ha flux by re-radiating it at longer wavelength. QSOs

in early stages of evolution are thought to be heavily obscured. After the AGN inputs en-

ergy/momentum during the “blow out" phase, gas and dust can get pushed out allowing the
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AGN & galaxy to be detected in the optical, which otherwise would be obscured. Observations
at other wavelengths can provide clues about the level of obscuration. A strong detection in the
far-IR can indicate dust heating due to UV radiation from recent birth of massive stars. This
would indicate that some portion of the UV radiation is absorbed (suppressed) and re-emitted at
longer wavelength. QSOs that show reddening in their rest-frame UV spectra are good candi-
dates for systems with a considerable level of obscuration, including a number of systems with
indicators of outflows through blue shifted broad absorption lines in their rest-frame UV spectra,
or broad blue-shifted components in the 500.7nm [OIII] emission line, indicating that some of
these systems might be in the “blow-out" stage (Farrah et al. 2012; Urrutia et al. 2012).

For the case of SDSSJ1029+6510 we are able to put some constraints on the level of ob-
scuration from both far-IR photometry and rest-frame UV-spectrum. This QSO was observed as
part of a program with the Herschel space telescope to target some of the brightest optical QSOs
with the SPIRE instrument. Examining the archival data we find that at the optical position of
the QSO nothing is detected above 3¢ level in the 250 pm, 350m, and 500m bands. The flux
density limits are (~10mly, see Table 2.3), indicating that this QSO’s host galaxy is not in a
star-burst phase (L;. < 10'3L,). The rest frame UV spectrum obtained from SDSS shows (Fig-
ure 2.1) a continuum slope typical of a type 1 un-obscured QSO (steep blue continuum ), and
a bolometric luminosity of 1.39x10%"erg s~! (Table-2.4), which is about an order of magnitude
above the average QSO bolometric luminosity. Any correction for dust will start pushing the
bolometric luminosity beyond the typical value for bright QSOs at z~ 2 (~ 10*%erg s™!). As-
suming we need to correct an order of magnitude of flux at rest frame wavelength of 1450A due

to dust we would only push the limiting star formation rate to 0.7 M, yr—! kpc~2 (using a Small
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Magellanic cloud extinction curve from Gordon et al. 2003), not sufficient to explain the lack of
Ha flux. We therefore favor the low star formation rate model as the main explanation for the

observed Ha flux in the case of SDSSJ1029+6510 at separations greater than 2 kpc.

2.6.2 SDSSJ0925+0655

The extended Hoe emission surrounding SDSSJ0925+0655 is a strong candidate for ac-
tive star formation. The ratio of log([NI1]/Ha) for region A is within the star formation region
on the diagram (Figure 2.5) while our limits on regions B and C place them near the ambiguous
regions between star formation and AGN. The total flux from all these implies an integrated star
formation rate of 294-2.4 M, yr~! . The detected narrow Ha emission regions are compact
(~2kpc) and we only detect narrow Ha in these three regions. In other regions of the data
cube we are able to reach a sensitivity limit of 0.8x10~!7erg s~! or a star formation rate of 1.4

Mg yrt

at separations > 0.2” from the QSO. All of the detected regions are at separations >
0.5” (4 kpc). This implies the narrow Ha flux sits below the sensitivity of the detector at sepa-
rations between 1.4 to 4 kpc. We propose that the primary reason for lack of Ho flux is either
from star formation halting, or from obscuration due to dust in the host galaxy (as introduced
in the §2.6.1). The bolometric luminosity (5.9x10%*erg s~!) of this QSO as calculated from
the 1450A continuum is about an order of magnitude below the average value of a QSO at this
redshift, due to the continuum being heavily reddened. However the broad Ha: emission of this
source agrees with the rest of the objects in our sample (similar equivalent width and luminosity,
see Table 2.4) that do not show any signs of reddening in their rest-frame UV spectra (see Figure

047

2.1 and Table 2.5). The average bolometric luminosities of our sample is 1.24 x 10*7erg s~ !(see

64



Table 2.4). The agreement between broad line Ha properties (velocity dispersion & intensity)
hints that the bolometric luminosity should be consistent with other members of our sample. As
found in Fynbo et al. 2013 most reddened QSOs are red due to dust in their host galaxies rather
than the inter-galactic medium or dust inside the Milky Way. For this source we estimate the
amount of reddening by invoking the condition that the bolometric luminosity should be at the
average value for a QSO with such a strong broad Hor emission (at least ~ 3 x 10%%erg s71). This
implies that the flux at 1450A needs to be boosted by 10%%* implying that A;450 = 2.35. Using
extinction curve from Gordon et al. 2003 assuming Small Magellanic Cloud (SMC) like extinc-
tion (R,=2.74) we obtain Ay = 0.38. This implies that the flux at Ha needs to be corrected by

0915, yielding a de-reddened star formation rate limit of 0.45 M, yr—! kpc™2, and the

at least 1
combined de-reddened star formation rate on A, B, and C of 41 M, yr—! . This implies that dust
attenuation only removes 0.1 M, yr—! kpc=2 if we only correct the bolometric luminosity such
that it sits at the average. Overall this level of dust obscuration is not enough to be the primary
reason for low Ha flux.

Even assuming an extreme case where the bolometric luminosity is near the maximum
value for a type-1 QSO at z~2 (~ 10*®) would only imply a limit of 0.9M, yr—! kpc=2. This
could imply that there is a low star formation rate in the host galaxy, where the star formation
has been nearly shut off within 0.2”—0.5"(1.4-4 kpc) from the QSO. These distant regions (A,
B and C) are still forming stars at rates that are detectable. Our observations indicate that the
host could be in a process of transitioning from a star-forming into a quiescent galaxy. However

the less unlikely possibility is that the star formation is active in a diffuse region at separations

of 1.4-4kpc rather than in the clumpy regions that we see in regions A, B, C and in other star
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forming galaxies at this redshift.

2.6.3 Comparison to other type-1 QSOs at z>1

There have been a number of multi-wavelength surveys of radio quiet type 1 QSOs at
z~?2 that have presented a range of conclusions about host galaxy star formation properties. High
redshift QSO studies have either implied high star formation rates in concurrent high-z type-I
QSOs or have argued for a lack of star formation activity. In this section we summarize and
compare surveys that share similar QSO properties to our sample (i.e., SMBH mass, bolometric
luminosity, unobscured type 1).

Herschel PACS observations of AGN and QSOs in the COSMOS extragalactic survey
indicate a correlation between their bolometric luminosity and rest-frame 60um host galaxy
emission (Rosario et al. 2013). Using the mean 60um flux (3.4x10%erg s~1) in the 10*6~47erg
s~! z=1.5-2.2 bin in Table 1 from Rosario et al. 2013 indicate that the mean star formation rate
should be of order 200 M, yr—! , using the 70um star formation rate law presented in Calzetti
et al. 2010. This is nearly an order of magnitude greater than the mean star formation rate in our
sample, as indicated by narrow Ha' emission line detection (78Mg, yr~! and 29M, yr~! ) and
limits (22M, yr~! for NIFS and 37M,, yr~! for OSIRIS, integrated over a 1”? box. See Section
2.5.3 for the discussion). The disagreement between our sample and the Herschel results could
be due to just the limited-number of sources observed (14 in Rosario et al. 2013 at a similar

0%5-°=4Terg s71) as the 5 QSOs in our sample). It is worth noting that

bolometric luminosity (1
the QSOs may be responsible for a significant portion of the total 60xm luminosity, so derived

60 pm star formation rates should be considered as upper limits.
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HST observations of radio quiet QSOs at z~2 in Floyd et al. 2013 indicate an average
star formation rate of 100M, yr—! derived from rest-frame UV emission originating from the
host galaxy. In their study they use both stellar and artificial PSFs to remove the bright QSO.
The number of QSOs in our sample is similar to Floyd et al. 2013, which are type-1 and radio
quiet. The star formation rate differences between our sample and Floyd et al. 2013 could be
due to strong QSO contamination from residual emission from their PSF subtraction, or that star
formation in our hosts are quite diffuse.

In contrast, studies such as Villforth et al. 2008 and Kotilainen et al. 2009 find quies-
cent galaxies that host radio quiet high-z QSOs. These observations are from seeing-limited
(0.4-0.5") near-infrared imaging and are limited to disentangling the host galaxy at close an-
gular scales (< 4 kpc). SDSSJ0925+0655 and SDSSJ0850+5843 share similar rest frame UV
photometry to their samples, however the other half of the QSOs in our study are 1 to 1.5 magni-
tudes brighter. Including our results with these two other papers only yields a total of 15 high-z
QSO that are observed to reside in “quiescent" z~?2 galaxies in current literature.

At even higher redshifts, recent ALMA observations of z~6 QSOs (Wang et al., 2013;
Willott et al., 2013) using the 158m [CII] emission line reveals a detection in nearly 90% of
the sources observed. The targets in their samples have similar properties to ours (i.e., BH
mass, bolometric luminosities & Eddington ratios). In Willott et al. 2013 they reach a star

formation limit of 40 M, yr—*

assuming the [CII] emission emanates solely from star formation.
Yet sources in Wang et al. 2013 reach star formation rates as high as 1000 M, yr—! , which

implies that sources with detected [CII] have extreme star formation rates in comparison to our

detections and sensitivity limits at z=2. These z~6 sources are all near the peak of their starburst
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phase, assuming that most of the [CII] emission originates from star formation and not the QSO.
According to present day M;cijar buige-Man, relation and theoretical work (e.g., Somerville et al.
2008) there is an expectation of simultaneous SMBH and galaxy growth, presumably via mergers
at these high (> 1 x 10%%erg s—* cm™?2) bolometric luminosities (Treister et al. 2012). In contrast,
our observations show star formation rates that are well below this expected initial burst and
below the typical star-forming galaxies at z~2 (Erb et al., 2006b; Forster Schreiber et al., 2009;
Steidel et al., 2014).

The essential difference and advantage of our study compared to previous studies, is that
our detection and limits of star formation rates can be made at differing spatial and velocity
locations away from the QSO. In contrast, the majority of all studies we have discussed have
integrated star formation rate limits over a large range of PSF and beam sizes. Based on our
detection limits, it is clear that we do not detect the clumpy (1 kpc?), strong star formation
regions (up to ~10 Mg, yr—! kpc™?) in current IFS observed z~2 star forming galaxies (Forster
Schreiber et al., 2009; Law et al., 2009; Genzel et al., 2011; Law et al., 2012). If there is
underlying star formation undetected in these host systems, then the surface brightness profiles
of the star formation has to be diffuse and integrated across a large area of the galaxy. If our
limits are to match previous inferred star formation rates of z~2 QSO hosts, then it would need
to be diffuse with significant extinction.

The sample selection in our pilot survey is albeit random, since we were selecting based
on achieving the best AO performance for PSF subtraction, therefore it is interesting that we
would happen to select 3/5 type-I QSOs that are quiescent. The majority of our sample is sim-

ilar to only a small number of observations of high-z QSO hosts residing in quiescent galaxies,
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and are in disagreement with other work that indicate simultaneous high star formation rates
and AGN activity. QSO duty cycles are still poorly understood, however it does seem to appear
that in a number of cases the QSO can still be active while star formation in the host has been
effectively turned off. These results agree well with AGN feedback models that require that the
feedback mechanism only carry a small portion of the total bolometric luminosity of the QSO
(5-10%) to effectively turn off star formation (Hopkins and Elvis, 2010b). On the other hand
this also agrees with non-causal evolution of SMBH and their host galaxies (Jahnke and Maccio
2011; Peng 2007), where the growth of the SMBH and star formation are unrelated and AGN
feedback is not the main constituent in formation of local scaling relations, possibly because
AGN and star formation activity happen on different time scales. Our study, Kotilainen et al.
2009 and Villforth et al. 2008 are consistent with star formation time scales being significantly
shorter than that of the QSO. There are likely numerous high angular resolution observations
from HST and ground-based observations that have had null detections of high-redshift QSO
host galaxies, that would benefit being released to the community to improve these global statis-
tics. Interestingly, this means there is likely a social selection bias of high-z QSO host galaxies,
where authors typically only publish detections (hence QSO hosts with higher star formation
properties) rather than their null detections. In any case, it is obvious that there are a large
number of selection effects that need to be taken account, but clearly a larger sample of high-
redshift QSOs would greatly benefit from IFS+AQO observations and aid in our understanding of

the demographics of high-z QSO host galaxies.
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2.7 Conclusions

We have presented LGS-AO assisted integral field spectroscopy observations of five z
=2 QSOs targeted at resolving Ha nebular emission lines from their host galaxies. Using the
broad emission line region of the QSO we were able to construct a PSF to remove the QSO
continuum and emission to achieve the necessary contrast to detect Ho and [NII] host galaxy

emission (see §2.4).

e For two out of five sources (SDSSJ1029+6510 & SDSSJ0925+0655) we are able to resolve

extended narrow line emission surrounding the QSO.

e In SDSSJ1029+6510 we detect narrow Ha (regions A and B) that likely originates from
star formation at close separations (2 - 4 kpc) from the QSO. If we assume the Ha flux
is from star formation the integrated star formation rate from region A and B is 78.446.2

Mg yr=t (110 M, yr~! with dust correction).

e For SDSSJ0925+06 we detect three distinct star forming regions that are separated from
the QSO by ~ 4 kpc. The upper limit star formation rate for all three regions combined is

29.04:2.4 M, yr— ! (40.7 Mg, yr—! with dust corrections).

e Careful examination of the other three sources in our sample do not detect any narrow Ho
emission post PSF subtraction, even in the cases of SDSSJ1005+4356 & SDSSJ2123-0050

for which we spent the most integration time per source.

e We ran a Monte Carlo simulation on our data by inserting extended narrow Ha at various

separations from the QSO with varying Ha fluxes (star formation rates). We find that we

70



can detect star formation rates down to 1.4 M yr~! (see §2.5.3) as close as 0.2” from the
QSO. Incorporating dust obscuration this value can vary from 2.6Mg, yr~ ' -9OM yr~! (see
§2.6.1 & §2.6.2) depending on the value of Ay,. At the 9M, yr~! limit, after correcting
the SDSS spectra for dust reddening we are pushing the bolometric luminosities for some
of our sources past the typical values for type 1 QSOs at this redshift. Even with a star

formation rate of 9 M, yr—?

it would be difficult to explain the missing narrow Ha to be
due to dust obscuration inside the host galaxy. Hence for these sources low star formation

rate is the likely reason for lack of narrow Ha originating from the host galaxy.

Four sources show low star formation rates at close angular separation of the QSO, with

no dereddened star formation > 9 M., yr—* within 2 to 4 kpc of the QSO.

We do not detect any strong evidence for NLR emission (region C of SDSSJ1029+6510
is only 2.10) in any of our sources. We place a luminosity limit of 1-1.5x10*%erg s~!

cm~2 on an emission line originating from the QSO’s NLR.

Compared to other z=2 QSO host galaxy surveys our sample is unique by having little-to-
no star formation in high redshift type-I QSOs. This is in agreement with a large fraction
of nearby (z < 0.5) QSO host galaxies being quiescent. Yet at comparable and higher
redshifts to our sample the majority of surveys have found simultaneous star formation
activity with QSO activity. Clearly a larger z=1-3 QSO IFS+AO sample will be critical in

developing a more coherent picture of QSO host galaxies during this important epoch.
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Chapter 3

Galactic-Scale Feedback Observed in the

3C 298 Quasar Host Galaxy

3.1 Abstract

We present high angular resolution multi-wavelength data of the 3C 298 radio-loud
quasar host galaxy (z=1.439) taken using the W.M. Keck Observatory OSIRIS integral field spec-
trograph (IFS) with adaptive optics, Atacama Large Millimeter/submillimeter Array (ALMA),
Hubble Space Telescope (HST) WFC3, and the Very Large Array (VLA). Extended emission is
detected in the rest-frame optical nebular emission lines HG, [O111] , Ha , [NI1] , and [SII], as
well as molecular lines CO (J=3-2) and (J=5-4). Along the path of 3C 298’s relativistic jets we

1

detect conical outflows in ionized gas emission with velocities up to 1700 kms™" and outflow

rate of 450-1500 M, yr—! extended over 12 kpc. Near the spatial center of the conical outflow,

1

CO (J=3-2) emission shows a molecular gas disc with a rotational velocity of £150kms™" and
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total molecular mass (My,) of 6.64-0.36 x 10° Mg . On the molecular disc’s blueshifted side
we observe broad extended emission due to a molecular outflow with a rate of 2300 M, yr!
and depletion time scale of 3 Myr. We detect no narrow Ha emission in the outflow regions,
suggesting a limit on star formation of 0.3 M, yr~! kpc~2. Quasar driven winds are evacuating

the molecular gas reservoir thereby directly impacting star formation in the host galaxy. The

observed mass of the supermassive black hole is 10?*7~9%¢ M, and we determine a dynam-

ical bulge mass of Mpyge = 1'1'7X10101.£pc Mg . The bulge mass of 3C 298 resides 2-2.5
orders of magnitude below the expected value from the local galactic bulge - supermassive black
hole mass (Mpuge — Mg ) relationship. A second galactic disc observed in nebular emission is
offset from the quasar by 9 kpc suggesting the system is an intermediate stage merger. These
results show that galactic scale negative feedback is occurring early in the merger phase of 3C

298, well before the coalescence of the galactic nuclei and assembly on the local My,15c — Mph

relationship.

3.2 Introduction

Quasars are the most luminous active galactic nuclei (AGN), whose supermassive black
holes (SMBHs) are often fueled by large galaxy mergers (Treister et al., 2012). AGN accretion
discs are thought to drive energetic winds (Murray et al., 1995) and/or relativistic jets that sup-
press star formation (Hopkins and Elvis, 2010a; Zubovas and King, 2014; Costa et al., 2015),
thereby impacting galactic structure and evolution. This is one of the leading theoretical (D1 Mat-

teo et al., 2005; Faucher-Giguere et al., 2012; Barai et al., 2017; Anglés-Alcazar et al., 2017b)
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pictures used to explain correlations between SMBH masses and galactic stellar masses (Magor-
rian et al., 1998; Gebhardt et al., 2000; Ferrarese and Merritt, 2000; Kormendy and Ho, 2013)
and luminosity function of local massive galaxies (Benson et al., 2003). The sphere of influence
of SMBHs, inside of which their gravity dominates that of the stars, gas, and dark matter, range
from a few 10s to 100 pc, while the local scaling relations of Myy,e — Mgy apply on stellar
bulge scales, i.e., several kpc. The SMBH energy output can be orders of magnitude higher than
the binding energy of galactic bulges; therefore energy injected by active SMBHs into the inter-
stellar medium (ISM) could be efficient at impacting the stellar mass history of its host galaxy.
Since the bulk of stellar mass is formed at high-redshift (z> 1) (Gallazzi et al., 2008), it is crit-
ical to study the effects of AGN activity during the assembly periods of their host galaxies at
high-redshift.

Observational studies have found that nearby quasars and ULIRGs (Ultra-Luminous In-
frared Galaxies) show evidence of large scale ionized (Greene et al., 2012; Rupke and Veilleux,
2011; Liu et al., 2013a; Harrison et al., 2014) and molecular outflows (e.g., Cicone et al. 2014;
Sun et al. 2014; Stone et al. 2016; Veilleux et al. 2017) allowing for detailed studies of feedback
physics. However the computed outflow rates in nearby systems are not sufficient to impact the
stellar mass assembly history since these galaxies have already done the bulk of their growth. In
contrast, there is minimal observational evidence for AGN activity directly affecting star forma-
tion at the peak epoch (1<z<3) of galaxy formation and black hole accretion (Delvecchio et al.,
2014; Madau and Dickinson, 2014). Recent studies of distant quasars and radio-loud galaxies
have shown evidence of large scale (5-20 kpc) outflows driven by AGN activity that theoretically

should be powerful enough to quench star formation (Nesvadba et al., 2008; Steinbring, 2011;
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Cano-Diaz et al., 2012; Harrison et al., 2012; Brusa et al., 2016; Carniani et al., 2015). Although
it has still remained challenging to directly associate large scale outflows with the suppression
of star formation of AGN host galaxies (Cano-Diaz et al., 2012; Cresci et al., 2015; Carniani
et al., 2016). These studies have provided intriguing clues as to the nature of quasar feedback.
Yet compared to nearby quasars there is little known about z > 1 host galaxies (i.e., stellar mass,
dynamics, and morphologies) and the true effects of feedback on host galaxy star formation. A
key missing result is one that connects quasar and jet driven outflows with the observed galactic
scale winds, star formation activity, and molecular gas properties.

Quasars outshine their host galaxies by an order of magnitude or more, making it obser-
vationally challenging to detect and study their faint underlying galaxies (Lehnert et al., 1999;
Hutchings et al., 2002; Jahnke et al., 2004a; Falomo et al., 2005; Floyd et al., 2013; Glikman
et al., 2015). The sizes of distant (z > 1; look-back time of 9.25 Gyr) galaxies are small (~ 1”),
roughly the same angular size as ground-based “seeing" and space-based instrument resolution
and contrast sensitivity. The combination of near-infrared integral field spectroscopy (IFS) with
laser-guide star adaptive optics (LGS-AQO) allows for the effective separation of quasar emission
from the host galaxy. This is achieved by using a pristine point spread function (PSF) generated
by the quasar broad-line and continuum emission from the IFS data cube (Inskip et al., 2011;
Vayner et al., 2016).

We have started the QUART (Quasar hosts Unveiled by high Angular Resolution Tech-
niques) survey of high-redshift (1.3<z<2.6) quasars using W.M Keck Observatory laser guide
star adaptive optics (LGS-AQO) observations to resolve and study quasar host galaxy properties

with a rich multi-wavelength data sets. Herein we present the first paper of this survey on the
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individual z=1.439 (look-back time 9.3 Gyr) radio loud quasar 3C 298. We combine high spatial
resolution observations to reveal the complex morphology, dynamics, and energetics of the 3C
298 host galaxy. Using OSIRIS and Keck LGS-AO, we are able to map the kinematics and inten-
sity of galactic nebular emission lines HS, [O111] , Ha , [N11] and [SII] at~1.4 kiloparsec (kpc)
resolution. We present the multi-wavelength data sets in §3.3 and describe the data reduction
and analysis techniques for each instrument in §3.4. We discuss the dynamics and energetics of
ionized and molecular gas in §3.5, and in §3.6 we discuss our results and overall interpretation.
We suggest the reader refers to Figure 3.11 while reading the manuscript, which summarizes the
observed structure and properties of the 3C 298 host galaxy. Throughout the paper we assume
a A-dominated cosmology (Planck Collaboration et al., 2014) with €2,,=0.308, £2,=0.692, and

H,=67.8 kms~! Mpc!

3.3 Observations

We present new observations of 3C 298 using Keck OSIRIS AO and ALMA band 4 and
6. These observations are coupled with archival Hubble Space Telescope (HST) WFC3 and Very

Large Array (VLA) imaging data.

3.3.1 Keck: OSIRIS

Observations were taken using the integral field spectrograph OSIRIS (Larkin et al.,
2006) with the upgraded grating (Mieda et al., 2014) behind the laser guide star adaptive optics

(LGS-AO) system at W.M. Keck Observatory on May 19 and 20, 2014 (UT). The quasar was
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used for tip/tilt correction while the laser tuned to 589.2 nm created an artificial star on-axis for
higher order corrections. We used the Hn3 (May 19) and Jnl (May 20) filters with a plate scale
of 100 milli-arcseconds (mas) per lenslet with a position-angle of 103°. In these modes OSIRIS
has a field of view of 3.2 x6.4”in Jnl and 4.8” x6.4”in Hn3. We took four 600s exposures on-
source in each filter, plus an additional 600s pure-sky frame. Each night immediately after the
quasar observations we observed the standard star HD136754 for telluric and flux calibrations.

Both nights were photometric with near-infrared seeing of 0.4-0.5".

3.3.2 ALMA:Band 4 and 6

Early ALMA science (cycle 2, 3) band 4 and 6 observations (2013.1.01359.8S,
2015.1.01090.S, PI: Vayner) were aimed at observing the rotational molecular transition of CO
J=3-2 and J=5-4 in emission to map the distribution and kinematics of the molecular gas in 3C
298. One 1.8745 GHz spectral window was centered on CO (J=3-2) (141.87 GHz) and CO (J=5-
4) (236.43 GHz) while three additional spectral windows set up to map the continuum in each
band. The effective velocity bandwidth per spectral window was approximately 4,000 kms~?
for band 4 and 2,400 kms~! for band 6. Observations were taken in an extended configuration
with an approximate angular resolution of ~0.4” and ~ 0.3"” for band 4 and 6, respectively. In

Table 3.1 we summarize the observational setup for each band.
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3.4 Data reduction and Analysis

3.4.1 OSIRIS: Data reduction

The data was reduced with the OSIRIS data reduction pipeline version 3.2, which per-
forms standard near-infrared IFS reduction procedures: dark subtraction; adjust channel levels;
remove crosstalk; glitch identification; clean cosmic rays; extract spectra; assemble data cube;
and correct dispersion. We used the scaled sky subtraction routine for the Jnl data cubes, which
uses families of atmospheric OH-emission lines between multiple frames for a cleaner subtrac-
tion. For Hn3 data we used our own custom sky subtraction routine that scales only the nearest
three OH lines in proximity to the quasar Hoa emission line. This produced better residuals com-
pared to the pipeline’s scaled sky routine in Hn3. Inspection of individual spaxels in the scaled
sky subtracted data cubes still revealed strong OH-sky line residuals, typically over 2-3 spectral
pixels in the wings of the Ha emission line. These spectral pixels were linearly interpolated
using the slope from the neighboring two pixels around the strong residuals. The telluric spec-
trum of the calibration star was extracted over the seeing halo and had its continuum divided
by a 9400K blackbody function with its hydrogen absorption lines removed. The 1D telluric
spectrum was normalized and divided into the quasar data cubes. Individual data cubes were
then shifted to a common position and combined using a 3o clipping algorithm, which is part of
the OSIRIS data reduction pipeline. Finally we applied flux calibration to all quasar data cube
by using the telluric corrected standard star spectrum and scaling the DN/s/channel to match the

expected Jn1 and Hn3 band flux (erg/s/cm?).
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3.4.2 OSIRIS: PSF construction and subtraction

Both the quasar broad line emission (H5 and Ha ) and quasar continuum originate from
gas on parsec scales from the SMBH, and are therefore spatially unresolved in our OSIRIS
observations. Wavelength channels of the broad line emission and/or continuum can be used to
construct a pristine quasar image that can then be used for PSF subtraction in the reduced data
cube. In Vayner et al. (2016) we discuss in greater detail our PSF subtraction routine and its
performance on a set of luminous type-1 radio quiet quasars at z~2. In brief, we used broad
emission line/continuum channels that should not overlap with the host galaxy emission with
spectral channels offset by 5,000-10,000 kms~! from the quasar redshift. We carefully select
spectral channels that do not coincide with OH-emission lines or regions of low transparency
in the near-infrared. PSFs are generated by combining individual data channels and are scaled
to the peak pixel values. This empirical PSF is then subtracted from the entire data cube while
re-scaling to the peak pixel value of the quasar emission per wavelength channel.

After data reduction, the 100 mas mode in OSIRIS suffers from flux mis-assignment
between adjacent spaxels given its enlarged pupil size in the instrument. The reductions still
conserve the integrated flux of the source, but neighboring pixels can receive a ~10% mis-
assignment of flux. This effect is seen in bright stars (H < 16 mag) with excellent AO correc-
tion, where flux is mis-assigned from the bright central spaxel to the row above and below the
centroid position of the point source. This effect can be easily identified by evidence of spaxels
with an inaccurate spectral shape. Our PSF subtraction routine removes a significant portion

of flux from the PSF in these spaxels but they generally have stronger post-PSF subtraction

81



residuals. We masked the affected spaxles with background flux values calculated by taking a
standard deviation in a 1”x1”sky region. We fit a 2D Gaussian to the PSF image and measure
a full-width half-maximum (FWHM) of 0.127”and 0.113”in Hn3 and Jnl, respectively. After
PSF subtraction of the quasar data cubes, we smooth the Hn3 and Jnl data sets to a common
resolution with a beam FWHM of 0.2” to improve the signal-to-noise (SNR) in the diffuse parts

of the host galaxy.

3.4.3 OSIRIS: Kinematics

In this section we investigate the kinematics properties of nebular emission lines in the
host galaxy of 3C 298. We inspect all individual spectra that overlap between the two observing
modes (Jnl and Hn3), which amounts to approximately 2,640 spectra. An emission line is
identified to be real if the peak intensity is at least 3x greater than the noise per wavelength
channel, and the emission line dispersion is larger than the instrumental resolution (0.206 nm for
Hn3 and 0.174 nm for Jnl).

A single Gaussian profile provides a good fit to the 486.1 nm H/ emission line that is
redshifted into Jnl at an observed wavelength of 1186 nm. The 495.9, 500.7 nm [O111] lines
are redshifted into Jn1 band at an observed wavelength of 1210 and 1221 nm. The 495.9, 500.7
nm [OI111] lines are fit simultaneously, each with a single Gaussian profile. The position and
width of the 495.9 nm line are held fixed to the redshift and width of 500.7 nm line at each
spaxel. The line ratio between the [OI11] lines are held fixed at 1:2.98 (Storey and Zeippen,
2000). The 495.9, 500.7 [O111] lines in several spaxels in the north-west and south-east regions

require two Gaussian profiles for a good fit. The [NII] 654.9, 658.5 nm, Ha 656.3 nm, and
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[SII] 671.7 673.1 nm are redshifted into the Hn3 filter. Spaxels with detected Ha and both [NI1]
emission lines are fit together with three Gaussian profiles. The position and width of the [NII]
lines are fixed to the Ha redshift and width, with a flux ratio between [NI1] 654.9, 658.5 nm of
1:2.95. Generally a single Gaussian profile fit to Ho and each [NI1] line provide a satisfactory fit
(x% ~ 1—2), with the exception of several spaxels in the south-east region, where an additional
broad Ha component is necessary. The Ha , HS and [O111] broad-line components have similar
velocity dispersions and offsets. The lower SNR of the [SII] doublet make it challenging to fit
a single Gaussian profile to each emission line, therefore each spaxel where [SII] is detected we
fit a single Gaussian profile to the combined signal. Regions where no [N11] or [SII] lines are
detected have only a single Gaussian fit to Ha . Limits on [N1I] and [SII] lines are derived by
inserting a Gaussian profile with the same width as Ha at the expected location of the emission
line based on Ha ’s redshift, with a peak flux 2x greater than the standard deviation of the noise.
Similarly to a real detection we integrate the inserted emission line to obtain a limit.

To construct 2D flux maps we integrate each emission line from —30 to +30, where o
is derived from the line fit. Error on the line flux is calculated by taking a standard deviation
of every 3 spectral channels and summing in quadrature over the same spectral region where
the nebular emission line is integrated. Velocity maps for each emission line are relative to the
redshift of the quasar’s broad line region, which is calculated by fitting a single Gaussian profile
to the broad Hf line constructed by spatially integrating the cube over the seeing halo before PSF
subtraction. The velocity dispersion map has the instrumental PSF subtracted out in quadrature
using the width of OH emission sky lines. Errors on velocity offsets and dispersions are based

on lo errors associated with the least squares fit.
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Figure 3.1 OSIRIS observations of 3C 298 nebular emission line intensities and [O111] kinematic
maps. (a) Three colour intensity map of nebular emission lines: Ha (red), [OI111] (green), and
[SII](blue). FWHM of the OSIRIS beam is shown as a white circle on the bottom left. (b) Radial
velocity offset (kms™! ) of the [O111] line relative to the redshift of the quasar. The white star
shows the location of the subtracted luminous quasar. (c) Velocity dispersion (kms~! ) map of
[O111] emission. The black contours are 8485.100 MHz VLA observations of radio synchrotron
emission from the quasar jet and lobes. The largest velocity offset and dispersion corresponds to
the location of jet and lobes. This spatial correspondence provides evidence of a quasar driven
outflow in the ionized ISM with an ionized outflow rate of 450-1500 M, yr—* .

In Figure 3.1 we show the line integrated emission of Ha , [O111] and [SII] in a three
colour image composite alongside the [O111] radial velocity and dispersion maps of 3C 298. A
distinct extended broad velocity emission region is co-spatial with radio synchrotron emission
emanating from extended jet/lobes. The radio VLA observations are taken from Mantovani et al.
(2013) (Project code: AJ206). We downloaded fully reduced clean map of 3C 298 at 8485.100
MHz !. The centroid of the point source with the flattest spectral slope is associated with the
optical location of the quasar. We extract the image centered on the quasar and rotate to a
position angle of 103° to match our OSIRIS observations.

We generate integrated spectra for three distinct outflow regions identified based on their

http://db.ira.inaf.it/aj206-fm/
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radial velocity (400 km/s) and dispersion (V, >500kms~! ), see Figure 3.1. For the purposes
of the figure, the north-western outflow will be identified as the redshifted outflow or “Outflow-
R", and the north-eastern outflow will be identified as the blueshifted outflow or “Outflow-B",
and the third outflow in the south-eastern direction will be identified as “AGN-Outflow". We
believe AGN-outflow belongs to a secondary nucleus in the 3C 298 system due to its isolated
nature, and since the ionized emission does not extend from the quasar and does not coincide
with the quasar jet/lobes. The AGN-outflow is in close proximity to the dynamical center of a
rotating disc in the 3C 298 system that belongs to a second merging galaxy (see section 3.4.5 for
further discussion). Each spectra are then fit with multiple Gaussian profiles. Outflow-R is best
fit with a combination of two relatively broad (V, ~500 km/s) Gaussian profiles in both [OI111]
lines, Ha , and [N11] , which we interpret as a signature of outflowing gas along the line of sight.
The 500.7 nm [O111] line requires an additional relatively narrow (V, ~ 80 km/s) component for
a good fit that has no counterpart in Hae , [NII] , or [SII]. A faint HS line is detected, and is fit
with a single Gaussian component that potentially matches the broad components of [O111] and
Ha . See the top row of Figure 3.2 for the integrated spectrum in J and H band along with the
fit. Components A (green curve) and B (red curve) are the broad lines, while component C (blue
curve) is the narrow line found only in [O111] . The white contour in the right column shows the
region over which the data cube is spatially integrated. The spectrum of the blueshifted outflow
(Outflow-B) region is best fit with a single broad Gaussian component in Hj3, [O111] , Ha and
[N11] ; second row of Figure 3.2 shows the spectra along with the fit. In the redshifted outflow
region the lines are very broad, so the [SII] doublet blends together, making it very hard to fit

the individual lines. The lines are slightly narrower in the blueshifted outflow region, and each
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emission line in [O111] and Ho require only a single Gaussian component. This made it possible
to fit the [SII] doublet using a single Gaussian profile for each emission line.

We construct a high SNR spectrum over the entire AGN-Outflow region. Ha and [O111]
are fit with two components: a broad-line blueshifted Gaussian for the outflow and a narrow
component that we interpret as part of the AGN/quasar narrow-line region. Hf, [N11] , and

[SII] are fit with a single Guassian narrow-line component.

3.4.4 OSIRIS: Nebular Emission line Diagnostics

In this section we investigate potential ionizing sources for distinct regions of the host
galaxy. Line ratio maps are constructed by taking ratios of integrated flux maps [O111] , Ho
[N11], and [SII]. The HS line is only detected in a small number of individual spaxels; sensitivity
and dust obscuration prohibits us from detecting this line over similar sized regions to other
detected nebular emission lines. We construct an H/3 map over the region where Ha is detected
by assuming case B recombination (Fyg = Fpo/2.89).

We create three line ratio maps log([O111] /Hf) , log([N11]/Ha), and log([SIT]/Ha ) . In
Figure 3.3 we plot the line ratios on a standard BPT diagram, log([O111] /H3) vs log([N11]/Hc).
Empirical (Kauffmann et al., 2003) and theoretical (Kewley et al., 2001) curves separating pho-
toionization by O-stars versus quasar ionization are shown. Generally, values that lie above these
curves represent photo-ionization by an AGN, while points below represent photoionization by
newly formed O-type stars, tracing regions of active/recent star formation. Points on the BPT
diagram are colour coded to match the line ratio map of log([O111] /H3) (middle Figure 3.3).

The 1” central region (red and orange in Figure 3.3) is mainly photoionized by the quasar in
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Figure 3.2 OSIRIS near-infrared spectra for distinct photoionized regions in the host galaxy
of 3C 298. J and H band spectra are shown in the left and middle panels, respectively, with
observed wavelengths (nm) and calibrated flux (F,). The three-colour composite image (right)
shows the regions over which the spectra were extracted. Multiple Gaussian functions are fit to
each of the emission lines: Hf3, [OIII], Ha , and [NII] in all the spectra. The green curves show
the combined fit to each spectrum, and each dotted line represents an individual component of
the fit. The redshifted outflow region is best fit with a double Gaussian component (labeled A
and B in top panel) to each nebular emission line, that suggests conical expansion of the gas
along the line-of-sight. The blueshifted outflow region is best modeled with a single Gaussian
component to each emission line. The presence of broad, blueshifted emission lines in [O111] and
Ha (labeled ‘AGN Outflow’, third panel from top), indicating outflowing gas, roughly coincident
with the dynamical center of the secondary galaxy in the merger. This outflow region is not
associated with strong star formation, based on line ratio diagnostics in Figure 3.3. The star
forming region is best fit with a single narrow Gaussian component to each emission line.
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an extended narrow line region (ENLR), as shown by very high log([O111] /HS) > 0.8 values.
658.5[N11] 1s detected over the red region in individual spaxels while over the orange region we
place a 20 flux limit. Even within the limits the orange region fall in the AGN photoionzation
portion of the BPT diagram due to very high log([O111] /H5) values. The star formation region
(blue) has low log([O111] /Hf3) <0.8 and log([N11]/Har)<0.5 values, corresponding to ionization
from newly formed stars. We generate a spectrum over the Star Formation region and easily
identify and fit a single Gaussian to [OI111] , Ha , [N1I] and a H/3 line with a SNR of 2 identified
(bottom panel of Figure 3.2).

Star forming regions are spatially offset from the large outflows, and their kinematics
and morphologies agree with a potential tidal feature induced by the merging galaxies. Outflow
regions (yellow and green) correspond to the highest log([O111] /HS) line ratios. These regions
are inconsistent with ionization by young stars, and are photoionized by quasars and shocks.
Gas in outflow regions is moving at sufficiently high velocity so the Mach number of the wind
is high and strong radiative shocks are expected. Using shock models from (Allen et al., 2008)
we find that a large portion of observed line ratios agree with shock models for gas with electron
density between 10> — 10%cm™3 and shock velocities of 1000 km/s. In Figure 3.4 we plot the
log([O111] /HB) vs log([SII]/Ha: ) values over regions where [SII] was detected in individual
spaxels. We overlay shock models on this BPT diagram, a large fraction of the nebular line
ratios in the redshifted outflow region (green) and blueshifted outflow region (yellow) are con-
sistent with these models. Dark red/blue lines in the model represent higher velocity gas and
stronger magnetic parameter (see Allen et al. (2008) for further details). Furthermore the region

photoionized by AGN shows a spatial profile that drops off as 1/R? in nebular emission, while
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Figure 3.3 Photoionization diagnostics of ionized gas in the 3C 298 system. (LEFT) The
log([O111] /HB) vs log([N11]/Ha) nebular line ratio diagram of the 3C 298 host galaxy with
empirical (Kauffmann et al., 2003) and theoretical (Kewley et al., 2001) curves that delineate the
separation between star formation and AGN. Nebular line ratios that lie above and to the right
of the curves are considered to be photoionzed by a hard radiation source such as a quasar/AGN
or shocks, and values below the curves are considered to be ionized by O-stars in HII regions.
(MIDDLE) Galaxy map coloured to match the line ratio diagnostic diagram. Red and orange
colours represent regions photoionization by the quasar and secondary AGN in an extended nar-
row line region (ENLR). Regions with upper limits on log([N11]/Hc) are labelled orange, while
red regions have directly measured 658.4nm [N11] line. The blue region shows gas whose line
ratios are consistent with ionization by young massive stars. The green region is the redshifted
outflow, and the yellow region is the blueshifted outflow. The redshifted outflow (green) shows
a blend of photoionization from the quasar and radiative shocks due to interactions of the ISM
with large scale outflows. This is further confirmed with the log([O111] /HB) vs. log([SII]/Ha
) diagnostic diagram as seen in Figure 3.4. (RIGHT) The log([O111] /Hf3) ratio map illustrating
different photoionization levels across the galaxy. The colours clearly cluster in distinct regions
in the resolved host galaxy. The beam size is given by the solid white circle. The white star
represents the location of the quasar and the red star and circle represents the location of the
dynamical center of the secondary galaxy, where a potential secondary obscured, AGN exists.
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Figure 3.4 Photoionzation diagnostics of ionized gas in the 3C 298 system. (LEFT) We show
diagram of log([O111] /HB) vs log([SIT]/Ha ) with empirical dash curve(Kauffmann et al.,
2003) that separates photoionization of star forming regions and AGN. The theoretical position
of shocked ionization is overlaid on the BPT diagram (Allen et al., 2008). Dark red/blue lines
in the model represent higher velocity gas and stronger magnetic parameter. (RIGHT) Coloured
values match the spatial regions of the host galaxy, where the green and yellow points are from
the redshifted and blueshifted outflow regions. Ionization in these outflow regions are due to
shocks moving at speeds of ~1000kms~! . The red region is consistent with values primarily
ionized by AGN.

in the region where we see powerful outflows the profile is more complex suggesting multiple
ionizing sources. Both regions show similar extinction values as we discuss below.

In order to investigate how dust can alter our photoioniziation measurements, we con-
struct a high SNR spectrum over the ENLR (red in Figure 3.3) to estimate the amount of dust
obscuration from the Ha /Hp ratio. Using the Calzetti et al. (2000) law, we find an average
A, = 0.07 over the ENLR (the red region in Figure-3.3), based on an Hoa /H ratio of 2.9. This

would on average increase the ratio of log([O111] /H3) only by a factor of 1.05 for the ENLR;
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this is not large enough to alter our results. We find that in portions of the the ENLR and red-
shifted outflow region the A, value is consistent with zero extinction in the ionized gas. Similar
results are found over the outflow regions suggesting negligible extinction in the ionized gas.
Over the star forming region (blue region in Figure-3.3) we measure an A, value of 1.2 based on
Ha /Hf3 ratio of 4.0. The observed non-detection of H/3 in individual spaxels is consistent with
the derived integrated extinction value and given the expected HZ SNR relative to [O111] and Ho

emission lines.

3.4.5 OSIRIS: Velocity field modeling

To the south-east of the quasar there is a kinematic feature resembling a rotating galactic
disc that is offset by ~ 200 kms~! from the quasar BLR, with a projected rotational velocity
of £170 kms™! . In this section we outline the modeling done on the radial velocity map of
[O111] emission to confirm the rotating disc nature of this feature. We isolate this feature for the
disc fitting, using a box size of 0.7” x1.7"centered on the gradient feature in the [O111] radial
velocity map. The boxed region is selected to not include any strong broad emission from the
conical outflow. The [O111] velocity field is modelled by fitting a two dimensional arc-tangent

disc model given by

2
V(r)= ;Vmax arctan <L>, 3.1

Tdyn

where V(r) is rotation velocity at radius r from the dynamical center, V,,,, 1s plateau velocity,

and 74y, 1s the radius at which the arc-tangent function has a turn over to a decreasing slope. The

91



measured line-of-sight velocity from our observations relates to V(r) as

V =V, +sinicos 6V (r), (3.2)

where

(sin p(xg — x)) + (cos d(yo — y))

cosf = (3.3)

Radial distance from the dynamical center to each spaxel is given by

r= \/(x—x0>2+(y‘y°)2, (3.4)

COS 7

where ¢, 1o 1s spaxel location of the dynamical center, V) is velocity offset at the dynamical
center relative to the redshift of the quasar broad line region, ¢ is position angle in spaxel space,
and ¢ is the inclination of the disc.

We fit the seven parameter velocity field model to a selected region of our observed [O111]
velocity map using a non-linear least squares routine. The selected box region tries to exclude
broad emission from the extended quasar outflow and a tidal feature that seems to show its own
distinct kinematic structure. Our best fit has a x% =0.7 with the following values: zg,yo =
-0.49”, +0.94" relative to the centroid of the quasar, V;,4,= 209+£33 kms™" , r4,, = 2.2 £0.98
kpe, 1 = 72 £4° ¢ = —109 = 6°, and Vj; = 170 &= 9 km s~ relative to the redshift of the
quasar broad line region. Figure 3.5 shows the region selected for disc fitting with the modeled

2D velocity profile and residuals between the model and observed velocities. The disc is offset
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Figure 3.5 Observed and modeled galactic rotation disc, detected in the nebular [OT111] line in the
3C 298 system. (LEFT) The entire [O111] radial velocity map with overlaid region used for the
modeled disc fit. (MIDDLE LEFT) Observed [O111] velocities with the spider diagram overlaid
from the disc model. (MIDDLE RIGHT) The best fit 2D disc model. (RIGHT) The residual
map shows the observed velocities subtracted by the disc model fit. The dynamical center is at
0,0.

from the quasar by 1.06 ” or ~ 9 kpc, which is evidence of a merging disc system in 3C 298.
We obtain a dynamical mass of 1.3 £+ 0.8 x 10'"M, within a radius of 74, = 2.2 kpc. The
dynamical center of this disc is in the vicinity of the isolated AGN outflow identified in Figure
3.2. With currently available archival Chandra ACIS observations we are unable to explore the
X-ray properties of this secondary AGN candidate. Unfortunately there is strong asymmetry
in the Chandra PSF along this position angle from the quasar. Future Chandra observations at
a specific spacecraft roll angle will allow us to search for X-ray emission from this secondary

AGN and explore the potential dual AGN nature of this system.
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3.4.6 ALMA: Data reduction

Data reduction was performed using CASA (Common Astronomy Software Applications
(McMullin et al., 2007)) version 4.4 and 4.7. At the observed frequencies, synchrotron emis-
sion from the quasar dominates over molecular CO or dust emission, and has sufficient SNR to
perform self calibrations directly on the science source. We used the CASA CLEAN function
to establish a model for the synchrotron continuum through several interactive runs with clean
masks centered on high SNR features. Cleaning is performed with Briggs weighting using a
robust value of 0.5 with a pixel scale of 0.05”. We used the gaincal function to perform phase
corrections. The self-calibrated data was then cleaned again with further phase corrections until
we did not see a significant improvement in the SNR on the continuum. The final root mean
square (rms) improved by a factor of 6-8 in the continuum images. We perform continuum sub-
traction in UV-space by fitting a first order polynomial to channels free of line emission from the
host galaxy, and subtract this fit from the rest of the channels.

Data cubes were imaged using clean with a plate scale of 0.05” per pixel, spectral channel

size of 34 kms™!

and natural weighting to improve SNR in diffuse structure of the host galaxy
at cost of angular resolution. For cycle 3 data, clean masks were placed on CO emission with
SNR>5 with the same mask applied to all channels. The resulting beam sizes and rms values
are reported in Table 3.1.

We find the cycle 2 band 4 data cube is a factor of 2 noisier due to poorer weather con-

ditions at the time of observations. Faint emission is detected with a peak SNR of 3.60 for CO

(J=3-2) emission over a number of spaxels in the east/north-east direction from the quasar. Ap-
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plying UV tapering to a resolution of 0.98" x0.8"with Briggs weighting (robust = 0.5) improves
the SNR to 5 however the line is not spatially resolved. Therefore for the analysis of CO (J=3-2)
we defer to cycle 3 data taken under superior weather conditions.

We align the ALMA and OSIRIS data cubes by matching the position of the optical
quasar emission to the unresolved quasar synchrotron emission centroid in the continuum map.
The centroid of the quasar matches the location of the unresolved point source with the flattest
spectra seen using high resolution cm observation of 3C 298 with MERLIN (component B1/B2
in (Fanti et al., 2002)). This location is typically associated with the quasar core. Finally, we

rotate the ALMA data cube to a position angle of 103° to match the OSIRIS observations.

3.4.7 ALMA: Analysis

In this section we describe the analysis of resolved CO (3-2) and (5-4) 3D spectroscopy.
Initial inspection revealed high SNR > 5 detection of CO (J=3-2) and (J=5-4) emission. We
extracted spectra over the beam size centered on the detected regions. We then collapsed the
data cube over spectral channels where the CO features are detected, and constructed SNR maps
by dividing the integrated emission by the standard deviation computed in an empty sky region.
Spaxels that showed an emission line with a SNR > 3 are fit with a Gaussian profile. We
constructed a flux map by integrating over the line (—30 to +30). We created a velocity map
by computing the Doppler shift of the emission line centroid relative to the redshift (z=1.439)
of the broad line region (calculated from H/3), and generated a velocity dispersion map from the

Gaussian fit. Figure 3.6 shows the CO emission, radial velocity, and dispersion maps.
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Figure 3.6 ALMA band 4 and 6 CO (J=3-2) and (J=5-4) observations of 3C 298. (LEFT)
Integrated emission shown in red for CO (3-2) and teal for CO (5-4) with white contours repre-
senting the lowest surface brightness of the integrated Ha map. (MIDDLE) Radial velocity map
(kms~!) for CO (3-2) data relative to the redshift of the quasar. (RIGHT) Radial velocity dis-
persion map (kms~! ) of CO (3-2) emission. We find that majority of the molecular gas resides
in a disc centered on the quasar and in a molecular clump 16 kpc away from the quasar where
active star formation is present as indicated by the log([O111] /H3) and log([N11]/Hc) line ratios
(blue region in Figure 3.3). The synthesized beam is shown in the lower left corner. White star
marks the location of the quasar

Molecular gas velocity field modeling

In this section we outline modeling performed on the CO (3-2) radial velocity map to
derive a dynamical mass for the inner ~2 kpc of the host galaxy. We find the majority of the
CO emission to be concentrated at the spatial location of the quasar and with a secondary peak
offset by 16 kpc spatially coincident with the recent star formation from OSIRIS BPT analysis
(see Figure 3.3 and section 3.4.4). CO (3-2) emission concentrated on the quasar shows a dis-
tinct velocity gradient resembling a rotating disc, with an extent of about 0.8” with a velocity
difference of 150 kms~! . Similar to section 3.4.5 we model the molecular disc with a hyper-
bolic arctangent function and derive the following properties about the disc: x% =0.6: xo, yo =
0.05”, 0.0” relative to the centroid of the quasar, V.= 392465 kms™ , 74, = 2.1 £0.9 kpc,

i =5437+£64° ¢ =53+£1.28°, and V;, = —13.0 & 3.15kms~! . Fit of the disc along with
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Figure 3.7 (TOP LEFT) Velocity field modeling of the molecular disc. CO (3-2) radial velocity
map with a box highlighting the location of the molecular disc. (MIDDLE LEFT) Boxed region
with spider diagram of the disc model. (MIDDLE RIGHT) The best fit rotating disc model.
(RIGHT) The residuals between the observed velocity and model fit. The quasar is located at
0,0. The fitting was done on data at the ALMA observation position angle of 0° to avoid any
pixel interpolation that may cause a difference in the fitting results. (BOTTOM) Position velocity
(PV) diagram along the major axis of the ALMA disc, which illustrates the the velocity field and
plateau velocity on kiloparsec scale. Broad blue shifted emission that is not associated with the
disc’s rotation is observed in the PV diagram from -400 to 200 kms~! as the large molecular
outflow.

the residuals are shown in Figure 3.7. We derive a dynamical mass 1.740.9 x 10'°M, within
Tayn =2.1 kpc using the disc inclination derived from the velocity modeling.

Alternatively, we collapsed the data cube along the spectral direction from -150 kms™*
to +150 kms™! to produce a CO (3-2) image of the molecular disc. Using a 2D Gaussian we

obtain a major axis value of 0.37440.05"and a minor axis of 0.1554+0.098" corrected for the

beam size. Assuming the molecular disc can be approximated by an oblate spheroid we derive
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the inclination angle using the following formula (Holmberg, 1946):

1 [(b/a)* —

1=cos™
2 )
I —qj

(3.5)

where a and b are the major and minor axes, and qq is the axial ratio for an edge on disc taken
to be 0.13. We derive a dynamical mass of 1.0 & 0.5 x 10'® M, using a major axis radius of
1.6+0.215 kpc and an inclination angle of 66.6 4+ 17.8°. The dynamical masses and disc incli-
nation angles obtained with these two methods agree within the error. With two distinct galactic
discs (see section 3.4.5) in the 3C 298 system we are finding evidence for an intermediate-late
stage merger.

Shen et al. (2011) determined a single epoch black hole mass for 3C 298 using three cal-
ibration methods: 10%57+9-93 M, using the MglI-black hole mass relationship calibrated from
their study; 10%%70% M, using the Vestergaard and Osmer (2009) calibration; and 10%-?6=0-01
M) using McLure and Dunlop (2004) relation. The systematic differences between black hole
mass measurements are typically due to differing quasar samples, and properties of the emission
lines (e.g., HB) used for the SMBH mass calculation.

With both the derived dynamical and black hole mass we can compare the nuclear region
of 3C 298 to the local black hole My,;c — Mgy relationship. In Figure 3.8 we plot the 3C 298
black hole and bulge dynamical mass relative to the local scaling relation from Hiring and Rix
(2004); Sani et al. (2011); McConnell and Ma (2013). Compared to all three relationships the
3C 298 bulge dynamical mass is either ~2-2.5 orders of magnitude lower than what is expected

or the black hole is ~ 2 orders of magnitude higher than what is expected for its bulge mass.
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If one assumes the 3C 298 bulge is more extended than what is measured by ALMA, then we
can use the tidal feature at 21.5 kpc as an estimate for the total enclosed mass. To do this, we
integrate all spaxels with a detected CO (3-2) line and remove the outflow contribution by simul-
taneously fitting a broad and a narrow Gaussian component to the outflow region. We measure a
maximum line width of 369.3 kms™! at 90% intensity, and find the maximum circular velocity
of 184.6/sin(i) kms™! at 21.5 kpc from the quasar. Using this maximum circular velocity, we
obtain a total enclosed mass at this radius of ~ 2.7 x 10" M, assuming the smallest measured
inclination angle from the molecular disc. This value should be considered as a maximum limit
for the total enclosed mass of the 3C 298 system. This enclosed dynamical mass at 21.5 kpc
from the quasar still places 3C 298 an order of magnitude above from the local scaling relation.
Also, the radius used for this calculation is significantly larger than the typical bulge radius at
this redshift (Bruce et al., 2014; Sachdeva et al., 2017), and there is no guarantee that the entire
enclosed stellar mass will end up in the newly created bulge once the merger is finished. This
implies a delay in growth of the galactic bulge for the 3C 298 host galaxy with respect to its
SMBH. Averaging SMBH masses and dynamical masses determined for 3C 298 we obtain the
following values: Maypn puige = 1.35 & 0.5 x 10", Mgypn = 3.23 + 1.1 x 10°. Errors are
added in quadrature with the SMBH mass standard deviation included to address the systematic

uncertainty associated with using various calibration methods.

Molecular gas mass

In this section we derive the molecular gas mass from spatially integrated CO (3-2) and

(5-4) emission presented in Table 3.2.
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Figure 3.8 Local SMBH vs galactic bulge dynamical mass relationship compared to 3C 298
measured values. The black star represents the average dynamical mass derived from the inten-
sity and kinematic molecular gas disc modeling and the average black hole mass derived with
McLure and Dunlop (2004); Vestergaard and Osmer (2009); Shen et al. (2011) relationships.
Errors are added in quadrature from the various methods used to derive the dynamical mass of
the disc and the black hole mass. Local scaling laws from various studies (Hdring and Rix, 2004;
Sani et al., 2011; McConnell and Ma, 2013) are shown in solid lines with their respective 1o er-
rors shown with dotted curves. The observed black hole mass and dynamical mass of the bulge
of 3C 298 resides ~2-2.5 orders of magnitude away from the local scaling relation. Points from
literature (Wang et al., 2013; Willott et al., 2015; Venemans et al., 2016) for z> 5.7 quasars are
also included. There is line of evidence that some of these high redshifts systems also reside off
the local scaling laws.
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Table 3.2 Measured molecular line intensities
Region lcoi-2) Lco(s—a)
Molecular disc  0.634+0.035 Jy kms~' 1.2640.063 Jy kms~*
Tidal Feature*  0.134-0.013 Jy kms™'  0.140.025 Jy kms™!

“Molecular gas associated with star forming region labeled in blue in Figure 3.3

In order to measure the molecular gas in the 3C 298 system we convert the CO (3-2) flux

into L/CO(372) using the following equation from Carilli and Walter (2013),

Di 1 2
WK km s~ pc. (36)

obs

Leogs—a) = 325 X 107Scog-2)Av

We convert to CO (1-0) luminosity (L/cou—o)) using a ratio L,CO(3—2) / L/cou—o) of 0.97 (Car-
illi and Walter, 2013). Using the typical aco value from nuclear star bursts and quasars (0.8
K kms™! pc?)~1), we derive a total molecular gas mass equal to 8.75 £ 0.4 x 10°M¢ . The
total molecular gas includes all regions with a fitted CO (3-2) line in Figure 3.6. The molec-
ular gas disc contains 6.6+0.36 x 10°M(,, while the active star formation region that re-

sides 16 kpc away contains 1.44+0.14 x 10°M,. We measure a 20 molecular gas limit of

1 x 10°Mg, (%)(QX&Z; M) per beam. This corresponds to a molecular gas surface density of

104 M, pcfz(‘%o)(mvﬁ). These estimates are valid for the inner few arcseconds around

the phase center (quasar).
CO (3-2) and (5-4) emission in some spaxels shows relatively broad (V, > 270kms™!)

emission, greater than the escape velocity V2V orationar ~270 km s~

at the observed edge of the
rotating disc. In the position-velocity diagram (Figure 3.7) broad blue-shifted emission is seen

with velocities ranging from -400 to 200 kms™! that spatially resides away from the ordered
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+150kms~! rotation profile. Integrating over these spaxels the CO (3-2) and (5-4) emission
profiles resemble both an outflow with broad emission, and narrow emission that is likely ema-
nating from the molecular disc. We fit a double Gaussian component to the CO (3-2) line and
a single Gaussian to the CO (5-4) data. We measure FWHM of 624449 kms~! for the broad
line emission in CO (3-2) and 687+18 kms~! in CO (5-4). The broad emission line represents
either an extended outflow originating from the nuclear region of 3C 298 quasar or from the
molecular disc itself. Figure 3.9 shows spectra of the CO (3-2) and (5-4) emission regions with
their corresponding Gaussian fits. The broad emission in both lines is predominantly found on
the blue shifted side of the rotating disc. The total molecular gas in the outflow is 3.340.1 x 10°
Mg, . In section 3.5 we measure the molecular gas outflow rate, kinetic energy, and momentum

to understand its impact on the galaxy.

3.4.8 HST WFC3: PSF Subtraction

We obtain archival Hubble Space Telescope (HST) observations of 3C 298 to quantify
properties of the stellar populations of the host galaxy (GO13023, P.I. Chiaberge). Detailed
description of the observations are available in (Hilbert et al., 2016). In summary, observa-
tions were taken in the F6O6W (\,=588.7 nm, width = 218.2 nm) and F140W (\,=1392.3 nm,
width=384.0 nm) filters which cover the rest frame wavelength range of 196.6 nm - 286.1 nm
and 492.1-649.6 nm, respectively. These wavelength ranges bracket the 4000A break feature in
galaxy spectra. Two observations were taken in each filter for a total exposure time of 1100.0s
(F606W) and 498.46s (F140W).

We utilize the nearby star SDSS J141908.18+062834.7 to construct a PSF for the F606W

102



Molecular Outflow|

osp COB=2) A 1 1sl coG-4)

e

Narrow Mol. Emission

&

Star Formation

a

~1000 —500 0 500 1000 -1000  -500 0 500 1000
Velocity [km/s] Velocity [km/s]

Figure 3.9 Spectra of molecular CO (3-2) and (5-4) emission in distinct regions of the host
galaxy. Left and middle columns show CO (3-2) and (5-4) emission spectra respectively, while
the right column showcases a three colour composite from nebular emission lines [O111] , Ha
, [SII] with an overlay of CO (3-2) emission in orange. White contours represent the region
over which the cubes were spatially integrated to construct the spectra. (TOP) Spectrum con-
structed by integrating over region with broad (V, > 270kms™! ) emission implying a molecular
outflow. Both lines are fit with a broad Gaussian profile, CO (3-2) requires a second narrow com-
ponent that is likely emission from the disc. (MIDDLE) Spectrum constructed over region with
narrow emission in the molecular disc, both spectra are well fit with a single Gaussian compo-
nent. (BOTTOM) Integrated spectrum over the molecular reservoir in the star forming region
identified in Figure 3.3. Both CO (3-2) and (5-4) spectra are fit with a narrow component.
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filter. The PSF star and quasar have a similar magnitude in the F606W filter with a similar g-r
colour as measured in SDSS. Both the PSF star and quasar are saturated, so they share similar
bleeding and diffraction patterns on the detector. In the F140W filter the quasar is unsaturated
and is about 0.8 magnitudes brighter, so we combine two unsaturated stars in the field to produce
a final PSF with matching SNR in the diffraction spikes structure. We extract a 12”x 12" box
centered on the quasar and the PSF, and scale the flux of the PSF image to match the peak of
the quasar emission and then subtract the two images. We also tried to match only the flux
in the diffraction spikes that do not overlap with the structure in the host galaxy, and obtained a
similar scaling factor. In both filters the inner 1” is dominated by noise from the PSF subtraction,
the diffraction spikes at position angles of 0°, 180°, 225° and along the bleeding pattern in the
F606W filter that extends about 0.5" along PA 0° from the quasar. However, the majority of the
host galaxy lies between position angles of 45° and 170° where the structure is least affected
by residual noise. The quoted residual structure are for an image at a PA of 103° matching the
observations of OSIRIS and ALMA.

We convert electron counts at each pixel into flux density (Jy) using the 'PHOTFNU’
header value. We resize the pixels to 100 milliarcsecond plate scale to match OSIRIS and
ALMA data by using the flux conserving IDL frebin routine. We convert the maps into AB
magnitude/arcsec® and construct a colour map of the host galaxy. Reliable colours are extracted
down to a surface brightness limit of 23.5 AB mag/arcsecond? for the majority of the host galaxy,
with the exception of the redshifted outflow region that falls in the area dominated by residual
noise from PSF subtraction.

Figure 3.10 presents the WFC3 F606W (left) and F140W (middle) after PSF subtraction
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in 0.1”/pixel scale. The right panel shows the resolved host galaxy colours (F60O6W-F140W).
Overlaying Ha contours on the colour map shows that the star forming regions identified in
OSIRIS (blue region in Figure 3.3) nicely aligns to regions with bluer colours. Additionally we
overlay the ALMA CO (3-2) observation. The molecular clump offset 16 kpc from the quasar
matches with bluer regions where clumpy structure is seen in the F6O6W observations, yielding
evidence for young stellar populations over these regions as would be expected from on-going

star formation.

3.49 HST WFC3: Stellar population

Two available filters for the 3C 298 system are ideally placed to bracket the break feature
at rest-frame wavelength of 4000A found in galaxy spectra. Thus we can easily identify young
(<100 Myr) stellar populations without any ambiguity, as we attribute blue colours (F606W-
F140W <1.5) in these filters to stellar populations dominated by young O and B stars. Redder
colours in these filters can come from older stellar populations (100 Myr - 1 Gyr) or from young
dusty star forming regions, and thus we are unable to say much about older stellar populations
without additional filters.

HST colours provide strong constraints on the resolved star formation and stellar popu-
lation history across the 3C 298 system. We approximate the HST colour map with the flexible
stellar population synthesis (FSPS) code (Conroy et al., 2009; Conroy and Gunn, 2010), using
a five parameter star formation history model. We start the FSPS code with an exponential star
formation history that is followed by a burst of star formation 2 Gyr later, using a solar metallic-

ity and Salpeter IMF. Using the FSPS code, we find that varying the star formation history and
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Figure 3.10 HST WFC3 Rest-frame near-UV (F606W) and approximately rest frame V band
(F140W) images of the stellar light in the host galaxy of 3C 298. The images have had the
bright unresolved quasar emission subtracted from them. (LEFT) Rest frame near-UV image
representing light from young massive stars in the 3C 298 system. Orange contours represent
the CO 3-2 ALMA observations of the molecular gas. The UV morphology appears clumpy
as in Ha , indicating regions heated by young stars. (MIDDLE) Rest frame V band image
which traces light from a combination of young and older stellar populations. The units are in
AB magnitude/arcsec®. (RIGHT) Colours (F606W-F140W) of stars in the host galaxy of 3C
298 representing the ages of the stellar populations. White contours represent integrated Ha
luminosity tracing the ionized gas; note the similarity between the morphology of the ionized
emission and the stellar light. Bluer regions contain younger stars, and are typically found
where clumpy structure exists in Ha , CO and UV light; these regions are sights of active star
formation. Red star represents the location of the dynamical center of the second merging galaxy
in the system.
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e-folding time scale 7 from 0.1 to 10? prior to the starburst does not significantly affect the age
of the stellar population post starburst.

The average F6OO6W-F140W colour over the blueshifted outflow region is best explained
with a stellar population that has an age of 25 Myr after the burst. According to ionized gas
emission, dust does not affect the age estimated in this region since the Ha and Hf ratio suggests
a low E(B-V)~0 value. However ALMA observations reveal that part of the molecular disc
centered on the quasar has extened emission into the blueshifted outflow region suggesting that
a part of the region can have higher dust extinction. The age of the outflow region and the
modelled rest frame U-V colour imply that the stellar population resides in the transition zone
between the red sequence and blue cloud in the U-V vs My colour diagram (Hopkins et al., 2008;
Séanchez et al., 2004; Bell et al., 2004). Furthermore u-r modelled colours at this age suggest
that the region lies where post starburst galaxies reside in the u-r vs M. diagram (Wong
et al., 2012). The extracted 3C 298 model spectra shows strong Balmer absorption lines with a
strong 4000A break, characteristic of a post-starburst galaxy. Stellar colours over the blueshifted
outflow region are consistent with a strong episode of star formation that was abruptly halted.

In the region where star formation is identified in Figure 3.3 based on BPT diagnostics
and in the molecular gas clump found in CO, using the same initial conditions in the FSPS code
with the outflow region, we find a stellar population with an age of 20 Myr after a burst of star
formation. Without any dust correction this age should be taken as an upper limit. Ahead of the
jet/blueshifted outflow we find an even younger stellar population. From the Ha emission we
can place a limit of 0.3 M, yr~! kpc=2 across this region. ALMA observation of the CO (3-2)

transition yields a limit of 1x10°M¢, on the molecular gas. This suggests that the current star
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formation rate is relatively low. However the blue colours indicate recent star formation activity.
The stellar populations in this region would then be associated with a young age of 7 Myr after
the burst. It is likely that the star formation event was very recent and short (6-10 Myr) due to
lack of Ha emission that would otherwise be present if star formation persisted for a time longer
than 6 Myr.

Ages quoted in this analysis could be altered by additional quasar emission from light
scattered off dust grains or electrons in the ISM making the colours systemically bluer. However
polarimetric observations of 3C 298 reveal that the source is not heavily polarized, with an
optical polarization of only 0.7740.39% (Stockman et al., 1984). Given that the bluest regions
also show star formation from other indicators (e.g, Ha and CO (3-2) emission), this implies
that the majority of UV emission comes from young massive stars and not from scattered quasar
light. The young stellar population observed >16 kpc beyond the blueshifted outflow is even
further away than the region photoionized by the quasar, indicating that ionizing radiation from

the quasar does not reach this region.

3.5 Dynamics and energetics of outflow regions

In this section we explore the dynamics and energetics of the ionized and molecular
outflows identified in sections 3.4.3, 3.4.4, and 3.4.7. We explore the energy budget from a broad
absorption line (BAL) wind and from the quasar jets to investigate the origin of the galactic scale

winds.
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3.5.1 Outflow rates

The redshifted and blueshifted outflow regions resemble a cone-like structure. For a

conical outflow with constant density (p) we use the outflow rate equation from (Cano-Diaz

etal., 2012),

M = vR*Qp, (3.7)

where v is the velocity of the material in the outflow assumed to be moving at a constant rate
over the cone, R is the radial extent of the cone and (2 is the opening angle of the cone. For
p = M/V = 3L the outflow rate equation simplifies to

~ ®”3Q

M =3—. (3.8)

Assuming individual ionizing clouds in the outflow have the same density, we can derive an ion-
ized gas mass from line-integrated Ha: luminosity and average electron density over the outflow

using (Osterbrock and Ferland, 2006),

LH n -1
M as ionized = 0.98 109 = Z . 3.9
. d % (1043 ergsl> (100 cm3) (39)

The electron density is derived from the line ratio of the [SII] lines in the blueshifted outflow
region through using a Gaussian fit to each component of the doublet. We find a ratio of ([SII]
6717/[SI1]6731=1.14), which yields an electron density of 272 cm ™ using the getTempDen code

part of PyNeb (Luridiana et al., 2015) package. We calculate the ionized gas mass from the [O111]
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line using methodology presented in (Cano-Diaz et al., 2012). This method requires knowledge
of the ionized gas-phase metallicity at the site of the outflow region. We assume a metallicity
value set to solar for a conservative estimate (i.e., for less than solar the gas mass increases).
For the outflow velocity we use the v,y parameter, which is the velocity value where 10% of the
line is integrated. This value is calculated from the model fits to the spatially integrated [O111]
and Ha lines for each outflow region. The wings of the emission lines most likely give the true
average velocity of the outflow, as the lower velocities seen in the line profiles are probably
due to projection effects of the conical structure (Cano-Diaz et al., 2012; Greene et al., 2012).
Measured properties of the the outflow regions are presented in Table 3.3.

For the redshited and blueshifted outflow regions we obtain a combined outflow rate of
467 M, yr~t and 1515 Mg, yr! for [O111] and Ho , respectively, while for the AGN outflow
region we obtain an outflow rate of 9 My, yr! and 115 M, yr~! for [O111] and Hoe . The
Ha outflow rate is likely a better representation of the ionized outflow rate, since Ha is capable
of probing denser regions where [O111] would be collisionally de-excited. The observed Ho
outflow rate is similar to what is observed in other quasar surveys (Carniani et al., 2015), where
they measure a larger outflow rate in Ha compared to [O111] . The total kinetic energy and
luminosity of the ionized outflow are 3.5x10°® erg and 1.2x10% erg s—!. The kinetic luminosity
is consistent with the value usually invoked in theoretical models (Hopkins and Elvis, 2010a) as
necessary to affect star forming properties in the host galaxy. Over the outflow regions we
measure a 20 star formation rate upper limit of 0.3 M, yr—! kpc~2, by using a Gaussian profile
with 20 peak flux and FWHM of 200 km s~ , with the multi-Gaussian fit of the outflowing gas

subtracted. The properties of the multiple outflow components are summarized in Table 3.3
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Similarly using equation 3.8 we compute the molecular outflow rate. As found in section
3.4.7 the extent of the broad molecular emission from CO (3-2) and (5-4) lines is approximately
1.6kpc, the total molecular gas mass in the outflow region is 3.3x10°M, with an outflow ve-
locity of 400km s~! as measured by V;, parameter. This yields a total molecular outflow rate of
2300M,, yr—! . The kinetic energy and luminosity of the molecular outflow are 5.1x10°" erg

and 1x10%* erg/s.

3.5.2 Virial parameters & gas pressure

Using the virial parameter, a ratio of the free fall time scale to the dynamical time scale
we can investigate whether the gas is gravitationally bound or unbound in the outflow regions
and molecular disc. A value of unity or below would suggest that the gas is bound and is able
to collapse to form stars. A value much greater than one would suggest that the gas is unbound
and therefore at present time should not be collapsing to form stars. Over the outflow region we
measure a virial parameter

ALY U 2 (3.10)
Oyir = 07> = 1 1 ) .
GM 500 kms~!

1

using an average velocity dispersion of 0 = 500kms™ " seen in the ionized outflow, a radius

of R = 3 kpc, and the ionized gas mass (1.32x10° M, ). Using the molecular gas mass of

I seen in the molecular outflow and

6.6x10° M) an average velocity dispersion of 270 kms™
a radius of 1.6 kpc yields a., of 20.5. Both of these virial parameter estimates suggest that at

the present time, the physical conditions in the ionized and molecular outflow regions and in the
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molecular disc are stable against gravitational collapse, hindering star formation. In contrast, the
molecular gas clump in the star forming region observed in CO (3-2) yields a virial parameter
value of a;, = 0.7. A value close to unity suggests that star formation should be able to proceed
in this region, where there are no powerful outflows.

If the quasar-driven wind does not efficiently cool and adiabatically expands, then the
initial driving mechanism is capable of transferring its kinetic energy into mechanical energy in
the galactic-scale outflow. The momentum flux of the outflow should therefore be greater than
Lyo/c (Zubovas and King, 2012). We measure total momentum flux (Poutﬂow = M x v) of
2.1x10%" dynes over the entire outflow region. We use the 3000A quasar luminosity to compute
a bolometric luminosity value of 1.04x10*" erg s=* (Runnoe et al., 2012). Comparing the
outflow momentum flux to the quasar radiation momentum flux (L. /c) of 3.5x103¢ dynes,
yields a ratio Poutﬂow / Pquasar (loading factor) of 6. In principle this ratio is a lower limit, since
there can still be diffuse molecular gas in the ionized outflow regions whose CO emission is
below the sensitivity of ALMA. Based on theoretical work by Faucher-Giguere et al. 2012;
Zubovas and King 2012 the measured loading factor of >6 suggests that the wind is energy-
conserving. The total kinetic luminosity of the outflow is also about 2% of Ly, consistent with
the above theoretical prediction. 3C 298 observed extended outflow properties strongly suggests
that radiation pressure by itself is unable to drive the outflow. Star formation is also incapable
of driving the observed outflow as the expected terminal velocity for a supernova driven galactic
scale wind is only o ~200 km g1 (Murray et al., 2005), far lower than the observed velocities
(o0 ~ 500kms~! ) seen in the bi-conical wind.

The outflow could be induced by either the jet and/or broad-absorption line (BAL) winds
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from the quasar. We infer a jet pressure

Ljet X t

P'e ~ )
Jet 3V

(3.11)

of 3 x 1078 dynes cm~2 using the jet kinetic luminosity of 1.4x 10" erg/s, derived using the 1.4
GHz (570 MHz observed) radio flux-jet power relation (Birzan et al., 2008; Cavagnolo et al.,
2010), assuming spherical volumes at a radius of 9 kpc and a time scale of 3 Myr. This is an
order of magnitude calculation given the approximations in the jet luminosity, lifetime (t) of
the jet, and volume. Observations of other BAL quasars indicate that the kinetic luminosity of
outflows can get as high as 10%¢ erg s~!(Chamberlain et al., 2015), which is close to the kinetic
luminosity for the 3C 298 jet and would exert a pressure of 10~ dynes cm™2. This means that
a BAL-type wind could potentially drive the extended 3C 298 outflow. However, there is no
observed BAL in the optical and infrared spectra of 3C 298. The lack of an observed BAL in
3C 298 could be due to an orientation effect where our line-of-sight does not overlap with the
absorbing outflowing gas. If this is not the case, and there is no BAL, the jet of 3C 298 still has
the necessary ram pressure capable of inducing a large scale outflow.

The gas pressure (P = nkT) in the ionized ([SII]) gas is ~ 4 x 107! dynes cm~2. From
1

the ALMA CO (3-2) observations we measure a molecular gas surface density of 490 M) pc™

indicating a molecular gas pressure (P = (7/2)G%2, . cuiar) Of ~ 1x 1072 dynes cm 2. Both the
BAL wind and quasar jet pressures are 2-3 orders of magnitude higher than the current pressure
of the ionized and molecular ISM. The fact that the ionized gas pressure is comparable to or

smaller than the weight per unit area of the molecular gas shows that the jet is not currently
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producing an overpressure (which would be reflected in the thermal gas pressure of the ionized
gas in the ISM) relative to the overburden of the molecular gas. This suggests that the jet is now
venting out of the galaxy. The interaction between the ISM and the jet and/or BAL wind in the
past was likely in a denser environment, and thus confined to a smaller volume with a higher
pressure, to initially generate the outflows.

Both a BAL quasar wind and jet have enough kinetic energy to drive galactic scale winds.
These large outflows in 3C 298 supply the necessary energy and momentum to hinder star for-
mation along their path and expel large amounts of gas out of the galaxy. If the sources of
turbulence were to halt at the present time, the shocks would dissipate on a dynamical time scale
of 3-6 Myr. By that time the majority of the gas in the ionized outflow will have already escaped
into the intergalactic medium with most of the molecular gas in the disc removed from the inner
few kpc and potentially swept up into the ionized outflow. Any left over gas in the galaxy would
quickly cool back into a molecular state. Taken together this shows both negative and ejective
feedback occurring along the outflow region, thereby impacting the stellar mass growth of the

quasar host.

3.6 Discussion

To generate a comprehensive picture of 3C 298, we combine multi-wavelength data to
spatially resolve the ionized gas, molecular gas, and stellar light distribution of the host galaxy.
This allows a unique comparison between the star formation histories, photo-ionization mecha-

nisms, and gas-phase properties in a high-redshift quasar host galaxy. In Figure 3.11 we gener-
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alize the multi-wavelength analysis of the 3C 298 system in a schematic diagram and summarize
its properties in Table 3.4.

We make use of observations from VLA to probe the quasar radio jets, WFC3 data from
HST to study the stellar contribution, ALMA to measure the resolved molecular gas morphology
and dynamics, and Keck LGS-AO to determine the resolved ionized gas properties. These data
show clear evidence of a conical outflow in the host galaxy of 3C 298, driven by quasar jets
and/or winds, that directly impact the ISM of the host galaxy. VLA images of 3C 298 reveal
synchrotron radio jets feeding lobes that extend over ~ 18 kpc from the quasar in the east-
west direction (Figure 3.1). Along the radio lobes, OSIRIS kinematic maps reveal broad (o ~
800 km/s) emission lines that are offset up to 600 kms~! from the quasar’s systemic redshift,
indicating an outflow extending over a significant swathe of the galaxy.

We find direct evidence of negative feedback along the path of the jet and outflow regions
of the host galaxy. The term “negative feedback" has been used loosely in the astronomical
literature; herein we define negative feedback as injected energy and momentum in the ISM that
inhibits the normal thermal cooling and/or decay of turbulence, thereby extending the time scale
for star formation to occur. Galactic-scale feedback may also occur when high velocity outflows
remove large fractions of the ISM, thereby impacting the star formation and stellar mass history
of the host galaxy. The latter might be called “ejective feedback". Both negative and ejective
feedback may occur simultaneously. The 3C 298 ionized outflow region has a bi-conical shape
with a primarily blueshifted approaching side and redshifted receding side of the cone (Figures
3.1 and 3.3). Emission line ratios (e.g., [NI1] /Ha and [O111] /H/3) allow us to distinguish between

various photo-ionization modes of 3C 298’s ISM, which is illustrated in the nebular diagnostic

116



diagram Figure 3.3. In both of the outflow regions we detect high nebular emission-line ratios
that imply a combination of hard photoionizing radiation from the quasar and shock ionization.
We find a total ionized mass outflow rate (M) of 450-1500 M, yr~! combined for both outflow
regions. ALMA observations of molecular gas reveal a disc centered on the quasar. A large
fraction of gas in the molecular disc reveals broad emission associated with a molecular outflow
with a rate of 2300M, yr~! . Unlike the ionized outflow the molecular outflow emanates in a
single direction from the blueshifted side of the molecular disc. The molecular outflow either
originates from the 3C 298 quasar nuclear region or from the disc itself. In the rest-frame of the
redshifted ionized receding cone, two broad Gaussian functions are required to fit the profiles of
the nebular emission lines (Figure 3.2). This indicates an approaching and receding component
corresponding to the front and back of a hollow cone that suggests expansion of the outflow
along our line-of-sight.

Combining kinematic maps from OSIRIS and ALMA reveals that the ionized outflow
gas most likely originates from the molecular disc since the blue/red-shifted outflow matches
the blue/red-shifted region of the disc. Furthermore the blueshifted molecular outflow is on
the same side as the ionized. We find no narrow (¢ <200 km/s) Ha emission in either of the
outflow regions, suggesting that the majority of the ionized gas is in a turbulent phase. The
outflow carries a significant amount of kinetic energy and it is capable of removing the majority
of the galaxy’s gas on a time scale of 3 Myr. The virial parameter deduced from the ionized and
molecular gas over the outflow regions are much greater than one, implying that the ISM is not
self-gravitating, and hence will not collapse to form stars. Similarly, the molecular outflow is

both stirring the molecular gas and removing it from the inner regions of the galaxy. Ionization
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occurring over the outflow region is dominated by shocks, which drives intense heating into the
ISM that further inhibits star formation. Over the conical outflow region we derive a conservative
limit for Ho emission due to star formation of < 14 M, yr~! (20), or ~0.3 Mg, yr—! kpc~2 using
the empirical Ho luminosity-star formation rate (Kennicutt, 1998). Colours of the stellar light
as seen in HST data projected on the blueshifted outflow region are also consistent with a stellar
population that had its star formation abruptly halted within the last ~25 Myr (see Figure 3.10).

In the 3C 298 host galaxy we observe star forming regions that are offset from the out-
flows. The youngest (7 Myr) stellar populations observed with HST (Figure 3.10) imply that a
recent burst of star formation has occurred. These regions are found 10-16 kpc east of the quasar.
In addition, beyond the extended narrow-line and outflow regions, using OSIRIS and HST we
resolve star forming clumps that reside ~10-22 kpc (blue in Figure 3.3) away from the quasar.

L' based on the observed

These clumps have an integrated star formation rate of 88+9 Mg, yr—
Ha luminosity and empirical star formation rate relation (Kennicutt, 1998). ALMA CO (3-2)
and (5-4) data reveal a molecular clump in the vicinity of this region with a total molecular gas
mass of 1.4x10°M,. Using the HST-measured colours, we find a young stellar population
with an age of ~20 Myr in these star forming regions. Therefore, combining results from the
resolved molecular gas, stellar populations, and ionized gas yields a consistent picture; we find
star formation occurring away from large scale outflows, where the quasar winds and/or jets are
stirring the ISM and removing gas.

The kinematic map of the ionized gas in 3C 298 shows a systematic velocity gradient

across a large portion of the system. We fit this region with a rotating disc model (Figure 3.5).

We find evidence for a second rotating disc in the system that is offset by ~8.6 kpc and ~170
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kms~—! from the quasar centroid and central velocity of the broad line region. The dynamical
center of the second disc is in the vicinity of a secondary outflow region, suggesting for the
presence of a candidate second nucleus. The offset between the dynamical center of the second
disc and the secondary outflow is on the order of 3kpc. We note that this is a typical separation
that is found between the stellar centroid and AGN location in local late stage mergers (Liu et al.,
2013b; Comerford et al., 2015; Barrows et al., 2016). We infer that the 3C 298 system likely has
two massive galaxies with distinct rotating discs that are currently experiencing a close passage,
where their galactic nuclei and SMBHs have yet to merge.

We calculated the enclosed dynamical mass of the molecular disc at the location of the
quasar to be 1-1.7x10'"M, . With the measured SMBH mass (10%%7~9%M,, ) 3C 298 resides
off the local scaling My,,e — Mgy relationship, which indicates that black hole growth must
occur earlier than stellar mass assembly. These results are similar to what has been recently ob-
served in nearby ultraluminous infrared galaxies (ULIRGs) in gas-rich merger stages by Medling
et al. 2015, where they find that these ULIRGs predominantly have early black hole growth and
have yet to form the bulk of their stellar mass. Similar results have been found for a small num-
ber of z> 6 quasar host galaxies observed with ALMA, where the black hole to galaxy bulge
mass ratio is higher by a factor of 3-4 (Wang et al., 2013; Venemans et al., 2016) compared to
local galaxies. This is counter to previous theoretical simulations that imply star formation and
stellar mass build-up should occur during the gas-rich-merger phase, before the SMBH does its
predominant growth when AGN feedback is suspected to transpire (i.e., Di Matteo et al. 2005;
Hopkins 2012; Hopkins et al. 2016).

Models are still unclear about whether distant quasars should reside above, below or
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even on an extension of the local SMBH-galaxy scaling relations. Hydrodynamical simulations
of z > 6 quasars by Barai et al. 2017 suggest that negative feedback may drive quasars above
the local scaling SMBH-galaxy relations. Barai et al. 2017 argue that conical, symmetric out-
flows can remove gas efficiently from galactic discs, while still allowing gas to accrete on to
the SMBH perpendicular to the bi-conical outflow. Furthermore, the same simulations without
quasar feedback tend to grow their stellar mass ahead of the SMBH, driving galaxies below
the local correlations. Anglés-Alcazar et al. 2017b also find that the stellar bulges outpace the
SMBH in the absence of feedback. Anglés-Alcdzar et al. 2017b include feedback from bursty
star formation, which can limit the growth of the SMBH and keeps the system lying below local
SMBH-galaxy scaling relation.

3C 298 at z=1.439 (age 4.47 Gyr) has quasar negative feedback occurring in a conical
outflow early in the gas-rich merger-phase, implying that the majority of the nucleus’ stellar
mass assembly must occur in later phases if it is to reach the scaling relations of today. Since the
majority of the current gas supply in the host galaxy of 3C 298 is incapable of forming stars and
will soon be removed from the galaxy through the quasar driven winds, perhaps this assembly
happens through dry mergers or newly supplied IGM molecular gas. Even if all of the current
gas supply in the molecular disc (6.6 % 109M@ ) turns into stars it will still be insufficient to bring
the bulge of the 3C 298 host galaxy onto the local scaling relation. For the 3C 298 system this
means that the SMBH mass is formed earlier and more efficiently than the host galaxy’s stellar
mass.

The host galaxy of 3C 298 could be a precursor to local galaxies that are significantly

offset from the local scaling relation (e.g, NGC 1277). If there is insufficient accretion from the
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intergalactic medium to fuel future star formation or if 3C 298 resides in a less dense environ-
ment than a typical quasar it could fail to form/accrete enough stars to fall on the local scaling
laws. A natural way to limit the growth of the stellar bulge in a system with a powerful AGN is
to have strong feedback on the ISM through a bi-polar outflow early in the lifetime of the system
(Fabian et al., 2013).

In summary, the 3C 298 system shows strong evidence of negative feedback from power-
ful conical outflows that are halting star formation by driving extremely high velocity turbulence
in the ISM and by ejecting large amounts of gas. The dynamical time scale of the outflow is ~3-
6 Myr, suggesting that quenching of star formation must occur rapidly. In the 3C 298 system,
strong feedback has started fairly early in the merger process, well before the final coalescence
of the two galactic nuclei. The system shows multiple concurrent phases of the standard merger
model (Sanders et al., 1988; Hopkins et al., 2008; Alexander and Hickox, 2012), with the co-
existence of a luminous type-1 quasar, star formation in merger host galaxies, and candidate
secondary AGN that is offset from the quasar. This implies that removal of gas and dust sur-
rounding the SMBHs occurred rapidly and early during the merger phase. This early and short
onset of quasar feedback compared to total time scale of the merger (~ 1 Gyr) may also par-
tially explain why it has been difficult for measuring its effect on the star-forming ISM in distant

galaxies.
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Figure 3.11 Cartoon illustration of the merger in the 3C 298 system that includes the results
from OSIRIS, ALMA, HST, and VLA. The location of the quasar is distinguished by a yellow
star. The large blue and red-shifted outflows emanating from the quasar observed in the nebu-
lar emission lines are co-aligned with the radio jet (indicated by a grey dashed arrow), where
negative feedback is observed. The locations of the ALMA CO (3-2) and (5-4) emission are
shown with red-brown ovals, representing molecular gas reservoirs. A molecular disc centered
on the quasar is shown with a blue-red gradient. We find strong evidence for molecular outflow
on the blueshifted side of the disc. The dynamical center of the secondary merging galaxy is
shown with a black ’x’ sign. The radial velocity map of this galaxy is well-fit to disc model.
A secondary outflow region is found to reside near the dynamical center of the merging galaxy,
providing tentative evidence for a secondary AGN in the system. The secondary AGN has
spatially-concentrated elevated emission line ratios that are consistent with ionization from an
AGN. A large area of the 3C 298 system is observed to have extended narrow line region (ENLR;
grey) between both the quasar and putative AGN. The majority of the star formation (green) is
occurring in compact clumps offset from both galaxies, which would be consistent with a tidal
feature being induced by the merger. A young stellar population (purple) measured from the
HST WEC3 colours is offset from both the outflows and molecular gas of the system.
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3.7 Conclusion

We present integral field spectroscopy of resolved nebular emission lines; Hg, [O111] ,
Ha , [N11] , [SII]together with rotational CO (3-2) and (5-4) spatially resolved emission spec-
troscopy in the host galaxy of the radio loud quasar 3C 298 (z=1.439). These data are supple-
mented with archival HST-WFC3 and VLA observations of the rest frame UV and optical stellar

continuum and jet/lobe synchrotron emission, respectively.

e We find strong evidence for negative feedback in the host galaxy of 3C 298. Dynamics of
ionized gas traced through nebular emission lines show a significant quasar-driven outflow
encompassing a large area of the host galaxy. We derive an ionized outflow rate of 467-

1515M, yrt.

e Co-spatial with the powerful ionized gas outflow VLA imaging shows extended syn-
chrotron emission from the quasar jet/lobes. Radio data suggests that the jet has sufficient
energy to drive the outflow. A BAL wind also has the necessary energetics for potentially

driving the outflow.

e We detect a molecular gas disc centered on the quasar with a total molecular gas of

6.6 x 109M@ and effective radius of 1.6 kpc.

e A powerful quasar driven molecular outflow is detected in the molecular disc with an 1\./[H2
outflow rate of 2300 M, yr~! . The molecular gas in the disc will be depleted by the

outflow on a time scale of 3 Myr.

e Dynamical modeling of the molecular disc reveals that total mass enclosed in the disc
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is 2-2.5 orders of magnitude below the expected value from local Mgeliar—buige — MBH

relationship using the measured SMBH mass of the 3C 298 quasar.

Several kiloparsecs away from the outflow path we find evidence of star forming regions
based on BPT diagnostics, strong UV emission from O and B stars, and evidence for a

molecular reservoir with a total mass of 1.4 x 109M@ .

Disc modeling of the velocity field traced by [O111] emission shows a second rotating disc
with a dynamical center offset from the quasar by 9 kpc. This suggests evidence for a
late stage merger where the disc traces the second merging galaxy in the system. The
dynamical center of the disc aligns well with a secondary outflow region seen in nebular
emission that does not extend from the quasar and does not align with any structure in the

radio map. This suggests a candidate secondary AGN in the 3C 298 system.

These observations taken together imply an early onset of negative feedback with a short
quenching time compared to time scale of the galactic merger. Feedback is also happening
early in the 3C 298 merger process and is occurring well before the assembly of the 3C

298 host galaxy on the local Mgieijar—buige — Mpn relationship.
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Table 3.4 3C 298 Properties & Results

Parameter Value
unasar 1.439
RA 14:19:08.181
DEC +06:28:34.79
AL)? 2.0x10%erg s7!
SFR Ha 88+9M, yr—!
SFRIR®  9307IM, yr*
Maust” 3.8704 x 10°Mg
Mfetal - 8.754+0.4 x 10° Mg,
MRoDise6,640.36 x 10° Mg
M B 1.44:0.14 x 10° Mg
Moy 467 M, yr!
M 1515 My, yr~!
My, 2300 M, yr~!
Outflow n,° 272 cm™3
Maynbuge  1.35 £ 0.5 x 100
Msvipn 323+ 1.1 x 10°

“Computed at rest-frame 3000 A
bValue from (Podigachoski et al., 2015)
“Value based on [SII] line ratio measurment over blueshifted outflow region.
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Chapter 4

A Spatially-Resolved Survey of Distant
Quasar Host Galaxies: Kinematics and

Energetics of Ionization Gas

4.1 Abstract

Using the OSIRIS integral field spectrograph behind the laser guide star adaptive optics
system at the W.M. Keck Observatory we target nebular emission lines (HS3,[O111] ,Ho ,[NI1I]
and [SII]) redshifted into the near infrared (1-2.4 ;sm), to study the distribution, kinematics, and
dynamics of the ionized gas in 11 z= 1.39 — 2.59 radio-loud quasar host galaxies. We detect
extended ionized emission on scales ranging from 1-30 kpc photoionized by a combination of
stars, shocks, and AGN. Outflows are detected in all systems on scales ranging from < 1 kpc to

10 kpc with outflow rates from 8-2400 M, yr~! . For 4/11 objects the momentum rates are 4-80
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times L 4gn/c, consistent with being driven by an energy conserving shock, the rest are either
driven by radiation pressure or an isothermal shock. The paths of the outflows are consistent
with the direction of the jet. However, at present, we find the jets are not doing any work on the
galactic outflows. If the jets were to drive the outflows, it had to happen in a dense environment,
close to the supermassive black hole (SMBH). The outflows are the dominant source of gas
depletion, with little evidence for star formation along the paths of the outflows. We find the
quasar host galaxies to be under massive relative to the mass of the SMBH, with all systems
residing off the local scaling (M, — o ) relationship. Gas phase metallicities are lower compared
to galaxies with AGN in the nearby Universe. Taken together, we find the onset of feedback
before the galaxies assemble onto the local scaling relation, and before chemical enrichment of
gas to levels observed in nearby AGN. The galaxies require substantial growth, up to an order of

magnitude in stellar mass if they are to grow into local massive elliptical galaxies.

4.2 Introduction

Today, in the nearby Universe, at most 10-20% of the baryonic matter resides in stars
(Behroozi et al., 2010). In the most massive dark matter halos (Mg, > 102 Mg ) the lack of
baryons inside galaxies has been attributed to negative feedback from the active galactic nucleus
(AGN) (Benson et al., 2003; Kormendy and Ho, 2013). Feedback from AGN is often used to
explain the tight correlation between the mass of a supermassive black hole (SMBH) and the
velocity dispersion (M, — o ) or mass of the bulge/galaxy (M, — M, ) (Ferrarese and Merritt,

2000; Gebhardt et al., 2000; McConnell and Ma, 2013). In the current theoretical framework,
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the SMBH and galaxy grow until they reach a mass ratio close to what is observed in the nearby
Universe (%: ~ 5 x 1073). Afterward, the accretion disk surrounding the SMBH is capable of
driving a wind that extends deep enough into the host galaxy to drive a shock that may expand
adiabatically (Zubovas and King, 2012, 2014; Faucher-Giguere et al., 2012). The expanding
shock produces a galaxy scale outflow that both removes material from the host galaxy and also
drives turbulence preventing gas from collapsing and cooling on regular time scales.

In essence, AGN feedback both prolongs the time necessary for gas to collapse and form
stars and removes the fuel for future star formation and SMBH growth. The feedback processes
start near the vicinity of the SMBH, where radiation pressure from the accretion disk drives pow-
erful winds. These nuclear winds are commonly observed as highly blueshifted absorption lines
in UV spectra and are called Broad Absorption Line winds (BAL) (Chamberlain et al., 2015)
or in X-ray spectra as “Ultra Fast Outflows" (Tombesi et al., 2010). From herein “winds" will
be referred to as “small" scale (a few pc to a kpc) structures/events while “outflows" will refer
to galaxy scale (>1kpc). Alternatively, the feedback process can also start with jets launched
from the accretion disk. Similarly to BAL and UFO winds, jets can drive outflows that sweeps
material out of the galaxy (Wagner et al., 2012; Mukherjee et al., 2016).

To effectively expel the gas from a galaxy and establish the observed local relationships
(My — 0 ,M, — M, ) the BAL or UFO type wind that drives a galaxy scale outflow needs to
transfer at least 0.1 — 5% of the quasar bolometric luminosity into the kinetic luminosity of
the outflow (Hopkins and Elvis, 2010a; Zubovas and King, 2012). While for jets, the ratio of
the power (F¢) to the Eddington luminosity of the SMBH accretion disk needs to be higher

than 10~* (Wagner et al., 2012). Another proposed way of clearing gas in galaxies is through
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radiation pressure on dust grains in the nuclear region of AGN (Thompson et al., 2015; Costa
et al., 2018a). Although this mode of feedback is not as strong as the other proposed methods, it
can still be powerful enough to disrupt star formation within the host galaxy.

Often feedback during luminous AGN phases has been described as transformative,
where the galaxy goes from being star-forming to quiescent after episodes of AGN feedback. In
the past decade, there is growing evidence for feedback from SMBH, yet there appear to be dis-
crepancies between the theoretical predictions and observations. These disagreements can stand
from observational bias or missing physics within galactic feedback models. Majority of studies
have focused on detecting and characterizing nearby (Greene et al., 2012; Rupke and Veilleux,
2011; Liu et al., 2013a; Harrison et al., 2014) and distant (Nesvadba et al., 2008; Steinbring,
2011; Cano-Diaz et al., 2012; Harrison et al., 2012; Brusa et al., 2016; Carniani et al., 2015)
outflows through nebular emission lines (e.g, H3, [O111] , Ha ), primarily focusing on the [O111]
emission line as a tracer of the ionized gas in the outflows. There is growing evidence of galaxy-
scale outflows; however, it has been challenging to measure accurate outflow rates and energetics
for comparison with theoretical predictions (Harrison et al., 2018). Detected outflows in quasar
host galaxies show a large range in their kinetic luminosity, spanning from 0.001% to 5% of the
quasar’s bolometric luminosity. Often the measured energetics fall short of the predicted values
from theoretical work, with about half of the detected ionized outflows show Eout flow < 0.1%
L gy (Carniani et al., 2015). Furthermore, the ratio of momentum flux Poutﬂow = M X v to the
PQSO have been far lower than what is predicted by theoretical work (Zubovas and King, 2012)
for high redshift ionized outflows. In contrast, in the nearby Universe, molecular outflows found

in systems with AGN have shown energetics consistent with the theoretical predictions Cicone
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et al. (2014). Several solutions have been brought up to reconcile differences between ionized
and molecular outflows. Ionized outflows might constitute only a small fraction of the gas phase
in the outflow (Carniani et al., 2015; Richings and Faucher-Giguere, 2018). The number of ob-
served systems with both ionized and molecular outflows in the distant and nearby Universe is
very small. For systems where the multi-phase outflow have been detected they show that the
largest fraction of the gas is indeed in a molecular state (Vayner et al., 2017; Brusa et al., 2018;
Herrera-Camus et al., 2019). More extensive studies with ALMA and JWST are necessary to
confirm the multi-phase nature of quasar driven outflows.

Following episodes of transformative feedback during luminous AGN phase it has been
proposed that to keep the galactic halos hot, “maintenance" feedback takes over in forms of
large scale jets formed from a low Eddington accretion AGN. Often, these large scale jets carve
out bubbles in the hot halo (Fabian, 1994; McNamara et al., 2000; Hlavacek-Larrondo et al.,
2013), inducing turbulence and preventing the halo from cooling to fuel future generation of star
formation. Understanding both transformative and maintenance mode feedback is essential to
understanding the formation of massive galaxies.

One question arises; at what points does the AGN drive an outflow powerful enough to
clear the galaxy of its gas? According to the theoretical work, this happens once the galaxy
reaches the M, — o relationship (Zubovas and King, 2014). However, there has been growing
evidence for galaxies with massive SMBH and powerful outflows that are offset from the local
scaling relationship (Vayner et al., 2017). When are the scaling relations established? The origin
and evolution of the local scaling relationships with redshift have been a hot topic of debate

over the last decade. Are the local scaling relationships the end product of galaxy evolution?
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Meaning, as galaxies form and evolve, do they fall in and out of the relationships due to rapid
growth or feedback process? Do galaxies eventually end up on the local scaling relations once
the galaxy or SMBH catch up and finish growing (Volonteri, 2012)? Alternatively, is there an
inherit evolution in the scaling relationship with redshift and a symbiosis between the galaxy
and SMBH growth? (i.e., evolution in slope, offset and scatter). From a sample of AGN in the
COSMOS field (Merloni et al., 2010) finds an offset in the local scaling relationship between
redshift 0 and 2. These authors use SED decomposition with numerous spectral bands to mea-
sure the stellar mass of the AGN host galaxy in the redshift range of 1 < z < 2.2. From a sample
of lensed quasars at 1 < z < 4.5 and broadband HST imaging, Peng et al. (2006) also finds an
offset in the local scaling relationship. While Sun et al. (2015) using multi-band SED fitting of
galaxies in the COSMOS field finds that z~ 0.2 — 2 galaxies are consistent with being on the
local scaling relationship. Schramm and Silverman (2013) using HST imaging in the Chandra
Extended Deep Field also finds that galaxies at z~ 0.6 — 1 are also consistent with being on
the local scaling relationship. In the nearby Universe, there is tentative evidence that all of the
most massive black holes (> 10° M, ) are systematically more massive relative to their host
galaxies (Martin-Navarro et al., 2018). Fields such as COSMOS or the Extended Chandra Deep
Field-South are relatively small on the sky; hence, the number of luminous quasars with massive
SMBH is small. Studies which explored the evolution of the local scaling relationships have
generally focused on lower mass black holes with masses < 10° M, . A large fraction of these
studies used broadband HST imaging to study the host galaxies of their quasars/AGN. Often
it is difficult to disentangle the bright AGN emission from the host galaxy at smaller angular

separations (<0.5”), and these studies have a limited number of filters to measure the age of
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the stellar population and the mass to light ratio to extract the stellar mass of the host galaxy.
Alternatively, mm-interferometry observations have become an essential tool in measuring the
dynamical masses of quasar host galaxies across different redshift ranges. At the highest red-
shifts (z> 4) the [CII] 158um line has been the most commonly used tracer of the dynamics
of the ISM. There is growing evidence that the most massive (> 10° M, ) SMBH in the high-
est redshift quasars known to date (z> 6) appear to be over massive for the mass of their host
galaxies (Wang et al., 2013; Venemans et al., 2016; Decarli et al., 2018), indicating that the
most SMBHs grow first. At more intermediate redshifts 1<z<3 some systems also appear to
have overly massive SMBH relative to their stellar/dynamical mass (Shields et al., 2006; Trakht-
enbrot et al., 2015; Vayner et al., 2017). While a significant fraction of galaxies with lower
SMBH < 10 M, appear closer or within the scatter of the local scaling relations, it appears
that galaxies with the most massive SMBH appear to be under massive relative to the mass of
their SMBH.

Interestingly surveys where a more substantial fraction of the systems are above z ~ 1
find an offset from the local scaling relation, while studies that include sources with z < 1 are
finding a smaller or no offset from the local scaling relations. The redshift of the sources in the
sample might play an important role in determining whether there is an offset or not. However,
given the large uncertainties of both SMBH and galaxy masses and the limited sample size, it is
difficult to test whether there is a statistically significant offset between z< 1 and z> 1 sources
at the present time. In addition, there is a difference in the range of black hole masses that are
probed by lower and higher redshift surveys which can play a critical role determining whether

or not an offset exists for the sample.
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Integral field spectroscopy (IFS) behind adaptive optics is another method with which
it is possible to disentangle the bright quasar emission from the extended emission of the host
galaxy. A point spread function can be constructed using data channels confined to the broad
emission line of the quasar. After the point spread function is normalized, it is subtracted from
the rest of the data channels in the cube. This technique was first shown to be able to resolve
host galaxies of low redshift (z < 0.2) luminous type-1 quasars in seeing limited observations
(Jahnke et al., 2004a). Later, when the first near-infrared IFS came online along with their own
adaptive optics system this technique was expanded to samples of higher redshift quasars (Inskip
etal., 2011; Vayner et al., 2016) and has shown to work on all the 8-10m class near-infrared IFS
(e.g., SINFONI, NIFS, and OSIRIS). This PSF subtraction routine provides better contrast at
smaller angular separations than HST, with an inner working angle of 0.1-0.2”, compared to
HST’s of about 0.5”(Vayner et al., 2016)(Chapter 2). Although today’s near-infrared IFSs are
not sensitive enough to detect the stellar continuum from the quasar/AGN host galaxies, they
are still capable of detecting extended ionized emission, enabling us to extract the dynamical
properties of the galaxy (Inskip et al., 2011).

There are vital open questions regarding the gas phase properties of the ISM in quasar
host galaxies. What are the metallicities of the gas in quasar hosts? How does the metallic-
ity in quasar host galaxies evolve with redshift? What is the dominant source of ionization in
quasar hosts? What are the star formation rates? One of the best ways to measure the ionization
properties of the gas in galaxies is through the BPT (Baldwin, Phillips & Terlevich) diagram
(Baldwin et al., 1981; Veilleux and Osterbrock, 1987). The traditional BPT diagram plots the

ratio of log([O111] /HP) vs. log([N11]/Hr) and contains two clearly defined sequences: the star-
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forming sequence and the mixing sequence. The star-forming sequence provides information
about the metallicity of HII regions, the stellar ionizing radiation field as well as information
on the gas condition in star-forming regions. The mixing sequence, on the other hand, consists
of gas photoionized by AGN and shocks and can provide information on the hardness of the
AGN ionizing radiation and the metallicity of the gas photoionized by the quasar/AGN (Groves
et al., 2006). Studies consisting of high redshift star-forming galaxies have shown evidence for
elevated line ratios relative to low redshift galaxies. At z~2 the observed elevated line ratios
have been attributed to denser ISM conditions (Sanders et al., 2016) and harder ionizing radia-
tion fields at fixed N/O and O/H abundances relative to typical z=0 galaxies (Strom et al., 2017).
Evolutionary BPT models by Kewley et al. (2013a) are consistent with these observations. Also,
the evolutionary BPT models provide a prediction on the evolution of the mixing sequence be-
tween z=0 and 3. The location of the mixing sequence moves to lower log([N11]/Ha) value at
a relatively fixed log([O111] /H/3) value, primarily due to lower on average gas phase metallicity
at higher redshift (Groves et al., 2006; Kewley et al., 2013a). There is tentative evidence that
gas photoionized by AGN is consistent with this picture, as there are several galaxies with AGN
which have emission line ratios offset from the local mixing sequence (Juneau et al., 2014; Coil
et al., 2015; Strom et al., 2017; Nesvadba et al., 2017c; Law et al., 2018). Given the numer-
ous sources of ionization in quasar host galaxies; star formation, quasar and shocks it is crucial
to spatially resolve the quasar host galaxy to understand the various contributions to gas ion-
ization. In the distant Universe, this generally requires observations with an IFS and adaptive
optics. Resolved BPT diagnostics in both nearby and distant AGN/quasar host galaxies have

found regions with distinct photoionization mechanisms (Davies et al., 2014; Williams et al.,
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2017; Vayner et al., 2017). The question remains whether the condition of the ISM in the most
luminous high redshift quasar host galaxies is different from local AGN.

We have begun a survey to study the host galaxies of z= 1.4 — 2.6 radio-loud quasars,
which are the most likely systems to evolve into the most massive elliptical galaxies in the
nearby Universe. The observations consist of near-infrared IFS observation behind laser-guide-
star adaptive optics (LGS-AO) at the W.M. Keck Observatory with the OSIRIS instrument. The
survey aims to understand the gas phase conditions and ionization in high redshift quasar host
galaxies, along with searching for evidence of quasar feedback and weighing the masses of
the quasar hosts. The observations target nebular emission lines (Hg3,[O111] ,Ha ,[N11] ,[SII])
redshifted in the near-infrared bands (1 — 2.4 pum) at a spatial resolution of ~1.4 kpc. We
describe our sample selection in §4.3, we summarise the observations in §4.4, data reduction
and analysis is outlined in §4.5, we describe how we identify spatially-resolved distinct regions
in each quasar host galaxy in §4.7, resolved BPT diagrams and our interpretation of the line ratios
are present in §4.8, outflow rates, energetics and the driving sources of outflows is presented in
§4.9, dynamical masses of the quasar host galaxies and their place on local scaling relations is
presented in §4.11 & §4.10, we discuss our results in broader context of massive galaxy evolution
in §4.12 and present our conclusions in §4.13. Notes on individual sources are presented in
§4.15. Throughout the paper we assume a A-dominated cosmology (Planck Collaboration et al.,
2014) with ,,=0.308, 2,=0.692, and H,=67.8 kms~! Mpc~—!. All magnitudes are on the AB

scale unless otherwise stated.
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4.3 Sample Selection

Sources were selected from the Sloan Digital Sky Survey (SDSS) data release 10 (Ahn
et al. (2014)). Quasars with a magnitude brighter than 17.5 at R band or those that have nearby
stars with R magnitude < 17.5 within 45” were cross-correlated with the FIRST catalog (Becker
et al., 1995) and NASA Extra-galactic Database (NED). Sources with radio flux of 0.3 Jy and
greater at 1.4 GHz were selected based on their available archival VLA/MERLIN observations.
We then selected targets with the most optimal tip/tilt star configuration that have jet sizes < 20
kpc. These sources fall in the compact steep spectrum (CSS) family except for 3C446, which is a
Gigahertz peaked source (GPS). We added 4C09.17 and 4C05.84, which were not observed with
SDSS, however, satisfies the radio, tip/tilt star criteria, and archival imaging and spectroscopic

data. Table 4.4 summarizes the general properties of our sample.

4.4 Observations

In this section we outline the observations that were taken as part of our survey. This
includes OSIRIS adaptive optics (AO) observations at the W.M Keck observatory of nebular
emission lines, ALMA observations of the synchrotron emission from the radio jet, archival

VLA and HST data.
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4.4.1 Keck OSIRIS

OSIRIS (Larkin et al., 2006; Mieda et al., 2014) observations were performed during
semesters 2015A - 2017B! on the Keck I telescope behind the laser guide star (LGS) adaptive
optics system Wizinowich et al. (2006). For tip/tilt corrections, we used a nearby bright star (R
magnitude < 17.5) or the quasars itself if it was sufficiently bright. For higher order corrections,
a laser tuned to the Sodium line at 589.2 nm was used to create an artificial star at an altitude
of 90 km centered on our object. The observing sequence was as follows: first, we acquired
the tip/tilt star with a short exposure and centered it in the OSIRIS IFS field-of-view (FOV).
For off-axis tip/tilt correction, we offset to the quasar using known shifts from archival SDSS or
HST imaging with observations after September 2016 utilizing the new Gaia astrometric catalogs
(Gaia Collaboration et al., 2016, 2018). We took a second short exposure to make sure the quasar
was centered and began science observations with 600-second exposure for individual frames.
We dithered each source by a few lenslets between science exposures and observed a pure sky
region once an hour. Each quasar was observed in multiple filters to cover key nebular emission
lines, with the goal to at least cover the wavelength range of redshifted Ha , [NI1] , and [O111]
lines. Choices between FOV and wavelength coverage prevented us from obtaining a consistent
line coverage for all sources. Table 4.1 includes the nebular lines observed for each quasar.

Each source was observed at least once in photometric conditions. Data for sources taken
in non-photometric conditions had flux scaled to photometric nights. We find the scaling factor
by constructing a 2D quasar image by taking an average along the spectral axis of the data cube

and performing aperture photometry with an aperture correction from a curve of growth. We

Program ID: U0720L, U90OL, U1210L, U1840L, U1540L, U1100L, U1220L, PI: S. Wright
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use flux conversions from DN/s to cgs from photometric nights. Non-photometric nights had a
maximum extinction of 1 magnitude as measured from the CFHT sky-probe?.

For some sources, we took observations in both narrow and broadband filter modes. The
combined data cubes for these sources have variable noise properties as a function of wavelength
and spatial location. Furthermore, the PSF for these sources varies between overlapping and

non-overlapping spectral regions.

2www.cfht.hawaii.edu/Instruments/Elixir/skyprobe/home.html
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Table 4.2. Archival VLA imaging

Object Date Project Code Central frequency Beam
(GHz)

3C318 1990 May 5 AB568 8.4399 0.24"x0.24"
4C04.81 1985 February 26 AL93 4.86 0.43"x0.40"
3C9 1993 January 4 AK307 8.4399 0.22"x0.21"
3C268.4 1991 November 13 AW249 8.2649 0.72"x0.58"
4C57.29 1986 May 18 AG220 1.490 1.53"x1.0"
3C298 1991 August 6 AJ206 8.4851 0.32"x0.25"

4.4.2 Archival VLA observations

A large fraction of our sources have been observed with the Very Large Array (VLA) over
the past 30 years. We scoured the VLA data archive for readily available high-quality images of
the quasar jets in our systems. We downloaded data sets that were reduced with the VLA AIPS
automated pipeline. We chose data sets that had an angular resolution close to or better than
an arc-second with integration long enough to fill the uv-space to produce high fidelity images.

Table 4.2 describes the observations.

44.3 ALMA

For objects where there is no available VLA imaging with our search criteria, we have
used our observations at shorter radio wavelength (mm) to construct images of the radio jets. We
have a concurrent ALMA program to study the molecular gas content of several quasars within
this survey. We are targeting rotation CO lines redshifted into the band 4 (125-163 GHz, 1.8-2.4

mm) of ALMA. The quasar jet still dominates the continuum emission at these wavelengths. For
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sources 4C05.84, 3C318, 4C09.17, 4C22.44, and 7C 135442552 we can produce high-quality
continuum maps of the quasar jets. Data reduction was performed using CASA (Common As-
tronomy Software Applications (McMullin et al., 2007)). There is sufficient SNR to perform
self calibrations directly on 3C318, 4C05.84 and 4C09.17. We used the CASA CLEAN function
to establish a model for the synchrotron continuum through several interactive runs with clean
masks centered on high SNR features. Cleaning is performed with Briggs weighting using a ro-
bust value of 0.5 with a pixel scale of 0.05”. We used the gaincal function to perform self-phase
calibration. The self-calibrated data was then cleaned again with further phase calibration until
we did not see a significant improvement in the SNR on the continuum. The final root mean
square (rms) improved by a factor of 3-8 in the continuum images. A single round of amplitude
self-calibration was successfully only for 3C318. The typical spatial resolution of the ALMA

observations is 0.4”.

4.4.4 Archival HST imaging

For sources with available HST imaging we download fully-reduced data from the Bar-
bara A. Mikulski Archive for Space Telescopes (MAST). Table 4.3 list the archival HST obser-

vations used in this study.
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Table 4.3 Archival HST imaging
Object  Proposal ID Instrument  Filter = Exposure time

(s)
3C446 12975 ACS-WFC F814W 2200
3C298 13023 WEFC3-UV  F606W 1100
3C268.4 13023 WEFC3-UV  F606W 1100
4C09.17 5393 WFPC2  F555W 2100
3C9 13945 ACS-WFC F814W 2040

4.5 Data Reduction & Analysis

4.5.1 OSIRIS data reduction

Data reduction was performed using the standard OSIRIS data reduction pipeline version
4.1.0 Larkin et al. (2013). The pipeline performs standard near-infrared data reduction proce-
dures. First, we constructed a master dark for each observing night by median combining 3-5
600s darks taken before/after our observing night. We subtract each master dark from the raw 2D
spectra. “Adjust channel levels", “Remove Crosstalk" and “Glitch Identification" routines were
only run on data taken before the detector upgrade in early 2016. The new Hawaii-2RG detector
does not have the same artifacts which these modules were designed to correct, see Boehle et al.
(2016) for further discussion. The pipeline performs a Lucy-Richardson deconvolution to extract
raw spectra by using unique rectification matrixes for each observing mode. The rectification
matrices are calibration files that contain the instrumental PSF for each lenslet at each wave-
length location. Finally, the “Assemble Data Cube" routine is run to place the extracted spectra
in the correct spatial location and construct a three-dimensional data cube. Sky cubes were sub-
tracted from the science observations using the “Scaled Sky" module, which scales OH-lines in

the sky data cube to that of the science frame before subtraction. The cubes were then combined
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using the “Mosaic Frames" routine which registers cube to the same coordinate system based on
AO offset header keywords and uses a 30 clipping algorithm for combining.

An A-type star is observed either preceding or succeeding each science observation for
both telluric and flux calibration. We select a star brighter than eighth magnitude from the
2MASS catalog for flux calibrations. The star is selected not to be variable or a known opti-
cal/spectroscopic binary. We select stars to have coordinates that when observed, will have an
air mass roughly matching the average air mass of our science observations. The observations
are taken in NGS mode with a typical exposure time of 1.4-10s depending on stellar brightness
and observational mode. For each star, we obtain a pure sky observation by offsetting to an
empty sky region a few arcseconds away.

We reduce the standard star in the same manner as for regular science observations. We
produce a 2D image of the star by averaging the data cube along the spectral axis. We construct
a curve of growth using the 2D stellar image and extract the spectrum using a small radius,
approximately the 34% of star’s spatial width. We apply an aperture correction to each spectrum
based on the curve of growth to obtain the total stellar counts. Hydrogen absorption lines in the
stellar spectra are fit with a Lorentz profile and are removed from each spectrum. We construct
a model stellar spectrum using the Planck function normalized to the average flux of the star in
the broad J, H, or K flux from 2MASS. We sample the (J, H or K) 1D model spectrum to the
OSIRIS spectral sampling and then divide the model into the observed stellar spectrum. This
provides us with a conversion factor between DN/s and at each channel in the data cube. We

estimate the absolute flux accuracy to be at ~ 10%.
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4.5.2 PSF subtraction

The broad line region of a quasar is spatially unresolved to our observations since the
emission happens on small scales, 10-400 light days (Peterson et al., 2004). Therefore, an in-
tegral field spectrograph is capable of constructing a PSF image from the data cube using only
channels confined to the broad line region. Jahnke et al. (2004b) conducted some of the first IFS
observations of low-redshift (z~ 0.2) quasar host galaxies to search for extended emission in
nebular emission lines. With the deployment of near-infrared IFS and adaptive optics, the search
for extended emission from quasar host galaxies shifted to higher redshifts (z> 1). Inskip et al.
(2011) presents detection of a quasar host galaxy in Ha for a z=1.3 quasar using SINFONI on
VLT. Our team shortly followed up an observational program to detect nebular emission from
quasar host galaxies at z~2 with OSIRIS at Keck and NIFS on Gemini. We demonstrated that
we could detect extended emission on scales >0.2” from the quasar down to flux levels of a few
%1077 erg s7! cm~2. We present a detailed description of our PSF subtraction routine in Vayner
etal. (2016)(Chapter 2). Herein we provide an overview and some additional improvements that
we have made to our PSF subtraction routine.

We select channels that are part of the quasar broad line emission and quasar continuum
that do not overlap with strong OH emission from the sky. We avoid regions within +2000
kms~! from the peak of a broad-line Ha or NLR [OT111] emission to avoid including potentially
extended emission from the quasar host galaxy, since we expect the majority of the extended
gas to emit close to the redshift of the quasar. Previously we only selected groups of channels

between OH lines that are close to the peak of the broad emission line or [O111] emission (within
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410,000 kms~! from the peak of a line). With further testing and a more extensive data set,
we found that selecting more data channels for constructing the PSF image caused less noise in
the PSF subtracted data cube. So now we select all available channels that do not coincide with
OH emission, low atmospheric transparency, spectral edge channels (due to filter transmission
artifacts) or near (< 42000 kms~! ) the peak of a broad-line Balmer line (e.g., Hoo , Hf)
or forbidden [O111] , [SII] emission lines. We still do not perform any continuum subtraction
to remove extended continuum emission from host galaxies’ stellar component before selecting
channels from the broad emission line as the sensitivity of OSIRIS is still below the flux expected
from continuum emission from the host galaxy at these redshifts.

After subtracting the PSF from the data cube, we apply minor cosmetic smoothing with
a 2D Gaussian to the datasets to improve spaxel-spaxel flux variations and to bring the data sets
to the same angular resolution. When computing any sizes of extended emission, we remove in

quadrature the size of the Gaussian kernel that was convolved with the data cube.

4.5.3 Emission Line Fitting

In this section, we outline how the nebular emission lines are detected and fit to construct
integrated intensity, radial velocity, and dispersion maps.

For PSF subtracted data cube, we construct a spectrum in a large aperture centered on
the quasar. We collapse the cube along the spectral axis using the channels near the peak of the
identified emission line, effectively creating a moment zero map for that line. Some data cubes
show multiple emission line peaks, from distinct kinematic structures in the galaxy, either from

bi-conical outflows, merging galaxies or rotating discs. By distinct here we refer to spectrally
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resolved emission line peaks resolved into individual emission line components. We then create
a moment map for each one. We select a sky region in each map, where we do not see any
strong emission, to estimate the background noise. The moment zero maps are divided by the
background noise to construct a signal-to-noise ratio (SNR) map for each velocity component.

We fit the emission lines in spaxel that have a significance above 20 in the SNR maps.
Each emission line is fitted with a Gaussian model. For the [O111] 500.7 nm line, we simultane-
ously fit the [O111] 495.9 nm line as well. The position and width of the 495.9 nm line are held
fixed to the redshift and width of 500.7 nm line. The line ratio between the [O11I] lines is held
fixed at 1:2.98 (Storey and Zeippen, 2000). Spaxels where Ha and [N11] SNR maps both show
a significant detection have the lines fit simultaneously. All the parameters on the Ha line are
free while for the [NI11] 658.4 lines the width and redshift are held fixed to the Ha line, and only
the peak of the emission is a free parameter. The 654.8 [NII] line has no free parameters with
the width and redshift held fixed to the Ha line, and the intensity ratio between the [NI1] 654.9,
658.5 nm lines is held fixed at 1:2.95.

A fit to an emission line is deemed successful and is considered "real" if the peak is above
30 and the width of the emission line is broader than the width of an OH sky emission line in the
data cube. We compute the width of the OH sky line by fitting a Gaussian profile to an isolated
sky line.

Each emission line is integrated from —30 to +30 to construct integrated line intensity
maps. We compute the error by taking a standard deviation in a sky region at each spectral
channel. The errors are simply an addition in quadrature of the error array over the same spectral

range as the integration of the emission line. We construct radial velocity maps by measuring
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the Doppler shift of the emission line from the redshift of the source, which we assume to be the
rest frame of each system. We generate a velocity dispersion map from the best fit o value of the
Gaussian fit. The errors on the radial velocity and o values are from the least squares Gaussian
fit.

We create three color composite maps from the integrated nebular emission line maps,
with the green color assigned to [O111] , red to Ha and blue to [N11] . We utilize the make Lupton
rgb routine within astropy visualization package (Lupton et al., 2004). Three color composite
images for each source are presented in Figure 4.1. The radial velocity and dispersion maps for
individual sources are present in the appendix. For each velocity dispersion map, we overlay
the radio-maps of the quasars’ jets. The two images are aligned by matching the optical/near-IR
location of the quasar with the component in the radio maps that shows spectrally flat (S, ~ /%)

spatially compact emission (Lonsdale et al., 1993; Fanti et al., 2002).

4.6 Quasar sample properties

We calculate redshifts from the Ha emission line that originates in the NLR of these
quasars. We extract the spectra of the quasar emission by performing aperture photometry on
the unresolved point-source emission in each data cube. Each spectrum has the broad Ho emis-
sion fit with multiple Gaussian profiles. The number of Gaussian emission lines is selected to
minimize x2. Most sources only required two broad profiles for the broad-line region emission
and one narrow component that signifies the quasar NLR. The centroid of the Gaussian profile

associated with the NLR component in the multi-line fit is used to calculate the redshift quoted
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Figure 4.1 OSIRIS - LGS observations of 11 quasar host galaxies in our QUART sample. Each
image is a three-color composite showcasing the distribution of ionized gas in these galaxies
detected on scales ranging from 1.6-30 kpc after the quasar emission has been removed. Red
is color-coded to Ha , green to [O111] and blue to [N11] . The star represents the location of
the subtracted quasar, the ellipse in the lower left corner is the measured FWHM of the PSF
computed from the quasar-PSF image, and the scale bar to the right of each source represents
1” or approximately 8.4 kpc
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in 4.4. In cases where no narrow line component is detected, we select the centroid of the bright-
est Gaussian component in the fit for the redshift. For 3C9 the broad Ha line is significantly
contaminated by telluric absorption, and we cannot perform a good fit on this spectrum; hence,
we quote the SDSS redshift for this source.

The bolometric luminosities are computed from monochromatic luminosity at either
1450A, 3000A or 5100A for each object, depending on the available spectral coverage. We use
the methodology described in Runnoe et al. (2012) and include the correction for average orien-
tation angle towards the accretion disk of the quasar. Both 1450A and 3000A luminosities are
taken from SDSS spectroscopy. For the majority of sources, we use SDSS data release 7 spectra
instead of BOSS spectroscopy, as the later is not properly flux calibrated (Dawson et al., 2013).
The quoted uncertainties are from the global fit to the linear correlation between monochromatic
and bolometric luminosities from Runnoe et al. (2012). Only 4C04.81 and 4C22.44 have their
bolometric luminosities computed from BOSS spectra and hence could have larger uncertainties.
The bolometric luminosity for 3C446 is from an integrated SED from Runnoe et al. (2012). All
quoted luminosity values are in Table 4.4.

Black hole masses are either calculated from the broad-line region Ha emission line
using the single epoch black hole mass Ha luminosity and FWHM scaling relation from Greene
and Ho (2005). For 3C9, 3C298, there is strong telluric/filter transmission issues that prevent
accurate measurement of the FWHM for the emission line. For these targets, we use the Mg 11

single epoch black hole mass estimate from Shen et al. (2011).
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Table 4.4. QUART Sample properties

Name RA DEC Z Lbol L178MHZ MBH

J2000 J2000 (10% ergs™) (10* ergs™) Mg
3C9 00:20:25.22 +15:40:54.77 2.0199 8.1740.31 9.0 9.87
4C 09.17 04:48:21.74 +09:50:51.46 2.1170 2.88+0.14 2.6 9.11
3C 268.4 12:09:13.61 +43:39:20.92 1.3987 3.57+0.14 2.3 9.56
7C 135442552 13:57:06.54 +25:37:24.49 2.0068 2.75+0.11 14 9.86
3C 298 14:19:08.18 +06:28:34.76 1.439  7.80+0.30 12 9.51
3C 318 15:20:05.48 +20:16:05.49 1.5723 0.794+0.04 4.0 9.30
4C 57.29 16:59:45.85 +57:31:31.77 2.1759 2.1£0.1 1.9 9.10
4C 22.44 17:09:55.01 +22:36:55.66 1.5492 0.491+0.019 0.6 9.64
4C 05.84 22:25:14.70 +05:27:09.06 2.320 20.34+1.00 4.5 9.75
3C 446 22:25:47.26 -04:57:01.39 1.4040 7.76 4.4 8.87
4C 04.81 23:40:57.98 +04:31:15.59 2.5883 0.624+0.02 9.3 9.58

4.7 Spatially-Resolved Regions

In this section, we define how we select different regions in our quasar host galaxies and
differentiate between gas in different components of a merger system. We define a distinct region
as a portion of the data cube that shares similar radial velocity, velocity dispersion, ionized gas
morphology, or similar nebular line ratios. These regions may be a part or entirety of a quasar
host galaxy or a nearby merging system. The number of distinct regions varies depending on
how diverse the kinematics and gas morphology are in a given system.

We define a dynamically “quiescent” region of our data set that contains gas with a ve-
locity dispersion (V) less than 250 kms~! . A quiescent region which belongs to the host galaxy
of the quasar must have a radial velocity < 400 kms™! as we expect the maximum rotational ve-

1

locity for a given host galaxy to be at most 400 km s~ . The maximum rotational velocity found
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for the most massive galaxies studied with IFS at z~2 is about 400 kms~* (Forster Schreiber
et al., 2018). Gas with V, > [400| kms™! and V,, < 250 kms™! is labeled as belonging to a
merger system. A system is defined to be a merger if there are components with V,. > |400|
kms~! or there is more than one distinct kinematic component. In the 3C298 system, for exam-

ple, two galactic disks are found to be offset by less than 400 kms™!

. All radial velocity and
velocity dispersion are measured relative to the redshift of the quasar. We label quiescent regions
in the following manner: source name + direction + component A or B where A = component
associated with the quasar, B = component associated with the galaxy merging with the quasar
host galaxy. We follow these with a one or two-word comment about the region. Examples of
description words are clump, diffuse, or tidal feature. Where clump referrers to a typical few kpc
in size compact ionized emission typically seen in high redshift star-forming galaxies. Diffuse
referrers to gas that has a surface density less than typical clumpy star-forming regions. A tidal
feature refers to ionized gas associated with a tidal tail in a merging system which may contain
both diffuse and clumpy ionized gas morphology.

We define “turbulent outflow" regions of each galaxy that contains gas with velocity dis-
persion (V) > 250 kms~! . We select this velocity cut-off since massive disk galaxies at z~1-3
show maximum rotational velocities of 400 km s—! (Forster Schreiber et al., 2009, 2018), which
is close to the maximum rotational and dispersion velocities in nearby galaxies (Kormendy and
Bender, 2011). For an isothermal galactic potential with circular velocity V., the escape velocity
is /2. Hence selecting a velocity dispersion cut-off at 250 kms~! , means at least 50% of the

gas is moving at speeds greater than the escape velocity for the inner regions of the galaxy. This

velocity cut-off is likely not large enough to only encompass gas that will escape the dark matter
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halo. Star-forming galaxies with a star formation rate of >1 M, yr—! will drive outflows with ve-
locities > 200 km s~! Murray et al. (2005). This is the minimum outflow velocity expected from
any energy injecting source; star formation or AGN. Similar to the quiescent regions, we label
the turbulent outflow regions in the following manner: source name + direction + component
A/B + outflow.

In some cases, there may be several outflow regions per component per object. In more
rare situations there may be outflows associated with multiple components of the merger. For
example, in 3C 298 there is an outflow associated with the host galaxy of the quasar and the
merging galaxy at 9 kpc from the quasar. We made the distinction by identifying two rotating
disks in the system’s radial velocity maps. For each region, we construct a 1D spectrum by
integrating over its spaxels, as presented in Figures 4.5, 4.6, 4.7, 4.8, 4.9, 4.10, 4.11, 4.12, 4.13,
4.14, 4.15. The emission lines in each spectrum are fit with multi-Gaussian profiles in the same
manner as described in section 4.5.3. The flux of each emission line along with the uncertainty

is presented in Table 4.5. We further describe each of the individual sources in §4.15.
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4.8 Nebular Emission Line Diagnostics and Sources of Gas

Excitation

In this section, we explore the photoionization mechanism in distinct regions of each
quasar host galaxy. The Baldwin, Phillips & Terlevich (BPT) diagram is used to differentiate
between different gas photoionization sources (Baldwin et al., 1981). We plot ratios of log([O111]
/H[3) and log([N11]/Hc) against each other. A different region of this diagram corresponds to
different sources of photoionization (e.g., star formation, AGN, shocks, or a mix).

To construct the BPT diagram for our sources, we integrated each emission line over
the same velocity width (AV) and velocity offset relative to the [OI1I] emission line. We in-
tegrate the maps relative to [OI11] since it is typically the brightest emission line in any given
spaxel. The higher signal-to-noise [OI111] emission line leads to a smaller spaxel-spaxel variation
in the radial velocity and dispersion maps, creating a more consistent log([O111] /H{) and the
log([NI11]/H) ratio between neighboring spaxels. We find that for the entire sample, the stan-
dard deviation on the log([O111] /Hf) ratio decreases by 0.2 dex compared to when integrating
the maps relative to Ho .

A resolved BPT diagram allows us to investigate the source of ionization of distinct,
resolved regions in each quasar host galaxy. Due to sensitivity and in some cases, wavelength
coverage, we cannot create an integrated emission line map for HS on a similar scale to Ha ,
[O111] , or [N11] maps. For our BPT diagrams, we construct our H3 map by simply assuming case
B recombination (HS=Ha /2.86) with a gas temperature of 10* K and an electron density of 102

cm ™3, Assuming other recombination cases and ISM conditions with reasonable temperatures
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and densities would not change our results by a significant amount as the ratios between HS and
Hoa would only change at most by a factor of ~1.3 (Osterbrock and Ferland, 2006).

Only spaxels where at least Ho and [O111] were detected are analyzed and presented here.
Typically [NI1] is detected in far fewer spaxels compared to Ha and [O111] . For spaxels where
only Ha and [O111] are detected, we calculate a limit on [NII] by integrating a sky spectrum over
the same velocity width as [OI11] at the expected wavelength location of [N11] . In Figure 4.2
we plot the ratios from each spaxel. Diamonds are regions where [N1I] , Ha and [O111] were
detected, and triangles are regions where only Ha and [O111] were detected with a limit on the
[N11] flux. A total of 3160 spaxels are plotted corresponding to 21 distinct galactic regions.

For each distinct regions identified in section 4.7 we over plot their line ratios and label
them with a star. Individual spaxels typically have high uncertainties in their ratios but tend to
cluster together on the BPT diagram. Integrating over distinct regions and re-calculating the
ratios from a high SNR spectrum confirms the true ratio of that region.

To conserve space, we do not over-plot the error bars on points from individual spaxels
in Figure 4.2, we only show the error bars of ratios computed for integrated values of the distinct

regions. In Figures 4.3 we plot points of individual spaxel along with the error bars.

4.8.1 Ionization Diagnostic Models

We find that a large portion of our line ratios values lie outside the two typical sequences
of the BPT diagram (Figure 4.2). At a fixed log([N11]/Ha) nearly all values are above both
the local mixing and star-forming sequence. At a fixed log([O111] /H/3) value, nearly all values

are outside the local mixing sequence. A large portion of points fall between the star-forming
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Figure 4.2 Line ratio diagnostics of individual resolved distinct regions. In grey, we plot the
line ratios of individual spaxels where at least [O111] and Ha was detected at an SNR>3. Un-
certainties on these line ratios are generally large; hence, we also integrate over all spaxels in
individual regions to increase the SNR and lower the uncertainties on the line ratios. We show
region-integrated line ratios with a star. The names of the distinct region are present in the lower
left corner, and these match the names given in Table 4.5. We present the evolutionary models of
the mixing and star-forming sequence with red and green curves from Kewley et al. (2013a). We
show the upper limit of a sequence with a straight line, and the lower boundary of each sequence
with a dashed curve. Our line ratios are consistent with a model where gas photoionized by the
quasar is denser, has lower metallicity and experiencing harder ionization compared to the gas
photoionized by AGN in nearby galaxies.
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Figure 4.3 We present line ratio diagnostics for spaxels in each source where at least [O111] and
Ha were detected at SNR great than 3. We show the uncertainties on line ratio, which were
omitted from figure 4.2 to conserve space. The dashed red line in each panel shows the theoreti-
cal separation between gas photoionized by star formation and AGN from Kewley et al. (2013a).
Points above the line are photoionized by the quasar, while regions below are photoionized by

O and B stars.
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and mixing sequence, with relatively high log([O111] /HS) values. Metallicity, electron density,
the hardness of the ionization field and the ionization parameter determines the location of the
galaxy/region on a given sequence. With changing conditions in the ISM between z=0 and
the median redshift of our sample, the locus of both the star-forming and mixing sequence can
change locations (Kewley et al., 2013a).

Galaxies at a fixed stellar mass have lower metallicities at high redshift compared to
galaxies today (Yuan et al., 2013). Near the peak of the star formation rate density at z~ 1 —
3, the ISM conditions and star formation histories of star-forming galaxies may differ from
local systems. Star formation appears to happen in denser environments in the distant Universe
with higher electron densities (Sanders et al., 2016), akin to conditions seen in local ULIRGs.
According to Steidel et al. (2014); Strom et al. (2017) ISM in high redshift galaxies experiences
harder ionization at a fixed N/O and O/H abundances compared to z=0 star-forming galaxies. On
the other hand, galaxies at higher redshift have elevated N/O rations (Shapley et al., 2015). Taken
together, Kewley et al. (2013a) shows that such changes in ISM conditions can alter the location
of the star formation sequence between z=0 and z=2.5. Notably, the combination of harder
ionization, electron density, and ionization parameter can shift the locus of the star-forming
sequence to higher log([N11]/He) and log([O111] /HfS) values. It appears that UV/emission line
selected galaxy samples tends to show a more significant shift from the SDSS star formation
locus as evident in a large sample of 377 star-forming galaxies explored by Strom et al. (2017).
Nearly all their galaxies have higher log([O111] /Hf3) value at a fixed log([N11]/Ha) compared
to local galaxies studied in SDSS. Various galaxy selection techniques may lead to samples of

galaxies with inherently different ionization properties. However, the overall conclusion from
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studying star-forming galaxies in the distant Universe is that the line ratios of these systems lie
on different star formation locus compared to the local Universe.

Changes in the ISM conditions of distant galaxies may also lead to changes in the loca-
tion of the mixing sequence in the distant Universe. Kewley et al. (2013a) and Groves et al.
(2006) show that for galaxies with lower metallicities the mixing sequences shifts to lower
log([N11]/He) values with relatively small changes in the log([O111] /HJ) value. We explore
the various evolutionary models of the star-forming and mixing sequence with redshift and ISM
conditions proposed by Kewley et al. (2013a). The best fit model to our sample is the one where
the ISM of high redshift galaxies have more extreme condition (higher electron density, harder
ionization field, and larger ionization parameters) and the metallicity of the gas photoionized by
the quasar is at a lower metallicity compared to the gas ionized by local AGN in the SDSS sam-
ple. The median log([NI11]/Ha) value is about 1.0 dex lower than that of the mixing sequence
at z=0. If the primary source in the shift of the mixing sequence from z=0 to z=1.5-2.5 is a
change in the gas phase metallicity, then the gas photoionized by the quasar in our sample has
a metallicity a 5*" of that in narrow line regions of z=0 AGN on the Kewley and Dopita (2002)
metallicity scale. One of the consequences of the shift in the mixing sequence is that it becomes
harder to distinguish between gas photoionized by AGN vs. star formation, especially in systems
with potentially multiple ionization sources.

Majority of the gas in our quasar host galaxies lies on the mixing sequence where the
gas 1s photoionized by a combination of quasar ionization and radiative shocks. However, A
number of our distinct regions appear to have low log([NI1]/Ha) values (<0.5) that showcase

low-velocity dispersion gas (V, < 250 kms~! ). Morphologically these regions appear to be
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clumpy in their Hoe maps reminiscent of typical star-forming regions in galaxies at z > 1. The
line ratios of these points do not coincide with regions of fast or slow shocks photoionization on
the BPT diagram (Allen et al., 2008; Newman et al., 2014). Archival HST data of 3C9, 3C298,
4C09.17, 3C268.4, 3C446 all showcase that the dynamically “quiescent" regions in these galax-
ies have clumpy morphology in rest-frame UV continuum data, showcasing continuum emission
from massive hot-young stars. In Figure 4.4 we overlay the Ha emission from dynamically qui-
escent regions onto archival HST observations at rest frame UV wavelength. Combining these
clues suggests that the quasar does not entirely photoionize the gas in these regions. The elevated
log([O111] /H/3) in these regions compared to local and distant star-forming regions may be from
a harder ionization field due to the quasar. This gives rise to strong [OI11] emission relative to Ho
, HB, and [NI1] , whereas a part or majority of the emission from the Balmer and low ionization
lines ([N11] ) is from star formation. There is some evidence for this based on the morphology of
the ionized gas and their respective log([O111] /Hf) ratios. For example, in 4C09.17, we see that
more diffuse emission with low-velocity dispersion tends to have a higher log([O111] /H{) value
compared to clumpier regions where there evidence for recent star formation activity.

Using the empirical star formation rate Ha luminosity relationship from Kennicutt (1998),
we convert the Ha luminosity of the distinct quiescent regions to star formation rates. Most
likely majority of these regions are photoionized by a combination of AGN and star formation,
hence the derived star formation rates are upper limits. Regions “3C298 SE component B Tidal
feature" and “4C09.17 W component B clumps" have line rations most consistent with photoion-
ization by O/B stars, the star formation rates derived in these regions are closer to their actual

value. We also measure the metallicities of these regions using the Pettini and Pagel (2004) em-
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Table 4.6 Star formation rates and metallicities of distinct star forming regions

Source  Region Ly, Star formation rate 12+log(O/H) Ogas
10*3erg s—1 Mg yr! kms~!
3C9 SE-SW component A 2+0.2 160+£16 8.6 173.1£25.7
N component B 1.2+0.1 99+10 8.6 200.5+5
4C09.17 SW component A 0.12+0.01 9+1 8.6 126.6+3
W component B clumps ~ 0.3540.04 2843 8.2 136+4.7
W component B diffuse 0.86+0.09 6817 8.4 146.2+7
3C268.4 SW component B 0.64+0.06 51£5 8.45 144.6+5
7C 1354 component A 0.3740.04 2943 <8.5 182.16£38.2
3C298  SE component B tidal 0.47+£0.05 3743 8.5 109.645.5
4C22.44 N,S component A 0.40+0.04 3243 8.4 184.64+6.5
4C05.84 SW component A clump  0.14£0.01 11+1 8.5 198.7£16
3C446  NW component A tidal ~ 0.07£0.001 6+1 <8.4 167.91+0.7
E-W component B 0.48+0.05 38+4 8.5 2043 £ 15

pirical gas phase metallicity - log([N11]/Ha) relationship. Given that log([N11]/Hc) is elevated
in the presence of an AGN/quasar ionization field, the metallicities for the majority of the re-
gions are also upper limits. We present quantitative values of these regions in Table 4.6, where
we show the Ha luminosity of each quiescent region, along with the star formation rate and

metallicities.

4.9 Outflow rates & energetics

In this section, we outline how we derive the outflow rates, energetics, and momentum
fluxes for individual outflow regions detected in our sources. We later compare these values
to predicted energy and momentum deposition from various origins (e.g., SNe, stellar winds,
quasar) to establish the dominant source for driving the galaxy scale outflows.

First, we estimate the ionized gas mass of individual outflow regions. We assume con-

stant density across each outflow and assume that each cloud inside the outflow has the same
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Figure 4.4 Detection of dynamically quiescent regions in archival Hubble Space Telescope ob-
servation. In the background, we show PSF-subtracted images of rest-frame UV emission in
the quasar host galaxy. Overlaid in contours is the extended Ha emission of the dynamically
quiescent regions detected with OSIRIS. Note the similarities in both morphology and extent.
The bar represents a spatial scale of 1” or about 8.5 kpc.
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Figure 4.5 Spectra of distinct regions along with fits to individual emission lines for the 3C 9

system.
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Figure 4.6 Spectra of distinct regions along with fits to individual emission lines for the 4C09.17
system.
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Figure 4.8 Spectra of distinct regions along with fits to individual emission lines for the 7C
1354+2552 system.
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Figure 4.14 Spectra of distinct regions along with fits to individual emission lines for the 4C
05.84 system.
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Figure 4.15 Spectra of distinct regions along with fits to individual emission lines for the 4C
04.81 system.
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density. Under these assumptions, the ionized gas mass can be written as,

Mgas ionized — (npmp + nHemHe)Vf- (41)

Where V' is the volume of the emitting region, f is the fill factor; the ratio of the size of emitting
clumps to the total volume of the region and n,, is the proton number. Finally, ng. and m. are
the number density of Helium and the mass of a helium atom. We assume a solar abundance for
Helium. We assume the gas in the outflow region is fully ionized where Helium is an equal mix

of Hell and Helll. Under these assumptions, we get the following relationships:

n(He) = 0.1n,
3
Ne = Ny + §n(H6) (4.2)
ne = 1.15n,

Using the formulation of Osterbrock and Ferland (2006) Ha emission due to recombina-

tion is given by the following formula:

L(Ha) - nenijavf (43)

where jp_, is the emission line emissivity assuming Case B recombination. Under case
B recombination the Hydrogen gas is optically thick to ionizing radiation, and all photons pro-
duced from an excited to the ground state are immediately reabsorbed. Hence, we omit down-
ward radiative transitions to the ground state. Isolating V' f in equation 4.3 and substituting into

equation 4.1 along with relationships from equation 4.2 we obtain the following equation for the
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total ionized gas mass:

Lya
M, as ionized — 1.27 Tnp—H (44)
! JH,

where Ly, and n, are the integrated Ho luminosity and the average electron density over
the outflow region. Since we cannot measure the electron temperature for our objects, we assume
a range of 1-2x10* K, which constrains the Ho line emissivity to 3.53-1.8 x1072% erg cm? s71
(Osterbrock and Ferland, 2006) for an electron density of ~ 10?~2 cm™3 . Missing information
about the electron density can lead to an order of magnitude uncertainties on the ionized gas
mass, while uncertainties on the electron temperature add a factor of a few. However, for two
objects (3C318 and 3C298), we were able to measure the electron density from the 671.7 nm
& 673.1 nm [SII] lines ratios directly. For the rest of the targets we assume an electron density
of 500cm~2 with an uncertainty range of 100-1000 cm~3 . Another way to compute the ion-
ized gas mass is from the [OI111] line luminosity and electron density as presented in Cano-Diaz
et al. (2012), however, this adds extra uncertainty as this method requires an assumption on the
metallicity of the gas in the outflow region. We compute the ionized gas through this method
by assuming solar metallicity. If the metallicity is lower than solar, then the ionized gas mass
and subsequently the outflow rates computed from [O111] line are effectively a lower limit as the
ionized gas mass measured from [OI111] is inversely proportional to gas metallicity. Given that
we do not have a proper measurement of the ionization parameter over the outflow regions, we

have no way of knowing which oxygen ion contains the majority of the mass. For the masses

measured from [OI11] , the assumption is that all of the oxygen in the outflow is doubly ionized.
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The most straightforward outflow rate formula that we can use to estimate the outflow

rate is given by the following equation:

M = = 4.5)

where we assume no prior information about the geometry of the outflow and simply measure
how long it takes the total gas (M) to reach an average radius R moving at constant velocity v.
However, with the assistance of AO, we can resolve each outflow, typically with several beams
across each region. We find that the majority of the outflows resemble a cone-like structure
with evidence for either a bi-conical shape with blue and redshifted outflows in the same system
or one-sided cones. We find bi-conical outflows in 3C318, 3C298 and 4C05.84 while we see
one-sided conical outflows in 3C9, 4C04.81, 3C268.4 and 409.17. None of the outflows appear
to cover a sold angle of 4pi steradians as seen from the center of each galaxy suggesting for
cone-like structure as opposed to spherical shells.

A more fitting way to calculate the mass outflow rates for our objects is to assume a conical thin

shell model with a constant density as presented in Cano-Diaz et al. (2012):

M = vR*Qp, (4.6)
where the density is given by p = M/V = %. The velocity of the material in the outflow is

v, assumed to be moving at a constant rate over the cone, R is the radial extent of the cone, and
) is the opening angle of the cone. Substituting the density formula into equation 4.6 yields the

following outflow rate formulation:
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M =32 4.7)

This outflow rate is a factor of 3 larger than the simple outflow rate formula given by equation
4.5. The wings of the emission lines most likely give the true average velocity of the outflow,
as the lower velocities seen in the line profiles are probably due to projection effects of the
conical structure (Cano-Diaz et al., 2012; Greene et al., 2012). To measure the velocity in the
wings of the emission line we use a non-parametric approach by first constructing a normalized

cumulative velocity distribution:
P = [ 1)/ [ fo)ae @8)

on individual Gaussian fits where v=0 is where the Gaussian profile peaks. For a Gaussian, F'(v)
is a smooth monotonically increasing function, vy, is defined where F' = 0.1 (i.e., the velocity
where 10% of the line is integrated). In Table 4.7 vy is presented under the V,; column. For the
outflow radius (R), we use the radius of the largest extent of the outflow on the sky. To compute
R, we construct a curve of growth on the extended [O111] emission line map, integrating from the
centroid of the quasar for each outflow region. Individual outflow regions are isolated from the
rest of the host galaxy emission using a mask that includes spaxels with broad emission lines (see
section 4.7 for identifying extended outflow regions). The outflow radius is taken to be the radius
where we spatially sum up 90% of the [O111] flux in the outflow region. In this assumption, the
outflow began near the quasar and had been expanding outwards. There could be the possibility

that the outflow started at some R;,;;; away from the quasar, in such a scenario it would be
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more appropriate to use AR = Ryt 10w — Rinitia— as the radial extent of the cone. However
for all sources but 3C9 we see that the outflow extends all the way to the inner working angle
(0.2” from the quasar) of our PSF subtracted data cubes, indicating that potentially the outflow
extends to the inner regions of the each galactic nucleus, so using R vs AR would not make a
significant difference in the outflow rates. In fact, in 4C05.84, 4C04.81, and 4C09.17 we find
that the outflow extends within the inner working angle of our OSIRIS observations, due to the
detection of unresolved outflows, after subtracting all the extended emission.

We present the outflow rates from extended outflows in Table 4.7, they range from 23-
700 M, yr—! for masses derived from Ho luminosity and 5-460 M, yr—! for masses derived
from [O111] . The error bars quoted in Table 4.7 on the outflow rates include the photon counting
statistics and flux calibration uncertainties but are dominated by our missing information on the
electron density over the outflow regions. For 3C298 and 3C318, we can directly measure the
electron density from the ratio of the [SII] doublet by fitting a double Gaussian profile to the
emission lines (Figure 4.16). We use the getTempDen routine part of PyNeb (Luridiana et al.,
2015) package to derive the electron density. For 3C318 and 3C298, the largest uncertainty
on the electron density comes from measuring the [SII] line ratios, for which the uncertainty
is dominated by the limited spectral resolving power of OSIRIS (R~3800). For all the other
sources we assume an electron density of 500 cm ™3 with a range of 100-1000 cm—2 , which
dominates the uncertainty on the outflow rate. The selected electron density is within the range
of values found in AGN driven outflows in the distant and nearby Universe (Harrison et al.,
2014; Kakkad et al., 2018; Forster Schreiber et al., 2019). The study by Carniani et al. (2015)

also assumes the same electron density for outflows in type-1 quasars at z~ 2.4, so for direct

175



le—17
I

I I
--- [SIT X6717
[SII] 26731

Flux [erg/s/cm?]
o
18]

\ \
1710 1715 1720 1725 1730 1735

Wavelength [nm]
16 | | | |

Line ratio
p =
0] o

o
o

\ \ \
10t 102 103 10*
Density [cm 3]

—
o-h
o

Figure 4.16 Measuring the electron density for the outflow region in the host galaxy of 3C 318.
Top panel shows the spectrum in the vicinity of the [SII] doublet along with a double Gaussian fit
to each emission line. Bottom panel shows the line ratio vs density from PyNeb for an electron
temperature of 1x10* K. Red point represent the measured value on the ratio along with the

uncertainty on the electron density as measured from this line ratio. We obtain an electron
density of 5294232 cm ™

comparison; we chose this electron density as well.

To improve the uncertainties on outflow rates requires observations at a higher spectral
resolving power. Since the emission lines are generally very broad, and the [SII] doublet is hard
to separate, future IFS instruments with higher spectral resolving power are crucial to measuring
accurate electron densities over outflow regions.

For each object, we search for nuclear outflows by subtracting the extended emission.

The removal is done by subtracting a model cube of the extended emission from the PSF un-
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subtracted data cubes. We then perform aperture photometry on the point source emission. We fit
the broad Ha and Hf3 emission from the broad-line region with a combination of broad Gaussian
profiles (similar to section 4.3) and include intermediate width emission lines (250 < V,, < 2000
kms~!) in [O111] and Ha when present to account for emission from the narrow-line region and
nuclear outflows. For 4C09.17, 4C57.29, 3C268.4, 4C04.81, 4C57.29, and 7C 1354+2552 we
detect broad spatially-unresolved asymmetric emission lines. Because we detect [OI11] , we
believe that these outflows extend far beyond the broad line region for each quasar. In 4C09.17,
4C05.84, 3C268.4, and 4C04.81 we think the unresolved outflows are connected to the galaxy-
wide outflows since they show similar emission line profiles. Most-likely these are the base of
the galaxy-scale outflow at small separations (< lkpc) from the quasar, within the inner working
angle of our LGS-AO observations. We set a limit on the radius of these regions by measuring the
FWHM of the PSF by first integrating the data cube along the spatial axis and fitting a Gaussian
plus Moffat profile to the image. For 7C 135442552 and 4C57.29, no extended outflows are
detected at separations (> 1kpc). We assume an electron density in the range of 500-1500 cm?,
slightly higher than our assumption on extended outflows since the nuclear outflows might be

denser due to their smaller sizes. Their outflow rates are recorded in Table 4.8.

4.9.1 The driving source of the outflows

To test the driving mechanism for the outflows, we measure the momentum flux of each
outflow region. We compare the measured momentum flux and kinetic luminosity of the outflow
to predicted energy and momenta depositions from radiation pressure of the quasar’s accretion

disk, outflows driven by BAL and or UFO winds, radiation pressure from stars on dust grains
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in the host galaxy, or mechanical feedback from supernovae explosions. The following formula

gives the total measured momentum flux for the outflow:

Pouttiow = M X v (4.9)

and the momentum flux of the quasar accretion disk’s radiation field is given by:

L olometric
Pquasar - bl% (410)

where Lpolometric 1S the bolometric luminosity of the quasar from Table 4.4 and c is the speed
of light. We provide the ratio of these values in Tables 4.7,4.8 and range from 0.004 - 80. We
interpret these values in the discussion section below. For each outflow region, we also measure
the kinetic luminosity of the outflow, given by

1

) 2
Lkinetic = §M X Vot

A.11)

To understand the driving mechanism for the galaxy scale outflows, we compare the
outflows’ kinetic luminosity and momentum fluxes to the momentum and energy deposition
from AGN and stellar sources. For radiation pressure driven wind by the SMBH accretion disk,
we compare the momentum flux of the outflow to the momentum flux of the quasar accretion
disk: PQSO = Lipoigso/c. To investigate whether radiation pressure from massive young stars
is driving the outflows, we take the stellar population’s bolometric luminosity and convert it

into a momentum flux (Lsrr/c). The bolometric luminosity is taken as the integrated infrared
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luminosity from 8-1000 m measured by fitting the mid to far infrared SED. The quasars 3C9,
3C298, 3C318, and 3C268.4 are modeled with AGN and star formation SED from Herschel
and Spitzer photometry presented in Podigachoski et al. (2015). Only the SEDs for 3C298 and
3C318 contain points with significant detections at wavelengths from the mid-infrared to sub-
mm, for the rest of the sources the total infrared luminosity due to star formation is an upper
limit. In these works, the SED is fit with a model including emission from the dusty torus as
well as far infrared emission produced by reprocessed UV emission from young stars. The best
fit mid-infrared SED model is subtracted, leaving behind emission from dust associated with
reprocessed stellar light. However, these models do not take into account far-infrared emission
associated with cooler emission from the torus and dust on kpc scales heated by the quasar.
Several studies have found the quasar itself can heat dust on kpc scales to temperatures similar
to dust heated by young stars. The star formation rates derived from total infrared emission
should be taken as upper limits in systems with powerful QSOs (Symeonidis et al., 2016). For
luminous quasars there may be no wavelength where the emission “purely" comes from stellar
activity, it is safe to assume that the quasar contributes to radiation at all wavelength. A second
way to compute the stellar bolometric luminosity is to convert the Ha flux to a star formation
rate of each distinct quiescent region (see section 4.7), and then convert this star formation rate
to a total infrared luminosity. We use the star formation rate derived from Ha and far-infrared
luminosity as prescribed in Kennicutt (1998). The total infrared luminosity measured from Ho
should be taken as a lower limit because of dust extinction effects. As discussed in section
4.8, Ha 1s most likely not entirely produced by recombination from photoionization by O stars,

there is a non-negligible contribution from quasar photoionization. The choice of initial mass
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function (IMF) will add a factor of ~1.3 uncertainty on the star formation rates. We use both
the Ho and the SED derived momentum fluxes for comparison with the outflows’ momentum
flux and momentum deposition. The following equations provide the momentum flux from the

radiation pressure of stellar systems:

LHa

Pergr = 5.827 x 103 ——2
SR % 1 x 10%3erg/s

dynes 4.12)

. Lir
Pspr = 3.336 x 10— d 4.13
SR x 1 x 10%erg/s yHes (13)

or in terms of a star formation rate:

- M
Pgpr = 7.34 % 1032%01%65 (4.14)
oyt

We compute the momentum and energy deposition from supernovae driven winds using equa-

tions (10) and (34) presented in Murray et al. (2005):

. Mgrpg
Pone =2 x 1083 —2"2 (4 4.15
SN X Moy yne (4.15)
; _ ’ 40 MSFR -1
Esne = EEsnMsprfsny ~ 3 x 107 ————ergs (4.16)
IMoyr—1

For momentum deposition, equation 4.15 assumes each supernova explosion produces 10M, of

ejected all moving at ~3000 kms~! . It assumes a supernovae rate of 1 per 100 years per
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IM,, yr~! of star formation. For energy deposition, equation 4.16 assumes each supernova
explosion yields 10°! erg of energy, an energy coupling fraction to the ISM of £ = 0.1, and
a supernovae rate per unit rate of star formation fgy = 1072, similar to the assumption for
momentum deposition. In table 4.9, we present the momentum flux and energy deposition val-
ues derived from the star formation rates in dynamically quiescent regions associated with the
quasar host galaxy. When available, we also derive these values from the far-infrared luminosity

obtained from SED fitting.

4.9.2 Condition for star formation as a potential driver of outflow:

During the first 4 Myr after a burst of star formation, radiation pressure from massive
stars dominates the energy and momentum deposition from stellar feedback. After about 3-4
Myr contribution from SNe is about the same as radiation pressure from stars (Leitherer et al.,
1992, 1999; Murray et al., 2005). The SNe rate peaks at about 10 Myr after the burst (Leitherer
et al., 1999), after which point feedback from stellar populations ceases to be important. Stellar
feedback can drive the outflow if Pg rR 1s greater than or comparable to Pout flow » €ither from
supernovae (SNe) driven winds or radiation pressure driven on dust grains by the stellar pop-
ulation. Radiation pressure on dust grains surrounding star-forming regions can drive outflows
with Pout flow Up to x2 that of PSF r on kpc scale (Thompson et al., 2015) through trapping of
far infrared photons in the outflow. For the extent of the outflows in our sample with Pout Flow
> 2% Pspp , the primary driving source cannot be from star formation. If Egne is also higher
than or comparable to F,,; flow » then the outflow may be powered by both energy and momen-

tum deposition from SNe feedback or radiation pressure from massive stars. Even if Egne is
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less than E,,; flow » there can still be sufficient momentum flux from star formation to drive the
outflow as momentum deposition can couple much better to the outflow than energy (Murray
et al., 2005).

The momentum deposition from radiation pressure by the quasar is almost always higher
than the momentum deposition by star formation. Hence all the outflows except for 3C 318 may
be driven by radiation pressure from the quasar accretion disk. In section 4.9.6, we discuss why
we exclude star formation as the primary source for driving the outflow in 3C318 due to the

geometry of the outflow.

4.9.3 Condition for AGN as potential driver of outflow:

If PS rr 1s much smaller than 2x Pout flow » then the outflow cannot be driven by star
formation, and we look to the quasar as a primary driving source. There are multiple ways that a
quasar can drive a galaxy scale outflow. First is through radiation pressure on either dust grains
or electrons in the host galaxy. If PQSO is greater than Pout flow » then the outflow can be driven by
radiation pressure. In fact, for the radial extent of the outflows in our sample, through trapping
of infrared photons in the outflow Pout flow can be at most 2x higher than PQ so and the outflow
can still be driven by radiation pressure (Thompson et al., 2015; Costa et al., 2018a). However,
in the scenario that the outflow has a very high infrared optical depth, the amount of gas these
simulations predict in the outflow is significantly larger than what we observe.

The second type of an AGN driven outflow is when a broad absorption line wind, ultra-
fast outflow, quasar jet or a warm absorber type wind drives a powerful shock in the host galaxy

of the quasar. In simulations where a fast (v > 30,000 kms™! ) wind drives the shock, Faucher-
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Giguere and Quataert (2012) finds that the rate-limiting step in cooling the shocked bubble is due
to Coulomb heating of the electrons to the same temperature as the protons past the shock. If the
shock rapidly expands past a few kpc the timescale to do this can reach up to a few Gyr. Once
the electrons are at the same temperature as the protons, they can cool through inverse Compton
scattering or from free-free emission and the protons cool through Coulomb collisions with the
cooling electrons. For these reasons the shocked bubble expands adiabatically sweeping material
from the inner regions of the galaxy before the shock can cool, providing a momentum boost
to the galaxy scale wind. For shocks driven by slower winds, the shocks are primarily cooled
by inverse Compton scattering and free-free emission. The condition for an energy conserving
shock is if the cooling time scale (f.) is longer than the flow time scale (¢4, = R,/vs) and
much longer than the initial crossing time scale (f., = Rgw /Uwing) at the radius where the gas
is shocked. Where v, is the velocity of the shock, R, is the radius of the shock, v,;,q 15 the
velocity of the wind responsible for the shock, and Rgy is the radius where the initial shock
oceurs. teoor >> tfiow > ter implies energy conservation while £. << ter < t 10, implies, the
wind cools and only the ram-pressure is communicated to the ISM, only momentum is conserved
(Faucher-Giguere and Quataert, 2012). In the energy conserving scenario, The shocked bubble
expands adiabatically in a Sedov-Taylor phase and will maintain a large proportion of the energy
provided to it by either one of the AGN driving mechanisms. The ratio between Pout flow and
PQso for such outflow is expected to be >2-1O><PQSO (Faucher-Giguere and Quataert, 2012;
Zubovas and King, 2012) on kpc scales. Energy conserving or adiabatic shocks are one of the
most efficient ways to remove gas from a massive galaxy at high redshift, drive turbulence in the

host galaxy’s ISM and prolong the time necessary for gas to cool and form stars. In the case of an
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isothermal shock, Pout flow Will be smaller than PQSO on kpc scales, decreasing as a function of
radius (Faucher-Giguere and Quataert, 2012; Zubovas and King, 2012; King and Pounds, 2015).
Given that the same condition is true for a radiation pressure wind, with present data, we cannot
distinguish between these two driving mechanisms (an isothermal shock vs. radiation pressure).

Wagner et al. (2012) also finds a considerable momentum boost for jet driven outflows.
In their simulations, a powerful quasar jet slams into the ISM and drives a hot shock. The
shocked wind is at a temperature of 107 K and expands adiabatically. Mukherjee et al. (2016)
finds similar results. These simulations do not treat the protons and electrons as having different
temperatures past the shock, and they do not have a luminous quasar on while the shocked bubble
expands in comparison to Faucher-Giguere et al. (2012). The temperature of the shocked bubble
is about two orders of magnitude lower than that in Faucher-Giguere and Quataert (2012). The
question is, can the quasar radiation field cool the gas through inverse Compton scatting or free-
free emission, in which case the momentum flux would drop as the shocked gas will radiate a
portion of the energy provided to it by the jet. Using equation 15 from Faucher-Giguere et al.
(2012) inverse Compton scattering can cool the gas in 18 Gyr at a kpc from the quasar for

!, and an electron temperature of 107

an AGN with a bolometric luminosity of 1x10%erg s~
K. Using equation 24 from Faucher-Giguere and Quataert (2012) the estimated cooling time
scale from free-free emission is much shorter, about 15-150 Myr for an electron density of 0.1
- 1 cm™3 (Wagner et al., 2012). Even the 15 Myr time scale to cool the gas is much longer
than the flow time of the shock. For example, in Mukherjee et al. (2016) the shocked bubble

propagates from 1 kpc to 3 kpc in a matter of only 1 Myr. These results indicate that even with

the presence of an intense radiation field from the quasar or free-free emission, the cooling time
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scale for the shocked bubble is longer than the flow time. These results indicate that the bubble
will expand adiabatically while sweeping the material from the inner few kpc of the galaxy,
providing a significant momentum boost to the galactic wind. The temperature and phase map
in Mukherjee et al. (2016) indicate the presence of gas at temperatures > 107 with densities
0.1-0.01 cm™2 . These higher temperatures can prolong the free-free cooling time scale by 1-2
orders of magnitude and decrease the inverse Compton cooling by about an order of magnitude.
However, even this time scale will be too long for the flow time of the hot energy bubble at

distances greater than 1 kpc.

4.9.4 Outflow Comparisons

Figure 4.17 is a diagnostic diagram that distinguishes between the driving mechanism
for the outflows (star formation vs. AGN ) based on the above-defined criteria. In figure 4.18
we distinguish whether radiation pressure from the quasar or an isothermal vs. adiabatic shock
is driving the outflow. Points that are below the 1:2 line ratio between PQSO and Pout Flow are
outflows that are driven by either radiation pressure or an isothermal shock, points that are above
the line are outflows that are most-likely driven by an adiabatic shock.

The galaxy-scale outflows in 3C318, 3C 298 and 4C04.81, are consistent with energy
conserving shock as a driving mechanism within the error bars on the ratio between PQSO and
Pout flow - The nuclear outflows in 4C04.81 and 4C57.29 are consistent with either being driven
by an adiabatic shock or from radiation pressure in a very optically thick environment with a high
column density (Ny > 10%* cm~2). For 4C09.17, 4C05.84 and 3C268.4 the extended outflow

is consistent with either being driven by an isothermal shock or through radiation pressure by
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the AGN. The nuclear outflow in 4C05.84 is consistent with either being driven by radiation
pressure or an isothermal shock. For 3C9 the outflow can either be driven by star formation
or by an isothermal shock or through radiation pressure by the AGN. The most likely driving
source for 3C9 is star formation given the geometry of the outflow and the fact that it does not
extend to the quasar. The outflow propagates along the minor axis of the rotation disk, similar
to star formation driven outflow in M82. Furthermore, the wind in 3C9 is emanating from the
location where star formation has recently occurred based on nebular emission line ratios for
3C9 and from the presence of extended UV emission in a galactic ring (see Figure 4.4).

In 4C05.84, 4C04.81, 3C298, 3C268.4, 3C318 and 3C9 the path of the jet correlates
with the direction of the outflow (e.g. see Figures 4.28, 4.34). Indicating that the jet could be

responsible for driving the outflow. In section 3.6 we further discuss this scenario.

4.9.5 Sample comparison

We collate data from the literature on both ionized and molecular outflows in the low and
high redshift Universe. We attempt to make a comparison to various AGN host galaxy surveys,
both type 1 and type 2 AGN and QSOs that are radio quiet and loud. To perform a direct
comparison between the ionized outflows in our sample and the ionized outflows in literature
we re-derive the outflow rates and bolometric luminosities (when possible) of the AGN in the
same manner as we have in our paper. From each paper, we extract the luminosity of a Balmer
emission line (either HS or Ha ), and when possible the electron density to estimate the ionized
gas mass with the similar assumption that we made for our sample using Equation 4.4. In cases

where the electron density was not measured, similar to our sample, we assume an electron
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Figure 4.17 Diagnostic diagram distinguishing between AGN or Star formation as the main driv-
ing mechanism of the galaxy outflows. On the Y-axis, we plot the ratio of the kinetic luminosity
of the outflow to the energy deposition from stellar feedback, and on the X-axis, we plot the ratio
of the momentum flux of the outflow to the momentum deposition from stellar feedback. Points,
where energy and momentum deposition are calculated from star formation rates derived from
Ho emission line, are shown in green. Red points represent energy and momentum deposition
derived from total infrared luminosity. The stars represent stellar feedback models from stellar
winds, while the green Xs represent SNe feedback models. We show the division between AGN
vs. Star formation as the main driving mechanism with dashed lines. These criteria are outlined
in section 4.9.2,4.9.3.

187



\ \ \ \ \
10381 — 10%®
, ‘2:1 1045
o | F
10¥|— — 'To e
o . .
— _.10* - y
5 (] = B %% ¢
Z - a k .
g 1436 &
S 10°°— ° — 43 T
) ou £ 10 ° . a T
3 g 2 . q
S o < -
3 L] S 142 i’ i
- , ‘R 10
1035 ’ |
o .’
° 104].""®
°
1034 - , —] Legend
4 1040 [ @ Molecular Outflows CO il
’ B Molecular Outflows OH
// X @ lonized Outflows Literature
., / % lonized Outflows This Stud:
10% & ‘33 3 ‘3 ‘3‘6 ‘3 * 3 ‘44 ‘45 76 77 ‘%
10 103 10 10 10%7 10* 10 10 10* 10 10*
Pagnlg ems™? Lagnlergs s™']

Figure 4.18 Diagnostic diagram distinguishing between different AGN components that may
have driven the outflows. On the left, we plot the momentum flux of the outflow against the
radiation momentum flux from the quasar. Red points represent outflows detected in ionized gas
emission. Black stars represent points from our sample. Blue squares represent galaxies where
a molecular outflow was detected through OH absorption while blue circles represent molecular
outflows detected through CO emission. We plot lines of constant ratios of 2:1 and 10:1 between
Pout flow and PAG ~ as these ratios distinguishing between different driving mechanism. Points
below the 2:1 line represent outflows that may have been driven either by an isothermal mo-
mentum conserving shocks or through radiation pressure on dust grains by the AGN or quasar.
Points above the 2:1 line represent galactic outflows that were driven by a hot adiabatic shock if
the radius of the outflow is > 1 kpc. Points above the 2:1 line may also be driven by radiation
pressure in very confined <1 kpc regions where there is very high opacity to infrared photons.
On the right, we plot the kinetic luminosity of the outflow against the bolometric luminosity of
the AGN. Green dashed curve represents the minimum coupling efficiency (0.01%) prescribed
by theoretical work necessary to clear the galaxy of its gas and establish the observed local
M, — o relationship. Points on the right plot are color-coded to the points on the left plot.
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density in the range of 100-1000 cm~3 . We obtain the radius and velocity of the outflow, and
along with the ionized gas mass, we estimate the ionized gas outflow rate with Equation 4.7.
For the type-1 radio-quiet quasar sample from Carniani et al. (2015) we use the H3 emis-
sion line luminosity to derive the ionized gas mass and the radius and velocity from their Table
2 to derive the outflow rates. We assume electron density in the range of 100-1000cm 2 . We
assume a conical geometry which leads to outflow rates 3 times higher than the original paper.
For radio-loud type 2 AGN we extract data from Nesvadba et al. (2017b). We use their Table 4
to extract the velocity of the outflowing gas and the radial extent, which is taken to be half the
major axis of the [OI11] emitting gas. We use either the extinction corrected (when available in
Table 6) Ha or H/3 line luminosity to compute the mass of the ionized gas. For the radio loud
type 2 AGN sample we use the bolometric luminosities presented in (Nesvadba et al., 2017c¢)
computed from mid and far infrared Herschel observations (Drouart et al., 2014). Since these
are obscured AGN measuring their bolometric luminosities from UV spectroscopy is difficult
and would most likely underestimate the true luminosity of the object. For less luminous AGN
at redshift ~ 2 we use the Genzel et al. (2014) sample of AGN select from star-forming galaxies
observed with near-infrared IFS. We use the Ha line luminosity of the outflow component in
their Table 4 along with the velocity and radial extent. The AGN bolometric luminosity for this
sample are presented in Table 1 of the paper and are derived from rest-frame 8m luminosity or
absorption corrected X-ray luminosity. We only include targets for which both an outflow was
detected, and the bolometric luminosity was measured. For one target (GS3-19791) the outflow
may not be AGN driven as the system’s bolometric luminosity is dominated by star formation.

We add all detected outflows in galaxies with AGN from MOSDEEF survey (Leung et al., 2019),
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where we have re-calculated the ionized outflow rates with similar assumptions to our sample
using the Ha lines to calculate the ionized gas mass. The bolometric luminosities of AGN in

04447 erg s~tand are calculated from the [O111] line

the MOSDEF survey span a range of 1
luminosity. The sample includes both type 1 and type 2 AGN and quasars.

We also include outflows from papers on individual sources. From Cresci et al. (2015) we
include the properties of the outflow detected in the obscured AGN XI1D2028 at z=1.59. We use
an outflow velocity of 1500 kms™! and a radius of 13 kpc along with ionized gas mass derived
from the H/3 luminosity for a typical range in electron density of 100-1000 cm 3 . For XID2028,
the bolometric luminosity of 2x10% erg/s is derived from SED modeling. From Brusa et al.
(2016) we include the ionized outflow detected in XID5395 at z=1.472. We use the Ha emission
line to derive the ionized gas mass using an electron density of 7804300 cm~3 measured from
[SII] line ratios, along with the measured radius of 4.3 kpc and an outflow velocity of 1300
km/s. XID5395 has a bolometric luminosity of 8 x 10%° erg/s derived from SED fitting similar to
XID2028.

We also make a comparison between the ionized outflows detected at z>1 to molecular
outflows detected in the nearby and high redshift Universe. To date, the majority of the molecular
outflows have been detected and studied in detail in nearby systems. With the advent of ALMA,
the number of molecular outflows detected at high redshift is growing, but the majority of the
sample still consists only of nearby systems. AGN that have bolometric luminosities in the
quasar regime are extremely rare in the nearby Universe compared to z ~ 2 where they are

nearly 1000 times more prevalent. As a result of this, the majority of the molecular outflows

have been studied in systems with lower bolometric luminosities on average compared to the
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systems with ionized outflows. From low redshift we include molecular outflows detected and
studied in CO from Cicone et al. (2014); Alatalo et al. (2011); Aalto et al. (2012); Feruglio
et al. (2013); Morganti et al. (2013); Veilleux et al. (2017) and in OH from Sturm et al. (2011).
For comparison we only include objects where the bolometric luminosity of the AGN is greater
than 10% of the total bolometric luminosity of the object, this is selected to avoid including
objects where the outflow may primarily be driven by star formation and not AGN activity. The
bolometric luminosity of the nearby AGN with molecular outflows spans a range of 103 — 106
erg/s. For molecular outflows seen at higher redshift we include our detection in the quasar host
galaxy of 3C 298 (Vayner et al., 2017) along with a recent discovery in the star-forming/AGN
galaxy zC400528 (Herrera-Camus et al., 2019) with an AGN bolometric luminosity of 10%5-
erg/s and in the obscured AGN XID2028 (Brusa et al., 2018) with an AGN bolometric luminosity

of 10463 erg/s.

4.9.6 Special Note: 3C318 Outflow

If we assume that all of the far-infrared emission comes from cool dust heated by a recent
starburst, then the recent star formation rate in the host galaxy of 3C 318 is about 580M, yr—!
. Within the observed error bars on POut flow » Stellar feedback either through radiation pressure
or from mechanical feedback from SNe has sufficient energy and momentum deposition to drive
the galaxy scale outflow that we observe. The far infrared emission data comes from Herschel
observations. The PSF of the PACS instrument is >17.5 arcseconds or about 150 kpc at the

redshift of the quasar. Hence the cold dust emission is not well localized. Interferometric obser-

vations of molecular gas through CO emission indicate that there is an offset of 3 kpc between
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the quasar and the molecular gas reservoir based on observations of CO 1-0 and CO 2-1 (Willott
etal., 2007; Heywood et al., 2013). Our ALMA observations of CO 3-2 also confirms this offset
(Vayner et al. 2019, in-prep). The outflow detected in ionized gas resembles a bi-conical struc-
ture centered on the quasar. The outflow emanates from the nuclear region of the system. If the
distribution of dust is similar to the molecular gas, the outflow cannot be star formation driven
as it does not originate from the region where star formation may have recently occurred.

Furthermore, we do not see any evidence for extended narrow Ha emission in the host
galaxy that would be consistent with star formation. There is evidence for spatially unresolved
narrow Ha and [O111] emission from the nuclear region. The unresolved [O111] is much broader
than the unresolved narrow Ha emission; this is most likely due to PSF differences between
the J and H band data for 3C 318. The J band data for 3C318 has a larger PSF compared H
band. Most likely a larger fraction of the extended broad emission from the ionized outflow seen
in nebular emission is unresolved in J band making the [O111] line appear broader. However, a
single Gaussian fit to the unresolved [OIII] emission provides a poor fit to the data. A second
narrower emission line component is required. This second narrower line matches the width
and redshift of the narrow Ha component, suggesting a common origin. The Ha emission is
relatively narrow (FWHM of 440.24 £ 19.93 kms~! ) with [NII] lines undetected with a line
ration limit of log([N1I]/Ha)< -1.1. With a log([O111] /Hf) ratio is about 0.3, places this region
firmly inside the star-forming region on the BPT diagram. We compute the log([O111] /Hf) ratio
from the two narrow (Ha and [O111] ) components with the broader [O111] emission line from
the galaxy scale outflow subtracted out.

The Ha line luminosity for this nuclear regions is 1.1£0.1x 10%3 erg s~ !which translates
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into a star formation rate of 88+9 M, yr—!

. Most likely at least some portion of the Ha flux
could be due to photoionization from the quasar, so this star formation rate is an upper limit.
Stellar feedback from this rate would produce about 1.8x10%* dynes of momentum deposition,
which is 5 times smaller than the momentum flux measured in the outflow. The energy and
momentum deposition is still insufficient to drive the galaxy scale outflow that we observe in this
object, either from radiation pressure by the nuclear starburst (stellar winds) or SNe explosions.
Taken together, we do not consider star formation as the primary driver of the outflow. The more

likely scenario is the galaxy scale outflow is driven by quasar activity, both on energetic and

geometric arguments.
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4.10 SMBH-galaxy scaling relationships

In this section, we place our galaxies on the velocity dispersion and galaxy mass vs.
SMBH mass plots, comparing their locations to the local scaling relations (M, — o and M, —
M, ). We calculate the SMBH masses from the broad Ha luminosity and line width using the
methodology presented in Greene and Ho (2005). The SMBH masses span a range of 10887987
Mg, . The velocity dispersions are taken from dynamically quiescent regions, while the galaxy

masses are calculated from the virial equation and from modeling the radial velocity of targets

with rotating disks and extracting a dynamical mass.

4.10.1 Host Galaxy Velocity Dispersion

We identify several dynamically quiescent regions within most of the quasar host galax-
ies in our sample. These regions show relatively lower log([N11]/Ha) line ratios and typically
have clumpy morphology, reminiscent of the general star-forming regions seen in nebular emis-
sion and UV continuum in high redshift galaxies. In most galaxies, these regions lie away from
any galactic-scale outflows. Hence their observed dynamics could be a probe of the galactic
gravitational potential. These regions can be used to measure the velocity dispersion of our
quasar host galaxies. In combination with the measured black hole masses, we can compare
them to the local scaling relation between the mass of the SMBH and the velocity dispersion of
the galaxy/bulge. In Figure 4.19, we plot the mass of the SMBH presented in Table 4.4 against
the velocity dispersion of distinct quiescent regions measured with the Ha line. Also, we in-

clude the velocity dispersion measured from CO (3-2) emission for 3C 298 from Vayner et al.
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(2017)(Chapter 3). We find a significant offset from the local scaling relation between the mass
of the SMBH and the velocity dispersion of the galaxy/bulge (M, — o ) (Giiltekin et al., 2009;
McConnell and Ma, 2013).

There have been numerous discussion in the literature, whether the velocity dispersion
measured from gas traces the stellar velocity dispersion. The gas and stars might not have the
same uniform distribution, and winds can contribute to broadening the nebular emission lines.
Furthermore, the line of sight absorption and emission lines from which the velocity dispersion
is calculated are luminosity weighted subject to galactic dust extinction. Because of the different
light distribution between stars and gas, the measured velocity dispersion can be quiet different.
These arguments can lead to increased scattering in any correlation between o, and 04,5 . Data-
sets that spatially resolve the gas and stellar components as well as having enough resolving
power to separate multi-component emission from different regions (e.g., outflowing/in-flowing
gas vs. galactic disk rotation) are important when making a comparison between o, and 0 .
In Bennert et al. (2018) for large sample local AGN when fitting a single Gaussian component
to the [O111] emission line, they find that they can overestimate the stellar velocity dispersion by
about 50-100%. Only by fitting multiple Gaussian components to account for both the narrow
core and the broader wings of the [O111] line profile can they adequately match the velocity dis-
persion from the narrow component of the [O111] line to that of the stellar velocity dispersion. For
their entire sample, the average ratio between the velocity dispersion of narrow Gaussian compo-
nent and the stellar velocity dispersion is ~1. The 1 o scatter on the ratio between o(o171),narrow
and o, is about 0.32 with a maximum measured ratio of about a factor of 2 which translates

to a scatter in Ao = ojorr7) — 04 of 43.22 km s~! with a maximum difference of about +100
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Figure 4.19 The location of our galaxies on the velocity dispersion vs. SMBH mass plot com-
pared to the local M, — o relationship. Red stars are the measurements from our sample, where
we measure the velocity dispersion from the Ha emission line. We measure the black hole
masses using the broad Ha line from the broad-line-region discussed in section 4.3. The two
blue stars represent the velocity dispersion measured in the disk of the host galaxy of 3C 298 and
the tidal tail feature nearly 21 kpc away from the quasar (Vayner et al., 2017). Blue circles are
quasars from the Shields et al. (2006) sample where they measure the velocity dispersion from
CO emission lines. The yellow points are from quasars at z> 6 where they measure the velocity
dispersion from the 158um [CII] emission line (Decarli et al., 2018). Green points represent
the local sample of all the bright cluster galaxies with SMBH greater than 10° Mg, taken from
McConnell and Ma (2013). The blue curve represents the best fit to the entire galaxy sample
from McConnell and Ma (2013) while the green curve is the fit to the sample studied in Giiltekin
et al. (2009). The blue shaded region represents the intrinsic scatter on the M, — o relationship
as measured by McConnell and Ma (2013). We find a significant offset between the galaxies in
our sample and those of local BCG and the general local M, — o relationship. This large offset
indicates that the host galaxies appear to be under-massive for their SMBHs.
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Figure 4.20 We present the location of individual galaxies compared to the local scaling relation
between the mass of the SMBH and mass of the galaxy/bulge shown with a blue curve. Blue
points represent systems with virial dynamical masses. Red points represent systems where we
calculate the dynamical mass by modeling the radial velocity maps with an inclined disk model.
Gray points show the location of galaxies at z> 0.5, with lower SMBH masses and lower AGN
luminosity compared to our sample. The blue curve represents the local scaling relationship as
measured in McConnell and Ma (2013), with the shaded region representing the intrinsic scatter.
We find the majority of our points are offset from the local scaling relationship, outside the
observed scatter.
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kms~! . However, only a few sources show such drastic velocity differences (~ 2.5% of the
entire sample, 82% of the sources show oorrn — 0« < £50 kms~!). In addition, when fitting
for the M, — o relationship with the narrow [OI11] emission as a proxy for stellar velocity dis-
persion, the resultant fit agrees with that of quiescent galaxies and reverberation-mapped AGNs.
These results indicate that for the sample as a whole Bennert et al. (2018) finds that both the
stars and gas follow the same gravitation potential. We attempted to the best of our ability to
separate regions that contain galactic scales winds from those with more quiescent kinematics
both spectrally and spatially with OSIRIS. Hence similar to Bennert et al. (2018) we think that
the measured velocity dispersions in quiescent regions are good tracers of the galactic potential
on average. We still find a significant offset for our sample after applying the observed scatter
in the difference between o, and 0,4, . This is also true when applied to the more distant quasar
host galaxies studied with 158m [CII] emission.

Using N-body smoothed-particle hydrodynamics simulations Stickley and Canalizo (2014)
examines how the stellar velocity dispersion evolves in a binary galaxy merger. At various stages
in the merger (e.g., a close passage, nucleus coalescence) they measure the stellar velocity dis-
persion along 10? random lines of sight. Near each close passage and during coalescence they
find that the scatter on the velocity dispersion significantly increases from ~ 5 — 11 kms™!
to about 60 kms~! with the average velocity dispersion a factor of ~1.7 higher than after the
galaxies have finished merging. For several sources in our sample (3C9, 3C298 and 3C446) the
measured velocity dispersion might be higher than what it will be once the galactic merger is
complete adding an uncertainty due to projection effects. Following the results from the simu-

lations, we add in quadrature an additional uncertainty on the velocity dispersion of 60 kms~!
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given that majority of our mergers are near coalescence or a close passage (AR < 10 kpc). It
should be noted that this is near the maximum scatter seen in the simulations on o. These sim-
ulations also find that for merging galaxies at their maximum separation, the measured velocity
could be a factor of ~ 1.7 times smaller compared to the final system. They find that for a 1:1
merger the maximum separation after first passage is 10-100 kpc which is much larger than any
separation that we find in our systems from observed projected separations and measured relative
velocities. No obvious merging companions are found for 3C318, 4C22.44 or 4C05.84 hence
for these systems the mergers might be past their coalescence stage where the measured velocity
dispersion is close to its final value, and the scatter due to the line of sight effects is minimal (~
a few kms™!). However, we still apply an additional 60 km s~! uncertainty on these regions.
We still find that all of our systems are offset from the local scaling relation between
the mass of the SMBH and the velocity dispersion of the bulge/galaxy. Even after incorporation
additional uncertainties on o due to projection effects and from observed statistical differences in
o, and o, . Given that we are dealing with relatively small sample size, we performed statistical
tests to confirm the validity of the offset between the local scaling relation and our sample.
For each object, we measure the offset between the observed and predicted velocity dispersion
for SMBH mass of our systems. We use the local scaling relation fit from (McConnell and
Ma, 2013) and Ha measured SMBH masses. We construct a data set consisting of velocity
differences. From bootstrap re-sampling of the velocity difference data set, we find that the

average offset of 188.7 kms™!

is significant at the 3.250 level. Using jackknife re-sampling
similarly, we find that the offset is significant at the 3.3¢ level with the 95% confidence intervals

of 154.4 kms~! to 223.0 kms~! on the velocity dispersion offset. Performing similar statistical

202



1 with a

tests on the Decarli et al. (2018) sample, we find an average offset of 178.8 kms™
significance of the shift at 2.70 and 2.8¢ for Jackknife and bootstrap re-sampling, respectively
from the local relationship. We also measure the offsets of massive BCGs in the local Universe
from the M, — o relationship. Using a two-sided Kolmogorov-Smirnov test we can ask if the
observed offsets of the local and high redshift data sets are drawn from the same continuous
distribution. We find a p-value of 5.7x 107, indicating that the two populations are not drawn
from the same distribution. Applying the Kolmogorov-Smirnov test to the velocity dispersion
offsets from our sample and that found in the higher redshift quasar we find a p-value of 0.84
indicating that these two data sets could be drawn from the same continuous distribution. We

find similar results by comparing the Shields et al. (2006) sample at z ~ 2 to our own and that

of Decarli et al. (2018).

4.11 Dynamical mass measurements

We can also test whether these systems lie off the local scaling relationship between the

mass of the SMBH and the dynamical mass of the bulge/galaxy. First by using a virial estimator

Co?r
G

for the dynamical mass of the galaxy Myjja = where C=5 for a uniform rotating sphere
(Erb et al., 2006a). We assume 7 kpc for the radius, which is the median effective radius of
massive quiescent galaxies in the local Universe (Ene et al., 2019). Here o is derived from a
Gaussian fit to the integrated spectra over the distinct region. For galaxies with multiple distinct

regions, we derive two or more dynamical masses as there may be a dependence on the velocity

dispersion as a function of position with the galaxy. In nearby galaxies, there is a very weak
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dependence on the velocity dispersion with the radius from the galaxy center (Bennert et al.,
2018; Ene et al., 2019). For systems, in a clear merger, the galactic component belonging to the
quasar is used to estimate the dynamical mass, since we are interested in the correlation between
the SMBH and the velocity dispersion of the quasar host galaxy.

For systems with velocity shear in the 2D radial velocity map, we fit a 2D inclined disk

model to the kinematics data to measure the dynamical mass. The model is a 2D arctan function

2
V(T) = —Vinae arctan < L )7 “4.17)
m

Tdyn
where V(r) is rotation velocity at radius r from the dynamical center, V,,,.., is the asymptotic

velocity, and 74y, s the radius at which the arc-tangent function transitions from increasing to

flat velocity. The measured line-of-sight velocity from our observations relates to V(r) as

V =V, +sinicos 8V (r), (4.18)

where

(sin (xg — x)) + (cos d(yo — y))

cosf = (4.19)

Radial distance from the dynamical center to each spaxel is given by

r= \/(:zz—xo)2+ C=0y (4.20)

COS1?

where xg, yo 1s spaxel location of the dynamical center, we quote the value relative to the centroid
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of the quasar, V) is velocity offset at the dynamical center relative to the redshift of the quasar, ¢
1s position angle in spaxel space, and ¢ is the inclination of the disk. V., is not the true “plateau”
velocity of the galaxy’s disk. V;,,, can have arbitrarily large numbers, especially when rg,,, is
very small (Courteau, 1997). To fit the data we use the MCMC code emcee. We construct the
model in a grid with a smaller plate scale than the observed data which gets convolved with a 2D
Gaussian PSF with an FWHM measured from the quasar PSF image. The image is then re-sized
to the plate scale of the data. We construct the priors on each of the seven free parameters. The
prior on V},,4, is 300 < V4. < 1000 km s~! the prior on both x, 1o is the boundary of the FOV
of the imaged area, the prior on the position angle is 0 < ¢ < 2m, the prior on the inclination
angle is 0 < ¢ < /2, the prior on the radius is 0.5 < 74,, < 10 pixels and the prior on Vj is
—100 < Vj < 100 kms~! . We then sample this distribution with emcee. We initialize 1000
walkers for each free parameter using the best fit values from leastsquares fitting as the starting
point, with a small random perturbation in each walker. We run MCMC for 500 steps starting
from the perturbed initial value. The best-fit parameters, along with their confidence intervals,
are presented in 4.10 for the quasar host galaxies of 7C 135442552, 3C9. For 3C 298 we do
not see the disk in the ionized emission with the OSIRIS data, it is solely detected in CO (3-2)
observations from ALMA, here we present the best fit values from Vayner et al. (2017) (Chapter
3).

Assuming a spherically symmetric system, we can compute the total enclosed mass using

the following formula:

M(R) = 2.33 x 10°rV;?/sin(i)? (4.21)
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Table 4.10 Best fit values for each inclined disk model parameter

Parameters 7C 1354+2552 3C9 3C298
Vinaz [kms~ 1] 449.6775% 44207239 39275
o [kpe] -2.3719:94 0.572 0.43701
yo [kpc] -0.93%0:0% 4853 01y

o [°] 75.689-47 74.10735, 53*L2%
i[°] 47.610% 471159 5437754
r [kpe] <0.017 0267049 2.1%99
Vo [kms™']  -93.9%12 292213045 13 o310

Where V. is the radial velocity, ¢ is the inclination angle from the disk fit. The radial
velocity is chosen as the average between the maximum and minimum observed velocity along
the major axis of the disk, defined by the phase angle (¢) from our fit. Similarly we assume a
radius that is the median value of nearby BCGs. The selected radius should give us an absolute
upper limit on the dynamical mass of the galaxy/bulge as this radius is much larger than the
typical size of a galactic bulge at this redshift and is larger than the observed extent of the
galactic disks. The reason for choosing a larger radius is to address the case where the quasar
host galaxy extends to a larger radius and is not captured in our OSIRIS observations because
they are not sensitive enough to low surface brightness emission at larger separation from the
quasar.

Using the measured virial and disk fit dynamical masses and the SMBH masses, we can
now compare our galaxies to the local M, — M, relationship. Not only are these galaxies offset
from the local M, — o relationship, but we also find that these galaxies are offset from the local
M, — M, relationship. The galaxies need about an order of magnitude of stellar growth if they

are to evolve into the present-day massive elliptical galaxies.

206



-15 -10 -05 00 05 1.0 15 -15 -1.0 -05 00 05 10 15 ~—L5 -1.0 =05 00 05 10 15
Aarcsec [*] Aarcsec [*]

Figure 4.21 Fitting an inclined disk model to the radial velocity map of the 3C9 quasar host
galaxy. Far left we plot the isolated radial velocity structure belonging to the quasar host galaxy
of 3C9, middle left shows the best fit model overlaid as contours on top the radial velocity map,
middle right is the best fit model, and on the right, we plot the residuals. Larger blue shifted
residuals at —1” south from the quasar are from the outflow (3C9 SE component A outflow A).
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Figure 4.22 Fitting an inclined disk model to the radial velocity map of the 7C1354 quasar host
galaxy. Far left we plot the isolated radial velocity structure belonging to the quasar host galaxy
of 7C1354, middle left shows the best fit model overlaid as contours on top the radial velocity
map, middle right is the best fit model, and on the right, we plot the residuals.
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Figure 4.23 Fitting an inclined disk model to the radial velocity map of the 3C298 quasar host
galaxy. Far left we plot the isolated radial velocity structure belonging to the quasar host galaxy
of 3C298, middle left shows the best fit model overlaid as contours on top the radial velocity
map, middle right is the best fit model, and on the right, we plot the residuals.

4.11.1 Some notes on disk fitting

Due to the limited sensitivity of OSIRIS to lower surface brightness emission, we are
missing an accurate measurement of the plateau velocity for the galactic disks at large separa-
tions from the quasar. Hence, our fitting routine is unable to constrain V., for 3C9 and 7C
1354. Also, it appears that the turn over radius is very small for these two systems, smaller than
the resolution element of our observations. For this reason, we are unable to constrain the turn

over radius, and we only provide a limit.
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4.12 Discussion

Our survey aimed to study host galaxies of redshift 1.4 - 2.6 radio-loud quasars through
rest frame nebular emission lines redshifted into the near infrared.

We place distinct regions of each quasar host galaxy on the traditional BPT diagram
(log([O111] /HPB) vs. log([N11]/Ha)). Majority of the points for our sources lie outside the two
local sequences (the mixing and star-forming sequence). In section 4.8, we introduce evolution-
ary BPT models from Kewley et al. (2013a) that indicate changes in the photoionization and
metallicity conditions of the gas can shift both of the star-forming and mixing sequences. We fit
these models to our data and find that the best fitting model is the one where the gas in our quasar
host galaxies is at least five times less metal-rich compared to the narrow line regions of nearby
(z<0.2) AGN. The best fitting model also indicates that the gas is ten times denser compared to
nearby galaxies. In Figure 4.2, we show all of our points on the BPT diagram along with the
best fitting model. Kewley et al. (2013b) studied a sample of star-forming galaxies and galaxies
with AGN in the redshift range of 0.8<z<2.5. They also find that galaxies at z>2 show elevated
line ratios, on average above the local star formation and mixing sequences. They find that nor-
mal ISM conditions similar to the SDSS sample transition to the more extreme conditions with
elevated line ratios somewhere between redshift z=1.5 and z=2. This is an agreement with our
results because the majority of our targets are at z > 1.5.

High redshift radio galaxies also appear to show ISM condition with metallicities that are
lower compared to local AGN. In a study of a large sample of distant radio galaxies, Nesvadba

et al. (2017a) finds that their gas phase metallicities are at least half of that seen in local AGN.
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Nesvadba et al. (2017a) finds the same best fitting model from Kewley et al. (2013a) as we do
for our sample to explain their observed nebular line ratios. The average log([NII1]/Ha) value
of our sample seems to be lower than that of Nesvadba et al. (2017a); this could be due to
the lower metallicity of our sample. On the other hand, a different approach to how we com-
pute our line ratios can cause the discrepancy. Nesvadba et al. (2017a) only presents source
integrated line ratios, while we explore ratios of distinct regions because we typically have a
factor of 5-10 better angular resolution due to adaptive optics and hence can resolve the different
ionized/kinematics structures of our galaxies. In the majority of our sources, we see signifi-
cant variations in log([NI1]/Ha) and log([O111] /Hp) values across each system, hence why we
explore distinct regions. Line ratios from integrated spectra that include regions with various
ionization sources and from multiple components of a merger system may shift towards higher
log([N11]/Hc), and log([O111] /H/3) values as the regions photoionized by the quasar/AGN tend
to be brighter. Line ratios of galaxies with lower luminosity AGN compared to quasars/radio
galaxies studied in Strom et al. (2017) are nearly all outside the local mixing sequence. These
points overlap with the location of our line ratios and that of the radio galaxy sample. The
MOSDEEF survey finds similar results for their AGN sample at a range of bolometric luminosi-
ties (Coil et al., 2015). The ubiquity of elevated line ratios in host galaxies of AGN indicates
that regardless of the active galaxy population selected at z~2 the conditions of the gas that is
photoionized by an AGN may be similar.

Overall, this suggests that the ISM conditions in high redshift galaxies with powerful and
even less luminous AGN are different from those in local systems. The ISM conditions appear

to be far more extreme with gas phase metallicity lower than that of local AGN suggesting for
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an evolution in the ISM gas that is photoionized by AGN from z=0 to z=2.5.

4.12.1 Star formation and quiescent regions in the host galaxies

The quasar most likely photoionizes majority of the gas in our systems. A large number
of the points on the BPT diagram are within the predicted location of the mixing sequence from
the evolutionary model by Kewley et al. (2013a) in Figure 4.2. Many regions show the morphol-
ogy of clumpy star-forming regions seen in other galaxies at these redshifts. These regions also
typically show lower velocity dispersion and lower log([N11]/Ha) values. We described them in
more detail in section 4.7. These regions lie 1 - 21 kpc from the quasar and generally do not co-
incide with the location of galactic winds. For sources with available HST imaging of rest-frame
UV continuum, these regions also appear bright and clumpy (see Figure 4.4). Taken these two
results together indicates that O and B stars could photoionize a significant fraction of the gas in
these regions. In section 4.8, we derive an upper limit on their star formation rates and gas phase

metallicities.

4.12.2 Offset from local scaling relations

Majority of our systems appear to be offset from both local scaling relationships between
the mass of the SMBH and mass and the velocity dispersion of the bulge (see Figures 4.19, 4.20).
To explain the large offset from the local M, — o and M, — M, relationship, we could invoke
a significant error in the estimated SMBH masses. The bolometric luminosities of some of

our quasars are far greater than those used for reverberation mapping in the nearby Universe,

211



which intern is used in calibrating the single epoch SMBH mass (Greene and Ho, 2005). The
SMBH masses would have to be off by 2-3 orders of magnitude to explain the observed offsets.
By assuming that the SMBH grows primarily through gas accretion, we can use the Eddington
luminosity formula to estimate the SMBH mass. Given that our quasars are most likely not all

accreting at or close to the Eddington limit, this derived mass is effectively a lower limit.

LEddington

_—Eddington s 4.22
1.26 x 1038 © (4.22)

MsmBH,min =

For the derived bolometric luminosities in Table 4.4 we find a range of minimum SMBH of
107579M,), consistent with what we measure from single epoch SMBH masses using the Ha
emission line.

In Figure 4.24 we plot the offset from the local scaling relation against the redshift of each
object from our sample, the local galaxies sample with SMBH > 10° M, and higher redshift
quasars. Quasars with SMBH > 10 M, appear to be offset from the local scaling relationship,
which indicates that SMBH growth appears to happen first in these systems. The SMBHs grow
rapidly up to a mass of several times 10° M, as early as a few 690 Myr after the Big Bang
(Banados et al., 2018), matching in mass to some of the most massive SMBH seen today. Some
galaxies with lower luminosity AGN and lower mass SMBH also appear to be offset from the
local scaling relation at z> 1 (Merloni et al., 2010; Bennert et al., 2011). Given the typically
large uncertainty on the measured values and generally small sample sizes, it is difficult today to
say whether a different population of AGN/galaxies are offset differently from the local scaling

relationships at z> 1.
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Figure 4.24 Measured offset of galaxies from the local M, — o scaling relationship (McConnell
and Ma (2013), log,o(Mpr /M) = 8.32 + 5.641log,4(0/200 km s7!)). On the y-axis, we
quantify the offset as the difference between the observed and predicted velocity dispersion
from the local scaling relation based on the observed SMBH mass. We plot the observed offset
from the local scaling relation against the redshift for individual targets. The labels are similar to
4.19, where the blue circles are quasars from the Shields et al. (2006) sample, where the velocity
dispersions are measured from CO emission lines. The yellow points are from quasars at z> 6
where the velocity dispersion is measured from the 158 pm [CII] emission line (Decarli et al.,
2018). The shaded blue region represents the intrinsic scatter in the M, — o relationship for black
holes with a mass of 10°®> M, . There is an overall offset for galaxies with massive SMBH at
z>1 from the local M, — o relationship. We find no statistically significant difference in the
offset between any of the high redshift samples, while there is a statistically significant offset
from the local BCG points (green).
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Under the assumption that SMBH primarily grows through Eddington-limited gas accre-
tion, the growth is expected to be exponential. The e-folding or “Salpeter” time scale is about
50-300 Myr, depending on the spin of the SMBH. At the mean redshift of our sample (z=1.87)
the SMBHs are expected to experience 30-200 e-folds in mass growth. However, for a duty cycle
of around 10% (Wang et al., 2006) the expected number of e-folds drops down to about 3-20.
Furthermore, the quasars in our sample are not accreting near the Eddington limit and can even-
tually switch from high to low accretion-rate mode, further decreasing the Eddington ratio. The
mass of the SMBH will grow at most by a factor of 1.2-7 under the assumption of an Eddington
ratio of 10%, and a duty cycle of 10%. The SMBHs in our sample have nearly finished forming
and will only further grow by a factor of a few. If these galaxies are to assemble onto the local
scaling relation and to evolve into the most massive early-type galaxies that we see today, then
the rapid SMBH growths at early times in the Universe must be followed by significant stellar
growth. On average, the galaxies within our sample need to grow the stellar mass within a radius
of 7 kpc at a constant rate of 100 M, yr—! from z=2 to z=0.

In the host galaxy of 3C 298, there is currently an insufficient amount of molecular gas for
the galaxy to grow in stellar mass to match the mass predicted by the local scaling relationship.
Furthermore, the quasar 3C 298 does not appears to live in an over-dense environment based
on the number count of galaxies seen with the Spitzer space telescope imaging data (Ghaffari
et al., 2017). The open question is, how do these galaxies obtain the stellar mass necessary to
grow into the massive galaxies we see today? Are minor mergers responsible for growing these
galaxies? Alternatively, is the accretion of cool gas from the CGM responsible for providing

the fuel necessary for future star formation? The results we find for the host galaxy of 3C 298
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favors the scenario where cold accretion flows from the CGM will supply the majority of the fuel
necessary for future star formation. Another scenario could be that the Spitzer observations are
too shallow to see lower mass galaxies. If these systems are gas-rich, they can supply future fuel
for star formation from merging the gas in their CGM and ISM with the quasar’s host. Indeed
in recent hydrodynamical simulation (Anglés-Alcdzar et al., 2017a) found that for dark matter
halos with masses > 10" M, majority of the mass build up happens from gas accreted from
the CGM and transfer/exchange of gas from CGM and ISM of cannibalized low mass galaxies.
These simulations also find that stellar build-up from dry mergers and just accretion of stars from
merging galaxies is not significant to grow the stellar mass of galaxies in massive halos. If this
is the case for the majority of our galaxies, this implies that they have enormous amounts of gas

inside their CGM.

4.12.3 Galactic scale outflow, what is the main source of gas depletion?

In this section, we discuss the primary source of gas depletion in the quasar host galaxies
in our sample. In several systems, we were able to measure upper limits on the star formation
rates. We want to compare the star formation rates to the outflow rates to determine the primary
source of gas depletion.

For 3C268.4, we only measure the outflow rate based on ionized gas mass derived from
[O111] . This ionized gas mass is most likely a lower limit, and if we scale it by a factor of 3;
the smallest ratio that we find between ionized gas masses derived form [O111] and Ha we find
that the ionized outflow rate can be comparable to the star formation rate upper limit. If we also

include the nuclear outflow (scaled for Ha ) rate, then the total outflow rate can be as large as
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100M, yr—! , a factor of two larger than the star formation rate. For 4C09.17, we measure a
higher outflow rate from the [OI111] emission line. Due to the difference in the FOV between
the two modes used to observe [O111] and Ha , we were unable to probe the entire extent of the
outflow seen in [O111] with He ; this leads to a smaller extended Ha flux.

For the case of 4C09.17, 3C298, 3C318, 4C05.84, 4C04.81, 3C268.4, 4C57.29,
7C1354+2552 the primary source of gas depletion is from the quasar driven outflows. These
results indicate that the outflows are responsible at present for removing gas from the inner
regions of the quasar host galaxies and are the dominant source of gas depletion. Furthermore, in
the case of 3C298, the quasar is responsible for removing the molecular gas reservoir, indicating
direct evidence for negative quasar feedback.

Our results can be in stark contrast to the predicted evolutionary paths of massive galax-
ies. In today’s theoretical framework (Di Matteo et al., 2005; Hopkins et al., 2008; Zubovas and
King, 2012, 2014), feedback from the SMBH is predicted to happen once the galaxy reaches the
local M, — o relationship. However, our systems are experiencing quasar feedback when the
mass of the galaxies is a fraction of their predicted final mass from the local scaling relations.
Also, the gas-phase metallicities are far lower than those observed in nearby AGN. The kinetic
luminosities for half of the outflows in our sample are far lower than the values predicted in sim-
ulations for the bolometric luminosities of our quasars. Ionized outflows in other samples show
similar results, where about half the objects lie below the predicted minimum energy-coupling
between the quasar and the outflow of 0.1% at z~ 2. If all these systems are offset from the local
scaling relationship, it would be easier to launch the outflows, because their masses are smaller

compared to if they were on the local scaling relations. This could lead to lower energy coupling
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efficiency. On the other hand, we might be missing a significant fraction of the gas within the
outflows because a large portion of the gas could be in either a molecular or neutral phase.

In the quasar host galaxy of 3C298 we find the majority of the gas in the outflow is in a
molecular state, and once combined with the ionized kinetic luminosity we find values closer to
those predicted in simulations. The kinetic luminosity in 3C298 is close to 1% of the quasar’s
bolometric luminosity. Regardless if we are accounting all the gas in the outflow, feedback is
occurring before the galaxies are on the M, — o relationship. We might need to reconsider
our theoretical framework for massive galaxy formation, where the gas is not cleared from the
galaxy in a single “burst" of feedback once the galaxies reach the M, — o relationship. Instead,
the SMBH grows first in massive dark matter haloes, followed by a delayed growth of the host
galaxy with regulatory feedback from the SMBH and near-continuous accretion of gas from the
CGM and nearby satellite galaxies. In such a scenario, the coupling efficiency might be lower
per outflow event, compared to a single burst model where a single outflow-event clears all the
gas. At later times, maintenance mode feedback from jets can heat the CGM, preventing gas

from cooling and accreting onto the galaxy.

4.12.4 What is the main driving source of the ionized outflows and how
does that compare to other galaxies in the local and distant Uni-
verse.

In this section, we discuss the driving mechanisms for the galaxy scale outflows. In

section 4.9, we derived the outflow rates, momentum fluxes, and the kinetic luminosities of the
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outflows. We also looked at the expected energy and momentum deposition from stellar feedback
to see if they are sufficient or if a more powerful source is necessary to explain the observed
momentum fluxes and kinetic luminosities of our outflows. These results are summarized in
Table 4.7 and in Figure 4.17. We find that in the majority of the cases stellar feedback either
from supernovae explosions or radiation pressure from stellar winds is insufficient to explain the
observed momentum fluxes. Since recombination lines such as Ha probes star formation that
happened in the past 6-10 Myr (Calzetti, 2013), given the observed dynamical time scales for
the galactic outflows in our sample (3-10 Myr, see table 4.7) Ha probes the starburst event that
would have driven these outflows (if it had enough energy and momentum). Hence we think
that the momentum and energy deposition from stellar feedback is a good estimate from the
star formation rate derived from Ho . Given the bursty nature of star formation in high redshift
galaxies (Muratov et al., 2015), recombination lines are most likely the best way to estimate
the amount of energy and momentum deposition from stellar feedback in the inner few kpc
of a galaxy. Other star formation tracers such as UV or far infrared can trace star formation
rates averaged over 100 Myr. Because UV and IR star formation tracers do not match to the
dynamical time scales of our outflows and would provide a star formation rate averaged over
several star formation episodes, for both of these reasons the computed stellar feedback energy
and momentum depositions could be under or overestimated.

Within our sample, we find a mixture of sources with both high and low momentum flux
ratios (Pg—éle). For the extended outflows in 3C318, 3C298 and 4C04.81 we find P}’;j—-czv"wof
4-6 but, they can be as low as 0.5 or as high as 11 within the observed uncertainties. However,

the more likely scenario is that they are all above 2. The momentum fluxes that we measure
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in our outflows might be lower limits as we are not accounting for the neutral and molecular
components of the outflow, except 3C 298 where we have measured both the molecular and
ionized gas in the outflow but not the neutral. At the extent of these outflows (~ 3 kpc), radiation
pressure is unlikely to drive the outflows. Thompson et al. (2015); Costa et al. (2018a) both find
that on kpc scales the maximum observed %is about 1.5-2. To invoke radiation pressure as
the primary driving mechanism for outflows with momentum flux > 2 x Lo n/c and an extent
> 1 kpc requires an extremely obscured (N > 10?* cm™2) initial environments. However,
Costa et al. (2018b) argues that driving outflows in much denser (N > 10%* cm™2) regions
through radiation pressure will most-likely not lead to much higher momentum fluxes on kpc
scales and instead can produce outflows that barely escape the inner regions of their respective
galaxies. Furthermore, the most obscured environments that we find AGN are on the order of
Ny ~ 10** em™2.

The most likely scenario is that an energy conserving shock drives the outflows in 3C318,
3C298 and 4C04.81. Such shocks are produced by either UFO/BAL type winds or through
quasar jets. Theoretical work on both of these driving mechanisms predicts %>2 on kpc
scales (Wagner et al., 2012; Faucher-Giguere et al., 2012; Zubovas and King, 2012). In these
scenarios the jet/UFO slams into the ISM and drives a hot shock. If this shock cools on a time
scale much longer than the flow time then the “hot shocked bubble" will expand adiabatically
sweeping material along the way. As the material is swept in a galaxy scale outflow, it gets
provided with a significant momentum boost. The outflow that is driven by the shocked bubble
also gets shocked, although at far lower temperatures, which allows it to cool through line emis-

sion down to perhaps a molecular phase (Richings and Faucher-Giguere, 2018). For both 3C298
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and 3C318, we find that the nebular line ratios in the ionized outflow are consistent with being
produced by radiative shocks (Vayner et al., 2017) and both systems are consistent with having
an energy conserving shock drive the outflow.

Because the momentum fluxes in the nuclear outflows of 4C04.81 and 4C57.29 are >
2 X Lagn/c an energy conserving shock can drive them, however, due to their smaller sizes
(< 1kpc), there is the possibility that they are driven through radiation pressure in a high column

2 and their

density environment. Both outflows show high column densities Ny > 10%?cm™
velocities are consistent with radiation pressure models on dust grains presented in Thompson
et al. (2015). The nuclear outflow in 4C05.84 is also consistent with radiation pressure, however
in a less dense environment compared to 4C04.81 and 4C57.29. An isothermal shock (Faucher-
Giguere et al., 2012) can also drive the nuclear outflow in 4C05.84.

Nearly all of the detected ionized outflows in our sample align with the path of the jet,
the only source that is the exception is 4C09.17. The jet could be the sole driving source of the
galaxy scale outflows. However, in Vayner et al. (2017) (Chapter 3) we found that at present
the jet is not doing any work on the extended ionized or molecular outflow in the host galaxy of
the quasar 3C 298. This is because the jet pressure is orders of magnitude higher than the ISM
pressure measured in both the ionized and molecular gas. Given the similarity in jet luminosity
and ISM conditions between 3C 298 and the rest of the sample, we think this likely applies
to the rest of the objects. If the jets were to drive the outflows in our systems, it would have
had to be done in a denser environment closer to the quasar in the past. At present, the jet is

most-likely merely following the path of least resistance as is the galaxy scale outflow. Since

we have measured the electron density in the ionized outflow in 3C318, we can also perform
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the same exercise as we have done for 3C298 in looking at whether the jet is currently doing
any work on the outflow. To do this, we first extract all available radio fluxes of the object from
NED. We construct a radio SED from 22 MHz to 353 GHz and fit it with a double power law.
We integrate the fitted power law from rest-frame frequencies of 10 - 10000 MHz and obtain
a total radio luminosity of 2.5 4 0.25 x 10%® erg s~!. We obtain a jet power for 3C318 on the
order of 10%% erg s~! using the relationship between total radio luminosity and jet power from
Birzan et al. (2008). We obtain similar value using the monochromatic rest-frame 1400 MHz
luminosity and jet power from the same study, where the 1400 MHz flux is taken from our best
fit SED model. Following Vayner et al. (2017) we convert the jet power to jet pressure using the

following equation:

Ljet Xt
3v 7’

Pjet ~

(4.23)

where L. is the jet luminosity (power), V is the confined volume of the jet for which we simply
assume a cylindrical shape with a base radius of 1 kpc and height of 3 kpc, t is the propagation
time for the jet for which we simply use the dynamical time scale of the outflow of 4 Myr.
We obtain a jet pressure of 1x107% dynes/cm?. The gas pressure (P = nkT) in the outflow
3C318 is on the order of 10~ dynes/cm?, much lower than the jet pressure, indicating that
the two are not in pressure equilibrium. Similar to 3C298 the jet is venting out of the galaxy
along the path of least resistance, and at present is not doing any work in driving the kpc-scale
outflow in the system. On the other hand, another wind mechanisms such as an Ultra-Fast

Outflow (UFO) could have driven the outflow first, and the jet turned on later and is now simply
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following the path of least resistance and is escaping out of the galaxy. Both UFO and BAL type
winds can provide a momentum flux of about L 4cx /¢, sufficient to drive the observed galaxy-
scale outflows in 3C318, 3C298 and 4C04.81 if shocks produced by the UFO/BAL are energy
conserving (Faucher-Giguere and Quataert, 2012).

The rest of the objects in our sample show ionized outflows with %<< 1. Combin-

ing our results with other studies of distant (z> 1) quasar host galaxies, a picture arises where

Po.utflow
P,

the ionized outflow predominantly have .

< 2 (Figure 4.18). There are several ways to
drive such ionized outflows. First, if the shock produced by a UFO/BAL/Jet radiates its en-

ergy efficiently, then only the ram pressure is communicated to the ISM. Such a scenario can

produce %<<1 (Zubovas and King, 2012; King and Pounds, 2015). Alternatively, if the

Poutflow

can also
Pagn

outflow is driven by radiation pressure in a low-density environment, then the
be very low (Thompson et al., 2015). Only a small fraction of all the ionized outflows show
high % (Figure 4.18). On the other hand, the majority of the molecular outflows have
P;’;;t—xj>>l. A significant fraction of molecular outflows are found and have been studied in
nearby systems. Are there different driving mechanisms between the ionized and molecular out-
flows? Or are we missing a significant fraction of the gas in the outflows at high redshift by only
studying the ionized component (Carniani et al., 2016)? The latter case would indicate that only
a small fraction (< 1%) of the total gas in an outflow can be in a warm ionized state, the rest has
to be in either neutral, molecular or hot gas phase if all the outflows are “energy" conserving.
Interestingly a majority of the molecular outflows are much smaller in size compared to

ionize outflows (Figure 4.25). The different sizes could indicate that they are probing different

evolutionary phases of an AGN driven outflow. According to Thompson et al. (2015) for radia-
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Poutflow

and columns
Pagn

tion pressure driven outflow, initially, if the outflow is highly confined the
densities are very high, favoring molecular outflows on small scales. As the outflow expands, the
momentum flux and column density drop rapidly, to a maximum %of about 2 at 1 kpc and
column densities < 10%** cm~2. For energy conserving outflows the momentum flux increases
as the outflow expand peaking on kpc scales, opposite to radiation pressure driven winds. If
the same mechanism drives the molecular and ionized outflows, then combining them leads to a
picture where all the outflows are driven by radiation pressure. Even within our systems, nuclear
outflows show larger Pout flow compared to the more extended outflows. However, we need to
confirm this with better measurements of electron density in both nuclear and extended regions.
On the other hand, it could be that the nearby AGN are fading quickly, and the % are over-

estimated if the AGN bolometric luminosity is smaller from when the outflow was driven vs.

when it was measured.

Poutflou)

The measured
Pagn

in nearby molecular outflows are still consistent with an energy
conserving outflow scenario (Faucher-Giguere et al., 2012; Zubovas and King, 2012, 2014).
While uncertainties on ionized outflows rates and dynamics need to be drastically improved,
multi-phase studies of outflows will help address the driving source of galactic scale winds and

whether there are any evolutionary effects in driving outflows in nearby and high redshift systems

during a luminous quasar phase.
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Figure 4.25 Outflow driving mechanism diagnostic diagram. We plot the %Zt—cf;](:”

radius of the outflow. According to theoretical work on radiation pressure driven outflow the

ratio vs. the

maximum ratio expected at separations >1 kpc is 2 and decreasing with radius. While %for
outflows driven by an energy conserving shock are expected to increase with radius. Red points
represent outflows detected in ionized gas emission, and stars represent points from our sample.
Blue squares represent galaxies where a molecular outflow was detected through OH absorption
while blue circles represent molecular outflows detected through CO emission.
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4.13 Conclusions

We have conducted a near diffraction limited survey of 11 quasar host galaxies, to study
the distribution, kinematics, and dynamics of the ionized ISM using the OSIRIS IFS at the W.M.

Keck Observatory. We detected extended emission in all objects on scales from 1-30 kpc.

e The AGN photoionizes the majority of the extended gas. A significant fraction of emission
line ratios are found to reside between the two sequences on the traditional BPT diagram.
By applying evolutionary models of the mixing and star-forming sequence from z=0 to
z=2.5, we find that the gas within our systems is denser and has lower metallicity compared

to the gas photoionized in local AGN.

e In 9 objects, we find dynamically quiescent regions, with on average lower log([O111] /H/3)
ratios. For systems where Hubble Space Telescope imaging is available, their morpholo-
gies are consistent with clumpy star-forming regions commonly observed in the distant
Universe, indicating the presence of recent star formation. We find these systems to be

forming stars at a rate of 9-160 M, yr~! based on the Hor luminosity.

e Outflows are detected in each object on spatial scales from < 1 kpc to a 10 kpc. Out-

flow rates range from 8 - 2400 M, yr!

, with momentum flux ranging from 0.03-80
L gn/c and energy rates of 0.01-1% Lagn. For 4/11 sources the momentum flux is
4 — 80 x L 4¢n/c and therefore the outflows are consistent with being driven by an energy

conserving shock. In the rest of the objects, the outflows are either driven by star forma-

tion, radiation pressure on dust grains, or an isothermal shock. Their energetics fall short

225



of the predicted energy and momentum rates necessary to establish the M, — o relationship
and clear galaxies of their gas reservoir predicted by theoretical work (Faucher-Giguere
et al., 2012; Hopkins and Elvis, 2010a; Zubovas and King, 2014). Another possibility is
that a large fraction of the gas inside the outflows is not in an ionized phase, but rather
in either molecular or neutral, hence, we are drastically underestimating the gas rates and

energetics.

For the majority of the systems, the dominant source of gas depletion is due to the galaxy
scale outflow. Along the path of the outflows, we see no strong evidence of active star

formation.

For 7/8 extended galactic outflow, the path of the jet is consistent with the direction of the
outflow. However, we find that the jet pressure is orders of magnitude higher than that of
the ionized galactic outflows. Because the jets and the ionized outflows are not in pressure
equilibrium, the jets are not doing any work on the outflows. If the jet were to drive the

outflows, it had to happen in dense environments close to the SMBH.

We compare nine objects to the local scaling relation between the mass of SMBH and
the mass or velocity dispersion of the galaxy. We calculate the SMBH masses from the
broad Ha emission line intensity and width using the empirical single epoch SMBH mass
- Ha line relationship. The velocity dispersions are taken from the dynamically quiescent
regions where we do not see the presence of powerful outflows. The velocity dispersions
range from 36-200 km s~! . Galaxy masses are calculated in two ways, first, through virial

mass equation for a rotating sphere. Second, we fit an inclined disk model for objects
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with evidence of shear in their radial velocity maps. We find galaxy masses ranging from

1-10x 1010 Mg, . Our systems are both offset from the M, — o and M, — M, relationship.

e We find evidence for the onset of feedback before the galaxies are on the local M, —
o relationship, in disagreement with theoretical predictions. Luminous type-1 quasars are
not the end phase of massive galaxy formation. Substantial growth is still necessary if
these systems are to evolve into the present day massive elliptical galaxies. Gas accretion
from the CGM and gas-rich minor mergers are necessary to grow the stellar mass and
increase the metallicity of the ISM. On average the galaxies need to grow by at least an
order of magnitude in stellar mass if they are to assemble onto the local scaling relations.

1

A near constant mass growth rate of ~100 M, yr™" is necessary within a radius of 10 kpc

from the quasar from z~ 2 to 0.
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4.15 Appendix

416 3C9

For this source, we identify three distinct regions. “SE-SW component A" is a region
with a ring-like morphology associated with the 3C9 quasar host galaxy. We measure a veloc-
ity dispersion from a Gaussian fit to the nebular emission lines of 407.6+12.9kms™! and the
kinematics resembling a rotating disk. “SE component A" is classified as an outflow region
with a very high emission line FWHM of 1362.7+60.5 kms~! and elevated log([O111] /Hf3) and
log([N11]/He) ratios relative to the rest of the system. “N component B" is the merging galaxy in
the 3C9 system showcasing a line FWHM of 472.15411.8 kms~! and a velocity offset of ~200
kms~! from the quasar.

3C9 is a luminous quasar at z = 2.019922 with a prominent blue rest-frame UV contin-

uum. The 3C9 system is a merger of two galaxies. The velocity offset is ~ 200 kms~! with a
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projected spatial offset of 9 kpc between the two apparent nuclei. The quasar lies in the galaxy
with a ring-like morphology showing the kinematic structure of a disk. Archival HST imaging
of rest-frame UV continuum shows the ring morphology as well (see Figure 4.4), indicating very
recent star formation activity in the ring. The merging galaxy “N component B" appears to be
dispersion dominated system with active star formation and also appears in rest-frame UV emis-
sion. The 3C9 system best resembles the local galaxy merger system Arp 148 (z=0.036) also
known as Mayall’s Object. The outflow in this systems appears to be emanating from the ring of
the galaxy with the quasar. The jet extends to 7.8” to the southeast and 5” to the northwest and
is detected in both radio and X-ray observations (Fabian et al., 2003). The path of jet appears to

follow the path of the ionized outflow.
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Figure 4.26 OSIRIS observations of 3C 9 nebular emission line distribution and kinematic maps.
(Left) Three color intensity map of nebular emission lines: Ha (red), [OI111] (green), and [NI1I]
(blue). Ellipse in the lower left corner showcases the spatial resolution of the observations.
(Middle) Radial velocity offset (kms~! ) of the [O111] line relative to the redshift of the quasar.
The white star shows the location of the subtracted quasar. (Right) Velocity dispersion (kms™?
) map of [OI111] emission. The white contours are 8439.100 MHz VLA observations of radio
synchrotron emission from the quasar jet and lobes.

4.17 4C09.17

For this source, we identify four distinct regions. “SW component A" is a star-forming
clump associated with the quasar host galaxy. The spectrum of this region shows a single narrow
emission line with an FWHM of 312.04+7 kms~! . “S/E component A" is an outflow region
driven by the quasar, the nebular emission lines for this region have an FWHM of 887.24+22.4

kms—!

. A second narrow component is required for a good fit to each emission line in this
region, with a line FWHM of 290.4429.9 kms~! . “W component B clumps" is a region part of

the merging galaxy within the 4C09.17 system. The region consists of clumpy emission selected

by isolating spaxels with an Ha line surface density > 6 x 10716 erg s™! cm~2arcsec™2. “W
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component B diffuse” is emission associated with “diffuse" ionized emission in the merging
galaxy selected by isolating spaxels with an Ha spatial line surface density < 6 x 10716 erg
s~! cm2arcsec™2. The diffuse region shows higher log([O111] /HS) and log([N11]/Hc) line
ratios associated with both AGN and star formation photoionization while the clumpy regions
of the merging galaxy showcase lower ionization levels consistent with photoionization by star
formation. This region is associated with bright UV emission in HST imaging of this object
(Lehnert et al., 1999). “S/E component A outflow" shows high log([N11]/Ha) and log([O111]
/H[3) values relative to the rest of the system indicating this region is predominantly photoionized
by the quasar.

4C 09.17 is a luminous quasar at z=2.117 with a blue UV continuum. The 4C09.17
system is a merger of two galaxies with a velocity offsets of ~1000 kms~! and a projected sep-
aration of ~ 4 kpc. HST imaging of rest-frame UV continuum (see Figure 4.4) shows evidence
for a population of young hot stars indicating recent star formation activity. Majority of the star
formation activity is confined to the merging galaxy, where lower log([O111] /H/f3) values and
clumpy morphology seen in nebular emission line is reminiscent of typical star-forming regions
in the distant Universe. Star formation in the galaxy associated with the quasar appears to be
confined to a single clump seen in Ha and UV. The kinematics of the merging galaxy appears to
be dispersion dominated with no strong evidence for rotation. The clumps in the merging galaxy
showcase photoionization consistent with star formation, while the more diffuse emission is con-
sistent with photoionization by the quasar due to higher log([O111] /Hf) values compared to that
of the clumps. Differences in gas column densities in clumps vs. the diffuse gas can explain the

differences in photoionization. The higher column densities in clumps more easily self shield
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from the quasar ionization field. Alternatively, the clumps have a higher concentration of young
stars that dominate the photoionization of the gas relative to the quasar field, whereas the region
with diffuse nebular emission has a different recent star formation history with no active star
formation in the last few Myr. A combination of these two scenarios can also exist. We detect
an outflow in the quasar host galaxy; however, the path of the outflow does not match that of the

jet. A one-sided jet extends 12 kpc from the quasar.

4C09.17

V([Olll]) [km/s] o([Olll]) [km/s]

[ ]
Ha [oui] [Nl

Figure 4.27 OSIRIS observations of 4C09.17 nebular emission line distribution and kinematic
maps. (Left) Three color intensity map of nebular emission lines: Ha (red), [O111] (green), and
[N11] (blue). Ellipse in the lower left corner showcases the spatial resolution of the observations.
(Middle) Radial velocity offset (kms™! ) of the [O111] line relative to the redshift of the quasar.
The white star shows the location of the subtracted quasar. (Right) Velocity dispersion (kms™!)
map of [O111] emission. The white contours are ALMA band 4 observations of radio synchrotron
emission from the quasar jet and lobes.
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4.18 3C268.4

For this target, we identified two distinct regions. “SW component A" is an outflow
driven by the quasar. The FWHM of the emission lines is 20754:354 kms~! as measured from
the Gaussian fit to the [O111] line. The spectrum extracted over this region also shows a narrow
component with an FWHM of 603.74:54.9 km s~ most likely signaling emission from an ex-
tended narrow line region close to the quasar. Because of issues with miss-assignment of flux in
the OSIRIS pipeline (Lockhart et al., 2019), the rows below and above the centroid of the quasar
do not have properly extracted spectra in the H band observations of this object. Hence we do
not have a good spectrum of the extended emission in a 0.2-0.3” radius around the quasar in the
H band, which covers the Ha and [NI1] emission lines of the ionized outflow. “SW component
B" is a region associated with the merging galaxy, showcasing clumpy morphology in ionized
gas emission. The emission lines have an FWHM of 367.7 & 3.9 kms~! and an offset of —300
kms~! relative to the redshift of the quasar. The log([O111] /Hf3) line ratios are lower for this
region compared to the rest of the system, consistent with a mixture of AGN and star formation
photoionization. This region is also associated with bright rest-frame UV continuum emission,
seen with HST observations of this target Hilbert et al. (2016).

3C 268.4 is a luminous quasar at z=1.39, with a slightly reddened UV continuum com-
pared to the average type-1 quasar. The system is a merger of two galaxies with a velocity offset
of ~300 kms~! and a projected separation of ~ 4kpc. Majority of the ionized emission that we
detect is associated with the merging galaxy. The kinematics appears to be dispersion dominated

for this galaxy. The morphology is consistent with a clumpy ISM with a tidal feature. An out-
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flow is emanating from the quasar to a projected radius of about 3 kpc, the jet follows the path

of the outflow out to 4.4”, beyond the FOV shown in Figure 4.28.

3C268.4
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Figure 4.28 OSIRIS observations of 3C268.4 nebular emission line distribution and kinematic
maps. (Left) Three color intensity map of nebular emission lines: Ha (red), [O111] (green), and
[N11] (blue). Ellipse in the lower left corner showcases the spatial resolution of the observa-
tions. (Middle) Radial velocity offset (kms~! ) of the [O111] line relative to the redshift of the
quasar. The white star shows the location of the subtracted quasar. (Right) Velocity dispersion
(kms™! ) map of [OI11I] emission. The white contours are VLA 8264.9 MHz observations of
radio synchrotron emission from the quasar jet and lobes.

4.19 7C 1354+2552

7C 135442552 is a luminous quasar at z=2.0064 with a blue UV continuum. For this
target, we identify two distinct regions. “Component A" is the extended emission associated
with the quasar host galaxy. The kinematics show a smooth velocity gradient, indicating the
presence of a galactic disk. The size, morphology, and kinematics of the disk are similar to that
of star-forming galaxies on the more massive end of the star formation main sequence at z ~2

(Forster Schreiber et al., 2018). We measure an emission line FWHM of 357.242.0 kms™!
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on the redshifted side of the disk and 497.746.5 kms~* on the blueshifted side of the disk.
Although this region only has a single label (“component A"), in Figure 4.8 rows one and two
show the fits to the red, and blue shifted sides of the disk that are part of this region. This region
is selected based on the location where Ha emission is detected. This is done to boost the SNR
in the Ha line as it appears to be, clumpier, more compact, and less extended compared to [O111]
. In Table 4.5 we provide values integrated over the entire galactic disk. “E component B " is a
region associated with the merging galaxy at a projected separation of 6-7 kpc. The kinematics
are consistent with a dispersion dominated galaxy. The entire “‘component A" is consistent with
quasar photoionization. The gas in “E component B" is photoionized by star formation. The
system has two sets of symmetric jets that are perpendicular to each other. One set propagates
parallel to the rational axis of the disk, while the other is perpendicular. The parallel axis jet

extends 1.5” while the perpendicular extends 3”, which extends beyond the FOV of Figure 4.29.
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Figure 4.29 OSIRIS observations of 7C1354+2552 nebular emission line distribution and kine-
matic maps. (Left) Three color intensity map of nebular emission lines: Ha (red), [O111] (green),
and [N11] (blue). Ellipse in the lower left corner showcases the spatial resolution of the observa-
tions. (Middle) Radial velocity offset (kms~! ) of the [O111] line relative to the redshift of the
quasar. The white star shows the location of the subtracted quasar. (Right) Velocity dispersion
(kms~! ) map of [O111] emission. The white contours are ALMA Band 4 observations of radio
synchrotron emission from the quasar jet and lobes.
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4.20 3C 298

For this target, we identify five distinct regions. We present a detailed discussion of each
region in Vayner et al. (2017) (Chapter 3). “W/E component A" are outflow regions with a bi-
conical morphology, where the western (W) is the redshifted receding cone, and the eastern (E)
is the approaching cone. In Vayner et al. (2017)(Chapter 3) they are referred to as the red(blue)
shifted outflow region. The emission lines over the outflows are very broad with FWHM up to
~1500 kms~! . A combination of shocks and quasar activity are responsible for photoionizing
the gas. “SE component B outflow" is an outflow region belonging to a merging galaxy. “SE
component B ENLR" is an extended narrow line region belonging to the disk of the merging
galaxy, with gas photoionized by the quasar or secondary AGN. “SE component B Tidal fea-
ture" is a region of the merging galaxy with active/recent star formation as evident by lower
log([N11]/He) and log([O111] /HfS) values compared to the rest of the regions.

3C298 is a luminous quasar at z=1.439 with a slightly reddened UV continuum. 3C298
was the first source observed in our sample. The system is a merger of two disk galaxies sepa-
rated by a projected distance of 8 kpc with a velocity offset of 250 km s~! . The galaxy associated
with the quasar shows a biconical outflow with a receding redshifted cone and an approaching
blueshifted cone. The redshifted cone extends to about 4.42 kpc and shows evidence for expan-
sion along our line of sight. The blueshifted cone extends to 3.9 kpc. A two-sided jet extends
along the two outflow regions. The merging galaxy also shows an outflow extending about 2 kpc
from its center. This source is the best candidate in our sample for a dual AGN. Majority of the

star formation is occurring in a tidal feature that is 16-21 kpc from the quasar, where we see low

237



OSIRIS-LGS

Ha omj [si

V([OllI]) [km/s]

Figure 4.30 OSIRIS observations of 3C298 nebular emission line distribution and kinematic
maps. (Left) Three color intensity map of nebular emission lines: Ha (red), [O111] (green), and
[SII](blue). Ellipse in the lower left corner showcases the spatial resolution of the observations.
(Middle) Radial velocity offset (kms~! ) of the [O111] line relative to the redshift of the quasar.
The white star shows the location of the subtracted quasar. (Right) Velocity dispersion (kms™!)
map of [O111] emission. The white contours are VLA observations of radio synchrotron emission
from the quasar jet and lobes.

ionization from recently formed O stars, clumpy Ha , and rest-frame UV morphology. Majority
of the molecular gas in this system detected with ALMA resides near the tidal feature and the

quasar.

4.21 3C318

For this target, we identify a single region. “E, W component A outflow", the kinematics

show blue and red shifted broad (FWHM~1000 kms~! ) emission, similar to 3C 298 indicating
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a bi-conical outflow. The ionized gas morphology is ring-like, suggesting that we are seeing
the base of the receding and approaching side of a biconical outflow. Similar to the kinematic
and morphology of the bipolar outflow seen in supernova 1987 A. The gas is photoionized by
a combination of shock heating and quasar activity. We do not detect any narrow extended
emission in this object.

3C318 is a luminous quasar at z=1.5723 with a reddened UV continuum. Willott et al.
(2000) found a V band extinction value of 0.5 magnitude. The merger status of this object is
unclear. Two nearby galaxies to the north and west of the quasar are visible in archival HST
imaging (Willott et al., 2000). We do not detect the western object that is 2” away from the
quasar in our OSIRIS observations in any emission line. Willott et al. (2007) studied this object
with PdBI through CO 2-1 emission at a fairly coarse (~8 arcseconds) resolution. There appears
to be CO emission that could plausibly be associated with the western object. We have recently
obtained much higher angular resolution CO 3-2 spectroscopy of this target that will be discussed
in detail in a forthcoming paper. We confirm the existence of CO 3-2 emission associated with
the CO 2-1 emission. We resolve the molecular emission into multiple components. However,
the CO 3-2 emission is not associated with either one of the galaxies seen in the HST data. We
obtained a wide field of view IFS observations of this target with KCWI aimed at attempting to
measure the redshifts of the nearby galaxies and to confirm the merger scenario of this object.
We detect both the northern and western object in the continuum. We confirm that the northern
target is at a different redshift than the quasar from the detection of [OIl] emission while for the
western object a reliable redshift is difficult to determine with the current data set. Hence no clear

evidence of a companion galaxy that is part of a merger is detected for this quasar that would
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Figure 4.31 OSIRIS observations of 3C318 nebular emission line distribution and kinematic
maps. (Left) Three color intensity map of nebular emission lines: Ha (red), [O111] (green), and
[N11] (blue). Ellipse in the lower left corner showcases the spatial resolution of the observations.
(Middle) Radial velocity offset (kms™! ) of the [O111] line relative to the redshift of the quasar.
The white star shows the location of the subtracted quasar. (Right) Velocity dispersion (kms™!)
map of [O111] emission. The white contours are VLA observations of radio synchrotron emission
from the quasar jet and lobes.

be associated with the brightest galaxies seen in optical imaging within a few arcseconds from
the quasar. The entire extended ionized gas emission detected in this object is from a bi-conical
outflow driven by the quasar. 3C 318 contains a two-sided jet that extends along with the ionized
outflow. There is evidence for a spatially unresolved nuclear star-burst with an upper limit on the

L This star formation rate is far lower than the far infrared

star formation rate of 88+9M, yr—
derived rate of 580M, yr~! . The extinction towards the nuclear region measured from Willott
et al. (2000) alone cannot explain the mismatch between the Ha and far infrared derived SFR.

Either a larger fraction of the far-infrared emission is from dust that is being heated by the AGN

or the far infrared emission traces a different star formation history than Ha (Calzetti, 2013).
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4.22 4C57.29

4C 57.29 is a luminous quasar at z=2.1759 with a blue UV continuum. For this target,
we identify two regions. Region “NE component A" belongs to the host galaxy of the quasar.
The relatively high log([O111] /Hp) value indicates that this region is consistent with being pho-
toionized by the quasar. The 500.7 nm [O111] is the only emission line detected for this region.
The region is marginally resolved, making it hard to measure the kinematic structure. We require
a double Gaussian fit to the [O111] emission in this region to obtain a good fit, and we measure
an FWHM of 474.3 and 502.5 kms~! with offsets of 35.0 kms~! and -1050.1 kms~! relative
to the redshift of the quasar. We identify a second region north of the quasar. It is unclear if
it belongs to a merging galaxy or the quasar host galaxy. There is a ~ 100 kms~! offset from
the quasar, and the line has an FWHM of 550.13~19 kms~! . This region is also only detected
in [O111] . The SNR is too low to measure any kinematics structure. After subtracting all the
extended emission, we detect a spatially unresolved outflow that is driven by the quasar. The
jet of this quasar is two-sided, extending north-east and south-west. The northern/southernmost

extents are 5” and 3” respectively.
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Figure 4.32 OSIRIS observations of 4C57.29 nebular emission line distribution and kinematic
maps. (Left) Three color intensity map of nebular emission lines: Ha (red), [O111] (green), and
[N11] (blue). Ellipse in the lower left corner showcases the spatial resolution of the observations.
(Middle) Radial velocity offset (kms~! ) of the [O111] line relative to the redshift of the quasar.
The white star shows the location of the subtracted quasar. (Right) Velocity dispersion (kms~!)
map of [O111] emission. The white contours are VLA observations of radio synchrotron emission
from the quasar jet and lobes.

4.23 4C22.44

4C22.44 1s a luminous quasar at z=1.5492 with a reddened UV continuum. Similar to
3C318 we do not detect any evidence for a merging galaxy for this system. For this target, we
identify a single region, “N, S component A". The kinematics of this region may be consistent
with a galactic disk belonging to the quasar host galaxy. We see evidence for a smooth gradient
in the radial velocity map, however, the region is marginally resolved. We measure an emission
line FWHM of 434.8 kms~! . The region is consistent with being ionized by star formation with

some contribution from quasar photoionization. The jet from the quasar is two-sided with both
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sides extending about £5” from the quasar in the east and west directions.
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Figure 4.33 OSIRIS observations of 4C2244 nebular emission line distribution and kinematic
maps. (Left) Three color intensity map of nebular emission lines: Ha (red), [O111] (green), and
[N11] (blue). Ellipse in the lower left corner showcases the spatial resolution of the observations.
(Middle) Radial velocity offset (kms™! ) of the [O111] line relative to the redshift of the quasar.
The white star shows the location of the subtracted quasar. (Right) Velocity dispersion (kms™!)
map of [O111] emission. The white contours are ALMA band 4 observations of radio synchrotron
emission from the quasar jet and lobes.
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4.24 4C 05.84

For this target, we identify three distinct regions. Regions “S component A" and “NE
component A" are the blue(red) shifted outflow regions resembling a bi-conical outflow. They

showcase broad extended emission with a line FWHM of ~800 km s~!

. The quasar photoion-
izes these regions. Region “SW component A clump", shows a line FWHM of 467.9+3.0 km s ™!
and is photoionized by a combination of star formation and the quasar.

4C05.84 is a luminous quasar at z=2.323 with a slightly reddened UV continuum. We
find no evidence for a merging galaxy within our OSIRIS observations. The extended emission
near the quasar is dominated by emission from a bi-conical outflow. The blue-shifted side of the
cone extends 2 kpc southeast of the quasar, while the redshifted cone extends to nearly 9 kpc in
the north-western direction. Southwest of the quasar a clump is evident in both Ho and [O111]
emission with ionization consistent with star formation with a non-negligible contribute from
quasar photoionization. This clump is also detected in NIRC2 imaging of this object studied
by Krogager et al. (2016), where they consider this clump to be associated with a damped Ly«
system. However here we confirm that this objected is part of the quasar host galaxy. The
one-sided jet for quasar extends in the southern direction and shows a strong bend in the south-
western direction near the location of the south-western star-forming clump.

After subtracting the entire extended emission from the data cube, we detect unresolved
emission associated with an outflow. This outflow appears to be connected to the extended

outflow, where the unresolved emission arises from emission within the inner working angle of

our observations.
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Figure 4.34 OSIRIS observations of 4C05.84 nebular emission line distribution and kinematic
maps. (Left) Three color intensity map of nebular emission lines: Ha (red), [O111] (green), and
[N11] (blue). Ellipse in the lower left corner showcases the spatial resolution of the observations.
(Middle) Radial velocity offset (kms~! ) of the [O111] line relative to the redshift of the quasar.
The white star shows the location of the subtracted quasar. (Right) Velocity dispersion (kms~!)
map of [O111] emission. The white contours are ALMA Band 4 observations of radio synchrotron
emission from the quasar jet and lobes.

4.25 3C 446

For this target we identify two regions, “N component A tidal feature" is a region be-
longing to the quasar host galaxy, resembling a tidal feature that is most likely induced by the
merger. We measure an FWHM of 395.1442.0 km s™! for this region. “E-W component B" be-
longs to the merging galaxy, a portion of it resembles a tidal feature, counter to the tidal arm of
“N component A tidal feature." For this region, we measure a line FWHM of 558.5+63 kms™!
however, it appears to be a blend of two velocity components. It is unclear where the nucleus of
the merging galaxies resides. It could be that it has already merged with that of the quasar host
galaxy. The two galaxies appear to be offset by at least 500 kms~ in velocity, and there is a

possibility that a portion of the merging galaxy lays on top of the quasar host galaxy.
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Figure 4.35 OSIRIS observations of 3C446 nebular emission line distribution and kinematic
maps. (Left) Three color intensity map of nebular emission lines: Ha (red), [O111] (green), and
[N11] (blue). Ellipse in the lower left corner showcases the spatial resolution of the observations.
(Middle) Radial velocity offset (kms™! ) of the [O111] line relative to the redshift of the quasar.
The white star shows the location of the subtracted quasar. (Right) Velocity dispersion (kms™!)
map of [O111] emission. The white contours are ALMA Band 8 observations of radio synchrotron
emission from the quasar jet.

4.26 4C 04.81

For this target, we identify a single region, “E component A outflow". The kinematics
show blue and red shifted broad (FWHM~800 km s~! ) emission. The quasar mainly photoion-
izes the gas. We do not identify any narrow extended emission in this object.

4C04.81 is a luminous quasar at z=2.5883 with a reddened UV continuum. We find no
evidence for a merging galaxy for this system in our OSIRIS observations. Lehnert and Becker
(1998) identified a Ly« emitter 29” away from the quasar at a position angle of 135 degrees,
indicating that this quasar may be part of a galaxy group. The extended emission detected in

multiple nebular emission lines is from an extended ionized outflow driven by the quasar. The
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outflow extends 7 kpc from the quasar. A single-sided jet from the quasar extends in the eastern
direction, eventually slightly bending southwards. The jet primarily extends along the path of the
ionized outflow. After subtracting all the extended emission, we detected a nuclear, unresolved

outflow. This outflow appears to be connected to the extended outflow, perhaps residing within

the inner working angle of our OSIRIS observations and gets subtracted out after removing the

Ed

point-source emission.
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Figure 4.36 OSIRIS observations of 4C04.81 nebular emission line distribution and kinematic
maps. (Left) Three color intensity map of nebular emission lines: Ha (red), [O111] (green), and
[N11] (blue). Ellipse in the lower left corner showcases the spatial resolution of the observations.
(Middle) Radial velocity offset (kms~! ) of the [O111] line relative to the redshift of the quasar.
The white star shows the location of the subtracted quasar. (Right) Velocity dispersion (kms~!)
map of [O111] emission. The white contours are VLA observations of radio synchrotron emission
from the quasar jet.
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Chapter 5

Conclusions and Future Directions

To-date, we have conducted the largest AO-assisted IFS survey of luminous-quasar host
galaxies during the peak epoch of galaxy and SMBH growth. These observational results put
constraints on theoretical models of massive galaxy formation. We found that galaxies hosting
the most massive SMBH in the distant Universe still have to acquire substantial stellar-mass
if they evolve into present-day massive elliptical galaxies. Winds driven by the SMBH appear
to happen before the galaxy and SMBH have finished their present-day mass assembly. The
observed outflow rates and energetics of ionized gas often fall short of theoretical predictions.
The ISM is yet to be enriched to the level observed in massive local galaxies. In this chapter, I
outline several future projects that will help understand processes by which galaxies may obtain
the gas and stars necessary to grow to their present-day stellar mass. I additionally explore how
future multi-wavelength observations can better measure outflow rates and energetics of quasar
host galaxies. I will also discuss some upcoming flagship missions that will revolutionize our

understanding of galaxy formation across cosmic time.

248



5.1 The Circumgalactic Medium of Quasar Host Galaxies at
Z~2

Simulations have indicated that accretion through cold streams is likely responsible for
providing the majority of baryonic matter into galaxies (Keres et al., 2009; van de Voort et al.,
2011). These streams connect galaxies to their circumgalactic medium (CGM), which contain a
significant fraction of a galaxy’s gas reservoir. Understanding the accretion processes is crucial
to understanding galaxy formation and evolution. The highly diffuse nature of the accreting ma-
terial has made it very difficult to study. Until recently the two dominant ways of studying the
CGM in the distant universe have been through transverse absorption line surveys (Zhu and Mé-
nard, 2013; Prochaska et al., 2014) using background quasars, and galaxies as continuum sources
to probe absorbing gas in foreground galaxies’ CGM , and “down-the-barrel" spectroscopy using
galaxies’ own starlight as a background source (Steidel et al., 2010; Rubin et al., 2012). Nar-
rowband imaging of Ly« emission in the CGM of high-redshift galaxies has also spurred in the
last two decades (Cantalupo, 2017). The recent advent of a large field of view optical IFSs has
opened a new window for studying the CGM in emission (Borisova et al., 2016), allowing us
to map the distribution of gas around bright quasars and AGN, previously restricted to specific
lines of sight where background objects were present.

Quasars are thought to illuminate the CGM through gas photoionization, making it de-

tectable with modern-day IFS. The expected Lyaemission from the CGM surrounding a lumi-

1 2

nous quasar is on the order of 5-100x 10~ '%erg s~ cm~2arcsec™2. In the absence of quasar

photoionization, it is possible to map the CGM with fluorescence emission due to the cosmic ul-
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traviolet background. However, Lyaemission at z~ 2 produced by the cosmic UV background

2arcsec™? fainter than can be detected with ground and space-based

is 1-5x10 " Yerg s7! cm™
observatories.

The exquisite sensitivity of KCWI and MUSE enables us to now study the distribution
and kinematics of gas in the CGM through quasar fluorescence emission of Lyca, Hell and
CIV to a flux density surface limit of 5x 10~ *?erg s~! cm~2arcsec™2 within the virial radius of
the dark matter halo. The radiative mechanism(s) that generates Ly are still poorly constrained,
making it challenging to fully interpret the observed radial velocity maps and determining the
available gas in the CGM since it is optically thick to Ly« radiation. The unprecedented sensi-
tivity of KCWI allows the study of non-resonant 1640A Hell emission line which provides far
better constraints on the kinematics of the gas relative to Ly« and allows for a better estimate of
the available CGM gas.

We have begun a survey to study the CGM around six quasar host galaxies that are drawn
from our OSIRIS sample in Chapter 4. The goal is to spatially map the CGM in rest-frame UV
lines (Lyca, Hell , and CIV) to measure the gas transport from the CGM to galaxy scales. The
aim is to understand whether accretion from the CGM provides enough gas supply to grow the
stellar mass of the host galaxy to the expected z=0 value. Additionally, we would like to conduct
a future study to understand the role of dry mergers in growing the stellar mass of the quasar
host galaxies. This can be determined by linking the spatial location of satellite galaxies relative
to the quasar host galaxy and measuring their stellar masses. Another observational method is
by searching for tidal stripping of stars during mergers and measuring the mass in tidal streams.

Measuring the stellar masses of satellite galaxies and searching for stellar streams will
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Figure 5.1 KCWI integrated Ly« intensity maps of the six sources in our sample. The bar
represents 10” or approximately 86 kpc at the redshift of these quasars. The star represents the
location of the quasar which has been subtracted out to see the faint extended emission from the
CGM.
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require observations from space-based observatories. The majority of the stars in the stellar
streams will be older, less massive stars which emit a significant fraction of their light past the
Balmer break. At z~2 the Balmer break is redshifted into the near-infrared, where it is very chal-
lenging to obtain deep observations sensitive to low surface brightness emission. Ground-based
near-infrared cameras struggle to reach magnitudes of about 25-26”~2 at an angular resolution
of 0.1-0.2”. To detect these faint tidal features requires space-based observations. Archival
WEFC3-IR F160W imaging of the field around 3C9 indicates that the tidal features are fainter
than my4, of 25 magnitudes arcsec ™2 (Figure 5.2). In Figure 5.2, we show how our survey will
directly link the position of the stellar streams and nearby galaxies to the CGM morphology and
kinematic structures. KCWI observations of nearby galaxies and streams will be compared to
hydrodynamical simulations to confirm their nature. Combining the projected location of satel-
lite galaxies in the environment of the quasar host galaxy can further help interpret the kinematic
structures seen in KCWI data.

While detecting emission line and continuum in massive (> 1010M®) star-forming
galaxies is feasible from the ground with near-IR spectrographs on 10-meter class telescopes,
these instruments struggle to detect quiescent galaxies at these redshifts. The sensitivity typi-
cally does not allow detection of the continuum at high enough SNR to detect spectral absorption
features indicative of the redshift and star formation history (e.g, from the Balmer break) of the
target. Kriek et al. (2015) finds a spectroscopic success rate of 9-50% for quiescent galaxies at
1<z<3. Given that at z~ 2 about half of the observed galaxies near the break in the galaxy mass
function are quiescent galaxies, only space-based observations today can detect their stellar con-

tinuum to measure the redshift and star formation history (Tomczak et al., 2014). To study the
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Figure 5.2 Left: KCWI integrated Ly« intensity map showcasing the distribution of cool gas in
the CGM of the host galaxy of the quasar 3C9 (z=2.0). Right: Rest-frame V band image of the
stellar light in the environment around 3C9 with a 9-pixel median filter applied to improve SNR
in the faint diffuse stellar emission. In both images, the bright quasar has been subtracted out.
Arrows point towards two candidate tidal tails caused by the interaction of satellite galaxies with
the quasar host. It is interesting to note that the extent of the tidal tail matches that of the cool
CGM seen in UV emission. Note that these features are fainter than 25" magnitude arcsec 2,

and can only be detected with space observations in the near-infrared.
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role of dry mergers in growing the stellar mass of the quasar host galaxies will require space-
based slitless or multi-object spectroscopy of the full satellite galaxy population at z ~ 2 with

HST or JWST.

5.2 The Molecular Gas in Quasar Host Galaxies

As we learned in Chapter 3, galaxies with quasar driven outflows often exhibit energetics
that are below the predicted values from simulations. To clear a galaxy of its molecular gas
reservoir requires an energy rate coupling efficiency between the quasar and the galaxy scale
outflow of at least 0.1% (Hopkins and Elvis, 2010a). Often simulations predict that energy-
conserving outflows are important in clearing a galaxy of its gas, which results in Pt flow Values
> 2 x L gy /c. However, combining our observations with results from the literature, we find a
significant fraction of outflows detected in ionized emission have Pout flow < Lagn/c. Molecular
outflows studied in the local Universe, on the other hand, find energy and momentum rates that
are consistent with the theoretical predictions. Either different mechanisms drive molecular and
ionized outflows, or we are significantly under-estimating the gas mass in quasar driven outflows
by only studying the ionized component.

Furthermore, there has been missing critical observations that link both the spatial dis-
tribution and dynamics of ionized gas in outflows with properties of the molecular gas in high-
redshift quasar host galaxies. Connecting both resolved molecular and ionized gas observations
is crucial for understanding the role of quasars in regulating star formation.

In Chapter 2 we found a molecular outflow in 3C298 emanating from the galactic disk
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with an outflow rate of 2300M,, yr~! and a total molecular (My,) gas in the outflow of 3.3x10?
Mg , about 50% of the total molecular gas in the disk. We found the majority of the gas in
the outflow to be in a molecular state, with energy and momentum fluxes consistent with the
theoretical prediction. The work on the host galaxy of 3C 298 was one of the first cases where
AO-assisted IFS observations of the ionized ISM were linked to that of the molecular gas atz>1,
hence enabling us to study the multi-phase ISM at similar angular resolution. 3C298 is the first
source with detection of molecular gas in an outflow state in the distant Universe (z> 1), with
strong evidence that the powerful outflows that we see in ionized nebular emission are directly
affecting the molecular ISM. We found that the molecular and ionized outflows are emanating
from the molecular disc centered on the quasar.

I'led a cycle 5 ALMA program (PI: Vayner) to target low CO transition (e.g., CO (3-2))
emission that measured the dynamics and distribution of molecular gas in five quasar host galax-
ies. The entire data set of 18 hours was observed and processed. The goal of these observations
was to either detect molecular outflows over similar regions where we find ionized outflows or
to put some of the most stringent limits on molecular gas in high redshift quasar host galaxy
outflow regions. Combining the molecular gas limits with the lack of detected star formation
down to a limit of 0.3M, yr~! kpc=2 from OSIRIS Ha observation will suggest good evidence
for quenching of star formation over regions with powerful outflows. This program builds upon
our work on the host galaxy of 3C 298 studied with ALMA in cycles 2 and 3 (see Chapter 2).

Tentative molecular outflows have been detected in 4 sources thus far (see Figure 5.3),
with outflow rates of 100-4000 M, yr—! on scales of 2-21 kpc. These objects potentially con-

stitute the largest fraction of molecular outflows known to date at z> 1. The eventual goal is to
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combine the ALMA observation of the molecular ISM with OSIRIS observations of the ionized
ISM and KCWT to better understand the gas transport and compare both inflow and outflow rates

for the same systems (see Figure 5.4).

mjy/beam + offset

l
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Figure 5.3 Spectra of galaxy scale (4-21 kpc) molecular outflows detected with ALMA cycles 3
and 5 data, in the host galaxies of our quasar sample. Outflow regions are selected from pixels
in line-width (o) maps that show velocity dispersion >250kms~! . Highlighted in blue is the
FWZI for each outflow(> 700 kms~! ), much broader than what is expected from gravitational
motion in these quasar host galaxies.

In hydrodynamical simulations that look at the cooling of the gas in quasar driven out-
flows, Richings and Faucher-Giguere (2018) finds that a significant fraction of the molecular gas
in the quasar driven outflow is in a warm molecular gas phase at a temperature of about 500
K. Ro-vibrational molecular Hydrogen lines can trace the majority of this gas. The lines that
trace the most significant fraction of the has are the pure-rotational vibrational lines in the mid-
infrared. These have been extensively studied with the Spitzer space telescope in local galaxies,
and indicate that they are produced in shock-heated regions within the galaxy (Hill and Zakam-

ska, 2014). Both stellar and AGN feedback processes drive the shocks. With the launch of the

JWST telescope it will be possible to extend the study of infrared Hydrogen lines out to z~2
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Figure 5.4 Example of our multiwavelength observations for 4C09.17 (left) and 4C05.84 (right).
The left panel in each image shows the distribution of cool gas in CGM as traced by Lya, taken
with KCWI. ALMA Cycle 5 observations of molecular gas are shown in the upper right corner
(inner few arcseconds) and with white contours (full FOV) as traced with CO (4-3), OSIRIS
observations of ionized gas in the host galaxy are shown in the bottom right corner. OSIRIS-
LGS is able to achieve sub-kiloparsec resolution in the inner 0.8 - 16 kpc from the center of the
quasar. KCWTI is capable of tracing the CGM of these quasar host galaxies on 200 kpc scale,
with ALMA capable of tracing molecular gas on a similar a scale. Coupling KCWI to OSIRIS
and ALMA observations will be incredibly powerful for deducing the accretion, star formation,
and outflow history of these sources. In the future, we will be asking for ALMA time to obtain
molecular gas observations for 4C04.81 and 3C9 to conduct a similar analysis for these two
objects, for a total of 5 objects.

where the S(3) 9.66 um line falls near the edge of the MIRI filter coverage and the near-infrared
ro-vibrational lines of Hydrogen fall at the shorter end of the MIRI wavelength coverage. The
rest-frame near-infrared ro-vibrational lines can still be used to study the warm molecular gas
at higher redshifts, however they tracer a much warmer (>2000 K) component than the mid-
infrared pure-rotational hydrogen lines (U et al., 2019). The much warmer, 2000 K component
most likely constitutes a smaller fraction of the molecular gas in outflows.

Combining JWST MIRI observations with ALMA observations of cooler molecular hy-
drogen traced by rotational CO transitions will give a complete view of molecular gas in quasar

driven outflows. Combining the molecular gas measurements with the ionized gas from nebular
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emission lines will give a complete view of both ionized and molecular gas allowing for the first
time to measure the total outflow rates and energetics for outflows near the peak epoch of galaxy

and SMBH growth.

5.3 In The Era of Extremely Large Telescopes (ELT's)

Today, ionized outflow rates are plagued by uncertainty on the electron density. Typically
the [SII] doublet at 6717A, 6731A is used to calculate the electron density. Often the line is
detected at a low SNR, and the high-velocity dispersion of the emission line velocity cause them
to blend. The dominant uncertainty in measuring the electron density is due to the lower spectral
resolving power of near-infrared IFS today.

The first light Infrared Imaging Spectrograph (IRIS) on the Thirty Meter Telescope
(TMT) paired with the adaptive optics system will provide diffraction-limited observations with
spectral resolving power of 8000. The European Extremely Large Telescope (E-ELT) and the
Giant Magellan Telescope (GMT) will also have similar spectroscopic and adaptive optics capa-
bilities. The spectral resolution of first-generation IFS on ELTs will be sufficient to resolve the
[SII] doublet with typical velocity dispersion of ~500-900 kms~! seen in the outflow regions
of the quasar host galaxies studied in Chapter 3 and 4. Furthermore, the high spatial resolution
of 70-160 pc will allow to detect individual clouds inside a galactic outflow and measuring their
electron densities at z~2. This will significantly improve our uncertainties on the amount of
mass in galactic outflows. Today we assume that each cloud inside the outflow has the same

density, this assumption carries an inherent uncertainty which is hard to quantify since we have
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yet to map the electron density at the resolution of individual clouds inside a quasar driven out-
flow at any redshift. The [SII] doublet is only able to probe the electron density in the range
of ~ 10*3736 cm™3 | other diagnostic line ratios are necessary to probe denser gas to under-
stand the distribution of electron densities better. In the optical, the lines that provide diagnostic
for higher electron density are typically much fainter, and today are impossible to detect in the
distant Universe with 8-10 m class telescopes. With a 30-meter aperture, ELTs will have the
necessary sensitivity to detect the doubly ionized Chlorine lines at 5517A and 5537A that will
enable measurement of electron densities out to 10° cm ™2 (Figure 5.5). In the outflow of Mrk

3

477 there appear to be regions with electron densities as high as 8,000 cm™ as measured from

line ratios of [Ar IV] 4711A and 4740A (Villar Martin et al., 2015). Such densities are much
higher than what is typically assumed in outflows and higher than what can be measured with
line ratios of [SII] and [O11] .

The high angular resolution of TMT and IRIS will provide us with a unique capability
of measuring the SMBH of quasars at every redshift with SMBH masses > 10° M, . This will
be possible by measure the radial velocity of either gas or stars within the sphere of influence
of the SMBH. For this science case to be successful, it is critical to adopt the PSF subtraction
techniques developed in chapters 2 and 3 to future IFS and AO systems, to provide the highest
possible contrast at small angular separations. The expected uncertainties will be significantly
lower than what can be achieved today from single epoch SMBH mass estimates, which measure
the SMBH with an uncertainty of about 0.5 dex.

The sensitivity of IFS on ELTs will also be sufficient to detect the stellar continuum on

kpc scales in the host galaxy. This will allow us to measure the stellar velocity dispersion di-
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Figure 5.5 Deriving electron densities from ratios of optical emission lines. On the y-axis, we
plot the ratio of emission line doublets as a function of electron density. Each pair of emission
lines probes a range of electron densities. The values are computed using the Python module
PyNeb (Luridiana et al., 2015).
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rectly. As discussed in Chapter 4, today the IFS on 8-10 meter class telescopes are generally
not sensitive enough to measure the stellar velocity dispersion, and often the gas velocity dis-
persion is used when comparing the galaxies to local scaling relation. The unknown uncertainty
on assuming that gas velocity dispersion probes the stellar velocity dispersion cause challenges
in comparing samples of higher redshift systems to the local scaling relationship. This further
complicates testing whether there is an inherent redshift evolution in the slope and y-intercept of
the local scaling relation between the mass of the SMBH and the velocity dispersion and mass
of the bulge from z=0-2.

While the next generation of ELTs will provide a unique opportunity to measure the
SMBH masses of massive black holes, future space-based gravitational wave experiments will
allow for the measurement of lower mass black holes in the distant Universe. Today, seismic
noise prevents the detection of gravitational waves from SMBH mergers with masses > 10°
M, , which produce their characteristic chirp at frequencies below 10~! Hz. Space-based laser
interferometers will enable this capability out to redshifts of 10, making it possible to detect
gravitational wave signals from BH-BH mergers with masses in the range of 10°~7 M) (Amaro-
Seoane et al., 2017). One of the currently planned missions is the Laser Interferometer Space
Antenna (LISA). The challenge will be localizing these gravitational wave events since the beam
area on the sky will be on the order of 100 deg? for LISA. The current proposed launch date for
LISA is in 2034 coinciding with the time when ELTs will be fully operational. Furthermore,
LSST will still be operational and will continue to provide wide-field time series observation of
the entire visible sky in the southern hemisphere. Once the optical counterpart to the gravita-

tional wave is determined, ground-based AO observation of their galaxy with IFS observations
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such as IRIS will provide information about the stellar mass and velocity dispersion, enabling
multi-messenger astronomy of nuclear regions in individual galaxies for the first time. Combin-
ing the stellar mass and velocity dispersion will enable us to compare these objects to the local
scaling relations. Combining the sample of galaxies with lower mass SMBH to that of quasars
hosting SMBH with masses of 10° M, will give a more complete demographic of the galaxy
and SMBH masses at z ~ 2. This will enable us to study the evolution in the M, — o relationship

from z=0 out to the peak epoch of SMBH and galaxy growth.
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