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ABSTRACT

I investigate the emission properties of the molecular interstellar medium in
protoplanetary disks and galaxy mergers, though focus largely on the latter topic.
I utilize both numerical models as well as observations to relate the emission
characteristics to physical models for the formation and evolution of gas giant
planets and galaxies. The main results of this thesis follow. (1) Gas giant pro-
toplanets may be detectable via self-absorption signatures in molecular emission
lines with sufficiently high critical density. Given the spatial resolution of e.g.
ALMA, gas giant planets in formation may be directly imageable. (2) Starburst
and AGN feedback-driven winds in galaxies can leave imprints on the molecu-
lar line emission properties via morphological outflows and high velocity peaks
in the emission line spectra. Methods for distinguishing between high velocity
peaks driven by dynamics versus those driven by winds are discussed. (3) CO
line widths on average trace the virial velocity of z ~ 6 quasar host halos. Thus, if
the earliest quasars formed in ~10"* M, halos, they are predicted to have broad
molecular line widths. Selection effects may exist which tend quasars selected
for optical luminosity toward molecular line widths narrower than the slightline-
dependent mean. (4) Using the SMT, I observe a roughly linear relation between
infrared luminosity and CO (J=3-2) luminosity in local galaxies confirming the
results of recently observed Lizp-HCN (J=1-0) relations. Subsequent modeling
shows that observed SFR-molecular line luminosity relations owe to the aver-
age fraction of subthermally excited gas in galaxies, and are simply reflective of

the assumed Schmidt law governing the SFR.
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CHAPTER 1

INTRODUCTION

People are always inventing some random reason or another to say why physics doesn’t
work. !

-Volker Springel

The formation and evolution of many astrophysical objects is driven by a com-
petition between gravitational forces (and cooling) and energy injected into the
system (often referred to as ‘negative feedback’ though in this work I will simply
refer to it as "feedback’). Examples of this grossly generalized scenario can be
seen on a large dynamic range of size scales. At the lowest end both high mass
star formation, in which the self-gravity of the collapsing protostar has to combat
its own radiation pressure (e.g Krumholz, McKee & Klein 2005), and gas giant
planet formation (in which the planet has to form on timescales less than that
of photoevaporation by the parent protostar; e.g., Boss 2001, 2004) follow this
cartoon picture for formation and evolution.

At larger scales (which we will primarily concentrate on for this thesis, save
for Chapter 3 where we take the scenic route and foray into gas giant planet for-
mation) the formation and evolution of galaxies can be seen to be constrained by
similar physical processes. For example, the rate at which stars can form in the
nuclear regions of galaxies is often in competition with feedback energy from the

starburst itself (e.g., Mihos & Hernquist, 1996) as well as accreting supermassive

IThroughout this thesis, you, the lucky reader, will find a collection of my favorite quotes I've
heard throughout grad school in conversations with various people. They’re sometimes perti-
nent, always said in jest, and hopefully at the very least a mild mental respite from the ~200
pages of science that this thesis constitutes.
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black holes (e.g., Croton et al. 2006; Springel, Di Matteo & Hernquist 2005b). In
fact, a feedback-driven scenario for galaxy evolution through the cosmos offers
the tantalizing prospect of unifying a wide variety of observed galaxy popula-
tions and phenomena. Indeed energy released by starburst events and accreting
black holes may provide a physical motivation for a wide range of seemingly
disparate observed properties of galaxy populations from the first galaxies until
the present day. The origin of some extremely luminous sources such as (ul-
tra)luminous infrared galaxies have been ascribed to an interplay between stellar
and black hole feedback (e.g., Sanders et al., 1988; Sanders and Mirabel, 1996).
Moreover, feedback associated with starbursts and active galactic nuclei (AGN)
have been invoked by numerous authors to help explain the buildup and main-
tenence of the red sequence (e.g., Croton et al., 2006; Springel, Di Matteo & Hern-
quist, 2005b), the formation of quasars from z=0-6 (e.g., Fabian 1999; Hopkins et
al. 2005a; Silk & Rees 1998), observed superwinds in galaxies (e.g., Heckman et
al. 2000; Martin 2005; Tremonti, Moustakas & Diamond-Stanic 2007), the relation-
ship between bulge mass and black hole mass in galaxies (Magorrian et al. 1998),
observed infrared colors of galaxies (e.g., Farrah et al. 2003; Sanders, Scoville &
Soifer 1991), the mass-metallicity relationship in galaxies (Finlator & Davé 2007;
Tremonti et al 2004), as well as a host of theoretical and observed properties of
galaxies both at low and high redshift.

Central to a feedback-driven evolutionary scenario for galaxies is the role of
the molecular (H;) star-forming interstellar medium (ISM). Not only does the
molecular ISM serve as the nascent birthplace for the observed stars in galax-
ies, it can feed accreting supermassive black holes in the central kiloparsec (e.g.,
Bryant & Scoville, 1999). In this sense, molecular gas in galaxies serves as the fuel

for the two main sources of feedback postulated to play a major role in galactic
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evolution.

Owing to the high temperatures needed to excite the first quadrupole tran-
sition of molecular hydrogen, the molecular interstellar medium is most easily
traced via ground-vibrational state rotational transitions in tracer molecules such
as CO, HCN and HCO™. These transitions reside, by and large, in the millime-
ter and sub-millimeter wavelength regime of the electromagnetic spectrum. Be-
cause of the challenges inherent in millimeter and submillimeter-wave detector
technology, large datasets of molecular line emission from extragalactic sources
have only become available over the last decade and a half, and most of these lie
within ~100 Mpc. That said, despite the relatively short history of extragalactic
molecular astrophysics, rich data sets exist which have provided a variety of ob-
servational clues as to the physical properties of the star forming (and black hole
fueling) gas in various types of galaxies. In the 1980s and early 1990s, a num-
ber of pioneering observational surveys with the former NRAO 12m mm-wave
telescope quantified the molecular gas content in nearby galaxies via detections
of the 2CO (J=1-0) rotational transition (see e.g., Sanders, Scoville & Soifer, 1991,
Sanders & Mirabel, 1996, and references therein). These studies gave the first di-
rect measurements of the total amount of molecular gas available to form stars,
and the relationship of this quantity to other observable and inferred properties
(e.g., star formation rate [SFR], optical morphology, dust mass). For example, ob-
servations by Tacconi et al. (1999) demonstrated the presence of copious amounts
of molecular gas in ongoing merger NGC 6240 which is known to have accreting
central black holes (Komossa et al. 2003), suggesting that star formation and cen-
tral black hole growth in this source were ongoing co-evally.

The 1990s hosted two major technological developments which afforded a

number of major discoveries regarding the molecular ISM in galaxies. First,
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millimeter-wave interferometry allowed for higher spatial resolution studies of
the same systems which, until then, only had globally averaged measurements
made. Observations of this nature demonstrated the nature of the distribution
of the molecular gas in galaxies (and, as before, their relation of this quantity to
other physical properties; Bryant & Scoville, 1999), as well as the first direct quan-
tification of the elusive CO-H2 conversion factor (xco) in starburst galaxies and
galaxy mergers (Downes & Solomon, 1998). Second, as senstive submillimeter-
wave detectors and dishes became more prevalent (such as the Heinrich Hertz
Submillimeter Telescope, the Caltech Submillimeter Telescope and the James Clerk
Maxwell Telescope), studies pushing into higher-lying transitions of CO (as well
as a host of other molecules) quantified the excitation conditions of the molecular
gas, and related these observations to our knowledge of star formation processes
in Galactic giant molecular clouds (GMCs; e.g., Rigopoulou et al., 1996; Yao et al.,
2003).

Observations of molecular gas in the Universe have extended through the last
decade to higher redshifts (e.g., 2<6; see Solomon & Vanden Bout, 2005 and refer-
ences therein). Determinations of molecular gas content (e.g., Walter et al. 2003),
excitation conditions (e.g., Weifs et al. 2007) and dynamical masses of host galax-
ies (e.g., Greve et al. 2005; Walter et al. 2004) have provided detailed information
regarding the formation of early Universe galaxies and the potential interplay be-
tween star formation and black hole growth so crucially essential to many models
of galaxy formation and evolution (e.g., Springel, Di Matteo & Hernquist, 2005a).

While rich datasets regarding the physical nature of the star-forming molec-
ular gas in both the local Universe through higher redshifts continue to pour
in, owing to the high computational power necessary to resolve the appropriate

physics, the development of concomitant interpretative theoretical models have
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been relatively lagging. Hydrodynamic models of galaxy evolution (e.g., Mihos
& Hernquist 1996; Springel et al. 2005) have made great headway in formulating
theoretical models for galaxy evolution in a merger-driven scenario. However,
a direct application of these simulations to wavelength-specific observations is a
nontrivial endeavour. In order to couple hydrodynamic models to physical ob-
servables, three dimensional radiative transfer is necessary. In the case of line
transfer through the molecular ISM, these calculations must consider excitation
and deexcitation processes from both collisions and radiation, as well as velocity
tields across three dimensions which can be computationally taxing.

However, despite the technical challanges, radiative transfer and hydrody-
namic simulations for the extragalactic molecular Universe holds great potential.
To zeroth order, a great deal can be learned by a suite of models which can simply
reproduce the observed properties of molecular gas emission in galaxies - models
which can understand even the most seemingly simple and well understood of
observed properties of galaxies can often provide a rather interesting physical in-
terpretation. As an example, high resolution observations by Bryant & Scoville
(1999) measured the effective radius of CO emission in advanced galaxy merg-
ers. Subsequent calculations by Narayanan et al. (2007b) showed that winds
associated with star formation and/or black hole growth in these systems were
necessary to dispel the diffuse gas and reproduce these observed results. More-
over, only when simulations can faithfully reproduce existing observations can
they be trusted for their predictive power.

Second, numerical simulations which are able to relate physical models to ob-
serveable properties of galaxies have the potential to offer interpretation for exist-
ing observed relations which have debated physical origins. As an example, the

largest ever compiled dataset of HCN (J=1-0) emission from local galaxies sug-
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gested that stars may form at a rate linearly proportional to the amount of dense
(n 210°cm~?) molecular gas in galaxies (Gao & Solomon, 2004a,b). Conflicting
interpretations have suggested that the origin of these relations may be due to
chemistry-driven effects (e.g., Lintott & Viti, 2006), properties of self-similar scal-
ings in GMCs (Wu et al., 2005), and free-fall time arguments (e.g., Krumholz
& Thompson, 2007). In this sense, interpretive theoretical models of molecular
emission on galaxy-wide scales would be helpful in disentangling the physical
mechanism (or combination of) driving the observed relations.

Finally, simulations of these sorts have a great deal to offer regarding their
predictive power for this field. For example, while observations have pushed
the limits of detector technology in probing the state of molecular gas in galaxies
all the way to redshift ~6, (as of the time of the writing of this thesis) the num-
ber of such detected galaxies remains comfortably under 50 (Solomon & Vanden
Bout, 2005). Interpretation of emission from non-uniform molecular transitions
from a smattering of galaxies over a large range of redshifts which are likely very
different beasts from local sources remains impossibly difficult. In this regime,
theoretical models perhaps show their most potential for large contributions to
the field. Moreover, inherent in predictive capabilities of models is the underly-
ing prospect of outlining observable tests that have model-distinguishing power.

It is in this manner that this thesis attempts to provide a contribution to ex-
isting research efforts in astronomy and astrophysics. In this work, I build on
the body of observational and theoretical literature in an attempt to provide ob-
servational data, interpretive simulations, and model-distinguishing predictions
concerning molecular gas emission in galaxies from 2=0-6. I present molecular
line observations of local starburst galaxies, as well as the first self-consistent ra-

diative transfer calculations in three dimensions relating observable properties of
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the molecular interstellar medium in galaxies to physical models of galaxy for-
mation and evolution. The presented results are somewhat circular in that the
theoretical tools developed are used (in part) to present interpretion for the ob-
servations taken for this thesis.

This thesis is organized as follows. I begin in Chapter 2 by detailing the nu-
merical methodology used in our radiative transfer simulations. I show a direct
example of the power of coupling of our radiative transfer simulations with hy-
drodynamic modeling in Chapter 3 where I apply these techniques to high res-
olution models of gas giant planet formation. I then begin our adventure into
extragalactic regimes by first tackling problems related to local galaxy mergers in
Chapter 4. I make predictions as to the effects of starburst and AGN feedback-
driven winds on molecular gas emission in galaxy mergers, and in some sense,
set the zero point for the extragalactic capabilities of our simulations. This is im-
portant as I take a much bigger plunge with our theoretical methods in Chapter 5
into a rather unconstrained arena where I explore the nature of CO emission in
the very first quasars, having formed less than a billion years after the Big Bang.
Then, just when it would appear as though a theme of expanding farther from
the solar circle with our theoretical methodology was in place, I bring you, the
intrepid reader, on a hairpin turn back to CO observations of the local Universe
in Chapter 6. This is important especially coupled with the following chapter
(Chapter 7) as the combination of the two provide a direct example of observa-
tions with complicated interpretations, and simulations which attempt to bring
some physical motivation behind the observed relations. The central theme be-
hind these latter two chapters is understanding the relationship between molec-
ular gas emission in galaxies and Kennicutt-Schmidt relations which are thought

to perhaps govern the rate at which stars form. Additionally (and I hope interest-
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ingly), the physics driving the observable effects of molecular star formation rate
indicators is similar to those seen in gas giant protoplanets in the vicinity of hot
protostars. In this sense, Chapter 7, the final chapter, aims to tie together many
of the observational and theoretical topics presented in this thesis. Because I take
great pains to provide detailed summaries in the individual chapters, I refrain
from summarizing in the concluding chapter, Chapter 8, but rather wax on po-
tential directions for models such as those presented in this work in this section,
and provide outlook for the major solvable problems in theoretical molecular as-

trophysics in the coming decade.
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CHAPTER 2

3-DIMENSIONAL NON-LOCAL THERMODYNAMIC EQUILIBRIUM RADIATIVE

TRANSFER ON GALAXY-WIDE SCALES

Being a theorist is easy - first you write your code in 1 dimension, expand it to two and
three dimensions, parallelize it, run it, and then you're done and you graduate!

- Casey Meakin

2.1 Chapter Preface

Understanding the simulated molecular line emission characteristics from astro-
physical sources requires non-local thermodynamic equilibrium (LTE) radiative
transfer. In this section, we describe the methodology employed throughout this
thesis (save for Chapter 6 in which we employ a one-dimensional analog to the
following algorithm).

The following algorithms have been incorporated into the code Turtlebeach !
which has primarily been applied to extragalactic scenarios. Because the spatial
resolution characteristic of simulations on galaxy-wide scales typically is not suf-
ficient to resolve the dynamic range in densities seen in GMCs, we describe a sub-
grid formalism for simulating the effects of a mass spectrum of GMCs. The inclu-
sion of GMCs in a subgrid manner is of course not necessary for Chapter 3, where
we describe simulations on AU scales of circumstellar regions, and we therefore
describe the alogrithm an additional time in that chapter as written without the

subgrid methodology.

'Turtlebeach = The Ultimate Radiative Transfer Lambda itEration BErnes Algorithm Code
Hoohah!
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2.2 Chapter Introduction

Simulating molecular line emission on galaxy-wide scales has a relatively short
history owing to the computational costs associated with the hydrodynamics and
radiative transfer. Early works by Silk & Spaans (1997) and Combes, Maoli &
Omont (1999) focused on simulating molecular emission from high-z objects, us-
ing idealized galaxy systems. Wada & Tomisaka (2005) pioneered incorporat-
ing three-dimensional non local thermodynamic equilibrium (non-LTE) radiative
transfer calculations into hydrodynamic simulations of AGN, focusing specifi-
cally on predicted emission from the circumnuclear molecular torus. More recent
works have folded non-LTE radiative transfer codes into self-consistent hydro-
dynamic simulations of galaxy mergers. These works have been performed in
mergers scaled for low redshift (Narayanan et al. 2006a), as well as those ap-
propriate for higher-z systems (Greve & Sommer-Larsen, 2006; Narayanan et al.

2007a).

2.3 Radiative Transfer Methodology

Submillimeter and millimeter wave radiation from molecules is dependent on
the distribution of level populations which depend both on collisions with other
molecules and atoms, as well as the incident radiation field. The excitation of
molecular gas is highly sensitive to both variations in the temperature and den-
sity distribution, as well as the incident radiation field. There are usually large
differences in the collisional densities necessary to excite different energy levels.
For example, in the case of CO, the critical density to collisionally populate the
J=1 state is ngie ~10%-10° cm™ while the J=3 state typically requires n; ~10*
cm~3. The latter density is characteristic of dense cores in GMCs, whereas the

former is typical of more diffuse GMC atmospheres.
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The non-LTE radiative transfer calculations for the galaxy-scale simulations
were implemented during post-processing of the hydrodynamic simulations. The
simulation outputs were typically smoothed to a resolution of ~80-250 pc in or-
der to defray computational costs associated with the radiative transfer simula-
tions. In order to model the strongly density-dependent excitation rates in our
simulations, we have expanded the Bernes (1979) non-LTE Monte Carlo radia-
tive transfer algorithm to include a mass spectrum of GMCs in a subgrid manner.
Our methodology follows.

The molecular gas fraction in galaxies is determined by the metallicity, dust
content, interstellar radiation field, density and temperature (Hollenbach, Werner
& Salpeter 1971; Pelupessy, Papadopoulos & van der Werf 2006). However, ow-
ing to limited spatial resolution, this calculation cannot be done explicitly as the
location of individual stars and clouds are not known. We therefore assume that
half of the cold neutral gas mass in each grid cell (typically of order ~150-250 pc
on a side) is in atomic form and half in molecular, as motivated by local volume
surveys of star forming galaxies (e.g., Keres, Yun & Young 2003).

In our formulation, the cold molecular gas is assumed to be bound in a mass

spectrum of GMCs in each grid cell

@W@JW% 2.1

where we take 5=1.8 (Blitz et al. 2006). The GMCs are modeled as singular

isothermal spheres (SISs) where the density (n) is given by:

n:n%%r 2.2)

The radius of the cloud is determined by the Galactic GMC mass-radius relation

(Rosolowsky, 2005, 2007; Solomon et al. 1987), resulting in a global density distri-
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bution for all m clouds in a grid cell of

n= rio‘ [%: r&mno,m] (2.3)

We utilize a cloud power-law index of a=2 (Walker, Adams & Lada 1990). Ob-

servational evidence suggests that a range of power law indices in GMCs from

a=1-2 may be appropriate (Andre, Ward-Thompson & Motte 1996; Fuller & My-

ers 1992; Ward-Thompson et al. 1994), although our results are not very sensitive
to the choice of power law index within this range.

Formally, we build an emergent spectrum by integrating the equation of ra-

diative transfer along the line of sight:

I, = Z S, (z) {1 — e_T“(Z)} e~ Tv(tot) (2.4)

20

where I, is the frequency dependent intensity, S, is the source function, 7 is the
optical depth, and z is the position along the line of sight.

If the level populations are in LTE, then the source function, S, can be simply
replaced by the Planck function. However, when considering the propagation
of lines through a medium with insufficient density for collisions to thermalize
the level populations (e.g.,, n < n.:it), the effects of radiative excitation and de-
excitation must be considered. In this case, the source functions must be calcu-
lated explicitly.

The source function from each cloud, m, for a given transition from upper
level to lower level u — [ is given by

nu,mAul

Sym = (2.5)

(nl,mBlu - nu,mBul)
where the level populations are assumed to be in statistical equilibrium, and de-
termined through the rate equations:

Nym | Y A+ Y (B, + Cie) | =
k<l k£l
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Z e m Akt + Z N (Bridy + Cri) - (2.6)
k>l k#l
A, By and By, are the Einstein rates for spontaneous emission, stimulated emis-
sion, and absorption, respectively, C' are the collisional rate coefficients, the in-
dices [ and k represent different energy levels, and J, is the mean intensity through
a given grid cell:

1
_ 1/ 2.7
J, 4W/IdQ 2.7)

Asis evident by the previous four equations, the problem is circular: the observed
intensity depends on the source function which is determined by the level popu-
lations. When in a non-LTE regime (n < nqit), collisions alone do not determine
the level populations, but rather the mean intensity field (e.g., radiation from gas
in other grid cells) plays a role as well. The solution is achieved by means of
iteration.

The initial level populations in a grid cell are estimated based on the global
density and temperature distribution for all clouds in a grid cell (Equation 2.3).
We emit model photons which represent many real photons from the mass spec-
trum of GMCs in each grid cell. The model photons are given a weight W pro-
portional to the total number of molecules in the upper state of a given transition
in a cell, and the Einstein A rate coefficient for the transition. The photons are
emitted isotropically in 3 dimensions and have line frequency randomly drawn

from the line profile function:

o(v) = U\l/%exp {— <1/ — Yy —V- ﬁ%)z /02} (2.8)

where v represents the velocity vector, and the effects of the local kinetic temper-

ature and microturbulent velocity field are accounted for via

o=—|—+ Vvturb (29)
m

c

m)lzkj’ ]%
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The photon then takes a step over distance s through the next grid cell. After

taking a step, the weight is attenuated by a factor e™” where the opacities are

given by
o, (dust) = K, Pdust (2.10)
hy,
ay!(gas) = - =6(v) (mByy — n.Bu) @.11)
and
Tym = (Qum(dust) + a, m(gas)) x s (2.12)

The column seen by a photon in a grid cell is calculated via a Monte Carlo
approach. Specifically, we calculate the distribution of potential column densi-
ties a photon could see through a given grid cell by simulating a sample of the
subgrid cells individually on higher resolution grids. In these higher resolution
grids, we place GMCs at random locations with masses drawn from the power-
law mass spectrum, and radii given by the Galactic mass-radius relation. We do
this numerous times until the distribution of potential columns through the cell
converges. The distribution of columns is found to scale in a self-similar manner
with grid cell (molecular) mass. We then explicitly draw from this distribution
to determine the column seen by a model photon as it enters a given grid cell.
To illustrate this, we plot an example of the distribution of column densities in
Figure 2.1. The photon continues to propagate through grid cells in this manner
until the weight is negligible, or the photon has left the grid.

Once a sufficiently large number of model photons have been emitted to simu-
late the mean radiation field, J,, the level populations can be updated via the rate
equations. In the rate equations (also commonly called the equations of statistical
equilibrium), the terms involving the mean intensity represent the radiatively in-

duced excitations (absorption) and stimulated emission in a given cell of clouds
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Figure 2.1 Representative distribution of column densities for a grid cell of mass
~3x10°M, . Distribution of columns is derived by randomly placing clouds
drawn from a mass spectrum until the distribution converges. Photons entering
a grid cell see a column randomly drawn from a distribution such as this in order

to simulate the actual column seen by a photon in a statistical manner.
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m'. We may rewrite these equations by defining the number of excitations of a

molecule in lower state [ by

sW,
Stum! = —Wéb(V)BluW/j_(l — e T(tot)) (2.13)

where V' is the volume of the cell and W, is the original weight of the photon.
Following Bernes (1979), we then rewrite the equations of statistical equilib-

rium as

S A+ (S + Cii)
k<l k£l

Z Nk Aw + Z N, [%Slk,m’ + Ckl] (2.14)

k>l k£l

ny

where g are the statistical weights of the level.

After a single generation of photons has been emitted, the Sy, ,, is calculated
for each grid cell, m’. We can then use the analog of the previous equation to cal-
culate the updated level populations for the N individual radial cells that make
up the subgrid spectrum of GMCs. The relative contribution of each of the N
cells to the total number of excitations (5, /) in a given grid cell is determined
via the column across that region.

New level populations are calculated for each of the IV cells in the spectrum
of GMCs via matrix inversion and then summed to give the total populations for
their parent grid cell. New weights I are given to a new generation of emergent
photons, and the process is iterated upon until the level populations across the
grid are converged. For most galaxy simulations, typically 12x10° model pho-
tons were emitted per iteration and the boundary conditions for the radiative
transfer included the 2.73K microwave background.

This method has the distinct advantages of being able to simulate the effects

of dense cores as well as diffuse atmospheres of clouds. Because we divide the
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GMCs into a series of sub-grid cells, we are not constrained to using a single
density in our rate equations, and thus the collisional excitation characteristic
of dense cores can be well-represented while the influence of radiation on more
diffuse regions can likewise be accounted for. Moreover, we are able to include
these features in our calculations without expanding the grid to computationally
prohibitive sizes.

Our subgrid formulation is dependent on a series of assumptions as well.
First, owing to limited spatial resolution, we are forced to assume a constant Hy
gas fraction constrained by observational surveys. This molecular gas in a given
grid cell is assumed to be bound in GMCs. The GMCs are realized as SISs in our
model whereas clouds are understood observationally to be fractal in nature (e.g.,
Elmegreen & Falgarone 1996). The clouds within each grid cell are all at the same
temperature, and individually isothermal (though temperatures are allowed to
vary from grid cell to grid cell, and thus temperature gradients exist across the
galaxy). Additionally, we are not able, through these methods, to capture how
clouds within a grid cell affect each other.

The temperatures in the cold phase of the ISM in the hydrodynamic models
are fixed at 1000K (Springel & Hernquist 2003). This choice is arbitrary and has
no effect on the hydrodynamic simulations. Typically, temperatures in molecu-
lar clouds range from 10-100K; temperatures of 1000K would systematically put
too much weight on the collisional coefficients in the rate equations, resulting
in overly excited level populations. We refine the temperatures in our radiative
transfer models by assuming the gas and dust in a given cell are in thermal equi-
librium, and that the heating sources are dominated by O and B stars. The gas
cools via metal line cooling which is calculated using a mean escape probability

radiative transfer code (Kulesa 2002; Kulesa et al. 2005). Using these methods,
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we find typical isothermal cloud temperatures ranging from 10K-120K (nomi-
nally 10-30 K for simulations scaled for the local Universe, though temperatures
can approach ~120 K for the z ~ 6 models).

The level population calculations are sensitively dependent on the accuracy
of the rate coefficients. We have obtained our coefficients from the Leiden Atomic
and Molecular Database (Schoier et al. 2005). In order to independently test our
radiative transfer codes, we have run the test problem of an inside-out collapsing
sphere published by van Zadelhoff et al. (2002). We present the results of this test
in Figure 2.2, and direct the reader to van Zadelhoff et al. (2002) for details on the

test problem and solutions.



Fractional pop.level

Fractional pop. level

J=1 (low tau)

Lo
0,] 1 1
1016 1017
J=1 (high tau)
Lo T
0.1 L
1016 10]7

Distance (cm)

10°
107
107
107
10

107

107°[

10°
107
107
107
107

107

1076

36

J=4 (low tau)

Our Code
3 Average Solution =:=+=:= z
3 3
3 3
3 3
3 3
10 10”7
J=4 (high tau)
3 3
3 3
3 3
3 3
10]6 1017

Distance (cm)

Figure 2.2 Solutions of our radiative transfer codes to test problems “2a” and “2b”

of van Zadelhoff et al. (2002). The ordinate is fractional populations of the J=1

and J=4 levels of HCO" and the abscissa is radial distance out from center of

a 1-dimensional inside-out collapsing cloud. The solid line is our solution, and

the dash-dot line is the average solution to the problem taken from seven other

researcher’s codes.
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CHAPTER 3

MOLECULAR LINE EMISSION FROM GRAVITATIONALLY UNSTABLE

PROTOPLANETARY DISKS

You seem to get a kick out of making these computer movie things. Maybe you should do
some sort of computer programming.

-Tony Stark

3.1 Chapter Abstract

In the era of high resolution submillimeter interferometers, it will soon be pos-
sible to observe the neutral circumstellar medium directly involved in gas giant
planet (GGP) formation at physical scales previously unattainable. In order to
explore possible signatures of gas giant planet formation via disk instabilities,
we have combined a 3D, non-local thermodynamic equilibrium (LTE) radiative
transfer code with a 3D, finite differences hydrodynamical code to model molec-
ular emission lines from the vicinity of a 1.4 M; self-gravitating proto-GGP. Here,
we explore the properties of rotational transitions of the commonly observed
dense gas tracer, HCO". Our main results follow. 1. Very high lying HCO*
transitions (e.g., HCO™ J=7-6) can trace dense planet forming clumps around cir-
cumstellar disks. Depending on the molecular abundance, the proto-GGP may
be directly imageable by the Atacama Large Millimeter Array (ALMA). 2. HCO*
emission lines are heavily self-absorbed through the proto-GGP’s dense molec-
ular core. This signature is nearly ubiquitous, and only weakly dependent on
assumed HCO™ abundances. The self-absorption features are most pronounced
at higher angular resolutions. Dense clumps that are not self-gravitating only

show minor self-absorption features. 3. Line temperatures are highest through
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the proto-GGP at all assumed abundances and inclination angles. Conversely,

due to self-absorption in the line, the velocity-integrated intensity may not be.

3.2 Chapter Introduction

Since the discovery of 51 Pegasus, there have been numerous detections of Jupiter-
sized extrasolar planets through radial velocity experiments, transiting of parent
stars and direct imaging (for recent reviews, see Udry, Fischer & Queloz, 2006,
Charbonneau et al. 2006 and Beuzit et al. 2006).

Concomitant to the problem of characterizing the nature of these gas giant
planets (GGPs) is developing the theoretical constructs which describe the na-
ture of GGP formation. Two major theories have been developed concerning the
physics of GGP formation. Core accretion begins with the formation of plan-
etesimals through the collisional coagulation and sticking of progressively larger
solid bodies in the circumstellar environment. Once ~kilometer sized planetes-
imals are formed, runaway accretion to Mars-sized bodies can occur. When the
planetary embryos reach a mass of ten Earth masses or so, disk gas is accreted
dynamically, resulting in GGP formation. Core accretion is the generally favored
mechanism for forming Jupiter and Saturn (Pollack et al. 1996; Goldreich, Lith-
wick, & Sari 2004a). The core accretion model has been challenged in explaining
how a solid core can form on timescales less than the disk dissipation times of
~105-107yr (Pollack et al. 1996; Ikoma, Nakazawa, & Emori, 2000). However it
should be noted that recent models by Rafikov (2003) and Goldreich, Lithwick
& Sari (2004b) have suggested a core accretion mechanism that is not incompati-
ble with the short-lived disk lifetimes. Additional problems of the core-accretion
model include resolving theoretical GGP core masses with those of Jupiter and

Saturn (Mejia 2004; Saumon & Guillot 2004).
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As an alternative to core-accretion, the disk instability mechanism has been
investigated in many models by Boss (2001, 2004), Mejia (2004), and Mayor et al.
(2005). In this theory, marginally unstable gaseous disks contract gravitationally
to form GGPs. Models of gravitationally unstable disks suggest planets can form
on rapid (~10% yr) time scales (Boss 1997, 1998), but require disks to cool effi-
ciently in order for gravitationally bound clumps to form. Boss (2004) has shown
that convective cooling through protoplanetary disks can be quite efficient. Hy-
brid mechanisms for GGP formation have been suggested as well (Currie, 2005).

It is clear that both leading theories in the formation of GGPs have their shared
successes and challenges in current models. Observations of protoplanetary disks
will be key in constraining the two models. Because the gravitational instability
method involves the accumulation of large clumps of cool gas from the circum-
stellar disk, molecular line observations may be helpful in revealing the nature of
GGP formation. Indeed, in the era of high-resolution millimeter and submillime-
ter wave interferometers, clumps of cool and dense gas may indeed be directly
imageable in nearby circumstellar disks.

Rotational transitions (J+1—.J) in interstellar molecules have long been used
to better understand the nature of cold gas in star-forming environments (for a
recent review, see Evans 1999). Serving as a proxy for the observationally elusive
molecular hydrogen (Hy), excitation analysis of lines from molecules such as CO,
CS, HCO™, HCN and others can provide diagnostics for the physical conditions
in the cold molecular gas.

Through the use of submillimeter and millimeter wave interferometers, direct
imaging of cold circumstellar disks have recently been made possible (e.g., Pa-
tel. et al. 2005, Qi et al. 2004). Submillimeter molecular line emission has been

used to estimate molecular depletion factors (e.g., Andrews & Williams 2005; van
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Zadelhoff et al. 2001), as well as provide information concerning kinematics in
the circumstellar environment (e.g., Qi et al. 2003). It is additionally possible to
constrain disk molecular gas masses through such observations (e.g., Hogerhei-
jde et al. 2002). Recent CO (J=6-5) observations of TW Hya by Qi et al. (2006) has
shown that molecular excitation can be quite high due to the dense gas present
in protoplanetary disks.

In addition to observational data sets of molecular line emission from proto-
planetary disks, radiative transfer modeling of the emission patterns can provide
powerful constraints as to the physical conditions in the molecular gas. As an
example, Qi et al. in the aforementioned study of TW Hya used a 2D non-LTE
Monte Carlo model to derive vertical temperature distributions in the disk. Sim-
ilar studies have been performed to calculate temperature and/or density distri-
butions by Kessler (2004), and Semenov et al. (2005), among many others.

In order to fully utilize the new generation of interferometers to probe planet
formation, submillimeter and millimeter wave emission modeling of GGP form-
ing disks is needed. Progressive works by Wolf & D’ Angelo (2005), Moro-Martin,
Wolf & Malhotra (2005), and Varniere et al. (2006) have studied the effects of pro-
toplanets in disks on infrared SEDs through the use of radiative transfer model-
ing. A necessary complementary dataset to these works is models of molecular
line emission from planet forming circumstellar disks.

In this study, we take the first step in this direction by applying a newly devel-
oped 3D non-LTE radiative transfer code to a model of a gravitationally unstable
protoplanetary disk (Boss, 2001). We will discuss the emission patterns by way
of contour maps and emission line profiles. This chapter is organized as follows:
in § 3.3, we discuss the numerical methods involved concerning hydrodynamics,

radiative transfer, and chemistry; in § 3.4 we present synthetic images of HCO™"
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Figure 3.1 Equatorial density contours for hydrodynamic snapshot. Contours de-
note changes by a factor of 2 in density, with p,.x=5.0x10"?gm cm~3. The maxi-
mum density clump is located at ~4 o’clock in this image. For radial temperature

and density profiles through the proto-GGP, please see Boss (2001).

emission in the disk; in § 3.5 we discuss emission line profiles; in § 3.6 we briefly

discuss spectral maps and in § 3.7 we summarize.

3.3 Numerical Methods

3.3.1 Hydrodynamics

We have run three dimensional hydrodynamic models using a finite-differences
code to model the gravitationally unstable protoplanetary disk as fully described
in Boss (2001). The code has been shown to be accurate to second order in space
and time (Boss & Myhill 1992). The spherical grid is uniformly spaced in the ra-
dial direction between 4 and 20 AU. The azimuthal grid is uniform, and the polar

grid spaced such that the resolution grows toward the midplane (with a maxi-
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Figure 3.2 The effect of transition choice on the image: HCO™ transitions J=7-
6, 4-3, 1-0. The proto-GGP is evident only in the highest HCO™ transitions due
to the high critical density needed to image the dense object. The synthesized
images are the mirror image of the density contours in Figure 3.1, and thus the
proto-GGP is at ~8 o’clock in the left most panel. The intensity is in units of

K-km s™! and is on a fixed scale for the entire figure.
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mum resolution of A§=0.3°). The model includes a central protostar of 1 M, and
a disk of 0.091 M, . The protostar wobbles in response to the evolving disk, such
that the center of mass of the system is preserved. The initial disk surface density
is assumed to vary with radius as ¢ « 772 to o oc r~! through the inner disk,
and ¢ oc 73?2 in the outer disk. The initial density distribution is seeded with
perturbations of the form cos(m¢) where m=1,2,3,4 with an amplitude of 0.01.

Random noise is included at a lower amplitude.

3.3.2 Radiative Transfer

Here, we revisit the algorithm used for the radiative transfer simulations. While
they are similar to the methods discussed in Chapter 2, in this section we bypass
the subgrid modeling as the spatial resolution in the hydrodynamic simulations
was sufficient. This section is moderately redundant with Chapter 2, and may
thus be skipped without loss of continuity if desired.

We build the emergent spectrum by integrating the equation of radiative trans-
fer over numerous lines of sight through the hydrodynamic snapshot (e.g., Walker,
Narayanan & Boss 1994). The solution to the equation of radiative transfer has

the numerical form

I, =) 5,(2) {1 - e_T“(Z)} e~ (tot) (3.1)

20

where S, is the source function, and 7 is the optical depth. If local thermodynamic
equilibrium (LTE) conditions hold, then the source function can be replaced by
the Planck function. LTE is a fair approximation when the density is much greater

than the critical density and collisions thermalize the gas, e.g.,

Aul
> 3.2
" Z C'ul ( )

where A is the Einstein rate coefficient for spontaneous emission, C' are the col-

lisional rate coefficients, and u,! correspond to the upper and lower states of a
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given transition. However, when considering either low density environments,
or molecular species with high dipole moments (and thus high Einstein A coef-
ficients), the approximation of LTE may no longer hold. In these situations, the
source function must be calculated explicitly.

In order to find the source function, an iterative procedure can be employed.
We have developed a three-dimensional non-LTE radiative transfer code based
on the Monte Carlo method. The first work to detail a Monte Carlo algorithm
for non-LTE line transfer was by Bernes (1979). Future workers improved the
algorithms and expanded to two and three dimensions (Choi et al. 1995; Juvela
et al. 1997; Park & Hong 1998; Hogerheijde & van der Tak 2000; Schoier 2000).
Monte Carlo techniques in radiative transfer are powerful in that they offer a
large amount of flexibility for different geometries and are easily parallelized.
Due to the statistical nature of Monte Carlo, the solutions include shot noise, and
can be slow to converge in cases of high (7 >100) optical depths.

The non-LTE radiative transfer code we have developed operates on the fol-
lowing principles, adapted from Bernes (1979): the goal is to solve for the steady
state distribution of energy states among the molecules. Once these level pop-

ulations are known, the source function for a given transition can be calculated

by:
nuAul
S, = 3.3
(nlBlu - nuBul) ( )

where B are the Einstein rate coefficients for absorption and stimulated emission.

However, the problem is circular: the level populations in any grid cell depend

on the mean intensity field through that point.

1
- 4
Jo= 1 / 1,d) (3.4)

The intensity field depends on the emission from other cells which in turn is given

by their source functions. Hence, it is necessary to guess the level populations,
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solve for the mean intensity field, calculate updated level populations and iterate
until the level populations have converged.

The radiation field is modeled by photon ‘packets’ that represent many real
photons. The number of photons each model packet represents is proportional
to the Einstein-A for the transition and the number of molecules or atoms in the
upper state of the transition in the emitting grid cell. The photons are isotropi-
cally emitted in a spontaneous manner with a line frequency drawn from the line

profile function:

o(v) = U\l/%exp {— (V — 1 —V- ﬁ%)Q /02} (3.5
where v is the frequency of the emitted photon, vy is the rest frequency of the
transition, v is the velocity of the emitting clump of gas, and ¢ is the standard
deviation of the profile function. The standard deviation is the Doppler width

determined by the local kinetic temperature and microturbulent velocity:

o= — + Viurb (3.6)
c| m

v l%T ]

We assume a constant microturbulent velocity of 0.2 km s~ . The photon then

takes a step of a given distance s, passing through gas with opacity:

a,,(dust) = K, Pdust (3.7)

h
! (gas) = (V) (B — n,B) (3.9)

After passing through this grid cell, the number of real photons the model
photon packet represents is diminished by a factor e™” due to absorptions. The
model photon continues to take steps in the same direction until it either leaves
the grid or the number of photons it represents has become negligible. When all
of the photons have been emitted, the mean intensity is known through each grid

point.
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The updated level populations are then calculated with the equations of sta-

tistical equilibrium

| Aw + Y (B, + Ci) | =

k<l kAl
Z ng A + Z (B, + Cri)
k>l kel

which are solved through standard matrix inversion methods. With the new level
populations in hand, the process can be repeated with a new calculated radiation
tield. These radiative transfer calculations are then iterated over until the level
populations are found to converge. Convergence in non-LTE radiative transfer
simulations depends both on the number of model photons realized in the itera-

tion, as well as the optical depth.

3.3.3 The Model and Parameters

We have run our non-LTE radiative transfer code for HCO™ rotational transitions
through model HR of Boss (2001). In this model, a 1.4 Jupiter-mass dense clump
of gas is formed through gravitational instabilities in the circumstellar disk. The
maximum density through the proto-GGP is 5.0x10~?g cm ™, and it orbits at a
semimajor axis of ~10 AU. The temperature through the proto-GGP ranges from
~100-150 K.

For the radiative transfer calculations, we considered HCO™ molecular line
emission, as well as thermal continuum emission with opacities given by Boss
& Yorke (1990). The radiative transfer calculations were run on one snapshot of
the hydrodynamic model for which we show the midplane density contours in
Figure 3.1. The boundary conditions for the non-LTE transfer included photons
from the 2.73 K cosmic microwave background. However, when convolving our
resultant images to beams larger than the grid, we assumed no contribution from

the CMB outside of the grid. Our grid for the calculations was spherical in nature
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with (N,,N4,Ng)=(100,512,43). We emitted roughly 3.11x10® photons per itera-

tion. The calculations typically took 2 weeks on 14, 2GHz, AMD-64 processors.

3.34 Chemistry of HCO™"

Abundances in protoplanetary disks can be wildly variable due to the wide range
of temperatures and densities involved, in addition to variable X-ray and UV
fluxes. Our purpose is to investigate gross emission features from dense gas
clumps in circumstellar disks and a full model of the complex chemical reaction
networks in disk environments (e.g., Aikawa & Herbst 1999; Semenov, Wiebe, &
Henning 2004) is beyond the scope of this paper. We approximate the impact of
disk chemistry by running models at different HCO" abundances and analyz-
ing their imprint on emission features. We note that regardless of the depletion
model, abundances remain constant throughout the disk.

There are commonly two methods of introducing chemical depletion in disks:
a uniform depletion (with respect to H,) factor across the entire disk, and a jump
depletion where grain depletion only comes into play below a certain tempera-
ture threshold. The formation of HCO" depends directly on the abundance of
CO, and thus the HCO™ abundance is assumed to follow the CO characteristic
depletion. CO freeze-out typically occurs at T<22K, thus implying a necessary
HCO™ depletion at low temperatures. However, the abundance of HCO™" can be
altered from typical interstellar values for a variety of other factors: photodis-
sociation can occur in the hot inner regions of the disk due to the enhanced UV
flux of a young star, or through interstellar cosmic rays. We therefore utilize
a uniform depletion from standard ISM abundances taken from Lee, Bettens &
Herbst, (1996). This assumption may limit the predicted detectability of massive
gas clumps in a circumstellar disk. In a study of the fractional ionization in disks,

Semenov et al. (2004) find the dominant ion in the intermediate layer and mid-
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plane to be HCO™ at the radii where the densest gas clumps in our models form
(10 AU), whereas the fractional HCO™" drops in the surface layers. By uniformly
depleting the HCO™ abundance, we may be decreasing emergent flux.

van Zadelhoff et al. (2001) estimate depletions ranging from 0.1-0.001 from
standard ISM abundances for disks TW Hya and LkCa 15. Dutrey et al. (1997)
find an average HCO™ abundance of 7.4x107'° /H,, corresponding to a depletion
of ~0.15. We have run three models corresponding to depletion factors of 0.5, 0.1
and 0.01. While simple depletion models are likely not valid for the extremely
dense cores of proto-GGPs, as we discuss in § 3.5.1, the specifics of the chemistry
in the densest regions of the disk may not contribute significantly to the emergent

HCO™ flux.

3.4 Images

High angular resolution interferometers such as ALMA will be able to achieve
unprecedented imaging capabilities of Galactic circumstellar disks. Utilizing our
radiative transfer codes, we have created synthetic intensity contour maps of
the HCO™ emission from the gravitationally unstable protoplanetary disk in our
models, and present them in this section. The parameter space we explore in-

cludes rotational transition, inclination angle, and abundance.

3.4.1 Molecular Transition

In Figure 3.2 we show model contours of spectral line intensity of the protoplan-
etary disk as viewed through the HCO* J=1-0, 4-3 and 7-6 transitions at 1/2 ISM
abundance. The disk is face on (:=90°) in each image.

The GGP in our simulation achieves a maximum density of n=3.0x10'* cm 3.

At these high densities, and warm temperatures (~100 K), collisions will ensure

that most of the HCO™ molecules are excited well above the ground state. Indeed,
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Figure 3.3 The effect of angular resolution on the image: HCO™ transitions J=7-6.
The left column is at model resolution. The right column is a simulated ALMA
image at 0.007 ” (the most extended baseline of ALMA, Bastian 2002) for a source
distance of 140 pc. The synthesized images are the mirror image of the density
contours in Figure 3.1, and thus the proto-GGP is at ~8 o’clock in each panel.
No noise has been added to this figure (or future figures in this chapter). The

intensity is in units of K-km s~* and is on a fixed scale for the entire figure.
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Figure 3.4 The effect of inclination on the image: HCO™ transition J=7-6. The

inclinations are 90° (face on), 45° and 8°. 8° is roughly the minimum inclination

angle at which the proto-GGP did not get lost in the emission of the disk. The

synthesized images are the mirror image of the density contours in Figure 3.1,

and thus the proto-GGP is at ~8 o’clock in each panel.
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Figure 3.5 The effect of HCO™ abundance on the image. Abundances (from left)

are 1x107Y/H,, 5x1071%/H,, 5x107'! /H,. The proto-GGP is only visible in the

image at the highest HCO™ abundance. The synthesized images are the mirror

image of the density contours in Figure 3.1, and thus the proto-GGP is at ~8

o’clock in the leftmost panel.
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as our simulations show, the GGP is only fully visible at the highest HCO™ transi-
tions. While lower transitions in HCO™" may be able to detect dense clumps in the
circumstellar disk, the densest clumps that may be self-gravitating can be identi-
fied using high-density tracers. For the HCO™ J=7-6 transition (nc;, ~107 cm™?),
the proto-GGP emits quite prodigiously while the clumps in the remaining parts
of the disk begin to fade. The high ] levels of dense gas tracers serve as an effi-
cient method of filtering out low density gas that may not be directly associated
with the protoplanet. We have not explored any transitions beyond HCO* J=7-
6. It may be, however, that the proto-GGP is even more distinct at higher (THz)
HCOT transitions. For the transitions we have modeled, the densest clumps in
the circumstellar disk are most visible in HCO™ J=7-6. We will therefore explore
the effects of inclination and abundance primarily in this transition.

With its most extended baseline, ALMA will be able to achieve a spatial res-
olution of 0.007” at HCO™ (J=7-6, 1y=624 GHz) (Bastian 2002). At the distance
of Taurus Molecular Cloud, ~140pc, this angular resolution (1 AU) is quite com-
parable to our model resolution of ~0.5 AU. In Figure 3.3, we have simulated
an observation of our circumstellar disk by setting it at a distance of 140 pc and
convolving it with the 0.007” ALMA beam. We assume no lost flux and a circular
Gaussian beam. The proto-GGP and other dense clumps are quite visible. As an
example, in one hour of integration, the 64-element ALMA array should be able
to image the dense protoplanet in Figure 3.3 with a signal to noise ratio of ~3-4.
Additionally, as we will show in § 3.5, signatures of dense clumps may be evi-
dent even in single-dish sub-mm telescopes through signatures in the emission

line profile.
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Figure 3.6 HCO™ J=7-6 spectral line profile at model resolution through the proto-
GGP with optical depth overplotted. The central density is ~10">cm™?, and the
line is completely self-absorbed at line center. The emission is primarily due to

radiatively pumped gas in the outer layer of the proto-GGP.

3.4.2 Inclination

As we will discuss in § 3.5.1, the emission from the proto-GGP is largely from the
outer layers. Consequently, the inclination angle of the disk does not affect the
results significantly. As seen in Figure 3.4, even at nearly edge-on inclinations,
the proto-GGP is still visible at HCO™ J=7-6. However, due to increasing column
through the disk in low-inclination scenarios, other dense clumps in the disk be-
gin to emit at similar intensities as the proto-GGP, thus confusing observations.
Because of this effect, we have found that the minimum angle in our models that
the proto-GGP is visible is 7 ~8°. Inclination effects can quickly wash out signa-

tures of the proto-GGP in the spectral line profile (see §3.5).
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Figure 3.7 HCO™ J=7-6 spectral line profile at model resolution through the dense
clump at position x =5 AU, y = -3 AU (for reference with Figure 3.5). The cen-
tral density of the clump is ~10cm™3. Some emission from the central regions

escapes, and the line is not completely self-absorbed.
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Figure 3.8 HCO™ ]J=7-6 spectral line profile of proto-GGP, convolved to the beam

of different telescopes. The assumed abundance is 1x107?/H, (0.5 depletion

from standard ISM values, Lee, Bettens & Herbst 1996). In all cases, the simu-

lated telescope is pointed directly at the proto-GGP. The telescopes simulated are

ALMA, the SMA and a 10m class single dish. The corresponding optical depth,

7, is overplotted, with values on the right side of each box. The disk is face-on.
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3.4.3 Abundances

We have modeled the HCO™ abundances as uniform, modulo depletion factors
(§ 3.3.4). In Figure 3.5, we present face-on images of the protoplanetary disk at
0.5, 0.1 and 0.01 depletion factors from standard ISM abundances. The proto-
GGP is no longer visible at lower abundances. This holds for all inclinations, as
well as all lower HCO™ transitions. With less emitting molecules along the line
of sight, the proto-GGP emission is no longer able to dominate over the other
dense clumps in the disk. However, the proto-GGP does, in fact, emit similar
peak line temperatures as other dense clumps in the cloud. Why, then, does the
protoplanet not appear to emit brightly in the image? The image shows velocity
integrated line intensity - the total area under the emission spectrum. Much of the
emission from the proto-GGP is self absorbed, and the majority of the emission
comes from radiatively pumped gas in the outer layers at low velocity dispersion

(§ 3.5.1). This effect reduces the velocity integrated intensity.

3.5 Line Profiles

3.5.1 Non-LTE Effects: Radiative Pumping in the Vicinity of
Dense Gas Clumps

In Figure 3.6, we have plotted the HCO™ (J=7-6) emission spectrum through the
proto-GGP in the model with 0.5 depletion factor. The large optical depths cause
the line flux to be ~0 K at line center. The emission from the proto-GGP does not
originate at the core of the dense clump of gas, but rather in the more diffuse outer
layers. While the gas in the dense core of the proto-GGP is in LTE, the emission
from this gas suffers heavy extinction owing to the high optical depths at line cen-
ter. However, the density through the proto-GGP drops off quickly with radius

allowing gas in the outer layers (where 7 1) to be radiatively pumped by ~1500
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Figure 3.9 HCO™ ]J=7-6 spectral line profile of proto-GGP, convolved to the beam
of different telescopes. The assumed abundance is 5x107'°/H, (0.1 depletion
from standard ISM values, Lee, Bettens & Herbst, 1996). In all cases, the simu-
lated telescope is pointed directly at the proto-GGP. The telescopes simulated are
ALMA, the SMA and a 10m class single dish. The corresponding optical depth,

7, is overplotted, with values on the right side of each box. The disk is face-on.
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K gas near the protostar. The strong emission line temperatures, then, originate
in radiative excitation of lower density non-LTE gas, rather than from the core of
the cold proto-GGP, and consequently does not reflect the kinetic temperature of
the emitting gas.

The emission pattern of heavy self-absorption at line center, and radiatively
pumped gas at the surface is characteristic only of the densest clump of gas in
our models, e.g., the self-gravitating proto-GGP with central density ~10'® cm ™.
As it is these densest clumps that serve as antecedents to GGPs, the line profile of
heavy self absorption at line center combined with offset emission may be char-
acteristic of GGPs in formation. The optical depth in other dense clumps in the
circumstellar disk is sufficient to produce self-absorption in the line profiles, but
not to the same degree as seen toward the proto-GGP. As an example, in Figure
3.7, we plot the emergent HCO™ J=7-6 spectra at model resolution and depletion
factor 0.5 from a clump in the face-on disk (located at x =5 AU, y = -3 AU for ref-
erence with Figure 3.5) with central density ~1.75x10"cm™3. The optical depth
at line center only reaches 7 ~ 1 near the dense core of the clump, allowing sig-
nificant emission from both the LTE core, as well as the radiatively pumped outer
layers of the dense clump to escape. In contrast, the optical depth at line center
at the core of the proto-GGP reaches a total value of several thousand, rendering
the majority of the proto-GGP optically thick.

The nature of emission from the proto-GGP has implications concerning the
assumed chemistry in these models. High optical depths through the densest
regions of the proto-GGP prevents radiation from emerging. For example, even
in the model with lowest optical depths (0.01 depletion factor), only ~5% of the
emission at the line peak originating from the center of the proto-GGP reaches the

observer. This pales in comparison to the emission from the radiatively pumped
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Figure 3.10 HCO™ J=7-6 spectral line profile of proto-GGP, convolved to the beam
of different telescopes. The assumed abundance is 5x10-/H, (0.01 depletion
from standard ISM values, Lee, Bettens & Herbst, 1996). In all cases, the simu-
lated telescope is pointed directly at the proto-GGP. The telescopes simulated are
ALMA, the SMA and the 10m class single dish. The corresponding optical depth,

7, is overplotted, with values on the right side of each box. The disk is face-on.

gas in the outer layers of the proto-GGP which has an order of magnitude higher
source function than the LTE gas at the core. The emission due to radiative pump-
ing of the less dense gas in the outer layers of the proto-GGP will tend to mask

more complex chemistry that may be occurring in the denser regions.

3.5.2 Effects of Abundance and Resolution

In order to further quantify the effect dense clumps have on the emission line

profiles, we have convolved the model results with circular Gaussian telescope
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beams of different sizes (corresponding to the diameter of the telescope and the
frequency of interest) and plotted the synthesized emission line spectra for three
different HCO™ abundances.

In Figure 3.8, 3.9 and 3.10, we have plotted the model emission line profile
as viewed by ALMA, the SMA and 10m class single-dish telescopes [e.g., Cal-
tech Submillimeter Observatory (CSO) or the Heinrich Hertz Submillimeter Tele-
scope (SMT)]. With each spectral line, we have overplotted the optical depth (7)
as a function of velocity. The model disks are viewed face on. The line profiles
are found to change significantly as a function of abundance. However, in each
instance the line profiles through the proto-GGP are heavily self-absorbed.

In the model with a 0.5 depletion factor, the emission line through the proto-
GGP, both at model resolution and that of ALMA, is self-absorbed to zero flux
at line center. This is evident from the location of the peak in the optical depth
profile. The asymmetry in the line profile (~1-2 km s™! of line center) is due to
motion along the line of sight of the emitting atmosphere. As the beam size gets
larger, more emission from the disk is included, and the effects of self-absorption
begin to be washed out. The model with 0.1 depletion factor is qualitatively very
similar to the 0.5 depletion factor case. There are minor differences involving the
emission of different velocity components in the proto-GGP, but generally the
results are the same. It is notable, however, that the peak line temperature has
dropped by a factor of 2-3. Self-absorption features become more pronounced in
the model with 0.01 depletion where an inverse p-cygni profile is observed. In
this lowest abundance model, the column of emitting molecules is low enough
that the emission can no longer fill in the absorption trough. The absorption is
washed out for angular resolutions >0.1”. The emission from the rest of the disk,

once folded into the beam, quickly counteracts the self-absorption feature and a
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Figure 3.11 Spectral map of model with 1x10~%/H, abundance. The disk is face

on, and the beam is 0.007”, corresponding to the longest ALMA baseline. The x-
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made from the mirror image of the density contours presented in Figure 3.1.
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single peaked Gaussian line is observed.

At all abundances in our models, the self absorption through the proto-GGP
reduces the flux at line center to 0 or negative values. Conversely, non self-
gravitating dense clumps in our models only show moderate self-absorption. It
may be that complete self-absorption to zero or negative flux is a signature of
GGP formation discernible by ALMA. As the disk becomes more inclined, the

self-absorption features become less discernible as the emission line broadens.

3.6 Spectral Maps

In Figure 3.11, we have taken spectra along various lines of sight through the face
on protoplanetary disk with 0.5 depletion, convolved to a 0.007” ALMA beam.
The proto-GGP stands out in emission quite high above the rest of the disk. This
was evident as well in the contour emission map (Figure 3.2).

Spectral mosaics are particularly useful for identifying GGPs at low HCO™
abundance levels (e.g., Figure 3.12) where the proto-GGP may make itself evident
through its bright emission line and self-absorbed profile. This type of emission
is missed in a velocity integrated intensity contour map, however, owing to self-

absorption in the line.

3.7 Chapter Conclusions

In this chapter, we have presented non-LTE radiative transfer calculations of
HCO" rotational line emission in a gravitationally unstable protoplanetary disk.

Our models suggest the following:

1. Dense gas clumps associated with proto-GGPs formed via disk instabilities
may be observable with interferometers (e.g., ALMA) in molecular transi-

tions with high critical density (e.g., HCO™ J=7-6). The emission is domi-



64

nated by radiatively pumped gas in the outer layers of dense clumps, and
thus does not necessarily reflect the physical temperature of the emitting

gas.

2. The emission lines arising from the densest self-gravitating gas clumps in
the protoplanetary disk are completely self-absorbed to zero or negative
flux. The line profiles from other dense gas clumps are self absorbed, as

well, although to a lesser degree.

3. Proto-GGPs often appear as bright peaks in spectral line maps, making

them easier to identify in the presence of extended disk emission.

4. ALMA will have the angular resolution and sensitivity necessary to directly

image proto-GGPs in formation in nearby circumstellar disks.

More complete chemical models and reaction networks will be incorporated
in our models in future works. Additionally, a thorough investigation as to the

variation of spectral line profiles as a function of disk evolution is underway.
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CHAPTER 4

THE ROLE OF GALACTIC WINDS ON MOLECULAR GAS EMISSION FROM

GALAXY MERGERS

Those images look pretty dope

-T.J. Cox, on model CO images of galaxy merger during quasar phase

41 Chapter Abstract

Galactic winds from starbursts and Active Galactic Nuclei (AGN) are thought
to play an important role in driving galaxy evolution. Here, we assess the im-
pact of these winds on the CO emission from galaxy mergers, and, in particular,
search for signatures of starburst and AGN-feedback driven winds in the simu-
lated CO morphologies and emission line profiles. We do so by combining a 3D
non-LTE molecular line radiative transfer code with smoothed particle hydrody-
namics (SPH) simulations of galaxy mergers that include prescriptions for star
formation, black hole growth, a multiphase interstellar medium (ISM), and the
winds associated with star formation and black hole growth. Our main results
are: (1) Galactic winds can drive outflows of masses ~10*-10°M,, which may be
imaged via CO emission line mapping. (2) AGN feedback-driven winds are able
to drive imageable CO outflows for longer periods of time than starburst-driven
winds owing to the greater amount of energy imparted to the ISM by AGN feed-
back compared to star formation. (3) Galactic winds can control the spatial extent
of the CO emission in post-merger galaxies, and may serve as a physical moti-
vation for the sub-kiloparsec scale CO emission radii observed in local advanced

mergers. (4) Secondary emission peaks at velocities greater than the circular ve-
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locity are seen in the CO emission lines in all models, regardless of the associated
wind model. In models with winds, however, these high velocity peaks are seen
to preferentially correspond to outflowing gas entrained in winds, which is not
the case in the model without winds. The high velocity peaks seen in models
without winds are typically confined to velocity offsets (from the systemic) <1.7
times the circular velocity, whereas the models with AGN feedback-driven winds

can drive high velocity peaks to ~2.5 times the circular velocity.

4.2 Chapter Introduction

Observed relationships in galaxies between central black hole mass and stellar
mass (e.g., Magorrian et al. 1998), velocity dispersion (i.e. the MpzH-o relation;
e.g., Gebhardt et al. 2000; Ferrarese & Merritt 2000), or galaxy structural prop-
erties (e.g., the black hole fundamental plane: Hopkins et al. 2007a,b) indicate
a co-eval nature in supermassive black hole growth and star formation in galax-
ies. These results have prompted a number of investigations in recent years to
quantify this apparent self-regulation in star formation and black hole growth in
galaxies, and their relationship to the formation and evolutionary history of the
host system (e.g., Kauffmann & Haehnelt, 2000; Hopkins et al. 2006a,b; 2007c,d).

Over the last two decades, observations of local galaxies have painted a com-
pelling picture in which galaxy mergers provide the link between massive star-
bursts and central black hole growth and activity. ULIRGs (Ultraluminous In-
frared Galaxies), for example, are a class of starburst galaxies with elevated in-
frared luminosities (Lig> 10'*L;) ) which typically show signs of interactions
(e.g., Downes & Solomon, 1998; Sanders et al. 1988a; Scoville et al. 2000). While
the intense infrared luminosity in these sources certainly owes in large part to

the merger induced starbursts (e.g., Sanders et al. 1988a,b; Sanders & Mirabel
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1996), in some cases a contribution from a buried active galactic nucleus (AGN)
may be non-negligible. For example, many ULIRGs show spectral energy distri-
butions (SEDs), infrared color ratios (e.g., F[25]/F[60]xm]), polycyclic aromatic
hydrocarbon emission (PAH) deficits, and emission line fluxes (e.g., [Ne V] at
14.3um) consistent with central AGN activity (e.g., Armus et al. 2004, 2006; Far-
rah et al. 2003; de Grijp et al. 1985). Indeed, 35-50% of ULIRGs with luminosity
above Ligof 10'*3 L, show optical and NIR spectra consistent with AGN activity
(Kim, Veilleux & Sanders, 2002; Tran et al. 2001; Veilleux, Kim & Sanders, 1998).
These results suggest that these merging systems are simultaneously undergoing
a massive star formation and central black hole growth phase.

Observed similarities such as these between starburst galaxies, ULIRGs and
quasars prompted Soifer et al. (1987) and Sanders et al. (1988a,b) to propose
an empirically derived evolutionary sequence which connects galactic starbursts
to quasars through galaxy mergers. In this picture, the fueling of the central
black hole and AGN growth phase is realized during the major merger when
gaseous inflows trigger nuclear starbursts as well as central black hole growth.
The dusty galaxy transitions from a cold, starburst dominated ULIRG, to a warm,
AGN-dominated ULIRG (where "cold” and "'warm’ refer to F[25/60um] ratios),
and, as supernovae and stellar winds clear the obscuring gas and dust, to an
optical quasar. In this sense, galaxy mergers provide a unique laboratory for
studying the possible co-evolution of starbursts, black hole growth and activity,
and spheroid formation.

Recent models have provided a theoretical foundation and further evidence
for a merger-driven starburst-AGN connection in galaxies. Specifically, simula-
tions by Springel, Di Matteo & Hernquist (2005a) have shown that galaxy mergers

can fuel large-scale gaseous inflows (e.g., Barnes & Hernquist 1991, 1996) which
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trigger nuclear starbursts (Mihos & Hernquist 1996; Springel et al. 2005a) as well
as promote central black hole growth (Di Matteo, Springel & Hernquist 2005).
Subsequent winds associated with the growth of central black holes can lift the
veil of obscuring gas and dust, and along several sightlines produce a quasar
with comparable lifetimes, luminosity functions, and observed B-band and X-ray
properties to those observed (Cox et al., 2006b; Hopkins et al. 2005a-d; 2006a-d).
The merger remnants quickly redden owing to gas depletion and the impact of
teedback from star formation and black hole growth (e.g., Springel et al. 2005b)
and resemble elliptical galaxies in their kinematic and structural properties. In-
deed, the population of stars formed during the starbursts accounts for the central
“excess light” seen in ongoing mergers (e.g., Rothberg & Joseph 2004, 2006) and
provides a detailed explanation for the luminosity profiles of old ellipticals (e.g.,
Kormendy et al. 2007; see Mihos & Hernquist 1994a; Hopkins et al. 2007e,£,g).

A consensus picture has thus been borne out from these observations and
simulations over the last two decades in which so called "feedback’ processes as-
sociated with winds from star formation and black holes act to self-regulate the
growth of both the stellar and black hole masses in galaxies (e.g., Fabian 1999; Silk
& Rees 1998). Indeed, the effects of starburst and AGN feedback-driven winds
have been observed in local galaxies (e.g., Heckman et al. 2000; Martin 2005;
Rupke, Veilleux & Sanders 2005a-c; Rupke & Veilleux 2005; Tremonti, Moustakas
& Diamond-Stanic 2007), as well as those at high-z (e.g., Narayanan et al. 2004;
Pettini et al. 2002; Shapley et al. 2003) by way of absorption line outflows. How-
ever, the direct effect of feedback processes (especially from the highly efficient
central AGN) on the emission properties of galaxies is not yet well characterized
(see Veilleux, Cecil & Bland-Hawthorn 2005 for an extensive review and associ-

ated references). In this sense, it is important to relate theories of galaxy forma-
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tion and evolution which incorporate physically motivated models of feedback
processes to observational signatures of winds across the electromagnetic spec-
trum.

In particular, observations of molecular gas in galaxies have proven valuable
in characterizing the physics related to nuclear star formation and central AGN
fueling in galaxy mergers as the molecular gas serves as fuel for both star forma-
tion and the central black hole(s). For example, interferometric observations of
molecular gas in ULIRGs show that most typically harbor ~10'° M, of molec-
ular gas within the central 1.5 kpc (Scoville et al. 1986; Bryant & Scoville 1999).
Moreover, high resolution maps of dense molecular gas at submillimeter wave-
lengths in ULIRGs have revealed kinematic structures of double nuclei in merg-
ers (Scoville, Yun & Bryant 1997), bar-driven inflows (Sakamoto et al. 2004), and
the density structure of gas fueling the central AGN (Iono et al. 2004).

With the increased spatial resolution and sensitivity afforded by the latest
generation of (sub)mm-wave interferometers (e.g., the SMA, CARMA, PdBI), a
number of recent observations have been able to pioneer investigations as to the
effects of galactic winds on molecular gas emission in galaxies (e.g., Iono et al.
2007; Sakamoto, Ho & Peck 2006; Walter, Weifs & Scoville 2002). Detections such
as these are expected to become more routine in upcoming years as the ALMA
interferometer becomes available. An important complement to these current
and forthcoming observations of molecular line emission from starburst galaxies
and AGN are physical models which directly relate CO emission properties to
galactic scale winds.

In this context, it is our aim to investigate the role that galactic winds can
play on CO emission properties from starburst galaxies and AGN via numerical

simulations. In particular, we focus on specific signatures imprinted by winds
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on imageable CO morphologies and emission line profiles. In this chapter, we
present self-consistent radiative transfer calculations for the emission properties
of CO molecular gas in gas-rich galaxy mergers which account for the winds
associated with both star formation and black hole growth.

In § 4.3, we describe the hydrodynamic simulations. In § 4.4 we provide an ex-
ample of our methods by applying our radiative transfer calculations to a model
of a star-forming disk galaxy. In § 4.5, we discuss the effect of winds on observed
CO morphologies. We explore the response of emission line profiles to winds in
§ 4.6, present a broader discussion of these results with respect to observations
in § 4.7, and summarize in § 4.8. Throughout this paper, we assume a ACDM

cosmology with ~h=0.7, 2,=0.7, {;=0.3.

4.3 Numerical Methods

43.1 Hydrodynamics

The hydrodynamic simulations used for this study employed a modified version
of the publicly available N-body/SPH code, GADGET-2 (Springel, 2005), adopt-
ing the fully conservative formulation of SPH developed by Springel & Hern-
quist (2002). The methods used to construct the progenitor galaxies, as well as a
detailed description of the algorithms used to simulate the physics of feedback
from star formation and accreting black holes is detailed in Springel, Di Matteo
& Hernquist (2005a), and we direct the reader toward this work for further infor-
mation. Here, we briefly summarize these methods, and describe the specifics of
the modeling most pertinent to this chapter.

The interstellar medium (ISM) is modeled as a multi-phase medium in which
pressure feedback from supernovae heating is treated through an effective equa-

tion of state (EOS) (Springel, Di Matteo & Hernquist, 2005a). The disk galaxies
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used as progenitors in these simulations employed a softened EOS with softening
parameter grog=0.25 (see Figure 4 of Springel et al. 2005a). The ISM is modeled
to include cold, dense gas surrounded by a hot ISM, and is realized numerically
through “hybrid” SPH particles (Springel & Hernquist, 2003b). In this formula-
tion, cold ISM is allowed to grow through radiative cooling of the hot ISM, and
conversely feedback associated with star formation can evaporate cold clouds
into diffuse, hot gas. Star formation follows the prescription of Springel & Hern-
quist (2003b) and is constrained to fit the Schmidt/Kennicutt observed star for-
mation laws (Kennicutt, 1998a,b; Schmidt, 1959).

In order to explore the effects of galactic winds on the molecular ISM, we in-
clude a formulation for both accreting black holes, and winds associated with
massive starbursts. In our SPH formalism, the black holes are included as sink
particles which accrete gas from the surrounding ISM. The accretion is treated
with a Bondi-Lyttleton-Hoyle parametrization (Bondi & Hoyle, 1944, Hoyle &
Lyttleton, 1939) with a fixed maximum rate corresponding to the Eddington limit.
The black hole radiates such that its bolometric luminosity is given by L=eMc?
with accretion efficiency €=0.1. We further assume that 5% of this energy couples
to the surrounding ISM such that 0.5% of the accreted mass energy in our sim-
ulations is reinjected isotropically into the ISM as thermal energy (a parameter
choice which allows the merged galaxy to reproduce the local MpH-0 normal-
ization [Di Matteo, Springel & Hernquist, 2005]). Hence, the black hole energy

deposition rate into the ISM may be expressed as

EBH = EeffectiveMBch (41)

where €cfrective=0.005 (Cox et al. 2007; Springel, Di Matteo & Hernquist. 2005a).

Starburst winds are treated utilizing the constant wind models of Springel &
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Hernquist (2003b). In this formulation, the mass loss rate (denoted by M,) is

assumed to be proportional to the star formation rate (denoted by M,), such that:

where 7 quantifies the wind efficiency. The wind is assumed to have a speed

constrained by a fraction of the supernova energy (x):

1 . .
§vai = xesn M, (4.3)

In a recent study of galactic winds in galaxy mergers, Cox et al. (2007) found
that highly efficient, high velocity winds (n >1) may be unphysical in that they
tend to prevent any starburst after the major merger. We thus choose a moderate
wind efficiency of =0.5, and constant wind velocity v,,=837 km s™! for this study.
These numbers are consistent with the favored momentum-driven wind scalings
for the galaxy masses we simulate found by Oppenheimer & Davé (2006). For
more details concerning constraints on wind velocities and efficiencies in galactic
scale simulations, we refer the reader to Cox et al. (2007).

The energy input rate into the ISM from star formation may be expressed as
Esb = ESNA]\I* (44)

where egy is the energy imparted by supernovae, per solar mass, taken here to be
1.4 x10" ergs M, ~! (Springel & Hernquist 2003b).

The progenitor galaxies in our models contain a dark matter halo initialized
with a Hernquist (1990) profile, concentration index c¢=9, spin parameter A\=0.033
and circular velocity V500=160 km s~*. The galaxy’s exponential disk is rotation-
ally supported and comprises 4.1% of the total mass. We utilize 120,000 dark
matter particles, and 80,000 total disk particles, 40% of which are gaseous in na-

ture, the remainder serving as collisionless star particles. The total masses of the



73

progenitor galaxies were 1.4x10"*M,), and the final merger produced a central
black hole with mass ~5x10"M,. The softening lengths were 100 pc for baryons,
and 200 pc for dark matter.

We have conducted five binary merger simulations. Each of the progenitor
galaxies in our simulations was constructed with the aforementioned physical
parameters, and the varied parameters include initial orbit, V0, gas fraction and
types of wind included (e.g., starburst and/or AGN). Identical progenitor galax-
ies were used in each simulation, save for the single model with an increased
gas fraction. The initial conditions for the merger simulations are summarized
in Table 5.1, and we will henceforth refer to the simulations by their model name
listed in Column 1 of Table 5.1. In order to simplify analysis and limit the number
of free parameters, throughout this paper we will largely analyze the properties
of the four simulations which share the same merger orientation and have 40%
initial gas fraction, and utilize the coplanar simulations (model co-BH) for only

specific comparisons.

432 Overview of A Major Merger

In the binary merger simulations presented here, after the initial passage of the
merging galaxies, gas is driven into the nuclear regions owing to tidal torquing
(Barnes & Hernquist, 1991, 1996). This begins a major black hole growth phase.
While the galaxies approach toward and undergo final coalescence' (hereafter de-
tined as the in-spiral stage) they go through a massive starburst and LIRG/ULIRG
phase while the central black hole grows as an enshrouded AGN following the

Nuclear Coalescence is defined for the purposes of this paper as when the progenitor BH par-
ticles are separated by less than a smoothing length, and are thus no longer distinguishable. BH
particles are included for all models in this paper, although they are do not accrete in model no-
winds. Coalescence could equivalently be defined as when the stellar bulges of the progenitors
are no longer distinguishable, though in practice the choice of a definition for nuclear coales-
cence is somewhat arbitrary and makes little difference in the results. The time of coalescence is
typically T~1.6 Gyr, though varies slightly from model to model.
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of time for model BH. The arrow in the top panel denotes the point of nuclear

coalescence.
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Table 4.1. Progenitor Galaxies and Wind Models

Run Other Names Used 01 b1 02 b2 Vyir Gas Frac BH SNe
(kms—1)
BH e 30 60 -30 45 160 0.4 yes  no
no-winds e-no 30 60 -30 45 160 0.4 no no
sb - 30 60 -30 45 160 0.4 no yes
sbBH - 30 60 -30 45 160 0.4 yes  yes
co-BH h 0 0 0 0 160 04 yes  no

1Column 1 is the name of the model used in this chapter. Column 2 lists alternative names for these
models used by Chakrabarti et al. (2007a,b), Cox et al. (2006a,b; 2007), Hopkins et al. (2005a-d; 2006a-d;
2007h), and Robertson et al. (2006a-c), for comparison. Columns 3 & 4 are initial orientations for disk
1, Columns 5 & 6 are for disk 2. Column 7 gives the virial velocity of the progenitors and Column 8
gives their initial gas fractions. Columns 9 and 10 describe the types of winds (optionally) included in

each model.

methodology developed by Springel et al. (2005a). In the models which include
AGN feedback-driven winds, after nuclear coalescence, the thermal energy asso-
ciated with the black hole accretion drives a powerful wind into the surrounding
ISM and strongly reduces the star formation rate. During much of this time, along
several sightlines, the object may be viewed as an optical quasar (Hopkins et al.
2005a-d; 2006a-d; 2007h). The galaxy then proceeds to evolve passively into a
red elliptical galaxy (Springel, Di Matteo & Hernquist, 2005b). In Figure 4.1, we
show as a reference the SFR, black hole accretion rate, and bolometric luminosity
of model BH throughout the time period considered in this chapter.

The galaxies and quasars formed via this formulation for AGN feedback in
galaxy merger simulations have proven consistent with observed quasar lumi-
nosity functions and lifetimes (Hopkins et al. 2006a-d, 2006a,c,d; though see
Richards et al. 2006), as well as the locally observed Mpgy-Mpyge relation (Di Mat-
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teo et al. 2005; Hopkins et al. 2007a,b; Robertson et al. 2006a,c). These sim-
ulations have also shown successes in reproducing observed X-ray, IR and CO
patterns characteristic of ULIRGs and quasars (Cox et al. 2006b Chakrabarti et
al. 2007a,b; Narayanan et al. 2006a, respectively), the bimodal galaxy color dis-
tribution (Springel, Di Matteo & Hernquist, 2005b; Hopkins et al. 2006b), Seyfert
galaxy luminosity functions (Hopkins & Hernquist, 2006), the kinematic struc-
ture of merger remnants (Cox et al. 2006a), and observed properties of z ~ 6

quasars (Li et al. 2007a,b; Narayanan et al. 2007a).

4.3.3 General Wind Properties in the Simulations

In principle, there are three mechanisms for driving winds in our major merger
simulations: via shock heated gas (Cox et al. 2004, 2007), starburst (Cox et al.
2006¢, 2007) and AGN-feedback (Cox et al. 2007; Hopkins et al. 2005a-d; Springel,
Di Matteo & Hernquist 2005a,b). In practice, however, outflow rates in the sim-
ulations are dominated by winds driven by starbursts and AGN feedback. This
was explicitly shown by Cox et al. (2007) who found that during the active phase,
the outflow rate owing to shock heated gas was at most an order of magnitude
less than that from starbursts and/or AGN. Thus for the rest of this chapter,
we will focus primarily on the effects of winds from star formation and AGN-
teedback, and rely on the model without these winds (though with shock-heated
winds) as the fiducial comparative model. We note that Table 1 refers to this
model as 'no-winds’ though in practice winds owing to shock heated gas do ex-
ist, albeit with minimal impact on the molecular ISM.

We next review some of the broader physical effects generated by AGN feed-
back driven and supernovae-driven winds. In a recent comprehensive study of
galactic winds in mergers utilizing (among others) identical models to those pre-

sented here, Cox et al. (2007) analyzed the decoupled properties of starburst and
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Figure 4.2 Instantaneous feedback energy rate (left) and integrated feedback en-
ergy (right) input into the ISM by black holes (dotted line) and starburst winds
(solid line) for model sbBH. The hatched region is the ~0.3 Gyr period of peak
starburst and black hole activity which will be considered for the remainder of
this paper. While the integrated feedback from star formation and black holes is
roughly equivalent, the starburst delivers its energy in a slow and steady manner
from simulation time T=0 spread out over much of the galaxy, in contrast to the
near point explosion characteristic of the black hole winds. The arrow in the bot-
tom panel denotes the point of nuclear coalescence. Model results first published

in Cox et al. (2007).
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AGN feedback-driven winds in galaxy merger simulations. We refer the reader
to this work for a thorough analysis of these effects, and highlight here the wind
properties most relevant to the discussion of this paper.

As a reference, we first show the instantaneous and integrated feedback en-
ergies for model sbBH in Figure 4.2 (e.g., Equations 4.1; model results first pub-
lished in Cox et al. 2007). We highlight (hatched area) the period of peak starburst
and AGN activity which we will focus on for the remainder of this study, and de-
note as the “active phase”. We focus on this period as the models exhibit their
peak wind activity during this time.

The first passage of the galaxies triggers a starburst event, fueling star forma-

tion rates to ~50Myr—*

, irrespective of the presence of a central black hole. At
this point, starburst-driven winds begin to disrupt the central cold gas supplies,
limiting to some degree (dependent on the wind efficiency and speed) the mag-
nitude of the starburst. In the simulations presented here, during the in-spiral
stage, prior to nuclear coalescence, ~90% of the stellar mass (and thus ~90% of
the starburst generated wind mass) is produced (Cox et al. 2007).

The growth of the central AGN and associated feedback winds develops along
a markedly different story line. While the initial passage and in-spiral stage of the
galaxy merger fuels central black hole growth, the majority of black hole growth
occurs during the active phase highlighted in Figure 4.2, typically around nuclear
coalescence. The exact percentage of black hole growth that occurs during the
active phase is dependent on galaxy mass (Cox et al. 2007), but the generic trends
are robust.

After the active phase, the total integrated feedback energy deposited into the

ISM from star formation and black holes is roughly the same. However, the in-

stantaneous properties are different. While the energy input from star formation
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winds is spread out over the entire in-spiral and active phase, the black hole of-
fers a relatively short impulse of energy. The result of the slow buildup of the
stellar mass and relatively rapid black hole growth phase results in black holes
contributing over five times the energy input to the ISM as stars during the active
phase (Cox et al. 2007). This will have important consequences on the relative im-
pact of winds on CO emission from starbursts and AGN. Throughout this chap-
ter, we will focus on the rough peak of the active phase, specifically T~1.6-1.8

Gyr.

4.4 Isolated Disk Galaxy

To illustrate the generic properties of our methods, we have allowed a fiducial
40% gas fraction progenitor disk galaxy to evolve as outlined in Springel et al.
(2005a). For reference, in Figure 4.3, we plot the H, column density map through
the model disk galaxy. In Figure 4.4 we present the CO (J=1-0) through (J=10-9)
intensity contours for comparison with observations where the intensity units are
K-km s~! where the temperature unit is a Rayleigh-Jeans temperature.

The CO (J=1-0) emission traces the star forming molecular gas through the
spiral arms and becomes more intense near the starbursting nuclear region. Ad-
ditionally visible are individual concentrations of cold gas and star forming re-
gions emitting as discrete pockets of CO (J=1-0) emission throughout the spiral
arms. Higher density CO transitions probe gas of a higher critical density. Thus
the higher-lying transitions probe the higher density peaks, and become more
centrally concentrated, following the density distribution in the galaxy.

At first glance, the emission contours from e.g., the CO (J=1-0) image appear
to peak at higher temperatures (15) than are typically recorded from observations

of local star forming spirals. This effect owes to the spatial resolution of the radia-
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Figure 4.3 Hy column density for fiducial progenitor disk galaxy (CO contours

shown in Figure 4.4). The panel is 12 kpc on a side, and the scale is on top.



81

CO J=7-6

N

Ty (K km s
Fl T J
t
o g ! 1
4] 108 216 324 432

Figure 4.4 Simulated CO (J=1-0) through (J=9-8) emission contours for progeni-
tor disk galaxy. While lower CO transitions trace the bulk of the molecular gas,
higher lying transitions with relatively high critical densities probe only the nu-
clear star forming regions. Panels are 12 kpc on a side, and scale on bottom is in

units of K-km s—!.
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Figure 4.5 Normalized CO SED of a representative progenitor disk galaxy. The
CO SED is decomposed into contribution from the nuclear (central kpc) region
and the rest of the galaxy. The CO SED shows the relative flux density for differ-
ent CO transitions, and plots the frequency of the transition on the bottom axis
and upper J state on the top axis. The peak in the total CO SED as well as that just
from the starbursting nucleus is consistent with results derived from local star-
burst galaxies, supporting our methodology for deriving CO excitation patterns

in galaxy simulations (Bradford et al. 2005; Weifs et al. 2005b).
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tive transfer models (~250 pc). When simulating more practical observing condi-
tions, the results from our modeling are quite comparable to observations of lo-
cal universe spirals. As an example, we compare our models to 50” observations
by Scoville & Young (1983) of CO (J=1-0) emission from M51. When our model
disk galaxy was scaled to be at the distance of M51 and the CO (J=1-0) emission
convolved to the same resolution as the Scoville & Young observations, the inte-
grated intensity in our model was comparable to the ~ 60 K-km s~ observed in
M51 (Scoville & Young, 1983).

In Figure 5.2 we present the normalized CO line spectral energy distribution
(SED) of the model face-on disk galaxy. The CO SED represents the total inte-
grated flux density emitted from each line and serves as a diagnostic for the exci-
tation conditions in the molecular gas. These are plotted as the CO integrated flux
density versus the upper rotational quantum number of the transition. CO SEDs
are particularly useful in studies of unresolved high-z sources (e.g., Narayanan
et al. 2007a; Weif3 et al. 2005a, 2007). We have also decomposed the CO SED by
plotting the contribution to the flux from the starbursting nucleus (central kpc)
and from the rest of the galaxy.

The CO flux density rises up to the CO (J=5-4) transition, and then drops to-
ward higher excitation lines. The intensity from the highly excited component of
the CO gas (e.g., ]>6) comes primarily from the warm and dense conditions in the
nuclear starburst regions whereas the outer regions of the galaxy (e.g., radius=1-6
kpc) contribute less to the total flux density from high lying lines. This is in good
agreement with observations of local starbursts. For example, in a CO SED de-
composition of M82, Weifs et al. (2005b) found that the central regions peak at the
CO (J=6-5) transition whereas the total SED peaks near the CO (J=4-3) transition.

Similarly, the CO line SED from the nuclear region of NGC 253 peaks near J=7 or
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J=8 (Bayet et al. 2004; Bradford et al. 2003, 2005)

4.5 CO Morphology in Mergers with Winds

Our approach in combining non-LTE radiative transfer calculations with SPH
simulations allows us to uniquely explore, for the first time, a variety of the de-
coupled effects of starburst and AGN feedback-driven winds on the molecular
gas emission from galaxy mergers. In particular, a powerful tool for understand-
ing the spatial distribution of molecular gas in local mergers is through high reso-
lution velocity-integrated intensity contour maps. These can serve to describe the
morphology and kinematics of the star-forming molecular gas, as well as charac-
terize the nature of star-forming regions through observations of multiple excita-
tion levels (e.g., Iono et al. 2004). Indeed, such maps have revealed, for example,
the compact nature of molecular emission in mergers (Bryant & Scoville, 1999),
the double-nucleus in the central regions of Arp 220 (Sakamoto et al. 1999), and
the large scale distribution of atomic and molecular gas in colliding galaxy sys-
tems (Iono, Yun & Ho, 2005). In this section, we build on the current understand-
ing of CO morphologies in interacting systems by describing the response of the
CO morphology to starburst and AGN feedback-driven winds. We first discuss
general properties of the CO morphology in mergers, and then continue with a
discussion of signatures of galactic winds apparent in CO emission maps via im-
ageable outflows. We conclude the section with a brief discussion of secondary

effects of galactic winds in affecting the spatial extent of CO gas.

451 General Properties of CO Morphology

In Figure 4.6, we show the evolution of the CO (J=1-0) emission during a ma-
jor merger of two disk galaxies simulated in run sbBH (model with starburst and

black hole winds). The properties discussed in this subsection (§ 4.5.1) are generic
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Figure 4.6 Contours of velocity-integrated CO (J=1-0) emission at various snap-
shots through evolution of merger model sbBH, with both starburst and AGN
teedback-driven winds. The results discussed here are generic for all wind mod-
els. Upon nuclear coalescence (T=1.7 Gyr) a burst of star formation drives the CO

luminosity to near peak values. The CO luminosity then fades as star formation
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to each of our models, regardless of wind parameter choice. The images in Fig-
ure 4.6 start after the first passage of the galaxies, when they are approaching for
their final coalescence. The tidal interaction of the first passing of the galaxies
causes ‘streamer’ gas to emit in the intergalactic space between the two galaxies.
The CO morphologies are disturbed by the first passage itself, and the CO emis-
sion is extended in nature until the nuclei have fully merged. The first passage of
the galaxies induces a burst of star formation, peaking in the nuclear regions of
each galaxy. This is reflected in the luminous CO emission at the center of each
galaxy.

Because the CO (J=1-0) can be thermalized at relatively low critical densities,
and lies only ~5 K above ground, it serves as a good tracer for total molecular
gas content. Both diffuse envelopes of clouds as well as dense cores can emit
CO (J=1-0) flux. Conversely, emission from higher lying lines of CO, and high
dipole moment molecules (e.g., HCO+, HCN, CS) arises primarily from dense
cloud cores. Thus, higher lying CO lines (e.g., CO J=3-2) from the merger broadly
follow the distribution of the CO (J=1-0) line, but remain more compact in nature,
generally emitting only from the dense starbursting nucleus. This was explicitly
seen in the disk galaxy in Figure 4.4 as well.

The total CO intensity peaks soon after the progenitor galaxies lose individ-
ual identity, and there is only one surface brightness peak. During this time, stars
formed in the merger-induced starburst heat up the molecular gas such that col-
lisions readily excite the CO in the warm (T~50 K) and dense (n ~10*cm™?) gas.
The columns are still quite large through the nucleus as the starburst has not had
time to consume the available molecular gas.

The velocity-integrated CO intensity across all transitions drops through the

evolution of the merger. This can be attributed to global consumption of cold
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molecular gas by star formation over time. This result is consistent with obser-
vations by Gao & Solomon (1999) who found from CO (J=1-0) emission that the
total molecular gas content of a merger decreases as a function of projected nu-

clear separation in galaxy mergers.

4.5.2 Molecular Outflows

Starburst and AGN feedback-driven winds can leave an imprint on the molecular
line emission via large scale imageable molecular outflows. These winds are seen
to entrain large masses of molecular gas in outflows which appear prominently
as a secondary surface brightness peak in velocity-integrated emission contour
maps (Narayanan et al. 2006a).

In this section, we discuss the properties of the CO morphology in the con-
text of these outflows. The outflows discussed here are only those which are
large enough to be visible via CO (J=1-0) emission maps. For the purposes of un-
derstanding general trends of imageable outflows in this section, we will find it
convenient to define an imageable outflow as any CO emission peak at least 50%
of the nuclear emission maximum, with a projected distance at least 1.5 kpc away
from the galactic nucleus. The molecular outflows are defined only after nuclear
coalescence, and thus also follow the requirement that the CO emission peak be
separate from the stellar surface density peak.

Before continuing, we note that the simulations chosen here are not extreme
in any way (Figure 4.1). The peak B-band luminosity during the quasar phase is
~10"L, . Similarly, the peak IR luminosity is ~10'*L,, , allowing the galaxy to
be just visible as a ULIRG. More massive mergers (e.g., Cox et al. 2007), and, as
will be discussed in § 4.5.2.3, more coplanar mergers will drive stronger winds,

leaving the simulations in this section representative of lower limits.
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4521 Outflow General Properties

Here, we discuss the general properties of both starburst and AGN feedback-
driven outflows which appear in CO emission maps. While there are differences
in some specific properties of the outflows based on the type or strength of the
driving wind, we defer those comparisons to later subsections and focus this sub-
section on the outflow properties shared by all the simulations presented here.

In Figure 4.7, we show an example of molecular gas entrained in the outflow
from model BH (AGN winds only; outflow first described in Narayanan et al.
2006a). The cold gas in the outflow is not completely ablated by starburst and
AGN heating. While the CO emission from cold gas in the outflows closest to
the nucleus is faint owing to lower columns of cold molecular gas, clouds which
remain more deeply embedded in the outflow continue to exhibit active star for-
mation. During short (~5 Myr) time intervals, the CO (J=1-0) velocity-integrated
intensity from galactic outflows can be seen to be comparable (within a factor of
~2) to the galaxy’s nuclear emission.

The imageable outflows typically correspond to entrainments of mass ~10°3-
10°M;), with peak H, column of ~10*2-10**cm™2 (within the constraints of our
definition of an imageable outflow, § 4.5.2). The more massive outflows in this
mass range tend to be seen closer to the point of nuclear coalescence, with a trend
toward decreasing outflow mass as the merger progresses. This owes to more
loosely bound gas near the time of coalescence, as well as the feedback energy
rate being near its peak (Figure 4.2). These outflow masses are typically 5-15% of
the total molecular gas mass. In the mergers e, sb, and sbBH, with random disk
orientation angles, the outflows do not occur in any preferred direction. As we
will discuss later, this is not the case for the coplanar model.

The entrained clouds can be relatively excited, allowing outflows to be image-
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able at higher-lying CO transitions (e.g., ] >4). In Figure 4.8, we show the outflow
from the first panel of Figure 4.7 in CO transitions J=1-0, J=3-2 and J=4-3. The
latter two transitions have a relatively high critical density of $10° cm~®meaning
they are typically thermalized only in the dense cores of GMCs, and may rely
on radiative pumping for excitation in other parts of the ISM. The warm and
dense gas heated by active star formation in the deeply embedded clouds in the
outflows collisionally excite the CO gas into higher levels. In fact, the CO flux
density in the outflow peaks at J=4, consistent with actively star-forming gas
and multi-line measurements of excitation patterns in starburst-driven outflow
of M82 (Walter, Weif$ & Scoville, 2002). It should be noted that the relative visible
lifetimes of outflows in higher-lying transitions may be much smaller than at CO
(J=1-0). For example, the outflow presented in Figure 4.7 appears as a unique
secondary surface brightness peak ~35 Myr at CO (J=1-0). In the CO (J=3-2) tran-
sition, the same outflow is distinguishable from the background for only ~20

Myr.
4522 Relative Role of AGN and Starbursts in Powering Imageable Outflows

As an illustrative point demonstrating the relative contributions of starburst and
AGN winds in driving imageable molecular outflows, in Figure 4.9 we plot three
snapshots during the period of nuclear coalescence for models no-winds, BH, sb,
and sbBH (thus varying only the form of winds included, and not geometry of the
merging galaxies). The wind-dependent morphological differences in the models
are typically minimal near the point of nuclear coalescence, and thus the outflows
imaged at this time serve as a reasonable comparison for the capacity of different
wind models to drive outflows. Here, loosely bound gas near the inner regions is
seen to be entrained in nuclear galactic winds. For reference, these outflows are

the same as those shown in Figures 4.7 and 4.8.
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Figure 4.7 Velocity-integrated CO (J=1-0) emission map of imageable molecular
outflows (shown by arrow) seen in the model with black hole winds only (see
also Narayanan et al. 2006a). Thermally driven winds associated with black hole
growth can entrain large masses (~ 10® — 10°M, ) of molecular gas, resulting in
directly imageable outflows. For reference, nuclear coalescence is at T=1.6 Gyr.

The units are K-km s™! (scale on right), and the panels are 12 kpc each.

Model BH is able to drive strong, imageable outflows (4th row, Figure 4.9)
with properties described generally in § 4.5.2.1. The black hole feedback is tightly
associated with the accretion rate, and thus the AGN wind is produced over a
very short period of time and peaks soon after nuclear coalescence. Relative to
the evolution of the galaxy, the AGN wind generically acts like a point explosion,
and the bulk of the energy is imparted to the ISM nearly instantaneously. In-
deed, Hopkins et al. (2006c) and Hopkins & Hernquist (2006) have shown explic-
itly that these AGN-driven winds are well-characterized by generalized Sedov-
Taylor solutions for point explosions. The imageable outflows in model BH are
primarily seen soon after the major merger, when the gas is still highly dynamical
and loosely bound. They are also seen near the height of quasar activity, when
the AGN feedback-driven winds are strongest.

The starburst driven winds are also able to power outflows (2nd row, Fig-
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CO (J=1-0) CO (J=3-2)

Figure 4.8 First panel of Figure 4.7 in commonly observed CO transitions J=1-0,
J=3-2, and J=4-3. The massive and dense outflows entrain numerous GMCs, and
continue to actively form stars. Dense cores in entrained GMCs emit strongly
in higher-lying CO transitions, and can be imaged in J=3-2 and J=4-3, at submil-
limeter wavelengths. The outflow lifetime typically drops with transition as the
outflows become more diffuse further from the nuclear regions (see text). For ref-

1

erence, nuclear coalescence is at T=1.6 Gyr. The intensity scale in K-km s™" , and

the scale is on the right. Each panel is 12 kpc on a side.
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Figure 4.9 CO (J=1-0) emission contours in snapshots of models no-winds, sb,

sbBH and BH (thus varying only wind models) near nuclear coalescence. The

first snapshot in each row is the point of nuclear coalescence, and the timestamps

at the top left refer to the length of time after coalescence. Loosely bound gas soon

after the merger is visible in the nuclear regions of the model without winds (no-

winds, top row). As the strength of the winds increases (second through fourth

rows), this gas is entrained and can be imaged in outflow. The wind with the

strongest instantaneous impact is the AGN-only simulation (model BH) as the

presence of starburst winds can slow accretion onto the central black hole. Thus,

the outflows in the AGN-only wind model are the most dramatic. Each panel is
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ure 4.9), albeit less strongly than in the AGN-wind models; consequently, these
outflows are detectable via emission mapping for shorter periods of time. The
typical lifetime of an outflow such that it is detectable in CO (J=1-0) in the sb sim-
ulation (with only starburst winds) is ~20-25 Myr (compared with ~35 Myr in
the AGN only model). On average, 3-5x10°M,) are entrained, although outflows
as small as ~107M@ are seen to occur, consistent with observations of starburst
driven outflows by Sakamoto et al. (2005) and Walter et al. (2002). It should
be noted that these values are derived within the constraints of the parameters

chosen for our starburst winds (7=0.5, v,,=837 km s~!

; §4.3). In principle, a more
efficient wind might increase the mass outflow rate, but, as discussed in Cox et al.
(2007), such parameter choices were found to quench merger-induced starbursts,
and are thus probably not representative of e.g., ULIRGs.

The relative weakness of starburst-driven outflows compared to the AGN
only model is a direct consequence of the lower peak energy input from the
starburst-driven winds, and hence lower power. During the active phase, the
feedback from black holes inputs more than five times the energy as that im-
parted by star formation. This can be attributed to two causes. First, black hole
growth is far more efficient at converting accreted mass into thermal energy than
star formation. For example, by utilizing Equations (4.1) and (4.4), Cox et al.
(2007) noted that the relative efficiency of black holes to star formation in con-
verting gas mass to energy deposited into the ISM was of order ~640. (See, also,
Lidz et al. 2007.) Second, during the active phase, the relative black hole growth
rate is much larger than the concomitant SFR. During this time, while the BH
grows by a factor of ~4, only ~8% of the final stellar mass is formed (Cox et al.
2007). In contrast, ~90% of the stellar mass (and consequently, stellar winds) is

produced during the in-spiral stage, prior to the active phase.
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The effect of including both starburst and AGN winds is demonstrated in the
third row of Figure 4.9. The outflows produced are more massive and longer
lived than the starburst-only wind models, but less so than the AGN-only wind
models. The greater capacity to drive outflows over the starburst winds only
model (sb) can be attributed to the extra energy input given by the accreting black
hole(s). However, the outflows in Figure 4.9 are seen to be less powerful than
those in the black hole only model. This effect owes to the starburst winds that
occur prior to nuclear coalescence. As shown explicitly by Cox et al. (2007),
starburst winds lower the amount of rotationally supported gas early during the
in-spiral stage, which limits the amount of gas available for immediate funneling
into the central nucleus via tidal torquing (Hernquist, 1989; Mihos & Hernquist,
1994b, 1996). This gas does eventually rain into the nuclear potential, fueling
black hole growth and producing a black hole with the same mass as in the AGN
wind only model (BH) and a galaxy that lies on the Mpy-o, line (Cox et al. 2007;
Di Matteo, Springel & Hernquist, 2005; Robertson et al. 2006a), as well as the
black hole fundamental plane (Hopkins et al. 2007a,b). However, the black hole
growth is integrated over significantly longer time, and thus the impact of the
associated winds on molecular gas emission is diminished from the AGN-only
model.

The relative effects of AGN feedback and starburst-driven winds on powering
imageable molecular outflows can be summarized in Figure 4.10, where we plot
the mass of imageable outflows as a function of time for models BH, sb and sbBH.
The masses of gas each model is able to drive in an outflow is comparable to
within a factor of ~2-3. AGN feedback-driven winds drive imageable outflows
clustered primarily around nuclear coalescence and the peak period of black hole

accretion. In comparison, the models with starburst driven winds (sb and sbBH)
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Figure 4.10 Masses of imageable outflows as a function of time for model BH,
averaged over three orthogonal sightlines for models BH, sb and sbBH. The
masses of a typical imageable outflow are comparable between models, though
the AGN-only model is able to drive outflows for longer periods of time than the
simulations with starburst winds. For reference, the times of nuclear coalescence

are T=1.6 Gyr for model BH and T=1.7 Gyr for models sbBH and sb.

power imageable outflows for relatively shorter periods.

45.2.3 Merger Orbit Dependence

The strength of outflows in merger models depends on the initial orientation of
the merging galaxies. In models where the disks are aligned, strong tidal torquing
can cause a rapid inflow of gas thus providing a sudden burst of AGN feedback
energy injected into the ISM. Alternatively, geometries such as those in the BH
and no-winds models by comparison experience less tidal torquing on the gas,
causing the major black hole accretion phase to be longer lived. In order to inves-
tigate the dependence of CO outflows on merger orbit, we have run simulation
co-BH (Table 5.1) in which the progenitor galaxies are coplanar with the orbital

plane (¢,=0,=¢,=0,=0). The stronger tidal torquing in the coplanar configuration
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results in a more efficient blow-out of material. The H, gas in the galaxy remains
confined in a thin configuration in the plane of the merger, consistent with pre-
vious simulations which showed the possibility of disk formation from major
mergers (Springel, & Hernquist, 2005; Robertson et al. 2006b).

In Figure 4.11, we show a typical outflow from the coplanar model. Similar
to the other models in Table 5.1, the primary molecular outflows occur at or near
the point of nuclear coalescence. Unlike models sb/sbBH/BH, which showed no
preferred direction for outflows, the outflows in coplanar model co-BH are seen
to occur almost exclusively in the plane of the merger with an expanding shell-
like structure.? The apparent lifetime of the outflows is dramatically increased
as well in this merger model. In the sb/sbBH/BH models, the outflows typi-
cally involve loosely bound gas entrained in AGN winds which fall back into
the nuclear potential, tending the emission toward a centrally concentrated mor-
phology. Conversely, the outflows in the coplanar model appear to continue ex-
panding within a 6 kpc (radius) region, resulting in an increasing half light radius
throughout the evolution of the post-merger galaxy. The continued presence of
imageable outflows in the coplanar model is seen explicitly in Figure 4.12, where
we show the mass of imageable outflows for models BH and co-BH (thus varying
only the orientation angle) as a function of time.

The imageable outflows are most dramatic for face on viewing angles as the
outflows are preferentially within the plane of the merger. While at some inclined
angles outflows continue to be visible, broadly, the more edge-on the viewing

angle becomes, the more difficult imageable outflows become to detect against

2We caution that the outflows seen here are unrelated to the “shells” and “ripples” seen around
many merger remnants and ordinary ellipticals. These features are stellar-dynamical in origin
and are caused by “phase-wrapping” of stars (e.g., Quinn 1984; Hernquist & Quinn 1987) as
tidal debris falls into the potential well of the remnant (Hernquist & Spergel 1992). Indeed, gas
associated with these shells is on self-intersecting trajectories and will collect at the center of the
remnant (e.g., Weil & Hernquist 1992, 1993).
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Figure 4.11 Coplanar merger simulation, co-BH, soon after nuclear coalescence.
The imageable molecular outflows occur preferentially in the plane of the merger
in a shell-like structure. An emergent outflow is visible near the top of the nuclear
region, as well as the remnant of an older outflow in the bottom right of the first
two panels. For reference, the point of coalescence for model co-BH is T=1.5 Gyr.

Scale of panels are 12 kpc.

nuclear emission. That said, outflows may be preferentially detectable along
these sightlines via spectral line signatures which we will discuss further in § 4.6.
Within the plane of the merger, outflows can be viewed in outflow, or falling back
into the nucleus throughout the entire ~200 Myr during the peak of the active
phase investigated here.

The peak black hole accretion rate and integrated energy deposited into the
ISM are similar for both the coplanar model and model BH. Consequently, the
typical physical conditions of the AGN feedback-driven outflows are roughly the
same in the two simulations. In the coplanar model discussed in this section, the
typical mass of an outflow is a few x 108M@, similar to the outflows observed in

model BH which had a more generic inclination angle for the progenitor galaxies.
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Figure 4.12 Masses of imageable outflows as a function of time for model BH and
co-BH (thus varying only merger orbit angle) averaged over three orthogonal
sightlines The masses of a typical imageable outflow are comparable between
models, though the coplanar model drives imageable outflows for longer periods

of time.



99

3E E
2 F =
Z2F E
ER- E
T 1F E
& E P L PTRLETE T R E

OE , , , L e E

1.55 1.60 1.65 1.70 1.75 1.80 1.85

Time (Gyr)

4

CO3-2

Radius (kpc)
[\®]

—_—

ROCITTT CTTTIITI (RTTRITITI (ATATTeT

0E . . . = :
1.55 1.60 1.65 1.70 1.75 1.80 1.85
Time (Gyr)
4 T T T
CO7-6 No Winds
3 BH Winds «oooeeee

Radius (kpc)
[\9]

—_—

1.65 1.70 1.75 1.80 1.85
Time (Gyr)

- o
O [TTITTTTTTT
()

—_

> b

(e

Figure 4.13 CO halflight radius as a function of time for models with AGN winds
only (model BH) and with no winds (model no-winds) for observable CO transi-
tions CO (J=1-0), CO (J=3-2) and CO (J=7-6). The emission from model BH with
winds is uniformly compact in all CO transitions, typically confined to a region of
a few hundred pc. The emission from model no-winds, without winds, is strat-
ified, with a characteristic CO (J=1-0) scale of ~1.5-2 kpc, and becoming more
compact at higher lying transitions. The arrow in the third panel denotes the

point of nuclear coalescence. (See text for details.)
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Figure 4.14 Sightline averaged halflight radius as a function of transition for mod-

els BH, no-winds, sb and sbBH (thus varying only wind parameters). The aver-

age halflight radius is calculated after nuclear coalescence. The emission from

the model without winds is relatively stratified, with emission becoming more

compact at higher transitions. The models with winds also exhibit stratification,

though the halflight radius for the lowest transitions is about a factor of two

smaller than the models without winds. The dispersion in these trends across

various sightlines is small.
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453 CO Half-Light Radius

Galactic winds can play a role in the spatial extent of CO emission in galaxy merg-
ers. After nuclear coalescence, the CO (J=1-0) emission in the simulation without
winds (model no-winds) is seen to be more spatially extended than the emission
from mergers with winds by a factor of ~2. The CO (J=1-0) emission from model
no-winds has a typical halflight radius of 1-2 kpc (Figure 4.13, top panel). The
CO emission remains on these extended scales throughout the evolution of the
merger, and star formation simply consumes the available molecular gas as fuel.
The predicted lack of extended CO (J=1-0) emission in galaxy mergers with
winds is consistent with observations. In a high resolution CO survey of five
mergers, Bryant & Scoville (1999) found the primary CO emission to be compact
and concentrated within a 300-400 pc radius of the nucleus in three sources, and
within 1.6 kpc in all of the objects in the sample. Moreover, high resolution ob-
servations and radiative transfer modeling of local mergers have confirmed the
compact nature of CO emission in mergers (Downes & Solomon, 1998). Winds
associated with growing black holes and/or starbursts may help to explain this.
In the models with winds, as the galaxies merge, the sudden inflow of gas
into the nucleus rapidly drives up the nuclear star formation rate, as well as the
accretion rate of the black hole(s). The feedback associated with star formation
and the central AGN is effective at heating the gas in the nuclear regions, and
dispersing lower density CO (J=1-0) gas, leaving behind only a dense core of cool
gas in the central regions in the winds models. The average CO (J=1-0) half light
radius after the nuclei have coalesced for the models with SNe and/or AGN is
~700 pc. This was also seen in Figure 4.6 where we showed that the major CO
(J=1-0) intensity for the model with SNe and AGN winds originates in a compact

region, in agreement with observations of local ULIRGs (Bryant & Scoville 1999;
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Downes & Solomon 1998).

In principle, these model results can be directly tested through observations
of higher lying CO lines from local galaxies. The middle and bottom panels of
Figure 4.13 show the halflight radius as a function of time for models BH and
no-winds for the CO (J=3-2) and CO (J=7-6) transitions. These transitions probe
denser gas than CO (J=1-0), and have a critical density of $10°cm™>. Figure 4.13
shows that the emission from the model with no winds is stratified such that
tracers of dense gas [e.g., CO (J=7-6)] are more compact by nearly an order of
magnitude than tracers of lower density gas [e.g., CO (J=1-0)]. In Figure 4.14 we
show the mean half light radius for each model plotted as a function of CO tran-
sition. Here, we have averaged the half light radius after nuclear coalescence in
each simulation. The CO emission in the model without winds becomes more
compact in higher lying transitions (e.g., those with higher critical densities). In
the models with SNe and/or AGN winds, the CO emission shows a similar be-
havior, but the halflight radius for the lowest transitions is about a factor of two
smaller than in the models without winds.

With these predictions, we caution that specific values quoted here are de-
pendent on a number of assumptions included in parameter choices (such as, for
example, the specific multi-phase ISM breakdown (e.g., Springel & Hernquist,
2003b) or constant CO abundances), and thus the normalization of the plots pre-
sented are to be taken within those confines. However, the general trends are
likely to be more robust. In this sense, the relatively shallow slope in half-light
radius versus transition (Figure 4.14) remains a valid observational test for the
role of galactic winds in shaping observed CO spatial extents. Finally, it is im-
portant to note that the weak trend in average halflight radius as a function of

transition in Figure 4.14 is an ensemble-averaged trend over three orthogonal
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sightlines and numerous points in the post-coalescence evolution of the galaxies.
Thus, observations examining this relationship must select samples of galaxies
after the progenitors have coalesced - in other words, after the merger has only a

single nuclear emission peak in the CO morphology.

4.6 Signatures of Winds in CO Line Profiles

4.6.1 Overview

Generically, when the nuclei of the progenitor galaxies are still resolvable, prior
to coalescence, the unresolved CO emission line exhibits multiple emission peaks
corresponding to the nuclear regions of each galaxy (e.g., Greve & Sommer-Larsen,
2006). When the molecular gas in galaxy mergers becomes dynamically relaxed,
the CO emission line is reasonably well represented by a single broad Gaussian.
Alongside this general trend, at various times throughout the evolution of the
merger, secondary (and potentially, though less commonly, tertiary and quater-
nary) peaks can be seen superposed on the broad CO Gaussian-like line. In Fig-
ure 4.15, we show a representative evolution of CO spectral lines, and how they
correspond to the CO morphology. These secondary peaks superposed on the
broad Gaussian originate in massive CO gas clumps moving along the line of
sight. In Figure 4.15, the secondary peak in the third panel represents emission
from the outflowing clump visible in the corresponding CO contour image.
While these superposed secondary emission peaks are a general feature of all
models in our simulations, the physical origin of these peaks is dependent on the
strength of the winds included in a given merger model. In particular, secondary
emission peaks with velocities greater than the circular velocity typically repre-
sent loosely bound gas which has not virialized (peaks at velocities lower than

the circular velocity may also be loosely bound gas, though they may also repre-



104

oLl 1 " 1 . L L 1 " " 1
—400 —200 0 200 400 —400-200 O 200 400 —00-200 0O 200 400
1 -1

km s kms

kms

Figure 4.15 top: CO (J=1-0) emission contours of three snapshots during the
merger simulation with winds from black holes (model BH). bottom: CO (J=1-
0) spectra of snapshots, viewing the emission from the -Z direction (coordinate
axes in top left panel). The CO emission lines early in the merger are character-
istically double-peaked, where each peak corresponds to emission from the indi-
vidual nuclear regions of the progenitor galaxies (first column). As the merger
advances, the emission lines are typically well-described by a single Gaussian
(middle column). There are excursions from this trend, however, as outflowing
gas can give rise to a secondary peak in the emission line red or blueshifted from
the systemic velocity of the galaxy (third column; this outflow and line profile
was also presented in Narayanan et al. 2006a). The emission contours each have
their own scale on the right, to facilitate color contrasts. For reference, the time of
nuclear coalescence is T=1.6 Gyr. The units of emission are in velocity-integrated

intensity (K-km s™'). The panels are 12 kpc on a side.
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Figure 4.16 Goodness of fit for a single Gaussian fit to spectra from model BH as a
function of time. When the merger is prior to and near coalescence, and the gas is
highly dynamical, and a single Gaussian provide a relatively poor description of
the emission line profile. As the gas virializes after coalescence, a single Gaussian
better represents the emission line profile. The goodness of fit is taken here as
the median of the square of the residuals. The arrow denotes the time of nuclear

coalescence.
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sent gas in rotational support; for brevity we hereafter refer to secondary peaks
at velocities greater than the circular velocity as ’high velocity peaks’). As we
will show more quantitatively, in models which include winds, this high velocity
gas is typically entrained in outflow during periods of activity (e.g., elevated star
formation rate or black hole growth), and thus give rise to high velocity peaks in
the emission line representative of outflowing gas. This is analogous to the situ-
ation seen in the CO morphologies presented in Figure 4.9 when loosely bound
gas simply fell into the central potential in the model without winds, but was
entrained in outflow in models with winds (here, models sb, sbBH and BH). This
effect of winds on CO emission profiles was first shown explicitly in similar cal-
culations by Narayanan et al. (2006a). This work demonstrated that once the
galaxies merged, large columns of gas outflowing along the line of sight can leave
their imprint on the broad single-Gaussian emission line characteristic of galac-
tic CO emission by introducing an additional superposed emission peak, red or
blueshifted at the line of sight velocity of the outflow.

The relative significance of high velocity peaks compared to the main emis-
sion line decreases as the gas virializes in the merger. To illustrate this, in Fig-
ure 4.16 we plot the evolution of the goodness of fit (taken here as the median
of the square of the residuals) for a single Gaussian fit to the emission lines from
model BH, although the results are common across all models. The impact of
winds in driving high velocity peaks decreases as the merger progresses.

In our models, high velocity peaks in CO emission lines are typically represen-
tative of clumps of gas moving along the line of sight with masses >5x10"M,.
Gas clumps with masses much less than this are typically not able to emit strongly
enough to be seen in the emission spectrum over the main Gaussian. In the re-

mainder of § 4.6, when we discuss clumps of outflowing and infalling gas, we
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will be referring to those above this minimum mass that are able to impact the
emission line profile.

Because high velocity peaks appear in our simulations even in spatially unre-
solved observations, they may be a powerful diagnostic for AGN and starburst
induced outflows both in the local Universe and at earlier epochs. However, at
this point in the discussion, there are open questions regarding the uniqueness of
this line profile, as well as how these secondary peaks specifically relate to star-
burst and AGN activity. In the remainder of this section, we attempt to quantify
the use of molecular emission line profiles as a diagnostic for outflowing gas in

galaxy mergers.

4.6.2 The Driving Force Behind High Velocity Peaks in CO Emission Profiles

Emission lines representing gas with a strong line of sight velocity component can
originate from either outflowing or infalling gas. As demonstrated by Narayanan
et al. (2006a), AGN feedback-driven molecular outflows can generate high veloc-
ity secondary peaks in the CO emission lines when the outflow has a significant
line of sight velocity component. Any gas falling into the central potential with a
negative radial velocity with respect to the center of mass of the system (e.g gas
that is in infall, or pre-coalescence mergers) may also drive high velocity peaks
in the CO emission lines, and are thus degenerate with high velocity peaks that
originate in outflows. It is therefore necessary to establish the uniqueness of high
velocity peaks in CO emission lines with respect to an actual outflow or infall ori-
gin. Any attempt to break this degeneracy requires a more detailed knowledge
of the physical properties and observational characteristics of the galaxy during
periods when high velocity peaks are observable.

In order to assess how the evolutionary state of the galaxy merger may de-

termine the origin of high velocity peaks (i.e. whether they owe to outflowing
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or infalling gas), we investigate the physical conditions during times when the
galaxy exhibits high velocity peaks. To this end, we created synthetic CO (J=1-0)
spectra along three orthogonal sightlines for the models in Table 5.1. To identify
candidate emission lines with high velocity peaks driven by winds (as opposed to
rotation), we require the emission line to have a peak near the systemic velocity of
the galaxy, and an additional peak with velocity greater than +160 km s~'. This
fiducial requirement is set in place to filter out multiple emission peaks that arise
from rotation as ~160 km s~ is the circular velocity of the post-merger galaxy at
the spatial extent of the H, gas, and thus the maximum velocity of rotating gas.
We consider all high velocity peaks whose peak intensity is at least 20% the peak
line intensity.

Upon identifying a line with a high velocity peak, we then determine whether
the clump of gas generating the high velocity peak is outflowing or infalling. In
order to simplify the analysis, in the few cases with multiple high velocity peaks,
we focused on the peak with highest velocity. In Figure 4.17, we plot a histogram
of the number of high velocity peaks seen as a function of time in the simula-
tion with black hole winds only (model BH), summed over 3 orthogonal lines
of sight. We have further broken the line profiles down into having an outflow
or infall origin. As a reference for the evolutionary state of the merger, we have
overplotted the SFR, black hole accretion rate, and bolometric luminosity.

Figure 4.17 demonstrates that while the number of high velocity peaks is
roughly constant after the major merger, the origin of these line profiles is a func-
tion of the evolutionary state of the galaxy. During phases of heavy black hole
growth, the majority of the high velocity peaks owe to outflowing gas. Towards
the end of the quasar phase, when much of the blowout has already occurred, gas

raining from outer parts of the galaxy give rise to multi-peaked profiles with an
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infall origin. Conversely, similar analysis from the model without winds shows
a more random origin for high velocity peaks in the emission profiles, reflecting
the more randomly oriented velocity vectors of loosely bound clumps. This is
explicitly shown in Figure 4.18, where we show the origin of high velocity peaks
in a merger without winds compared with the bolometric and IR luminosity.
Another way of saying this is that the winds in model BH do not cause the
high velocity peaks to exist in the CO spectra. Rather winds typically entrain the
clumps of gas behind the high velocity peaks in outflow, thus giving physical
significance to secondary peaks. This is not the case in the model with no winds,
where the molecular gas representative of the high velocity peaks has random
radial velocities with no preferred direction (Figure 4.18). High velocity peaks are
seen in models both with and without winds; in wind models, though, these peaks prefer-
entially owe to outflowing gas during peaks of starburst activity and black hole growth.
Observationally, many of the criteria that are used in creating samples of local
galaxy mergers may select galaxies which are at the peak of their starburst or
AGN activity. High velocity peaks in the emission profiles (e.g., higher than the
circular velocity of the host) observed in these galaxies may be likely, then, to owe
to outflowing clumps of gas (Figure 4.17). For example, the extreme bolometric
and IR luminosities trace not only the prodigious star formation owing to the
merger induced starburst, but also reflect a large contribution from the growing
supermassive black hole. The winds associated with this black hole growth are
behind much of the outflowing molecular gas during the most luminous phase of
the galaxy’s evolution. Similarly, IR colors which select objects with embedded
AGN, such as the 25pm/60um flux ratio, may preferentially show objects which
owe their outflow profile to outflows as opposed to infalling gas clumps. Finally,

the hard X-ray flux is dominated by the central AGN, and thus traces the general
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growth of the central black hole. Our models suggest that the phase during which
the X-ray luminosity is at its greatest will be marked by high velocity peaks in the

CO emission originating in outflowing molecular gas.

4.6.3 Distinguishing Characteristics

A natural question is whether or not one can observationally infer the nature of
high velocity peaks in CO emission lines as discussed in § 4.6.1. Distinguishing
characteristics between the various origins for high velocity peaks may be evident
when considering limiting velocities for the high velocity peak much greater than
the virial velocity. Figures 4.17 and 4.18 showed the presence of all high velocity
peaks beyond a limiting velocity being set at the virial velocity of the galaxy (here,
~ 160 km s™'). Because high velocity peaks in the simulations without winds are
driven by dynamical effects, rather than winds, few emitting clumps of gas are
able to regularly sustain velocities much greater than the escape velocity of the
galaxy (or V2 x V). In contrast, when included, winds are able to drive outflows
at higher speeds.

We show this effect quantitatively in Figure 4.19 where we plot the number of
high velocity peaks as a function of limiting velocity for both two models with
AGN winds (models BH and co-BH) and the model with no winds. At velocities
greater than ~1.7 times the virial velocity, the number of high velocity peaks
driven by purely dynamical effects in model no-winds drops rapidly while winds
from the AGN in model BH and co-BH are still able to drive clumps in outflow at
these velocities. The range of the numbers of high velocity peaks in the models
with AGN winds owes to a merger-orientation dependent range in instantaneous
black hole feedback energies. More efficient fueling of the central AGN in the
coplanar model allows for a stronger impact of the winds on the molecular line

profiles (cf. § 4.5.2.3). In either case, both models which consider AGN feedback
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show that AGN feedback-driven winds can drive high velocity peaks at larger
velocities than dynamical effects can typically account for. In this sense, one may
be able to discriminate between high velocity peaks with an outflow origin versus
random kinematics when restricting the limiting velocity of the peaks to 1.7
times the virial velocity of the galaxy.

The dispersion seen between the no winds model and the models with AGN
winds (BH and co-BH) in Figure 4.19 is in principle a lower limit. The galaxies
in Figure 4.19 are relatively low mass - M, ~ 10"Mq. Cox et al. (2007) found
that the energy input by accreting black holes in galaxy mergers increases as a
function of galaxy mass for a variety of progenitor gas fractions (ranging from
0.05 to 0.8) and initial merger angles. Specifically, these authors found Egy/f,
M}13, suggesting that higher mass galaxies have the capacity to drive CO peaks
at even higher speeds compared to their virial velocity. As an example, a merger
with similar gas fraction and orientation angle as model BH, though with final
stellar mass ~ 10'? would have roughly an order of magnitude greater black hole
energy input (Cox et al. 2007).

Figure 4.19 suggests that the effect of AGN feedback-driven winds on CO
emission line profiles should be discernable by comparing a merger’s virial ve-
locity to observed high velocity features in the CO line profile. A comparably
clear (and observationally more tractable) test may be an analysis of the velocity
offset of high velocity peaks with respect to the centroid velocity of the emission
line. When examining high velocity peaks defined with respect to the centroid
velocity, we find the curves presented in Figure 4.19 are robust. This owes to a
narrow distribution of centroid velocities in all the models, with a typical stan-

dard deviation in the distribution o ~ 20 km s~ !.
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Figure 4.17 Physical and observable properties of model BH (model with BH
winds) as a function of simulation time. Additionally plotted are a histogram
of the number of secondary high velocity peaks seen, and the physical origin of
the peak. The blue crosses are number of high velocity peaks associated with
an outflow (summed over 3 orthogonal viewing angles), and the red triangles are
number of high velocity peaks originating from infalling gas. Infalling gas is seen
both early and late in the merger’s evolution. During periods of elevated activity
(e.g., increased SFR or black hole accretion), most of the high velocity peaks owe
to outflowing gas (hatched region). The left axis is associated with the histogram
of high velocity peaks, and the right axis with the physical or observable quantity

overplotted in that panel. For reference, the time of coalescence is T=1.6 Gyr.
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Figure 4.18 SFR and bolometric luminosity from model no-winds as a function
of simulation time. Additionally plotted are a histogram of the number of sec-
ondary high velocity peaks seen, and the physical origin of the peak. The blue
crosses are number of high velocity peaks associated with an outflow (summed
over 3 orthogonal viewing angles), and the red triangles are number of high ve-
locity peaks originating from infalling gas. No apparent trends are seen reflecting
the randomly oriented radial velocity vectors driving the high velocity peaks in
the no-winds model. The hatched region covers the same time period as that
in Figure 4.17 just as a comparative reference with that plot. The left axis is as-
sociated with the histogram of high velocity peaks, and the right axis with the
physical or observable quantity overplotted in that panel. For reference, the time

of coalescence is T=1.6 Gyr.
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Figure 4.19 Number of high velocity peaks as a function of minimum velocity
for the high velocity peak summed over three orthogonal sightlines. Solid line
is model with AGN winds (model BH) and dashed line is model with no winds.
High velocity peaks in model without winds are driven by random dynamics of
clumps of gas, and thus are unable to sustain velocities much greater than the
virial velocity of the host galaxy. In contrast, clumps of gas entrained in AGN
winds are seen at higher velocities, giving rise to more high velocity peaks at the
highest velocities. One may be able to discriminate between high velocity peaks
with an outflow origin versus random kinematics when restricting the limiting

velocity >1.7 times the virial velocity.
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4.7 Discussion

Many of the model results presented in this chapter have the potential to be di-
rectly tested in the near future, either with existing datasets, or with observa-
tions from millimeter wave interferometers such as CARMA and PdBI, and high
resolution submillimeter telescopes such as the Submillimeter Array (SMA) or
Atacama Large Millimeter Array (ALMA).

First, it is worth briefly revisiting the evolutionary status of the galaxies stud-
ied here, and placing them into a larger context. In a merger-driven scenario for
quasar formation, gaseous inflows fueled by tidal torquing on the gas (Barnes &
Hernquist 1991, 1996, Hernquist, 1989) fuel nuclear starbursts (Mihos & Hern-
quist 1996), allowing the galaxy to be viewed as a dusty starburst system simi-
lar to local ULIRGs (Chakrabarti et al. 2007a). The gaseous inflows fuel central
black hole growth (Hopkins et al. 2005a-d; 2006a-d; 2007h; Di Matteo et al. 2005;
Springel et al. 2005a) which makes the galaxy first visible as a ULIRG with warm
infrared colors (Chakrabarti et al. 2007a), and then as an optically selected quasar
(Hopkins et al. 2005a-d; 2006a-d; 2007h). A key physical process in driving the
host galaxy along this sequence is galactic winds. Namely, winds driven by AGN
teedback (as well as nuclear starbursts) contribute to clearing the veil of obscur-
ing gas and dust surrounding the central black hole, and allow the quasar to be-
come visible across numerous sightlines (Hopkins et al. 2005a). These winds are
most prominent during the ~200 Myr associated with major black hole growth.
The models presented in this chapter therefore examine simulated galaxy merg-
ers during this time period of heightened wind activity, starting near nuclear co-
alescence, and ending slightly after the quasar light curve has declined. During
this time, the galaxy is seen to have increased IR, X-ray and B-band luminosities,

indicative of the starburst event and central black hole growth (Figure 4.17). In
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this sense, these simulations are designed to provide analysis for local galaxies
selected for nuclear activity via elevated X-ray and IR fluxes (e.g., ULIRGs).

Second, we have shown that the effects of winds can shape the molecular
morphology of galaxy mergers. For example, distinct differences are seen in the
simulations with winds versus without when considering the spatial extent of
the CO emitting gas (§ 4.5.3). The predicted weak evolution of average half-light
radius as a function of transition for evolved mergers can be tested in the CO
(J=1-0), (J=2-1), (J=3-2) and (J=7-6) transitions with current technology using a
millimeter-wave interferometer (e.g.,, CARMA, PdBI) and the SMA.

Perhaps the most dramatic effects of galactic winds on the CO morphology
lie in imageable signatures of entrained molecular outflows. CO outflows driven
by starburst-dominated winds have been imaged in a handful of nearby galaxies.
Recent mapping of starburst galaxies M82 and NGC 3256 have shown that molec-
ular gas can indeed survive in outflows entrained in starburst-driven winds (Wal-
ter et al, 2002; Sakamoto et al. 2006). Both galaxies are known to be interacting
systems, the latter a major merger. The outflow masses are recorded to be ~107-
108M@, consistent with the model results presented in § 4.5. The outflows have
been detected in CO (J=2-1) emission (peaking at CO J~3 or 4; Weifs et al. 2005b),
and are thought to be actively forming stars, again consistent with these models.
The outflow observed in M82 appears to be distributed in a roughly spherical
halo with radius ~1.5 kpc. This outflow may correspond with an Ha outflow, as
well as M82’s dust halo (Alton, Davies & Bianchi, 1999; Walter et al. 2002). This
type of morphology is seen along some sightlines in the models BH and co-BH,
alongside the more collimated outflows characteristic of e.g., Figure 4.9.

Outflows which are thought to be driven by a central AGN have been imaged

in local galaxies as well. Recent SMA observations of NGC 6240 by Iono et al.
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(2007) have revealed an outflow in CO (J=3-2) morphologically similar to the out-
flow seen in Figure 4.7. NGC 6240 is a major merger near final coalescence with
two central X-ray sources, which Chandra observations have suggested are a bi-
nary AGN (Komossa et al, 2003). In this sense, the outflow imaged in NGC 6240
occurs when our models suggest the most massive outflows may be imageable
(§ 4.5.2.2). The mass of the outflow in this system is estimated to be ~5x10*M,),
consistent with the typical masses entrained in AGN winds in our simulations.
Similar morphological features to those associated with molecular outflows have
been detected in local LIRG/ULIRG NGC 985, though the interpretation of these
features is still uncertain (Appleton et al. 2002).

While the number of outflows directly imaged in CO remains small and lim-
ited to only relatively recent observations, outflows traced in absorption (e.g., Na
I D lines) have a much more extensive detection history and associated litera-
ture. Absorption line outflows have been detected in the UV and optical in both
nearby starburst galaxies/AGN (Heckman et al. 2000; Martin 2005; Rupke &
Veilleux 2005; Rupke, Veilleux & Sanders 2005a-c), as well as high-redshift galax-
ies (Pettini et al. 2002; Shapley et al. 2003) and quasars (Ganguly et al. 2006;
Hamann, Barlow & Junkkarinen 1997; Misawa et al. 2005, 2007a,b; Narayanan et
al. 2004; Trump et al. 2006; Wise et al. 2004). HI has also been seen in outflow
in active galaxies via absorption lines (Morganti, Tadhunter & Oosterloo 2005).
In addition to the neutral absorption line outflows detected, many outflows are
relatively high ionization lines (e.g., CIV, NV; Hamann et al. 1997; Narayanan et
al. 2004). In this sense, it appears as though these may be different populations
of outflows from the cold, neutral emission line outflows discussed in this chap-
ter. Interestingly, in the few systems with CO outflow candidates (as evidenced

by their morphology), there is an apparent coincidence between the velocity off-
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sets in the molecular outflows and absorption line outflows. For example, the
starburst-driven outflow observed in local merger NGC 3256 by Sakamoto et al.
(2006) has a velocity offset (from the systemic, which in the case of CO, typically
corresponds to the nuclear emission) of ~300 km/s, while Heckman et al. (2000)
showed a blueshifted Na I D absorption line of velocity ~300 km/s. Similarly,
Appleton et al. (2002) found two Lya and NV absorbers in NGC 985 at coinci-
dent velocities as those which CO gas is seen projected against the nucleus. The
data bring up the interesting speculative suggestion that perhaps the absorption
line outflows seen in these systems are physically associated with the CO emit-
ting outflows. If so, it may be that the neutral and ionized outflows exist more
toward the outer envelopes of the entrained complexes of molecular clouds as the
conditions toward the central regions of these flows are extremely cold and dense
(~10-30 K, ~10°-10° cm™3; Figure 4.7). A full investigation into the potential rela-
tionship between UV and optical absorbers and CO outflows is beyond the scope
of the material in this chapter, but studies into possible physical motivations for
absorption line outflows within the context of these models are underway:.

In principle, unresolved emission line profiles from galaxies are more easily
obtainable in large numbers than the high-resolution maps necessary to directly
image outflows. Brief inspection by eye suggests that at least some local galaxies
appear to espouse the high velocity peaks discussed in § 4.6 (e.g., Narayanan et
al. 2005; Sanders Scoville & Soifer, 1991; Solomon, Downes & Radford, 1992; Yao
et al. 2003). As previously discussed, robustly determining the physical mecha-
nism driving high velocity peaks is difficult, although tests similar to Figure 4.19
may be possible with some prior knowledge of the host circular velocity. It is
interesting to note that absorption line outflows, which have been attributed to

starburst-driven winds, have been detected in many of the ULIRGs in the afore-
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mentioned CO samples (Martin, 2005; Rupke et al. 2005a-c).

Apparent high velocity peaks appear prodigiously in z ~ 2 submillimeter
galaxies (SMGs; Greve et al. 2005; Tacconi et al. 2006; see Blain et al. 2002 and
Solomon & Vanden Bout 2006 for recent reviews). The high velocity peaks in
SMGs may be explained by the prodigious star formation rates in these galax-
ies, in combination with a contribution from an embedded AGN. If the extreme
luminosities owe solely to starbursts, then massive star formation rates of order
~1000 Mg yr! are typical of these sources (e.g., Blain et al. 1999). The relative
role of AGN energy input in SMGs is a debated topic, as well as whether they are
currently undergoing, or are soon to undergo a heavy black hole accretion phase
(e.g., Alexander et al. 2005a,b; Borys et al, 2005; Chakrabarti et al. 2007b). In
either case, powerful winds produced by the intense ~10°Mgyr~! SFR and/or
the central black hole could potentially drive high velocity peaks. That said, we
caution against a direct application of these model results toward SMGs. For one
thing, the virial properties of the progenitor galaxies in these models have not
been explicitly scaled for z ~ 2 (Robertson et al. 2006a), and it is not clear how
that will affect merger-induced star formation rates and black hole growth during
the active period. Moreover, it is not completely clear that SMGs are the product
of binary mergers as this chapter has focused on. Models appropriate for z ~ 2
mergers (e.g., Chakrabarti et al. 2007b; Robertson et al. 2006a) will have to be
studied in the context of galactic winds in order to asses the potential relation-

ship between these results and SMGs.

4.8 Chapter Conclusions and Summary

We have combined 3D non-LTE radiative transfer calculations with SPH simula-

tions of galaxy mergers in order to investigate the effects of galactic-scale winds
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on the molecular line emission in starburst galaxies and AGN. We find that galac-
tic winds are a natural result of merger-induced star formation and black hole
growth. These winds can entrain molecular gas of order ~10%-10° M which
imprints generic signatures in both the CO morphology as well as unresolved
emission line profiles. The specifics of the morphological and emission line in-
dicators of molecular outflows depend on physical parameter choices within the
galaxy merger models. In particular, the energy source (i.e. BH accretion or star
formation), as well as the merger orientation can vary the strength, direction, and
duration of imageable molecular outflows, as well as the velocity separation of
high velocity peaks in multi-component emission lines. Many of the results in-
cluding the halflight radius as a function of excitation, or the velocity offsets of
high velocity peaks in the emission lines vary enough between physical parame-
ter choices such that these models may be used to constrain physical origins for

observed CO morphologies and line profiles. In detail, we find the following;:

1. Molecular outflows entrained in winds driven by AGN feedback are typ-
ically longer lived than those entrained in starburst driven winds. This
owes to the relative strength of AGN feedback-driven winds versus star-
burst driven winds. These types of imageable outflows have been recorded

in at least some local systems (e.g., Iono et al. 2007).

2. Winds from AGN feedback in coplanar merger models are typically more
powerful than mergers which occur at more random orientations. This re-
sults in imageable outflows being visible for the majority of the ~200 Myr

‘active period” studied here.

3. The spatial extent of CO emission can be controlled by the presence of galac-

tic winds. The emission is seen to be stratified with transition in all mod-
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els such that the CO (J=1-0) halflight radius is larger than the radius from
higher lying transitions (e.g., CO J=7-6), though the degree of stratification
depends on the inclusion of winds. The relatively compact nature of ob-
served CO emission in local mergers (R, /, typically confined to the central
kpc; Scoville & Bryant, 1999) may be a consequence of AGN feedback or

starburst-driven winds.

. In all models, high velocity peaks (peaks at velocities greater than the cir-
cular velocity) can exist superposed on the post-merger galaxy’s broad CO
emission line. In models without winds, these peaks owe to random kine-
matics of molecular gas. In models with winds, these peaks are seen to orig-
inate primarily from gas entrained in outflow, at least during the period of

peak black hole accretion/star formation.

. High velocity peaks driven by random kinematics do not typically appear
at velocity offsets (from systemic) greater than ~1.7 times the circular veloc-
ity of the post-merger galaxy. In contrast, peaks entrained in AGN feedback-
powered winds can be driven to velocities near 2.5 times the circular veloc-
ity. The centroid velocities of the simulated lines are typically (1o) within
~20 km s™! of the true systemic velocity, and can generally be used as a re-
liable substitute for the systemic velocity. Thus in general the above results
hold true when measuring the velocity offsets of high velocity peaks with

respect to line centroids as well.
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CHAPTER 5

THE NATURE OF CO EMISSION FROM z ~ 6 QUASARS

I'd just observe a plain old galaxy at z~6

Me at my thesis defense, as recorded by committee member Arjun Dey

5.1 Chapter Preface

As of the time of the writing of this thesis, there had only been a single detection
of CO at z ~ 6, in quasar J1148+5251 (Walter et al. 2004). Since that time, there
have been two subsequent detections between z=5-6 (Carilli et al. 2007; Maiolino
et al. 2007), both of which exhibit CO emission properties highly consistent with
the models presented in this chapter (specifically, the observed line widths). I
defer comparisons to a full sample of z ~ 6 quasars to a future work as more de-
tections become published, and focus the presented comparisons for this chapter

to observations to J1148+5251 .

5.2 Chapter Abstract

We investigate the nature of molecular gas emission from z ~ 6 quasars via the
commonly observed tracer of Hy, carbon monoxide (CO). We achieve these means
by combining non-local thermodynamic equilibrium (LTE) radiative transfer cal-
culations with merger-driven models of z ~ 6 quasar formation that arise nat-
urally in A-cold dark matter (ACDM) structure formation simulations. Moti-
vated by observational constraints, we consider four representative z ~ 6 quasars
formed in the halo mass range ~ 10'* — 10" M, from different merging histories.

The main results follow. We find that, owing to massive starbursts and funneling
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of dense gas into the nuclear regions of merging galaxies, the CO is highly excited
during both the hierarchical buildup of the host galaxy and the quasar phase and
the CO flux density peaks between J=5-8. The CO morphology of z ~ 6 quasars
often exhibits multiple CO emission peaks which arise from molecular gas con-
centrations which have not yet fully coalesced. Both of these results are found
to be consistent with the sole CO detection at z ~ 6 (as of the time of the writ-
ing of this thesis), in quasar J1148+5251. Quasars which form at z ~ 6 display a
large range of sightline-dependent line widths. The sightline dependencies are
such that the narrowest line widths occur when the rotating molecular gas asso-
ciated with the quasar is viewed face-on (when the L is largest), and broadest
when the quasar is seen edge on (and the Lg is lowest). Thus, we find that for
all models, selection effects exist such that quasars selected for optical luminosity
are preferentially seen to be face-on which may result in CO detections of opti-
cally luminous quasars at z ~ 6 having line widths narrower than the median.
The mean sightline-averaged line width is found to be reflective of the circular
velocity of the host halo, and thus scales with halo mass. For example, the mean
line width for the ~ 10'> M, halo is 0 ~ 300 km s~!, while the median for the

~ 10" M quasar host is ¢ ~ 650 kms™!

. Depending on the host halo mass,
approximately 2-10% of sightlines in our modeled quasars are found to have
narrow line widths compatible with observations of J1148+5251. When consid-
ering the aforementioned selection effects, these percentages increase to 10-25%
for quasars selected for optical luminosity. When accounting for both temporal
evolution of CO line widths in galaxies, as well as the redshift evolution of halo
circular velocities, these models can self-consistently account for the observed

line widths of both submillimeter galaxies and quasars at z ~ 2. Finally, we find

that the dynamical mass derived from the mean sightline-averaged line widths
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provide a good estimate of the total mass, and allows for a massive molecular
reservoir, supermassive black hole, and stellar bulge, consistent with the local

Mpy-Miyee relation.

5.3 Chapter Introduction

The discovery of extremely luminous quasars at z > 6 via novel color selec-
tion techniques demonstrates that massive galaxies and supermassive black holes
formed very early in the Universe (Fan et al. 2002, 2003, 2004). Observations of
the dusty and molecular interstellar medium (ISM) in z ~ 6 galaxies can serve
as a unique probe into the star formation process in the first collapsed objects,
and help quantify the relationship between star formation and black hole growth
when the Universe was less than a billion years old (e.g., Wang et al. 2007; for
a recent review, see Solomon & Vanden Bout 2005). Serving as a proxy for ob-
servationally elusive molecular hydrogen (H,), rotational transitions in tracer
molecules such as *CO (hereafter, CO), HCN and HCO™ can provide diagnostics
for the physical conditions in the star-forming giant molecular clouds (GMCs) of
high redshift galaxies (e.g., Bertoldi et al. 2003a,b; Carilli et al. 2005; Riechers et
al. 2006a; Walter et al. 2003).

The highest redshift quasar that has been found, SDSS J1148+5251 (hereafter
J1148+5251) at 2=6.42 (Fan et al. 2003) is an extremely bright object with bolo-
metric luminosity ~ 10'* L), and is thought to be powered by accretion onto
a supermassive black hole of mass ~ 107 Mg (Willott, McLure, & Jarvis 2003).
Bertoldi et al. (2003b) measured a far infrared luminosity of 1.3 x 10'* L, which,
if powered solely by starburst-heated dust, corresponds to an exceptional star
formation rate of ~ 3000 Myr~".

Pioneering CO observations of J1148+5251 have revealed a great deal con-
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cerning the molecular ISM in the host galaxy of this z ~ 6 quasar. Through
multi-line observations and large velocity gradient (LVG) radiative transfer mod-
eling, Bertoldi et al. (2003a) found that the CO flux density peaks at the J=6
level of CO, indicative of the warm and dense conditions characteristic of vig-
orous star formation. A measured molecular gas mass of My, ~ 10" M, shows
that J1148+5251 plays host to a large reservoir of molecular gas (Bertoldi et al.
2003a; Walter et al. 2003). Subsequent high resolution observations with the Very
Large Array (VLA) by Walter et al. (2004) discovered that the CO emission in
this galaxy is extended on scales of 2.5 kpc and is resolvable into two emission
peaks separated by 1.7 kpc, with each peak tracing ~ 5 x 10° M, of molecular
gas. These observations suggest that J1148+5251 is a merger product (Walter et
al. 2004; Solomon & Vanden Bout 2005).

CO observations of J1148+5251 have presented challenges for models of galaxy
formation as well. For example, dynamical mass estimates from observed CO line
widths are not able to account for the presence of a ~ 10'* M, stellar bulge as
would be predicted by the present-day Mgn-Mu,e relation, suggesting that the
central supermassive black hole could have grown in part before the host galaxy
(Walter et al. 2004). In contrast, the presence of heavy elements (Barth et al. 2003),
and significant CO emission (Bertoldi et al. 2003a; Walter et al. 2003, 2004) imply
that the ISM has been significantly enriched with metals from early and abundant
star formation. Recent theoretical arguments have additionally proposed that a
relation between black hole mass and stellar bulge mass is a natural consequence
of AGN feedback in galaxies (Di Matteo et al. 2005, 2007; Hopkins et al. 2007a;
Sijacki et al. 2007), and that this relation shows only weak (~ 0.3 — 0.5 dex) evo-
lution in galaxies from redshifts z=0-6 (Robertson et al. 2006a,c; Hopkins et al.

2007a).
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Numerical simulations can offer complementary information to observations
of z ~ 6 quasars by providing a framework for the formation and evolution of
2 ~ 6 quasars and the relationship between the star forming ISM in these galax-
ies and observed CO emission. Calculations by Springel, Di Matteo & Hernquist
(2005a,b) have found that galaxy mergers serve as a viable precursor for quasar
formation. Strong gaseous inflows driven by tidal torques on the gas (e.g., Barnes
& Hernquist 1991, 1996) can fuel nuclear starbursts (e.g., Mihos & Hernquist
1994c¢, 1996) and feed the growth of central, supermassive black holes (Di Mat-
teo et al. 2005); subsequent feedback from the AGN can lift the veil of obscuring
gas and dust and, along numerous sight lines, reveal an optically bright quasar
(Hopkins et al. 2005a,b).

More recently, Li et al. (2007a) have proposed a merger driven model for
quasar formation at z ~ 6 which fits naturally into a ACDM framework. By
performing numerical simulations which simultaneously account for black hole
growth, star formation, quasar activity, and host spheroid formation, these au-
thors found that galaxy mergers in early ~ 10'* M, halos can result in the for-
mation of bright quasars at z ~ 6. The quasars in these simulations exhibit many
properties similar to the most luminous quasars at z ~ 6, including both ob-
servables, such as the rest-frame B-band luminosity, and inferred characteristics
(e.g., the central black hole mass and bolometric luminosity). These simulations
can thus serve as a laboratory for investigating the properties of the interstellar
medium in the first quasars, as well as the relation between CO emission and star
formation at early epochs.

In order to quantitatively couple these models with CO observations, molecu-
lar line radiative transfer calculations are necessary. Recent works by Narayanan

et al. (2006a,b, 2007b) have developed a methodology for simulating molecu-
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lar line transfer on galaxy-wide scales. In this chapter, we aim to investigate
the plausibility of z ~ 6 quasar formation in massive ~ 10" — 10" M, halos in
a hierarchical structure formation scenario by modeling the observed CO emis-
sion from these high redshift sources. We achieve these means by coupling the
non-LTE radiative transfer codes of Narayanan et al. (2006a,b, 2007b) with the
hierarchical z ~ 6 quasar formation models of Li et al. (2007a). We make quan-
titative predictions for z ~ 6 quasars which form in halos with masses ranging
from ~ 10'? — 10" M), and provide interpretation for existing and future CO
observations of z >6 quasars.

In § 5.4 we describe the numerical models employed. In § 5.5, we present the
modeled CO excitation characteristics and luminosities. In § 5.6, we discuss the
morphology of the CO gas. In § 5.7 we describe the derived emission line profiles
and compare our models to observations of the only detected CO measurement
in a z ~ 6 quasar, J1148+5251. In § 5.8, we use the model CO lines to investigate
the usage of CO observations as dynamical mass indicators in the highest redshift
quasars. We conclude with a discussion comparing the CO emission properties of
our simulated quasar with other high-z galaxy populations in 5.9 and summa-
rize in § 5.10. Throughout this paper we assume a cosmology with 2=0.7, 2,=0.7,
02=0.3.

5.4 Numerical Methods

In order to capture the physics of early Universe quasar formation, simulations
must have the dynamic range to faithfully track the evolution of the most massive
halos within which these quasars reside (e.g., Haiman & Loeb 2001), as well as
follow the stars, dark matter, ISM and black holes in the progenitors of the quasar

host galaxy. We have performed multi-scale calculations which include cosmo-
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logical dark matter simulations in a volume of 3 Gpc? to identify the most mas-
sive halos, and subsequent hydrodynamic galaxy merger computations within
these halos at higher resolution. The cosmological and galaxy merger simulations
were implemented using the parallel, N-body/Smoothed Particle Hydrodynam-
ics (SPH) code GADGET-2 (Springel 2005). We then applied the non-LTE radia-
tive transfer code, Turtlebeach (Narayanan et al. 2006a,b), to the outputs of the hy-
drodynamic galaxy merger simulations to investigate the emission properties of
the CO molecular gas in the resultant quasar. The quasar formation simulations
and radiative transfer algorithms are described in detail in Li et al. (2007a) and
Narayanan et al. (2006a,b, 2007b), respectively, and we refer the reader to those
works for more detail; here, we briefly summarize, and focus on the aspects of

the calculations directly relevant to this chapter.

54.1 Cosmological Simulations

Observational evidence suggests that quasars at z ~ 6 likely form in very massive
(~ 10" M) halos. For example, quasars at z ~ 6 have an extremely low comov-
ing space density of n ~ 1072 Mpc™ (e.g., Fan et al. 2003), comparable to the
rarity of massive ~ 10'® M, halos at z ~ 6. Further evidence comes from black
hole mass-halo mass correlations, and theoretical arguments relating quasar lu-
minosity and halo mass (Lidz et al. 2006). In addition, recent numerical simu-
lations by Pelupessy, Di Matteo & Ciardi (2007) have suggested that the buildup
of supermassive ~ 10° M, black holes by z ~ 6 may require galaxy mergers in
extremely rare > 10" M, halos. The strongest evidence for high redshift quasar
formation in massive halos comes from recent Sloan Digital Sky Survey (SDSS)
clustering measurements by Shen et al. (2007) which indicate that the minimum
mass for high redshift quasar hosts is ~ 6 — 9 x 10'* M(;). While these arguments

are suggestive, they are not conclusive. Thus, one major goal of this work is to
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further investigate the hypothesis that z ~ 6 quasars live in high mass halos and
constrain the range of host halo masses for these sources by comparing their sim-
ulated CO emission to observations. To this end, we have simulated 4 quasars
which form hierarchically through numerous mergers in massive halos ranging
in mass from ~ 10 — 10" M.

In order to simulate the large subvolume of the Universe necessary to track
the evolution of massive halos and formation of z ~ 6 quasars, as well as achieve
a reasonable mass resolution at the same time, we performed the structure forma-
tion simulation with a multi-grid procedure similar to Gao et al. (2005). We first
ran a uniform resolution simulation of a 3 Gpc® volume, with an effective mass
and spatial resolution of mgy, ~ 1.3x10'* M) and € ~ 125 h~'kpc (comoving soft-
ening length), respectively, with initial conditions generated by CMBFAST (Seljak
& Zaldarriaga 1996). We assumed a o5 of 0.9 (though see Li et al. [2007a] for a
discussion of the implications of other choices for the cosmological parameters).

We then used a friends-of-friends group finder in order to seek out candi-
date massive halos within which early quasars form. Anticipating that these rare
quasars will be progenitors of massive objects today, we identified the most mas-
sive halos at 2=0, and then resimulated the evolution of these objects and their
immediate environment at a much higher mass and force resolution assuming
an initial redshift of 2=69. The final effective resolutions of the halo evolution
simulations were Mgy, ~ 2.8 X 10°* M) and € ~ 5 h™'kpc .

The merger tree of the halos was extracted from the simulations in order to
provide information concerning the masses of the largest contributing progeni-
tors to the halo mass and allow us to reconstruct the hierarchical buildup of the
quasar host galaxy. We considered groups that contribute at least 10% of the halo

mass as progenitors in the merger history resulting in e.g., seven progenitors for
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Table 5.1. 2z ~ 6 Quasar Models

Name® 2P My, © Veird Mgu®  Lpe(peak)’  7gs0(Lbol > 10" Le)8
[10'2 Mp]  [kms™1]  [10° Mg] [1013 Lg] [Myr]

Q1 6.5 7.7 626.4 2.0 2.0 55.5

Q2 5.6 3.8 467.9 1.0 5.0 22.3

Q3 7.2 1.5 340.7 0.2 1.5 4.0

Q4 55 8.1 593.2 04 1.1 21.9

2Name of quasar model.

bRedshift of the quasar at peak accretion activity.

®Virial mass of the quasar host halo, assuming overdensity A = 200.
dVirial velocity of the quasar host halo, assuming overdensity A = 200.
°Black hole mass of the quasar.

fPeak bolometric luminosity of the quasar.

8Quasar lifetime for Ly,o; > 1013 L.

the most massive halo simulated. Table 5.1 lists the properties of all the resultant
quasars.

The discussion throughout this paper will largely focus on quasars Q1-Q3
which formed hierarchically in the cosmological simulations. Quasar Q4 is a bi-
nary coplanar merger specially simulated for studying the dependence of the CO

emission properties on merger history, and will be discussed only in § 5.7.2.

5.4.2 Galaxy Merger Simulations

To derive the physical properties of the z ~ 6 quasar host galaxies, we resimu-
lated their merger trees hydrodynamically using GADGET-2. GADGET-2 utilizes
a fully conservative SPH formulation which allows for an accurate handling of

discontinuities (Springel & Hernquist 2002). The code accounts for radiative cool-
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ing of the gas (Katz et al. 1996; Davé et al. 1999), and a multiphase description of
the ISM that includes cold clouds in pressure equilibrium with a hot, diffuse gas
(e.g., McKee & Ostriker 1977; see also Springel & Hernquist 2003a). Star forma-
tion is constrained by observations of local galaxies, and follows the Kennicutt-
Schmidt laws (Kennicutt, 1998a; Schmidt 1959; Springel & Hernquist 2003b). The
progenitor galaxies had dark matter halos initialized to follow a Hernquist (1990)
profile, and the virial properties are scaled to be appropriate for cosmological
redshifts (Robertson et al. 2006a).

Black holes in the simulations are realized through sink particles that accrete
gas following a Bondi-Hoyle-Lyttleton parameterization (Bondi & Hoyle 1944;
Bondi 1952; Hoyle & Lyttleton 1939). To model feedback from central black holes,
we assume that 0.5% of the accreted mass energy is reinjected into the ISM as
thermal energy (Di Matteo et al. 2005; Springel, Di Matteo & Hernquist 2005a,b).
This formulation for AGN feedback in galactic scale simulations has been shown
to successfully reproduce X-ray emission patterns in galaxy mergers (Cox et al.
2006b), observed quasar luminosity functions and lifetimes (Hopkins et al. 2005a-
d, 2006a,c,d, 2007b), the Seyfert galaxy luminosity function (Hopkins & Hern-
quist 2006), the Mpy-o, relation (Di Matteo et al. 2005; Hopkins et al. 2007a;
Robertson et al. 2006a), the bimodal galaxy color distribution (Springel et al.
2005b, Hopkins et al. 2006b,e, 2007d), characteristic CO emission patterns in ul-
traluminous infrared galaxies (ULIRGs; Narayanan et al. 2006a), infrared colors
of ULIRGs and z ~ 2 Submillimeter Galaxies with embedded AGN (Chakrabarti
et al. 2007a,b), and the kinematic structure of merger remnants (Cox et al. 2006a).

We assume that the black holes in these simulations formed from the first
stars (e.g., Abel, Bryan & Norman 2002; Bromm & Larson 2004; Yoshida et al.
2006), and that the seed masses for the black holes are 200 M at 2=30. Before
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the first progenitor galaxies entered the merger tree, their black holes grew at the
Eddington limit, resulting in seed black hole masses of ~ 10* M, at the time of
the first merger. The black holes in the simulations are assumed to merge when
their separation is less than a gravitational softening length (30 h~'pc).

We model evolution of the CO emission in the quasars from z ~ 8 to z ~ 5,
noting that the peak of the quasar activity is roughly 7 > z > 5.5. The black hole
luminosity outshines the stellar luminosity for a large range of redshifts, and it is

this time that we refer to as the ‘quasar phase’ for any given galaxy.

5.4.3 Evolution of Model Quasars

To aid in the discussion in the remainder of this work, we qualitatively describe
the evolution of the most massive (~ 10" M, ; halo mass) quasar host, though
the results are general for all models considered in Table 5.1. The quasar host
galaxy builds hierarchically, through seven major mergers between z= 14.4-8.5.
Strong gravitational torques on the gas drive massive gaseous inflows, causing
heavy accretion onto the central black hole(s), and triggering intense starbursts
that typically form stars at a rate between ~ 10° — 10* M yr~'. The black holes
accrete heavily as gas is funneled in toward the nuclear regions. Feedback from
the most massive central black hole then drives a powerful wind, creating numer-
ous lines of sight along which the central quasar is no longer obscured, and the
black hole luminosity outshines the stellar luminosity. The central supermassive
black hole can be visible as an optically bright quasar (L, > 10'Lg) for ~ 50
Myr (though less for lower mass quasar host galaxies; Table 5.1). The powerful
quasar wind quenches the starburst, and self-regulates the black hole growth. In
the post quasar phase, the luminosity of the galaxy subsides, and it eventually
evolves into a cD-like galaxy. More details concerning the evolution of the mod-

els presented here are discussed in Li et al. (2007a).
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5.5 Excitation and Luminosity of CO

The CO spectral energy distribution (SED) is the CO flux density emitted per
rotational ] state and thus provides a direct measure of the excitation character-
istics of molecular gas (e.g., Weifs et al. 2005a). The shape and peak of the CO
SED describe the relative number of molecules in a given rotational ] state, and
serve as observable diagnostics of the underlying temperature and density of the
emitting molecular gas. Here, we describe in detail the excitation characteristics
of the most massive quasar host (Q1, M ~ 10" M), and explicitly note when
the lower mass models exhibit different properties. In Figure 5.1, we show the
redshift evolution of the peak in the CO SED. Moreover, in Figure 5.2, we show
representative CO SEDs for quasar Q1 at three redshifts during the quasar phase.
The CO SEDs are averaged over three orthogonal viewing angles, though the
SEDs derived from each individual angle are nearly identical.

Strong gravitational torques exerted on the gas by the multiple mergers drive
massive amounts of cold gas into the central kiloparsec, giving rise to densities as
high as ~ 10" cm?in GMC cores at the beginning of the quasar phase (z ~ 7). The
combination of these dense conditions and heating associated with the continued
starburst cause the CO molecular gas to become highly excited. During this time,
the peak of the CO SED rises to J=8. Molecular gas in the central ~ kiloparsec
dominates the high-lying excitation. To place this in the context of active star
forming regions in the local Universe, Weifs, Walter & Scoville (2005b) found the
CO SED to peak at J=6 in the nuclear region of starburst galaxy M82.

As energy input from the quasar begins to quench the starburst and dispel gas
from the central regions, the star formation rate drops to ~ 10> Myr—'. Conse-
quently, the peak excitation in the molecular gas rapidly drops to values more

similar to local starbursts. During most of the quasar phase, the CO flux density
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Figure 5.1 Upper rotational state (Jupper) of CO SED peak as a function of redshift
for most massive quasar host, model Q1 (see Table 5.1). During the early, massive
starburst, most of the CO is highly excited. During the height of the quasar phase,
the peak in the CO excitation in our simulated galaxy ranges from J=8 in the
beginning of the quasar phase to J=5 near the end. This is broadly consistent with
observations of excited molecular gas in the sole CO detection at z ~ 6 (Bertoldi et
al. 2003a). As the starburst subsides in the post-quasar phase, lower temperatures

and densities drive the peak in the CO SED down to ] ~ 3.
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Figure 5.2 The CO SED (solid line) at three points during the peak of the quasar
phase of our most massive simulated galaxy (M ~ 10" M); model Q1). Massive
starbursts and dense conditions in the central kiloparsec cause the CO flux den-
sity to peak at J=8 prior to and at the beginning of the quasar phase (not shown).
During the bulk of the quasar phase, the CO SED peak drops to J=6 owing to
quenching of the starburst by black hole feedback, and remains roughly constant
for the remainder of the quasar’s life. As the central AGN quenches the nuclear
starburst, less gas is in highly excited (J >6) states, and the slope on the blue end
of the peak becomes much steeper. The dotted line is the CO SED from just the
central kpc, and the dashed line is the contribution from radius=1-4 kpc). The

upper level of each transition is listed on the top axis.
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in the simulated galaxy peaks at J=6. This is consistent with the multi-line ob-
servations and CO SED derivations by Bertoldi et al. (2003a), who find the CO
flux density in J1148+5251 to peak at J=6. In a merger-driven model for high-
z quasars, the interplay between massive starbursts and feedback from central
black holes is important in determining the observed CO excitation characteris-
tics in galaxies like J1148+5251.

The peak of the CO flux density remains roughly constant through the height
of the quasar phase. As feedback from the central black holes further extinguishes
the nuclear starburst, fewer molecules are highly excited, and consequently, the
relative flux density from higher J levels begins to drop. In Figure 5.2, the slope
of the CO SED at levels higher than the turnover point is seen to become steeper
as the quasar evolves. When the accretion onto the central supermassive black
hole subsides in the post-quasar phase (z 6), the star formation rate (SFR) drops
to <50 M, yr~!. The bulk of the molecular gas in this late stage of the galaxy’s
evolution is only moderately excited, and the peak in the CO SED declines to
J~=3-4.

The trends discussed above are similar in models Q2 and Q3 (Table 5.1),
though the overall normalization is slightly different. The CO SED of both the
intermediate mass and low mass models (Q2 and Q3) peaks at J=6 at the begin-
ning of the quasar phase, and settles at =4 as the starburst subsides. The lower
excitation values in the lowest mass model owe to overall lower densities and
star formation rates. For example, during the quasar phase, the SFR from model
Q3 is ~ 30 Myyr".

Another way to view the excitation characteristics of the molecular gas is

1

through the velocity-integrated CO luminosity (in units of K-km s™*, where the

K is the Rayleigh-Jeans temperature). In Figure 5.3, we show the normalized
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velocity integrated CO (J=1-0, J=3-2, J=6-5 and J=9-8) intensity as a function of
redshift. We additionally plot the SFR, stellar, and black hole luminosity. The CO
luminosity across all transitions decreases as the merger activity progresses, and
the starburst reaches its peak. This is especially true of the high-J states which are
typically excited by collisions in the starburst-heated gas. All CO transitions peak
in integrated intensity early on, when the starburst has not consumed most of the
available star-forming gas, and collisions help to sustain molecular excitation. As
the starburst fades owing to a diminishing fuel supply, the intensity from the
high lying CO transitions (e.g., 6-5, 9-8) falls off rapidly while the lower-] transi-
tions experience a more moderate decline. In part, this owes to the fact that the
lowering of gas temperatures and densities does not heavily affect the molecular
excitation at J=1. De-excitation of warm, dense star forming gas additionally con-
tributes to populating the lower | states. While the CO luminosity is only about
half of its maximum value during the quasar phase, the bolometric luminosity
of the galaxy peaks here as the central quasar becomes visible (Figure 5.3, bottom

panel).

5.6 Molecular Gas Morphology

In this section, we discuss the CO morphology of the model quasar host galaxies
through their evolution. The discussion is again focused on the most massive
simulation (Q1), though the results are generic for each of the models studied
here. In Figure 5.4, we show the evolution of the central 2 kpc of the CO (J=1-0)
emission in the most massive halo, Q1, during the hierarchical buildup of the host
galaxy and quasar phase. Individual concentrations in the molecular gas density
which have not fully coalesced appear during the buildup of the quasar host

galaxy, and through parts of the quasar phase (e.g., 2=6.73, Figure 5.4), giving



138

=
N

=
(=)

o
o)

lco (K kms?,
o
(o)

o o
N D

©
o

© LELELEN LELELE BLELALE BLELELE BLELELE LR

&)]

10000

1000

100

SFR (Meyr™)

10

© (T,
o b vl 3l

1014

1013

Loo (Lo

10" ) ) R’
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Figure 5.4 Evolution of CO (J=1-0) emission contours from z=8.2-5.7 in most mas-
sive halo, model Q1 (M ~ 10" M()). Multiple emission peaks are visible as cold
gas falls in toward the nucleus, similar to observations of J1148+5251. As the star-
burst and quasar activity subsides, the CO intensity fades. Each panel is four kpc
on a side. The emission is in terms of velocity-integrated intensity (K-km s™),
and the scale is at the bottom. The viewing angle of each panel is listed in the top

right corner, and is always § = 0,¢ = 0 for this figure.



140

rise to multiple CO (J=1-0) emission peaks. Near the end of the quasar’s lifetime,
the molecular gas settles into a nuclear disk, with the densest gas in the central
~ 500 pc.

The morphological features of our simulated quasar agree reasonably well
with observations. Observations of J1148+5251 have revealed two CO (J=3-2)
emission peaks in the central 2 kpc (Walter et al. 2004), similar to the multiple
surface CO surface brightness peaks seen at many points in our models (e.g., Fig-
ure 5.4). This suggests that the observed multiple surface brightness peaks in the
CO morphology of J1148+5251 may owe to separated peaks of high density emis-
sion in the nucleus that have not yet coalesced. To further illustrate this point, in
Figure 5.5, we have plotted the CO (J=3-2) emission contours at z=6.73 over three
orthogonal viewing angles, and six random ones. Most viewing angles exhibit
two surface brightness peaks, suggesting that a merger origin for the formation
of J1148+5251 is viable.

Within the constraints of our numerical simulations, multiple density peaks
in the cold gas appear to be the most plausible explanation for the observed
morphology of J1148+5251. Multiple emission peaks in the CO morphology of
galaxy mergers have also been noted to arise from large entrainments of molec-
ular clouds in AGN-driven winds (Narayanan et al. 2006a; Chapter 4). In the
current simulations, however, the characteristic outflow morphologies of Chap-
ter 4 are not seen during the active quasar phase. Emission from the nuclei of
progenitor galaxies can additionally cause multiple CO surface brightness peaks.
However, by the time the simulated host galaxy reaches the height of the quasar
phase, the most massive nuclei have all merged into the central potential (Li et
al. 2007a).

The excitation characteristics in the vicinity of massive starbursts can cause
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transition-dependent CO morphologies. In Figure 5.6, we show the CO (J=1-0),
(J=3-2), and (J=6-5) emission contours for the central 2 kpc of the most massive
host during the quasar phase. The multiple emission peaks which owe to merg-
ing clumps of dense gas (2=6.73 in this plot) appear in all transitions. When the
cold gas has coalesced in the nucleus, emission from the lowest excitation gas
traced by CO (J=1-0) exhibits discrete pockets of emission whereas higher-lying
emission originating from denser gas is centrally concentrated. As seen in Fig-
ure 5.2, the warm and dense conditions in the starbursting nucleus of the quasar
ensure that the CO remains excited, with the peak flux density at J=5-8. The CO
gas in the nucleus is typically excited out of the J=1 level, resulting in discrete
pockets of emission in the circumnuclear molecular gas. The higher-lying emis-
sion, which originates in the warmer, denser cores of GMCs, is more prevalent in
the central 500 pc of the quasar, resulting in a smoother distribution.

Owing to the violent nature of the quasar’s formation process, the spatial ex-
tent of the CO emission has a large dynamic range, and varies from ~ 2 kpc
to ~ 300 pc (half-light radius) throughout the evolution of the host galaxy. The
more extended morphologies are representative of times when gas is falling into
the central potential, and in the post quasar phase when winds have produced
an extended morphology. More compact CO emission is seen primarily when the
cold gas has completely coalesced, and the quasar is most active.

The starburst is centrally concentrated in the central ~ 250 pc of the quasar
host galaxy during the majority of the simulation presented here. Conversely, the
CO morphology is not always so compact. The CO emission through J=10 is ex-
tended during the buildup of the host galaxy (prior to the quasar phase) owing to
merging gas clumps. This implies that CO may not always serve as an adequate

tracer of the starburst during the major merger phase of the quasar’s formation.
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During the active quasar phase, when most of the gas has fallen into the nucleus,
emission from higher CO transitions (e.g., ]>6) tends to become compact, and

faithfully trace the active starburst.

5.7 CO Emission Lines

The simulated properties of the CO emission lines show variations among the
models presented in Table 5.1. In this section we discuss the CO emission lines
in terms of the CO (J=6-5) lines as the CO SED peaks near J=6 for most of the
quasar phase, and thus this transition best traces the properties of the bulk of the
molecular gas. Unless otherwise specified, the nature of the CO line profile as
described in the remainder of this section is not seen to vary significantly with

observed transition.

5.7.1 General Nature of Modeled Line Profiles

In Figure 5.7, we show a sample of 3 random CO (J=6-5) emission lines from the
simulated quasars Q1, Q2 and Q3 at the peak of their respective quasar phases.
The first noteworthy point regarding the CO emission lines from the z ~ 6 quasar
models is that they are characteristically featured, with a significant amount of
substructure. Along many lines of sight, several smaller emission spikes (with
o ~ 50 — 100 km s~!) originating in dense CO clumps in the central 2 kpc sit
superposed on the broader emission line. These emitting clumps are centrally
concentrated in the quasar, and similar emission features are seen in higher spa-
tial resolution spectra.

Another clear feature of Figure 5.7 is the apparent trend of narrowing line
width with decreasing halo circular velocity. The CO linewidths are reflective of
the circular velocity, and are thus strongly dependent on the mass of the quasar

host galaxy. To further illustrate this, in Figure 5.8, we show the mean sightline-
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Figure 5.5 CO (J=3-2) emission from most massive quasar host (Q1) at z=6.73,
while cold gas from the merger is still infalling. Top three panels are three or-
thogonal viewing angles, and the bottom six viewing angles are randomly drawn.
The orientation for the line of sight is in the top right corner of each panel. Along
many different viewing angles, multiple CO components are visible, similar to
the observed morphology of J1148+5251 (Walter et al. 2003), indicating a viable
merger origin for J1148+5251. Each panel is four kpc on a side. The emission is in

terms of velocity-integrated intensity (K-km s™'), and the scale is at the bottom.
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Figure 5.6 Excitation dependent CO morphologies: CO (J=1-0), (J=3-2) and (J=6-
5) emission contours from most massive quasar host (Q1) during the peak of the
quasar phase. Columns are constant in redshift, and rows are constant in tran-
sition. Multiple CO emission peaks are seen arising from merging cold clumps
of gas, as well as circumnuclear gas in the (J=1-0) case. The gas in the central ~
kpc is highly excited, and thus does not show prominent (J=1-0) emission, but
causes the (J=3-2) and (J=6-5) emission to be centrally concentrated. Multiple CO
emission peaks are seen in higher lying transitions owing only to merging gas as
the bulk of the gas in the central ~ kpc is highly excited. These results are robust
across all modeled viewing angles. The viewing angle for each panel is the same,
and is § = 0, ¢ = 0, for comparison with Figures 5.4 and 5.5. Each panel is four
kpc on a side, and each row (transition) is on its own scale to facilitate interpreta-

tion. The scales are on the richt and the units are in terms of velocitv inteerated
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Figure 5.7 CO (J=6-5) emission lines from model quasars Q1, Q2 and Q3 at peak
of their quasar phases viewed from three random sightlines. The first row cor-
responds to quasar Q1, the second to Q2 and third row to Q3, The characteristic
emission line widths drop with halo mass, though remain featured in each model
with several substructure spikes superposed on broader lines. Spectra have been
convolved with a circular 5” Gaussian beam, and modeled at an angular diameter

distance of 1 Gpc.
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averaged CO (J=6-5) line width during the hierarchical buildup and quasar phase
of the quasars formed in the halos of Q1-Q3. We additionally show the range of
sightline-dependent observed line width values. The multiple mergers involved
in the formation of the simulated z ~ 6 quasars give rise to large velocity disper-
sions along a number of sightlines during the buildup of the quasar host galaxies.
During this time, much of the molecular gas is not virialized, and thus the typ-
ical line widths exhibited represent about twice the expected circular velocity at
the spatial extents of the molecular gas. In the quasar phase, as the gas virializes
into a molecular disk, the CO line widths drop to values more consistent with the
virial velocity of the host. In the most massive (~ 10** M), model Q1; Table 5.1)
halo, this is manifested in broad (< o >~ 500 — 800 km s™') predicted CO emis-
sion line widths, whereas in the halos with lower circular velocity (quasars Q2,
Q3), the mean CO line width is ~ 450 and ~ 300 km s™*, respectively. It is impor-
tant to note that in all cases, while the aforementioned trends hold, a large range
of line widths is permitted at all points as they are strongly sightline-dependent.
Another way to view this is through the detailed distribution of line widths them-
selves. In Figure 5.9, we show a histogram of the sightline-dependent line widths
during the quasar phase for models Q1-Q3.

These derived linewidths are a natural consequence of our initial assump-
tions of quasar formation in massive halos, and that half the cold gas mass is in
molecular phase. Within the confines of our initial assumptions, these results are
consistent with virial arguments. Thus, for example, the broad emission lines
seen in the massive ~ 10" M, halo simply reflects the virial velocity of the host
galaxy at the radial extent of the molecular gas distribution, which is of order
~ 550 km s

CO line measurements of J1148+5251 by Bertoldi et al. (2003a), and Walter et
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Figure 5.8 Sightline-averaged velocity dispersion (c) of CO (J=6-5) emission lines
(solid line, middle) as a function of redshift for quasar models Q1-Q3. The shaded
area shows the range of derived o over 250 randomly sampled sightlines, and
the upper and lower dotted lines show the 20 linewidths for each snapshot. The
spectra have been convolved with a circular 5” Gaussian beam, and binned to 50
km s~!. During the hierarchical buildup of the host galaxy, the H, gas is highly
dynamical, and the typical line widths are broader than the virial velocity of the
host galaxy by a factor of ~ 1.5 — 2. As the gas virializes during the quasar
phase, the line widths drop, and roughly trace the virial velocity of the galaxy. A
range of line widths are permitted throughout the evolution of the host galaxy,
with larger numbers of sightlines being compatible with the narrow (o ~ 120
km s~') detected line in J1148+5251 near the end of the quasar phase. The number
of sightlines compatible with observations naturally increases in the lower mass
halos (Q2 and Q3) as the CO lines faithfully trace the virial velocity of the galaxy

during the quasar phase.
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Figure 5.9 Histogram of sightline-dependent line widths during quasar phase for
three halo mass models. The mean line width traces the virial velocity of the host
galaxy, and thus become narrower in lower mass galaxies. In all cases, a broad

range in linewidths is observable.
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al. (2003, 2004) showed CO (J=3-2, J=6-5 and J=7-6) emission lines with width
~ 280 + 140 km s~! (FWHM,; corresponding to o ~ 120 + 60 km s~ for a Gaus-
sian line). While this is a factor of 2-5 narrower than the median line width
predicted in our models (Figure 5.8 and 5.9), it is worthwhile to note the non-
negligible fraction of sightlines for each of the quasar models that are compatible
with the narrow observed line widths (Figure 5.9). Through the quasar phase
and beginning of post-quasar phase, ~ 2 — 3% of sightlines in the most massive
quasar host (Q1) have linewidths compatible with the line widths measured in
J1148+5251 (Bertoldi et al. 2003a; Walter et al. 2003, 2004). The smaller virial
velocity of the lower mass halos (Q2 and Q3) naturally produce more sightlines
with narrow line widths compatible with observations. During the quasar phase,
the quasar formed in the 4 x 10'* M, halo (model Q2) shows CO (J=6-5) emis-
sion line widths consistent with observations ~ 5% of the time, and the quasar
formed in the 1.5 x 10" M, halo (model Q3) reveals CO (J=6-5) line widths con-
sistent with observations ~ 10% of the time.

In an effort to understand the relationship of these models to the measured
CO line width of J1148+5251, it is of interest to explore the origin behind the par-
ticular percentages of sightlines that are compatible with observations, and pos-
sible trends which may tend observations toward particular sightlines. We thus
focus the remainder of this section on this investigation. We conclude the section
with a discussion as to what circumstances may bring agreement between our
simulations and observations, and the implications of these results with respect

to potential observable tests motivated by these models.

5.7.2 Effect of Merger Remnant Structure and Disk Formation on Line Widths

We have thus far considered the formation of quasars hierarchically through mul-

tiple mergers whose physical conditions were derived self-consistently from cos-
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mological simulations. It is possible that not all quasars at z ~ 6 form via numer-
ous violent merging events, but rather through a more ‘ordered” merger. It is thus
worth quantifying the potential dependence of line width on merger history, and
in particular, how a more ordered merger remnant may affect the observed line
widths. To provide a limiting example, we have conducted a test simulation of a
coplanar binary merger in a halo of ~ 10" M, (model Q4; Table 5.1). The pro-
genitors were initialized with a Hernquist (1990) profile, spin parameter A=0.033
and circular velocity Vagp ~ 600 km s~'. The disks had an initial gas fraction of
0.99, and the virial properties were scaled to be appropriate for z=6 (Robertson et
al. 2006a).

In Figure 5.10, we show the CO (J=3-2) morphology for the resultant quasar
over two orthogonal viewing angles, and their corresponding unresolved emis-
sion spectra. The remnant forms a strong disk-like morphology, consistent with
the findings of Robertson et al. (2006b) and Springel & Hernquist (2005c). As
expected, the CO line width and profile are a sharp function of the viewing an-
gle of the disk. Averaged over 250 random sightlines, we find that the predicted
CO (J=6-5) emission line width from this source is consistent with the observed
line width J1148+5251 ~ 4% of the time, comparable to the more massive quasar
hosts (Q1 and Q2) which formed from multiple mergers.

The percentage of sightlines compatible with observations in the binary merger
(Q4 arises from a limited range of angles a disk can be from face on to keep line
widths within a particular limit. Specifically, if one considers an inclined toy disk
of pure gas with velocity dispersion oyi;a, then in order for observed velocity
dispersions to fall below a particular value, o, the inclination angle from face

on is limited by:

6 < sin~! ( Tobs ) . 5.1)

Ovirial
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Figure 5.10 CO (J=1-0) morphology and unresolved line profiles of the remnant
formed from a binary merger simulation (model Q4) across two orthogonal sight-
lines (face-on and edge-on). The progenitors were initialized on a coplanar orbit
in a ~ 10'* M, halo. The resultant quasar host galaxy has large rotating molec-
ular disk, resulting in narrow observed emission lines in face-on viewing angles,
and broad lines in edge-on viewing angles. Approximately 4-5% of sightlines
show narrow line widths compatible with observations of J1148+5251 (see Equa-

tion 5.2). The maps are 12 kpc across, and the scale is in units of K-km s~ .
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However, inclinations along both the polar (/) and azimuthal (¢) axes have to
be within this limit of a face-on configuration to keep the line of sight velocity
dispersion below observed line widths. As such, the probability of having both ¢
and ¢ randomly drawn such that they both fall below a critical value to match an
observed line width is

Oobs

4 2
PO < Ot & < Gu) = (sin—1 ) , (5.2)

Ovirial
where P ~ 4% for oo, = 180 km s~ (the upper limit o of the observed line in
J1148+5251), and oyiyia = 600 km s™!. This probability then represents the upper
limit of fraction of sightlines that will be compatible with the observed CO line
width in J1148+5251 for disks with circular velocity ~ 500 km s~*.

This clarifies why the percentage of sightlines compatible with observations in
the massive multiple-merger models (Q1-Q3) is relatively small. The cold gas in
the three quasars which formed out of multiple non-idealized mergers (Q1-Q3)
settles into rotating nuclear disks. As an aside, it is interesting to note that the
amount of rotationally supported gas is seen to be dependent on the mass of the
galaxy. Namely, the lower mass halos show a larger percentage of gas in stable
rotation. To illustrate this, in Figure 5.11 we show the fraction of rotationally
supported gas for quasars Q1-Q3 as a function of redshift, noting in particular
the points of peak quasar activity. When the most massive galaxy (Q1) is seen as
a quasar, roughly 50% of the H; gas is rotationally supported. Conversely, in the
lowest mass model (Q3), ~ 90% of the gas is rotationally supported. This may be
a direct result of the amount of energy input from the central quasar during these
times. Cox et al. (2007) demonstrated that the amount of rotationally supported
gas in galaxy mergers decreases with increasingly efficient winds. During the
peak of the quasar phase, the black hole luminosity is over an order of magnitude

brighter in model Q1 than in Q3.
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In either case, though, large percentages of the gas in all of the quasars (Q1-
Q3) are seen to be rotationally supported during the quasar phase. Because of
this, the number of sightlines compatible with observations is roughly charac-
terized by Equation 5.2. Thus, the most massive model (Q1) shows line widths
compatible with observations ~ 2 — 3% of the time, consistent with a predicted
upper limit of ~ 4% for ~ 10'* M, halos. Similarly, in the lowest mass model
(Q3), where ~ 90% of the gas is rotationally supported, the 10% of sightlines seen
to be compatible with observed line widths is compatible with the predicted up-
per limit of ~ 13%. The fact that the modeled fraction of sightlines is always
slightly smaller than the toy model in Equation (5.2) owes to the fact that some of

the gas in the galaxy is still highly dynamical and not virialized.

5.7.3 CO Line Width-Quasar Luminosity Relation: Potential Selection Effects

Given the dispersion of CO (J=6-5) line widths along different lines of sight, an in-
teresting relation to explore is one between the optical quasar luminosity and CO
emission line width in search of potential observational selection effects which
may bias observations of z ~ 6 quasars toward smaller line widths. In Figure 5.12,
we plot the o from the CO (J=6-5) line width as a function of the attenuated rest-
frame B-band luminosity over 5000 lines of sight throughout the quasar phase
for the most massive model, Q1. We utilize the methodology of Hopkins et al.
(2005a) in computing the dust-attenuated quasar luminosity, and include contri-
butions from both the stellar component, as well as the central AGN.

There is a general trend for sightlines which show the brightest rest-frame
B-band luminosity to have smaller CO line widths. This can be understood via
decomposition of the quasar luminosity into its stellar and AGN components.
Specifically, while the stellar luminosity does not vary much with viewing angle,

the contribution of the central black hole to the total luminosity is strongly depen-
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Figure 5.11 Fraction of rotationally supported molecular gas in quasars Q1-Q3.
Gas is considered to be in rotational support if its rotational velocity is at least
80% the expected circular velocity at that radius. Arrows point to redshift of
peak quasar activity (also listed in Table 5.1). Gas is seen to more easily settle
into a stable rotational configuration in the lower mass quasar hosts, though all

quasars naturally form relatively strong disks during the quasar phase.
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dent on the viewing angle with respect to the rotating molecular gas. Directions
which view the molecular disk in an edge-on configuration result in a heavily
obscured central AGN. Along these sightlines, the emergent CO emission line
is typically broad (e.g., bottom right panel, Figure 5.10). Conversely, when the
molecular disk is seen in a more face-on viewing angle (and thus has narrower
CO emission lines), the central AGN can be viewed relatively unobscured, and
the attenuated rest-frame B-band luminosity is consequently higher. This effect
is typical during the quasar phase, and only rarely is the black hole relatively
unattenuated through an edge-on sightline, which causes broad CO lines to be
visible when the rest-frame B-band luminosity peaks.

The results of this relationship between bolometric luminosity and line width
suggest a potential selection effect which may cause quasars selected for optical
luminosity to have systematically lower CO line widths, owing to the preferred
tface-on viewing angle for the molecular disk. In Figure 5.13, we plot the percent-
age of sightlines with line widths compatible with observations as a function of
limiting rest-frame B-band luminosity. For the highest flux cuts, the fraction of
sightlines with narrow line widths increases from 2-3% to ~ 10%. This selection
effect is robust across both the lower mass halo models as well. In models Q2 and
Q3, the fraction of sightlines compatible with observations increases to ~ 15 and
25% respectively, for the highest luminosity cuts.

Finally, we note that the viewing angles corresponding to the smallest (20)
line widths in our simulations typically fall within a 25° range in polar and az-
imuthal angle from face-on. This range of angles is consistent with recent obser-
vational studies which have suggested that the commonly observed narrow CO
line widths of high-z quasars may correspond to a preferred viewing angle of

10 — 15° from face-on (Carilli & Wang 2006; Wu 2007).
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Figure 5.12 CO (J=6-5) emission line width (o) versus attenuated rest-frame B5-
band luminosity. The brightest quasar luminosities correspond to face-on molec-
ular disk configurations where the central AGN is the least obscured. These face-
on sightlines additionally show narrow CO line widths. Thus, surveys which
select quasars for optical luminosity may preferentially select objects that have
narrow CO line widths. This may have important consequences for using CO as

a dynamical mass indicator in quasars.
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Figure 5.13 Percent of sightlines of ~ 10" M quasar over which line widths
are compatible with observations versus limiting rest-frame B-band luminosity.
Natural molecular disk formation in the quasar host galaxy gives rise to a selec-
tion effect which enhances the likelihood that flux-limited optical surveys will
view the quasar in a face-on configuration. These viewing angles also typically
have narrower CO line widths, and thus may increase the chances of viewing a
narrow emission line in quasars which is not necessarily characteristic of the true
sightline-averaged mean line width. Line widths are derived from CO (J=6-5) line
profiles, and compared to upper limit of sole CO detection at z ~ 6, J1148+5251.
Rest-frame B-band luminosities are dust attenuated, and calculated using the

methodology of Hopkins et al. (2005a).
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5.7.4 Interpretation of z ~ 6 Quasar Observations

Our simulations show that z ~ 6 quasars which form in massive halos will char-
acteristically have broad mean line widths, consistent with simple virial argu-
ments. The mean simulated line widths are in apparent contradiction to observed
narrow (o ~ 120 £ 60 km s~!) line widths of the sole CO detection at z ~ 6 (Wal-
ter et al. 2004), though a non-negligible fraction of sightlines (ranging from 2-3%
for the most massive model to ~ 10% in the lowest mass model) are compatible
with this observation. Potential selection effects owing to molecular disk forma-
tion in these galaxies will increase the probability of narrow-line detection when
selecting quasars for optical luminosity, ranging from ~ 10% in the most massive
quasar host to 25% in less massive ones. The full dispersion in line widths is
predicted to become more apparent at lower optical luminosities (Figure 5.12).
Our models find that quasars which form in the lower end of our halo mass
range at z ~ 6 (e.g., quasars Q2 and Q3) may have similar rates of detection as
those which form in the most massive ~ 10" M, halos (e.g., quasar Q1). This
owes to the competing effects of smaller quasar lifetimes in the lower mass halos,
but more lower mass halos in the simulated cosmological volume. Specifically,
the quasars formed in the 4 x 10'%(1.5 x 10'%) M, halos have luminosities 3 10*3
L for a factor of ~ 2.5(14) less time than the quasar formed in the 10'* M, halo
(Table 5.1). However, standard halo mass functions predict more low mass halos
than massive ~ 10" M, halos (Press & Schechter 1974; Sheth & Tormen 2002;
Springel et al. 2005). The cosmological simulations of Li et al. (2007a) (which
were used in this work) found approximately 3(7) times as many halos of mass
5 x 10'2(2 x 10'*) M), compared to the single ~ 10 M, halo identified in the
simulation box at z ~ 6 (Li et al. 2007a, Figure 14). In this sense, quasars which

form in lower mass halos may be identified at similar rates as those which form
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in ~ 10" M, halos.

One result of this work is to motivate observational tests of these models. A
direct prediction of these simulations is that a CO survey from a large sample
of quasars at z ~ 6 which probes lower on the optical luminosity function may
directly constrain the range of potential line widths which originate from high
redshift quasars. At the median rest-frame B-band luminosity, our models pre-
dict that a large range of line widths should be observed (Figure 5.12). A potential
caution associated with this test is that physical processes on scales below the res-
olution of our simulations may limit optical detections of quasars with edge-on
disks at z ~ 6. For example, if a dusty molecular torus exists on scales smaller
than ~ 100 pc and provides high levels of obscuration along sightlines other than
face-on, then the variation of optical luminosity with inclination angle will be
steeper than suggested by Figure 5.12. It is thus not a straightforward assump-
tion that optical surveys will need to probe only an order of magnitude lower in
rest-frame B-band luminosity to test these models as Figure 5.12 suggests, but
rather it is in the limit that quasars with relatively inclined disks at z ~ 6 can
be detected that these models predict a broad range of CO line widths at lower
optical luminosities.

A more clear test may come from observations of the progenitors of z ~ 6
quasars themselves. For example, a direct prediction from these models is that
CO observations of either the most massive progenitor galaxies prior to the merger
(e.g., at z ~ 8; see Table 1 of Li et al. 2007a), or the ongoing mergers themselves
may exhibit a large dispersion in CO line widths, with median velocity disper-
sion reflective of the halo virial velocity (Figure 5.8). The identification of po-
tential progenitors at z >7 is predicted to be feasible through z-band dropouts
(Robertson et al. 2007).
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In either case, these models suggest that surveys at z ~ 6 which observe either
the most massive progenitors of quasar host galaxies, or highly inclined disks
(closer to edge-on, and likely lower luminosity) associated with z ~ 6 quasars
will see a broader dispersion of CO line widths. The model halos presented here
reflect the range of halo masses in our cosmological simulation which were fea-
sibly able to create a z ~ 6 quasar. As such, based on the line widths seen in
our lowest mass host galaxy (Q3), samples of CO detections at z ~ 6 which probe
quasars with a range of disk inclination angles should find a median line width at
least ~ twice the value of the sole detection. Surveys which observe quasars with
inclined molecular disks and still find consistently narrow line widths may reflect
an inability of our radiative transfer simulations to fully capture the appropriate
physics necessary to predict accurate CO line widths form these early Universe
galaxies. If, for example, our assumptions regarding molecular gas content or
CO abundances are incorrect, it could be that CO emission is preferentially seen
in lower velocity gas in the host galaxy. Alternative possibilities may include
super-Eddington accretion for the central black hole which may allow for lumi-
nous quasars at z ~ 6 in less massive halos than those adopted here (e.g., Volon-
teri & Rees 2005). It is, however, attractive that the simulations presented here do
provide a model for the CO emission from the earliest quasars which are consis-
tent with observations of the CO excitation and morphology of J1148+5251. More
observations to fully determine the nature of CO line widths in z ~ 6 quasars will

be necessary to assess the validity of this aspect of our modeling.

5.8 Spheroid, Black Hole, and Dynamical Mass

Because submillimeter-wave radiation typically does not suffer the heavy extinc-

tion characteristic of optical emission, CO lines are often used as dynamical mass
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indicators in dusty starburst galaxies. Dynamical masses are derived assuming
that the emitting gas is rotationally supported, and that the line width provides
a measure of the rotational velocity. Here we assess the usage of CO-derived
dynamical masses in z ~ 6 quasars. As a case study, we will focus on the most
massive simulation (~ 10" M); model Q1), though the trends are generic for all
quasars presented in this work.

Generally, theoretical arguments have predicted that the Mpy-o, and black
hole mass-bulge mass relations show only weak evolution with redshift (Robert-
son et al. 2006a). Using numerical simulations of galaxy mergers by Cox et al.
(2006a) and Robertson et al. (2006a) that include black hole feedback, Hopkins et
al. (2007a) found that the normalization of the Mpy-My, e relation shows weak
(~ 0.3 — 0.5 dex) trends toward larger Mgy /Mpyge from z= 0 - 6. The simula-
tions presented here provide additional support for a scenario in which the stellar
bulge and central black hole grow coevally in the earliest galaxies.

In the most massive galaxy presented here, the supermassive black hole grows
rapidly during the hierarchical buildup of the quasar host galaxy, and reaches a
total mass of ~ 2 x 10° M, during the peak quasar phase, similar to black hole
mass estimates in J1148+5251 (Willott et al. 2003). Owing to the extreme star
formation rates which can be as large as ~ 10* Moyr ' between redshifts =9
and z=8 during the final violent mergers (e.g, Figure 5.3), the bulge reaches a total
mass of ~ 10'* M, by the quasar phase. The black hole and stellar bulge masses
are related such that Mgy = 0.002 X My during the quasar phase, roughly
consistent with the local Mpy-Myye. relation (Li et al 2007a; Magorrian et al. 1998;
Marconi & Hunt 2003). We note, though, that during the peak of the quasar
activity, the Mpy — o, relation is not necessarily obeyed as the stellar bulge is not

dynamically relaxed.
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The massive starburst at z >7 results in an ISM highly enriched with metals,
consistent with the observed Fell /Mgll abundances, [CII] emission, CO emission,
and dust masses for z ~ 6 quasars (Barth et al. 2003; Bertoldi et al. 2003b; Dietrich
et al. 2003a;, Freudling et al. 2003; Jiang et al. 2006; Maiolino et al. 2005; Walter et
al. 2003, 2004). Li et al. (2007a) have found that the metallicity in the simulated
~ 10" M, quasar presented here is solar to supersolar during the quasar phase,
owing to the ~ 10* M yr~! starburst during the hierarchical merging process of
the quasar formation. These findings are consistent with the mean abundances
of ~ 4 times solar in a sample of 4 <z< 5 quasars observed by Dietrich et al.
(2003b) and imply that black hole growth and stellar bulge formation are corre-
lated at high redshifts. These simulations support findings that the relationship
is regulated by feedback from supermassive black holes (e.g., Di Matteo, Springel
& Hernquist 2005¢; Robertson et al. 2006a; Hopkins et al. 2007a).

CO observations of high-z quasars have suggested that central black hole
masses may be excessively large compared to the stellar bulge mass as predicted
by the present day Mpy-Mpuge relation. Dynamical mass estimates of J1148+5251
using CO line measurements have indicated that the stellar bulge may be under-
massive by a factor of ~ 10 — 50 if the present day Mpy-Mu,ee relation holds at
z ~ 6 (Walter et al. 2004). Studies of other quasars at z >3 using CO line widths
as a proxy for enclosed mass have arrived at similar conclusions (Shields et al.
2006).

In order to investigate the usage of CO as a dynamical mass indicator, in Fig-
ure 5.14, we plot the evolution of the median dynamical mass of the quasar host
galaxy from the most massive simulation (Q1) derived from the CO (J=6-5) emis-

sion line over 250 random lines of sight, as well as 30 contours for the observed
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range of linewidths. In particular, we show

o’R

where we use an adopted k of 8/3 and assume an average inclination angle of 30°.
We plot the total mass of the host galaxy (within the central 2 kpc) throughout its
evolution, including the multi-phase ISM, dark matter, stars, and black holes.
We additionally plot the ratio of the median derived dynamical mass to the total
mass enclosed. The dynamical mass is derived from the width of the CO (J=6-5)
line as the CO excitation peaks at the J=6 level, and this transition thus best trace
the bulk of the molecular gas during the quasar phase of our simulated galaxy.
We note, however, that the line widths from lower transition lines do not deviate
much from these trends.

During the hierarchical buildup of the host galaxy (pre-quasar phase), the gas
is still highly dynamical, and not completely virialized. This results in large CO
line widths, and consequently derived dynamical masses which largely overesti-
mate the true mass. During this time, the typical derived dynamical mass results
in an overestimate of the true mass by a factor of ~ 2 — 5. As the gas becomes
more rotationally supported during the quasar phase, the CO (J=6-5) line width
serves as a better tracer of the mass enclosed. These results are consistent with
similar derivations by Greve & Sommer-Larsen (2006) who found that CO can
serve as an accurate dynamical mass tracer in merger simulations to within 20%.

An important point from Figure 5.14 is that a large sightline-dependent range
of values are possible for derived dynamical masses. While the median line
widths provide reasonable estimates of the true mass, many lines of sight per-
mit significant underestimates. The radiative transfer simulations presented here
may then bring some resolution between CO observations which are sugges-

tive of a strong evolution in the Mpy-M,y,e relation at high redshift, and models
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which imply a lesser evolution between present epochs and early times. Fig-
ure 5.14 shows that a large range of dynamical masses may be inferred simply
based on observed viewing angle. While the median CO line widths accurately
traces the enclosed mass for the bulk of the quasar phase, potential selection ef-
tects (Figures 5.12 and 5.13) may bias masses derived from CO line widths from
quasars toward an underestimate of the true mass. These model results are con-
sistent with the recent study by Wu (2007) who found that CO line widths pro-
vided a particularly poor estimate of bulge velocity dispersion for local Seyferts
with line widths narrower than ~ 400 km s~ (FWHM; o ~ 170 km s™!). In con-
trast, the inclination-corrected CO line width was found to correspond well with

the bulge velocity dispersion.

5.9 Comparisons to Other High Redshift Populations

A natural question which arises from this work is, how do the CO properties
of these extreme z ~ 6 objects relate to other known starburst and AGN popula-
tions? Two extreme high redshift galaxy populations which may serve as interest-
ing comparisons are: 1. Optically selected quasars; and 2. Dusty submillimeter
selected galaxies at z ~ 2 (see respective reviews by Solomon & Vanden Bout,

2005, and Blain et al. 2002).

5.9.1 Quasars

Only a handful of quasars have been detected in molecular line emission owing
to beam dilution and limited sensitivity at millimeter and submillimeter wave-
lengths. As of the writing of the recent review by Solomon & Vanden Bout (2005),
there have been about 16 quasars at z >1 for which molecular gas emission prop-
erties have been published.

Deciphering the molecular gas morphology remains an issue for most quasars
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Figure 5.14 Top: Median dynamical masses derived from line widths over 250
random sightlines through the hierarchical buildup and evolution of quasar host
galaxy (red crosses). The shaded region represents the 30 range of sightline-
dependent derived dynamical masses, and the solid line the true total mass
within the central 2 kpc. The dynamical masses are derived assuming an in-
clination angle of 30°, and a molecular spatial extent of 2 kpc. Bottom: Ratio of
median derived dynamical mass to total mass. During the hierarchical buildup
and early quasar phase, much of the gas is highly dynamical; consequently, de-
rived dynamical masses from CO line widths do a poor job representing the true

enclosed mass, typically overestimating by factors of 2-5. As the gas virializes the
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since the majority of them have been detected in molecular line emission with
the help of gravitational lensing, resulting in multiple imaging. The spatial ex-
tent of the molecular emission in most quasars appears to range from ~ 1 — 5
kpc (Solomon & Vanden Bout, 2005), similar to the simulations presented here
as well as observations of J1148+5251. Multiple CO emission peaks are detected
less often, though it is not clear whether or not this is a spatial resolution issue.
Of seven imaged quasars listed in the recent review by Solomon & Vanden Bout
(2005), three have clear CO companions (including J1148+5251), with distances
in the emission peaks ranging from 1.7-8.7 kpc (e.g., Carilli et al. 2002). The
more sensitive, and higher spatial resolution observations that will be routinely
achieved with ALMA will clarify the CO morphology of quasars.

The CO excitation conditions that have been measured in quasars have pri-
marily been at z ~ 2. Barvainis et al. (1997) find that the CO is substantially
excited in the Cloverleaf quasar (H1413+117, z ~ 2.5) through the J=7 level. High
spatial resolution observations of two z ~ 4 quasars by Carilli et al. (2002) find
similar excitation conditions in CO, both of which have multiple CO emission
peaks in their morphology. More recent large velocity gradient modeling of
z ~ 4.7 quasar BR 1202-0725 also found a CO SED that peaks at J=7 (Riechers
et al. 2006b). The high excitation conditions observed in quasars are indicative of
extremely warm and dense molecular gas heated by ongoing star formation, and
are consistent with active star formation during the quasar phase.

The quasar sample of Solomon & Vanden Bout reports CO line widths in high-
z quasars ranging from roughly o ~ 100—250 km s~ (Carilli & Wang 2006). Large
bandwidth observations with the 4GHz COBRA correlator on OVRO by Hainline
et al. (2004) of a sample of three 2=2-3 quasars showed similarly narrow CO line

width.
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While these are in apparent contrast to the large mean line widths in z ~ 6
quasars reported here, the narrower line widths of quasars from 2 < z < 5may be
simply explained by the evolution of V, with decreasing redshift. Namely, while
quasars from 2 < z < 5 appear to form in halos of comparable mass to those

at z ~ 6 (Croom et al. 2005; Shen et al. 2007), the expected circular velocity will

naturally be lower than their z ~ 6 analogs by a factor of \/ (142)/(1+6). Asa
result, the circular velocity for these halos at z ~ 2 would be of order o ~ 300—350
km s™!, consistent with clustering measurements of z ~ 2 quasars (e.g., Croom et
al. 2005; Porciani & Norberg 2006; Myers et al. 2006; Hopkins et al. 2007i) and
studies of the quasar proximity effect (e.g., Faucher-Giguere et al. 2007; Kim &
Croft 2007; Nascimento Guimaraes et al. 2007) , and slightly larger than measured
CO line widths (Solomon & Vanden Bout, 2005), though it is possible that there
is a potential selection bias toward quasars with narrow line widths (§ 5.7.3) at
lower redshifts as well.

In this context, we emphasize that the simulations presented here do not pre-
dict large (¢ ~ 500 — 800 km s™') line widths for quasars which form at lower
(e.g., z ~ 2) redshift, even if they form in halos of comparable mass to luminous
sources at z ~ 6. To illustrate this, we examine the predicted CO line widths of the
binary merger simulation of Narayanan et al. (2006a; also presented in Robertson
et al. 2006a). The circular velocity of the progenitor galaxies was V=160 km s .
The total masses of the progenitor galaxies in this example was 4.8 x 10" h™'"M,),
and the final merger produced a central black hole mass of ~ 5 x 10" h™'M,. The
o of the unresolved CO (J=1-0) line profile ranges from 100-150 km s~* during the
peak of the quasar phase, over three orthogonal viewing angles, consistent with

CO line width measurements of z ~ 2 quasars, and reflective of the host virial

velocity.
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These models then suggest a self-consistent picture which naturally explains
the evolution of CO line widths as function of redshift in terms of the circular
velocity of the quasar host galaxy halo. Future modeling will need to quantify
the extent of potential molecular disk-driven selection effects (e.g., § 5.7.3) for
quasars at lower redshifts (2 ~ 2-4). Indeed other works have suggested that
quasars in this redshift range may be observed at a preferred shallow range of

viewing angles as evidenced by their CO line widths (e.g., Carilli & Wang 2006).

5.9.2 Submillimeter Galaxies

Submillimeter galaxies (SMGs) represent a class of massive, dusty starbursts at
z ~ 2 largely detected by blind surveys with the SCUBA and MAMBO bolome-
ters. Typical infrared luminosities in these sources of ~ 10 L, correspond to
a SFR of > 1000 Mgyr~!, assuming an insignificant AGN contribution (Smail
2006). X-ray and IR studies have shown that these galaxies are known to contain
embedded AGN, although their relative contribution to the bolometric luminos-
ity is uncertain (Alexander et al. 2005a,b; Donley et al. 2005; Polletta et al. 2006).
Optical morphologies of SMGs indicate that many are interacting and/or merg-
ers (Chapman et al. 2004). Recent CO morphologies and emission line profiles
have furthered this scenario (Greve et al. 2005; Tacconi et al. 2006). Many stud-
ies have pointed to a picture in which SMGs may be ongoing mergers at z ~ 2,
though in a pre-quasar phase (e.g., Blain et al. 2002). This combined with the fact
that SMGs are the most massive and actively star forming galaxy population at
z ~ 2 make SMGs an interesting comparative for our simulated z ~ 6 quasar.
The excitation characteristics have been observed in multiple CO emission
lines for only one case: 2=2.5 SMG SMM J16359+6612. In this galaxy, the CO flux
density peaks at J=5 (Weif3 et al. 2005a), consistent with highly excited gas. The

excitation conditions are similar to those seen in our simulations when the SFRs
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are comparable.

The molecular morphology in SMGs closely resembles the extended CO emis-
sion seen in simulations and observations of J1148+5251, as well as in the pre-
quasar phase galaxy in our simulations at z=7-10. The average CO FWHM ra-
dius in the recent Tacconi et al. (2006) sample is 2 kpc. The large spatial extent
of CO emission in SMGs combined with an apparent lack of strong quasar activ-
ity has been interpreted as being the consequence of extremely massive and gas
rich galaxy mergers early in the evolution of the galaxy, and prior to the quasar
phase (e.g., Tacconi et al. 2006). Indeed, if SMGs form through hierarchical merg-
ers, then the models presented here suggest that the spatially extended and dis-
turbed CO morphologies seen in SMGs further indicate that these galaxies may
be mergers prior to an optical quasar phase (e.g., Figure 5.4).

The CO line widths of SMGs are more enigmatic. The average CO emission
line from an SMG is typically about double the width of that from a quasar of sim-
ilar redshifts (e.g., Carilli & Wang 2006; Greve et al. 2005; Tacconi et al. 2006). The
average line width in SMGs is 0 ~ 330 km s™' (FWHM ~ 780 km s~'), compared
to a mean o of 130 km s™! seen in z ~ 2 quasars (Greve et al. 2005). Within the
context of the models presented in this work, a number of physical motivations
for these differing line widths may be at play.

First, in our models the mean line widths from galaxies with virialized cold
gas are seen to roughly correspond with the circular velocity of a host halo. When
comparing galaxies of similar redshifts, if SMGs are dynamically relaxed, this
would imply that SMGs may originate in more massive halos than quasars. In-
deed, clustering measurements made by Blain et al. (2004) have suggested that
SMGs are hosted by halos slightly larger than quasars at comparable redshifts. If

SMGs reside in halos >4 times more massive than typical quasar host galaxies,
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the difference in CO line widths may be accounted for.

An alternative explanation for the line widths may arise from an evolutionary
standpoint. Specifically, as Figure 5.8 shows, there is a typical drop in CO line
width by a factor of ~ 2 close to the quasar phase of a merging galaxy system.
This owes to gas in the violent environs of a galaxy merger becoming rotationally
supported late in the evolution of the merger. If SMGs are a class of objects hosted
by halos of similar mass to their quasar counterparts, then it may be that SMGs
are simply massive mergers at z ~ 2 prior to their active quasar phase. Certainly
CO line profiles and morphologies from SMGs are consistent with merging activ-
ity (Greve et al. 2005; Tacconi et al. 2006; Narayanan et al. 2006a, 2007b). More-
over, numerical simulations of merging galaxies coupled with self-consistent ra-
diative transfer solutions have pointed to a picture in which SMGs may be merg-
ers caught in a phase of massive black hole growth, though prior to an optical
quasar phase (Chakrabarti et al. 2007b).

Other authors have suggested that SMGs may be similar to quasars in their
place in galaxy evolution, but simply viewed more edge-on. Carilli & Wang
(2004) suggested that if these z ~ 2 galaxy populations are truly of the same class,
then one can infer a mean viewing angle of ~ 13° for quasars, whereas SMGs are
more likely randomly oriented.

Finally, it may be that the CO emission properties of SMGs are not explained
by physical models such at those presented in this work. If, for example, the
massive star formation rates are fueled at least in part by accretion of gas from
the host halo (which is seen to occur for at least some galaxies in cosmological
simulations; see e.g., Finlator et al. 2006), the CO line widths may not reflect the
circular velocity of the system, at least during phases of elevated star formation,

as they do in merging galaxies.
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In summary, correspondence between some observed trends of molecular line
emission in the models of hierarchical z ~ 6 quasar formation and SMGs which
form at later times suggest that it is plausible that SMGs fall naturally into a
merger-driven evolutionary sequence, though, at least from molecular line di-
agnostics alone, its location on this sequence is not completely clear. Of course,
alternative scenarios cannot be ruled out here. Further models of hierarchical
galaxy mergers appropriate for z ~ 2 will have to be examined in order to further

quantify the relation of CO emission properties to the evolution of SMGs.

5.10 Chapter Summary and Conclusions

We have applied non-LTE radiative transfer simulations to cosmological and hy-
drodynamic galaxy formation simulations to predict the CO emission from repre-
sentative z ~ 6 quasars that are modeled to form hierarchically in massive 10'* —
10" M, halos. We made predictions concerning the CO excitation patterns, mor-
phologies, and line widths in this extreme class of objects. We further made broad
comparisons to the only current CO detection at z 6, J1148+5251 at 2=6.42. Our

main results are the following:

1. Owing to very warm and dense conditions in the molecular ISM, the CO
flux density is predicted to peak at the J=8 level during the early, hierarchi-
cal formation process of the quasar host galaxy (z ~ 8), when the SFR can

be as high as ~ 10* Mgoyr .

During the peak quasar phase, the central
AGN reduces the nuclear starburst, and the SFR drops to ~ 10? M@yr_l.
Consequently, the CO flux density peaks at the J=5-6 level. These excitation
conditions are indicative of an ongoing starburst, and are consistent with

observations of J1148+5251. As the gas becomes more diffuse and the star-

burst dies down in the post-quasar phase (z <6), the peak in the CO flux is
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predicted to drop to J~ 3.

. The CO morphologies of z ~ 6 quasars may exhibit multiple emission peaks
during the active quasar phase, owing to separated peaks of high density
emission that have not yet coalesced. The multiple emission peaks in the
morphology of the CO (J=3-2) gas during the quasar phase of our simula-
tions are very similar to observations of J1148+5251, and are robust along
many viewing angles. These results imply that a merger-driven formation
scenario for z ~ 6 quasars produces CO morphologies consistent with that

of J1148+5251.

. On average, the CO line widths from quasars at z ~ 6 are reflective of the
virial velocity of the host halo, though there exists a large sightline depen-
dent dispersion in line widths. During the hierarchical buildup of the host
galaxy, the median line widths are roughly twice the virial velocity, and set-
tle to the virial velocity during the quasar phase. During the quasar phase,
the sightline-averaged line width for the ~ 10" M, halo is ~ 500 — 800
km s~!. In the lowest mass halo (~ 10" M) the sightline averaged line

width is ~ 300 km s~ .

. A fraction of sightlines in each model is compatible with observations, and
is a strong function of halo mass. Specifically, the number of sightlines with
narrow line widths compatible with observations increases with decreasing
halo mass. The most massive ~ 10'® M, halo shows ~ 2 — 3% of sightlines
compatible with observations. The ~ 10" M, halo has line widths similar
to observations of J1148+5251 ~ 10% of the time. The percentage of sight-
lines compatible with observations increase owing to selection effects (next

point).
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5. Quasars at z ~ 6 selected for optical luminosity may preferentially be in
a face-on configuration as this provides the least obscuration of the cen-
tral black hole. In these configurations, the CO line widths are narrower,
thus causing quasars selected for optical luminosity to preferentially have
narrower line widths than their sightline averaged values. The fraction of
sightlines with line widths compatible with observations increases to 10-
25% when considering quasars selected for optical luminosity. This sug-
gests that these models may be in agreement with observations if J1148+5251
is being observed in a face-on configuration. A direct consequence of these
selection effects is that in order to observe the full dispersion in CO line
widths in z ~ 6 quasars, observations must probe quasars with edge-on
molecular disks (which are typically lower on the optical luminosity func-

tion).

6. Because of the evolution of V, with redshift of halos of similar mass, quasars
which form in ~ 10" — 10" M, halos (as they are thought to; see e.g.,
Croom et al. 2005; Shen et al. 2007) at lower redshift will naturally have
smaller line widths, compatible with observations. We explicitly show this
by examining the line widths of a binary merger simulation appropriate for
present epochs. In this light, the simulations presented here do not predict
large (o ~ 500—800 km s~') CO line widths for quasars which form at lower
redshifts, but rather a suggestive self-consistent model for the potential ori-

gin of CO line widths in quasars at both low and high redshift.

7. Our merger-driven model for quasar formation predicts a host galaxy that
lies on the Mpy-Mpyge relation during the active quasar phase (Li et al.

2007a; Robertson et al 2006a; Hopkins et al. 2007a). During the hierarchi-
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cal buildup of the host galaxy, the median CO line width tends to typically
overestimate the dynamical mass by a factor of 2-5 as much of the gas is
highly dynamical, and not virialized. During the quasar phase, dynamical
masses derived from the median line widths are a better representation of
the true mass. There is a large range in derived dynamical masses coinci-
dent with the large sightline-dependent range of line widths seen at a given
time. If selection effects are in place such that molecular disks in observed
high-z quasars are typically close to face-on, CO-derived dynamical masses
will preferentially underestimate the true mass unless the shallow viewing

angle is accounted for.
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CHAPTER 6

WARM-DENSE MOLECULAR GAS IN THE ISM OF GALAXIES

I think maybe you should be an observer instead...

-Fred Lo after hearing my talk on models of CO emission in z ~ 6 quasars

6.1 Chapter Abstract

The role of star formation in luminous and ultraluminous infrared galaxies (LIRGs,
Lig >10" L); ULIRGs Lig >10'?L,)) is a hotly debated issue: while it is clear that
starbursts play a large role in powering the IR luminosity in these galaxies, the
relative importance of possible enshrouded AGNs is unknown. It is therefore
important to better understand the role of star forming gas in contributing to the
infrared luminosity in IR-bright galaxies. The J=3 level of *CO lies 33K above
ground and has a critical density of ~10* cm™3. The 2CO(J=3-2) line thus serves
as an effective tracer for warm-dense molecular gas heated by active star forma-
tion. Here we report on *CO (J=3-2) observations of 17 starburst spirals, LIRGs
and ULIRGs which we obtained with the Heinrich Hertz Submillimeter Telescope
on Mt. Graham, Arizona. Our main results are the following: 1. We find a nearly
linear relation between the infrared luminosity and warm-dense molecular gas
such that the infrared luminosity increases as the warm-dense molecular gas to
the power 0.92; We interpret this to be roughly consistent with the recent results
of Gao & Solomon (2004a,b). 2. We find Lir/ Mu,warm—dense ratios ranging from
~38 to ~482 L) /M) using a modified CO-H, conversion factor of 8.3 x 10"

cm~? (K km s7')~! derived in this paper.
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6.2 Chapter Introduction

An important result from the /RAS observatory was the discovery of large num-
bers of galaxies which emit prodigiously in the infrared. The / RAS Bright Galaxy
Survey (BGS, flux limited, feo.m >5.4 Jy; Soifer et al 1987, 1989) reported on in-
frared fluxes of 330 galaxies.

An interesting subset of these objects, coined Luminous Infrared Galaxies
(LIRGs, Lir > 10''Lg, ), and Ultraluminous Infrared Galaxies (ULIRGs, Lig >
1012L@ ), serve as a unique tool to better understand the temporal evolution of
starburst phenomena (the field is reviewed by Sanders & Mirabel, 1996). As evi-
denced by morphological studies, ULIRGs are likely the product of galaxy merg-
ers, or strongly interacting galaxies (Sanders et al. 1988a, Lawrence et al. 1991,
Leech et al. 1994). While many LIRGs are also merger remnants, they can also be
gas and/or dust-rich spirals.

The source of infrared luminosity in ULIRGs and high luminosity LIRGs has
been under contention for quite some time. The luminous activity from the cen-
tral regions in LIRGs and ULIRGs suggests either a massive starburst, dust en-
shrouded AGN, or some combination of the two. High resolution (~1") millime-
ter observations have shown large amounts of molecular gas concentrated in the
nuclear regions of these galaxies (e.g. Scoville et al., 1989, Bryant & Scoville 1999).
Numerical simulations have shown that galaxy mergers can efficiently drive gas
toward the nuclear regions of the remnants (Barnes & Hernquist 1992, Mihos &
Hernquist 1996). Nearly all bright IRAS galaxies have been found to be rich
in molecular gas (Tinney et al. 1990, Sanders, Scoville & Soifer 1991, hereafter
SS591). This molecular gas is not only the nascent birthplace for massive star for-
mation, but may also act as fuel for a hidden AGN. Additionally, the processes

may be linked. Several authors have suggested that the large amounts of gas may
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lead to the buildup of large nuclear star clusters which may augment the forma-
tion for a central AGN (Scoville et al. 1989, Surace et al. 1998, Evans et al. 1999,
Scoville et al. 2000).

Strong constraints must be placed on the interstellar medium (ISM) in LIRGs
and ULIRGs in order to better understand the source of luminosity and their role
in the evolutionary sequence of galaxies. Rotational transitions in carbon monox-
ide are often used as a tracer for molecular gas in the ISM. The first extensive
studies of the molecular gas in (U)LIRGs via '*CO (hereafter, CO) line emission
were presented by Tinney et al. (1990), and SS591. These authors analyzed CO
(J=1-0) emission from a sample galaxies with Lig 210"L).

Of particular interest in the ISM is the properties of warm, dense gas, as it is
this gas that directly traces star formation. Because CO (J=1-0) can be excited at
relatively low temperatures (~5 K above ground) and densities (~10%-10%cm ™),
it serves as a good tracer for total molecular gas, but is relatively insensitive to the
warmer, denser gas directly involved in the star formation process. In contrast,
high lying rotational transitions of CO directly trace warm, dense gas. The J=3
level of CO lies 33K above ground and has a relatively high critical density of
1.5x10* cm~3. The CO (J=3-2) transition can serve as a tracer of dense molecular
gas heated by active star formation, and thus as a diagnostic for the starburst
phenomena in these galaxies. Sensitivity to the presence of dense gas is important
in determining the evolutionary state of LIRGs/ULIRGs. For example, in the well
studied galaxy, Arp 220, Solomon, Downes & Radford (1992) presented single
dish data taken in CO (J=1-0), HCO+(J=1-0), and HCN (J=1-0). The CO (J=1-0)
spectra shows a single peak while the emission lines from the high-density tracers
HCO+ and HCN each showed two peaks. Taniguchi & Shioya (1998) discussed
the double-horned profile seen in the high-density tracers HCO+ and HCN as



178

corresponding to the starburst regions associated with two separate nuclei in this
galaxy. This model was further supported by high resolution observations by
Sakamoto et al. (1999). It is therefore evident that high-density gas tracers are
vital to the understanding of molecular gas in LIRGs and ULIRGs.

Several previous surveys of LIRGs and ULIRGs have relied on millimeter-
wave studies of HCN (J=1-0) in order to probe the properties of the dense molec-
ular component of these objects (e.g. Solomon, Downes & Radford, 1992, Gao &
Solomon 2004b, and references therein). However, the low lying levels of HCN
do not necessarily trace gas that is both warm and dense. For example, the J=1-0
emission of HCN traces densities of n(H,) > 3 x 10*cm™3; however, it only lies
at a temperature of ~4.25K above the ground state. Thus, while observations of
this transition will reveal the physical conditions of dense molecular gas, both
cool and warm, it does not necessarily probe the gas heated by active star forma-
tion. In order to study properties of the gas directly involved in star formation, one
must look toward lines that have a high excitation temperature, as well as a high
critical density.

While there have been numerous studies of CO (J=1-0) emission (Sanders &
Mirabel, 1996 and references therein), there are relatively few studies of LIRGs
and ULIRGs in higher lying CO transitions. Rigopoulou et al (1996) reported a
CO (J=2-1) survey of 6 ULIRGs, and Yao et al. (2003) presented the first survey of
CO(J=3-2) emission of LIRGs and ULIRGs from the Scuba Local Universe Galaxy
Survey (SLUGS). Recent high-resolution studies of warm-dense molecular gas
in individual LIRGs have been performed by Iono et al. (2004) and Wang et al.
(2004).

In order to better understand the role of star formation in LIRGs and ULIRGs,

and how it varies with infrared luminosity, we have conducted a survey of CO
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(J=3-2) emission as a tracer for warm-dense molecular gas in 17 normal starburst
spirals, LIRGs and ULIRGs detected by the IRAS BGS survey. We made these
observations at the 10m Heinrich Hertz Submillimeter Telescope (HHSMT) on
Mt. Graham. A similar study has been recently performed by Gao & Solomon
(2004a,b), using HCN (J=1-0) as a tracer for dense molecular gas. In § 6.3 we
present the observations and data; in § 6.4 we discuss the excitation conditions via
the CO (J=3-2)/CO(J=1-0) line ratio; in § 6.5 we interpret the line profiles; in § 6.6
we discuss the data with respect to the dominant source of infrared luminosity

(starburst vs. AGN), and in § 6.7 we summarize.

6.3 Selection and Observations

The galaxies in this study were selected from the IRAS BGS sample which was
flux limited at feo.m > 5.4 Jy. All but two of the objects observed here have previ-
ously shown strong CO (J=1-0) emission (Mirabel et al. 1990, Tinney et al. 1990,
55591, Yao et al. 2004) and were therefore known to be rich in molecular gas.
The galaxies were originally selected in their respective CO (J=1-0) surveys from
the IRAS BGS surveys, and in the case of Yao et al. (2004), the SLUGS survey.
The galaxies in these papers were chosen for position on the sky, and thus not
biased for any particular galaxy properties. Our goal was to observe a number of
galaxies over a wide IR luminosity range: we observed 17 galaxies ranging in IR
luminosity from 10.41 < log(Lir) < 12.39, spanning from starburst spiral galaxies
to ULIRGs. The infrared luminosities and 60um fluxes may be found in Table
1. All of the galaxies were chosen such that they were not redshifted out of the
atmospheric transmission windows near 345 GHz. We additionally took care to
observe objects whose CO emitting region would be unresolved within the 23"

HHSMT beam (see also §3). We selected objects with a declination greater than
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-1°. The full list of objects observed can be found in Table 1.

We observed our sample of 17 galaxies on the HHSMT over three runs in
November 2003, March 2004 and January 2005. We used the facility 345 GHz
SIS receiver utilizing both polarizations. The acousto-optical spectrometer (AOS)
was used as the backend, with a usable bandwith of 1GHz, and velocity res-
olution of 0.85 km s~!. For calibration sources, we observed Orion, W30OH and
IRC10216. Telescope pointing was checked every hour with observations of plan-
ets. The observations were made in beam switching mode with a throw of 60”,
and a chopping frequency of 4 Hz. Typical integration time was ~4 hours which
yielded signal to noise ratios of about 10 in most sources. Note, that due to time
constraints, we were not able to achieve this level of S/N for every object. Ad-
ditionally, some of the higher luminosity objects fell at a redshift such that their
observed frequencies were near atmospheric water lines, decreasing the S/N. The
weather conditions were good with a typical 7 at 225 GHz of ~0.1. We detected
CO (J=3-2) emission in 15 out of the 17 galaxies in our sample’.

The data reduction was performed using the GILDAS CLASS package. We
subtracted a linear baseline from the data, excluding points in the emission line
from the fit. The data were then co-added, weighted by the rms noise of each
spectrum. We smoothed the data to a resolution between 3.2 km s™! and 25.6
km s™!, depending on the noise levels. We converted from an antenna tempera-
ture, T, to main beam temperature, T\, by scaling by the main beam efficiency,
Nmb, using Tyig = Ta/Nmp. Main beam efficiencies were measured to be ~0.50 at
the CO (J=3-2) line frequency during the March 2004 observing run. Observing

parameters may be found in Table 1.

Please note that while we did not detect emission in NGC 3583, Yao et al. (2003) detected
emission with peak temperature of ~0.1 K. Baseline problems in our data prevented us from
ascertaining if we saw a line or simply baseline ripple.
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While the galaxies were all resolved within our 23" beam, the primary nuclear
gas and dust emitting regions were not. In Figure 6.1-Figure 6.4, we show the
HHSMT beamprint overlaid on the optical images taken from the Digitized Sky
Survey* and the 2MASS images taken from the 2-Micron All Sky Survey. In the
same Figures we show the CO (J=3-2) spectrum we obtained for each object in

this study. The objects are arranged in order of increasing L.

6.4 CO (J=3-2)/(J=1-0) Line Ratio

The ratio of intensities (K km s=!) of the CO (J=3-2) line to the CO (J=1-0) line, R3,
serves as a probe of the excitation temperature and optical depth of the emitting
gas. A high ratio (>1) indicates the gas is warm, and optically thin.

Because the CO (J=3-2) and (J=1-0) observations were taken at different tele-
scopes with different beam sizes, certain considerations must be taken into ac-
count when comparing the line intensities. Both the beam size, b, and angular

extent of the sources on the sky, s, play a role in determining the ratio:

o ]32(82 + 63’2)

Ry = 6.1
3 ]10(82 + b%O) ( )
Where 1 is the intensity (K km s™!):
Ieo = [ Tun(COYAV 6.2)

In recent high resolution (2”-3") millimeter-wave observations of 7 LIRGs, Bryant
& Scoville (1999) find that nearly all of the detected CO (J=1-0) emission is con-

centrated within the central 1.6 kpc in 6 of the 7 objects. Because it is unlikely that

2The Digitized Sky Surveys were produced at the Space Telescope Science Institute under U.S.
Government grant NAG W-2166. The images of these surveys are based on photographic data
obtained using the Oschin Schmidt Telescope on Palomar Mountain and the UK Schmidt Tele-
scope. The plates were processed into the present compressed digital form with the permission
of these institutions.
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there will be significant CO (J=3-2) emission where there is no CO (J=1-0), we as-
sume that all of the emitting gas in our sample is confined within the same region,
and, with the distances to each object, compute the angular extent of emitting gas
for each object.

The CO (J=1-0) data were taken at the IRAM 30m, Kitt Peak 12m, the Nobeyama
Radio Observatory, and the Swedish-European Submillimeter Telescope (SEST)
(Mirabel et al. 1990, Tinney et al. 1990, SS591, Yao et al. 2003). The beam size of
the 10m HHSMT at 345 GHz is ~23".

The Rj ratios are presented in Table 2. Our mean value of Rj3 is 0.50. In a
survey of CO (J=3-2) emission in 28 nearby galaxies, Mauersberger et al. (1999)
found a mean value of R;3 of 0.63. Similarly, Yao et al. (2003) found a mean R;
of 0.66 in their survey of 60 LIRGs/ULIRGs. The average Rj3 for our objects is
larger than the average value seen in Galactic molecular clouds of 0.4 (Sanders
et al. 1993). The spread in the ratios in Table 2 suggest a variety of excitation
conditions in the molecular gas in our sample of galaxies. As we will show, this

will become quite important in Chapter 7.

6.5 Line Profiles

The observed line profiles allow us to gain a better understanding of the kinemat-
ics of the emitting molecular gas. Krugel et al. (1990) examined simple models
of galaxies in order to explain their line profiles. They assumed the gas was dis-
tributed in a disk, and constructed isothermal models of galaxies gridded in ra-
dius and azimuth. They allowed the clouds to rotate around the center like a rigid
body out to a distance, Ry, set as a free parameter, and then forced the velocity to
200 km s~*. We use the results of these models to illustrate possible kinematic sig-

natures found in our observed line profiles. The line profiles of the objects in our
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sample tend to fall into three general categories: single Gaussian (e.g. NGC 2276),
double-peaked (e.g. Arp220), and three component (e.g. NGC3079). These can
all be explained by models in which the beam is larger than the emitting region,
and a part of the flat rotation curve is included. While it is clear from Figures 6.1-
6.4 that we have resolved the optical emitting region of all of the galaxies in this
sample, as described in § 6.4, the bulk of the CO-emitting gas likely remains un-
resolved within the 23" beam. Here, we discuss the line profiles of the objects in
this study, and how they relate to other observations from the literature.

Single-Gaussian Profiles: The single Gaussian line profile has a width which
varies based on viewing angle: if the galaxy is face on, then the line width is
dominated by the turbulent velocity among the emitting clouds. If, however,
there is an inclination angle of ¢ <90°, then the effects of the rotation of the galaxy
are evident in the line width.

NGC 7817: The optical and 2MASS images (Figures 6.1-6.4) indicate our ob-
servations of the circumnuclear star-forming region are unresolved in this spiral
galaxy. The CO (J=1-0) line profile appears to have a possible double-peak which
would be consistent with the fact that we are viewing this galaxy slightly edge-on
(S5591).

NGC 2276, NGC6701: The narrow single-Gaussian line profiles for these galax-
ies are likely due to viewing these spirals ~face on.

NGC 834: The CO (J=1-0) profile in this spiral (Chini, Krugel & Lemke 1996,
Hattori et al. 2004) is difficult to interpret due to noise (SS591, Young et al. 1995).
It appears to be double-horned in CO (J=1-0). A large ring of star forming gas
is seen in Ha maps by Hattori et al. (2004): this ring may be the origin of the
1-0 double peak. This double peak may emerge in a CO (J=3-2) spectrum with a

higher signal to noise ratio.



184

IRAS 23436+5257, IRAS 07251-0248: The emission lines presented here for
these galaxies are the first to be published. The objects appear to be disturbed
and/or interacting galaxies (Figures 6.1-6.4).

UGC 5101: The CO (J=3-2) spectrum presented here has an asymmetric profile
with a high-velocity bulge. The HCN (J=1-0) line appears to be a more symmet-
ric Gaussian (Gao & Solomon, 2004b). The CO (J=1-0) spectrum, in contrast has
a clear double-horned profile (Solomon et al. 1997). Armus et al. (2004), discuss
the presence of a buried AGN in this galaxy through the detection of [Ne V] 14.3
pm line. Farrah et al. (2003) describe this object as having an enshrouded AGN
which plays a large role in contributing to the near-IR flux, but becoming more
negligible at longer wavelengths. Many other authors have discussed the pos-
sibility of an enshrouded AGN in this object (e.g. Imanishi, Dudley & Maloney,
2001, Imanishi et al. 2003, and references therein). Sanders et al. (1988) interpret
the morphology as a late-stage merger. NICMOS images show only a single nu-
cleus (Scoville et al. 2000), making it unlikely that the possible double-peak is
due to individual nuclei from progenitor galaxies in a merger. High resolution
mapping will help to interpret this line profile better.

IRAS 17208-0014: Gao & Solomon (2004a) present HCN (J=1-0) observations
of this object, and Rigopoulou et al.(1996) present CO (J=2-1) observations of this
object. Our profile appears consistent with both sets of data. The object has the
optical spectrum of an HII region (Veilleux, Sanders & Kim. 1999). Scoville et
al. (2000) and Farrah et al. (2003) classify IRAS 17208-0014 as being powered by
a pure starburst, with little to no AGN component. NICMOS images show this
galaxy to have a disturbed outer disk (Scoville et al. 2000).

Double Horned Profiles: The double-horned profile was evident in many of

our objects as well. There are two distinct sub-categories: those with symmetric
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peaks (e.g. NGC 3094 and Arp 220), and those where one peak is higher than
the other (e.g. NGC 992). Krugel et al. model the symmetrical double-peaked
objects as galaxies that are unresolved, with the bulk of the emitting gas confined
to a circumnuclear ring. However, as was discussed in §1, and below, there may
be alternative explanations for NGC 828 and Arp 220. The asymmetric double
peak profile is more enigmatic. Krugel et al. suggest that if the gas is distributed
symmetrically in the galaxy’s disk, such profiles might arise if the observation
is centered off the center of the disk. Alternatively, this profile may arise if the
LIRG/ULIRG has two distinct nuclei from a merger, and the emitting molecular
gas from one has a larger velocity dispersion than the other. A third scenario
may arise from molecular outflows/dynamics (cf. Chapter 4), though we do not
explore this possibility here.

NGC 3094: While our data for this object are sufficiently noisy that a double
peak is not clear, higher resolution data from Yao et al. (2003) show the dou-
ble peak to be evident. Imanishi (2000) classifies this object has having a highly
obscured AGN.

NGC 992: While the CO (J=3-2) spectrum shows an asymmetric double-horned
profile, the CO (J=1-0) profile is inconclusive. The general shape is similar, but
noise dominates the features enough to make it difficult to ascertain whether
or not there are two individual peaks in the 1-0 profile (S5591). The galaxy ap-
pears to be a spiral (Chini, Krugel & Lemke 1996) undergoing a starburst (Ashby,
Houck & Matthews, 1995). It is likely, following the modeling of Krugel et al.,
that the asymmetric line profile arises from a telescope pointing offset from the
center of the CO disk.

NGC 828: Hattori et al. (2004) observed Ha in this object, and describe it

as a disturbed spiral galaxy. Kinematic evidence from high-resolution CO (J=1-
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0) mapping suggest that this galaxy is an ongoing merger (Wang, Scoville &
Sanders, 1991). CO (J=1-0) spectra (55591, Young et al. 1995) appear to display
two peaks, although the double-horn is significantly more asymmetric than is
seen in the two major peaks in the 3-2 spectra presented in this study.

NGC 7771: The observation may be slightly off from the optical center (DSS
images, Figures 6.1-6.4), although the entire gas emitting region appears to re-
main unresolved within the beam (2MASS images, Figures 6.1-6.4). The CO (J=1-
0) profile looks single-Gaussian. The double peak is likely due to the rotational
structure of the galaxy.

Arp 220: This object is well studied in the literature, and we will only briefly
discuss the line profile. As discussed in §1, the CO (J=1-0) spectrum of Arp 220
shows a single Gaussian peak, while the spectrum from high-density tracers (e.g.
HCN J=1-0, CO J=3-2) reveal a double peak. The double peaks are interpreted to
belong to each nuclei of the progenitor galaxies (Taniguchi & Shioya, 1998).

Triple-Peaked Profiles: Of our sample, NGC 3079 and NGC 6286 were best fit
by three Gaussians; When fit to a single Gaussian, the FWHM'’s of these objects
are ~450 km s!. Krugel et al. observed a similar feature in the starburst galaxy,
Mrk 1034, and modeled this as the spectral signature of a resolved galaxy where
the inclination was such that both the central core, and extended gas with a flat
rotation curve were being observed. This type of model produces the symmetric
spectra seen in some of our observations, with the height of the central peak rising
with respect to the two outer peaks as the inclination angle of the galaxy drops.

NGC 3079: This galaxy appears to fit the Krugel et al. model. Indeed the
2MASS image shows that the beam extends significantly beyond the nuclear dust
and gas emitting region. Tinney et al. (1990) presented a CO (J=1-0) spectrum of

NGC 3079 compiled from a map; the profile appears to be an asymmetric double-
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horn.

NGC 6286: The optical and 2MASS images reveal this observation to be of
an edge on spiral. The asymmetric line profile was best fit by three Gaussians,
although it is likely to simply be a double-horned spectrum that was observed
off of the CO emission center. Indeed, the CO (J=1-0) line profile appears more
symmetric, although the presence of more than one peak is difficult to determine

given the noise (55591).

6.6 Source of IR Luminosity

The search for the driving source of high luminosity LIRGs and ULIRGs has been
the subject of numerous observational and theoretical studies. While it is clear
that there is active star formation in these objects, there remains evidence that
dust-enshrouded active nuclei may play an important role as well (e.g. Yun &
Scoville, 1998). In this section, we investigate the source of IR luminosity in the

high-luminosity LIRGs and ULIRGs in our sample.

6.6.1 LIR versus LCO J=3—2

Correlations between infrared luminosity, and the luminosity due to high criti-
cal density tracers such as HCN have been discussed extensively (Solomon et al.
1992, Gao & Solomon 2004a,b). In a recent survey of normal (spiral) galaxies,
LIRGs and ULIRGs, Gao & Solomon (2004b) found a linear relationship between
Lig and Lycn over three orders of magnitude in infrared luminosity; this suggests
that over the IR luminosity range spanned (log(Lir) < 12.36) the dense molecular
gas (and thus, high mass star formation) is the dominant form of IR emission in
both the LIRGs and ULIRGs. Additionally, Carilli et al. (2004) have shown for
high redshift ULIRGs that the correlation between IR luminosity and HCN lu-

minosity is nearly linear as well. These correlations suggest that at some level,
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the dense interstellar medium and infrared luminosity in these objects are inter-
twined. Since CO (J=3-2) is an indicator of warm-dense gas, we use our dataset
combined with those of other works to further test this hypothesis. Similar to the
Gao & Solomon study, we probe infrared luminosities up to log(Lr )=12.39.

We obtained values for Lz from SSS91 and the IRAS Revised Bright Galaxy

Survey (Sanders et al. 2003). We calculated Lo using
Loo ~ 7/ (4In2)62, Iso di (1 + 2) 72 (6.3)

where 0,,;, is the FWHM of the telescope Gaussian beam, and d, is the luminosity
distance. The data for Lco are presented in Table 2. So that we may increase
the number of objects in our analysis, we included 14 objects which we detected
(please see caption of Figure 6.5 concerning exclusions), as well as 40 objects®
studied by Yao et al. (2003). In order to account for calibration differences in the
data sets, we used Arp 220 as a common calibrator, and scaled our Lo values
such that the Arp 220 CO luminosities matched. This scaling factor was 0.26.

We present Lig vs. Lo j—3—2 in Figure 6.5. We fit the data using a linear y?

minimization routine, and recovered for the fit:
log(Lr) = 0.92(£0.07) x log(Loo j—3_2) + 3.28(20.60) (6.4)

We interpret this result as consistent with the linear slope found by Gao & Solomon
(2004a,b).

If the observed FIR emission is produced primarily by heating from massive
stars, the star formation rate (SFR) can be given as a function of Lz (Kennicutt,
1998):

SFR(Mgp yr ) ~2x 107"(Lir/Lg) ) (6.5)

3All the objects for which Sanders et al. 2003 reported an infrared luminosity
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Previous studies of the relationship between L and L¢o j—1-¢ have found a non-
linear relationship such that the infrared luminosity increases as the CO (J=1-0)
luminosity to the ~1.25. Because Lo j=1-¢ is proportional to the total molecu-
lar gas mass (Appendix A of S5591), this has been interpreted as an increase in
star formation efficiency (SFE), defined as the SFR over the total molecular gas
mass, as a function of SFR (e.g. Solomon et al. 1992). Lz /CO(J=1-0) serves as
a tracer for star formation efficiency as a function of all available molecular gas.
Lir /HCN(J=1-0) is canonically interpreted as a tracer for SFE as a function of all
available dense, star-forming gas (e.g. Gao & Solomon, 2004b). In contrast, CO(J=3-
2) traces warm, dense gas heated by embedded stars (§ 6.2) and thus Lir /CO(J=3-
2) probes the infrared luminosity as a function of recent star formation. In light of
these standard interpretations, it follows then, that the linear relationship seen
between Lz and Lycn implies that the SFR per unit dense molecular gas mass re-
mains constant through log(Lir) < 12.3; this result is confirmed by our observed
relationship between Lz and Lco j—3—2 which shows a nearly constant SFR as
a function of warm-dense molecular gas heated by active star formation. These
observations strengthen the conclusion of Gao & Solomon (2004b) that the IR lu-
minosity in LIRGs and ULIRGs up to an IR luminosity of at least log(Lr) ~ 12.3
is primarily driven by heating from O and B stars.

The observed linear relationships suggest that star formation does play an
important role in powering the infrared luminosity in LIRGs and ULIRGs. How-
ever, it may be that this relationship breaks down at higher IR luminosities as pos-
sible AGN contribution becomes more important. As an example, we extrapolate
our fit to observations of Hyperluminous Infrared Galaxies (HLIRGs). Extrap-
olating from our fit, a galaxy with log(Lir)~13 would require ~4 x10''M, of

warm-dense molecular gas in the nuclear regions. For comparison, the HLIRG
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FSC 10214+4274 has Lpr=1.8x10"Ls and CO (J=3-2)-traced warm-dense gas
mass of Mye= 2.2x10'" M) (an upper limit as the luminosity may have been
enhanced by gravitational lensing, Close et al. (1995)); similarly, HLIRG FSC
15307+3252 has Lrir=1.3x10"L, and has an upper limit of warm-dense gas mass
(as measured from CO J=4-3 observations) of My, < 10'° M, . Both are believed
to have central AGN as their main source for infrared luminosity (Yun & Scoville
1998).

The disparity in the measured versus predicted amount of warm-dense gas
in these HLIRGs suggests that at higher infrared luminosities, there may exist a
strong deviation from the fit described by Equation 4 which may be evident from
the higher luminosity points in Figure 6.5. This implies that the infrared emis-
sion may grow non-linearly with increasing emission from warm-dense molecu-
lar gas.

It may be that there is an interplay between an AGN and star formation contri-
bution to Lig. The case has been mounting for an evolutionary sequence between
hierarchical mergers and AGN formation (e.g. Scoville, 2003). It has recently
become clear that most galaxies contain supermassive black holes (Kormendy
& Richstone, 1995, and references therein). There is also evidence that there is
a connection between black hole growth and central ISM physics in the rem-
nants of galaxy mergers. Recent SPH simulations have shown that AGN feed-
back in galaxy merger remnants can rapidly quench star formation after the ini-
tial merger-induced starburst (Springel, Di Matteo & Hernquist 2004a,b). Star-
bursts may be the dominant source of IR luminosity in less IR-luminous galax-
ies, while the AGN contribution becomes more important in higher luminosity
objects. Quenching of star formation owing to AGN feedback may be responsi-

ble for a steepening of the slope in the Lig versus Lco plot for the galaxies with
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log(Lir) 2 12.3 L . Indeed, some 35%-50% of ULIRGs with Lz > 10'*3L, show
AGN activity from optical and NIR spectra (Tran et al. 2001; Veilleux, Kim &
Sanders, 2002). This luminosity is approximately where our sample of LIRGs and
ULIRGs ends, and a location for a possible deviation from the fit in Figure 6.5.
Additionally, Farrah et al. (2002) discuss coeval starburst and AGN activity in a
sample of SCUBA HLIRG sources.

6.6.2 Lig versus Mass of Star-Forming Molecular Gas

One of the main arguments for the existence of a dust enshrouded AGN as the
main power source in luminous infrared galaxies is a SFE (Lir /My, ) larger than
that seen in normal spiral galaxies. If the sole source of energy is a nuclear
starburst, then, assuming a reasonable initial mass function, there should be an
Eddington-like limit on the star formation efficiency given by SFE ~500 L) /M :
objects with ratios significantly higher than this are likely to require an additional
source of energy (Scoville, Yun & Bryant 1997; Scoville, 2003).

The warm-dense gas mass is obtained using a modified version of the linear
relation between the CO luminosity and My, (Young & Scoville, 1982; Tinney et
al., 1990; S5591). Following Gao & Solomon (2004b), we employ a Large Velocity
Gradient (LVG) model in order to derive a CO (J=3-2)-H, conversion factor. For
a kinetic temperature of 35K, the model provides curves of n(H,) and N(H;) as a
function of I¢o3—2 and Icoi—¢. For our galaxy sample, the curves yield an average

N(Hs)/Icos—2 of 8.3 x 10 cm~2 (K km s~!)~!. We then find
MH2warm—dense =133 x LCOJ:3—2M® (K km S_lpcz)_l (66)

While the ratio of infrared luminosity to total gas mass may be a strong indica-
tor as to the source of infrared luminosity, it is the dense gas mass that is expected

to more directly trace star formation. Thus, a prudent test is to examine the ra-
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tio of Lig to Mp2 dense- Gao & Solomon (2004a,b), found that this ratio remains
between ~20 and ~200, independent of total IR luminosity for normal spirals,
LIRGs and ULIRGs. They additionally reported that the average Lig to Mus2 dense
in their sample was ~90L, /M , comparable to molecular cloud cores (Mooney
& Solomon 1988). These ratios were found through analysis of HCN (J=1-0). We
find an average Lir / Mu2,warm—dense Of ~160 Loy /M .

We present the ratio Lig / Mu2 warm—dense fOr our sample of LIRGs in Table 2. As
is evident, none of the objects have a ratio Lig / Muz >500L~ /Mg, . It is impor-
tant to note the sensitive dependency of this number on the CO-H, conversion
factor. Additionally, it is not clear that the CO-to-H, conversion factor is the same
in all galaxies. Better constraints on variations in the conversion factor are neces-
sary in order to use this method to make a robust statement concerning the source

of IR luminosity.

6.7 Chapter Summary

We have presented single-dish CO (J=3-2) observations of a sample of starbursts,
LIRGs and ULIRGs in order to study properties of the warm-dense, star form-
ing gas. We detected emission in 15 out of 17 galaxies within our noise lim-
its. We have found a nearly-linear relationship between the infrared luminosity
and amount of warm-dense gas, confirming the recent results by Gao & Solomon
for galaxies with log(Lir)<12.3. We have derived a CO-H, conversion factor for
CO(J=3-2) in LIRGs/ULIRGs of 8.3x10* cm~2 (K km s~!)~L.
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Table 6.1. Observation Information
Object RA (J2000) Dec (J2000) cz Distance 2 Date Observed Reference® log LR 4 fs0 um 4 Detection?
kms™?! Mpc Lo Ty

NGC 7817 0:04:10.1 20:46:30.6 2315 31.9 11/03 1 10.41 * Yes
NGC 3583 11:14:28.0 48:17:38.5 2168 35.09 11/03 3 10.54 743 No
NGC 3079 10:02:16.3 55:39:46.9 1142 18.19 03/04 3 10.73 50.67 Yes
NGC 3094 10:01:38.3 15:45:10.3 2404 37.04 11/03 3 10.73 10.88 Yes
NGC 2276 7:28:27.8 85:45:09.8 2380 35.83 03/04 2 10.81 14.29 Yes
NGC 834 2:11:14.4 37:41:11.2 4687 61.48 03/04 1 10.94 6.65 Yes
NGC 992 02:37:25.4 21:05:47 4136 53.83 03/04 1 11.02 11.40 Yes
NGC 6701 18:43:14.9 60:38:58.1 3933 56.64 03/04 1 11.05 10.05 Yes
NGC 6621 18:12:54.9 68:21:27.0 6234 86.42 03/04 1 11.23 6.78 No
NGC 828 02:10:09.42 39:11:26.29 5371 70.37 11/03 1 11.31 11.46 Yes
NGC 6286 16:58:36.6 58:55:25.7 5637 79.78 11/03 1 11.32 9.24 Yes
NGC 7771 23:51:36.2 20:08:00.4 4336 57.11 11/03 1 11.34 19.67 Yes
IR23436+5257 23:46:05.8 53:14:00 10233 134.78 01/05 * 1151 5.66 Yes
UGC 5101 09:32:10.5 61:21:22 11785 158.61 01/05 5 11.95 11.68 Yes
Arp 220 15:35:05.2 23:29:22.7 5450 79.90 11/03 3 12.21 104.09 Yes
1R07251-0248 07:27:37.5 -02:54:55 26257 343.74 01/05 * 12.32 6.49 Yes
IR17208-0014 17:23:21.4 -00:17:00 12852 175.68 01/05 4 12.39 3213 Yes

L All objects are in order of increasing L1g

2?Distances given are proper distances, and are taken from Sanders et al. 2003 except for NGC 7817 which is from $5591. Values for cz taken from the

same references.

3 References are for J=1-0 data: 1: Sanders et al. 1991, 2: Tinney et al. 1990, 3: Yao et al. 2003, 4: Mirabel et al. 1990, 5: Gao & Solomon, 2004b. An asterisk

denotes no CO (J=1-0) observations that we could find.

4 L1r and 60pm flux from Sanders et al. 2003, except for NGC 7817 which was not given.
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Table 6.2. Physical Properties of Observed Galaxies
Object Intensity + R3 Lco + Mp2 CO(3-2) + L1r /MH2 warm,dense
Kkms~™!  Kkms™?! 109K kms~ ! pc? 109K kms™?! pc? 109Mg 109Mg Lo /Mg

NGC 7817 294 0.07 0.03 0.04 0.001 0.05 0.001 482
NGC 3079 183.46 3.18 0.51 0.852 0.01 113 0.01 47
NGC 3094 15.10 0.41 0.60 0.290 0.008 0.39 0.01 139
NGC 2276 12.23 0.20 0.12 0.219 0.004 0.29 0.005 221
NGC 834 11.15 0.37 0.28 0.585 0.02 0.78 0.02 112
NGC 992 21.16 125 0.34 0.852 0.05 113 0.06 92
NGC 6701 28.80 0.42 0.45 128 0.02 1.70 0.02 66
NGC 828 59.21 177 0.50 4.06 0.121 541 0.16 38
NGC 6286 42.61 0.13 0.65 3.75 0.01 5.00 0.01 42
NGC 7771 19.28 0.22 0.32 0.873 0.01 1.16 0.01 188
1R23436+5257 20.05 1.19 * 4.96 0.29 6.61 0.39 49
UGC 5101 7.17 11 0.50 245 0.38 3.27 0.50 273
Arp 220 89.96 1.91 1.60 7.95 0.17 10.61 0.23 153
1R07251-0248 7.70 0.31 * 11.79 0.47 15.72 0.63 133
IR17208-0014 10.49 111 0.42 437 0.46 5.82 0.61 421

1 Asterisk denotes no CO (J=1-0) data available.
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Figure 6.1 Each 3-panel row contains the following information from left to right:

The DSS image with the 23" HHSMT beam overlaid; The 2MASS image with the

23" HHSMT beam overlaid; The CO (J=3-2) emission line obtained at the HHSMT

in this study.
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Figure 6.2 Each 3-panel row contains the following information from left to right:
The DSS image with the 23" HHSMT beam overlaid; The 2MASS image with the
23" HHSMT beam overlaid; The CO (J=3-2) emission line obtained at the HHSMT

in this study.
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Figure 6.3 Each 3-panel row contains the following information from left to right:
The DSS image with the 23" HHSMT beam overlaid; The 2MASS image with the
23" HHSMT beam overlaid; The CO (J=3-2) emission line obtained at the HHSMT

in this study.
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Figure 6.4 Each 3-panel row contains the following information from left to right:
The DSS image with the 23" HHSMT beam overlaid; The 2MASS image with the
23" HHSMT beam overlaid; The CO (J=3-2) emission line obtained at the HHSMT

in this study.
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Figure 6.5 Lig vs. Lco 3—2. The slope of the fit is 0.92. Crosses are data points
from Yao et al. (2003) while filled in squares are data taken in this study. Errors
for objects from our sample derived from errors in intensity calculations. We
estimate an error of 10% for the objects taken from the Yao et al. (2003) sample.
No error bars are given for the Lig data points. We have excluded NGC7817 from
the fit (but left its point on the plot) as it has an extremely small Lo with respect
to the locus of objects we observed. When including this object, the slope changes

to 0.85£0.07
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CHAPTER 7

MOLECULAR STAR FORMATION RATE LAW INDICATORS IN GALAXIES

All T know is I hope its not another molecular line talk...
Chuck Steidel to Chris Martin during the breakfast before my talk on this mate-

rial at a conference.

7.1 Chapter Abstract

We derive a physical model for the observed relations between star formation
rate (SFR) and molecular line (CO and HCN) emission in galaxies, and show how
these observed relations are reflective of the underlying star formation law. We
do this by combining self-consistent 3D non-LTE radiative transfer calculations
with hydrodynamic simulations of isolated disk galaxies and galaxy mergers.
We demonstrate that the observed SFR-molecular line relations are not necessar-
ily representative of a more direct tracer of the SFR. Rather, they are driven by
the relationship between molecular line emission and gas density, and anchored
by the index of the Schmidt law controlling the SFR in the galaxy. Lines with low
critical densities (e.g. CO J=1-0) are typically thermalized and trace the gas den-
sity faithfully. In these cases, the SFR will be related to line luminosity with an
index similar to the Schmidt law index. Lines with critical densities greater than
the mean density of most of the emitting clouds in a galaxy (e.g. CO J=3-2, HCN
J=1-0) will exhibit significant emission driven by subthermally excited gas which
owes its excitation to line trapping. The contribution to the total line luminosity
from subthermally excited gas along the line of sight causes the line luminosity

to increase with mean gas density superlinearly. Consequently the SFR-line lu-
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minosity index is less than the Schmidt index. Our model for SFR-molecular line
relations quantitatively reproduces the slopes of the observed SFR-CO (J=1-0),
CO (J=3-2) and HCN (J=1-0) relations when a Schmidt law with index of ~1.5
describes the SFR. We use these results to make model distinguishing testable

predictions for the SFR-molecular line relations of unobserved transitions.

7.2 Chapter Introduction

The rate at which stars form in galaxies has historically been parameterized in
terms of “laws” relating the star formation rate (SFR) to the density of available
gas. (author?) (Schmidt 1959) originally proposed a power-law form for the SFR
such that SFR o p" (hereafter, referred to as a Schmidt Law).

Observed SER relations typically come in two flavors. The first, relating sur-

tface SFR density to surface gas density takes the form:
SsrR X S - (7.1)

Observations of local galaxies have constrained the surface density SFR index, N,
to roughly N=1.440.15 (e.g. Kennicutt 1998a; Kennicutt 1998b? , and references
therein).

The second varietal of SFR indicators relates the SFR to the mass of molecular
gas above a given volumetric density. For example, local galaxy surveys have
shown a relation exists between the SFR and molecular gas such that the SFR (as
traced by the infrared luminosity - hereafter Lig) is proportional to the '?CO (J=1-
0) luminosity to the 1.4-1.6 power (Sanders et al. 1991; Sanders & Mirabel 1996,
and references therein). Because the J=1-0 transition of '2CO (hereafter CO) can
be excited at relatively low densities (n ~102-10° cm™?), and lies a modest ~5

K above ground, it serves as a valuable tracer of total molecular H, gas content
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down to relatively low densities. These observed relations have been broadly in-
terpreted as an increasing star formation efficiency (SFE; the SFR divided by M)
as a function of molecular gas mass (Gao & Solomon 2004a; Gao & Solomon 2004b;
Sanders et al. 1991).

Recent observations of HCN have suggested that a perhaps more fundamen-
tal volumetric SFR relation for galaxies exists in terms of the dense molecular gas.
Because HCN (J=1-0) has a relatively high critical density (nc; ~10° cm™?) com-
pared to that of CO (J=1-0), HCN is typically only thermalized in the dense cores
of molecular clouds. Thus, in the limit that the bulk of HCN luminosity origi-
nates from thermalized gas, HCN serves as a good tracer of the dense molecular
gas that is actively involved in the star formation process. This is in contrast to
CO (J=1-0) which tends to emit from both dense cores as well as diffuse molecular
tilaments and cloud atmospheres.

Pioneering millimeter-wave observations by (author?) (Gao & Solomon 2004a,
Gao & Solomon 2004b) uncovered a tight linear correlation between the infrared
luminosity and HCN luminosity in a sample of local galaxies, ranging from qui-
escent spirals to luminous and ultraluminous infrared galaxies (LIRGs and ULIRGs,
respectively). This relationship was found by (author?) (Wu et al. 2005) to hold
in individual star forming cores in the Milky Way as well. Observations of a
roughly linear correlation between Lz and CO (J=3-2) emission (with critical den-
Sity neie ~10* cm™3) in a similar sample of galaxies further corroborated this re-
sult, and provided evidence against HCN-related chemistry driving the observed
(author?) (Gao & Solomon 2004a, Gao & Solomon 2004b) relations (? Yao et al. 2003).

Despite a plethora of observations, a consensus physical interpretation of the
seemingly disparate Lig-HCN (J=1-0), Lizg-CO (J=1-0) and L;g-CO (J=3-2) relations

has yet to be borne out of the literature. (author?) (Gao & Solomon 2004a, Gao & Solomon 2004b)
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suggest that the linear relationship between Liz-HCN (J=1-0) reflects a scenario in
which the SFR in galaxies is directly proportional to the amount of dense molec-
ular gas, and similarly, a constant star formation efficiency in terms of dense
molecular gas. In this picture, LIRGs and ULIRGs simply have a higher frac-
tion of their molecular gas in a dense gas phase which is reflected in the linear
Lir-HCN (J=1-0) slope' and non-linear Liz-CO (J=1-0) slope. ? ) suggest a similar
interpretation for their observed relation of Ligox CO (J=3-2)°92.

(author?) (Wu et al. 2005) extended these interpretations to include the ob-
served linear Lizg-HCN (J=1-0) relation within the Galaxy. These observations
suggested that dense molecular cores may represent a fundamental unit of star
formation. In this case, the only difference between a ULIRG like Arp 220 and
a Galactic star forming region is the number of individual star forming units
present. This leads to a natural linear relationship between the SFR and amount
of dense molecular gas.

From the theoretical side, (author?) (Krumholz & Thompson 2007) made head-
way towards understanding the observed relations by providing a model which
quantitatively reproduces the observed Liz-CO (J=1-0) and L;zg-HCN (J=1-0) rela-
tions for star forming clouds. By combining 1D non-local thermodynamic equi-
librium (LTE) radiative transfer calculations with models of giant molecular clouds
(GMCs), these authors found that the relationship between the SFR and molecu-
lar line luminosity in star forming clouds depends on how the critical density of
the molecule compares to the mean density of the observed source. Lines with
critical densities which are typically below the mean density in a galaxy (e.g. CO

J=1-0) probe the total molecular gas commonly from galaxy to galaxy. In this

'Throughout this paper we use the term slope interchangeably with “index’ (as in the exponent
in a given SFR relation - e.g. Equation 7.1). We do this as we are considering all relations in log-log
space.
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scenario, the SFR-molecular line exponent can be represented by the index that
relates SFR to total volumetric gas density (i.e. the Schmidt index). Conversely,
observations of molecules which typically trace densities well above the mean
density of the galaxy (e.g. HCN J=1-0) trace similar conditions from galaxy to
galaxy - i.e. the peaks in the density spectrum. In these cases, the molecular line
luminosity rises faster than linearly with increasing gas density and the corre-
sponding relation between SFR and line luminosity is near linear. A key direction
forward beyond these models is understanding the effects of emitting GMCs on
a galaxy-wide scale, with the potential effects of molecular line radiative transfer.

In this paper, we build on the body of observational and theoretical work by
providing a self-consistent physical model for the origin of the observed molec-
ular SFR indicators on galaxy-wide scales, and relating them to observed rela-
tions. We additionally make model-distinguishing testable predictions for how
the SFR in galaxies relates to as yet unobserved transitions in CO and HCN.
We do this by combining 3D non-LTE molecular line radiative transfer codes
(Narayanan et al. 2006a; Narayanan et al. 2006b; Narayanan et al. 2007a; Narayanan et al. 2007b
with smoothed particle hydrodynamic (SPH) simulations of both isolated star
forming galaxies and galaxy mergers. Our methodology includes the effects of
both collisional and radiative molecular excitation and de-excitation, a multi-
phase ISM, star formation, black hole growth, and the winds associated with
latter two processes (Springel et al. 2005a).

The paper is outlined as follows. In § 7.3 we describe our hydrodynamic and
radiative transfer simulations. In § 7.4 we quantitatively describe the origin for
the observed SFR-CO and SFR-HCN slopes, and follow by making testable pre-
dictions for submillimeter-wave telescopes in § 7.5. In § 7.6 we compare our re-

sults to the body of observational work in this field, and in § 7.7, relate these
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simulations to other models and interpretations for molecular SFR indicators. In
§ 7.8, we conclude with a summary. Throughout the work we assume a ACDM

cosmology with h=0.7, 2,=0.7, €2,,=0.3.

7.3 Numerical Methods

7.3.1 Hydrodynamics

For this work we have modeled both isolated disk galaxies and major mergers.
We do this as the (author?) (Gao & Solomon 2004a, Gao & Solomon 2004b) and
? ) samples include both disk galaxies as well as ongoing mergers. We note,
however, that the results in this paper are not dependent on our usage of any
particular combination of disk galaxies or mergers.

The hydrodynamic simulations were conducted with a modified version of
the publicly available N-body/SPH code GADGET-2 (Springel et al. 2005b). The
prescriptions used to generate the galaxies, as well as the algorithms involved
in simulating the physics of the multi-phase ISM, star formation, and black hole
growth are described fully in in (author?) (Springel et al. 2005a) and ? ? ). We
refer the reader to these works for further details though summarize the aspects
most relevant to this study here.

GADGET-2 accounts for radiative cooling of the gas (Davé et al. 1999; Katz et al. 1996),
and a multi-phase ISM which is considered to consist of cold clouds embedded
in a hot, pressure confining ISM (e.g. McKee & Ostriker 1977). This is realized
numerically through "hybrid” SPH particles in which cold clouds are allowed to
grow through radiative cooling of the hot ISM, and conversely star formation can
evaporate the cold medium into diffuse, hot gas. Pressure feedback from super-
novae heating is treated via an effective equation of state (EOS) (see Figure 4 of

Springel et al. 2005a). Here we utilize an EOS softening parameter of ¢pos=0.25.
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Star formation is constrained to fit the observed Kennicutt-Schmidt laws (Kennicutt 1998a;

Kennicutt 1998b; Schmidt 1959) such that:
SFR o ping (7.2)

It is important to note that our star formation prescription is based on volumetric
conditions, and not surface density as in Equation (7.1). That said, a number
of studies have found that a volumetric SFR law like this correlates well with
the observed Kennicutt-Schmidt surface density SFR laws (Cox et al. 2006¢c? ? ?
; Springel 2000? ).

Black holes are optionally included in our simulations which accrete via a
Bondi-Lyttleton-Hoyle parameterization with a fixed maximum rate correspond-
ing to the Eddington limit. The black hole radiates such that its bolometric lumi-
nosity is set by the accretion rate with I = eM¢? with accretion efficiency e=0.1.
We further assume that 5% of this energy couples isotropically to the surrounding
ISM as feedback energy (Di Matteo et al. 2005; Springel et al. 2005a), a number
chosen to match the normalization of the locally observed Mpgy-Mpyg relation.
We have run identical simulations both with and without black holes for this
work, and found that the inclusion of black holes makes little difference on the
tinal result. We note, however, that we focus our molecular line comparisons to
the SFR, and not Lig (which could, in principle, have a contribution from buried
AGNss at the highest luminosities) as a complete treatment of modeling the in-
frared SED (e.g. Chakrabarti et al. 2007a; Chakrabarti et al. 2007b; Jonsson 2006?
) is outside the scope of this study.

Simulations utilizing this methodology for a multi-phase ISM, star formation,
and the associated feedback processes from black holes and SNe have repro-
duced characteristic X-ray, IR and CO emission patterns of ULIRGs and quasars

(Cox et al.2006b; Chakrabarti et al. 2007a; Chakrabarti et al. 2007b; Narayanan et al. 2006a;
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Narayanan et al. 2007b), the bimodal galaxy color distribution (Springel et al. 2005b;
Hopkins et al. 2006b) and observed properties of z ~ 6 quasars (Li et al. 2007a? ;
Narayanan et al. 2007a; Robertson et al. 2007). Moreover, these simulations have
proven consistent with observed quasar luminosity functions and lifetimes (Hopkins et al. 2005a
Hopkins et al. 2005b; Hopkins et al. 2005¢; Hopkins et al. 2005d; Hopkins et al. 2006a;
Hopkins et al. 2006c? ), Seyfert galaxy luminosity functions (Hopkins & Hernquist 2006),
the locally observed Magorrian relation (Di Matteo et al. 2005; Hopkins et al. 2007a;
Hopkins et al. 2007b; Robertson et al. 2006a; Robertson et al. 2006b), the abundance
and clustering of quasars and mergers (Hopkins et al. 2006d; Hopkins et al. 2007c;
Hopkins et al. 2007d), and the kinematic (Cox et al. 2006a) and spatial structure
(Hopkins et al. 2007e; Hopkins et al. 2007f) of elliptical galaxies.

We consider both isolated disk galaxies with varying gas fractions and masses,
as well as two equal mass binary mergers. We utilized 15 isolated galaxies explor-
ing a parameter space with gas fractions=[0.2, 0.4, 0.8] and virial velocities=[115,
160, 225, 320, 500 km s~!']. All disk galaxies (including the progenitors for the
merger simulations) were initialized with a (author?) (Hernquist 1990) dark mat-
ter profile, concentration index ¢=9, and spin parameter A\=0.033. For all galaxies
we utilize 120,000 dark matter particles, and 80,000 total disk particles. The soft-
ening lengths were 100 pc for baryons and 200 pc for dark matter.

For the mergers, the progenitor galaxies were identical to the disk galaxies de-
scribed here, with V500=160 km s~*, and 40% gas fraction. For reference, the merg-
ers are simulations 'no-winds’ and 'BH’ as described in (author?) (Narayanan et al. 2006a).
The first merger snapshots considered are when the molecular disks of the pro-
genitors are overlapped as the galaxies approach final coalescence. We utilize
multiple snapshots throughout the evolution of the merger simulations beyond

this point to represent observed merging pairs caught in various stages of evo-
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lution (e.g. close pairs such as the Antennae to more evolved mergers such as
Arp 220 and NGC 6240). All merger snapshots are during the period of high-
est star formation activity, when the galaxy can be considered a LIRG/ULIRG
(model IR luminosities for these merger simulations can be found in (author?)
(Chakrabarti et al. 2007a)). Sample CO images of the merger simulations em-
ployed here, as well as some of the model disk galaxies can be found in (author?)
(Narayanan et al. 2007b).

It is an important point to note that no particular choice or combination of
models affects the presented results. While some of the disk galaxies used may
nominally have larger circular velocities or gas fractions than galaxies observed
in the local Universe, because the results are general, not including them does not
change our results or interpretation. We include a wide range of model galaxies
to increase the number statistics and dynamic range of our simulations. The gen-

erality of our results will be shown more explicitly in § 7.4 and § 7.5.

7.3.2 Non-LTE Radiative Transfer

The propagation of a line through a medium with lower density than the line’s
critical density requires a full non-LTE treatment. Specifically, in this regime, both
collisions and radiative processes contribute to the excitation and de-excitation
of molecules. This formalism for molecular line transfer has long been applied
to interpretations of galaxy observations via large velocity gradient codes (e.g.
Goldreich & Kwan 1974), though has only recently been incorporated in full 3 di-
mensions in galaxy-wide models (? Narayanan et al. 2006a; Narayanan et al. 2007a;
Narayanan et al. 2007b? ; Yamada et al. 2007). We employ the radiative transfer
methodology of (author?) (Narayanan et al. 2007b), and refer the reader to that
work for full details. Here, we briefly summarize.

The radiative transfer is performed in two phases. First, the molecular level
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populations (and consequently source functions) are explicitly calculated using
the 3D non-LTE code, Turtlebeach (Narayanan et al. 2006a; Narayanan et al. 2007b).
In this, a solution grid to the level populations is guessed at, and model photons
are emitted isotropically in a Monte Carlo manner. The level populations are up-
dated by assuming statistical equilibrium, and balancing radiative and collisional
excitations, de-excitation and stimulated emission (Bernes 1979). A new series of
model photons is emitted and the process is repeated until the level populations
are converged.

Once the level populations and source functions are known, the model inten-
sity can be found by integrating the equation of radiative transfer along various

lines of sight. Formally:
L= 8,(r)[1 —e ] g7V (7.3)

where I, is the frequency-dependent intensity, S, is the source function, r is the
physical depth along the line of sight, and 7 is the optical depth.

The SPH outputs are smoothed onto a grid with ~250 pc spatial resolution for
the radiative transfer. In order to more accurately describe the strongly density-
dependent collisional excitation and de-excitation rates, we model the gas in grid
cells to be bound in a mass spectrum of GMCs constrained by observations of
Milky Way clouds (Blitz et al. 2006). The GMCs are modeled as spheres with
power-law density gradients, and radii given by the Galactic GMC mass-radius
relation (e.g. Rosolowsky 2005; Rosolowsky 2007; Solomon et al. 1987).

Observational evidence suggests a range of power-law indices for GMCs,
ranging from n=1-2 (Andre et al. 1996; Fuller & Myers 1992; Walker et al. 1990).
Tests utilizing a number of cloud density power-law indices within this range
show that the results in this work are not sensitive to this parameter choice. Simi-

larly, in the study of (author?) (Blitz et al. 2006) and (author?) (Rosolowsky 2007),



210

GMC mass spectrum indices were found to range from v ~-1.4 to -2.8. Again,
tests of mass spectrum indices showed that the results of this paper are not sen-
sitive to parameter choices within the range of observational constraints. We
nominally employ indices of n=1.5 and 7=-1.8 for the cloud density and GMC
mass spectrum power-laws (Rosolowsky 2007). This methodology allows us to
faithfully capture the emission processes from both dense molecular cores and
more diffuse GMC envelopes (Narayanan et al. 2007b).

We have benchmarked our radiative transfer codes against published non-
LTE radiative transfer tests (van Zadelhoff et al. 2002), and present the results for
these tests in (author?) (Narayanan et al. 2006b). Our methodology for apply-
ing 3D non-LTE molecular line radiative transfer has shown success in reproduc-
ing characteristic observed CO line widths, morphologies, excitation conditions
and intensities in isolated disk galaxies, local ULIRGs and quasars from z ~ 2-6
(Narayanan et al. 2006a; Narayanan et al. 2007a; Narayanan et al. 2007b).

The molecular gas mass fraction is assumed to be half, as motivated by local
volume surveys (e.g. Keres et al. 2003), and the molecular abundances set uni-
formly at Galactic values (Lee et al. 1996). In this work, typically ~1x10” model
photons were emitted in the non-LTE calculations per iteration, and we consid-
ered transitions across 11 molecular levels at a time. The mass spectrum of GMCs
had a lower mass cutoff of 1x10*M, and an upper mass cutoff of 1x10°M, .
The collisional rate coefficients were taken from the Leiden Atomic and Molecular

Database (Schoier et al. 2005).
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Figure 7.1 Model results showing the relationship between SFR and CO (J=1-
0), CO (J=3-2) and HCN (J=1-0) emission. The molecular line emission is de-
rived for a randomly drawn set of ~35 galaxy snapshots of our model sample
of ~100, and is a velocity-integrated intensity. The randomly drawn set is dif-
ferent for each plotted transition in order to illustrate the generality of our re-
sults. The solid lines are the least-squares fit to the plotted model results, and
the exponent of the line in the bottom right corner of each panel. We randomly
drew the sample of 35 galaxies 100 times, and quote the 1o dispersion in the
derived slopes as the ‘error” values. The modeled relationships between SFR
and molecular line luminosity are consistent with the observations of (author?)
(Gao & Solomon 2004a, Gao & Solomon 2004b) and ? ). The units of intensity
are in erg s™' cm™? Hz™!'. We refrain from using traditional molecular line “lu-
minosity” units as the discussion centers largely around the physical intensity

associated with individual emitting gas cells in the simulations.
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7.4 Origin of Observed SFR-CO and SFR-HCN Slopes

741 General Argument

In Figure 7.1 we plot the SFR-CO relations and SFR-HCN (J=1-0) relation as de-
rived from our models of isolated disk galaxies and mergers with best fitting
slopes overlaid. We plot the line intensities, though note that they are propor-
tional to molecular line luminosity (L', ? )), the standard quantity reported in
the observational literature. Included in the plot are a random sampling of 35 of
the 15 disk galaxies and ~80 merger snapshots, spaced equally temporally with a
sampling of 5 Myr. We first note the general agreement of the best fit slopes with
observed relations by (author?) (Gao & Solomon 2004a, Gao & Solomon 2004b),
? ), and (author?) (Sanders et al. 1991). Second, we note that we have utilized a
randomly drawn sample of our simulated galaxies to demonstrate the general-
ity of our results. From this, we see that any given combination of model disk
galaxies and/or merger snapshots give roughly the same fits. We have quoted
as “error” values the 1o dispersion in 100 random draws of 35 model snapshots.
The generality of these results occurs because the origin of the SFR-molecular
line relations arise from the nature of the molecular emission from the individual
galaxies themselves.

To see this, consider a galaxy which is forming stars at rate:
SFR x pV (7.4)
The relationship between the SFR and the luminosity of a molecular line

SFR o L° (7.5)

molecule

is dependent on the relationship between the molecular line luminosity and the

mean gas density in a cell of clouds:

Lmolecule X p A (76)
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where 3=N/«. Therefore, for a given Schmidt law index, N, the root issue in de-
termining how the SER relates to molecular line luminosity is understanding how
the molecular line traces molecular gas of different densities (/3). It is not trivial
to simply attribute all luminosity of a given line transition to gas above its critical
density as the potential contribution of subthermally excited gas is unknown, and
can in some cases be non-negligible (e.g. Narayanan et al. 2006b). Thus, in order
to solve for 3, and thus a, we must consider the relationship between molecu-
lar line luminosity to gas of all densities from our model galaxies. We also note
that the index « relating the SFR to molecular line luminosity is anchored by the
assumed Schmidt-law index N.

A relationship between SFR and molecular line luminosity with exponent «
that exceeds the Schmidt index, N, is indicative of a relationship in which the
molecular line traces gas density in a sublinear manner (3 <1). Similarly, if
the SFR-molecular luminosity index is less than the Schmidt index, N, then the
line luminosity must globally trace the density of the emitting cells superlinearly
(6 >1).

The global relationship between molecular line luminosity and mean gas den-
sity traced (/3) is driven by how the critical density of the molecular line compares
with the density of the bulk of the clouds across the galaxy. In short, lines which
have critical density below the mean density of most of the emitting gas cells will
be thermalized and rise linearly with increasing cloud density. These lines will
consequently have SFR-line luminosity relations («) similar to the Schmidt index
controlling the SFR.

Lines which have critical densities far greater than the mean density of the
bulk of the emitting gas will contain large amounts of subthermally (radiatively)

excited gas which is excited owing to line trapping. Emission from subthermally
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excited gas can be thought of as a scattering process in that the high critical den-
sity photon originates in dense, thermalized molecular gas, and is redistributed
to more diffuse gas. Subthermal emission from radiatively excited cells tends to
provide a significant contribution to the total luminosity from low density cells
(Narayanan et al. 2006b), resulting in a situation where the line luminosity traces
the sightline-averaged gas density superlinearly. In these cases, the SFR-line lu-
minosity relation () has an index less than that of the underlying Schmidt law
for the galaxy. In Figure 7.2, we show empirically how the line of sight velocity-
integrated intensity from CO (J=1-0), CO (J=3-2) and HCN (J=1-0) relate to the
sightline-averaged mean density along 50* sightlines for a fiducial disk galaxy.
The solid line in each case shows linearity, with arbitrary normalization. Here,
we see the expected result (from Equations 7.4-7.6) that the observed CO (J=1-
0) emission traces the mean gas density along the line of sight roughly linearly,
while the CO (J=3-2) and HCN (J=1-0) emission relate to the mean gas density su-
perlinearly. There are details, of course, specific to the relationship between CO
(J=1-0), CO (J=3-2) and HCN (J=1-0) luminosities and gas density traced which
require a more in depth analysis, but these underlying themes are robust.

We devote the remainder of this section to examining the driving mecha-
nisms behind the relationship between line luminosity and mean gas density
(), and utilize these to formulate a general model for observed SFR-molecular
line luminosity relations in galaxies. As a reference point, we focus the follow-
ing discussion on a 40% gas fraction disk galaxy with circular velocity of 160
km s™! (though again note that the mean results are general - we discuss the
dispersion in the model results and their relation to observational data sets in
§ 7.6). We plot the distribution of mean cell densities in this fiducial disk with

the critical densities of a sample of CO lines overlaid in Figure 7.3 as an indica-
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tor of the relative amounts of gas above given densities in the example galaxy.
In order to account for the destruction of molecules in photodissociation regions
(e.g. Hollenbach & Tielens 1999), we do not consider emission from regions with

2

column density £1.5x10%" em~2. This typically corresponds to cells with mean

3

cloud density ~50 cm™ in our simulations.

7.4.2 Quantitative Reasoning

We first note that a significant portion of the intrinsic luminosity in the galaxy
escapes. While the optical depths can become large locally, velocity gradients
across the galaxy serve to shift native absorption profiles out of resonance with
the emission line on larger scales. Specifically, we see ~60% of the emission across
most CO and HCN transitions escape the galaxy. The gas cells contributing to
emission that escapes are of a fixed size, and distributed across the galaxy. These
cells exhibit a wide range of mean cloud densities. We therefore focus on the
properties of individual gas cells in our simulations (of all masses and densities)
in order to build an understanding of how their summed properties drive the
global line luminosities-gas density relation, and the consequent SFR-molecular
line luminosity relation.

As discussed previously, the relationship between molecular line luminosity
and gas density is controlled by how the critical density of the considered tran-
sition relates to the mean cloud density of the emitting cell. The observed SFR-
molecular line relations (Gao & Solomon 2004a; Gao & Solomon 2004b? ) are rep-
resentative of three regimes: one in which the mean density of the bulk of the
emitting clouds is higher than the line’s critical density; one in which the mean
density is lower than the line’s critical density; and one in which the mean density
is lower than the line’s critical density and the line considered is a ground-state

transition. We explore these three cases here. In Figure 7.4, we plot the line lumi-
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Figure 7.2 Velocity integrated molecular line intensities (erg s~' ecm™2 Hz™! -
km s™!) along 507 sightlines for a fiducial disk galaxy versus mean density along
the line of sight. The quoted mean density is the average along each sightline, and
the velocity-integrated intensity is the emission that escapes along each sightline.

The disk galaxy has a circular velocity of 160 km s™*

, and a gas fraction of 40%
(though the results are general). The solid lines show linearity, and the normal-
ization is arbitrary. The CO (J=1-0) emission traces the mean density along the
line of sight roughly linearly, while the higher critical density tracers trace mean

density superlinearly. These results are expected in order to recover the observed

SFR-line luminosity relations (Equations 7.4-7.6).

nosity versus mean density on a cell by cell basis for the CO (J=1-0), (J=3-2) and
HCN (J=1-0) transitions from our fiducial disk galaxy. We will refer to this figure

throughout the forthcoming discussion.

7421 ngip <<n

We first consider the regime in which the mean density of the bulk of the emitting
clouds is typically higher than the line’s critical density. At the critical density, the
line is approaching thermalization and, in the limit that constant molecular abun-

dances apply (with respect to Hs), the clouds are typically optically thick. In this
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Figure 7.3 Distribution of mean cloud densities throughout our fiducial disk
galaxy with circular velocity v=160 km s~* and gas fraction f=0.4. The lines over-
laid denote the location of critical densities of common CO transitions, and the
color of each line indicates the fraction of gas mass with density above each crit-
ical density (with color scale on right). While most of the gas mass is above the
critical density of the lowest lying transition, CO (J=1-0), higher lying transitions

(e.g. CO J=3-2) may be subthermally populated through much of the galaxy.
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Figure 7.4 CO (J=1-0), (J=3-2) and HCN (J=1-0) intensity versus mean cloud den-

sity in our fiducial disk galaxy on a cell by cell basis. The quoted mean density is

the mean density of the 50° cells in our sample grid. The blue line shows linear-

ity, and the colors in the points show the ratio of LTE level populations to actual

level populations for the upper J level of each transition. See text for details on

how this drives the observed SFR-line luminosity relations. The units of inten-

sity are in erg s™' em~? Hz~! which are proportional to the standard observed L’

molecular line luminosity units.
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scenario, the emission arises primarily from the outer (lower column density) re-
gions of clouds, and serves as a measure of the number of emitting clouds in a
given cell. While groups of clouds are locally optically thick, on a galaxy-wide
scale they are optically thin. Thus, the velocity dispersion of the bulk of clouds
along a given line of sight has the effect of spreading the molecular line emission
out in frequency space, permitting physically overlapping clouds to be counted.
Because the mean cloud density increases with number of clouds in a given cell,
in the optically thick limit, a roughly linear relation between molecular line emis-
sion and mean cloud density is natural.

In Figure 7.4 (left panel), we illustrate how these ideas translate into the ef-
fective molecular line luminosity-gas density relationship by showing the CO
(J=1-0) intensity as a function of mean density in our fiducial disk galaxy. Over-
laid in color is the level of thermalization. The bulk of the CO (J=1-0) emission
comes from cells that are either in LTE or nearly thermalized. In this case, we
can see how the relationship between CO (J=1-0) emission and gas density trans-
lates into the observed molecular SFR relation for CO (J=1-0). The observed SFR-
CO (J=1-0) index of ~1.4-1.6 implies a roughly linear relationship between the
observed CO (J=1-0) line luminosity and mean cloud density if a Schmidt-law in-
dex ~1.5 applies. We therefore arrive at the conclusion that transitions that have
critical density well below the mean critical density of most emitting clouds will
be roughly thermalized, and the SFR-line index will be similar to the underlying

Schmidt-law index.

7422 ng >>n

Let us now consider cases in which the gas density is in large part below the
critical density of the emission line (which is not a ground state transition - e.g.

CO J=3-2). In the lowest density cells, high critical density tracers such as CO
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Figure 7.5 Normalized level population distributions for three gas cells of varying
mean density in our sample disk galaxy. In the lowest density cell (jn; ~10%cm ™),
all J>1 states are subthermally populated, and rising with increasing density. The
J=1 level is increasing with respect to roughly fixed J=0 populations with rising
cloud density, resulting in increasing CO (J=1-0) flux with rising mean cloud den-
sity. Conversely, in the lower density curves, while the level populations from
higher lying levels are also increasing with mean cloud density, the are not in-
creasing with respect to each other (e.g. the relatively constant J=3/]=2 level pop-
ulation ratio from the jn; ~10%cm™ cell through the jn; ~10%cm™ cell). Here,
the flux from e.g. the J=3-2 line will remain constant with increasing mean cloud
density. This occurs until the J=2 level approaches thermalization and the J=3

populations begin to increase with respect to the J=2 populations.
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(J=3-2) are subthermally excited. Unlike the previous case, the emission from
the lower mean density cells does not drop linearly with decreasing mean cloud
density. Rather, the molecular excitation (and consequent emission) is supported
by radiative excitation from neighboring cells with higher mean density.

The cells with the lowest mean density show a relatively constant flux level
which is higher than would nominally be allowed if collisions alone drove the
molecular excitation (Figure 7.4). To see this, consider the dependence of the
cell’s intensity on the molecular level populations:

nuAul

I, = ,
(nlBlu — nuBul>

(7.7)

where n, and n, are the upper and lower state level populations, and A, B,
and B, are the Einstein coefficients for spontaneous emission, absorption, and
stimulated emission, respectively. In subthermally populated levels, n; >> n,,
and consequently [, « n,/n;. When both [ and u are subthermal, n; and n,
increase in lock step superlinearly with increasing mean cloud density. This owes
to a combination of the effects of collisional excitations (which increases linearly
with density) and the additional contribution of radiative excitations. Because 7,
and n,, both increase monotonically with gas density, there will be little change in
the intensity as a function of increasing gas density. Consequently, the value of
the intensity is roughly constant at (n,A.;)/(nB;,) where n, and n; are inflated
(above the effects of collisional excitation alone) by line trapping.

At higher mean cloud densities, when the collisions begin to dominate the
excitation processes for the [ state, n, continues to increase superlinearly with
increasing density whereas n; increases only linearly. Thus, n, increases with re-
spect to n; with increasing mean cloud density, and the line intensity begins to
rise with cloud density (Equation 7.7). At the highest mean cloud densities, the

[ and u states are both thermally populated, and the emission rises linearly with
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increasing mean density as in § 7.4.2.1. In Figure 7.5, we plot an illustrative exam-
ple of how the level populations evolve with increasing mean cloud density by
showing the CO level population distributions for three cells with different mean
densities in our fiducial disk galaxy. These rates of level population increase with
increasing mean gas density translates to the relationship between I-o and gas
density for the CO (J=3-2) transition as shown in Figure 7.4 (middle panel).

At first glance, Figure 7.4 suggests that the CO (J=3-2) intensity traces the gas
density (3) sublinearly, which is contradictory to what we would expect given the
nearly linear SFR-CO (J=3-2) index («; Equations 7.4-7.6). However, the impor-
tant quantity to consider is the total integrated intensity summed along sightlines
through the galaxy (Figure 7.2). The gas in the low density subthermally popu-
lated regions along the line of sight is excited by emission from warmer, higher
density gas, and thus has a characteristic intensity reflective of a higher bright-
ness temperature than the meager densities in these gas cells would normally
allow for via collisional excitation alone. Conversely, emission from higher den-
sity gas is more representative of the dense regions the photons originate from.
If one could see directly into the thermalized nucleus, the CO (J=3-2) emission
would be characteristic of the density of gas traced, and the consequent I¢o-gas
density relation would be linear (e.g. § 7.4.2.1). However, the contribution to the
emission from lower mean density regimes along the line of sight results in a total
superlinear relation between intensity and gas density (3).

We show this more quantitatively in Figure 7.6, where we plot the relative
light (line flux) to density ratios versus the mean density along a single sight-
line peering through the nucleus of our sample disk galaxy. We plot the light to
density ratios for the CO (J=1-0) and CO (J=3-2) transitions, and normalize the

ratios at the highest density cell. In Figure 7.6, it is evident that the lower density
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gas along the line of sight toward the nucleus proportionally emits substantially
more CO (J=3-2) intensity as a function of density than than the thermalized gas
2. As shown in Figure 7.3, this lower density gas occupies a large fraction of the
density spectrum in the galaxy, and is thus highly prevalent along the line of sight
toward the dense nucleus. This translates to the CO (J=3-2) intensity tracing the

sightline-integrated mean gas density superlinearly (Figure 7.2).

7423 ngi >> n; Ground State Transition

We now briefly turn our attention toward the SFR-HCN (J=1-0) relation as it rep-
resents an instructive combination of the phenomena driving the SFR-CO (J=1-
0) and SFR-CO (J=3-2) relations. At its root, the characteristic emission pattern
from HCN (J=1-0) falls into a similar category as that of CO (J=3-2). That is to
say, it is dominated by subthermally excited gas, and the emission from these
cells traces the gas density in a superlinear manner as it is representative of the
radiation field from warmer, denser gas. Indeed, the result is expected as the
critical densities from the two lines are only an order of magnitude different,
and both are substantially higher than the mean density of most clouds in our
model galaxies. The difference between HCN (J=1-0) emission and the CO (J=3-
2) emission is that there is no flat portion of the line intensity-gas density curve
as it is a ground state transition (Figure 7.4, right panel). The superlinear emis-
sion continues monotonically with cell density across the full range of densities
in the example galaxy owing to nearly constant J=0 level populations and rising
J=1 level populations (Equation 7.7). This was explicitly seen in Figure 7.5 for
the case of CO (though qualitatively the case of HCN is similar). The intensity

21t is important to note that there is no “extra” photon production from subthermally excited
gas. The emission from this diffuse gas is simply redistributed light which largely originated in
thermalized cores. It is the increased relative light to density ratio (Figure 7.6) in this subthermally
excited gas along the line of sight that causes the superlinear 5 index (Equation 7.6).



224

: CO ngl—og T+

2 [ CO (J=3-2) % |]
2 | x ]
&
g x
S 10 * ]
= i + * ]
bJ b + + + ++ * i
o *+ *
= s ]
= +
O r * . 1
7 -

1 1 TR | 1 A | 1 1 ......I¥ ¥ *'

10! 10° 10° 10* 10°

Cell Mean Density (cm™) along LOS <n_,>

Figure 7.6 Ratio of intensity to gas density in gas cells along a line of sight that
goes through the nucleus of the sample galaxy for the CO (J=1-0) and CO (J=3-2)
transitions. Both the intensity and density curves are normalized to their respec-
tive maximum values (which both occur in the densest cell), so the expected light
to density ratio is unity at the maximum density. For the CO (J=1-0) transition,
most of the gas is thermalized along the line of sight, so the relative light to den-
sity ratio is nearly unity for most clouds. For the CO (J=3-2) transition, diffuse gas
along the sightline contributes proportionally more luminosity than thermalized
cells owing to radiative excitations by denser gas in the vicinity. When compar-
ing to Figure 7.3, it is evident that these lower density clouds are numerous along
a given sightline. The summed contribution of the intensity from these low den-
sity cells to the total integrated intensity causes the relationship between total
luminosity and gas density to be superlinear. Consequently, the resultant SFR-

molecular line relation has index of order unity.
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rises superlinearly with increasing gas density because the excitation processes
have a large contribution from both collisions and the molecular line radiation
field. Collisional excitation rates (at a constant temperature) are proportional
to the density. The substantial additional source of excitations from line trap-
ping contributes to the superlinear excitation rates with density. This results in
a nearly linear relationship between the SFR and HCN (J=1-0) luminosity in our
models, consistent with the well established observational results of (author?)
(Gao & Solomon 2004a, Gao & Solomon 2004b).

We therefore arrive at the following conclusions driving observed molecular

line-SFR relations:

e For lines with critical densities well below the mean density of the clouds
in the galaxy, the emission line will trace the total molecular content of
the galaxy. In these cases, we find an SFR-molecular line luminosity in-
dex equivalent to the Schmidt-law index. This results in an SFR-CO (J=1-0)
slope of ~1.5 when the SFR is constrained by SFRx p'. Observationally,
the SFR-CO (J=1-0) index is found to lie between 1.4-1.6.

e For lines with high critical densities, radiative excitation of gas with mean
density well below the line’s critical density allows this gas to contribute
significantly to the emission. When the line is a ground state transition
(e.g. HCN J=1-0), the intensity from gas cells rises monotonically with
mean cloud density, though superlinearly owing to heavy contribution to
the excitation from line trapping. When the line is a transition above the
ground state (e.g. CO J=3-2), emission from the subthermally excited cells
is roughly constant with increasing mean gas density until the level popu-
lations involved in the transition begin to approach LTE, at which point the

intensity is roughly linear with mean cloud density. In either case, for high
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critical density lines, line trapping by low density gas causes a sightline-integrated
superlinear relationship between line luminosity and gas density (3). This results
in an SFR-line luminosity index (o) lower than the Schmidt-law index. In the
example of CO (J=3-2) and HCN (J=1-0) presented here, this results in SFR-
line luminosity indices of ~1, consistent with the measurements of ? ) and

(author?) (Gao & Solomon 2004a, Gao & Solomon 2004b).

7.4.3 Implications of Results

The results presented thus far are a natural solution to the observed SFR-CO
and SFR-HCN relations. Without any special tuning of parameters, the same
simulations are seen to additionally reproduce characteristic CO emission line
morphologies, intensities, excitation conditions and effective radii of local disk
galaxies and mergers (Narayanan et al. 2006a; Narayanan et al. 2007b), as well
as quasars at z ~ 6 (Narayanan et al. 2007a). More broadly, the same galaxy evo-
lution simulations have shown successes in reproducing a large body of charac-
teristic observable features of starburst galaxies, ULIRGs and quasars from z=0-6
(§ 7.3.1, and references therein). In this sense, the modeled reproduction of the
observed SFR-CO and SFR-HCN relations are a natural result of a self-consistent
series of simulations.

Second, we re-emphasize that the relationship between SFR and CO/HCN
emission is built in to the excitation mechanisms of both diffuse and dense gas
in galaxies, though should be taken in an ensemble sense. Because the average
excitation conditions of the disk galaxies and merger snapshots in our simula-
tions result in molecular line-gas density relations compatible with the observed
SFR-molecular line relations, no particular combination of disk galaxies and/or
merger snapshots was necessary for the reproduction of observed relations in

Figure 7.1.
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It is important to note, however, that these simulations do not suggest that
the particular excitation conditions presented in e.g. Figure 7.4 will apply to ev-
ery galaxy in the (author?) (Gao & Solomon 2004a, Gao & Solomon 2004b) and
? ) samples, but rather the average excitation conditions of these galaxies are
such that the observed SFR-molecular line relations exist. To illustrate this point,
in Figure 7.7, we plot the fractional photon production from subthermally pop-
ulated gas (nominally defined here as gas with level population densities less
than 100 times that of thermal) as a function of CO transition for ~40 snap-
shots of a merger simulation. The merger is characteristic of the dynamic range
of excitation conditions seen in the galaxy simulations presented in this work,
as well as the types of galaxies typically probed in SFR-molecular line stud-
ies. The solid line is the mean fractional photon production from subthermally
excited gas, and the shaded region represents the 1o contours of the disper-
sion across the snapshots. While the mean fractional emission from subther-
mally excited gas follows a trend that is somewhat expected given the plateau
of critical densities with increasing CO excitation (Figure 7.7), the dispersion
about the mean is nontrivial. Thus, any particular galaxy in the e.g. (author?)
(Gao & Solomon 2004a, Gao & Solomon 2004b) samples may not exhibit the pre-
dicted /co-gas density relations predicted here. On average, however, the trends
driving the SFR-molecular luminosity relations are robust.

A natural question is whether or not any given SFR-molecular luminosity
relation holds particular significance as a physical SFR “law” relating the SFR
to a property of the gas itself. The results in this section show that all SFR-
molecular line relations are reflective of the underlying Schmidt law relating
the star formation rate to gas density. That is, our models suggest that the ob-

served linear SFR-molecular line luminosity relations (for high critical density
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Figure 7.7 Fractional photon creation from subthermally excited gas as a function
of CO transition for ~40 snapshots of a merger simulation. Note, this is not nec-
essarily the same as the emission that escapes the galaxy. The solid line is the
mean and the shaded regions show the 1o dispersion seen across the snapshots.
Gas is nominally considered to be subthermally excited if it has level populations
<100 times thermal. The trend remains constant regardless of our definition of
subthermally excited gas though the normalization changes. The dispersion is
evidence of varying excitation conditions between galaxies. The average excita-
tion conditions are such that the line luminosity-gas density relations drive the

observed SFR-line luminosity relations.
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tracers) do not represent a fundamental indicator of the SFR, but are rather sim-
ply indicative of the underlying Schmidt law. Because we assumed that the
SFRx p'®, the resultant SFR-molecular line relations from the models matched
the observed relations rather well (Equations 7.4-7.6). To some degree, these mod-
els suggest that the observed SFR-CO and SFR-HCN relations reflect a phys-
ical SFR law similar to the ones assumed for this model (with index N = 1.5).
Moreover, simulations have shown that this choice of an SFR law reproduces the
observed surface density (author?) (Kennicutt 1998a, Kennicutt 1998b) SFR laws
well (Cox et al. 2006¢; Springel 2000). In this sense, the predicted molecular SFR
relations in this section are simply reflective of the existing surface density SFR

laws, as well as volumetric gas density SFR laws.

7.5 Testable Predictions

In Figure 7.1, we showed for a random drawing of our sample of ~100 disk galax-
ies and merger snapshots that our model results displayed consistent SFR-CO
and SFR-HCN indices with observations of local galaxies (Gao & Solomon 2004a;
Gao & Solomon 2004b? ; Yao et al. 2003). We can further extend these model re-
sults to make testable predictions for the indices of unobserved SFR-CO and SFR-
HCN transitions.

We plot the predicted indices for the range of readily observable SFR-CO and
SFR-HCN transitions in Figure 7.8. To derive these results, we randomly sampled
35 of our ~100 galaxies and took the best fitting slope between the SFR and molec-
ular line luminosity. We did this for each transition 100 times, and in Figure 7.8
denote the mean of these results with the solid line, and the standard deviation
in the dispersion with the hatched region. We additionally plot the observed data

from the surveys of (author?) (Gao & Solomon 2004b) and ? ) with associated er-
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Figure
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SFR-HCN (J=1-0) indices are all consistent with the observations of (author?)
(Gao & Solomon 2004a, Gao & Solomon 2004b) and ? ). To simulate obser-
vational variance with particular galaxy samples, we randomly sampled 35
of our ~100 model galaxies 100 times. The solid line shows the mean de-
rived slopes, and the shaded region the 1o contours in the dispersion of
slopes. Additionally plotted are the observed data from the surveys of (author?)
(Gao & Solomon 2004b) and ? ) with their quoted error bars. These predicted

slopes serve as a direct observable test for these models.
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ror bars. The model results are quite consistent with the three observational data
points. Moreover, the dispersion in the prediction is consistent with the resultant
dispersion in slopes of a random sampling of a comparable fraction of galaxies in
the (author?) (Gao & Solomon 2004a, Gao & Solomon 2004b) sample.

The slope of the SFR-CO (J=1-0) relation roughly follows the assumed Schmidt
law as the CO (J=1-0) serves as an accurate tracer of the total molecular gas.
Higher lying transitions become shallower as the relationship between the tran-
sition and the gas density (globally) becomes superlinear. At higher e.g. CO tran-
sitions (e.g. CO % 4), the decrease in the SFR-L( slope begins to flatten. Broadly,
this owes to a relative plateau in the critical densities as a function of increasing
rotational transition.

The predictions seen in Figure 7.8 may serve as model-distinguishing obser-
vational tests. That is, the standard interpretation of the linear relationship seen
between Lizg and HCN (J=1-0) luminosity and CO (J=3-2) luminosity is that the
molecular line emission traces dense gas more physically involved in the star
formation process (e.g. n x10*°cm™3). In that picture, observations of HCN and
CO transitions with even higher critical densities ought to similarly show a linear
relationship between Lz and molecular line luminosity as they continue to probe
dense star forming cores (e.g. Gao & Solomon 2004a; Gao & Solomon 2004b; Krumholz & Thomy
In contrast, our models suggest that the observed relations between SFR and
molecular line luminosity are driven by a substantial contribution to the line lu-
minosity by subthermally excited (non-LTE) gas. In the limit that higher lying
transitions have an even larger contribution from subthermally excited gas than
e.g. HCN (J=1-0) or CO (J=3-2) (Figure 7.7) then the relationship between SFR
and luminosity from these lines will be sublinear (Figure 7.8). Observations of

alternative CO lines or higher lying HCN transitions in galaxies will provide a
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direct test of these models (R.S. Bussmann et al. in prep).

7.6 Comparison with Observations

The model results presented here self-consistently reproduce the observed SFR-
CO (J=1-0), SFR-CO (J=3-2), and SFR-HCN (J=1-0) indices for local galaxies. These
are found to be reflective of the ensemble-averaged excitation conditions in these
galaxies, and the manner in which the molecular line luminosity is related to
mean cloud density.

Surveys of Galactic GMC cores have shown that high dipole moment molecules
such as CS and HCN serve as an accurate tracer of dense gas mass (e.g. Shirley et al. 2003;
Wau et al. 2005). However, the interpretation from extragalactic sources is mixed.
Varying results have come from the observational literature regarding the origin
of traditional tracers of dense gas (such as HCN) from extragalactic surveys. For
example, (author?) (Greve et al. 2006) find the HCN emission in some systems
to arise from dense, thermalized cores, whereas ? ) cite Arp 193 as an exam-
ple in which the bulk of the HCN emission arises from subthermally populated
gas. More broadly, constraints on high lying transitions in CO, HCO* and HCN
from the observational samples of (author?) (Greve et al. 2006), ? ), ? ), (author?)
(Papadopoulos et al. 2007) and (author?) (Yao et al. 2003) among others evidence
a wide range of molecular excitation conditions. In this regard, the models pre-
sented here are consistent with these observational results (Figure 7.7).

Sensitive observations of high redshift galaxies are beginning to measure sources
in the early Universe in terms of their place on the SFR-molecular line relation as
well (e.g Gao et al. 2007 ; Greve et al. 2005; Hainline et al. 2006; Riechers et al. 2006a;
Wagg et al. 2005; Wagg et al.2007; Weif3 et al. 2007, for an extensive review, see

Solomon & Vanden Bout 2005 and references therein). Owing to its relatively
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high abundance, most detections at high-z have been in CO (with a smattering
of HCN, HCO™* and other molecules), and thus we focus our comparisons with
high-z galaxies on CO. A summary of a nearly-current sample may be found in
Figure 5 of (author?) (Riechers et al. 2006a).

In general, the interpretation of SFR-molecular line relations at high redshift
are muddied by two factors. First, the increasing fraction of AGN in high redshift
infrared luminous sources almost certainly contaminates the Lz from the ob-
served galaxies and quasars, thus causing a potentially significant overestimate
in the SFR. Second, as the objects span a large range in redshifts, the rest frame
transitions observed are typically quite diverse, and thus not always probing the
same phase of gas. The cumulative Liz-CO luminosity (over numerous transi-
tions) index for sources from z=0~6 as reported by (author?) (Riechers et al. 2006a)
is ~1.4, similar to the local SFR-CO (J=1-0) relation. Certainly, at lower luminosi-
ties (Lir<10"L(), the molecular line data is dominated by CO (J=1-0) observa-
tions of local galaxies. The relationship between Lz and CO luminosity for these
sources then is consistent with the results of our simulations if the Ly in the lower
luminosity sources is dominated by dust heating by O and B stars. At higher lu-
minosities (Lir 3 10'? L)) the sources are characteristically high redshift quasars,
submillimeter galaxies and radio galaxies. While the observed CO transition in
these sources is typically greater than the ground state transition, the relationship
between Lig and CO luminosity retains an index of ~1.4. In contrast, our models
(§ 7.4) would predict a slope less than ~1.4-1.6 if a Schmidt law index of 1.4-1.6
was valid for these high redshift sources. One possible origin for this steeper
slope is a contribution to the Lz from embedded AGN.

Alternatively, the models presented here (as well as those of Krumholz & Thompson 2007)

suggest that high critical density tracers such as HCN (J=1-0) and high lying
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CO transitions may show a natural upturn from the SFR-line luminosity relation
at the highest luminosities even without the contribution of embedded AGN.
The galaxies at this end of the luminosity range are typically massive starbursts
and/or advanced mergers with significant amounts of dense gas. As shown
in Figure 7.4 in the high mean gas density regime, tracers of dense gas such
as CO (J=3-2) and HCN (J=1-0) become thermalized. The galaxies in our sim-
ulations with the highest SFRs (typically recently coalesced mergers) contain a
large amount of dense gas, and thus most of their e.g. CO (J=3-2) emission arises
from thermalized cells. The luminosity from this gas rises linearly with increas-
ing cloud density (/3), and the consequent SFR-molecular line relation (a) will
be superlinear (nearly equivalent to the Schmidt SFR index) for a sample of these
galaxies. This is consistent with the modeling results of (author?) (Krumholz & Thompson 2007)
who find a similar upturn in their SFR-molecular line relations when the mean
cloud density is much greater than the critical density of the molecular line, as
well as the observational results of (author?) (Gao et al. 2007 ).

We reiterate caution, however, that the SFR is typically derived from Lz mea-
surements, and at these high infrared luminosities, the Lz may have a non-
negligible contribution from a central AGN (e.g. Kim et al. 2002; Tran et al. 2001;
Veilleux et al. 2002). While in principle our hydrodynamic simulations have the
capability to investigate the potential contribution from growing black holes, a
tull calculation of the IR SED as well as relating it to inferred SFR properties is out-
side the scope of this work. The salient point of these models, as well as those of
(author?) (Krumholz & Thompson 2007) regarding these high luminosity points
is that regardless of the potential contribution of embedded AGNs these dense, star
forming systems will systematically lie above the linear relation between Lz and

HCN (J=1-0)/CO (J=3-2) seen for lower luminosity (Lir < 10"*L) systems.



235

7.7 Relationship to Other Models and Interpretations

We now turn our attention toward other models and interpretations for the ob-
served SFR-molecular line relations, and how our solution compares to these
works.

(author?) (Gao & Solomon 2004b) interpret the tight linear correlation between
Lir and HCN (J=1-0) luminosity as evidence for an increasing fraction of dense
gas in the most luminous sources in their sample, as well as a constant star forma-
tion efficiency in terms of dense (n $10%cm™?) molecular gas mass. Because stars
form in the dense cores of clouds, the linear relationship between L (which is
powered by star formation) and HCN (J=1-0) luminosity is interpreted as a natu-
ral one.

Our models find that the fraction of dense molecular gas naturally increases
with star formation rate. This is true both for the mergers which funnel cold
gas into the central kiloparsec (fueling starbursts of ~100 Myr™?), as well as
isolated disk galaxies. Indeed this is an expected result as the SFR in our simu-
lations is parametrized in terms of the cold gas density. This results in a higher
fraction of the gas being thermalized in high critical density tracers in the sys-
tems with the highest SFRs (and, by extension, highest infrared luminosities).
Conversely, the quiescent star forming disk galaxies have a smaller fraction of
their gas in a dense phase, and more of their HCN (J=1-0) and CO (J=3-2) emis-
sion driven by subthermal excitation. In this sense, then, the interpretation by
(author?) (Gao & Solomon 2004b) is simply another way of describing the argu-
ment outlined in § 7.4. That is, galaxies with high SFRs have higher fractions of
dense gas, and galaxies with lower SFRs have less. That said, we note that this
is not the driving force behind the SFR-line luminosity relations in our models

(§ 7.4), but rather a contribution from subthermal gas.
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Utilizing observations of Galactic cloud cores, (author?) (Wu et al. 2005) found
that the dense Galactic cloud cores showed a linear relationship between Lz and
HCN (J=1-0) emission. Using these results, they posited that the linear relation-
ship between Lig and HCN (J=1-0) emission arises from HCN tracing fundamen-
tal star forming units which scale self-similarly from star forming regions in the
Galaxy to ULIRGs. In the context that even high critical density tracers such as
HCN and CS are thermalized in star forming cores (a result supported by both
observational and theoretical evidence, e.g. Shirley et al. 2003; Walker et al. 1994;
Walker et al. 1994), the model results presented here are compatible with the ob-
served results of (author?) (Wu et al. 2005). The simulations here show that when
the mean cloud density approaches the critical density of a molecular line, the
line luminosity faithfully traces the cloud density (e.g. Figure 7.4, left panel).
Thus, we can speculate that our model results for gas of a high mean density is
compatible with the findings of (author?) (Wu et al. 2005), though note that our
simulations do not have the spatial resolution to robustly determine this.

An interesting question, in the context of these two sets of observations, arises
in connecting the SFR-molecular line relation as see in GMC cores to galaxy-wide
scales. The observations of (author?) (Wu et al. 2005) focus on regions that are
physically representative of the birthplace of stars, though it is not clear that
they are not representative of the globally averaged conditions probed by (au-
thor?) (Gao & Solomon 2004a, Gao & Solomon 2004b). The models presented in
this work do not have the spatial resolution to investigate the nature of emis-
sion from individual dense GMC cores. While our models can investigate ob-
servables from regions with high mean density, we are not able to decouple
the emission from dense cores from the diffuse gas in GMC cloud envelopes

(Narayanan et al. 2007b). However, a combination of the complementary mod-
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eling results by (author?) (Krumholz & Thompson 2007) and this work may shed
some light on to the connection between the works by (author?) (Wu et al. 2005)
and (author?) (Gao & Solomon 2004a, Gao & Solomon 2004b).

The recent study by (author?) (Krumholz & Thompson 2007) utilized radia-
tive transfer modeling coupled with physical models of GMCs (consistent with
turbulence-regulated star formation) to derive a motivation for the observed SFR-
molecular line relations. These authors found that for individual star forming
clouds, the line luminosity from high critical density tracers such as HCN (J=1-
0) increased superlinearly with mean gas density owing to an increase in the
fraction of dense gas with increasing mean cloud density. This results in a lin-
ear relationship between SFR and HCN (J=1-0) luminosity. While the physical
size scales probed are vastly different in this work as compared to that of (au-
thor?) (Krumholz & Thompson 2007), both works are able to self-consistently re-
produce the observed relations between SFR, CO (J=1-0), and HCN (J=1-0) lu-
minosity. The reasoning for this is a redistribution of light from dense cloud
cores on a globally averaged scale. In our models, part of the emission from
dense, thermalized regions escapes the galaxy while a fraction of the line lu-
minosity is trapped by gas of a lower mean density, and then re-emitted. The
emission patterns in individual clouds which are characterized by the observed
SFR-line luminosity relations (e.g. Krumholz & Thompson 2007) scale naturally
to galaxy-wide globally averaged measurements. This result is not unexpected
from our simulations. Galaxies with higher SFRs have, on average, higher mean
cloud densities than galaxies with lower SFRs. These systems are thus expected
to follow comparable scaling relations as the model clouds investigated by (au-
thor?) (Krumholz & Thompson 2007) for GMCs of increasing mean cloud den-

sity. These model results may be directly tested as they predict that tracers of
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higher critical density than HCN (J=1-0) or CO (J=3-2) will be thermalized in a
small fraction of the galaxy’s gas mass, and show a sublinear relationship be-
tween SFR and line luminosity (Figure 7.8).

Finally, we note that we include constant molecular abundances through-
out our model galaxies, as a full chemical reaction network is both outside the
scope of this work and not feasible given our spatial resolution limitations. In
this sense, we are unable to evaluate these models in terms of potential HCN
chemistry in the vicinity of a hard X-ray flux as has been argued by some au-
thors. (e.g. ? Gracid-Carpio et al. 2006; Lintott & Viti 2006). We do note, though,
that our models quantitatively reproduce the observed relations between SFR
and CO (J=1-0), CO (J=3-2) and HCN (J=1-0) emission in local galaxies while uti-
lizing constant fractional molecular abundances. This may imply that potential
chemistry-related effects have a negligible effect on observed SFR-molecular line

relations.

7.8 Conclusions and Summary

We have utilized a combination of self-consistent 3D non-LTE radiative transfer
calculations with hydrodynamic simulations of isolated disk galaxies and galaxy
mergers to derive a physical model for the observed SFR-molecular line relations.
We specifically focus on the examples of the SFR-CO (J=1-0), CO (J=3-2) and HCN
(J=1-0) relations as they are the best constrained observationally, and show that
our model quantitatively reproduces the observed relations when a Schmidt in-
dex of ~1.5 is assumed.

While the linear relationship between SFR and high critical density tracers
such as HCN (J=1-0) and CO (J=3-2) in galaxies have been interpreted as a fun-

damental SFR law owing to dense gas being the formation site of massive stars,
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our models suggest that this is not the entire story. The linear relations of SFR
and HCN (J=1-0) and CO (J=3-2) arise as a consequence of line trapping by dif-
fuse molecular gas in the vicinity of dense cloud cores, resulting in significant
emission from subthermally excited gas. The fundamental relation is instead the
underlying Schmidt law which sets the way in which observed transitions trace
the molecular gas.

Our model makes the prediction that for CO lines with J,,per >3 and HCN
lines with Jypper >2, the SFR-line luminosity relationships will be sublinear (Fig-
ure 7.8). These predictions can directly be tested with existing submillimeter-
wave technology, as well as with ALMA. Our models additionally provide spe-

cific interpretation regarding the existing observed SFR-molecular line relations:

1. The slope in a given SFR-molecular line luminosity relation is dependent
on both the assumed Schmidt law controlling the SFR for the galaxy and
the relationship between molecular line luminosity and density of emitting
gas (the details of which are outlined in § 7.4). When line luminosity traces
gas density linearly, the resultant SFR-line luminosity index is similar to the
assumed Schmidt law index. In cases where the line luminosity increases
with gas density superlinearly, the SFR is related to line luminosity with an
index less than the Schmidt index. The relationship between line luminos-
ity and gas density depends on how the critical density of the line compares
with the mean density of the bulk of the emitting clouds. This directly af-
fects the observed relations between SFR and CO (J=1-0), CO (J=3-2) and
HCN (J=1-0) in the following way:

(a) Owing toits low critical density, the CO (J=1-0) line is roughly thermal-

ized throughout most regions of the galaxies in our simulation sample.
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This results in a linear rise in CO (J=1-0) luminosity with increasing
gas density, and a consequent SFR-CO (J=1-0) relationship with index
similar to the Schmidt index. For the case of a Schmidt index of ~1.5,
our simulations reproduce the observed relation between SFR and CO

(J=1-0) luminosity.

(b) The critical densities of CO (J=3=2) and HCN (J=1-0) are much higher
than the mean density of the bulk of the clouds in our simulated galax-
ies. Because of this, significant amounts of emission can arise from
subthermally excited diffuse gas in the vicinity of denser regions. This
subthermally excited gas emits at intensities higher than its meager
densities can account for owing to radiative pumping. A combina-
tion of emission from subthermally excited gas along with gas in LTE
(whose emission traces increasing gas density linearly) along the line
of sight results in a net superlinear relationship between intensity and
gas density. The consequence of this is an SFR-line luminosity index
less than the Schmidt index for high critical density tracers. For the
case of a Schmidt index of ~1.5, the observed relations between SFR

and HCN (J=1-0) and CO (J=3-2) emission are recovered.

2. The emission processes driving the line luminosity-density relations (and
consequently SFR-line luminosity relations) are variable such that some
galaxies exhibit mostly thermalized gas for high critical density tracers whereas
others are largely subthermally excited. Generally, the galaxies with higher
SFRs have more of their gas thermalized which may drive the upturn in
the Lig-HCN (J=1-0) relationship for extremely high luminosity sources ob-
served by (author?) (Gao et al. 2007 ).
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CHAPTER 8

CONCLUDING REMARKS AND WAYS FORWARD

So...what are we supposed to have learned from this work?
-Juna Kollmeier, during the Q&A period after I gave a talk on the subject nature

of Chapter 7.

In this thesis, I have explored emission from the molecular interstellar medium
in environments ranging from protoplanetary disks to some of the earliest quasar
host galaxies. In this, we saw that molecular line emission has the power to serve
as a probe for interesting astrophysical effects. It can betray the presence of dense
gas clumps which may form into gas giant planets, serve as a signature for galac-
tic scale winds in galaxies, and provide a measure for the SFR in galaxies. Even
more broadly, in this thesis I have attempted to provide interpretation for existing
molecular line observations of varying astrophysical environments, and provide
a sample of predictions for future observations. A key contribution from this the-
sis to the field has been (save for Chapter 6) mechanisms for interpreting existing
and future observations.

There are, to some degree, a large number of avenues one could take with the
exisiting tools regarding intrpretation and predictions of molecular line emission
from the cosmos. For example, as I alluded to in the discussion of Chapter 5,
the CO line widths on average trace the virial velocity of galaxy host halos. By
extending these line widths to z ~ 2 simulations, one might be able to make infer-
ences regarding the evolutionary state of the intriguing submillimeter-luminous
galaxies at this redshift based on their line widths. Further simulations of galaxy

accretion and merging in ~10"* M, halos scaled for z ~ 2 would further solidify
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this potential interpretation for the seemingly anomalously large line widths in
these sources. Similarly, the methods presented in this thesis could be used to
explore e.g. molecular disk formation in local ULIRGs (Scoville & Bryant, 1999),
the effects of an “intracloud medium” and the related molecular gas volume fill-
ing factor (Downes & Solomon, 1998), and CO luminosity functions in the local
and distant Universe (e.g. Keres, Yun & Young, 2003).

From a theoretical standpoint, however, the methods presented in this the-
sis can only go so far. That is, the coarse resolution presented in these models
forces our radiative transfer solutions to be dependent on a host of assumptions
(Chapter 2) which limits the self-consistentcy of the models. In this regard, in the
current state, the models will largely be limited to interpretive functions. The way
forward is a mechanism for deriving concrete physical quantities from molecu-
lar line measurements. More specifically, the holy grail of potential contributions
simulations have to offer to molecular astrophysics is a robust investigation into
the conversion factor from molecular line luminosity to an H; gas mass - the so-
called yco factor.

Observational determinations suggest that the global conversion factor be-
tween CO luminosity and H, gas mass can vary by a factor of ~2 within the
Galaxy, and by as much as a factor of ~5 when considering more extreme galax-
ies such as ULIRGs (e.g. Downes & Solomon, 1998; Gao & Solomon, 2004a).
Moreover, using standard Galactic values, it is feasible to derive molecular gas
masses larger than the dynamical mass in nearby galaxies (Downes & Solomon,
1998), highlighting the difficulty in using such a conversion factor given our cur-
rent understanding of it. While observations have made at least some headway
in constraining the range of possible CO-H, conversion factors, modeling has

made little concomitant progress in narrowing these values, or understanding
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how and why they may change in given astrophysical environments. In an era
where galaxy formation models are relying on precision measurements of phys-
ical parameters, factors of ~5 uncertainty in mass measurements will quickly
become a limiting factor in the analysis of forthcoming data sets.

So, what exactly will be necessary for simulations in forthcoming years to
make a dent in this historically untractable problem? What has been lacking thus-
far is spatial resolution for the hydrodynamic and radiative transfer models. We
have limited ourselves to ~100-250 pc resolution for the radiative transfer simu-
lations in this work, though in principle achieving the ~40 pc resolution native
to the hydrodynamic simulations is feasible with the available computing power.
Load-balancing issues in the hydrodynamic simulations forced galaxy-scale sim-
ulations to the above quoted resolution, though newer exisiting algorithms will
allow the spatial resolution to drop by a factor of ~4 (L. Hernquist, private com-
munication).

Still, even at ~10 pc resolution, individual GMCs will only barely be resolved.
In the next few years, as computing power allows for a subsequent increase in
resolution by ~ an order of magnitude, models will be able to follow the perti-
nent physics concerning the star forming interstellar medium in galaxies. With
a reasonable idea of the UV flux, cosmic ray flux, temperatures and densities
throughout the galaxy, it will be feasible to calculate the Hy mass fraction in the
cold neutral medium, the CO/H; abundances, and subsequent emission patterns
utilizing radiative transfer models such as those presented in this work. Curves
of Ny, /Ico will lead to derivations of xco under varied physical conditions.

As a note of encouragement, even radiative transfer simulations rife with as-
sumptions (Chapter 2) can to zeroeth order reproduce observed results. As an

example of this, in Figure 8.1, I plot a distribution of the Ny, /Ico values for 50?
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lines of sight through a fiducial disk galaxy with 40% gas fraction and vy ~120

km s™!

, utilizing the methods presented in this thesis. The mean derived ratio
is ~4.2x10%cm™2 (K-km s™*)~!, consistent with the accepted Galactic value of
~3x10%cm~2 (K-km s~!)~!. This is, of course, somewhat circular as I have mani-
festly assumed molecular gas fractions and abundances consistent with local ob-
servations. However, it is promising that the methodology is largely in place to
attack this fundamental problem, and understand its origins and variations with
physical condition.

And with that note of encouragement, I conclude this thesis. It is my hope
that the reader walks away having read this work with a feeling that much can be
done by combining the existing tools of varied fields in astrophysics. Morevoer,

the promise of what lies on the horizon with increased computational ability and

physical constraints motivated by ground-breaking observations is truly exciting.
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Figure 8.1 Distribution of Ny,/Ico values for 50% lines of sight through a fidu-
cial disk galaxy. The galaxy has a 40% gas fraction, and circular velocity set at
~120 km s~!. The mean ratio is ~4.2x10?°cm~2 (K-km s~1)~!, consistent with the

accepted Galactic value of ~3x10%cm~2 (K-km s™1)~1.
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