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Abstract

Unveiling the Hearts of Luminous and Ultra-luminous Infrared Galaxy Mergers

with Laser Guide Star Adaptive Optics

by

Anne M. Medling

Gas-rich galaxies across cosmic time exhibit one or both of two phenomena:
1) ongoing star formation, and 2) an active galactic nucleus indicating current black
hole accretion. These two processes are important mechanisms through which galaxies
evolve and grow, but their effects are difficult to disentangle. Both will use up some
available gas, and both are capable of producing winds strong enough to eject remaining
gas from the galaxy. But the systems most likely to show this kind of feedback tend
to exhibit both intense star formation and black hole growth, making it impossible to
distinguish each effect by looking at the systems globally. Instead, one must look at high
spatial resolutions in order to separate the dynamical effects of star formation going on
near the nucleus of a galaxy from the black hole growth going on in the nucleus.

We present high spatial resolution integral field spectroscopy of fifteen nearby
luminous and ultra-luminous infrared galaxies. These systems are extremely bright
in the infrared exactly because they host powerful starbursts and active nuclei, which
in turn heat the surrounding dust. Though they are rare in the local universe and
are triggered only by major mergers, there is substantial evidence that suggests they

may be more typical of the activity level of galaxies at redshifts z ~ 1 — 3. Our data



provide resolved stellar and gaseous kinematics of the central kiloparsec of each of these
systems by removing atmospheric blurring with adaptive optics, an observing technique
that measures the turbulence in the Earth’s atmosphere and then uses a deformable
mirror to correct for the resulting distortions. This yields spatial resolutions on the
order of a few tens of parsecs in these galaxies.

Our kinematic maps reveal nuclear disks of gas and stars with radii ~ a few
hundred parsecs surrounding the central black holes. Because the stellar and gas kine-
matics match well, we conclude that the stars are forming in situ from the gas in the
disks. These disks may be the progenitors of kinematically decoupled cores seen in many
isolated elliptical galaxies, and may have a significant effect on the merger rate of binary
black holes. Additionally, these disks may be used to measure black hole masses during
their major epoch of fueling. We measure black holes ranging from 5 x 107 — 2 x 10° M,
that, when combined with host galaxy properties and placed on scaling relations, indi-
cate that black holes grow as or more quickly than their host galaxies during a merger.
This suggests that a sudden burst of black hole growth at in the final stages of the
merger (e.g. “quasar-mode feedback”) is not likely to be responsible for shutting off

star formation in these systems.
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Chapter 1

Introduction

1.1 Galaxy Evolution: Merger-Driven or Secular?

Galaxies come in a variety of sizes and flavors, but they can be divided into
two broad categories: star-forming galaxies and quiescent galaxies. Over a galaxy’s
lifetime, it moves between these categories according to one particular trait: how much
gas is available in the system. When cold gas is present in a galaxy, two phenomena
may occur: 1) if the gas is cold and dense enough, it can gravitationally collapse in on
itself and form stars, and 2) the gas may fall into the black hole. When gas becomes
gravitationally bound to a black hole, it forms a hot accretion disk, which radiates as a
blackbody, while infalling charged particles emit X-rays. This radiation associated with
a growing black hole marks it an active galactic nucleus (AGN). Star formation and
AGN activity can continue until the gas reservoir is depleted; no new stars are formed
and their contributions of blue light fade away, leaving the galaxy “red and dead”. If

the gas supply is renewed, star formation and AGN activity can resume.



Given the importance that the amount of gas has on a galaxy’s life, in order
to understand the evolution of galaxies, one must ask the question, “how do galaxies
get their gas?” There are two mechanisms that can bring in a new supply of gas to a
gas-poor galaxy. First, the galaxy may accrete gas from the surrounding intergalactic
medium, potentially flowing in along filaments of dark matter in the cosmic web (Dekel
& Birnboim, 2006; Dekel et al., 2009; Bournaud et al., 2011). This gas may be pristine,
low-metallicity gas, or gas which has been enriched in the galaxy and ejected at an earlier
time. This process is part of “secular evolution”, and can occur slowly over a long period
of time. The alternative is “merger-driven evolution”, during which a galaxy increases
its gas supply by colliding with another gas-rich galaxy. The gas will be torqued by
gravitational forces and the final system can end up with a gas-rich core (Di Matteo
et al., 2005; Springel et al., 2005a,b). But which of these processes dominates galactic
evolution?

The answer, of course, is complicated: both processes are important pieces of
the puzzle of galactic evolution. Studies of AGNs selected by different techniques obtain
conflicting results: some showing a strong correlation with major galaxy mergers (Koss
et al., 2010; Ellison et al., 2011), while others do not show a higher rate of merging
than field galaxies (Cisternas et al., 2011b; Kocevski et al., 2012). Treister et al. (2012)
combine multiwavelength studies of AGNs and their correlations with mergers and find
that only 10% of AGNs are likely triggered by a major galaxy merger. However, because
this 10% comprises the most luminous AGNs, they also conclude that approximately

50% of black hole growth over cosmic time is associated with major mergers. This result



is still controversial, however, because of the selection effects that may complicate the

combining of varied datasets.

1.2 (U)LIRGs and Their Place in Cosmic Time

The universe is a quieter place now than it has been in the past. Studies
of high redshift galaxies show that the star formation rate density peaks around z ~ 3
(Gonzalez et al., 2010, and others). X-ray surveys can identify the levels of AGN activity
as a function of redshift; Aird et al. (2010) find that AGN activity peaked at a redshift of
z ~ 1.2. Galaxies in the local universe have less fuel to form stars and grow black holes
than they did 8-12 billion years ago. Studying the most active era of cosmic history
is only beginning to be possible but a detailed analysis requires the ability to spatially
resolve star formation and black hole growth, a requirement only met for galaxies at
low redshift.

However, the local universe does host a population of extreme systems, Ultra-
Luminous and Luminous InfraRed Galaxies ((U)LIRGs), that may be analogous to
normal galaxies at z ~ 2. In fact, analysis of the far-infrared background with Herschel
shows that LIRGs account for > 90% of infrared light at 0.5 < z < 1.0 and ULIRGs
provide more than half of the background above z = 1.0 (Berta et al., 2011). (U)LIRGs
are infrared-bright (L;p > 10'2Lg for ULIRGs, Ly > 10 Lg for LIRGs) because
they contain large quantities of gas and dust which is being funneled to the center; the
gas forms stars and fuels AGN activity, which in turn heat the dust, which radiates in

the infrared (Sanders & Mirabel, 1996). There is considerable evidence that infrared



luminosity is linked with merging activity: morphological analysis of LIRGs reveals
an increase of strongly interacting systems with higher infrared luminosity (e.g. Ishida,
2004); (U)LIRG with double nuclei show a decreasing nuclear separation with increasing
infrared luminosity (Haan et al., 2011); studies of pairs of Sloan Digital Sky Survey
galaxies find an increasing fraction of LIRGs as pair separation decreases (Ellison et al.,
2013); and observations of (U)LIRGs at high redshift find mergers to be a major factor,
though slightly less so than at low redshift (Melbourne et al., 2005; Dasyra et al.,
2008; Kartaltepe et al., 2010, 2012). Locally, the merger fraction can pass 90% at the
highest luminosities (Sanders et al., 1988; Melnick & Mirabel, 1990; Clements et al.,
1996; Veilleux et al., 2002; Ishida, 2004). Additionally, as infrared luminosity increases,
the fraction of systems hosting AGN also increases (Veilleux et al., 1995; Ellison et al.,
2013; Koss et al., 2013).

Though we understand that such interactions may not have been the most
common trigger for such activity at moderate redshifts, these systems represent the
only currently feasible opportunity we have to study such active systems in detail. By
looking at nearby mergers in high resolution, we can study the black hole growth and
map the gas kinematics as a first step towards disentangling the fueling and feedback

of star formation and AGN activity.

1.3 Black Hole Scaling Relations

In order to understand what role a black hole, active or quiescent, might play

in a system, it is important to first characterize its mass. Large studies of black hole



masses have shown that they correlate with properties of their host galaxies’ bulges
(Kormendy & Gebhardt, 2001): bulge mass (Kormendy & Richstone, 1995; Magorrian
et al., 1998), bulge luminosity (Marconi & Hunt, 2003), and bulge stellar velocity dis-
persion (Tremaine et al., 2002; Ferrarese & Merritt, 2000; Gebhardt et al., 2000), all
most recently updated by McConnell & Ma (2013). There is some evidence for an
evolving Mpy — o, relation with redshift (e.g. Zhang et al., 2012). Alternatively, the
most basic scaling relation may be with total stellar mass (Jahnke et al., 2009; Cister-
nas et al., 2011a); in this case the evolution with redshift would indicate the changing
bulge-to-disk fractions of galaxies.

These correlations were originally unexpected, since the black hole makes up
less than a percent of the galaxy’s mass and the volume of its gravitational influence is
small compared to the galaxy’s size. Why should stars across the galaxy have orbits that
seemingly depend on the black holes mass? This has canonically been answered with the
idea that galaxies and their black holes both grow when the system obtains additional
gas. This can occur through secular evolution, when pristine gas flows in from outside
of the galaxy to promote growth, or when two galaxies collide, particularly if either
galaxy starts out with a supply of gas (e.g. Hopkins et al., 2006). In the latter case,
gravitational torques funnel the gas into the centers of the merging galaxies, triggering
two phenomena: an intense burst of star formation to feed the bulge, and accretion of
gas on to the black holes in the centers of each galaxy. It has been postulated that
the black hole growth can regulate this process through AGN feedback (Springel et al.,

2005b), which may produce massive winds that evacuate the gas from the galaxy on



short timescales, cutting off star formation and future black hole growth. This sense of
self-regulation has been confirmed observationally by Kauffmann & Heckman (2009),
who find that the Eddington ratio (a measure of how much a black hole is accreting
relative to its theoretical limit) of a sample of AGNs depends on the supply of cold
gas in the galaxy. If there is plenty of cold gas, the accretion rate does not depend
on the quantity of gas available; if the supply of cold gas is limited, the accretion
rate depends on the rate at which stellar winds provide fuel for the AGN. Though the
detailed mechanisms through which these correlations are formed are still unconfirmed,
it is evident that star formation and black hole growth are fed by the same reservoir of
inflowing gas; their growth histories are intertwined. It is likely that these two processes

compete for fuel in a predictable fashion.

1.4 Measuring Black Hole Masses

A variety of methods are used to measure black hole mass, some of which we
review here. One established method uses full three-integral modeling of stellar orbits;
this method, most commonly used in elliptical galaxies, (see e.g. Siopis et al., 2009;
Giltekin et al., 2009a, and references therein) uses line-of-sight velocity distributions and
light profiles to create a detailed dynamical mass profile of the galaxy, including the black
hole mass. Two- and three-integral models are also sometimes used on bulges of spirals
(e.g. Davies et al., 2006; Onken et al., 2007; Cappellari et al., 2009). Reverberation
mapping (e.g. Denney et al., 2009, and references therein) is a method of measuring

black hole masses in AGN; it uses time-resolved brightness fluctuations in the continuum



versus lines from the broad-line region to estimate the size of the broad-line region
and therefore the mass of the black hole powering the AGN. Masses measured with
reverberation mapping can be calibrated to match the Mpg-o, relation (Onken et al.,
2004). Black hole masses have been derived (Shields et al., 2003, and references therein)
from the continuum luminosity and the width of the broad HS line. The masses of
supermassive black holes powering quasars have been estimated using x-ray luminosity
as an indicator, as in Kiuchi et al. (2009). In some cases, it is possible to measure
the Keplerian rotation of ionized or molecular gas around a black hole and deduce its
mass, as in Harms et al. (1994), Hicks & Malkan (2008), and Neumayer et al. (2007).
In a few galaxies, masers in the disk allow precise velocity (and therefore black hole
mass) measurements (Herrnstein et al., 1999; Miyoshi et al., 1995). In the Galactic
Center, individual stars have been resolved and their orbits around the black hole tracked
astrometrically over time to determine the black hole mass (Ghez et al., 2008; Gillessen
et al., 2009). Recently, adaptive optics have been used to resolve stellar dynamics inside
the sphere of influence of black holes in nearby galaxies (e.g. Davies et al., 2006; Nowak
et al., 2008; McConnell et al., 2011; Gebhardt et al., 2011).

Though there are many black hole mass measurement techniques to choose
from, we are limited when considering black holes in gas-rich mergers. Reverberation
mapping and emission line diagnostics require observations of a broad line region, but
the dust is thick enough to obscure it in gas-rich environments. Three-integral orbital
superposition methods require relaxed dynamical systems, an assumption which isn’t

valid in ongoing mergers. Except for the rare merger which happens to have an OH



maser observable (e.g. Mrk 273; Klockner & Baan, 2004), black hole masses in these

systems have been largely uncertain.

1.5 AGN Activity and Binary Black Hole Mergers

To understand the interplay between star formation and black hole growth, it’s
critical to look at systems in the midst of this increased fueling. One set of such galaxies
are gas-rich mergers; selected from (U)LIRGs, gas-rich mergers tend to have extreme
bursts of star formation and a higher incidence of AGN activity. How do these mergers
fall on black hole scaling relations? Does the black hole grow first, leaving the stars to
slowly use up the remaining gas? Or is star formation cut off once the black hole reaches
a bright quasar phase of extreme growth? A merger’s position on black hole scaling
relations would indicate the relative growth timescales, and confirm whether the putative
quasar-mode feedback occurs (see Fig. 1.1). Theoretical arguments have suggested that
star formation has preferential access to the available gas and that therefore a black hole
would grow substantially only after star formation has quenched itself and the galaxy
bulge is in place (Cen, 2012); this scenario would predict that gas-rich mergers would
fall below black hole scaling relations, following the purple arrow in Fig. 1.1.

Understanding black hole fueling in the midst of mergers will also shed light
on the rate of dual AGNs. Since major mergers do trigger AGN activity and all massive
galaxies have a central black hole, one might assume that all gas-rich mergers ought
to have two AGNs. Though dual AGNs have been seen to exist at many scales, many

more mergers have one or zero AGNs. At what merger stage do we expect a black
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Figure 1.1: Mpy — o, relation for isolated galaxies from McConnell & Ma (2013) (black)
with three possible evolutionary tracks for merging galaxies overlaid. If the black hole
grows first or more quickly than the galaxy bulge, mergers would lie above the relation
(as shown by the gold arrows). If the black hole growth lags the bulge growth and is
responsible for curtailing evolution (e.g. quenching through AGN feedback), mergers
would lie below the relation (as shown by the purple arrows). If instead the black hole
and the bulge grow in lockstep, the mergers would remain on the relation (as shown by
the blue arrow).



hole to transition into an AGN? For what fraction of time is an AGN active, and does
this depend on measurable quantities (e.g. gas fraction, star formation rate, etc.)? To
answer these questions in detail, one needs a large well-matched sample of mergers
hosting zero, one and two AGNs; this is beyond the scope of this thesis. However,
studying the interplay between black hole growth and star formation is an important
prerequisite to understanding dual AGN statistics.

Regardless of the rate of dual AGN, we expect all major galaxy mergers to
result in a binary black hole, which may eventually merge into a single black hole.
N-body numerical simulations of such mergers, however, reveal a potential difficulty
present in the idea: the final parsec problem. Once the two black holes have kicked out
all the stars in the loss cone, no way remains to remove angular momentum from the
system and the black holes’ inspiral will stall (Milosavljevi¢ & Merritt, 2003). If the
binary black holes stall at ~ 1 parsec, they will never fully merge; this would effectively
remove them as potential targets for gravitational wave experiments similar to LISA
(the Laser Interferometer Space Antenna; Thorne, 1995; Hughes, 2002; Vecchio, 2004)
and pulsar timing arrays (Lee et al., 2011) .

However with the addition of gas to numerical simulations, the scenario may
have changed. High spatial resolution hydrodynamic simulations of gas-rich galaxy
mergers have predicted the formation of nuclear disks on scales of a few tens to a
few hundreds of parsecs (e.g. Mayer et al., 2008). These disks form as gravitational
torques funnel the gas towards the nuclei of the merging galaxies, feeding gas down

to the smallest resolvable scales (~ 1 pc) and likely fueling the black hole accretion
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disks themselves (Kawakatu & Wada, 2008). The presence of this gas and the resulting
dissipation may provide a mechanism that speeds up the formation and final coalescence
of binary black holes (Kazantzidis et al., 2005; Mayer et al., 2007; Dotti et al., 2007,
2008; Chapon et al., 2013). While most current observations cannot resolve scales as
small as 1 pc, the presence of significant amounts of gas on larger scales would give a

strong indication that gas disks may be relevant to binary black hole mergers.

1.6 Laser Guide Star Adaptive Optics

Studying the nuclear regions of galaxies has been a challenging endeavor. The
sphere of influence of a black hole is:

Mpu )0.5

Ringr ~ (m

(Davies, 2008), which is less than 100 pc even for the most supermassive black holes ever
found. Because this is difficult to resolve (at a distance of 100 megaparsecs, 100 pc is
only about 0.2"), direct dynamical measurements of black hole masses have been limited
to only the most nearby and massive galaxies or those with OH masers measurable with
radio interferometry (e.g. NGC 4258; Herrnstein et al., 1999; Miyoshi et al., 1995). In
the central few hundred parsecs, many AGN are dusty and contain central starbursts.
These are difficult to disentangle at low spatial resolution. Until recently, studies on
these topics were primarily limited to space, making use of the Hubble Space Telescope
to avoid the blurring of the Earth’s atmosphere. However, Hubble’s resolution, ~ 0.05

"in the visible bands, decreases linearly with wavelength. Observing in the near-infrared,
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which is less sensitive to dust, is limited by diffraction off the relatively small diameter
(2.4 meters) of Hubble’s primary mirror and has a resolution element closer to 0.2”.
Though much larger telescopes have been built on the ground (e.g. Keck Observatory’s
twin 10-meter telescopes, Gemini Observatory’s twin 8-meter telescopes, and the Very
Large Telescope’s four 8-meter telescopes), they are all limited in resolution by the
blurring due to turbulence in the Earth’s atmosphere.

This turbulence is variable, and its effects are referred to as “seeing”. In a
turbulent atmosphere, moving air pockets of varying temperatures have slightly vary-
ing indices of refraction. When light from a star shines through the atmosphere, its
wavefront is slightly distorted. As the pockets of air move through the atmosphere,
this wavefront distortion varies, averaging out over time into a Gaussian seeing disk.
The seeing improves at excellent observing sites and during stable weather conditions,
reaching as low as ~ 0.5 ”in the K-band; this is still considerably worse than Hubble’s
resolution, even for telescopes a factor of ~ 4 larger.

The atmosphere’s effects on image resolution had been a concern for the United
States Department of Defense since the 1970’s, and a solution, Adaptive Optics (AO),
was developed. Adaptive optics systems measure the wavefront distortions caused by
the atmosphere and use a deformable mirror to cancel the distortions. By sampling
the wavefront and correcting it frequently (typically a few hundred times per second),
diffraction-limited imaging can be achieved on the ground. In 1991, some of this research
was declassified, and work began to adapt the military’s techniques to astronomical

purposes. For an overview of this initial work, see Collins (1992).
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Today, adaptive optics systems are common among large (5-meter and above)
telescopes, and take two forms: natural guide star (NGS AO) and laser guide star
(LGS AO). NGS AO systems use a nearby bright star to measure turbulence in the
atmosphere. The requirements for a natural guide star are usually quite strict: at Keck
Observatory, this star must be brighter than ~ 13.5 magnitude and closer to the target
than ~ 30 arcseconds (Wizinowich et al., 2000; van Dam et al., 2004). If the star is too
faint, the system will not be able to obtain enough signal to measure the wavefront on
the timescales over which the turbulence changes; if the star is bright but too far from
the desired target, it will accurately measure the wavefront of the star but its distortions
will not be the same as those of your target, which travels through a slightly different
portion of the atmosphere.

Because these requirements severely limit the area of the sky observable with
adaptive optics, the laser guide star was introduced. At Keck Observatory, the laser
is tuned to the 589 nm Na D transition; the light then causes atoms in the sodium
layer of the atmosphere at 95 km to fluoresce, creating a bright spot — an artificial
star. This laser guide star can be used instead of a natural guide star to correct for
higher order aberrations in the wavefront. However, because the laser is distorted on
its way up through the atmosphere, the laser spot is not able to be used for low order
aberrations such as tip and tilt — the image motion. For this purpose, even laser guide
star adaptive optics require a natural star nearby, called a tip-tilt star. This star can be
considerably fainter and further from the targets than in the case of NGS AO; for Keck

Observatory, a tip-tilt star must be brighter than ~ 18.5 magnitude and closer to the
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target than ~ 60 arcseconds (Wizinowich et al., 2006; van Dam et al., 2006). These less
stringent requirements on nearby stars make a considerable fraction of the sky available
to adaptive optics when a laser guide star is implemented. For extragalactic astronomy,
which tends to be done far from the plane of our Milky Way Galaxy, the likelihood of
a target being observable increased from ~ 10% to ~ 50% with LGS AO.

The spread of adaptive optics and the advent of LGS AO has opened up
numerous fields of astronomy for study, from work characterizing extrasolar planets
(Konopacky et al., 2013) or tracking stars around the black hole at the Galactic Center
(SgrA* Ghez et al., 2005), to studies of the properties and dynamics of galaxies near
and far (Rich et al., 2011). This thesis represents one subset of the advances made in

the field of nearby gas-rich galaxies.

1.7 Outline of Remaining Chapters

In Chapters 2 and 3 we present results on individual galaxies, demonstrating
our techniques to analyze integral field spectroscopy, producing kinematic maps of both
emission and absorption lines. We use the test case galaxies of NGC 6240 and Mrk 273 to
establish the challenges and solutions associated with the subsequent kinematic analyses;
we measure black hole masses and reveal outflows likely associated with AGN feedback.

In Chapters 4 and 5 we present results associated with a population of nearby
(U)LIRGs, mainly in late stages of merging. Table 1.1 contains a list of galaxies studied
as part of this thesis. Chapter 4 includes the properties of nuclear disks, which appear

to be extremely common in these systems, and may be the progenitors of kinematically
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Table 1.1: Galaxy Sample

Galaxy Name Redshift  Date(s) of Observation  Appears in Chapter
YYMMDD (UT)
CGCG436-030 0.0312 120102 4
IRASF01364-1042 0.0490 101113,101114 4
120102
I11Zw035 0.0278 111210 4,5
TRASF033594-1523 0.0365 101114 4
MCG+08-11-002 0.0195 110110,120102 4
NGC 2623 0.0196 100304,100305 4,5
110203,110110
UGC5101 0.0390 100304,100305 4,5
101114
Mrk231/UGC8058 0.0433 100304,110523 4
Mrk273/UGC8696 0.0380 120522 3,4,5
IRASF15250+3608 0.0563 110523 4
NGC 6090 0.0304 100305 4
NGC 6240N 0.0244 090617 4,5
NGC 62408 0.0244 070421 2,4,5
IRASF17207-0014 0.0432 110523,110524 4
IRAS20351+2521 0.0340 110522 4
TRASF22491-1808 0.0781 101114 4

decoupled cores in today’s elliptical galaxies. In Chapter 5 we present an analysis of
merging galaxies placed on black hole scaling relations, showing that black holes tend to
be overmassive compared to the host galaxy’s properties. This indicates that the black
holes in these systems likely undergo their most major growth during early merger
stages.

In Chapter 6 we describe future projects to further investigate the results

presented here.
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Part 1

Individual Galaxy Studies
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Chapter 2

The Mass of the Southern Black
Hole in NGC 6240 from Laser

Guide Star Adaptive Optics

Major mergers are thought to be an important factor in galaxy evolution. The
scenario is as follows: when two gas-rich galaxies of comparable mass collide, large
amounts of gas are funneled into the central region, fueling active star formation and
nuclear activity (see e.g. Sanders & Mirabel, 1996; Barnes & Hernquist, 1996; Genzel
et al., 1998; Di Matteo et al., 2005; Hopkins et al., 2006). During this phase of merging,
the starbursting galaxy produces copious infrared emission from dust heated by young
stars and by the active galactic nucleus (AGN). We see these galaxies in the local
universe as (Ultra-)Luminous InfraRed Galaxies — (U)LIRGs. ULIRGs have infrared

luminosities of more than 10'2L.. This burst of star-forming activity then uses up
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much of the gas; the remainder is blown out through a combination of stellar winds and
feedback from the AGN. The scenario then posits that after a major merger, gas-rich
galaxies become gas-poor, star formation is largely extinguished, and eventually a “red
and dead” elliptical galaxy is produced with a more massive black hole at its core.

NGC 6240 (z = 0.0243, d = 98 Mpc for Hy = 75 km s~ Mpc~!, 17 = 470 pc),
with Lrr ~ 10118 Le sits on the boundary between LIRGs and ULIRGs. Because of
its close proximity and spectacular tidal tails and loops, it has become the prototypical
example of a gas-rich system in the phase where the two nuclei are close to merging
into one. It has been studied in great detail and in almost every wavelength regime
(e.g. x-ray - Komossa et al. 2003; optical - Gerssen et al. 2004; near-IR - Max et al.
2005, 2007; Scoville et al. 2000; Tecza et al. 2000; Engel et al. 2010; mid-IR - Armus
et al. 2006; mm - Tacconi et al. 1999; radio - Gallimore & Beswick 2004, Hagiwara
et al. 2011). Near the core of NGC 6240, the nuclei of the two progenitors are visible
1.2-1.5 arcsec apart, depending on wavelength. Each of these nuclei holds an AGN; the
two sources are resolved in hard x-rays by the Chandra X-Ray Observatory (Komossa
et al., 2003). The AGNs are deeply obscured at optical wavelengths, however, due to
large quantities of dust also present in this region. By looking into the near-infrared,
Pollack et al. (2007) have seen young star clusters through some of the dust, products
of the most recent close passage of the nuclei (also visible in Figure 2.1).

Supermassive black hole masses are known to scale with certain host galaxy
properties, such as bulge light and mass (e.g. Kormendy & Richstone, 1995; Kormendy &

Gebhardt, 2001; Magorrian et al., 1998) and bulge stellar velocity dispersion (Gebhardt
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Figure 2.1: Keck adaptive optics image of NGC 6240 in K’ band (data first published
in Max et al., 2007). The dark-blue-enclosed regions in the north and south nuclei,
which are separated by about 1.6 arcsec, have each been re-scaled to highlight their
interior structure. The more diffuse image of the rest of the galaxy’s nuclear region uses
a logarithmic color map. Many individual young star clusters can be seen exterior to
the two nuclei (Pollack et al., 2007). In this image, north is up and east is to the left.
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et al., 2000; Ferrarese & Merritt, 2000). Because these quantities can evolve significantly
throughout the major merger process, black hole parameters may also evolve. It is not
known whether the black hole mass grows as a result of the evolution in the host’s
bulge, or if the bulge growth is moderated by the process of AGN feedback; indeed, it
is likely a combination of feeding and feedback processes that maintains these scaling
relations. In order to understand this coevolution, one needs to study systems that are
currently merging and eventually to compare these observations to the most detailed
merger simulations available. NGC 6240 represents the ideal candidate for such detailed
observations.

One important aspect of this effort for NGC 6240 is obtaining an accurate
measurement of the black hole masses. A variety of methods are used to measure
black hole mass, some of which we review here. One established method uses full
three-integral modeling of stellar orbits; this method, most commonly used in elliptical
galaxies, (see e.g. Siopis et al., 2009; Giiltekin et al., 2009a, and references therein) uses
line-of-sight velocity distributions and light profiles to create a detailed dynamical mass
profile of the galaxy, including the black hole mass. Two- and three-integral models
are also sometimes used on bulges of spirals (e.g. Davies et al., 2006; Onken et al.,
2007; Cappellari et al., 2009). Reverberation mapping (e.g. Denney et al., 2009, and
references therein) is a method of measuring black hole masses in AGN; it uses time-
resolved brightness fluctuations in the continuum versus lines from the broad-line region
to estimate the size of the broad-line region and therefore the mass of the black hole

powering the AGN. Masses measured with reverberation mapping can be calibrated to
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match the Mpp-o, relation (Onken et al., 2004). Black hole masses have been derived
(Shields et al., 2003, and references therein) from the continuum luminosity and the
width of the broad Hf line. The masses of supermassive black holes powering quasars
have been estimated using x-ray luminosity as an indicator, as in Kiuchi et al. (2009).
In some cases, it is possible to measure the Keplerian rotation of ionized or molecular
gas around a black hole and deduce its mass, as in Harms et al. (1994), Hicks & Malkan
(2008), and Neumayer et al. (2007). In a few galaxies, masers in the disk allow precise
velocity (and therefore black hole mass) measurements (Herrnstein et al., 1999; Miyoshi
et al., 1995). In the Galactic Center, individual stars have been resolved and their
orbits around the black hole tracked astrometrically over time to determine the black
hole mass (Ghez et al., 2008; Gillessen et al., 2009). Recently, adaptive optics have been
used to resolve stellar dynamics inside the sphere of influence of black holes in nearby
galaxies (e.g. Davies et al., 2006; Nowak et al., 2008; McConnell et al., 2011; Gebhardt
et al., 2011), a technique which we now build upon.

In a system such as NGC 6240, we are limited in our choice of method; the black
holes are obscured by dust and the general system dynamics are unrelaxed because of
the ongoing merger. Keck laser guide star adaptive optics (LGS AO, Wizinowich et al.,
2006; van Dam et al., 2006) enables us to address both of these challenges. By looking
in the near-IR, we look through much of the dust obscuring the relevant kinematics.
The high spatial resolution afforded by the adaptive optics system allows us to focus on
stellar dynamics within the sphere of influence of the black hole, unconfounded by the

unrelaxed dynamics of the system at large.
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2.1 Observations and Data

We began by observing NGC 6240 with the W. M. Keck II 10-meter telescope
using the Near InfraRed Camera 2 (NIRC2, PIs - K. Matthews & T. Soifer) and the
Keck LGS AO system to obtain high-resolution imaging. Our images, taken in the K’
filter and using the narrow camera (with a 0.01” /pixel plate scale), were previously
published in Max et al. (2007) and Pollack et al. (2007).

We then observed NGC 6240 with the OH-Suppressing InfraRed Imaging Spec-
trograph (OSIRIS, Larkin et al., 2006), on the W. M. Keck II telescope using LGS AO.
OSIRIS is a near-infrared integral field spectrograph with a lenslet array capable of pro-
ducing up to 3000 spectra at once. The spectral resolution ranges from about 3400 in
the largest pixel scale to 3800 in the three finer pixel scales; this resolution is sufficient
to resolve spectral regions between the OH emission lines from Earth’s atmosphere. Our
data are comprised of two 600-second exposures in the Knb filter (2.292 pm - 2.408 pm)
with the 0.035” /pixel plate scale taken on 21 April 2007. With this filter, we observe
the CO (2-0) and (3-1) bandheads at 2.293 pm and 2.323 pum rest wavelength (2.345
pm and 2.380 pm observed) respectively. Figure 2.2 shows an example spectrum.

The Keck LGS AO system uses a pulsed laser tuned to the 589 nm Sodium
Do transition, exciting atoms in the sodium layer of the atmosphere (at ~95 km) and
causing spontaneous emission. Thus, the laser creates a spot in the upper atmosphere
which allows the AO system to monitor turbulence below the sodium layer via a Shack-
Hartmann wavefront sensor and correct for it with a deformable mirror. A laser guide

star enables high-order corrections to the wavefront, but relies on a natural guide star
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Figure 2.2: An example of the CO absorption bandheads observed in the vicinity of
the southern black hole with OSIRIS. This spectrum was created by binning the light
from a 3x3 pixel region around the black hole. The thick red line overplotted shows the
results from template fitting to obtain kinematics, as detailed in Section 5.3. The red
dots along the horizontal line show the residuals of the fit about zero, shifted upwards
to fit on the same plot.
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(which may be fainter and farther away from the target than if no laser were used) to
make corrections to image motion (tip and tilt). Our tip-tilt star (R=13.5 mag) is 35
arcseconds to the northeast of the nuclei. To estimate the point-spread function (PSF),
we took short exposures of our tip-tilt star before and after our observations; these will
be described in Section 3.2.

Our OSIRIS data were reduced with the OSIRIS Data Reduction Pipeline
v2.2 (available at http://irlab.astro.ucla.edu/osiris), which includes modules to
subtract sky frames, adjust channel levels, remove crosstalk, identify glitches, clean
cosmic rays, extract a spectrum for each spatial pixel, assemble the spectra into a data
cube, correct for atmospheric dispersion, perform telluric corrections, and mosaic frames

together.

2.2 Methods

Using the Knb filter, we observed the CO (2-0) and (3-1) bandheads at 2.293
pm and 2.323 pm rest wavelength respectively. These molecular features come from the
atmospheres of later-type giants and supergiants. Stellar kinematics are less likely to
be disrupted by non-gravitational forces than gas motions, giving us a potentially more

robust measurement of the black hole mass.

2.2.1 Measuring the Kinematics

We begin by creating a signal-to-noise (S/N) map using two methods. We

first calculate the S/N theoretically, by adding noise components in quadrature: photon
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noise from the source, photon noise from the sky, read noise and dark current from
characterizations of the detector. This produces an upper limit to the S/N because

other noise sources may be present as well.

Fyt

S/N =
VJ(Ft+ Fsts(£)2)y + (RN? 4 (3)° 4+ D)y

(2.1)

In this equation, F' is the flux from the galaxy, Fg is the flux from the sky, v is the
detector gain, t is the exposure time of galaxy frames, tg is the exposure time of sky
frames, RN is the readnoise of the detector, D is the dark current, and nyp;, is the
number of spectral pixels. For a more thorough discussion of this equation, see Section
9.9 in McLean (2008).

It is most common to report S/N as an average signal-to-noise ratio per spectral
pizel or per resolution element. We adjust the above equation appropriately by dividing
the numerator and each variance (not the square-rooted noise components) by ngpecpia,
the number of spectral pixels included in the region of interest. In our brightest spatial
pixels, we find a S/N per pixel of ~ 40.

To confirm our theoretical calculations, we calculate S/N empirically from the
spectra. Bluewards of the CO (2-0) bandhead, we have a spectral region of the galaxy
uncontaminated by lines. Fitting for this continuum level, we find the signal present
in each spectrum. After subtracting off the continuum fit, the root mean square of
the residuals gives us a representation of the noise per pixel. We find good agreement
between our empirical and our theoretical estimates of signal-to-noise ratios.

Next we bin our data with optimal Voronoi tesselations using code developed
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by Cappellari & Copin (2003) to improve the signal-to-noise ratio in our fainter regions.
This algorithm calculates a set of bin centroids according to specific criteria on the
topology, morphology, and uniformity of S/N of the final bins. That is, starting from
the unbinned pixel with the highest S/N, the algorithm will include a pixel in the bin if it
is adjacent to the starting pixel, does not significantly reduce the “roundness” of the bin,
and, if the bin’s S/N is too low, brings the S/N of the final bin closer to the chosen S/N
threshold. In this way, pixels which already have a S/N at or above the chosen threshold
are not binned and therefore spatial resolution is not sacrificed unnecessarily. In lower
S/N regions, pixels are binned just enough to provide meaningful measurements. The
morphological requirements create bins that are most likely to share similar velocities
and dispersions. Following Engel et al. (2010), we choose a S/N (per spectral pixel)
threshold is 20 for each bin of pixels; the optimal bins are shown in Figure 2.3.

Once we have binned our spectra appropriately, we use the Penalized Pixel
Fitting code from Cappellari & Emsellem (2004) to fit radial velocities to each spectrum.
This method implements a maximum penalized likelihood approach for extracting stellar
kinematics from absorption-line spectra. The algorithm parametrically expands the line-
of-sight velocity distribution as a Gauss-Hermite series and allows for the choice of a
penalty against higher-order moments. This penalty will bias the fit against higher-
order moments, so that the fit must be improved by a certain specified amount to
include them. In this way, higher-order fits are possible where spectra have a high
enough signal-to-noise ratio, but the fits will tend to simple Gaussians in the low signal-

to-noise limit. In order to trust higher-order moments, a signal-to-noise ratio of > 50
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Figure 2.3: Top panel: The Voronoi tessellation bins we impose on our data to equalize
to S/N of 20 in the spectrum associated with each spatial bin. The bins near the center
are small (one pixel) because the flux is high enough that the S/N is already above the
threshold. In the outer regions, pixels have been binned together so that the spectra
have a S/N of ~20. Bottom panel: Another representation of the S/N of bins. Each
point represents a bin; the plus symbols are bins that contain only one of the original
pixels — they lie above the threshold line because they had sufficient S/N initially. The
open squares represent bins whose members originally had insufficient S/N; they were
binned together until they approximately reach the threshold value.
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(Cappellari et al., 2009) is usually required. Since binning our spectra up to a S/N of
50 would decrease our spatial resolution signficantly, we choose to fit simple Gaussians.

One key feature of this code is the option of including a set of stellar templates
from which to fit the kinematics. There has been some debate on which templates most
accurately represent the stellar populations of NGC 6240. Tecza et al. (2000) conclude
that the bulk of the light in the near-infrared is due to late K or early M supergiants,
while Engel et al. (2010) argue that late-type giants characterize the global stellar
population better. With Cappellari’s method, we are able to input a variety of stellar
templates and allow the parametric fit to select the best combination of templates for
each spectrum. In our final iteration of the code, we selected 5 stellar templates from
the GNIRS library (Winge et al., 2009) that exhibited the deepest CO bandheads.
The stellar templates chosen were: HD112300 (spectral type M3III), HD198700 (K11II),
HD63425B (K7III), HD720, (K5III), and HD9138 (KA4III). The region of these spectra
around the CO bandheads is shown in Fig 2.4.

We show the measured velocity and velocity dispersion maps from OSIRIS in
Figures 2.5 and 2.6, respectively. We estimate the errors in the velocity and velocity
dispersion measurements by running a Monte Carlo simulation, adding the appropriate
amount of random noise to each spectrum and refitting them 100 times. Formal mea-
surement errors in our velocity and velocity dispersion measurements are ~ 10 km s~
in the brightest regions, and average about 30 and 70 km s~!, respectively, over the
whole fitting region.

With velocity and velocity dispersion maps, it is tempting to think about the
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Figure 2.4: Spectra of the five late-type giants and supergiants used as stellar velocity
templates in our dynamical modeling. The deep CO bandheads match those seen in our
spectra (Figure 2.2). The templates were shifted in wavelength to correct for peculiar
velocities of the stars, to match the CO transitions in a vacuum.
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Figure 2.5: Stellar velocity field measured from the OSIRIS IFU data near the southern
black hole (red x). Typical errors are ~ 10 km s~! in the brightest regions and ~ 30 km
s~! overall. Large pixels on the periphery have been binned using Voronoi tesselation
to improve S/N (see Figure 2.3). Voronoi bins with centroids further than ~ 115 pc
from the black hole (in projection) have been colored white to mask out regions which
are less affected by the black hole’s gravity. (The data used to create this figure are

available for download in the online journal.)
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Figure 2.6: Stellar velocity dispersion measured from the OSIRIS IFU data near the
southern black hole (red x). Typical errors are ~ 10 km s~! in the brightest regions
and ~ 70 km s~! overall. Large pixels on the periphery have been binned using Voronoi
tesselation to improve S/N (see Figure 2.3). Regions far from the black hole have been
masked out, as in Figure 2.5. (The data used to create this figure are available for
download in the online journal.)
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measured v/o of the system, to determine how much of the stellar dynamical energy
is in rotation. However, this must be handled carefully in a system like NGC 6240.
In our data, we measure velocity peaks of ~ 200 km s~!, and velocity dispersion that
varies between roughly 200 and 300 km s~!, suggesting that the energy is approximately
evenly divided between ordered rotation and random orbits, with perhaps up to 50%
more in the latter. However, in this region of NGC 6240, we know there are clumps
of intervening material such as spiral arm remnants or tidal tails (e.g. Engel et al.,
2010), which would cause an increase in the measured velocity dispersion that is not
yet inherent to either the nuclear disk or the spheroid. Because we do not have a way
of determining how much of the velocity dispersion measured is from relaxed material,
our analysis yields only a lower bound on v/o. We conclude that a significant fraction
of the kinetic energy is in rotation.

Once we have maps of velocity and velocity dispersion, we compare our data
to models that contain a black hole. Each model, of course, comes with its own set
of assumptions, and in a late-stage merging system such as NGC 6240, we must think
carefully about what such models can tell us. While the quality of these data is clear,
understanding how to analyze them is not straightforward. Here we discuss two possible
ways to measure the black hole mass from these data and compare the results of the

two methods.

2.2.2 Dynamical Analysis - JAM Modeling

We begin our analysis by utilizing the JAM modeling code (Jeans Anisotropic

Multi-Gaussian expansion dynamical models Cappellari, 2008), a technique based on the
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two-integral axisymmetric Jeans formalism but which has been expanded to allow for
anisotropy via the parameter 8, = 1 — (0, /og)?. JAM modeling efficiently utilizes the
axisymmetric dynamics seen near the south nucleus, and does not require higher-order
Hermite moments.

This method, which fits vyms = V02 + 02, is likely to overestimate the black
hole mass by assuming the dynamics measured belong to a relaxed system. In fact, an
unknown fraction of the measured velocity dispersion is due to intervening material,
such as tidal tails, that has not yet reached dynamical equilibrium. Additionally, this
method assumes axisymmetric and smooth light and mass profiles. Finally, we assume
a constant mass-to-light ratio.

The JAM modeling code requires a high-resolution light profile, which we
parametrize using the Multi-Gaussian Expansion code (MGE Cappellari, 2002) designed
to work with the JAM code. To fit our light profile over a larger field of view than
is available in our OSIRIS data, we use our K’ NIRC2 imaging and mirror it about
the minor axis of the nucleus. We do this because the southeast side of the nucleus is
considerably less extincted, so our signal-to-noise ratio is much improved. Once we have
symmetrized the observed light profile, we then de-extinct this using the extinction map
of Figure 9 in Engel et al. (2010). Using this extinction map, our recovered intrinsic
brightness peaks at the same location as the kinematic center of our dynamical data,
which means that in K-band the nucleus is only partially extincted. (In contrast, the
extinction at visible wavelengths is so severe that the entire region surrounding the

south black hole cannot even be seen (Max et al., 2005).) This is important, as most
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Figure 2.7: Left: Symmetrized v,,,s map (as in Cappellari, 2008) from OSIRIS observa-
tions. Center: Best-fitting axisymmetric JAM model, on the same scale and color bar
as data (left). Right: Map of residuals (absolute value of difference between left and
center panels) with new color bar to the (right). In all panels, the black contours show
the Gaussian expansion of the light profile, and the black dots represent the centroid

of each spatially-binned spectrum, where velocity and velocity dispersion are measured.
Axes show distance from the central black hole in arcseconds.

of the orbital information reported by JAM modeling is contained in the light profile.
In order to determine the appropriate mass-to-light ratio, anisotropy parameter 5, and
black hole mass, we compare the resulting dynamical models to those measured from
our OSIRIS data in K-band.

Our best-fit models for this method measure a black hole mass of 2.0 £ 0.2 X
109M¢,, and are shown, along with the symmetrized v,,,s data for comparison, in Fig-

ure 2.7. The reduced y? statistic, fitting over 120 points, is 2.21.

2.2.3 Dynamical Analysis - Thin Disk

As a sanity check on the JAM model, and to provide a lower-limit to the black

hole mass, we explore a simple model comparing the velocity field to that of a thin disk
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with a given enclosed mass profile exhibiting Keplerian rotation.

In this method we do not include a dispersion component because intervening
material may inflate that measurement. Here we assume that the energy in intrinsic
dispersion in the nuclear stellar disk is negligible compared to the energy in rotation.
This should give a lower limit to the black hole mass.

We are measuring the dynamics of young stars in the very nucleus of a gas-rich
merger. A thin disk of young stars may be expected because they can form out of the
nuclear disks of gas and dust seen in merger simulations by, for example, Mayer et al.
(2007); Kazantzidis et al. (2005); Hopkins & Quataert (2010b) and in observations by
Riffel & Storchi-Bergmann (2011); Hopkins & Quataert (2010a). We clearly see in the
OSIRIS velocity field a sharp steepening of the velocity gradient in the region of the
black hole: a sign of strong rotation, and reminiscent of a thin Keplerian disk embedded
in a larger spherical potential.

We focus our mass modeling on the region of the sphere of influence of the
black hole, where the dynamics are most likely to be well-behaved. We begin with a
thin Keplerian disk model, using v = \/m. This will attribute all mass enclosed
to the black hole, and therefore overestimate the mass; we only use this case to check
the sub-pixel position of the black hole and get a rough set of parameters over which to
fit a more complex model, which includes a spheroid, described in Section 2.2.3.

Once a model velocity field is constructed for a specific set of parameters,
we use that information to create a synthetic datacube: for each spaxel, we use a

template CO bandhead spectrum shifted in velocity space to the appropriate velocity
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and weighted by the total flux in that spaxel. With this synthetic datacube we perform a
wavelength-by-wavelength convolution with the PSF to simulate the residual smearing
from the atmosphere and optical system. Convolving each wavelength slice with the
PSF models the true image blurring, as opposed to smoothing the overall velocity field.
Once the datacube has been convolved in this way, we remeasure the velocities from each
spatial pixel’s spectrum to derive the smoothed velocity field. We compare the resulting
velocity field with the observed velocities measured by OSIRIS. We repeat this process,

making models for various parameter sets, and compare each with the observed data.

Model Parameters

At these spatial scales, the velocity field of a thin Keplerian disk around the
black hole can be fully described by a few parameters: black hole position, disk incli-
nation, disk position angle, and enclosed mass. We fit the position angle of the velocity
field first, as it may be fit largely independently of the other black hole parameters. Our
tests indicate that the positive velocity peak falls at a PA of 130° measured counter-
clockwise from north, relative to the black hole’s position. We adopt this position angle
in our later fits. The position of the black hole is not trivial to pinpoint. Because of 6-8
magnitudes of extinction distributed unevenly across the nucleus (Engel et al., 2010),
we avoid using our K’-band isophotes to find the center of the southern nucleus, and
instead use the measured velocities to determine the kinematic center. We have a close
estimate of the position of the southern black hole using relative astrometry from the
northern black hole, whose position is visible in our data (Max et al., 2007). To improve

our positional accuracy, we allow the black hole position to vary in the fit by sub-pixel
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amounts in a simple code that only takes into account the black hole mass. We then fix
the position of the black hole, along with our PA, for our full suite of models.

As AO measurements can be affected by the PSF achieved in our observations,
we must carefully consider the PSF used in our models. We use short exposures of our
tip-tilt star bracketing our observations which are useful to characterize the performance
of the AO system and the conditions during the evening. Our first PSF model is a Moffat
fit of the tip-tilt star, which has a Strehl ratio of 20% and FWHM of 65 mas. We find
that the north nucleus point source has a FWHM of 63 mas, consistent with that of the
tip-tilt star. However, the tip-tilt star gives a lower-limit to the actual Strehl ratio since,
for shorter exposure times appropriate to the tip-tilt star, the low-bandwidth wavefront
sensor (Wizinowich et al., 2006) did not have time to settle into the most accurate
correction. The longer exposures on NGC 6240 itself do provide sufficient settling time.
This effect is partly offset by additional blurring due to the offset between the tip-tilt
star and NGC 6240 (anisokineticism). Because the distance between the tip-tilt star
and the nuclei is only 357, this effect is expected to be modest (van Dam et al., 2006),
and does not completely counteract the aforementioned effect from the low-bandwidth
wavefront sensor. We see that the AO system performs better during our longer galaxy
exposures. To accommodate this, we adjust the Moffat fit coeffecients to Strehls of 25%,
30%, 35% and 40%, while maintaining the FWHM (see radial profiles in Figure 2.8).
The Strehl ratio then becomes a parameter in our model-fitting procedure, in which we
create models with each of these PSFs to compare with our data.

In an asymmetric, dusty system such as NGC 6240, we must also carefully
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consider the region over which we compare our models to the data, masking out regions
that are less important to match. We expect that our model will most accurately
describe the velocities close to the black hole. At some distance from the black hole,
we expect other galaxy and tidal components to dominate, which may affect the model
fit. To test this concern, we use a variety of different masks to vary the distance from
the black hole at which we stop our comparison. We find that the best-fitting enclosed
mass is not sensitive to the mask selection.

Our mass profile includes a radially-varying contribution to the mass profile,
representing a spheroidal component of the galaxy. We construct models that include
both a point mass at the center and a spherically-symmetric mass profile to mimic the
inner regions of the bulge. We parametrize the spheroidal component as p(r) = por?,
where p is the mass density. We fit three parameters to the enclosed mass profile: the
black hole mass Mpp, the normalization for the spheroidal compontent pg, and the

power-law index of the spheroidal component, ~.

Results of Thin Disk Model Fitting

Our best fit gives a black hole mass of 8.7 x 108M, with a spheroid of 2.9 x
108 M, within 100 pc of the black hole and an index of v = 1.5 (see velocity field of
this model in Figure 2.9). The reduced x? statistic for this model is 3.7, fitting over 65
velocity datapoints. To estimate the accuracy of this measurement, we perform a Monte
Carlo simulation, fitting models to our observations with 100 different representations
of noise added. The distribution of fitted masses can be well-fit by a Gaussian, the

width of which represents our one-sigma error bars. Including this, our best fit shows a
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Figure 2.8: The five PSFs used by our model fitting routine. The Strehl ratio is varied
as a free parameter in order to avoid systematic errors in black hole mass measurement
based on PSF mismatch, while maintaining a FWHM of 65 mas, to match the FWHM
measured in the data.
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Figure 2.9: (a) The observed velocity field of our OSIRIS data for comparison with our
best-fit models. (b) The best-fitting velocity field for a mass model containing a point
mass and an extended, spherically-symmetric component. (c) The residuals found by
subtracting the observed velocity field from the model shown in (b). Note that the model
yields a good fit to the central steep velocity gradient associated with the black hole.
In each panel regions far from the black hole have been masked out, as in Figure 2.5.
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system with a black hole mass 8.7 £ 0.3 x 10%M,.

Trends in the Reduced y? Map

It is also instructive to look at trends in the reduced x? maps. The simplest
example is shown in Figure 2.10, demonstrating that, for a thin disk model such as
this one, the black hole must be more massive to match the velocity field when the
inclination is lower, for ¢ < 60°. This map also shows that the black hole mass increases
again at the highest inclinations, as the model tries to match the velocity field not
only along the major axis but in the surrounding spatial pixels as well (the well-known
“spider diagram”). If NGC 6240 were dust-free, the morphology of the region around the
south nucleus could, in principle, be used to independently measure (or constrain) the
inclination. However, the northwest half of the circumnuclear disk is heavily obscured
in NGC 6240. In this case, the image can only provide a lower-limit for the inclination
(~ 55°).

We see a demonstration of the trade-off of mass between the spheroid and black
hole by looking at a 2-dimensional map of reduced x? statistics (Figure 2.11), varying
the amount of mass that goes into each component of our mass profile. As more mass
is put in the black hole, models with less mass in the radial component fit better; as
less mass is put in the black hole, the mass in the radial component must increase to
best fit the data. In each case, the combined mass reaches a maximum at ~ 2 x 107 M
within 100 pc of the black hole.

Lastly, we consider our choice of varying PSFs in our model fitting. Our best-

fit models from this technique prefer PSFs with a Strehl ratio of 25%, near the lower
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Figure 2.10: The map of reduced x? statistics for our thin disk model as the black
hole mass (vertical axis) and the inclination (horizontal axis) are varied. The remaining
parameters (spheroid paramaters py and ~, velocity offset, and PSF) are held fixed. We
see that as the inclination decreases (the disk of stars becomes more face-on), a larger
black hole mass is required to match the observed radial velocity peaks for inclinations
< 60°. As the inclination increases beyond 60° (the disk of stars becomes more edge-
on), we also see the best-fit black hole mass increase; this is likely because a larger black
hole is required to affect off-axis regions of the spider diagram when the disk is more
edge-on. These fits were measured with 65 datapoints.
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Figure 2.11: The map of reduced x? statistics as the black hole mass component (hor-
izontal axis) and the spherically-symmetric mass component (vertical axis) are varied.
The other parameters (inclination, density profile index ~y, and velocity offset) are held
fixed. We see that on the right side (at high black hole mass), the best fitting models
have less mass in the spheroidal component. On the left side (with black hole mass be-
coming negligible), the mass of the spheroidal component flattens out at 2 x 10° M, the
total enclosed mass at our resolution limit. These fits were measured with 65 datapoints.
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limit of what we would expect from our data. We compare these to models with 40%
Strehl, approximately the best PSF we could hope for under the conditions of these
observations. When forcing an improved PSF, the best-fitting black hole mass increases
slightly, to 9.2 x 10%M. This is only slightly outside of the 1-o range, and has a
reduced x? statistic of 4.8, considerably higher than our better-fitting models. While
we are confident that fitting for PSF was a good choice, we also note that the black hole

mass is not very sensitive to this parameter.

2.3 Discussion

2.3.1 How Much Mass Could Be Due to a Nuclear Star Cluster?

It is important to consider the limitations of our approaches. With a black-
hole-only thin disk model, one does not directly measure the black hole mass; one
measures the mass enclosed in the central OSIRIS pixel, 17 parsecs on a side. Including
a spheroidal component implicitly assumes that the stellar mass density profile is smooth
and that all other mass is due to the black hole. What fraction of this mass might be
due instead to a nuclear star cluster?

To address this concern, we refer to our high-resolution NIRC2 K’ imaging.
Through a careful deconvolution by the PSF, we arrived at a cleaned image of the south
nucleus. We flux-calibrated this image by matching the large-scale luminosity to that
reported in Engel et al. (2010), and assumed their mass-to-light ratio of 1.9.

This analysis showed that there could be up to 3 x 10®Mg,, of stellar mass

within the sphere of influence of the black hole, consistent with the mass in our fitted
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spheroidal component.

2.3.2 The Mgy — 0, Relation

With our measurement of the black hole mass, it is interesting to consider
where NGC 6240 would fall on the Mgy — o, relation, which compares the black hole
mass to the stellar velocity dispersion of the bulge of the host galaxy. Because NGC 6240
is a merging system, it plausibly lacks a relaxed bulge component; therefore it is not easy
to define exactly where or how the velocity dispersion should be measured to compare
to the Mpy — o, relation. Still, it is worth looking at merging active systems since they
are in the process of evolving along these relations. Here we are able to take our first
glimpse of where a system might fall on these relations while in the process of merging.
Does the black hole grow more quickly than the larger-scale galactic properties, or must
it play catch-up after the galaxy’s bulge has settled back to an equilibrium state?

The Mpg — o, relation is well-defined only in systems that are dynamically-
relaxed on the large scale. In such a system, the central black hole mass can be compared
to the integrated velocity dispersion of stars in the bulge within one effective radius.
NGC 6240 has two black holes; here we only consider the southern one. It is not trivial
to measure the equivalent stellar velocity dispersion associated only with this black hole
in the southern galaxy, as the bulges of both progenitor galaxies have begun to merge.
We expect the stellar velocity dispersion at this stage to be low compared to the final
value; quite a bit of energy is still in ordered rotation and has yet to be randomized. As
reported in Engel et al. (2010), the south nucleus shows a maximum rotational velocity

of ~ 300 km s~!, putting as much or more energy in ordered rotation as in dispersion.
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Our spectra also give us only the dynamics of later-type giants and supergiants, via
the CO bandheads. Rothberg & Fischer (2010) have suggested that this also gives an
underestimate of velocity dispersion as compared to measurements made using the Ca
triplet absorption lines at 8500 A.

Our spectra also only give us dynamics very close to the nucleus. We bin our
OSIRIS data into one spectrum encompassing our entire south nucleus (inside a radius
of ~ 300 pc); the measured velocity dispersion from the CO bandheads is 282 + 20

km s~ !

. For comparison, we make the same measurement using SINFONI data from
Engel et al. (2010); this velocity dispersion, 310412 km s~!, encompasses a wider region
(r <500 pc). We also compare these two values of stellar velocity dispersion to previous
measurements from the literature. Tecza et al. (2000) measured o, ~ 236 km s~! using
the CO bandheads within 235 pc of the south nucleus. Oliva et al. (1999) measured
the stellar velocity dispersion integrated over the entire system, but used three different
absorption lines: Si 1.59 pm (313 km s~!), CO 1.62 pm (298 km s~!), and CO 2.29
pm (288 km s~!). Estimates of o, made from integrating over a larger fraction of the
galaxy could be higher because they combine multiple dynamical populations (e.g. the
north and south nuclei and intervening spiral arms); however, such estimates do not
distinguish between material associated with this black hole and the northern black
hole, as both are partially within the seeing-limited PSF.

We plot our black hole mass measurement on the Mg — o, relation along with

other dynamical black hole mass measurements compiled by Giiltekin et al. (2009b) in

Figure 5.3. We plot separate points for our black hole mass measurements under two
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Figure 2.12: Plot of the Mpy — o, relation as recently recalculated by Giltekin et al.
(2009b). The small black points and error bars represent the black hole mass measure-
ments from the literature. The larger colored squares and diamonds represent our black
hole mass measurements in the south nucleus of NGC 6240, using different values of
o«. Squares show the black hole mass measurement from JAM modeling, and represent
an upper limit to the black hole mass. Diamonds show the black hole mass measure-
ment from our thin disk approximation, and represent a lower limit to the black hole
mass. The dark green points are our mass measurement paired with measurements of
o4« from Tecza et al. (2000) and Oliva et al. (1999). The blue and brown points plot
our measurements of o, from OSIRIS and SINFONI respectively. See text for further
details.
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different assumptions. Because there is some ambiguity about the appropriate way to
measure the stellar velocity dispersion in the bulge in a system such as NGC 6240, we
plot our measured black hole mass with several different o, values from the literature
as well as with our measured o, very close to the black hole.

NGC 6240 appears to lie well within the scatter of the Mpy — o, relation,
which may suggest that the black hole mass and the bulge velocity dispersion grow
simultaneously and at similar rates during a major merger. NGC 6240 is a late-stage
merger, but these data could also suggest that a system doesn’t evolve along the Mpg —
o, relation until the very end stages of a merger, perhaps during nuclear coalescense.
To test this, more systems at this and later stages of merging will have to be studied.
This is interesting to compare to galaxy merger simulations; for example, Dasyra et al.
(2006) conclude that, if the accretion efficiency stays constant, the Mppy — o, relation
should be maintained from midway between the first encounter and coalescence through
to final relaxation. New higher-resolution simulations are being performed by Stickley
et al. (in prep) which show that the stellar velocity dispersion stays low in the nuclear
regions much longer than in the rest of the system; results will follow young and old
stellar populations separately to help understand the dynamics measured from specific

lines.

2.4 Conclusions

Black holes are an important ingredient in galaxy evolution, as seen by the

tight correlations between black hole mass and host galaxy properties. Hydrodynamic
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simulations of galaxy mergers have suggested that gas-rich mergers, which can drive
galaxy evolution, can provide fuel for black hole accretion. In turn, these accreting
black holes can radiate enough energy to affect the surrounding galaxy. In light of
these discussions, it is particularly interesting to study systems that appear to be in the
middle of such an evolutionary event. NGC 6240 represents a nearby galaxy such as
this: a merging gas-rich system with two actively accreting black holes. However, such
systems are notoriously difficult to study because of their unrelaxed dynamics and their
dusty cores.

We have presented high-spatial resolution kinematics within the sphere of in-
fluence of the black hole in the south nucleus of NGC 6240, a nearby late-stage merger,
made possible by laser guide star adaptive optics. For this test case, we have explored
two possible methods for measuring black hole mass in such a system and compared
their results and assumptions.

We have utilized the JAM modeling technique made public by Cappellari
(2008), demonstrating that it is possible to complete such an analysis on a late-stage
merger. We point out that this technique likely overestimates the black hole mass by
assuming that all measured velocity dispersion is due to a relaxed system (ignoring
intervening unrelaxed material, e.g. tidal tails), and therefore report an upper limit of
2.0+ 0.2 x 10° M. To provide a lower limit to the black hole mass, we explore the
opposite assumption: that all velocity dispersion is caused by intervening material, and
that the young stars sit in a thin disk around the black hole. This model of Keplerian

rotation around a black hole plus smooth spheroidal mass profile suggests a black hole
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which is at least 8.7 £ 0.3 x 108 M.

We find that these two techniques provide measurements that are roughly
consistent, and that follow the biases implied by their intrinsic assumptions. To de-
termine which set of assumptions is more reliable would require a detailed study of
high-resolution galaxy simulations, which is beyond the scope of this paper. Still we are
encouraged that, to within a factor of about two, both measurements agree.

While we cannot make generalizations on how all black hole-galaxy coevolution
must proceed, it seems that in this case, the black hole and the host galaxy parameters
grow together along the Mpy — o, scaling relation, instead of one preceeding the other.
We are beginning an observing campaign to study other local merging galaxies using

the same techniques, to investigate a larger sample size.
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Chapter 3

The Inner Kiloparsec of Mrk 273:

A Second AGN, Buried

3.1 Introduction

When gas-rich galaxies collide and merge, gaseous material can lose angular
momentum and funnel towards the center of the merger system (e.g. Barnes & Hern-
quist, 1992). There it can feed starburst and active galactic nuclei (AGN) activities
which power luminous and ultraluminous infrared galaxies ((U)LIRGs). The detailed
processes of how merger dynamics contribute to AGN activity (Sanders et al., 1988;
Hopkins et al., 2006; Comerford et al., 2009), how mass builds up in the central super-
massive black hole (Hopkins et al., 2010; Treister et al., 2010; Rosario et al., 2011), how
much energy is desposited into the system by the ionizing sources (Younger et al., 2009;

Sanders & Mirabel, 1996), and when the active nuclei are triggered (Donley et al., 2010;
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Hopkins, 2012; Farrah et al., 2009) are areas of active research. Because AGN have
been observed in mergers with double nuclei (Komossa et al., 2003; Ballo et al., 2004;
Koss et al., 2012; Fu et al., 2011; Liu et al., 2011; McGurk et al., 2011; Gerke et al.,
2007; Mazzarella et al., 2012), it is known that an AGN can “turn on” before the final
coalescence of the nuclei. However, many mergers do not host dual AGN (e.g. Teng
et al., 2012). It is inconclusive from the models when an AGN is triggered and what
dictates whether or not synchronous ignition occurs (Van Wassenhove et al., 2012).

These questions can be addressed with high-resolution observations of the nu-
clei in nearby luminous infrared galaxy mergers. Previous integral-field spectroscopic
work on large samples of (U)LIRGs have mapped the large-scale distribution and kine-
matics of ionized gas, compared them to that of stellar components, determined metal-
licity gradients, and found evidence for galactic outflows and shocks (e.g. Westmoquette
et al., 2012; Rich et al., 2011, 2012; Garcia-Marin et al., 2009). Much of the gas is concen-
trated within the dusty cores of these (U)LIRGs, so longer wavelengths must be probed
to understand the nuclear regions. Piqueras Lépez et al. (2012) has presented an atlas
of the 2D molecular and ionized gas structure in the southern local (U)LIRGs as probed
in the near-infrared, showing the extent and kinematics of the gaseous components at
~0.2 and 0.9 kpc spatial resolution. These seeing-limited observations with an aver-
age angular resolution of ~ 0763 full-width half-maximum (FWHM) set the framework
of the large kiloparsec-scale conditions of the gas and prompt detailed high-resolution
investigations of the nuclear regions.

Due to the advent of laser guide star adaptive optics (LGS AO; Wizinowich
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et al., 2006; van Dam et al., 2006), black holes in local (U)LIRGs can now be exam-
ined at the sub-arcsec level (Max et al., 2007; Melbourne et al., 2008; Engel et al.,
2010; Davies et al., 2010; Medling et al., 2011). In particular, the OH-Suppressing
Infra-Red Imaging Spectrograph (OSIRIS; Larkin et al., 2006), an integral-field unit
(IFU) with near-infrared wavelength coverage (lym < A < 2.4um) on the Keck II
telescope, offers imaging and kinematic information at < (/1 spatial resolution with
LGS AO (e.g. Wright et al., 2009; Law et al., 2009; Do et al., 2009; McConnell et al.,
2011; Walsh et al., 2012). NIRC2 (PIs: Keith Matthews and Tom Soifer), a diffraction-
limited infrared camera also on the Keck II telescope, offers scales of ~ 0.01” /pixel
in the 1 — 5um range in its narrow camera mode. They both probe the near-infrared
regime where dust extinction does not pose as severe a problem.

To understand the mechanisms responsible for powering the extreme infrared
luminosities in (U)LIRGs, we are conducting a survey of nearby galaxy mergers using
OSIRIS to probe the gas kinematics and energetics of the nuclear regions in these
systems. Observed as part of the larger campaign, Mrk 273 (= UGC 08696) is the
focus of this paper as an advanced merger with infrared luminosity Lig = 10221 L.
At a distance of z = 0.038 (systemic velocity cz = 11,400 km s~!; physical scale 0.754
kpc/"for Hy = 70), it exhibits a prominent optical tidal tail (~40 kpc) extending
to the south (Fig. 3.1). With its high infrared luminosity, this ULIRG has a heated
dusty core that obscures the central ionizing sources in optical light. As one of the
brightest and closest ULIRGs, Mrk 273 has been well-studied across the full wavelength

spectrum, including Spitzer, Hubble, Chandra, and GALEX observations from the Great

53



B band | band

Figure 3.1: (Left) HST ACS B(F435W) 4 I(F'814W') composite image of Mrk 273. In
these and subsequent images, north is up and east is to the left. The box indicates the
zoomed in region in the grey-scale panels. (Middle) and (right) are the zoomed in B-
and I-band images, respectively. The three crosses mark the N, SE, and SW sources
of interest identified in radio observations (Carilli & Taylor, 2000; Bondi et al., 2005)
whose measurements from near-IR imaging and spectroscopy will be presented in this

paper.

Observatories All-sky LIRG Survey (GOALS; Armus et al., 2009; Howell et al., 2010;
Iwasawa et al., 2011a). However, the details of its power engine remain controversial.
There is substantial evidence in the literature suggesting that at least one
AGN resides within Mrk 273: Armus et al. (2007) detected the [Ne V] line in Spitzer’s
mid-infrared IRS spectrum, and measured hot gas with 7" > 300K in the continuum.
PAH strength diagnostics from mid-infrared ISO spectroscopy classify the galaxy as
an AGN (Lutz et al., 1999; Rigopoulou et al., 1999). Hard X-ray emission and the Fe
K line (e.g. Xia et al., 2002; Iwasawa et al., 2011b; Ptak et al., 2003) have also been
detected in support of the presence of a hard X-ray AGN, though most of the total

power is likely to be from circumnuclear starbursts (Iwasawa et al., 2011b).
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The status of Mrk 273 as a ULIRG and a late-stage pre-coalescence merger
makes it an important galaxy for understanding the role of mergers in galaxy evolu-
tion. The specific goals of our high-resolution IFU study are to locate the nuclei of the
progenitor galaxies, to determine the characteristics of any supermassive black holes,
to verify their active or dormant nature, and to investigate the relative effect of AGN
activity and star formation on the surrounding nuclear regions.

Multiwavelength studies have decomposed the nuclear region into multiple
components. We combine our data with existing evidence to determine the likely mech-
anisms of emission for each source. Three main components have been identified from
the detected radio continuum: north, southeast, and southwest (N, SE, SW; Condon
et al., 1991; Smith et al., 1998) as indicated in Fig. 3.1. These components show dis-
similar characteristics in most bands; it is not initially clear which of them may be
remnant nuclei. The SE emission is only weakly detected in the near-infrared (Scoville
et al., 2000) and weak or undetectable in the X-ray given the limited resolution of Chan-
dra (Iwasawa et al., 2011b), but the N and SW X-ray emission coincide with peaks in the
near-IR continuum flux. OH maser emission along with steep radio spectral index sug-
gest the presence of a low-luminosity AGN with a binding mass of 1.3940.16 x10? M
in the N component (Klockner & Baan, 2004). The N radio-1.4GHz emission is further
resolved into individual compact sources thought to be clustered supernovae (Smith
et al., 1998; Carilli & Taylor, 2000; Bondi et al., 2005). More recently, Iwasawa et al.
(2011b) found, in Chandra images with improved astrometry, that the hard X-ray flux

is superposed on the SW compact source, with a 6-TkeV excess extending towards the
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north. They determined that the known hard X-ray AGN is located at the SW com-
ponent, and attributed the 6—7 keV excess to enhanced Fe K emission either from the
SW source or from a heavily absorbed Compton-thick AGN at the N component.

In this paper, we present high-resolution infrared integral-field spectroscopy
and imaging observations of Mrk 273 taken with the OSIRIS and NIRC2 instruments
on the Keck IT Telescope, probing down to the < (/1 scale. These near-infrared high-
resolution maps provide great detail for identifying the location of the hardest photons
from AGN and shocks as well as the dynamics of the gas. Observations and data pro-
cessing are described in §3.2. Resulting spectra and images are analyzed and presented
in §3.3 and §3.4; our interpretations are detailed in §3.5. Our conclusions are summa-
rized in §3.6. We adopt Hy = 70kms~! Mpc™!, Q,, = 0.28, and Q4 = 0.72 throughout

the paper.

3.2 Observations and Data Reduction

3.2.1 OSIRIS Data Cubes

The Keck OSIRIS observations were obtained on May 22, 2011 UT under clear,
dry, and stable conditions with the LGS AO system. Two filter-scale combinations were
used to observe Mrk 273: the broad K-band filter (A = 1965 — 2381nm; hereafter
Kcb) at the 100mas/pixel scale (~80pc for Mrk 273), and a narrow H-band filter (A =
1652 — 1737nm; hereafter Hn4) at the 35mas/pixel scale (~28pc for Mrk 273). The
tip-tilt star employed for the AO corrections had R magnitude mpr = 16.1 at 33" away

from the target, well within the LGS requirement constraints. We adopted a position
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angle of 30° East of North and an observing scheme of object-sky-object with 10-minute
integration per frame, totalling 50-minute and 60-minute on-source times for the Kcb-
100mas and Hn4-35mas observations, respectively. The A0V star 81 UMa was observed
at 2 different airmasses in the Kcb filter (3 in Hn4) for telluric corrections.

The data sets were processed using the OSIRIS pipeline version 2.3 (Krabbe
et al.,, 2004). The full Astronomical Reduction Pipeline template (ARP_SPEC) in-
corporates dark-frame subtraction, channel level adjustment, crosstalk removal, glitch
identification, cosmic ray cleaning, spectra extraction for data cube assembly, disper-
sion correction, scaled sky subtraction for enhanced OH-line suppression, and telluric
correction. The extracted spectra were subsequently cleaned to remove bad pixels. The
cleaned frames were registered using the SW peak position and combined using the
pipeline’s clipped mean algorithm. The final data cubes encompass signal at each pixel
in the z, y, and wavelength dimensions. The FWHM of the tip-tilt star was 0705 in the
Kcb setting and 0706 in the Hn4 setting.

The final OSIRIS Kcb and Hn4 cubes have been flux-calibrated to the respec-
tive K’- and H-band NIRC2 flux-calibrated images (see §3.2.2) in the following man-
ner. Spatially-coincident regions were first defined within resolution uncertainties in the
OSIRIS and NIRC2 images of the matching bands. Spectroscopically, the bandwidth
differences between the OSIRIS data cubes and the NIRC2 images have been taken into
account while integrating over the Kcb and Hn4 wavelength ranges, respectively. Con-
version factors thus determined offer a calibration to absolute fluxes in physical units

that allow for line ratio computations across the two bands.
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