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Zusammenfassung/Abstract

Detailed studies of the molecular gas phase in the host galaxies of the highest redshift
quasars are important for our understanding of the formation and evolution of quasars
and their bulges, since the molecular gas is the prerequisite material for star formation.
This investigation capitalizes on state-of-the-art observations in the radio/millimeter wave-
length regime to study the key properties of the molecular interstellar medium in some of
the most distant, gas-rich quasars. To search for evolutionary, luminosity-dependent, or
galaxy type-dependent trends in the conditions under which star formation takes place,
results are interpreted in the context of studies of nearby galaxies and high redshift galaxy
populations. From the first high-resolution CO(J=1—0) spectroscopy of high-z quasars,
the total molecular gas mass of their host galaxies is determined. By more than doubling
the number of molecules known in the distant universe [from 2 (CO/HCN) to 5], it is found
that multiple molecular probes of dense gas predict similar star formation rates within the
dense molecular regions of high redshift galaxies, out to the first 2 Gyr after the Big Bang.
Together with other studies, these results indicate an increase in star formation efficiency
toward the most luminous distant gas-rich systems, possibly due to a higher median gas
density. In a connected, time consuming interferometric study, the host galaxies of three
z>4 quasars are resolved, for the first time, both spatially (at up to 0.15”, or 1.0kpc) and
in velocity space, revealing that the molecular reservoirs show a wealth of morphologies.
The derived dynamical masses are large enough to account for both the central supermas-
sive black holes and the full reservoirs of molecular gas, but do not leave much room for
a stellar bulge as predicted by the local relation between black hole mass and bulge veloc-
ity dispersion. Quasar host galaxies are thus prime laboratories to study the coevolution
of supermassive black holes and the extreme starbursts hosted by the molecular environ-
ments at early cosmic epochs. The observations presented here thus provide an important
foundation for future studies of normal galaxies at high redshifts with the Atacama Large

Millimeter Array (ALMA).



vi Abstract

Molekulares Gas ist der Treibstoff fiir Sternentstehung, weshalb es von grofler Wichtigkeit
fiir unser Bild von der Entstehung und Entwicklungsgeschichte von Quasaren ist, die
molekulare Komponente in den Muttergalaxien der am weitesten entfernten Objekte im
Detail zu untersuchen. In dieser Doktorarbeit werden die technologischen Neuerungen der
groffiten Radio- und Millimeterteleskope genutzt um einige der wichtigsten Eigenschaften
des molekularen interstellaren Mediums in hoch rotverschobenen Quasaren genauer zu
studieren, und in einem evolutionaren, galaxientyp- und leuchtkraftabhéangigen Kontext der
Sternentstehung zu begutachten. Die CO(J=1—0) Linie wurde zum ersten Mal erfolgre-
ich in hoch rotverschobenen Galaxien hochauflosend spektroskopiert, um die Gesamtmasse
des molekularen Gases zu bestimmen. Eine Erweiterung dieser Studie auf andere moleku-
lare Indikatoren fithrt zu mehr als einer Verdopplung der im frithen Universum bekannten
Molekiile [5 statt bisher 2 (CO/HCN)]. Alle Indikatoren sagen miteinander konsistente
Sternentstehungsraten in hoch rotverschobenen Quasaren voraus, und keines der Molekiile
scheint ein klar bevorzugter Indikator zu sein. Im Zusammenwirken mit zwei anderen Stu-
dien ergibt sich der Befund dafl Sternentstehung in weit entfernten, sehr gasreichen Galax-
ien mit einer hoheren Effizienz vonstatten geht als in anderen Galaxien, was vermutlich
mit einer hoheren mittleren Dichte des Gases in diesen Systemen zusammenhéngt. In einer
auf diesen Ergebnissen aufbauenden, zeitaufwendigen Interferometerstudie ist es ausser-
dem zum ersten Mal gelungen die Muttergalaxien von Quasaren bei z>4 sowohl raumlich
(auf Skalen von bis zu 0.15”, oder 1.0kpc) als auch dynamisch (in Geschwindigkeitsinter-
vallen entlang einer molekularen Emissionslinie) aufzulésen. Die Karten zeigen dafl die
molekularen Reservoirs in diesen Galaxien reichhaltige Strukturen aufweisen. bestimmten
dynamischen Massen sind in Einklang mit der Summe der Massen des zentralen schwarzen
Lochs und der Gas- und Staubreservoirs, allerdings nicht gro3 genug um einen stellaren
Bulge von der Masse zu enthalten, wie sie von der Beziehung zwischen der Masse des
schwarzen Loches und der Geschwindigkeitsdispersion des Bulges in Galaxien im lokalen
Universum vorausgesagt wird. Die Ergebnisse dieser Arbeit belegen, dafl diese weit ent-
fernten Galaxien erstklassige Laboratorien fiir Studien der Entstehung und Entwicklung
supermassiver schwarzer Locher und extremer Starbursts im frithen Universum sind. Die
hier gezeigten Beobachtungen bilden die Grundlage fiir zukiinftige Studien normaler Galax-
ien bei hohen Rotverschiebungen mit dem Atacama Large submillimeter/Millimeter Array
(ALMA).
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Chapter 1

Introduction

The focus of this thesis lies on understanding the molecular gas properties of gas-rich galax-
ies at high redshift. This study has the potential to answer a number of important questions
about star formation and galaxy evolution in the early universe. The main questions in
this context are: What are the masses of the molecular gas reservoirs in these distant
galaxies, and how do they compare to the dynamical mass? How do these gas masses com-
pare to present day galaxies? How are the molecular gas reservoirs composed, and is this
composition different from what is observed at =07 In particular, do the local relations
between total and dense gas mass and the star formation rate in a galaxy hold out to high
redshift, and thus trace universal properties of star formation? Are the distant, gas-rich
galaxies centrally concentrated like most local ultra-luminous infrared galaxies (ULIRGs,
the closest counterparts to the gas-rich high redshift systems), or are they extended pro-
togalaxies that host substantially more molecular gas than nearby galaxies? How long can
the bursts of star formation observed toward these distant systems be maintained? What
is the evolutionary state of these high redshift galaxies? These and more questions are
addressed in the framework of this PhD thesis. This study is aimed at providing a foun-
dation for selecting and interpreting observations of distant galaxies with future facilities,
in particular the Atacama Large submillimeter/Millimeter Array (ALMA). Even though
the galaxies currently detected in molecular gas emission at high redshift are extreme, it
is important to understand these systems in more detail to focus future studies of more
typical galaxies in the early universe.

To provide some general context, the introduction starts with a historical perspective,
and with describing the general properties of the interstellar medium (ISM), in particular
its connection to star formation. The molecular component of the ISM is described in
the following, and some properties of the molecular ISM in galaxies at different redshifts,
in particular the variations in molecular mass and its distribution, are discussed. The
introduction closes by quantifying the relation between molecular gas and star formation
rate as a diagnostic of galaxy properties (and a tracer of star formation efficiency), and
the role of different molecules as probes of these properties.
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1.1 The Interstellar Medium

1.1.1 Discovery of the ISM

The concept of interstellar space has been discussed on a philosophical level early on.
References are found in the literature as early as in the 17*" century (e.g., F. Bacon 1626,
in “Sylva Sylvarum, or a Naturall Historie in ten Centuries”, § 354-5) ] The idea that some
medium may fill this region between the stars in our Galaxy has been introduced in the
19%" century in the context of aether theory (Patterson 1862, Ess. Hist. & Art 10). Before
the theory of electromagnetism was developed, such an invisible, luminiferous aether was
thought to be the carrier of light waves (at the time, it was considered necessary to have
a mediator to transfer energy, such as radiation). Due to the fact that stellar light can be
observed on Earth, this aether was thought to fill the interstellar regime. Although the
aether theory was dropped only a few decades later, the concept of an interstellar medium
prevailedE However, the ISM was not directly observed until the early 20" century. First
images of “dark nebulae” (i.e., dust and gas-rich interstellar regions) were obtained by
Barnard (@), silhouetted against the background star field of the galaxy. However, the
first direct detection of cold, diffuse interstellar matter was obtained through absorption
line spectroscopy of §Ori by Hartmann (@) He realized that a Calcium-K line observed
toward this star did not share the characteristics of other lines within the spectrum. It
thus was unlikely to originate from the atmosphere of the star himself, but rather from an
isolated cloud between the star and Earth.

Today, more than a century after its initial discovery (and the development of quantum
mechanics), we have a quite detailed picture of the ISM and its properties within the Milky
Way. Moreover, it has been studied in numerous external galaxies, and even been detected
out to the highest observable redshifts, less than a Gigayear after the Big Bang (2=6.42).
In the following, the general properties of the ISM are described, and the importance of
its molecular component is elaborated on.

1.1.2 Significance of the ISM

In principle, the ISM is a minor constituent of large spiral galaxies like the Milky Way. In
our Galaxy, it only encompasses a few per cent of the total amount of the stellar mass.
However, the ISM is important for basically every astrophysically relevant process, and
holds information about the properties of a galaxy on all scales, starting at individual stars.
The ISM (in particular its molecular component) is the prerequisite material out of which
stars form. It thus delivers the overall framework for star formation to take place. The ISM
is also by no means stationary. Gravitational forces squeeze the interstellar matter, and lead

!The passage reads: “And the Interstellar Sky, (though the Opinion be vaine, that the Starre is the
Denser Part of his Orbe,) hath notwithstanding so much Affinity with the Starre, that there is a Rotation
of that, as well as of the Starre.”

2Note that, ironically, our modern concept of vacuum and the cosmological constant is at times remi-
niscent of the aether theory.
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to a fragmentation of its initial condensations. These strong forces act on the vast scales
of giant molecular clouds, but persist down to individual stars. These forces are strong
enough to initiate nuclear fusion, the most energetic process known on microscopic scales,
and thus to actually bring stars to life. Star formation itself is a complex process, and still
a prime discipline of astrophysical studies. This process, together with the multifaceted
life cycle of the various types of stars resulting from it, has numerous intermediate stages
and byproducts, leading to a richness of ISM components. Nested within the ISM, we find
a range of hot and cold condensations. Around newborn stars, accretion disks represent
a special form of structured interstellar matter, which may even lead to the formation
of planetary systems in some cases (e.g., van Dishoeck ). Different classes of young
stars show jets and bipolar outflows, energetic stellar winds, or even shocks (e.g., Bachiller
I@) All these processes have a feedback effect on the surrounding ISM, and determine
the global properties under which star formation can take place. Also, the significant,
sometimes violent impact that these processes have on the ISM is responsible for the
overall low efficiency of star formation itself, and only a few per cent of the total amount
of material available for star formation actually ends up in stars in a typical star formation
cycle (e.g., Shu etal. [1987; Evans @)

The physical properties, chemical composition, and global mass of the ISM in a galaxy
thus are largely determined by its interaction with stars, which causes the richness, but also
the peculiarity of the ISM phase. This does not only concern the formation of new stars
as described above. In particular during the final stages of a stellar lifecycle, a number of
phenomena exist that heavily impact the ISM. When an intermediate mass star (2 M, <
M, <7 Mg, i.e., nuclear fusion does not proceed beyond the production of C and O) climbs
up the asymptotic giant branch (AGB), it blows away its outer layers in thermal pulses,
leading to strong winds (e.g., Lattanzio & Boothroyd ). Depending on their effective
temperature, some of these stars ionize their expanding, blown-off hull material during
their post-AGB phase, leading to the formation of spectacular planetary nebulae. An even
stronger feedback is caused by the most massive stars, when they end their stellar life in
a highly energetic supernova blast, being a very effective way to enrich the ISM with the
metals that they produced in the earlier stages of their life cycle. The remnants of such
supernovae can even create magnetohydrodynamic waves, which also impact the ISM (e.g.,
Chevalier et al. I@) In addition to intense ultraviolet (UV) radiation from massive young
stars, winds and explosions, highly energetic radiation strongly influences the structure and
composition of the ISM. Light emitted in the X-ray and 7-ray wavelength regimes, and
cosmic rays of even higher energies strongly interact with the atoms and molecules of the
ISM. The range of interactions taking place leads to a partial ionization of the ISM, favors
the occurrence of magnetic fields, and the creation of turbulence and shocks.

The feedback of star formation on the ISM (whose dynamics triggered it in the first
place), and the interactions between stars and ISM that occur due to stellar evolution
also govern the overall chemical evolution of the galaxy that hosts both the stars and the
medium. It thus is essential to understand these processes in detail for studies of galaxy
formation and evolution throughout cosmic times.

A range of phenomena connected to the ISM can be observed on galactic scales. The
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Figure 1.1: Map of the molecular ISM (here: CO) in the central region of the Antennae
(NGC4038/39), a nearby merger, overlaid on a true color HST image (Wilson et al. M)
The molecular gas is largely aligned with the dust lanes, and peaks around the galactic
nuclei and in the “overlap” region.

ISM is a self-interacting, dissipating medium. It is commonly found at the origin of galactic
disk formation, showing that it plays an important role in studies of the formation of disk
galaxies. It also is subject to strong interactions in galaxy collisions and major merger
events (see, e.g., Figure [[d]). Mergers are often observed to occur coevally with major
starbursts, which gives raise to the interpretation that the compression of several ISM
components on larger scales due to the merger event triggers and feeds such starbursts.
Also, the same material may feed supermassive black holes (SMBHs) in the centers of the
merging galaxies in the same event, being to a significant fraction responsible for their
growth and active galactic nucleus (AGN)/quasar activity (e.g., Di Matteo etal. M)
This may then also explain the locally observed correlation between black hole mass and
stellar bulge velocity dispersion (as a tracer of stellar mass) in galaxies (Mpy—0,), which
is interpreted as a coeval growth of SMBHs and stellar bulges (e.g., Magorrian et al. ;
Ferrarese & Merritt m; Gebhardt et al. M)

The mass of the ISM does not only increase via mergers, but also through accretion
of extragalactic gas. Gas is also found in connection with galactic bars, which may play
a role in the inflow of gas to the center of a galaxy (e.g., Bournaud & Combes &]b)
The ISM is also strongly affected and compressed by spiral density waves that lead to
the formation of spiral arms. The influence of the density waves on the ISM can then
also lead to star formation in spiral structures (e.g., Binney & Tremaine I@) Due to
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the pressure-driven effects in star formation mentioned previously, some starburst galaxies
show huge outflows of ISM material from the starburst center into the galactic halo. The
scales of such an outflow may even extend beyond the galaxy, and can be responsible for
the enrichment of the intergalactic medium (IGM) with heavy elements (e.g., Ellison et al.
M) The processes taking place in the ISM thus are fundamental to the understanding
of astrophysics on a large range of scales.

1.1.3 Properties of the ISM

There are a number of physical parameters that are important to describe the ISM (see, e.g.,
Tielens M) It has different phases, described by a range of temperatures and densities.
The ISM is subject to different sources of heating and cooling. Many processes taking place
in the ISM are highly dynamic. The interplay of heating, cooling, and dynamical processes
imprints some special thermodynamical properties on the ISM, such as the existence of
major instabilities, and the occurrence of frequent shocks and peculiar turbulence. A
range of chemical reactions takes place within the ISM. Apart from gas, the ISM also
hosts dust (typically <1% of the gas mass) and nanoparticles [most importantly polycyclic
aromatic hydrocarbons (PAHs)]. Radiative transfer processes thus play a major role in the
determination of its properties, such as its energy balance, and its overall, multiwavelength
spectral energy distribution (SED).

Phases of the ISM

The ISM is described well by three-phase medium models (McKee & Ostriker I@)
Such models assume that the ISM has a cold, dense phase (7" < 300K) that consists
mostly of clouds of neutral and molecular hydrogen (H1 and Hy), a warm intercloud phase
(T ~ 10*K), consisting of rarefied neutral and ionized gas, and a dynamic third phase
representing the very hot (T = 10°K) gas that was shock heated by supernovae. This
third phase may constitute most of the volume of the ISM (see Table [LTJ).

Heating of the ISM

There is a range of different processes that contribute to heating the ISM. Apart from
the processes that heat the ISM on a macroscopic level (gravitational collapse of a cloud,
expansion of Hir regions, winds, supernova explosions), a number of processes takes place
on a microscopic level. Cosmic rays heat the ISM by transferring energy to the gas via
ionization and excitation, and to free electrons via Coulomb interactions. Photoionization
dominates the heating in H1r regions. Photoelectrons from X-ray light are strong enough
to cause secondary ionization, causing X-ray heating to be efficient in the warm, atomic
medium.

However, one of the most important sources of heating is the intense UV radiation from
newly formed, massive young stars (and AGN). UV photons cause photoelectric ejections of
electrons (and, in the vincinity of an intense UV source, atoms) from dust grains. However,
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Table 1.1: Characteristics of the Different ISM Phases

Phase no To fv State
(m™) (K) (%)

Molecular Clouds >200 10  0.05 molecular

Cold Neutral Medium 50 80 1 neutral

Warm Neutral Medium 0.5 8000 30 neutral

Warm Ionized Medium 0.1 8000 25  ionized

H 1 Regions 1-10°  10* ~5 ionized

Hot Tonized Medium (Coronal Gas)  0.003  10° ~50 highly ionized

Notes—Symbols are: ny — Typical density. T, — Typical temperature. f;, — Volume
fraction. Values adopted from Tielens (Iﬁé) Note that the relative proportions of the
phases and their subdivisions are a matter of considerable contention.

part of the energy of the UV photon is transferred into lattice energy, effectively heating
the dust grains. This process is the main source of dust obscuration of UV /optical light.
The dust channels a substantial fraction of the energy created in star formation into the
infrared (IR) to far-infrared (FIR) wavelength regime, where it shines brightly. Depending
on the amount of dust in a galaxy, this may fully deplete the UV /optical radiation from
stars, and create a huge bump in the infrared region of its SED (so-called infrared-luminous
galaxies). While the heating of large dust grains create this strong continuum bump in
the FIR (e.g., Draine & Leeg@), nanoparticles create strong, broad PAH bands in the
mid-IR region of the SED (e.g., Désert et al. m) The dust that is heated by this process
can also heat the gas via dust grain-gas particle collisions, locking the temperature of the
gas to that of the dust. However, this process only dominates the gas heating deep in dense
molecular clouds (which are optically thin to far-infrared radiation, but very opaque to all
light at shorter wavelengths).

There is one other process that is important for both dust an gas heating, and also
closely connected to the formation of molecular gas, which sublimates on dust grains:
Molecular hydrogen can be formed on the surface of a dust grain from two hydrogen
atoms. This process yields an energy of 4.48 eV, which is partly used to heat the dust
grain, and partly to heat the gas (via collisions of the formed Hs molecule, which also
receives a certain kinetic energy).

Note that, even though some of the processes taking place in the interstellar gas are
quite energetic, it still is only a small fraction of the overall energy generated in stars and
active galactic nuclei.
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Cooling of the ISM

The most basic cooling process in the ISM is adiabatic expansion. A second important
process is cooling of dust, mostly in the mid-to-far-infrared continuum. This process is
effective in all but the densest regions of the ISM. The third process, which is important
in most regions of the ISM (except regions of hot gas where atoms are highly ionized,
and molecular clouds), is the cooling via fine structure lines of atoms and ions. Fine
structure cooling is most efficient via atoms/ions that a) are highly abundant, and b) have
fine structure levels close to the fundamental level (as cooling via forbidden lines is most
effective in cold gas where allowed transitions cannot be excited). In the neutral medium,
these are mostly C11 and O1. In H11 regions, these are mostly O1, O, N1, N1, Nerr,
and Neri. The transitions in these atoms/ions are usually collisionally excited, and will
then de-excite radiationally.

The fourth process is cooling via non-forbidden atomic lines. For these lines to be
collisionally excited, the temperature has to be relatively high (few times 10° K). The most
important case is the n=2 level of hydrogen, which emits a Lyman-a photon at 121.6 nm
upon de-excitation. However, the efficiency of this process drops above 10° K, as most
species (except Fe) are highly ionized and retain only few bound electrond]

The fifth process, which is dominant in molecular clouds, is the collisional excitation
of rotational molecular transitions, in particular CO (note that Hy does not have ‘basic’
rotational transitions; see Chapter 2). These transitions have low energies and radiate
typically at millimeter wavelengths (see Figure [[Z). Due to the low energies, this cooling
process is very efficient, causing molecular clouds to be very coolll. They however require
relatively high densities to be collisionally excited (typically 103-10° cm~3). Due to its high
abundance, 2CO dominates the cooling at the lowest densities. At higher densities, the
contribution from ¥CO becomes significant, sometimes comparable to that of *COH. At
high densities, other abundant molecules, such as H,O, HCN, HCO", and CS, dominate
the cooling budgetﬁ

1.2 The Molecular ISM

The gaseous ISM is mostly of low density (< 103 cm™2). However, this is only true outside of
star-forming regions, which have considerably higher densities (few times 10 to 10° cm™3).
As described in the previous section, material in star-forming regions has to contract to
actually form stars, which makes them likely to have densities above the average. However,
another perspective to this is that stars form out of molecular clouds. This is due to the
fact that efficient molecular line cooling to low temperatures is required to support the
gravitational collapse (which, by the laws of thermodynamics, would stall without cooling).

3However, hydrogen cooling becomes efficient again above 107 K via the free-free channel.

4The cooling timescale of a dense core of 10* cm ™2 is only of order 104 yr.

°The 12C/!3C isotope ratio in the Galaxy is ~65, however, lines from 2CO, in contrast to those of
13CO, are typically optically thick, and thus tend to saturate in the densest parts of molecular clouds.

5Depending on temperature.
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Figure 1.2: Observed IR spectrum (left) and model calculations (right) for Orion, a dense,
star-forming region (Hollenbach & Tielens @) The most prominent emission lines are
those of CO, C1, C11, and O71, responsible for the cooling of the neutral atomic and molec-
ular ISM.

Molecular gas is also an essential constituent of proto-planetary disks around young stars,
which form out of the remainder material that got caught into the gravitational collapse,
but did not loose enough angular momentum to accrete onto the star. However, due to
a number of violent processes and penetrating, highly energetic radiation, the ISM is in
general hostile to molecules, as they are relatively easily photodissociated by the interstellar
radiation field. In order to survive, molecules need to find shelter in dense, less affected
environments, where they are shielded (by dust grains and self-shielding) from highly
energetic radiation é%{ﬁcally effective at densities in excess of 10?cm™3; e.g., Solomon
& Wickramasinghe ). Also, molecules are formed at higher rates in denser regions.
Molecules thus typically trace the denser, cooler regions of the ISM. In the dense cores
of the molecular gas phase, star formation takes place. This is why a) the total amount
of molecular gas in a galaxy is considered the prerequisite material for star formation,
and b) dense molecular gas is considered a direct tracer for star formation (see discussion
in Section 1.4 and Chapters 2, and 4-7). The abundance of molecules is determined by
the balance between formation (dominantly sublimation on dust grains) and destruction
(mostly UV radiation) processes. Due to the high abundance of hydrogen, H is by far the
most abundant molecule (by at least 3-4 orders of magnitude), followed by CO (the main
tracer of the molecular ISM, due to its high abundance and low electric dipole moment
of £5°=0.112) and Hy0. Less than 1% of the mass of a molecular cloud is found in dust
grains, which are intimately mixed with the gas particles and, together with cosmic rays,
are responsible for most of the heating. As this heating is rather inefficient, the molecular
ISM is mostly cold (10-50 K), but can be significantly warmer (~100K) due to intense
starbursts or proximity to an AGN (or, on small scales, individual stars).
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Due to its importance for star formation, its rich physical properties, and the implica-
tions of its chemical composition, studies of molecular gas are a key topic of observational
astronomy and theoretical astrophysics. Observing molecular gas in galaxies at different
redshifts helps to understand the formation, evolution, and interaction of different kinds
of galaxies out to the times when most stars in galaxies formed, and even beyond, into the
epoch when the first galaxies themselves formed. In particular, they have the potential to
reveal the connection between AGN and their host galaxies. This is an important aspect
in unifying the “zoo” of galaxies detected at different epochs, and thus in obtaining a more
comprehensive picture of the structures that populate and evolve in the universe.

1.3 Molecular Gas in Galaxies

It is important to study interstellar gas on galactic scales to understand the structure and
dynamics of galaxies, as well as to understand the global properties of star formation.
The standard tracer of neutral atomic gas, even in molecular clouds, is the 21 cm spin-
flip transition of H1. The H1 kinematics can be used to study the rotation and global
mass of galaxies, including their dark matter content (e.g., Walter et al. IM) Due to its
high abundance and brightness (and the difficulty of direct observations of Hy), CO is the
standard tracer of molecular gas. The studies of molecular gas in our own and external
galaxies has proven to be the key to understanding how stars form in galaxies. Studying
the amount, distribution, and dynamics of molecular gas thus are vital to our picture of
star formation and galaxy evolution in a more general framework. Not surprisingly, the
properties of star formation are closely tied to those of the molecular gas, and appear to
be subject to similar variations among galaxies. The global star formation rate in a galaxy
appears to strongly depend on feeding by extragalactic gas. It also seems to be pronounced
in interacting galaxies and major mergers, where intense starbursts are observed to occur.
The total amount of molecular gas is by far the largest in spiral galaxies, and varies strongly
among galaxy types. In the central regions of galaxies, the properties of the molecular ISM
are often different from the outer regions, and shows strong concentrations and sites of
starbursts in some galaxies. Also, there appears to be a connection with bars, and even
AGN activity. The observed properties of molecular gas for different types of galaxies are
briefly discussed in the following (see Solomon & Vanden Bout and Omont for
reviews).

1.3.1 Molecular Gas in the Milky Way

CO is the brightest molecule in basically all molecular clouds in our Galaxy (due to the
lack of rotational transitions of Hy, see Chapter 2), as well as in any other galaxy, even out
to the highest redshifts. It thus is systematically used to determine the total molecular gas
mass in a galaxy.

In the Milky Way, about 90% of the molecular mass appear to be in massive structures
that are distributed in clumps - the giant molecular clouds (GMCs, e.g., Dame et al. I@,
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Figure 1.3: Longitude-velocity diagram of the molecular disk of the Milky Way, as traced
by CO emission (Dame et al. Eﬁl) Top: Labeled sketch of the distribution. Bottom: Map
of the CO(J=1—0) intensity.

m, see Figure[[J). The practically complete CO(J=1—0) survey of GMCs in the Milky
Way by Dame et al. M) has shown that almost all GMCs (and thus, molecular mass)
are concentrated within or very close to the Galactic plane. This is not surprising, as
this is also where most of the stars form. GMCs are typically 50 pc in diameter, host
~ 10° — 105 M, of material, and have average densities of order 10?cm™ (e.g., Scoville
& Solomon Iﬁl; Evans @; Williams et al. ). The line widths, sizes, and masses of
these GMCs are strongly correlated, indicating that they have a constant average surface
density and are close to virial equilibrium (Larson M)

Due to the fact that the CO(J=1—0) line is usually optically thick and requires a
comparatively low density to be excited, it is considered a good tracer of the large-scale
envelopes which contain most of the mass of GMCs, i.e., a tracer of the total molecular
gas mass in a galaxy. However, in spite of being the most sensitive qualitative tracer
of molecular gas, the fact that the CO(J=1—0) line is optically thick makes it difficult
to derive the actual mass from such observations. In principle, the abundance of CO,
its excitation, and radiative transfer with random cloud sizes and velocity distributions all
have to be taken into account to obtain the Hy mass from the CO(J=1—0) line intensity. It
however has been found empirically that the velocity-integrated CO(J=1—0) line intensity
quantitatively traces molecular gas quite well. This is probably due to velocity/turbulent
broadening, and the fact that the velocity width depends on mass. The connection between
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CO intensity and molecular gas mass is usually quantified by the “X-factor”, a conversion
between the Hy column density (which can then be converted to mass), and the integrated
CO line intensity Ico:

X = Ny, /Ico, (1.1)
given in units of ecm 2 (K kms™!)~!. The variation of X derived based on different
estimators (e.g., diffuse y-ray emission, FIR and 21 cm surveys, extinction in the optical /X-
ray regime; Combes ; Dame et al. m; Lequeux M) shows little variation, indicating
that the Ico-based Hsy column density estimate is relatively solid. Based on studying the
correlation of y-ray flux (produced by cosmic ray interactions with protons) with CO line

flux in the Galactic molecular ring, Hunter et al. (@) find:

X = (1.56 £0.05) x 10 cm ™2 (Kkms™ )™, (1.2)

The uncertainty of the total Hy mass is the same as that of X. The conversion factor
a between Hy mass and CO line luminosity is defined as:

o= My,/Lqo, (1.3)

given in units of My (K kms™ pc?)~!. Note that this definition typically includes

both Hy and He to encompass the total gas mass for molecular clouds (where H is almost
completely molecular). Different methods have been used to determine « in the Galaxy,
such as studying the correlation of optical extinction with ¥*CO flux (Dickman @), the
CO-v ray correlation in the Galactic molecular ring (Bloemen et al. I@; Strong et al.
I@) and the relations between virial mass and CO line luminosity in GMCs (Solomon
et al. M) Based on these diagnostics, Solomon & Barrett M) have found for the
Milky Way that:

a = 4.6M, (Kkms ' pc?)~t. (1.4)

Blitz M) has derived an Hy mass of the Milky Way of ~ 1 x 10° M, which is about
20% of the H1 mass (Wouterloot et al. M)

1.3.2 Molecular Gas in Nearby Spiral Galaxies

Molecular gas observations in galaxies different from the Milky Way are limited by the
same main problem: to convert CO intensities into Hy masses. However, assuming that,
to first order, the techniques used for studies in the Galaxy hold for other environments,
our knowledge about molecular gas in other galaxies is quite detailed (see Figure [ for
an illustrative example), with about 1000 CO-detected galaxies of different types to date.
It has been found that, in the local universe, molecular gas is by far the most prominent in
massive, early-type spiral galaxies. However, even within homogenous samples of massive
spiral galaxies, the variations in the molecular content are quite large (e.g., Bettoni et al.
E@) The ratio of molecular to atomic gas mass (i.e., Ho/H1) shows variations over two
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Figure 1.4: CO(J=1—0) intensity distribution in the disk of the nearby spiral galaxy M51,
overlaid on a Hubble Space Telescope image (Aalto et al. I@)

orders of magnitude with standard diagnostics such as the blue and FIR luminosities, Lg
and Lpr. Part of this scatter may be due to the uncertainty of the X factor. However, on
average, the ratio clearly correlates with parameters such as metallicity, dynamical mass,
LB, and LFIR-

The X factor itself is calibrated either based on the Milky Way value, or based on
other, simplified methods. The two most common methods are to calculate the conversion
under the assumption that the GMCs in a galaxy are in virial equilibrium (Young &
Scoville M), or to extrapolate the gas mass from the cold dust mass observed in the
FIR, assuming a metallicity-dependent gas-to-dust ratio (Guélin et al. I@) Based on
such methods, it has been found that the X factor of nearby spiral galaxies seems to agree
with that of the Milky Way within a factor of 2 (e.g., Boselli et al. ). With this result,
the molecular-to-atomic gas mass ratio can be determined for nearby spirals. Different
authors have found ratios in the range of 0.2-0.4 (Casoli et al. @; Boselli et al. m;
Bettoni et al. M), i.e., similar to that of the Milky Way. It thus appears to be a global
property of nearby spiral galaxies to host significantly more atomic than molecular gas.

Looking at the distribution of the molecular gas in spiral galaxies, it has been found
that the radial profiles are centrally peaked, showing an exponential falloff toward the
outskirts. The structure and dynamics of molecular gas in the inner regions of barred
spiral galaxies suggests that the stellar bars may aid the molecular gas in loosing angular
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momentum, leading to infall toward the nuclear region in the central kiloparsec (e.g., Lee
et al. M) This could explain the elevated surface densities of molecular gas and nuclear
starbursts in the center of some barred spiral galaxies.

1.3.3 Molecular Gas in Nearby Non-Spiral Galaxies

Molecular gas has also been observed in galaxies different from spirals, such as dwarf galax-
ies (including the Magellanic Clouds), low surface brightness galaxies (LSBs), ellipticals
(in particular central cluster galaxies), and interacting galaxies.

Dwarf galaxies are weak CO emitters, and show X factors that are typically within a
factor of a few of that in the Milky Way (e.g., Wilson @; Walter et al. ). Also, it
was found that the molecular material mostly resides in photodissociation regions (PDRs;
e.g., Lequeux et al. IE%I; Leroy et al. M)

LSBs typically have low metallicities and low mean gas surface densities; however, some
of them are detected in CO emission and show molecular to atomic gas mass ratios similar
to galaxies of higher surface brightness (e.g., Matthews et al. M)

A fraction of elliptical galaxies is also detected in CO (note that most are not), and
shows molecular to atomic gas mass ratios that are by a factor of 2-5 times lower than
in normal spirals. Also, the molecular gas masses do not appear to correlate with the
properties of the stellar population inside those galaxies, and thus may have accumulated
after most of the stars formed (e.g., Knapp & Rupen IEE) This is compatible with the
finding that CO is part of cooling flows in massive central ellipticals in clusters (e.g., Edge
& Frayer M)

Additionally, CO is detected in the tidal debris of interacting galaxies (e.g., Walter &
Heithausen ; Lisenfeld et al. M)

1.3.4 Molecular Gas in LIRGs and ULIRGs

A particularly interesting case in studies of molecular gas in galaxies are luminous infrared
galaxies (LIRGs; Lpr > 10! L) and ultra-luminous infrared galaxies (ULIRGSs; Ly >
10'2 L), which are by one or two orders of magnitude more luminous in the FIR than
normal galaxies. These galaxies are typically very dust-rich, which means that most of
the energy produced by star formation gets re-processed into the FIR. Indeed, to produce
such high Ly, tens to hundreds of M yr—! are required, indicating that there are large
starbursts in these systems. ULIRGs often show a perturbed morphology, indicating that
the starbursts in these systems are triggered by strong interactions and mergers (see, e.g.,
Downes & Eckart m, Figure [[H). ULIRGs are relatively rare in the local universe, but
(assuming that submillimeter galaxies are their distant counterparts) highly abundant at
higher redshift, in particular close to the peak of star formation in the universe at redshifts
of 2-3. The molecular gas as traced by CO in these galaxies is commonly found in rotating
circumnuclear disks or rings, which also hosts the starbursts (Downes & Solomon @) A
fraction of the ULIRGs also show indication for AGN activity, which is also fueled by the
(molecular) gas in these systems. Even though the neutral gas in the central CO-emitting
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Figure 1.5: Left: CO(J=2—1) intensity distribution of the central region of Arp220, a
nearby merging ULIRG (Downes & Eckart 2007). Right: Three-color optical (Wilson et al.

) and near-infrared (NIR; Scoville et al. ) composite images of Arp 220. The white
box overlayed on the NIR image indicates the size of the CO map.

regions of ULIRGs is almost entirely molecular, using a Milky Way X factor overestimates
the molecular mass in ULIRGs, which then sometimes even exceeds the dynamical masses
in these systems (i.e., by assuming AV? = GMqyy/R; e.g., Sanders et al. @; Solomon
et al. ). This is probably due to the fact that the molecular disks and rings in ULIRGs
have a different structure and temperature than individual, virialized clouds in the disks
of normal spiral galaxies. Kinematic modeling accounting for rotation curves, density
distribution, size, turbulent velocity, and mass of the molecular rings shows that the bulk
of the CO emission originates from a moderately dense, warm intercloud medium (Downes
& Solomon @) Downes & Solomon find a conversion factor of:

X ~04x10"cm? (Kkms™*)™?, (1.5)

a few times lower than the Milky Way value. This corresponds to a mass conversion
factor of:

a = 0.8M, (Kkms ' pc?)~t. (1.6)

This leads to typical molecular gas masses of 5 x 10° M, i.e., about five times that
found in the Milky Way, however, still five times lower than what would have been esti-
mated based on the Milky Way conversion factor.
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Figure 1.6: CO(J:3—>2? map of the z=6.42 quasar J1148+5251 at a linear resolution
of 0.3” (Walter et al. ). The inset shows the optical quasar (White et al. M), as
indicated by the cross.

1.3.5 Molecular Gas in Distant Galaxies

Despite the fact that a number of major initiatives over the past decade were aimed at
finding molecular gas in the most distant galaxies, it has been detected in 43 galaxies at
high redshift (2>1) to date. This is mostly due to the faintness of the emission lines, which
only permits to detect them in the most gas- and dust-rich systems in the early universe,
and due to the limited bandwidth of the telescopes that can be used for such studies,
requiring precise systemic redshifts (which may differ significantly from redshifts derived
from broad optical emission lines; see Appendix A for a summary, and Solomon & Vanden
Bout 2004 for a review). The distance of these galaxies and the faintness of the lines makes
it difficult to resolve the molecular line emission (although sometimes aided by gravitational
magnification). In the few cases where structure can at least be marginally resolved, there
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is possible evidence for interaction or even merging (Omont et al. I@; Carilli et al. Im;
Walter et al. m, see Figures [0 and Z7), but also compact molecular disks, reminiscent
of local ULIRGs (e.g., Downes & Solomon M) Due to detection at other wavelengths,
these objects are known to encompass a range of galaxy types, such as quasars (QSOs),
submillimeter galaxies (SMGs), radio galaxies (RGs), few Lyman-break galaxies (LBGs),
and one extremely red object (ERO). The one property all those galaxies have in common
(except for being detected in CO) is their extreme brightness in the FIR. Even though
only SMGs are considered the high redshift counterparts of today’s ULIRGs (although
they are typically even more FIR-luminous than ULIRGs), the ULIRG conversion factor
a of Downes & Solomon M) is usually adapted to derive molecular masses for all
these galaxies. This leads to molecular gas masses within the range of ULIRGs for some
of these galaxies, but to masses in excess of those of ULIRGs in more than half of the
galaxies in the sample. Typical molecular gas masses are few times 10'° M, (e.g., Chapter
3/Riechers et al. E)%Which is higher than in nearby ULIRGs (typically 5 x 109 My;
Downes & Solomon ). Due to the fact that only upper limits are known for the sizes
of the CO-emitting regions in most of these galaxies, this approach has to be treated with
caution, as it is difficult to calibrate with dynamical masses. Moreover, most of the high-z
galaxies are only observed in higher J CO transitions (which may trace only part of the
total CO luminosity), whereas ULIRGs are typically studied in the ground-state (J=1)
CO transition (see Chapter 3 for a detailed investigation). In one of the few cases where a
conversion factors could be derived for a high-z galaxy, it exceeds the ULIRG conversion
factor by far (o = 5Mg, (Kkms™ pc?)~!; WeiB et al. ). However, note that the galaxy
in the study by Weif et al. is known to be extreme, even within the high z sample. The
ultimate goal of molecular gas studies in these early systems is to resolve the emission
(see Chapters 9 to 11 for a detailed investigation), as only this will provide insight on
the nature of these galaxies, and help to understand how their integrated properties (e.g.,
molecular excitation, chemical composition) can be compared to particular types of nearby
galaxies. Most importantly, such observations can reveal how the starbursts (and AGN,
if present) in these systems are fueled, and thus provide insight on how the evolution of
central supermassive black holes connects to that of the stellar bulge (such a connection is
suggested by the locally observed relation between black hole mass and velocity dispersion
of the stellar bulge, e.g., Ferrarese & Merrit m; Gebhardt et al. M)

In summary, molecular gas was detected in a range of galaxies of different types, and
in different environments. The observed variations are largely due to variations in mass,
luminosity, and metallicity, among those galaxies, which is reflected in the correlations
between molecular gass mass and those quantities (e.g., Boselli et al. M) The fraction
of molecular vs. atomic gas is highest in spiral galaxies, and shows values similar to those
found in the Milky Way. There is about an order of magnitude of scatter between different
types of galaxies, which reflects both the uncertanties in obtaining molecular masses, and
the variations of the molecular environments among galaxy types. However, some fun-
damental correlations exist between the amount of molecular gas in a galaxy and other
properties. The key relation is that between molecular gas mass and star formation rate,
as it offers significant insight on the nature and evolution of gas-rich galaxies.
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1.4 Relations between Molecular Gas Mass and Star
Formation Rate

Due to the necessary fragmentation and collapse of clumps, star formation is a process that
takes place in the densest parts of the ISM. In these parts, most of the matter is found in
molecular form. The amount of molecular gas in a galaxy thus is also some form of measure
of the star formation rate. The standard measure of star formation in nearby galaxies is
the UV continuum luminosity, or the Ha luminosity. Both measure the light emitted by
newly formed massive stars, and thus are a measure for the rate of massive star formation.
The total star formation rate (SFR) can then be derived assuming a certain stellar initial
mass function (IMF). However, star formation is known to take place in dust- and gas-rich
environments. This means that the measured UV and Ha luminosities are usually reduced
due to dust obscuration (extinction). The dust-processed light is re-emitted in the FIR.
If a galaxy is not significantly obscured by dust, the FIR luminosity is a measure for the
correction factor of the UV /optical SFRs. If a galaxy is heavily dust-obscured, the FIR
luminosity itself is a better tracer of the SFR than the UV /optical indicators altogether.
In those galaxies, the SFR can be inferred directly based on Lpg (Kennicutt ):

SFR ~1.5x 107" Ly . (1.7)

In the Milky Way and nearby galaxies, it is known that most star formation takes place
in GMCs that have the necessary mass to form massive stars. The size of GMCs thus
can be considered the fundamental scale for star formation, and the mass of and number
of these clouds in a galaxy can be considered a measure for the global amount of star
formation.

In a general form, the relation between gas mass and SFR can be expressed in several
ways. Following the original formulation of Schmidt (@), Kennicutt @) suggested
that the total amount of gas (i.e., Ho+H1) surface density is the fundamental quantity
for determining the SFR, at least averaged over the whole timescale on which a galaxy
forms stars. The SFR and gas surface densities are then expressed in units of Mg, pc=2,
and Mg yr~! kpc=2. Figure [C7A shows such a Schmidt-Kennicutt law of star formation
for normal galaxies and starburst galaxies. Clearly, all galaxies follow a common relation,
which is fitted best by a power law with a slope of N=1.40 + 0.05 (note that this slope
varies throughout the literature depending on the sample that is studied, but usually close
to 1.5).

If the subject of interest is the SFR at a certain time, it is more common to examine
the relation between SFR and total molecular (Hy) gas mass, expressed in units of M),
and M, yr—!. This diagnostic is particularly useful for high redshift galaxies, where only
total luminosities can be measured in most cases. The most common quantity to determine
the total molecular gas mass is L. The most common quantity to determine the SFR is
the FIR luminosity, in particular in gas-rich galaxies (however, note that for non-starburst
galaxies, Lpr usually has to be corrected based on other SFR tracers, see above). The
Lto—Lpir relation has been the subject of many studies (see, e.g., Solomon & Sage I@;
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Figure 1.7: Relation between gas density and SFR density for normal disk (filled circles)
and starburst (squares) galaxies (Kennicutt 19984, @; Open circles show the SFRs
and gas densities for the centers of the normal disk galaxies. The line is a least-squares fit
with a power-law index of N=1.40.

Solomon et al. [199%: Yao et al. m; Gao & Solomon M, m, see Figure [CY left;
Riechers et al. m, see Chapter 3), and typically leads to power laws with a slope of
N=1.4-1.7, which is very similar to the Schmidt-Kennicutt law. This is not surprising,
as the galaxies in Kennicutt’s sample are predominantly molecular over the examined
dynamical range. There is a number of possible explanations for a power-law slope close to
1.5. The SFR per unit gas mass is expected to be proportional to the amount of molecular
gas available for star formation. However, the free-fall, or dynamical time scale for a
molecular cloud to contract depends on the square root of the density of the medium. If a
constant fraction of the molecular gas in a cloud is converted into stars each free-fall time,
the star formation rate per unit volume thus is expected to grow with mass density to
the power 1.5 (Madore E?ﬂ) The CO luminosity per unit volume, on the other hand, is
roughly proportional to the mass density. As discussed by Krumholz & Thompson (@H),
this would explain a power-law slope close to 1.5 in the Li,o—Lpg relation (assuming that
gas scale heights in galaxies do not vary strongly).

In general, the ratio of the SFR and the amount of gas that is available for star formation
defines some sort of efficiency of star formation. In the above definition, this star formation
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Figure 1.8: Relations between CO (left) and HCN (right) luminosity and infrared luminos-
ity for 65 nearby galaxies, encompassing normal spiral galaxies, LIRGs, and ULIRGs (Gao
& Solomon Iﬁ) The solid lines are fits to the least luminous galaxies, with a slope
fixed to unity.

efficiency (SFE) rises roughly with gas density as SFEox n'®. However, note that this is

only the case because the median density in molecular clouds is higher than the critical
density necessary to excite the ground-state transition of CO (see Chapter 2 for a more
detailed description), which is most commonly observed. Due to this non-linear dependence
on the SFR, the CO luminosity is in general not considered a good direct tracer of star
formation. However, the clearly defined L~ Lgir relation still is a good indicator for the
SFE (in terms od the total amount of molecular gas converted into stars).

A good molecular tracer of star formation has to relate linearly to the SFR. If the
median molecular gas density in a galaxy is lower than the critical density of a molecular
transition, this transition primarily traces the dense peaks of the molecular clouds that
are close to its critical density (i.e., the luminosity does not scale with density/free-fall
time). If the critical density of this transition is close to the median density of the dense
cores where star formation takes place, it thus is a good tracer of these dense cores, and
the SFR (see Krumholz & Thompson for a model). The HCN(J=1—0) transition
is such a tracer of dense cores. Indeed, observations show that the Lj-n—Lrmr relation
scales linearly (Gao & Solomon M, see Figure [[Y, right). It has even been shown that
this relation stays linear down to individual dense cores (Wu et al. M), confirming the
validity of this relation. Note that this is somewhat surprising, as we have seen that the
circumnuclear rings in ULIRGs host conditions that are quite different from those in the
disks of spiral galaxies, and implies that the conditions for star formation itself are actually
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not that different. If we define the SFE as SFR per unit of dense (HCN) molecular gas
mass, it stays constant, and does not rise toward higher luminosity (or, in a simplified
picture, toward higher median gas density, which would imply that there is a limit where
this is not valid anymore - see Chapter 4).

In practice, the SFE depends on many variables, in particular the gas temperature, and
the structure of the molecular ISM in a galaxy, as well as the obvious variations between
galaxies. In addition, Lgr may be biased by dust heating of active galactic nuclei instead of
(in addition to) star formation. However, due to the fact that the observed Lo—Lgr and
Lycn—Lrir relations are quite tight over many orders of magnitude in luminosity, they are
two of the main diagnostics in studies of star formation in galaxies, with the implications
that 1) the FIR luminosity is a good tracer of the SFR, 2) the CO luminosity is a good
tracer for the total amount of molecular gas in a galaxy, and 3) the HCN luminosity
is a good tracer of dense, star-forming cores. Also, due to the fact that these relations
are described by integrated luminosities, they are particularly useful for studies at high
redshift. It thus has been attempted to extend these relations to galaxies at high redshift
(see Chapter 3 for CO, and Gao etal. 2007 and Chapter 4 for HCN). Also, it has been
attempted to extend these studies to other molecules which trace different environments
(see Chapters 5-7 for HCO™, CN, and CS, and Chapter 2 for a description how “good”
molecular tracers are selected).

The penultimate goal in studies of the star formation reservoirs in high redshift galaxies
is to actually resolve the emission, which allows us to infer a number of physical properties
that cannot be obtained in any other way. The first results of such a study are shown in
Chapters 9-11.



Chapter 2

Diagnostics and Strategies

The main diagnostic in studies of the molecular ISM is the luminosity of emission lines of
different molecules in the interstellar matter field. This chapter will start with an outline
of how the main observables, the frequency and intensity of an emission line, connect to
the main properties describing the physical conditions in the molecular ISM of a galaxy,
namely the temperature, density, and composition of the gas. In practice, it is not useful
to use the intensity of an emission line (mainly due to its dependency on scales) to study
generalized relations, but rather the integrated line luminosity. Afterwards, a description
of how to obtain the line luminosity from observables is given, and the implications for
observations at high redshift are elaborated. The chapter closes with a description of the
current and future facilities used for such observations, including their limitations. This
information is vital to understand how the targets and emission lines for the studies in this
thesis were chosen, and to elaborate on future prospects.

2.1 Molecular Line Spectroscopy

Due to their rotational ladders, molecular lines are ideal probes of the physical properties
of the gas that gives raise to them. Different rotational transitions of a molecule originate
from levels at different energies and have different critical densities. The relative intensities
of different rotational lines of the same molecule thus can be used to derive both the tem-
perature and the density of the gas. In the following, it is first described how to determine
the frequencies and minimum excitation temperatures of the rotational transitions of some
of the most common interstellar molecules. Afterwards, a brief outline of how to derive the
physical properties of the gas based on models of the population of the different rotational
transitions is given.

2.1.1 Molecular Line Frequencies

The free rotation of a molecule is quantized according to quantum mechanical selection
rules. This means that the emission from rotational transitions of molecules occurs in
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discrete lines, typically in the millimeter wavelength regime. The moment of inertia of a
molecule is defined as:

where m; is the mass of atom ¢ at distance r; from the center of mass. In general,
molecules have three moments of inertia Iy, I3, and I3, one for each spatial dimension (i.e.,
rotational axis originating at its center of mass), and thus a wealth of emission lines. A
special case are “linear”, i.e., cylindrically symmetric molecules. In these molecules, one
moment of inertia is much smaller than the others (e.g., [} < Iy = I3).

The diatomic (linear) molecule Hy is by far the most abundant molecule in the universe,
but does not exhibit millimeter rotational line emission. This is simply due to the fact that
Hs is a perfectly symmetric molecule, and thus does not have a permanent electric dipole
moment pp (which would be caused by an asymmetric charge distribution)ﬂ Asymmetric
linear molecules such as CO or HCN are significantly less abundant than H,, but have a
non-zero permanent electric dipole moment. Such molecules are called polar, and exhibit
observable millimeter line emission from rotational transitions. An electric dipole rotating
at constant angular velocity w varies sinusoidally at that angular frequency, and thus
radiates at its rotation frequency.

The quantized orbital angular momentum of a polar molecule can then simply be ex-
pressed as (e.g., Townes & Schawlow I@)

L =nh. (2.2)
The corresponding rotational energy implied by this angular momentum is:
LQ n2 h2
Eo=—= , 2.3
“Tor 20 (2:3)

implying that FE, is also quantizedE The corresponding energy eigenvalues of the
Schrodinger equation thus are:

J(J + 1)h?
21 '
Selection rules require that AJ = =41 for all rotational transitions. For a transition
J — J — 1, the energy

E. = where J=0,1,2,.... (2.4)

h?  h2J
ABo =[J(J+1) = (J=1)J]]—= = —, (2.5)
21 1
is released. The energy of the corresponding photon is given by AFE,,; = htijne. We
thus obtain a line frequency of:

IH, still has rotation-vibration and pure rotational transitiopns in the near- and mid-IR, which however
need high temperatures to be excited. They thus can only be excited by UV light, or by shocks.

2The Born-Oppenheimer approximation is used, i.e., higher-order contributions due to electronic and
vibrational motions are neglected.
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The rotational spectrum of a linear molecule thus appears as a ladder with steps that
are harmonics of the fundamental frequency. This frequency is determined solely by the
moment of inertia. However, note that this is a simplification for several reasons. First,
the centrifugal force increases with J E so the bond will stretch and the distance between
the nuclei will slightly increase. In addition, the atoms vibrate around their equilibrium
positions. i Spectral lines emitted by more rapidly rotating molecules thus will have
frequencies slightly lower than the harmonics. Second, there may be fine structure and
hyperfine structure overlaid on this main rotational structure, depending on the molecule
under consideration. Such additional line splittings and shifts are induced by magnetic
and electrostatic interactions inside the molecule. the main interactions are due to 1)
electron spin-electron spin coupling (interaction between two magnetic dipoles, only occurs
in molecules with two or more unpaired electrons), 2) electron spin-molecular angular
momentum coupling (as the latter also corresponds to a magnetic dipole), 3) electron
spin-nuclear spin coupling (if the nuclei have a magnetic dipole moment), 4) electric field
gradient-nuclear electric quadrupole coupling, and 5) nuclear spin-nuclear spin coupling.

Note than 2) and 3) are of particular importance for radicals like CN, where the unbound
electron causes a relatively wide splitting, whereas all these effects are rather minor in linear
molecules without unpaired electrons, such as CO.

where J=0,1,2,.... (2.6)

Nine =

2.1.2 Minimum Excitation Temperature

The observed relative intensities of lines in the rotational ladder depend (in particular) on
the temperature of the cloud. This is due to the fact that molecules are excited into higher
level states by ambient radiation and by collisions in a gas. The minimum gas temperature
Tex,min needed for significant collisional excitation is given by the rotational energy

Erot thine
Tex min =~ = . 2.7
min 2 222t — 2 27)

Inserting above equations for F,.; and v, the moment of inertia I can be eliminated,
leading to:

J(J + 1)h?
Tex,min — 9. 471'2_[]{3 (28)
vh(J +1)
= - 7 2.
oF (2.9)

3Actually, the centrifugal distortion grows oc J?4, and thus is much more significant for higher-order
transitions.

4These corrections only become necessary due to the fact that we applied the (first order) Born-
Oppenheimer approximation earlier.

5The actual excitation temperatures strongly depend on the density of the medium.
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Table BTl lists the values for the first 15 transitions of CO, HCN, HCO™, and CS. The
actual excitation conditions depend on a number of physical properties, in particular the
density (see next section).

2.2 Population of Rotational Molecular Transitions

The population of the rotational levels of a molecule and the resulting intensities of its
emission lines are coupled through the equations of statistical equilibrium and radiative
transfer. To determine the physical properties of the surrounding medium from the ob-
served intensities of multiple rotational transitions from one or more molecules, both have
to be solved.

2.2.1 Statistical Equilibrium and Radiative Transfer

The simplest case to be considered is that of local thermodynamic equilibrium (LTE). If
collisional excitation dominates over radiative excitation, the population of the different
levels in LTE can be described by a Boltzmann distribution, which is determined by only
one excitation temperature T... Moreover, T, equals the kinetic temperature T};, of the
gas in LTE.

Due to the comparatively low average density of the ISM, LTE can only be considered a
limiting case in general. However, when the density of the medium crosses a certain critical
value, the conditions approach those in LTE. This critical density ne; is determined by
the ratio of the Einstein (A,;) coefficient for spontaneous emission and the collision rate
coefficient (7,;), which is defined as:

4 Myed 3/2 > 3 anedv2
= . - v, 2.10
Tl ﬁ(%BT )/0 Tut eXp{ QkBT} ! (2.10)

where myeq is the reduced mass of the system, o,; the collisional de-excitation cross
section at the relative velocity v of the collision partners. Note that

647t
Ay = W”ﬁﬂ#uﬂza (2.11)

ie., Ay oc pdri . This leads to a higher critical density for high dipole moment
molecules.
Also, note that

2
> kp(J+1)
= 2.12
|Hrr1—] (27 + 3) ( )
Assuming a constant -, and considering v;1; ~ (J + 1) v gives:
. 3(J+ 1)
wit o SUHD) n™, . (2.13)

Njt1-g ~ m



2.2 Population of Rotational Molecular Transitions

Table 2.1: Minimum Excitation Temperatures for CO, HCN, HCO™, and CS

Transition Uy Texmin Transition A Tx min

(GHz)  (K) (GHz)  (K)
CO(J=1—0 115.271 5.53 HCO™(J=1—0 89.189 4.28
CO(J=2—1 230.538 16.56 HCO™(J=2—1 178.375 12.84
CO J=3—2 345.796 33.19 HCO'(J=3—2 267.558 25.68

CO(J=6—5 691.473 116.15 HCO™(J=6—5 535.062  89.88
COJ 7—6 806.652 154.85 HCO™(J=7—6 624.209 119.83

( ( )

E y

CO(J= 461.041  55.32 HCO'(J=4—3)  356.734  42.80

( ( )

E 1)

CO(J=8—7 021.800 199.08 HCO*(J=8—7)  713.342 154.06

CO(J (J

( (

( (

( (

( (

( (
(

)
)
)
)
CO(J=5—4) 576.268  82.97 HCO*(J=5—4) 445903  64.20
)
)
)

=9—8) 1036.912 248.82 HCO™*(J=9—8) 802.458  192.56
CO(J=10—9) 1151.985 304.08 HCOT(J=10—9) 891.558  235.33

CO(J=11-10) 1267.014 364.84 HCOT(J=11—10) 980.637 282.38
CO(J=12—11) 1381.995 431.11 HCOT(J=12—11) 1069.694 333.69
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Table 2.2: Critical Densities for Selected Transitions of CO, HCN, HCO™, and CS

Transition Nerit
(10* cm™3)
CO(J=1-0) 0.11
CO(J=2—1) 0.67
CO(J 3—2) 2.1
CO(J=4—3) 4.4
CO(J=5—4) 7.8
CO(J=6—5) 13
CO(J=7—6) 20
HCN(J=1-0) 260
HCN(J=3—2) 7800
HCN(J=4—-3) 15000

HCO*(J=1—0) 170
HCO*(J=3—2) 4200
HCO*(J=4—3) 9700

CS(J=1—0) 16
CS(J=2—1) 30
CS(J=3—2) 130
CS(J=5—4) 880
CS(J=7—6) 2800

Notes—ni depends on temperature. The given values are typical for the conditions in
Galactic molecular clouds.

This means that high J transitions of low critical density molecules have high critical
densities (but also high minimum excitation temperatures). Table lists the critical
densities for several transitions of CO, HCN, HCO™, and CS. Note that, e.g., the critical
density of the CO(J=6—5) transition is one tenth of that of CS(J=3—2), or one twentieth
of HCN(J=1—0). However, its minimum excitation temperature is ~10-30 times higher
than that of CS(J=3—2) and HCN(J=1—0)(see Table EZTl). This is why the CO rota-
tional ladder may be considered primarily a temperature probe, while those of high dipole
moment, low excitation temperature molecules like HCN, HCO™, and CS may rather be
considered density probes (however, note that optical depth effects like line trapping pose
a certain limitation to the direct interpretation of line fluxes). This demonstrates that the
different molecules and transition indeed probe regions with different physical properties
(see also Figure EZTI).

In practice, radiative trapping limits the overall decay rate of optically thick emission
lines. This means that the critical density to maintain LTE can be considerably lower than
given above. The critical density for the CO(J=1—0) transition is ~300 cm 2, while that
of the J=1 — 0 transition of high dipole moment molecules like HCN, HCO™, or CS is a
few times 10% cm 3.
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INFRARED AND MICROWAVE MOLECULAR LINES AS PROBES OF
PHYSICAL CONDITIONS IN MOLECULAR CLOUDS
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Figure 2.1: An overview over the importance of different kinds of molecular lines for a
range of physical conditions (Genzel ). CO is an effective probe over a range of Tiy,,
but only for rather low densities, while high dipole moment molecules like HCN, HCO™,
and CS trace much higher densities.

2.2.2 Radiative Transfer in the LVG Approximation

In principle, it is necessary to solve the coupled equations of statistical equilibrium and
radiative transfer. The Einstein coefficients are known for most molecules. Also, the
collision rates of the rotational transitions can be obtained from quantum mechanical
calculations. However, the full problem strongly depends on the geometry of the (non-
linear) radiative transfer problem: the level populations depend on the radiation field,
which in turn depends on the level populations everywhere. The most common approach
to this complex problem is to use the large velocity gradient (LVG) approximation (Scoville
& Solomon ; Goldreich & Kwan Iﬁ]) This is a method that considers local photon
trapping and introduces the concept of an escape probability (i.e., photons produced locally
can only be absorbed locally) resulting from a strong velocity gradient to solve the problem,
and is very useful due to the fact that it can be described by few parameters. It is
particularly useful for high redshift studies, where only few information about the physical
properties of the studied systems is available. In the LVG limit, A, is replaced by Besc Aul,
where (.. quantifies the escape probability. To calculate an optical depth, the method
assumes that local-level populations hold globally. For optically thick lines (i.e., Tjjne > 1),
this means that (e o 7'1;16. For optically thin lines, Ge. approaches a constant value (e.g.,
1/2 for a semi-infinite slab).

In the following, we will briefly describe how to use an LVG code to obtain molecular
excitation ladders, or “Spectral Line Energy Distributions” (SLEDs).
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Figure 2.2: LVG-predicted SLEDs for different nearby galaxies for CO (left; Weif3 et al.
IE%E) and HCN (right; Knudsen et al. M) For CO, the 2=2.5 SMG SMM J16359+6612
and the z=4.7 quasar BR1202-0725 are added for comparison (see Chapter 3 for the
modeling of this source; no SLED different from CO was measured at high z to date).
The upper rotational quantum number of the transition is plotted versus normalized line
intensity (the absolute 1-0 intensities of HCN are by at least an order of magnitude lower
than those of CO). Due to the lower critical density, the excitation of CO is significantly
higher than that of HCN in all galaxies.

2.2.3 LVG Calculations

The LVG calculations presented in this thesis are based on a modified version of the LVG
code developed by Christian Henkel. Apart from the molecule(s) under consideration and
the tabulated collision coefficients for those molecules, only few input parameters have to
be specified. First, an ortho-to-para ratio for Hy has to be given (typically 3:1)@. Second,
the redshift of the source under consideration has to be specified. This is required to
calculate the temperature of the cosmic microwave background (Tcyp) for the observed
source, which has to be considered for all calculations of gas the temperatures (plus, all
observations are made relative to the CMB). Third, a Hy abundance has to be specified.
As we are obtaining calculations for molecules different from Hs, it is required to define
the abundance of the molecules under consideration relative to Hy. The last assumption
is the actual velocity gradient (in kms™'pc™!). For high redshift studies, the chemical
abundances and velocity gradients are typically fixed to values (or at least extrapolated
based on values) for nearby starburst galaxies like M82 or NGC 253, where these quantities

6This is due to the relative statistical weights of the symmetrical (ortho) and antisymmetrical (para)
eigenstates of the wavefunction: there are three symmetrical combinations of the spins of both H nuclei,
but there is only one antisymmetrical combination.
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can be determined in more detail (based on spatial information, isotopomeric ratios, etc.).
The parameter space is then spanned by pairs of the molecular hydrogen density n(H,),
and the kinetic temperature of the gas, Ti;,. The main output of the LVG calculations are
the occupation numbers of different transitions, the excitation temperatures T, and optical
depths 7 for those transitions, as well as the (Rayleigh-Jeans) brightness temperatures 7
(note that these would be identical for all transitions if they were thermalized, i.e., in LTE).
Based on the velocity gradient and the observed line profile, the size of an equivalent disk
containing all observed molecular gas can be defined. The most important result, however,
are the predicted line intensities, which scale with 1T}, (see derivation in Section 2.3). Note
that, for LTE, the 2—1/3—2/4—3/... rotational transitions thus have 4/9/16/... times
higher line fluxes than the 1—0 transition. Depending on galaxy type, the observed SLEDs
deviate from LTE at lower (e.g., above 2—1 for CO in the Milky Way) or higher (e.g.,
typically above 4—3 for CO in ULIRGs) transitions (see Figure for examples). This
demonstrates the importance to observe multiple transitions of one molecule to constrain
the physical properties of a source.

Multiple molecules (e.g., low-density tracers like CO and high-density tracers like HCN,
HCO™, and CS) would have to fulfill the same general requirements in terms of n(H,)
and Ti;,. Observing the ladders for multiple molecules thus gives independent measures
for these parameters, narrowing down the uncertainties. Also, they have the power to
reveal density /temperature structure within the molecular ISM without obtaining spatially
resolved observations. In particular, it has the power to trace the filling factor of dense
cores within the molecular gas reservoir, i.e., the actual sites of star formation.

Modeling different isotopomers of the same molecule (e.g., 2CO and *CO) is of partic-
ular importance due to the fact that *CO is usually optically thick, but *CO tends to be
optically thin (at least the lower-.J transitions) even in starburst galaxies. Combining the
SLEDs for both isotopomers thus is a direct measure for the CO mass (another quantity
that is usually extrapolated to high z from observations of nearby starbursts and ULIRGs),
and with information about the relative CO abundance, a measure for the total Hy mass.

In conclusion, it is found that, in order to derive the physical properties (i.e., masses,
temperatures, densities, optical depths, and spatial structure/filling factors) and chemical
composition (i.e., relative abundances) of the ISM in a galaxy, it is desirable to observe
multiple 1) transitions, 2) molecules, and 3) isotopomers. These are given in order of dif-
ficulty for observations of high redshift galaxies, and are all (to some extent) addressed in
the framework of this thesis. This, of course, can only be a complement to observations at
high spatial resolution, which do not only provide integrated fluxes, but also direct infor-
mation about the spatial distribution of the molecular gas (and, to first order, differentiate
between mergers and disk galaxies).

2.3 Derivation of the Line Luminosity

To obtain the intrinsic properties of a source, and in order to compare it to other galaxies, it
is desirable to obtain a quantity that, in contrast to the observed intensity, does not depend
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on the source’s distance. The main quantity used in molecular line observations is the line
luminosity. There are two main ways to express the line luminosity. The first quantity,
Lo, is expressed via the source’s flux density, and typically given in units of Ls. The
second quantity, L, is expressed via the source’s brightness temperature, and typically
given in units of K kms™!pc?. Both expressions are connected by a simple conversion
factor, as shown below. In the following, two definitions of the distance to a cosmological
source are introduced. Then, it is described how to obtain the flux density of a source from
observations, before introducing its connection the the actual brightness temperature of a
source. Afterwards, the connection between the peak flux density and the integrated line
flux is given. With these tools, the line luminosity is derived.

2.3.1 Angular Size Distance and Luminosity Distance

The angular size distance D4 is defined as the ratio between the transverse size R of an
object, and the angle 6 (in radians) that it subtends on the sky (e.g., Peacock @)

Da=R/6. (2.14)

The solid angle Q25 of a source on the sky then corresponds to the area:

Qs =m(R/Da)*. (2.15)

The luminosity L is defined as the surface integral of the flux F. Assuming that a
source radiates into a spherical volume, this integral can be carried out directly (from zero
to radial distance r) and gives:

L = 4nr*F . (2.16)

The luminosity distance Dy, is defined via this equation by assuming that the observer
sits at a distance r=D;. We thus find:

, L
L™ dnF
As the cosmic microwave background corresponds to an (almost) perfect blackbody, we
can derive a universal relation between D4 and Dy, (as the characteristics of a blackbody do
not appear to change between 2=0 and 2~1100, just the observed brightness temperature).
The luminosity of a blackbody is defined as:

(2.17)

L = At R?osp(T})*, (2.18)

where R is the radius, ogp is the Stephan-Boltzmann constant, and 7} is the rest-frame
brightness temperature of the emitting blackbody. The measure flux of this blackbody is:

F = 0?osp(TP™)*, (2.19)

where T is the observed brightness temperature, which relates to T} via:
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TP =Tr /(1 +2). (2.20)

Combining these equations, we find:

L

D? = 2.21
i F (2.21)

4 2 Tr 4

An@20gp (T9M)*

R (1)

- 2.23
92 (Té)bs)él ( )
D3(1+2)% ie., (2.24)
Dy Du(1+ 2)%. 2.25)

2.3.2 Flux Density and Source Solid Angle

Assuming that an energy dF,dv flows through a surface do in a time dt in the frequency
range [v;v 4+ dv] within a solid angle df) along a ray at an angle £ relative to the surface
normal, one finds (e.g., Chandrasekhar @)

dE,dv = I, cos {dodQddtdy . (2.26)

This corresponds to a power dP of:

dP = I,cos&dodQdy . (2.27)
The specific intensity [, is then defined as:

dP

L, =—. 2.2
cos EdodydS) (2.28)
This can be re-written as: P
— =] Q. 2.2
Ty = Lvcos &d (2.29)

For a discrete source (i.e., a source subtending a well-defined solid angle), the spectral
power received by a detector of unit area is called the source flux density S,. This simply
requires to integrate the previous equation over the source solid angle:

S, = / I, cos&£dQ). (2.30)

For a source of an angular extent of <1rad (i.e.,cos{ ~ 1), this equation simplifies to:

S,,%/ 1,dS). (2.31)
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In the following, we will work with the source solid angle €2g, which is given by:

Sy, =1L (2.32)

2.3.3 Rest-Frame Rayleigh-Jeans Brightness Temperatures

The temperature of a blackbody is given by the Planck function:

2hv3 1
B, =—_. — , (2.33)
¢ exp(pig) —1

where B, is the specific intensity of blackbody radiation, h is Planck’s constant, ¢ is the
speed of light, and kp is Boltzmann’s constant. In the low frequency limit (hr < kgT),
this equation simplifies to the Rayleigh-Jeans equation:

o 2]{]BTI/2

B,
C2

(2.34)

In radio astronomy, source temperatures are approximated mostly well by the Rayleigh-
Jeans limit. An observed Rayleigh-Jeans brightness temperature 72" thus is given by (note
that for optically thick emission B,=1,):

C2

TS = —— 1. 2.35
b QkBl/ng ( )

Inserting the flux density, we thus find the rest-frame Rayleigh-Jeans brightness tem-
perature 7} to be:

C2

2kBV§bsQS v

Tr = (14 2) (2.36)

In the following, we will refer to Rayleigh-Jeans brightness temperatures simply as
“brightness temperatures”. Note that at high frequencies approaching the peak of a
source’s SED, the Rayleigh-Jeans approximation is not valid anymore, and have to be
corrected to represent Planck temperatures (this is accounted for where appropriate).

2.3.4 Measured Brightness Temperature

In general, the source solid angle (g is different from that measured by the telescope, as
it is diluted by the observing beam, which covers a solid angle Q5 (e.g., Rohlfs & Wilson

@):

Op = / PadS, (2.37)
A

where P, is the power pattern of the antenna, normalized to its maximum.
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The temperature Ty observed by the antenna is related to the true brightness temper-
ature via the beam-diluted source solid angle 2g,p5:

TuQsun = ToQs . (2.38)

If the source is much smaller than the beam, Qg,p ~ Qg. In the following derivation
of the line luminosity, we thus consider T} a directly observed quantity.

2.3.5 Line Profiles

A rotationally broadened emission line originating from a uniformly brightened, rotating
disk shows a simple Doppler Gaussian profile. In reality, molecular line profiles in galaxies
are more complex than that, mainly due to local variations and inhomogeneities of the
temperatures, densities, molecular abundances, and velocity fields. Due to the fact that
molecular line detections at high redshift often lack the signal-to-noise to examine the line
profiles in more detail, the line properties are usually still parameterized by the peak flux
and full width at half maximum (FWHM) of one or more Gaussian fits to the line. Note
that, due to very small Einstein A coefficients, the Lorentz wings of millimeter molecular
lines are in general negligible, justifying the use of a simple Gaussian.
Consider a Gaussian function of the form:

e~ (@—20)*/(20)?

o\ 21

For an emission line, x corresponds to velocity v or frequency v, xy corresponds to the
velocity (frequency) offset vy (1) relative to a defined zero point, A corresponds to the line
peak flux density S,, and o is the width of the Gaussian. The FWHM is then given by:

G(z;o)=A (2.39)

AUFWHM =2v2ln 20 ~2.350. (240)

The integral of the Gaussian function then corresponds to:

\/7_T
~ 1.06S,Av . 241
Wit FWHM (2.41)

The integrated line flux thus is almost equal to the product of the peak flux and the
line FWHM.

+oo
/ G(ZL’)CZ?[Z = / S,/dv = SVAUFWHM
— line

o0

2.3.6 Line Luminosity

From energy conservation, one can derive that the rest-frame monochromatic luminosity
L, relates to the observed flux density .S, via:

L' dv, = 47 D% S, dVeps (2.42)
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The direct definition of the luminosity of an emission line is found by integrating L},
over the width of the emission line. Substituting ¢ dveps = Vopsdv (where v is the linewidth
in km s7!), we find:

Line = / Lidv, (2.43)
line
= / 41 D2 S, Vs (2.44)
line
= 47?Diuobs/c[ S, dv (2.45)
= 47TD%(1—|—Z)_1Vr/C/ S,dv . (2.46)
line

In convenient units, the line luminosity (in Ls) can be expressed as:

D2
Lime = 1.04 x 1073 Av—L—1, (2.47)
(1+2)
= 1.04 X 107 S}ine AV D7 Vgps (2.48)

where the velocity-integrated line flux Sy,.Av is given in Jy kms™!, Dy, is given in Mpc,
and v, is given in GHz (see, e.g., Solomon et al. ).

However, a sometimes more practical definition of the line luminosity is used relatively
often, which depends on the measured rest-frame brightness temperature 7, and its size
on the sky. The luminosity can be given by the velocity-integrated source brightness
temperature integrated over its area on the sky. As shown above, the source area on the
sky can be expressed as QgD%. We thus find:

L. = /1 TrdvQs D (2.49)
_ / TidvQsD2 (1 + 2)~ (2.50)
line
= (1+ z)m /hne S,dvQsD3 (1 + 2)~* (2.51)
2 2
_ Q’f;ﬁbs (11}2)3 /1 Sudo (2.52)
2 2
= 21;1/3 (11_):2) Ane S,dv . (2.53)

In convenient units, the line luminosity (in K kms~'pc?) can be expressed as:
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D2
{ine = 3.25 X 1O7SlineAvm (254)
D2
= 3.25 % 107 Spipe Av——E—— (2.55)
(1 + Z) I/obs

where the velocity-integrated line flux Sj,.Av is given in Jy kms~!, Dy is given in
Mpe, and v, is given in GHz (see, e.g., Solomon et al. ).
Note that Ly, and L. are directly related via:

line

3
= B (2.56)

2.3.7 Negative K Correction

Li; . is directly proportional to Ty; thus, the L, . ratio of two lines in the same source
simply equals the ratio of their intrinsic, source-averaged T,. For thermalized, optically
thick emission, both ratios are always 1 between all transitions of a molecule.

As shown above, L{, = oc D?(1 + 2)~% in the observed frame. This means that, for a
constant L/, the integrated line flux scales oc D;?(1 + 2)3. The emission lines thus do
not simply dim with distance squared, but much less strongly. This so-called negative K
correction (Solomon et al. @) is one of the main reasons why (mid- to high J) molecular
emission lines at high redshift are observable in the millimeter observing windows, which
were initially designed for observations of low-J CO transitions of z=0 galaxies. However,
this observational limitation currently is also one of the main biases of CO-detected samples
at high redshift (note that all except one of the initial high redshift CO detections were
obtained in the 3 mm observing window, which corresponds to the CO(J=3—2) frequency
at z~2.5), as the mid- to high-J emission lines have to be excited to be able to detect
these sources. This is not the case in “normal” galaxies like the Milky Way, which is
clearly subthermally excited in the CO(J=3—2) transition. This is the main reason why
it is desirable to be able to obtain high-z galaxy samples selected via the CO(J=1—0)
transition, and in a first step, to obtain CO(J=1—0) observations of high-z galaxies at all

(see Chapter 3).

2.3.8 Gravitational Magnification

A large fraction of the galaxies that have been detected in molecular gas emission at high
redshift is gravitationally lensed. The peak brightness temperature is a conserved quantity
under gravitational lensing, but emitted over an enhanced area when lensed. This increase
in (projected) area leads to an effective increase in the line luminosity. The ratio between
apparent and intrinsic luminosities is known as the lensing magnification factor pp, and
basically directly expresses the increase in area. However, note that it is quite difficult to
derive pup, as (in principle) the exact geometry of the lensing system has to be known, as
well as its mass and dynamics.
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2.4 Telescopes

There currently are a number of telescopes that can observe molecular lines in the submil-
limeter to centimeter wavelength regime at high redshift, as required for the observations in
this thesis. For currently existing facilities, there are two main categories: millimeter tele-
scopes typically observing higher .J molecular line transitions at high z (typically in bands
at 1, 2, and 3mm), and centimeter (“radio”) telescopes that are capable of observing low
J transitions (typically at 0.7 and 1.3 cm). This can be split up into two futher categories:
single-dish telescopes, consisting of only one antenna, and interferometers, consisting of
multiple antennas.

The main advantage of millimeter telescopes is that they usually have a higher sensitiv-
ity relative to the brightness of the observed line. The intensity of molecular transitions in
thermal equilibrium scale with v (due to the fact that they have the same brightness tem-
perature)ll, while due to technological differences, the sensitivity scales with less than /2
between millimeter and centimeter observing windows. The main advantage of centimeter
telescopes is the fact that observations of low .J, in particular ground-state transitions, do
not depend on the excitation conditions, and thus are a more direct measure for physical
properties like masses, and the full size of the regions that emit line radiation.

The main advantage of single-dish telescopes is that they usually have comparatively
large collecting areas relative to all interferometers but the largest, and offer high spectral
bandwidths and velocity resolutions (which is more difficult to realize in interferometers
due to the fact that signals of the different antennas have to be correlated). There are two
main advantages of interferometers. First, the so-called spectral baselines (i.e., defined zero
flux levels of the spectral bandpass) are much more stable than for single-dish telescopes
due to the fact that fluctuations of these levels recorded by the single antennas get sub-
tracted out in the correlated signal (although the precision of the correlation signal largely
depends on the stability of the atmosphere, which is mainly measured by the rms of the
phases of the incoming antenna signals, and defines some sort of “seeing”). This means
that interferometers can measure faint signals with higher reliability. It also means that
interferometers can measure line and continuum signals with spectrometers, while single-
dish telescopes can only measure line signals at faint levels (this limitation is overcome
by the use of wide-band bolometers, which in turn cannot measure line signals). Second,
due to the longer baselines between the single antennas, interferometers offer significantly
higher spatial resolution (generally diffraction-limited) than single-dish telescopes. This
enables spectroscopic imaging, and allows us to trace kinematics and velocity structure
within spectral lines (comparable to the so-called integral field spectroscopy in the opti-
cal /infrared).

On the down side, interferometers only record signals at distinct positions in the fourier
plane instead of “real” images in the image plane. Images thus have to be created by
applying a discrete fourier transformation, reflecting the fact that the fourier (“u—v") plane

It is important to mention that, even in the most favourable case (i.e., for a low dipole moment
molecule), only the lower few transitions of a molecule are in thermal equilibrium.
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is not sampled perfectly, which creates artifacts (that however can be reduced significantly
applying specially designed algorithms). However, interferometers like the VLA with 27
antennas sample the u — v plane much better than two- or three-element interferometers,
leading to high image quality. Another limitation of interferometers is that they are blind
to structure on scales that are larger than that sampled by their shortest baseline (such
structure is “outresolved”), while structure smaller than that sampled by their longest
baseline gets smeared in a fashion similar to single-dish telescopes and only limits the
spatial resolution. Outresolved structure can be recovered by parallel observations with
a single-dish telescope, which are added in as so-called zero spacings. Due to the small
angular scales of distant sources, this is usually unnecessary in studies of molecular gas at
high redshift, where the main concern is to be able to resolve structure at all, even with
interferometers in their long baseline configurations.

Table lists the most important current and future facilities for high redshift molec-
ular line observations in the submillimeter to centimeter regime. Note that only the wave-
bands usable for high redshift line observations are listed for the radio telescopes and
the SMA. For the studies presented in this thesis, the Green Bank Telescope, the Effels-
berg 100 m telescope, the Very Large Array, and the Plateau de Bure Interferometer were
used (I also used the IRAM 30m telescope for studies that complement those presented
here). These facilities and their importance for high redshift molecular line observations
are briefly discussed in the following. To put the capabilities of these telescopes into con-
text, the other existing and planned large facilities in this wavelength regime [except the
Square Kilometre Array (SKA), which is still in a relatively early design phase] are also
shortly discussed. This is necessary to show how this particular field of science will be
impacted by the advent of the Atacama Large submillimeter/Millimeter Array, but also
the VLA expansion project (EVLA). It may be useful to compare this summary of the
capabilities of existing facilities to the existing observations listed in Appendix A.

Green Bank Telescope (GBT): The Robert C. Byrd Green Bank Telescope (Figure 23
left) is a single-dish radio telescope located in Green Bank, WV, USA, and commenced
science operations in 2000. It is operated by the NRAO. Its adaptive surface is a 100
by 110m section of a rotationally symmetric 208 m figure. The observing bands that are
useful for high-z molecular line observations are the 1.3cm (22 GHz, K band) and 7mm
(43 GHz, Q band) bands, and potentially the 1.0 cm (30 GHz, Ka band) band opened to
science observations in winter 2007/2008. Only the K band receiver has been used to de-
tect highly redshifted molecular gas to date (see Section 3/Riechers et al. Im; Hainline
et al. for the first reported Studies)ﬁ The K band receiver offers a maximum dual
polarizationﬁ bandwidth of 1.6 GHz, corresponding to a redshift coverage of Az/2=10% at
z=4.

8Test observations earlier this year have led to tentative detections in both the Ka and Q band, but
are not published to date.
9In radio astronomy, “dual polarization” means two orthogonal single polarization receivers.
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Figure 2.3: Single dish radio/millimeter telescopes. Left: GBT. Middle: Effelsberg. Right:
IRAM 30m (see text for further description). Image courtesy of NRAO/AUI, Curtis
Saxton, and IRAM Spain.

Effelsberg: The Effelsberg 100 m telescope (Figure EZ3 middle) is a single-dish radio
telescope located in Effelsberg near Bonn, Germany, and commenced science operations
in 1972. It is operated by the MPIfR in Bonn. The 1.3cm observing band has been
successfully used for observations of high redshift molecular gas (see Section 3/Riechers
et al. for the first reported study). A maximum bandwidth of 500 MHz can be used,
corresponding to a redshift coverage of Az/2=3% at z=4.

(Ezpanded) Very Large Array [(E)VLAJ: The VLA (Figure 24 left) is a radio interfer-
ometer located near Socorro, NM, USA, and is operated by the NRAO. It was completed in
1980, and consists of 27 antennas of 25 m diameter each, which are arranged in a Y-shaped
configuration that optimizes the u — v coverage. The antennas can be arranged in four
different configurations. The most extended configuration, A, covers baselines between
0.68 and 36.4 km. The most compact configuration, D, covers baselines between 0.035 and
1.03km. The observing bands useful for high redshift molecular line observations are the
1.3cm and 7mm bands. As part of the EVLA upgrade (to be finished by 2013), all EVLA
antennas will be equipped with 1.0 cm receivers that will (almost) completely cover the
gap between the former two bands. In practice, high redshift sources are too faint to be
observed in A array where the atmospheric phase noise is highest. With a substantial time
investment (even compared to the observation times of high redshift detection projects),
observations in B array are feasible and offer maximum resolutions of 0.3” and 0.15” in the
1.3cm and 7mm bands. Note that 0.15” corresponds to 1kpc at z=4, and thus reaches
the critical scale to resolve distant galaxies (see Carilli et al. E?@; Walter et al. m, and
Sections 9-11 for the first such studies). The VLA’s sensitivity and resolution is superior
to that of the GBT and Effelsberg, however, the main limitation is the width of the spec-
tral bandpass, which is only 50 MHz dual polarization. This barely covers the width of a
molecular emission line in a typical high redshift gas-rich galaxy. This main limitation of
the VLA for such observations will be overcome with the EVLA upgrade, which will offer
8 GHz instantaneous bandwidth at better spectral resolution, corresponding to Az/z=50%
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Figure 2.4: Radio/millimeter interferometers. Left: VLA. Middle: PdBI. Right: CARMA
(see text for further description). Image courtesy of NRAO/AUI, IRAM France, and Kevin
P. Rauch.

at z=4 in the 1.3 cm band.

IRAM 30m: The IRAM 30m telescope (Figure 23 right) is located near Pico Veleta
in the Sierra Nevada in southern Spain. It is a single-dish millimeter telescope operating
in the 1, 2, and 3mm (230, 150, and 100 GHz) observing bands (reaching down to almost
4mm). It has played a signficant role in detections of CO lines at high redshift from the
beginning (e.g., Solomon et al. M) Due to the fact that it covers a large fraction of the
wavelength regions between 1 and 4 mm, it is very useful to expand the range of detected
CO transitions in a source, whereas inital detection is usually achieved with interferome-
ters (due to the better stabilities of the spectral baselines). Currently, the maximum dual
polarization bandwidth is 512 MHz at 3mm, and 1 GHz at 2 and 1 mm. This corresponds
to Az/z=1% at z=4 in the 2mm band.

Plateau de Bure Interferometer (PdBI): The IRAM PdBI (Figure 24 middle) is a mil-
limeter interferometer located on the Plateau de Bure in the French Alps. As of winter
2007/2008, it will cover the 1, 2, and 3mm observing bands. It consists of 6 antennas
of 15m diameter each, which can be arranged in four cross-shaped configurations. In the
most extended configuration (A), the longest baseline on the east-west arm is 760 m, and
that on the north-south arm is 368 m. This provides resolutions of up to 0.3” at 1 mm.
Since winter 2006/2007, this can be used for studies of CO emission in distant galaxies
at high resolution, achieving up to half of the maximum resolution of the VLA, albeit in
higher J transitions that are not necessarily highly excited (and may not trace the same
physical regions). This capability will be an important complement to the high-resolution
CO studies with the VLA. To date, the PdBI is by far the most sensitive millimeter facility
in the world, and thus the standard facility to search for redshifted molecular gas. Cur-
rently, all receivers can be used with a maximum dual polarization bandwidth of 1 GHz,
which will be extended to 4 GHz in the near future. 1 GHz corresponds to Az/z=1.5% at
z=4 in the 3mm band.
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Combined Array for Research in Millimeter-wave Astronomy (CARMA ). CARMA (Fig-
ure 27 right) is a merger of the Owens Valley Radio Observatory (OVRO) millimeter array
and the Berkeley-Illinois-Maryland Association (BIMA) millimeter array, and became op-
erational in late 2006 (OVRO used to be a key player in high-z CO observations). CARMA
is located on Cedar Flat near Big Pine, CA, USA. It consists of nine 6.1 m antennas and
six 10.4m antennas. The collecting area of CARMA is smaller than that of the PdBI,
but its u — v coverage is more complete. Starting winter 2007/2008, CARMA operates in
both the 1 mm and 3 mm wavebands. Five telescope configurations are planned (A-E), of
which three (B-D) are currently offered (B configuration includes baselines of 82-813m).
This currently limits the maximum resolution to ~0.3” at 1 mm, similar to the maximum
resolution of the PABI. The CARMA receivers are single polarization, and offer a maxi-
mum bandwidth of 1.5 GHz, which will be extended to 4 GHz in the near future. 1.5 GHz
corresponds to Az/z=2% at z=4 in the 3 mm band.

Nobeyama Millimeter Array (NMA): The NMA is a millimeter interferometer near
Nobeyama, Nagano in Japan, operated by the National Astronomical Observatory of Japan
(NAOJ). It consists of six 10m antennas that can be arranged in three configurations. It
can be interferometrically linked to the NRO 45m telescope to improve resolution and
sensitivity. The interferometer operates in the 1, 2, and 3 mm bands. The maximum reso-
lution is 1”7, which is achieved in the 2mm band. Only few high-z CO detections with the
NMA are reported in the literature. The maximum bandwidth of the single polarization
receivers is 1 GHz.

Submillimeter Array (SMA): The SMA is a submillimeter and millimeter interferometer
located on Mauna Kea, HI, USA. It consists of eight 6 m antennas that can be arranged in
four configurations. The eSMA project aims at interferometrically linking the SMA to the
CSO 10.4m and the JCMT 15m telescopes to extend the sensitivity and maximum reso-
lution. As of 2007, the SMA operates in the 1 mm (230 GHz), 850 um (345 GHz), 750 pm
(400 GHz), and 450 um (690 GHz) bands, the latter of which is significantly less sensitive
than the former three. Due to the comparatively small collecting area, no high-z CO line
has been detected with the SMA to date. The SMA has a maximum bandwidth of 2 GHz.
Dual polarization receivers are only available in the 750 pm band.

Atacama Large submillimeter/Millimeter Array (ALMA): ALMA (Figure EZ0) is cur-
rently being constucted at Llano de Chajnantor in the Atacama desert in northern Chile.
Upon completion in 2013, it will consist of 50 12m antennas. Its extension, the ALMA
Compact Array (ACA) will consist of four 12m antennas and twelve 7m antennas. ALMA
will almost completely cover the wavelength range between 3 mm and 300 ym, and possibly
even extend down to 1cm (not funded yet). ALMA will offer four interferometer configu-
rations, the most extended of which is aimed to include baselines up to 14 km. One design
goal of ALMA is to achieve a resolution of 0.015” at 850 um, and a sensitivity far superior
to current submillimeter and millimeter facilities. Also, ALMA receivers are aimed to have

a bandwidth of 8 GHz (possibly 16 GHz).
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Figure 2.5: Computer-rendered image of ALMA. Image courtesy of NRAO/AUI, and Com-
puter Graphics by ESO

2.5 Discovery Space

There are several factors that limit studies of molecular lines at high redshift. First,
the bandwidth of millimeter/radio telescopes is limited. Even if a source has a good
spectroscopic redshift in the optical wavelength regime, there may be a systemic offset
between optical atomic/ionic emission lines, tracing hot gas, and the cold gas traced by
molecular lines. This offset may be larger than the full bandwidth of the millimeter/radio
telescope, and thus shift the emission line out of the bandpass. Although the bandwidth
of most millimeter/radio facilities has recently been improved, this is still an issue. Future
very wide-band spectrometers, so-called z-Machines, are being developed to overcome this
limitation, and allow for “blind” redshift searches. Note, however, that such instruments
are only feasible for single-dish telescopes, whereas interferometers are the main discovery
instruments for molecular lines (see Outlook for further discussion).

Second, redshifted molecular lines are very faint, and require substantial integration
times (typically 10h per line, but up to 80h depending on line and instrument). Such
observations are currently only feasible in the most luminous galaxies - even ULIRGs are
detectable at z>2 in molecular line emission only if they are magnified by gravitational
lensing. A necessary criterion to search for molecular line emission thus is that the galaxy
is bright in the FIR continuum. This limits studies to the most dust-rich starbursting
galaxies, and excludes “normal” L, galaxies at any redshift >0. Note however that the
most recent studies have allowed to detect very strongly lensed LBGs, which shows that
it is possible to probe at least somewhat down the luminosity function. Note that this
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Table 2.3: Properties of Current and Future (Sub)mm/Radio Facilities

Telescope Collecting Area Diameter/ Configurations ~ Waveband Resolution
Longest Baseline
(m?2) (m) (GHz) (arcsec)
GBT 8640 110 18.0-26.5 32
26.0-36.0 23
38.2-49.8 16
Effelsberg 7850 100 17.9-26.2 40
(E)VLA® 13,255 36,400 A/B/C/D 18.1-26.5 0.08/0.3/0.9/2.8
40-50 0.05/0.15/0.5/1.5
30m 710 30 80-115.5 22
129-183 15
197-266 10
241-281 10
PdBI 1060 760 A/B/C/D 81-116 0.8/1.2/2.7/5.0
128-169 0.5/0.8/1.8/3.3
201-256 0.3/0.5/1.2/2.2
CARMA® 780 1,600¢ A/B/C/D/E 85-116 0.3/0.8/2.0/5.0/10.0
215-270  0.15/0.3/0.9/2.2/4.4
NMA 470 351 AB/C/D 85-116 2/3/5
126-152 1/2/4
D only 213-237 2
Rainbow? 2060 410 (no 1 mm)
SMA 225 509 1/2/3/4¢ 186-242 0.4/1.0/2.9/3.5
271.5-349.5 0.3/0.7/1.9/2.3
320-420 0.25/0.6/1.7/2.0
eSMAS 490 780 (0.17 at 400 GHz)
ALMA 5655 14,000 four 84-116 0.05
125-169 0.03
163-2119 0.025
211-275 0.02
275-373 0.015"
385-500 0.01
602-720 0.007
787-950 0.005
ALMA+ACA 6570
SKA 1,000,000 3,000,000 up to 25 <0.001

Notes—®The EVLA will also be equipped with 26-40 GHz receivers in a few years from now.

bCARMA is a combination of the former OVRO mm array and BIMA, and consists of six 10.4m antennas and nine 6.1 m
antennas.

“Not de-comissioned yet, longest baseline operative in Fall 2007: 813 m.

4The Rainbow interferometer is the NMA in its AB configuration linked with the NRO 45 m telescope.

¢Configurations are called subcompact, compact, extended, and very extended.

fThe eSMA is the SMA interferometrically linked to the CSO 10.4m and the JCMT 15m telescopes.

9Not fully funded yet.

hDesign goal.
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all applies to CO emission lines, which are by at least an order of magnitude brighter
than those of other molecular tracers. Studies of dense gas (e.g., through HCN, HCO*,
or CS) thus are even stronger biased towards the most luminous and often strongly lensed
systems. Also, this applies to studies of integrated emission - projects aiming at resolving
the emission are even more expensive in terms of observing time.

Third, studies are limited by the passbands of different receivers, which only cover
certain molecular line transitions of a certain molecule at a certain redshift. Figure 220
illustrates this limitation for the four most commonly used current facilities (note that
CARMA basically covers two out of the three bands of the PdBI), and for ALMA. Diagrams
are shown for a range of transitions of CO (frequencies similar to CN), HCN (frequencies
similar to HCO™ and HNC), CS, and millimeter atomic tracers such as C1, C11, O1, and
N1 (note that only C1 and Cur were observed at significant redshift to date). For HCN,
HCO™, and HNC, transitions higher than 4—3 are typically not highly excited due to their
very high critical densities, and thus very faint. The same applies for CS transitions higher
than 8—7, and probably CN transitions higher than 6—5. Also, note that this is inferred
from local studies, as for none of these molecules, transition ladders could be observed at
high redshift to date. For CO, the only molecule where this could be tested in practice for
a number of sources, the 7—6 and lower transitions have proven to be the brightest tracers,
which however strongly depends on galaxy type (A. Weif} et al., in prep.). Although very
faint, detection of the high order transitions is also important, as their faintness strongly
constrains the excitation conditions. Still, due to the sensitivity limits of current telescopes,
most observations focus on the highly excited low to mid order transitions. Apart from the
holes in redshift coverage, Figure illustrates that observations of redshifted CO with
millimeter (and submillimeter) facilities get increasingly difficult at the highest redshifts, in
particular beyond z=6, due to the fact that only transitions that are not highly excited can
be covered. This means that observations of atomic and ionic lines, in particular Ci1, N1,
and O1, may become increasingly important in studies of galaxies at even higher redshift.
Also, these lines can be studied at z=0 with the upcoming HERSCHEL satellite. Note
that the fine structure lines of C11 and O1 are the main cooling lines within the neutral
(not highly dense) ISM. In particular, C11 lines are very bright, usually much brighter than
CO lines, and thus a valuable tracer of the neutral medium, particularly at the highest
redshifts (see Maiolino et al. 2005 for the first high-z detection of C11, which is in the
highest redshift quasar at 2=6.42).

2.6 Selection Criteria

2.6.1 Selection Criteria for CO Observations

As shown in Figure 28, depending on transition, CO can basically be studied over the
whole redshift range by current millimeter telescopes, such as the PdBI. However, for the
observations presented in this thesis, two main selection criteria apply:
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Figure 2.6: Redshift discovery space for different atomic/ionic and molecular lines with
current and future radio/(sub)millimeter facilities. Representative diagrams for all species
bright enough to be currently (or in the near future) observable in at least one z>1 source
are shown. The stripes indicate the frequency coverage of the receiver bands of the different
telescopes [including the new Ka band (currently 26-36 GHz) at the GBT, the new EVLA
K band (18.1-26.5 GHz) at the VLA, the new band 2 at PdBI (128-169 GHz) and band
5 for ALMA (163-211 GHz) which is not yet fully funded]. Top left: Redshift coverage
for observations of CO rotational lines. As an indication for the frequency, the upper J-
quantum number of the transition is plotted (frequency is roughly 115 GHz times Jypper)
versus redshift. The coverage is similar to that for observations of CN (roughly multiples
of 113 GHz). Top right: Same, but for HCN (frequency is roughly 89 GHz times Jypper)-
The coverage is similar to that for observations of HCO' and HNC. Bottom left: Same,
but for CS (frequency is roughly 49 GHz times Jypper). Bottom right: The rest frequency
of forbidden transitions of [C1 ], [O1], [C11 ], and [N11 ] is plotted versus redshift.
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1) At which redshifts greater than 2 can CO(J=1—0) be observed?

As the 1.0cm receiver at the GBT is only becoming available in winter 2007/2008,
the only observing band currently covering the CO(J=1—0) line at z>2 is the 1.3cm K
band. This corresponds to a redshift range of 3.35<z< 5.40. The project presented in the
next chapter requires that the sources to observed have to already be detected in higher J
CO transitions, and it concentrates on quasar host galaxies. As of winter 2004/2005, the
time at which the observations were carried out, this sample was limited to five sources
(a sixth source was detected in 2007). One out of these five sources is much fainter than
the rest of the sources, rendering CO(J=1—0) observations with a single-dish telescope
currently unfeasible. The sample presented in the next chapter consists of three out of
the remaining four sources, encompassing about 20% of the CO-detected quasars at high
redshift. Note that, if the 1.0 cm receiver proves to have sufficient sensitivity, this enlarges
the CO(J=1—0) discovery space down to z=2.20, giving access to another eight quasars
(and 12 galaxies of other types).

2) At which redshifts can we observe CO at the highest possible resolution?

The SMA does not have sufficient collecting area (i.e., sensitivity) to enable high-
resolution molecular gas studies at high redshift (note that no redshifted CO emission
line has been detected with the SMA to date). The PdBI obtained its highest resolution
capabilities only in winter 2006, and studies of redshifted CO emission at 0.3” are now
under way. CARMA will obtain similar capabilities this winter. However, millimeter CO
observations at 1kpc (0.15”) resolution at the highest redshifts are challenging, and will
remain difficult until the advent of ALMA. The only telescope that can currently observe
CO emission at z>4 at 1 kpc linear resolution is the VLA in the 7mm band. This observing
band covers the CO(J=2—1) transtion at 3.61<z< 4.76, and the CO(J=3—2) transition
at 5.92<z< 7.64. As it is a requirement that the integrated CO flux is known to evaluate
the feasibility of such high-resolution observations, a sample will also be selected out of
those galaxies that are already detected in CO emission. Limiting ourselves again to quasar
host galaxies, this leaves six candidates. One of these sources (the same as above) is too
faint to render high-resolution observations feasible. One of the sources was observed by
Carilli et al. , see Figure 27, the second by Walter et al. (m, see Figure[[H)). High
resolution CO observations of the remaining three sources at up to 0.15” linear resolution
are shown in Chapters 9-11.

2.6.2 Selection Criteria for Observations of Dense Gas Tracers
Choosing Molecules

As shown above, due its relative brightness, CO is the main tracer of molecular gas in
galaxies. It has been detected toward of order 10® nearby galaxies and 43 galaxies at high
redshift (see, e.g., Appendix A, and references therein). HCN is the main tracer of dense
molecular gas, i.e., the fraction of molecular gas that is more intimately associated with
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Figure 2.7: High Resolution CO Observations of BR 1202-0725 (z=4.69; Carilli etal.
Iﬁ) Top left: Medium resolution CO(J=2—1) contour map at 2.6”x1.8” resolution,
overlayed on a Ly emission line map. The two CO components are separated by ~28 kpc.
Top right: Zoom-in on the two components. Although the signal-to-noise is only moderate,
both components appear to be resolved at a resolution of 0.3”x0.2"”. These maps are ~1.2"
on a side. Bottom: CO(J=5—4) map, obtained with the PdBI (Omont et al. I@), at
5.0"x2.5" resolution. The blue and red parts of the CO emission are shown separately,
showing that the two peaks are at slightly different redshifts, and thus likely to be two
different galaxies (possibly in the process of merging).
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star formation than the more diffuse fraction of the CO. HCN has been detected in of order
10? galaxies in the nearby universe, and in five galaxies at high redshift.

Until November 2005, these were the only two molecules from which emission has been
detected at z>1. As described in Chapters 5-7, we have now detected emission from
three more molecules, HCO™, CN, and CS, in a 2=2.56 quasar host galaxy. In addition,
we have searched for HyO emission toward a z=3.2 quasar host galaxy, which however
has not yielded a detection yet (see Chapter 8). In addition, Guélin etal. M) have
reported a possible detection of HNC in a z=3.9 quasar host galaxy. Due to line blending,
this detection is likely to be HNC, but remains to be confirmed through another HNC
transition.

There are two main motivations to search for additional molecular tracers. The first
motivation is simply a technical one: if there is a tracer of dense molecular gas that is
brighter than HCN and thus easier to observe, the sample of high-z galaxies toward which a
search of dense molecular gas is feasible might dramatically improve. This was a particular
reason to search for HoO emission, which may be greatly enhanced by maser amplification,
but also part of the reason to search for the other molecules, which are sometimes brighter
than HCN in nearby galaxies.

The second reason is the more important one, and does not only apply to galaxies at
high redshift: different molecules probe different physical conditions. Also, knowing the
excitation conditions, line ratios of different molecules can actually probe chemical abun-
dance ratios, revealing how and to what extent molecular clouds are chemically enriched at
high redshift. Note that this is an important issue, as optical studies of atomic/ionic lines
are often biased towards particular regions of galaxies that do not necessary probe the ma-
terial that forms new stars. In particular in quasars, these lines usually probe the central
regions associated with the AGN rather that the regions that determine the properties for
star formation.

The most useful molecules to probe the physical properties of distant galaxies are
obviously those that are understood locally. In particular, it is only possible to obtain a
flux integrated over the whole galaxy at high redshift, i.e., the most useful tools will be
luminosity relations (apart from multi-molecule LVG modeling, where possible). In the
local universe, the most commonly used dense molecular gas tracers after HCN are HCO™
and CS. Apart from their relatively high dipole moment (and thus, critical density), this is
mainly due to the fact that they are usually quite abundant, and thus likely to be bright.

HCN and HCO™ have similar dipole moments, and thus are, in principle, tracers of
regions of similar density (and thus should show similar brightness). In the simplest case,
HCO™ thus should be found to have the same qualities as HCN in terms of tracing dense
gas, and determining star-formation rates and efficiencies. However, there are a number of
reasons why this might not be the case. First, the HCN/HCO™ ratio obviously depends
on the relative abundance of nitrogen and oxygen. If there is some process that depletes
one or the other, it influences which of the molecules is the better tracer of dense cores in
a certain galaxy. More importantly, HCO™ is an ion. Its abundance thus greatly depends
on the ionizing field and abundance of free electrons. If a galaxy, such as a bright quasar,
has a strong ionizing field, it may impact the HCN/HCO™ brightness ratio, and thus bias
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Figure 2.8: Relation between kinetic temperature (expressed as minimum excitation tem-
perature here) and critical density for CO, HCN, HCO™, and CS. The crosses indicate
different rotational levels, starting with J=1 for the lowest temperatures. As the exact
value of ng; is temperature dependent, typical ranges instead of discrete values are shown.
Also, note that ng. is reduced by radiative trapping, typically by a factor of a few.

the dense gas-star formation relation. In short, the study of both HCN and HCO™ is an
important diagnostic in determining how reliable one or the other is as a tracer of dense
molecular clouds.

Simply put, CS is a valuable tracer due to the fact that it traces intermediate densities
between CO and HCN/HCO™, or, more precisely, that it covers the intermediate region
in the Tiin-neis plane (see Figure Z8). It thus comprises an independent estimate of the
conditions in the galaxy, or, spoken in terms of modeling, gives an independent constraint
to determine the conditions. Also, a Lyg—Lpr relation should lie in the region between
the CO and HCN/HCO™ laws if chemical and excitation biases are accounted for properly.
On a sidenote, CS implicitly probes the abundance of sulphur, i.e., a species much heavier
than H, C, N, and O. It thus is not a result of element synthesis in low- or intermediate
mass stars, but just in massive stars. From a more technical perspective, the rotational
transitions of CS have about half the spacing of that of CO, HCN, and HCO™, and thus
are accessible at larger ranges in redshift within a certain wavelength range.

Although more reasons to observe HCN, HCO™, and CS can be found based on their
distribution in resolved nearby starburst galaxies such as M82 and NGC 253, the main
reasons are their positions in the Ty,-nei¢ plane (excitation conditions are fairly well-
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constrained once two transitions per molecule are available in addition to a measured CO
ladder), and their Schmidt-Kennicutt laws.

A main difficulty in such studies is that HCO™ and CS studies are even more limited
than those of HCN. Once comprehensive samples are picked from the literature, only few
more than 10 galaxies are available. However, the situation in the local universe is about
to improve in the near future, in particular for LIRGs and ULIRGs (e.g., Gracia-Carpio
et al. ). There are few other molecular gas tracers observed comprehensively in at least
10 galaxies. One particularly interesting of those few remaining tracers is the CN radical.

Probing dense, star-forming regions in the Galaxy, CN is observed to be highly abun-
dant in the dense interfaces between molecular clouds and ionization fronts (e.g., Orion,
Rodruigez-Franco et al. I@) It also is observed to be highly abundant in the central
regions of starburst galaxies like M82 (Fuente et al. M), in particular relative to HCN,
the main tracer of dense gas (note that CN is a major dissociation product of HCN). In
short, CN is known to reside in regions that are strongly affected by stellar UV radiation,
and thus in particular regions within star-forming environments (but possibly also in re-
gions where UV radiation from an AGN may be strong enough to dissociate HCN, but
not CN). CN thus is also found to be very abundant in the outer layers of photodisso-
ciation regions@ (PDRs, e.g., Fuente et al.)m; Sternberg & Dalgarno @) Although
the critical density of CN is by a factor of about 5 lower than that of HCN, it thus is
dominant in regions of density where HCN would be expected to be dominant in terms of
density, but (in reality) is not due to dissociating radiation. In other words, CN is biased
relative to HCN, and thus provides an important test as a dense gas tracer. In particular
in starbursting quasars, where UV radiation form both the starburst and the AGN may
be important for the composition of the molecular clouds, CN may play a different role
compared to normal galaxies or even ULIRGs. Due to the fact that CN is a significantly
different probe of dense gas from HCN, it thus may show a different Schmidt-Kennicutt
law (and different excitation than expected from the excitation of other dense gas tracers
once such studies can be done). On a sidenote, the brightness ratios of CO, CN, and CS
may provide a zeroth-order limit on the relative abundance of O, N, and S in molecular
clouds.

In short, numerous molecules have been detected in external galaxies (about 50 in-
cluding isotopes, see Martin et al. m, their Table 3). Most of these are rare isotopes,
isopotomers, or ionized species, leaving 10-15 relatively abundant molecules. Out of these,
few are regularly observed in nearby galaxies and thus understood well enough for poten-
tial high redshift studies, leaving basically only CO, HCN, HCO™*, CS, CN, HNC, H,O,
H,CO, OH, NH3, and SiO. Looking for molecules that have simple rotational ladders with
observable transitions in the millimeter/centimeter regime leaves us with the first six of
these molecules (H5O is a special interest case due to its high abundance and possible
maser bonus however rarely observed at z=0 due to the strong atmospheric water lines).

ONote that PDRs also stand out in the main atomic cooling lines of the ISM, in particular C11, O1,
and CT1.
1 Other molecules such as OH and SiO are also masing.
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Figure 2.9: CO and radio continuum emission in the Cloverleaf quasar, a quadruple lens
at 2=2.56. Contours of the 8.4 GHz radio continuum at 0.20”x0.19” resolution (Kayser
etal. [1990; Riechers et al. 2008, in prep.) overlaid on a map of the CO(J=7—6) emission
line at 0.77"”x0.44" resolution (Alloin et al. [1997; Kneib et al. @)

Showing interest in the first five of these the question occurs if they provide insight on
the physical properties we are interested in. CO probes cold and warm gas that is not
particularly dense. CS probes cold and moderately warm gas of medium density. HCN,
HCO™, and CN probe cold dense gas. The HCN/CO and HCN/HCO™ line ratios are com-
mon diagnostics in the local universe, and thus promise to provide insight on the extreme
systems observed at high redshift. CN, on the other hand, is a particular tracer of dense
environments that are impacted by strong UV radiation, and that thus are not dominated
by the more common dense gas tracers HCN and HCO™.

Choosing Targets

Obviously, it is most useful to observe different molecular probes in the same galaxies to
be able to study line ratios and coupled excitation conditions, and to compare the different
Schmidt-Kennicutt laws. There are three main selection criteria:

1) Which sources are bright enough in CO emission to enable studies of molecular lines
that are by at least a factor of 10 fainter?

12HNC tends to be overluminous in ULIRGs relative to HCN and thus also is a potentially interesting
probe; Cernicharo et al. (IM)7 Aalto et al. (IM), but not part of the study described here.
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2) Which sources have CO SLEDs that indicate the presence of excited dense gas (i.e.,
with a significant brightness temperature), or alternatively, are already detected in HCN?

3) Which sources have suitable transitions of the molecular probes of interest that fall
into the observing windows of the most sensitive telescopes (i.e., currently the VLA and

the PABI)?

For observations of HCO™, CS, and CN, one obvious candidate occurs: the Cloverleaf
quasar, a strongly lensed galaxy at 2=2.56 (Figure . It is the brightest 2>2 source
ever to be detected in CO emission (Barvainis et al. ), it is already detected in HCN
emission (Solomon et al. M), and it is observable in both low- and high order transitions
of all five molecules. It thus has proven to be a virtual goldmine for molecular line studies
(see Chapters 5-7 and Outlook).

For the search for water masers, the third brightest CO source at high redshift, the
lensed quasar MG 075142716 at z=3.2, has proven to be the most suitable source (see
Chapter 8).
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Chapter 3

Masses of Molecular Gas Reservoirs
in 224 Quasar Host Galaxies

3.1 Context

As shown in the previous chapters, two of the main diagnostics in studies of galaxy prop-
erties, formation and evolution are the total molecular gas mass and the star formation
rate (and their ratio, the star formation efficiency). Determining molecular gas masses at
2z=0 is difficult due to its dependence on the conversion from molecular line luminosity
(typically CO) to molecular gas mass (i.e., Hy). Assuming that this conversion factor is
defined properly locally, it is possible to extrapolate this conversion factor to systems at
high redshift. This is a non-trivial task, as the systems currently detected in molecular line
emission at z>1 are almost exclusively more luminous in molecular line emission than all
galaxies known at z=0, which already demonstrates that there is significant evolution. As-
suming that these limitations can be accounted for by using local ULIRGs as templates for
the high redshift systems, there is one main limitation of high-z molecular gas studies: Due
to redshift, CO in distant galaxies cannot be observed in the ground-state CO(J=1—0)
transition with millimeter telescopes typically used for studies of molecular gas, but rather
in higher J transitions such as CO(J=3—2), CO(J=4—3), and CO(J=5—4). In normal
spiral galaxies, such transitions are not highly excited, and thus have lower line luminosi-
ties than the CO(J=1—0) transition. This means that they only trace a fraction of the
total CO luminosity in a galaxy, and thus, by extension, only a fraction of the total molec-
ular mass. Studies of star formation efficiency at high redshift thus may be systematically
biased due to an underestimation of the total molecular mass, which would mimic an exces-
sive efficiency. This is why the Schmidt-Kennicutt law is a standard diagnostic in the local
universe, but, so far, had to be treated with great caution when extrapolated toward higher
redshift. The driving force behind establishing a study of CO(J=1—0) emission in 224
quasar host galaxies that were already detected in higher J CO transitions, as described
here, was to better understand these issues. The redshift of this study was limited to 2>3.5
due to available observing windows at the time the project was carried out. This leaves
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only very few potential targets. Due to the frequencies of the redshifted CO(J=1—0) lines,
this study also had to rely on classical radio telescopes rather than the standard millimeter
observing facilities. From a technical perspective, these observations thus can also be con-
sidered a feasibility study to detect redshifted CO emission with classical single-dish radio
telescopes. In spite of considerable efforts, such studies were not successful previously.

3.2 Abstract

We present CO(J=1—0) observations of the high-redshift quasi-stellar objects (QSOs)
BR 12020725 (z = 4.69), PSS J2322+1944 (z = 4.12), and APM 08279+5255 (z = 3.91)
using the NRAO Green Bank Telescope (GBT) and the MPIfR Effelsberg 100m tele-
scope. We detect, for the first time, the CO ground-level transition in BR 1202-0725.
For PSS J2322+1944 and APM 08279+5255, our observations result in line fluxes that are
consistent with previous NRAO Very Large Array (VLA) observations, but they reveal
the full line profiles. We report a typical lensing-corrected velocity-integrated intrinsic
CO(J=1—0) line luminosity of Lo =5 x 10'°K kms~'pc? and a typical total Hy mass
of M(Hy) =4 x 10'° My, for the sources in our sample. The CO/FIR luminosity ratios of
these high-z sources follow the same trend as seen for low-z galaxies, leading to a combined
solution of log(Lgr) = (1.394+0.05) log(Lco) —1.76. It has previously been suggested that
the molecular gas reservoirs in some quasar host galaxies may exhibit luminous, extended
CO(J=1—0) components that are not observed in the higher J CO transitions. Using the
line profiles and the total intensities of our observations and large velocity gradient (LVG)
models based on previous results for higher J CO transitions, we derive that emission from
all CO transitions is described well by a single gas component in which all molecular gas
is concentrated in a compact nuclear region. Thus, our observations and models show
no indication of a luminous extended, low surface brightness molecular gas component in
any of the high-redshift QSOs in our sample. If such extended components exist, their
contribution to the overall luminosity is limited to at most 30%.

3.3 Introduction

Understanding when and how galaxies form is one of the primary objectives in both ob-
servational and theoretical astrophysics. The mere fact that active galaxies, such as radio
galaxies, quasi-stellar objects (%ls), and emission-line galaxies are observed up to red-
shifts of z = 6.6 (e.g., Fan et al. : Rhoads & Malhotra ; Hu et al. m; Kodaira et
al. m; Taniguchi et al. M), less than 1 Gyr after recombination, implies that galactic-
scale (~10kpc), gravitationally bound structures exist at this early epoch. The study of
the masses and dynamical state of these young systems serves as a direct constraint to the
models describing the growth of large-scale structures since the epoch of recombination.
Studies of the molecular and dusty interstellar medium (ISM) in these galaxies are of
fundamental importance, since it is this medium out of which stars form; accurate determi-
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nation of the molecular gas mass could therefore serve as an indicator of the evolutionary
state of a galaxy. The detection of carbon monoxide (CO) is also a strong confirmation
that star formation is going on in some of the highest redshift systems. In fact, the com-
bination of molecular gas and dust detections with large far-infrared (FIR) luminosities
provides the strongest evidence that a significant fraction of high-z galaxies are undergo-
ing starbursts at prodigious rates (> 103 Mgyyr—!), consistent with the formation of a large
elliptical galaxy on a dynamical timescale of ~107-10%yr.

Over the past decade, more than 30 galaxies at z > 2 have been detected in CO emission
(Solomon & Vanden Bout M) out to a redshift of z = 6.42 (Walter et al. R00d, Rood
Bertoldi et al. M), confirming the presence of intense starbursts in numerous high-z
galaxies. As most of these observations were obtained using millimeter interferometers,
these detections were typically achieved by observing high-J CO(J — J — 1) transitions
(J > 3). Although these high-J lines exhibit in general higher peak flux densities than
the ground-state (J = 1) transition, it is possible that the higher order transitions are
biased to the excited gas close to a central starburst and do not necessarily trace the entire
molecular gas reservoir seen in CO(J=1—0). In addition, the conversion factor («) to
derive molecular (Hy) masses from measured CO luminosities has mostly been estimated
for the CO(J=1—0) line (e.g., Downes & Solomon [1998; WeiB et al. |2|_%0_1|) Observing
CO(J=1—0) has the additional advantage that properties of the highly redshifted sources
can be directly compared to the molecular gas properties of nearby (starburst) galaxies
that are predominantly mapped in the CO(J=1—0) transition.

These are main motivations for observing the CO(J=1—0) ground-state transition.
However, due to the faintness of the line and the bandwidth limitations of current radio
telescopes, such high-z CO(J=1—0) observations only exist for two QSOs and two radio
galaxies to date. All of these observations have been obtained with radio interferometers
operating at centimeter wavelengths: the NRAO Very Large Array (VLA; Papadopoulos
et al. ﬁ]; Carilli et al. R002d: Greve et al. M) and the Australia Telescope Compact
Array (ATCA; Klamer et al. E@) In particular, due to the bandwidth limitations of
the VLA, obtaining better constraints on the spectral line shape and total flux of the
CO(J=1—0) transition is desirable even for already detected sources. Today’s largest
single-dish telescopes, such as the NRAO Green Bank Telescope (GBT)H and the MPIfR
Effelsberg telescopel can eliminate some of those issues due to their larger spectral band-
widths.

Here we report on first observations of CO(J=1—0) in three CO-bright high-z QSOs,
which also exhibit ultraluminous IR emission, using the GBT and the Effelsberg tele-
scope. In Section 2, we describe our observations. Section 3 summarizes our results on
the individual objects (BR1202-0725 at z = 4.69, PSS J2322+1944 at z = 4.12, and
APM 0827945255 at z = 3.91). Section 4 provides an analysis and discussion, and Sec-
tion 5 closes with a summary of our results. We assume a standard ACDM cosmology

!The Green Bank Telescope is a facility of the National Radio Astronomy Observatory (NRAQO), oper-
ated by Associated Universities, Inc., under a cooperative agreement with the National Science Foundation.

2The Effelsberg telescope is a facility of the Max-Planck-Gesellschaft (MPG), operated by the Max-
Planck-Institut fiir Radioastronomie (MPIfR).
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throughout, with Hy = 71 kms™! Mpc™t, Q5 = 0.27, and Q5 = 0.73 (Spergel et al. M)

3.4 Observations

3.4.1 Green Bank Telescope

Observations of the three targets were carried out with the GBT during 12 observing runs
between 2004 October and 2005 April with a total observing time of 89.5 hr. The total/on-
source observing times were 31.5/20 hr for BR 1202-0725, 23/15hr for PSS J2322+1944,
and 35/22hr for APM 08279+5255. During all runs, 3C 147 and 3C286 were used as
primary /flux calibrators. For spectral line calibration, we observed IRC +10216, DR 21,
Orion IRc2, Orion HC, and W30OH H50. As secondary/pointing calibrators, 3C 273, J1256—
0547 (for BR 1202-0725), J2253+1608 (for PSS J2322+1944), J0753+538, and J0824+5552
(for APM08279+5255) were used. The pointing accuracy, determined by continuum
cross scans of nearby sources, was typically ~3” (reaching <1” under the best condi-
tions). We estimate the calibration to be accurate to 10%-15%. As the CO(J=1—0)
transition at 115.2712 GHz is redshifted into the K band for all three targets (BR 1202
0725: vops = 20.2450 GHz; PSS J2322+1944: vy, = 22.5258 GHz; APM 08279+-5255:
Vobs = 23.4663 GHz), the dual-beam, dual-polarization 18-26 GHz receiver was used for
all observations. The beam size of the GBT at our observing frequencies is ~32-36"
(~225-250kpc at z ~ 4), i.e., much larger than our targets. The two beams have a fixed
separation of 178.8” in the azimuth direction. Two different spectrometer setups were used;
half of the observing runs were executed in the first mode, and the other half of the runs
in the second mode. The first mode features two simultaneous intermediate frequencies
(IFs) with a bandwidth of 800 MHz (~10,000-12,000 kms~! at our observing frequencies)
and 2048 channels each, resulting in a spectral resolution of 391kHz (~5 kms™'). The
CO(J=1—0) line was always centered in the first 800 MHz IF. The second mode has one
IF with 200 MHz (~2500-3000 kms™') and 16,384 channels, resulting in a spectral reso-
lution of 12kHz (~0.15 kms™!). BR1202-0725 and APM 08279+5255 were observed with
both setups, while PSS J2322+1944 was only observed during runs that used the second
setup. The spectra taken in each mode were examined separately and then combined. The
ON-OFF position switching mode was used; i.e., the target was observed alternately with the
two telescope beams, and the off-source beam was always monitoring the sky background
in parallel. The beam switching frequency was once every 60-120s depending on the ob-
serving run. The weather was excellent for the winter nights with typical zenith system
temperatures of Ty = 22 — 35K on a T scale. On 2005 April 19 and 20 the system
temperatures were significantly higher (typically Ty, = 50 — 60 K).

For data reduction, the ATPS++H package and the new GBT IDL softward] were
used, providing consistent results. The spectra of BR 1202-0725, PSS J2322+1944, and
APM 08279+5255 were binned to 2.00 MHz (30 kms™!), 1.80 MHz (24 kms™!), and 5.86 MHz

3See http://aips2.nrao.edu.
4See http://gbtidl.sourceforge.net.
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(75 kms™1), reaching rms noise values of ~75, ~140, and ~65 uJy, respectively. A linear
baseline was subtracted from the PSS J2322+1944 spectrum to remove continuum fluxes
and atmospheric/instrumental effects. For BR 1202-0725 and APM 08279+5255, polyno-
mials of order 2 have been used to remove a very wide (>3>100 MHz, i.e., much broader than
the width of the CO line) “bending” of the baselines. Only the frequency range that was
used to define the spectral baselines is used for the final GBT spectra. APM 08279+5255
was observed using both the 200 and 800 MHz bandwidth setups. While the CO(J=1—0)
line was clearly detected with both setups, the spectrum obtained with the narrowband
high-resolution 200 MHz setup shows significant baseline problems, as the continuum level
is significantly different on the red and blue sides of the line. Therefore, we only use the re-
sults obtained with the wide 800 MHz bandwidth setup (corresponding to 15 hr on-source,
and covering a velocity range of ~8000 kms™1) for the final spectrum. In addition to simple
ON-OFF combinations and subtraction of low-order polynomial spectral baselines, we also
followed the scheme proposed by Vanden Bout et al. <|2-yi)__0_4|) for reconstructing the tempo-
ral baseline variations; however, we found that this did not improve our final results. The
reduced spectra were read into GILDAS/ CLASH to write out the final combined spectrum
tables. The final spectra are shown in the top panels of Figures Bl and and in Figure
B3 We note that the spectrum of BR 1202-0725 is limited to the central ~150 MHz due
to the fact that about half of the data were taken with the narrower 200 MHz setting.

3.4.2 Effelsberg

Observations were carried out towards BR 1202-0725 and PSS J2322+1944 in 2003 January
and February with a total observing time of ~40 hr (20 hr per source, corresponding to 8 hr
on-source each). At 40” beam size, the pointing accuracy, as determined by continuum
cross scans of nearby sources, was better than 10", with typical values of ~5”. Calibrations
for the gain as well as the variation of the atmospheric opacity and zenith distance were
obtained from observations of 3C286 and NGC 7027 (see Ott et al. 1994 for reference
fluxes), leading to a total formal calibration uncertainty of ~15%. We observed in beam
switching mode using a rotating horn with a beam throw of 2’ and a switching frequency
of ~1Hz. We have used a dual polarization HEMT receiver for all observations. The
autocorrelator backend was split into eight bands of 160 MHz bandwidth and 128 channels
each that could individually be shifted in frequency by up to £250 MHz relative to the
recessional velocity of the targets. The final spectra cover a velocity range of ~6000 kms~*
with channel spacings of ~16kms~!. We achieved single channel system temperatures of
65 and 85 K on a 77 scale. After combination of both orthogonal linear polarizations, this
leads to T4y of 47 and 60 K.

The GILDAS/CLASS package was used for data reduction. All spectral baselines are
of good quality and only first-order polynomial baselines had to be subtracted. The final
spectra of BR 1202-0725 and PSS J2322+1944 are shown in the middle panels of Figures
Bl and B2 These spectra were binned to 5.97 MHz (88 kms™!) and 3.60 MHz (48 kms™!),

°See http://www.iram.fr/IRAMFR/GILDAS/.
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reaching rms noise values of ~150 and ~380 nJy, respectively. We note that the latter
do not show the full ranges used for spectral baseline fitting. Those ranges (~380 MHz
for BR1202-0725 and ~180 MHz for PSS J2322+1944) are illustrated by the insets in the
same figures.

3.4.3 Combined Spectra

As BR 1202-0725 and PSS J23224-1944 were observed with both telescopes, we also created
combined spectra of both results to increase the signal-to-noise ratio and average out part
of the calibrational uncertainties. The GILDAS/CLASS package was used to reprocess
and combine the final spectra of both telescopes. The final unbinned GBT and Effelsberg
spectra were regridded to a common velocity resolution and baseline-subtracted before
combination. In the combination, spectra were weighted with their respective rms. The
combined spectra of BR 1202-0725 and PSS J2322+4-1944, as shown in the bottom panels
of Figures Bl and B2, were binned to a resolution of 2.00 MHz (30kms™') and 1.80 MHz
(24 kms™!), reaching rms noise values of ~70 and ~125 uJy, respectively.

3.5 Results

The sources in our study are the three CO-brightest high-redshift QSOs that can currently
be observed in the CO(J=1—0) transition. We obtained detections for all our targets. CO
line luminosities Lo (in K kms™'pc?) were derived using

Lo =325 x 107 [Tv2 D7 (1+2)7"] , (3.1)

where [ is the velocity-integrated CO(J=1—0) line flux in Jy kms™', Dy is the lumi-
nosity distance in Mpc, and vops is the observed frequency in GHz (Solomon et al. M)
For the systems with known lensing magnification factor u$°, Lo has to be divided by
that factor in order to get the intrinsic CO luminosity of the discussed target. A conversion
factor « = 0.8 M, (K kms™'pc?)~! to convert Loq—o) 10 Mgas(Hz) is assumed through-
out, as applicable for local ultraluminous infrared galaxies (ULIRGs)/starbursts (Downes
& Solomon @) All observational results are summarized in Table Bl Derived CO
luminosities and gas masses as well as FIR luminosities from the literature are given in

Table B2

3.5.1 BR1202-0725

Previous Results

BR 1202-0725 (2 = 4.69) was detected in multiple CO transitions before (see Table B3) but
not in CO(J=1—0). This optically bright, radio-quiet QSO has the curious property that
the optical QSO is a single source, but the millimeter continuum and CO line observations
show a double source with a separation of about 4” (Omont et al. [1996; Guilloteau et al.
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Figure 3.1: GBT (top) and Effelsberg (middle) spectra of CO(J=1—0) emission from
BR 1202-0725. The bottom panel shows the combined spectrum. The GBT spectrum has
been smoothed to a resolution of 2.00 MHz (30 kms™!). The rms per channel is ~75 uJy.
The Effelsberg spectrum has been smoothed to a resolution of 5.97 MHz (88 kms™!). The
rms per channel is ~155 uJy. For illustration, the inset shows the full spectral range of
the Effelsberg spectrum that was used for spectral baseline fitting (width ~380 MHz). The
combined spectrum has been smoothed to a resolution of 2.00 MHz (30 kms™'). The rms
per channel is ~70 uJy. The thin black lines show Gaussian fits to the data (see Table BTl).



60 3. Masses of Molecular Gas Reservoirs in 224 Quasar Host Galaxies

4.125 4.12 4,115 411

1 | PSS2322+1944 - CO(1-0) ' GBT]

16 | | Effelsberg |
14 ]
1.2 ]
1 ]
S 08 | ]
Ig‘ g'i j |_|—‘ |
> . L
w02} j
0 [
T =
-0.4 | -
0.6 |
1 | | | combined |

-0.4

225 22.52 22.54 22.56
v [GHZ]

Figure 3.2: GBT (top) and Effelsberg (middle) spectra of CO(J=1—0) emission from
PSS J2322+1944. The bottom panel shows the combined spectrum. The GBT spec-
trum has been smoothed to a resolution of 1.80 MHz (24 kms™!). The rms per channel
is ~140 uJy. The Effelsberg spectrum has been smoothed to a resolution of 3.60 MHz
(48 kms™'). The rms per channel is ~380 uJy. For illustration, the inset shows the full
spectral range of the Effelsberg spectrum that was used for spectral baseline fitting (width
~180MHz). The combined spectrum has been smoothed to a resolution of 1.80 MHz
(24 kms™1). The rms per channel is ~125 uJy. The thin black lines show Gaussian fits to
the data (see Table BI).
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Figure 3.3: GBT spectrum of CO(J=1—0) emission from APM 08279+45255. The spec-
trum has been smoothed to a resolution of 5.86 MHz (75 kms™!). The rms per channel is
~65 pJy. The thin black line shows a Gaussian fit to the data (see Table B).

Table 3.1: Observed CO(J=1—0) Line Parameters

Vobs Sy AVewaMm I
Source z (GHz) (mJy) (kms—1) (Jy kms™1) Telescope
BR 1202-0725 4.6932 + 0.0004  20.2450 0.36 £ 0.03 329 + 36 0.124 + 0.012 GBT

4.6956 + 0.0012  20.2388  0.40 £ 0.11 522 + 146 0.22 £ 0.06 Effelsberg
4.6949 + 0.0003  20.2411 0.34 =£0.03 333 £30 0.120 = 0.010 Combined
PSS J2322+4-1944 4.1173 £ 0.0003  22.5258  0.77 £ 0.07 202 £ 17  0.165 £ 0.014 GBT
4.1184 £+ 0.0008  22.5211  1.29 4+ 0.26 184 + 46 0.25 £ 0.06 Effelsberg
4.1179 £ 0.0002  22.5231  0.77 £ 0.07 190 £ 14  0.155 + 0.013  Combined
APM 0827945255  3.9122 &+ 0.0007 23.4663 0.26 £ 0.04 556 =55  0.152 £ 0.020 GBT

Notes—All given uncertainties are formal (correlated) errors from the Gaussian fit. The z error was derived from a full
three-parameter fit. In the error estimates for S, and AVepwpnwm, the correlation with the error in z is neglected, as the
relative uncertainty in z is ~3 orders of magnitude less than that of the other two quantities. The error estimate for I takes
the correlation of the errors of S, and AVepwnMm into account.

A T3 (K)/S(Jy) conversion factor of 1.5 was assumed for the GBT.
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I@; Carilli et al. M) This double morphology may indicate a pair of interacting
objects separated by only 28kpc (Yun et al. .M; Carilli et al. ). An alternative
explanation would be a double-starburst system composed of a QSO (southern source)
and a dust-obscured, Lya-emitting companion (northern source; Hu et al. ), which
is ionized by the strong QSO. Recently, Klamer et al. M) suggested that the nature
of the double source might be due to jet-induced star formation, in which the northern
component corresponds to a radio hot spot. It has been discussed that the quasar activity
in this system may be triggered by gravitational interaction with the companion. Using
typical conversion factors for a ULIRG (Downes & Solomon @), the total molecular gas
mass derived from the CO luminosity exceeds the dynamical mass of the system (Carilli et
al. M), and as a remedy for this inconsistence, gravitational lensing has been suggested.
However, the same authors argue that masses and velocity widths of the components are
very different; therefore, it appears unlikely that the multiple components are different
lensed images of one source.

New Observations

The final CO(J=1—0) spectra of BR 1202-0725 are shown in Figure Bl (top, GBT; middle,
Effelsberg; bottom, combined spectrum). Gaussian fitting to the line profile of the combined
spectrum results in a peak flux density of 0.34 & 0.03 mJy and a FWHM of 333 & 30 kms~*.
The integrated CO(J=1—0) line flux is 0.120 = 0.010 Jy kms~!. This agrees well with the
extrapolated value of 0.123 + 0.013 Jy kms™! derived from the CO(J=2—1) flux (Carilli
et al. M) under assumption of fully thermalized and optically thick CO emission (see
also discussion in Sect. 4.1). The width of the CO(J=1—0) line is consistent within the
error bars with an average of the higher J transitions in the literature (~ 290 kms™';
see Table B3)). The derived redshift of 4.6949 + 0.0003 is in good agreement with the
CO(J=5—4) redshift (Omont et al. [1996; northern and southern components combined).
The structure of this source is unresolved at the resolution of our measurements; all line
parameters are in good agreement with the higher J lines adding up both components.
The derived CO line luminosity of 1.0 x 10" K kms~!'pc? results in an Hy gas mass of
8.1 x 10" M, (see also Table BZ).

3.5.2 PSS J2322+41944

Previous Results

The z = 4.12 QSO PSS J2322+1944 is an IR-luminous high-redshift source (see Table B2)
that is known to exhibit strong CO line emission in multiple transitions (see Table B3).
Optical imaging and spectroscopy reveal a double-source structure, and the two compo-
nents are separated by about 1.5”. The spectra of both peaks are essentially identical,
consistent with strong gravitational lensing (optical magnification factor /ff’t = 3.5) by
an intervening foreground galaxy (Carilli et al. M) In high-resolution VLA images,
Carilli et al. M) find a molecular Einstein ring with a diameter of 1.5” in CO(J=2—1)
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Table 3.2: Luminosities, Gas Masses and Star Formation Rates

Dy, Ler® Looa—o)” Lrir /Lo o) Mgas(H2)? SFR¢
Source (Gpe) pf° (102Lp) (109K kms !'pc?) (Lo/K kms—!pc?) (1019Mg) (103 Mgyr—?)
BR 1202-072 44.2 14 60¢ /60 10.1/10.1 596 8.1 9.0
PSS J2322+1944 37.8 2.5f 239/9.2 10.5/4.2 219 3.4 1.4
APM 0827945255 35.6 7h 2007 /28.6 9.6/1.4 2090 1.1 4.3

@ Apparent luminosities (not corrected for lensing)/intrinsic luminosities (lensing corrected).

b Assuming a conversion factor of @ = 0.8 Mg (K kms~!pc?)~! from L/CO(I—O) to Mgas(H2) as appropriate for ULIRGs
(see Downes & Solomon [199d).

¢ Assuming a Schmidt-Kennicutt law (Kennicutt 19984, [998H): SFR(Mg yr—1)= 1.5 x 10710 Lpig (L), i.e., dmpdss = 1.5
following the notation of Omont et al. (2001), where Sy describes the dependence on the mass function of the stellar
population and dsp gives the fraction of Lprr that is actually powered by the starburst and not the AGN.

dCarilli et al. (2002H).

eCarilli et al. (2004).

fCarilli et al. @2003).

9Cox et al. (200).

hLewis et al. (20023).

iBeelen et al. (2006).

line emission, which can be modeled as a circumnuclear star-forming disk with a radius
of 2.2kpc (CO magnification factor u$© ~ 2.5). The derived intrinsic star formation rate
(SFR) is of the order of 900 M, yr—!. PSS J2322+1944 exhibits strong, nonthermal (syn-
chrotron) radio continuum emission at 1.4 GHz, and the rest-frame radio-to-IR spectral
energy distribution (SED) resembles that of local nuclear starburst galaxies such as M82
(Cox et al. 2009). This QSO is the fourth high-z CO emitter to be detected in [C1] emission
(Pety et al. ), providing additional evidence for the presence of active star formation
in the host galaxy.

New Observations

The final CO(J=1—0) spectra of PSS J2322+1944 are shown in Figure (top, GBT;
middle, Effelsberg; bottom, combined spectrum). From Gaussian fitting to the combined
spectrum, the peak line flux density is found to be 0.77 £ 0.07 mJy, the line FWHM is 190 +
14 kms™!, and the integrated line flux is 0.155 4= 0.013 Jy kms~!. These values are in good
agreement with the CO(J=1—0) detection of Carilli et al. (Im; S, = 0.89 £ 0.22mJy,
AVpwam = 200 + 70 kms™!, [ = 0.19 4+ 0.08 Jy kms™!), although results for the higher
J CO transitions indicate a larger linewidth (AVewawm > 250 kms™!; see Table B3). The
Gaussian fit gives a redshift of 4.1179 4+ 0.0002. The derived lensing-corrected CO line
luminosity of 4.2 x 101 K kms™'pc? results in an Hy gas mass of 3.4 x 10'° M, (see also

Table B2).
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Table 3.3: CO Detections in the Quasar Hosts of Our Targets in the Literature

Sy I AVEwHM
Source Component z Transition (mJy) (Jy kms™1) (kms~!)  References
BR 1202-0725 N 4.692 2-1 0.44 + 0.07 0.26 + 0.05 1
S 4.695 2-1 0.77 &£ 0.10 0.23 + 0.04 1
NS 4-3 ~5.1 1.50 £ 0.3 280 + 30 2
N 4.6916 54 ~3.5 1.3+ 0.2 350 2
S 4.6947 54 ~5.5 1.1 +0.3 190 2
NS 4.695 5-4 9.3 £ 2.1 2.7 £0.41 220 + 74 3
NS 4.6915 76 ~10.6 3.1 £ 0.86 ~275 2
PSS J2322+1944 4.1192 1-0 0.89 + 0.22 0.19 + 0.08 200 + 70 4
4.1192 2-1 2.70 + 0.24 0.92 + 0.30 280 + 42 4,5
4.1199 4-3 10.5 4.21 + 0.40 375 £ 41 6
4.1199 54 12 3.74 £ 0.56 273 £ 50 6
6-5 7
-6 7
APM 08279+5255 3.9 1-0 0.150 £ 0.045% 575 8
1-0 0.22 + 0.05 575 9
1-0 10
3.9 2-1 ~0.81° 8
3.9114 4-3 74 £ 1.0 3.7 £0.5 480 + 35 11
3.9115 4-3 7.3 £19 3.7+04 500 + 17¢ 12
3.9118 4-3 7.5 £ 0.56 3.8 +£04 12
3.9113 6-5 14.3 £ 3.1 7.3 £0.7 500 + 17¢ 12
3.9109 9-8 179 £ 14 9.1 £0.8 11
3.9111 9-8 21.9 £ 4.9 11.1 £ 2.2 500 + 17¢ 12
3.9119 9-8 24.2 + 1.3 125 £ 24 12
3.9101 10-9 23.3 £ 4.0 11.9 £ 24 500 + 17¢ 12
3.9110 11-10 20.5 + 4.1 104 £ 2.1 500 &+ 17¢ 12

Notes—For BR 1202-0725, N and S indicate the northern and southern components, respectively, and NS indicates an inte-
grated measurement over both components.

@ Apparent luminosities (not corrected for lensing)/intrinsic luminosities (lensing corrected).

bAssuming a velocity-averaged brightness temperature ratio between CO(J=2—1) and CO(J=1—0) of 1.35 £ 0.55 (Pa-
padopoulos et al. )

¢Derived from a line profile averaged over all transitions.

References—(1) Carilli et al. R002H; (2) Omont et al. [996; (3) Ohta et al. [[996; (4) Carilli et al. 2002d; (5) Carilli et al. 2003;
(6) Cox et al. R00T; (7) A. WeiB et al. 2006, in prep.; (8) Papadopoulos et al. R00T; (9) Lewis et al. B002d; (10) D. Riechers
et al. 2006, in prep.; (11) Downes et al.[1999; (12) WeiB et al. R007.
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3.5.3 APMO0827945255

Previous Results

APM 08279+5255 is a strongly lensed, radio-quiet broad absorption line (BAL) QSO at
z = 3.91. Gravitational lens models of the QSO continuum source suggest magnifica-
tion by a factor of ,ufﬁpt ~ 100, and the image breaks up into three components with a
maximum separation of 0.4” (Ledoux et al. : Thata et al. [1999; Egami et al. M)
APM 08279+5255 has been detected in the millimeter and submillimeter dust continuum,
revealing an apparent bolometric luminosity of ~ 5 x 10" L, (Lewis et al. @) A mul-
titransition CO study (see Table B3) in combination with detailed lens models appears to
reveal a spatially extended structure on a scale of at least 400 pc (Lewis et al. ), which
is gravitationally magnified by a factor of u£© = 7. The strength of the CO(J=9—8) emis-
sion indicates the presence of hot dense gas with a kinetic temperature of approximately
200K (Downes et al. @)

From VLA imaging of the CO ground-state transition at a linear resolution of 2.25",
Papadopoulos et al. (Ifﬂ_?_ll) report the detection of an extended, low-excitation molecular
gas reservoir around the compact nucleus that extends over a scale of 7 (~30kpc). The
integrated brightness temperature of this extended domain appears to be of the same order
of magnitude as that of the nuclear region. This extended reservoir would be well within
our 32” GBT beam. Papadopoulos et al. M) do not derive the total flux in the extended
reservoir. For the central ~1” (corresponding to ~7.2kpc at the source redshift), which
they call “the nuclear CO(J=1—0) emission,” they find an integrated flux of 0.150 +
0.045Jy kms~t. The VLA bandpass used by Papadopoulos et al. M) has an effective
bandwidth of ~45MHz, or ~575kms™! at the CO(J=1—0) line frequency. Therefore,
assuming that the peak in their Figure 1c is 6.50 = 260 uJy beam™! (¢ = 40 uJy beam™!),
we consistently derive an integrated flux over the peak of 0.15Jy kms~! beam~!. However,
Papadopoulos et al. (|2D__0_1|) suggest that this peak of “nuclear emission” sits on a broad,
extended plateau (see their Figure 1¢). If we assume that the extended reservoir component
is traced by their 20 (80 uJy beam™') contour, it has a width of ~8”x3", or ~4.7 beam
areas at the given resolution of 2.25”x2.25”. This corresponds to a flux of 0.22 Jy kms™!
for the extended emission. The same estimate for their 3¢ (120 uJy beam™!) contour gives
a width of ~7"x2.25" or ~3.1 beam areas. This again corresponds to a flux of 0.22Jy
kms~! (note that both these estimates are lower limits for the extended emission). The
total flux in the CO(J=1—0) map of Papadopoulos et al. M) is therefore estimated to be
>0.37Jy kms~!. The same authors also suggest that this reservoir breaks up into multiple
components at higher resolution; in their CO(J=2—1) observations at 0.5” resolution, they
claim to find two emitting regions 2-3” distant from the central region; if real, these could
be companion galaxies that are not individually resolved in the extended CO(J=1—0)
reservoir.
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New Observations

The final CO(J=1—0) spectrum of APM 0827945255 is shown in Figure B3 We derive
a CO(J=1—0) peak flux of 0.26 + 0.04mJy and a FWHM of 556 + 55 kms™! from our
Gaussian fit. This results in an integrated line flux of 0.152 £ 0.020 Jy kms~!, which is
in good agreement with the value of 0.150 £ 0.045Jy kms~! found by Papadopoulos et
al. (I2il_0_1|) for the central ~1” [“the nuclear CO(J=1—0) emission”]. However, our result
is inconsistent with the integrated flux of 0.37Jy kms™! given by our estimate of their
full CO(J=1—0) reservoir (see previous subsection). Such a high flux is clearly ruled
out by our GBT observations. We thus find no evidence for a luminous extended halo,
which would be well within our 32” beam, and cannot confirm the existence of bright
companion galaxies. The derived FWHM velocity width of our CO(J=1—0) detection
is in agreement with single-dish observations of the CO(J=6—5), CO(J=10—9), and
CO(J=11—10) transitions obtained with the IRAM 30m telescope (~500 kms~t; Weif3
et al. M) and IRAM Plateau de Bure interferometer observations of the CO(J=4—3)
transition (480 + 35 kms™'; Downes et al. 1999: see Table B3). Our derived CO(J=1—-0)
redshift of 3.9122 £+ 0.0007 is in good agreement with previous results (3.9114 £+ 0.0003
for the 4—3 transition). The derived lensing-corrected CO line luminosity of 1.4 x 109K
km s~ 'pc? results in an Hy gas mass of 1.1 x 10'° My, (see also Table B2).

3.6 Analysis and Discussion

3.6.1 Large Velocity Gradient Modeling

To investigate how much of the CO(J=1—0) emission in our target QSOs is associated with
the molecular gas reservoirs detected in the higher J CO transitions, we have used spherical,
one-component large velocity gradient (LVG) models. All these LVG calculations use the
collision rates from Flower (Iﬁl) with an ortho/para Hy ratio of 3 and a CO abundance per
velocity gradient of [CO]/(dv/dr) = 1x 10~ pe (kms™1)~1 (e.g. WeiB et al. 2005d). Models
were fitted to those lines above the CO(J=1—0) transition listed in Table for each
source. The turnover of the CO line SED (and therefore the slope beyond the turnover) is
not well determined. Thus, a large degeneracy exists between the kinetic gas temperature
Tiin and density pgas(H2), the two main free parameters in our study. As an example,
Figure B4 shows data of all transitions and three representative models for BR 1202-0725:
Model 1 (solid line) assumes Ty, = 60 K and pgas(H2) = 10*! cm ™2 and gives the overall
best fit to all transitions. Models 2 (dashed line) and 3 (dotted line) are shown as a
representation of the parameter space allowed by the data within the error bars. Model
2 assumes T, = 120K and pgas(Hz) = 1037 cm™3, while model 3 assumes Ty, = 30K
and pgas(Ha) = 10*°cm™. The LVG predicted CO(J=1—0) flux of the different models
based on the J > 1 CO transitions is fairly well constrained by the solutions. Most of
our calculated models suggest that the CO emission is close to thermalized up to the
CO(J=4—3) transition and optically thick (7 2 5), which implies that the LVG predicted
CO(J=1—0) line fluxes are similar to those we would derive by assuming a v? scaling
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Figure 3.4: CO ladder and LVG models (based on all J > 1 transitions) for BR 1202-0725.
The inset shows a zoomed-in version of the J = 2,1 region (as indicated by the dashed
box). The filled triangle is the CO(J=1—0) data point based on the combined spectrum.
Data for the higher J CO transitions (open triangles) are taken from the literature (see
Table B3)). For comparison, we also show data for the inner disk of the Milky Way (open
squares; Fixsen et al. [1999), normalized to the CO(J=1—0) flux of BR 1202-0725. The
kinetic temperature Ti;, and gas density pg.s(Hs) are treated as free parameters in this
study. Three representative models are shown: Model 1 (solid line) assumes Ti;, = 60K
and pgas(Ha) = 10! cm™ and gives the overall best fit to all transitions. Model 2 (dashed
line) assumes Ty, = 120 K and pgas(Ha) = 10*7 cm ™3, while model 3 (dotted line) assumes
Tiin = 30K and pgas(Ha) = 10*% cm ™.
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of the line flux densities from the mid-J CO transitions. The predicted LVG integrated
flux ranges of the CO(J=1—0) transition are 0.10-0.12Jy kms~! (BR 1202-0725), 0.20-
0.23Jy kms™! (PSS J2322+1944), and 0.13-0.20Jy kms™' (APM08279+5255) and are
in good agreement with our observations for all sources. As described in Sect. 3.2.2, the
observed CO(J=1—0) line width in our new observations and in the VLA spectrum (Carilli
et al. M) of PSS J2322+1944 is lower than that of the higher J transitions; thus, the
integrated model fluxes are a bit higher than our result. If we compare the peak fluxes
only, we obtain a good agreement.

Our observations and models are in agreement with the assertion that all observed
CO(J=1—0) flux density is associated with the highly excited molecular gas seen in the
high-J CO lines. We thus find no evidence for an additional luminous, more extended
low surface brightness gas component surrounding the central region of our target QSOs,
in contrast to what has been suggested previously for APM 08279+5255 (Papadopoulos
et al. |2il_0_1|) Given the accuracy of our measurements, we conclude that at most 20%—
30% of the CO(J=1—0) luminosity may be associated with such a diffuse component.
We note, however, that if the L to Mgs(Hz) conversion factor (o) for a faint extended
component were higher (e.g. Galactic), a higher Hy mass may be hidden in such an extended
component.

3.6.2 Correlations of High- and Low-Redshift Galaxies

CO results for our three high-redshift IR-luminous QSOs are summarized in Tables BTl
and B2 Our sample consists of all three high-z QSOs for which the CO ground-state
transition has been detected to date and covers ~20% of the CO-detected z > 2 quasars.
As discussed above, the CO(J=1—0) transition provides the best information of the total
amount of molecular gas in a system, quantified by L60(1—0)- For most QSOs/galaxies
detected in CO at high z, CO(J=3—2) and CO(J=4—3) are the lowest transitions that
have been detected to date. Based on our results in the previous paragraph, however,
we can now estimate their L60(1—o) by assuming constant brightness temperature for all
transitions from CO(J=1—0) to CO(J=4—3) (i.e., Ly is the same for those transitions).
This assumption is also in agreement with observations towards the radio galaxy 4C 60.07
(Greve et al. M) However, it is important to note that all high-z sources were selected
via higher J CO transitions, which could, in principle, introduce a bias towards highly
excited starburst environments.

Following Sanders et al. (Iﬁh Gao & Solomon M) found a nonlinear relation
between the logarithms of the FIR luminosity Lgr and the CO(J=1—0) line luminosity
Lt for a sample of local spiral galaxies, luminous infrared galaxies, and ultraluminous
infrared galaxies. Their sample consists mostly of galaxies whose FIR luminosity is powered
by star formation only. Our CO(J=1—0) observations and LVG models suggest that L
can be estimated for all CO-detected high-z sources with some degree of confidence, even
if only observations of higher J CO transitions exist for most of these sources. To put this
result into context, we now aim to discuss the Lo-Lpr relation and its implications for
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Figure 3.5: Comparison of velocity-integrated CO line luminosity with FIR luminosity for
a sample of low-z spiral and starburst galaxies from Gao & Solomon (20044), the ULIRGs
from Solomon et al. (1997), z < 0.2 PG QSOs from Alloin et al. (1992), Evans et al.
(2001)), and Scoville et al. (2003), extrapolated Galactic molecular clouds (GMCs) from
Mooney & Solomon ([L988), the Milky Way (Fixsen et al. [1999), and high-z submillimeter
galaxies, radio galaxies, and QSOs from the literature (see Solomon & Vanden Bout 2005)
with respect to our new results. All FIR luminosities are rederived as described in Carilli
et al. (2005). All data are corrected for gravitational lensing. The solid line is a straight-
line least-squares fit to the Gao & Solomon (2004a) sample, corresponding to log(Lgr) =
(1.26 £ 0.08) log(Lco) — 0.81. The dotted line shows the fit to the GMCs from Mooney
& Solomon ([1988), corresponding to a power-law index of 0.96 + 0.08. The dashed line
is a fit to all high-z sources, the Gao & Solomon (2004a) data, the Solomon et al. (1997)
ULIRGs, and the PG QSOs, corresponding to log(Lgr) = (1.39 £ 0.05) log(Lco) — 1.76.
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some selected samples of galaxies at low and high redshift.

Figure B shows the relationship between log(Lyr) and log(L¢,) for our three targets,
all other high-z CO detections (except TN J0924-2201, which does not have a measured
FIR luminosity), the z < 0.2 Palomar-Green (PG) QSOs from Alloin et al. (@), Evans
et al. M), and Scoville et al. ) including PDS 456 (Yun et al. M), local (z < 0.3)
ULIRGs from Solomon et al. ), and the local galaxy sample (z < 0.1) of Gao &
Solomon (Im . All FIR luminosities for the high-z sources are rederived as described by
Carilli et al. (Iﬁ) unless stated otherwise. Lensing magnification factors were taken into
account. In addition, data for the Milky Way disk (Fixsen et al. @) and an (extrapolated)
relation for Galactic molecular clouds (Mooney & Solomon @) are given for comparison.
The solid line is a straight-line least-squares fit to the Gao & Solomon M) sample,
corresponding to log(Lgr) = (1.26 £ 0.08) log(Lco) — 0.81 (the power-law index is 1.25 +
0.08 in the original publication). Fitting the high-z sources, the Gao & Solomon M)
data, the Solomon et al. (IE) ULIRGs, and the PG QSOs together, we find the relation
log(Lpmr) = (1.39 £ 0.05) log(Lco) — 1.76. Both relations are clearly nonlinear, as their
power-law indexes are significantly larger than unity (see also the corresponding discussion
in Gao & Solomon Iﬁ) We recover a Schmidt-Kennicutt law (power-law index of 1.4;
Kennicutt I@, M) for the larger, more heterogeneous sample. More importantly,
the high-z sources seem to follow the same slope (within the errors) as seen at low z, even
though most high-z sources harbor central active galactic nuclei (AGNs). In addition, the
high-z QSOs and high-z submillimeter (likely lacking a luminous AGN) and radio galaxies
statistically occupy the same area in the plot. The same behaviour is found for the PG
QSOs in comparison to the low-z spiral galaxies, LIRGs, and ULIRGs. It is in general not
clear that the FIR emission comes mostly from star formation, i.e. that it is not strongly
biased by active nuclei or the interstellar radiation field. For example, SED modeling of the
z = 2.6 quasar H1413+117 (the Cloverleaf) reveals that only ~20% of its FIR luminosity
is powered by star formation (Solomon et al. M), but it is not an outlier in the L{o-
Lpr diagram. In this context, the elevated Lpr/Lyo ratio in APM 0827945255 may be
explained by a combination of differential lensing and a relatively high contribution of
the AGN to Lgr (see Rowan-Robinson 2000 for models of the TR SED). Outliers such as
APM 08279+5255 are also found at low z (e.g. the QSO PDS456 and the warm ULIRG
IRAS08572+3915; see Fig. BH). As the relative number of such outliers is very small, this
may also be explained by a brief FIR-bright AGN phase (Yun et al. M) However, it
is likely that the dominant energy source in most ULIRGs is an extreme starburst rather
than heating by a dust-enshrouded AGN (e.g., Solomon et al. m; Downes & Solomon

). This picture is supported by the finding that ULIRGs harbor large quantities of
dense molecular gas, which is more intimately involved with star formation than the major
fraction of the mostly diffuse CO (Gao & Solomon M) It has to be kept in mind
that the high-z sources are highly selected and probably fulfill the Malmquist bias (i.e.,
the apparent increase in the average L{, and Lpg towards high redshift is probably a
consequence of the flux limitation in the sample, e.g. Sandage %L&_%I) As an additional
consequence of flux limitation in the sample, lensing influences the results (i.e., stronger
lensing magnification allows us to probe deeper, and therefore the intrinsic CO luminosity
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drops).

We can also set an approximate lower limit on the duration of the intense starburst
phase. Considering the total H, masses and star formation rates in Table B2, the depletion
timescale of the molecular gas is of the order of 107 yr for all three QSOs under the assump-
tion of a constant SFR and 100% star-forming efficiency. This implies that the starburst
itself can be relatively short-lived (and compact, as the dynamical time must be less than
the starburst lifetime), unless the molecular gas in which the star formation occurs can be
resupplied on timescales of ~ 107 yr.

3.7 Summary

We have detected CO(J=1—0) emission in three QSOs at redshifts 3.9 < z < 4.7 with
the NRAO GBT and the MPIfR Effelsberg telescope. From our analysis of the resulting
spectra of BR 1202-0725, PSS 232241944, and APM 0827945255, we obtain the following
results:

1. We derived lensing-corrected CO(J=1—0) line luminosities of 1.0x 10! K kms™!pc?
for BR 1202-0725, 4.2 x 101K km s !pc? for PSS 232241944, and 1.4 x 101K km s~ 'pc?
for APM 08279+5255. These results are in good agreement (within a factor of 2) with
previous estimates of the total CO luminosities based on the higher J CO transitions,
consistently providing very large Mgas(Hz) of > 10'° M.

2. CO(J=1—0) fluxes predicted by one-component LVG models are in good agreement
with our observations. Considering our modeling results, the CO emission appears to be
close to thermalized up to the 4—3 transition in all cases. Thus, our observations show no
indication of a luminous extended, low surface brightness molecular gas component in any
of the high-redshift QSOs in our sample (cf. Papadopoulos et al. ). In fact, all CO
transitions are described very well by a single gas component in which all molecular gas
is concentrated in a compact circumnuclear region. If such extended components were to
exist, our observations and models would limit their contribution to the overall luminosity
to at most 20-30%.

3. There appears to be a correlation between log(Lpr) and log(Lgg) for low-redshift
galaxies including (U)LIRGs over orders of magnitude in Lgir, and the significantly brighter
sources found at high 2 appear to follow the same general trend (see also Solomon & Vanden
Bout M) In particular, we find that the correlation shows no significant difference
between QSOs and systems without a luminous AGN.

The observations presented herein demonstrate the feasibility of detecting high-z CO
with 100 m single-dish radio telescopes and highlight the physical implications of observing
the ground-state transition of this molecule towards massive galaxies at redshifts greater
than 4.

It is a pleasure to thank my collaborators on this project:

Fabian Walter (MPIA), Chris Carilli (NRAO), Kirsten K. Knudsen (MPIA), Fred Lo
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Frank Bertoldi (AIfA), Christian Henkel, Karl Menten and Axel Weifl (MPIfR), Min Yun
(UMASS), and Nick Scoville (Caltech).
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Chapter 4

Dense Molecular Gas I: Search for
HCN at 2=6.42

4.1 Context

In the previous chapters, it was shown that the total molecular gas mass and the star for-
mation rate as traced by L and L are two of the main diagnostics in studies of galaxy
properties, formation and evolution. Clearly, these properties correlate. Interestingly, the
relation between both properties appears to define a global law, which does not change
with galaxy type, luminosity, or redshift. However, the relation is also clearly non-linear
and shows considerable scatter, which implies that both properties do not trace the same
physical regions. This is not a surprise, as we have seen that star formation only takes
place in the dense cores within the molecular ISM, whereas the more diffuse regions (that
are also traced by Lg) just play a passive role. One may thus expect that, if only the
dense fraction of the molecular gas in a galaxy is considered, the relation should show
less scatter and be more linear. The main tracer of dense gas in nearby galaxies is HCN.
After CO, HCN thus is the second most commonly observed molecule in the nearby uni-
verse. However, the first systematic survey of HCN in the nearby universe was carried out
only recently by Gao & Solomon M, M), and encompasses 65 galaxies (the most
comprehensive sample to date). Their survey was extended down to individual Galactic
GMCs by Wu et al. (M) These observations indeed show that Ly correlates with
Lpir in a linear fashion, indicating that dense molecular gas is indeed a good tracer for
star formation. This is why the Ly~ Lrir correlation has recently also become a subject
of study at high redshift, where the huge star formation rates of several 1000 M, yr—*
derived from FIR observations have lead to discussions concerning the reliability of Lpg
as a star formation tracer. This discussion is in part driven by the fact that many of
the high-z FIR-detected galaxies host an AGN, which may power (at least in part) the
FIR luminosity, leading to an overestimate of the SFR. Due to the fact that molecules get
dissociated close to an AGN, Ljcy is believed to not have such a bias. Due to the fact
that HCN emission is typically by an order of magnitude fainter than CO emission (which
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is already difficult to detect at high z), only few redshifted galaxies were detected in HCN
emission to date. A recent study by Gao et al. ) summarizes the results obtained so
far, and shows that, indeed, the high redshift galaxies are systematically offset from the
local Lo Lrir relation towards higher Lyg. The results presented here provide further
evidence for decreasing Liy as a function of Lp for large luminosities.

4.2 Abstract

We report a sensitive search for the HCN(J=2—1) emission line towards

SDSS J114816.644-525150.3 (hereafter: J1148+5251) at 2=6.42 with the Very Large Array
(VLA). HCN emission is a star formation indicator, tracing dense molecular hydrogen gas
(n(Hy) > 10*ecm™3) within star-forming molecular clouds. No emission was detected in
the deep interferometer maps of J1148+4-5251. We derive a limit for the HCN line lumi-
nosity of Loy < 3.3 x 10°K kms™'pc?, corresponding to a HCN/CO luminosity ratio
of Liyen/Leo<0.13. This limit is consistent with a fraction of dense molecular gas in
J1148+4-5251 within the range of nearby ULIRGs (median value: Liyon/Lpo=0.17"50s) and
HCN-detected 2>2 galaxies (0.17700%). Due to their linear correlation in the nearby uni-
verse, the relationship between Liy and Lgg is considered a sensitive probe for the con-
ditions of star formation. In J1148+5251, we find Ly /Lyjcn>6600. This is significantly
higher than the average ratios for normal nearby spiral galaxies (Lpir/Licn=580151) and
ULIRGs (74072:°), confirming a trend seen for other 2>2 galaxies (predominantly quasars;
15257332%). This trend is not easily explained with a large contribution of AGN heating to
Lpir alone, and may hint at an elevated star-formation efficiency toward the more luminous
high-redshift systems. There is marginal evidence that the Ly /Loy ratio in J1148+-5251
may exceed the trend set by other z>2 galaxies; however, only future facilities with large
collecting areas such as the Square Kilometre Array will offer the sensitivity required to
further investigate this question.

4.3 Introduction

High redshift galaxy populations are now being detected back to 780 million years after
the Big Bang (spectroscopically confirmed: z=6.96; Iye et al. M), probing into the epoch
of cosmic reionization (e.g., Fan et al. m; Hu & Cowie M) Many of these very distant
galaxies show evidence for star formation activity (e.g., Taniguchi et al. . Some are
even found to be hyperluminous infrared galaxies (HLIRGs; Bertoldi et al. ; Wang
et al. M) with far-infrared (FIR) luminosities exceeding 10 L), suggesting vigorous
star formation and/or AGN activity. To probe the earliest stages of galaxy formation
and the importance of AGN in this process, it is necessary to study the star formation
characteristics of these galaxies.

A good diagnostic to examine the star-forming environments in distant HLIRGs are
observations of molecular gas, the fuel for star formation. The by far brightest and most
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common indicator of molecular gas in galaxies is line emission from the rotational transi-
tions of carbon monoxide (CO), which was detected in ~40 galaxies at high redshift (z>1)
(see Solomon & Vanden Bout for a review). These observations have revealed molec-
ular gas reservoirs with masses of >10' M, in these galaxies, even in the very distant
quasar J1148+-5251 at z=6.42 (Walter et al. m I@I Bertoldi et al. M)

Although CO is a good tracer of the total amount of molecular gas in a galaxy, due
to the relatively low critical density of ny, ~ 10> — 10>cm™3 required to collisionally
excite its lower J transitions, it is not a reliable tracer of the dense molecular cloud cores
where the actual star formation takes place. Recent studies of nearby actively star-forming
galaxies have shown that hydrogen cyanide (HCN) is a far better tracer of the dense

ng, ~ 10°—10% cm™3) molecular gas where stars actually form (e.g. Gao & Solomon IM,

, hereafter: GS0O4ab). In the local universe it was found that the HCN luminosity
(Liyen) scales linearly (unlike Li) with the FIR luminosity (Lpr) over 7-8 orders of
magnitude, ranging from Galactic dense cores to ultraluminous infrared galaxies (ULIRGs,
Wu et al. ). As Lpg traces the massive star formation rate (unless AGN heating is
significant), this implies that HCN is also a good tracer of star formation.

HCN has now also been detected in five galaxies at z>2 (Solomon et al. m Vanden
Bout etal. m Carilli et al. m hereafter: C05; Wagg etal. m Gao etal. m
hereafter: GO7). Adding a number of upper limits obtained for other high-z galaxies, these
observations indicate that the linear Ljjon—Lrmr correlation found in the local universe is
systematically different for the more luminous, higher redshift systems (G07). To further
investigate this apparent trend, our aim has been to extend the range of existing HCN
observations beyond redshift 6 and to higher Lgg.

In this chapter, we report sensitive VLA[ observations of HCN(J=2—1) emission to-
wards the 2=6.42 quasar J1148+5251, the highest redshift source detected in CO. A previ-
ous, less sensitive search for HCN(J=2—1) emission in this source has yielded no detection
(C05). We use a concordance, flat ACDM cosmology throughout, with Hy=71 kms~! Mpc™!,
Q\=0.27, and 2,=0.73 (Spergel et al. 2004, M)

4.4 Observations

We observed the HCN(J=2—1) transition line (4er = 177.2612230 GHz) towards

J1148+5251 using the VLA in D configuration in 10 tracks on 2004 June 21 and 26 (these
observations were discussed by CO05), and between 2007 May 01 and 13. At the target
redshift of 6.419, the line is shifted to 23.892873 GHz (11.96 mm). The total integration
time amounts to 80hr. Observations were performed in fast-switching mode using the
nearby source 11534+49311 (at 3.4° distance to J1148+5251) for secondary amplitude
and phase calibration. Observations were carried out under very good weather conditions
with 26 antennas (including 9 EVLA antennas in 2007): the phase stability was excellent

!The Very Large Array is a facility of the National Radio Astronomy Observatory, operated by Asso-
ciated Universities, Inc., under cooperative agreement with the National Science Foundation.
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Figure 4.1: VLA observations of HCN(J=2—1) (left) and 23.9 GHz continuum emission
(right) towards J1148+5251 at a resolution of 4.0”x3.3” (left) and 3.5”x3.3" (right; as in-
dicated in the bottom left corner of both panels). The HCN(J=2—1) line map is integrated
over the full 25 MHz IF. No emission is detected in both maps. The cross indicates the ge-
ometrical center of the CO emission. Contours are shown at (-3, -2, 2, 3)xo (1o = 15 uJy
beam™! for the line map, and 14 uJy beam™! for the continuum map).
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Table 4.1: Line Luminosities in SDSS J11484-5251

Sy L Ref.
[1Jy] [10° K kms~! pc?]
HCN(J=2—-1) (7 £ 15) <33 1
CO(J=1—0) <360 <142 2
CO(J=3—2) 570 + 57 26.4 £ 2.6 3
CO(J=6—5) 2450 26.9 + 2.4 2
CO(J=7—6) 2140 173 £ 24 2

Notes—Bracketed number indicates nondetection.

References—(1) This work; (2) Bertoldi et al. 2003H; (3) Walter et al. 2003

(typically <15° rms for the longest baselines). The QSO 3C286 was observed as a primary
flux calibrator. The resulting flux scale is accurate within the standard 15% uncertainty.

In 2004, two 25 MHz wide intermediate frequency bands (IFs) with seven 3.125 MHz
channels each were observed simultaneously, one centered at the HCN(J=2—1) line fre-
quency (23.8929 GHz), and one centered at 24.0430 GHz for continuum monitorin@. This
leads to an effective bandwidth of 21.875 MHz for both the line and continuum observa-
tions, corresponding to 274 kms™! at 23.9 GHz. For lines as broad as CO (279 kms™!
FWHM; Bertoldi et al. M), this setup would miss only <15% flux in the line wings. In
2007, observations were carried out in continuum mode, with one 25 MHz wide IF centered
at the HCN(J=2—1) line frequency (23.8929 GHz), and one 50 MHz wide IF centered at
23.7649 GHz to monitor the source’s continuumtl.

For data reduction and analysis, the AZPS package was used. All data were mapped
using the CLEAN algorithm and ‘natural’ weighting; this results in synthesized beams
of 4.0”x3.3” for the line map and 3.5”x3.3” (~20kpc at z = 6.42) for the continuum
map (see Fig. EIl). The final rms in the integrated HCN(J=2—1) line map is 15 uJy
beam™!, and 14 pJy beam™! in the continuum map. Averaging both uv datasets to a

‘high-sensitivity’ continuum map leads to an rms of 11 uJy beam™!.

4.5 Results

No HCN(J=2—1) emission is detected in J11484-5251 (Fig. B} left). We derive a peak
flux density of (7 4 15) uJy beam™! at the source’s CO position (see Table ETl), setting an
upper limitl of 30 p1Jy to the emission line peak flux. No continuum emission is detected
at and/or close to the HCN(J=2—1) line frequency (Fig. B, right). From the ‘high-
sensitivity’ continuum map, we derive a peak flux density of (11 £ 11) uJy beam™! at the
source’s position, setting an upper limit of 22 uJy to the 23.9 GHz continuum flux density.
This is consistent with the model-predicted continuum level of <8 uJy (Beelen et al. ).

%In fact, this is the center frequency of the HCO™*(J=2—1) line, which however was not detected.
Neither was the continuum.

3This frequency avoids other potentially bright emission lines near the HCN(J=2—1) frequency, such
as HCO™ (J=2—1), HNC(J=2—1), and CoH(N=2—1).

4In this chapter, we quote 2¢ limits; however, note that all conclusions hold for 3¢ limits.



78 4. Dense Molecular Gas I: Search for HCN at 2=6.42

Table 4.2: Luminosity Ratios at High z and Average Values

Source Lrir/Lyen  Lhon/Loo  Refs.
[Lo/Li]

SDSS J1148+4-5251 >6600 <0.13 1,2,3
Cloverleaf 13054360 0.10£0.02 4,5,6
IRASF10214+4724 2835+855 0.18+0.05 7,8,9
VCV J1409+-5628 2615+860 0.09+£0.03 9,10,3
APM 08279+4-5255% 1000 0.27 11,12,13
SMM J16359+6612 1550550 0.18+0.04 14,15,16
avg. ‘normal’ spiral (33) 580J_rg%8 0.04J_r8'_8é 17,14
avg. 220 LIRG (23) 6507550 0.07T0 s 17,14
avg. 2~0 ULIRG (9) 7401 20° 017905 17,14
avg. 220 ‘all’ (33+23+9) 6801560 0.05700; 17,14
avg. z>2 galaxy (5) 15257:}1320 0.17J_r8'_82 4-16

Notes—Line luminosity unit is L;=K kms~! pc?. Bracketed numbers are sample sizes (‘all’ corresponds to the full Gao &

Solomon sample). For the averaged samples, median values and 1o statistical errors of the cumulative distribution are given.
Where not quoted in the literature, 25% error are assumed for Lprg.

“We adopt the extrapolated HCN(J=1—0) luminosity from Weif} et al. (|M)7 derived by assuming collisional excitation
only (uncertainties are model-dominated). Also, we only consider the ‘cold, dense’ gas and dust component in their model,
which is assumed to give rise to the HCN emission.

References—(1) This work; (2) Walter et al. 2003; (3) Beelen et al. 200d; (4) Solomon et al. R003; (5) WeiB et al. 2003; (6)
Riechers et al. R006H; (7) Vanden Bout et al. 2004; (8) D. Downes & P. M. Solomon, in prep.; (9) Carilli et al. R00d; (10)
Beelen et al. R004; (11) Wagg et al. 2008; (12) Riechers et al. 2006d; (13) WeiB et al. RO0T; (14) Gao et al. R00T; (15) Kneib
et al. 2007; (16) Kneib et al. B004; (17) Gao & Solomon R004d.

From our observations, we derive a limit to the HCN(J=2—1) line luminosity of Lj;oy <
3.3x 10K kms ™! pc? (assuming a HCN/CO linewidth ratio of 0.67, i.e., the average value
for the four 2>2 HCN-detected quasardl; see Table for references), corresponding to
13% of the CO luminosity (Walter et al. ). Using the FIR luminosity derived by Beelen
etal. (2006, we find Ly /Lj;cn>6600.

4.6 Analysis

4.6.1 ‘Dense Gas Fraction’: The L}\/L¢o Ratio

The nondetection of HCN(J=2—1) in J1148+5251 at the depth of our observations has

several implications. For the following comparison with other galaxies (for which L, and
Hon are given in the ground-state transition), we assume that the HCN(J=2—1) and

CO(J=3—2) lines are thermalized, so that Lycyj—s—1y=Lycn(j=1_o) and
/CO(J:3—2):L/CO(J:1—O)' Considering the high CO excitation in this source (Bertoldi et al.

5This ratio lies between 57% and 80% for the z>2 sample, but is up to 100% in nearby starburst
galaxies like NGC 253 (e.g., Knudsen et al. M)

SFIR luminosities estimated from modeling the sparsely sampled FIR SEDs of high-z galaxies are only
accurate within a factor of 2.



4.6 Analysis 79

M) and the fact that both lines arise from low J transitions, this is likely a valid
assumption.

The critical density of the CO(J=1—0) transition and its excitation threshold temper-
ature of T.,=5.5K are low compared to the median gas density and temperature in most
galaxies. This is one of the reasons why CO(J=1—0) emission is considered a good tracer
for the total amount of molecular gas in a galaxy. The critical density of the HCN(J=1—0)
transition [Tx=4.3 K, similar to CO(J=1—0)] is significantly higher than the median den-
sity in most galaxies (e.g., Downes & Solomon m) HCN(J=1—0) emission thus is
considered a good tracer for the dense peaks of the molecular mass distribution.

The Lijen/ Lo ratio thus is considered a measure for the dense fraction of molecular gas
in a galaxyll. On average, this ratio is about four to five times higher in local ULIRGs com-
pared to normal, nearby spiral galaxies [median value of 0.177393 (ULIRGs) vs. 0.047003
(spirals); see Table 2. However, there does not appear to be a further increase toward
the even more FIR-luminous systems at 2>2 (0.1770:03 on average) within the statistical
uncertainties (all values rederived from GS04ab; GO7). The upper limit for LN/ Lo in
J11484-5251 is 0.13, placing it below the median but within the range of values measured
for ULIRGs and 2z>2 galaxies (Fig. EZh). Our observations thus confirm the finding of
G07 that galaxies brighter than Lpr=10'2 L, appear to have a higher fraction of dense
molecular gas than normal spiral galaxies; however, there is no indication that this fraction
rises further toward the highest Lgpig, or that it changes with redshift.

4.6.2 ‘Star Formation Law’: The Lpr/L}-y Ratio

The FIR luminosity is thought to originate dominantly from dust-reprocessed light of young
massive stars, and thus to be a good tracer of the star-formation rate (SFR) in a galaxy.
Star formation in galaxies takes place in dense molecular clouds that are traced well by
HCN emission, resulting in a linear correlation between the FIR and HCN luminosities
(Wu et al. ). However, GO7 have found a mild increase of Lgpr/Lycy With increasing
FIR luminosity between normal spiral galaxies and ULIRGS [Lpr / Lj;cn=580151) (spirals)
vs. 740720° (ULIRGs) on average; see TableEEJ. This trend is found to get stronger toward
the even more FIR-luminous 2>2 systems (Lpr/Lijcn=1525"132" on average). The lower
limit of Ly / Lj;cn>6600 obtained for J1148+-5251 clearly confirms this trend, and extends
it toward higher redshift (Fig. E2b). Due to the fact that the high-z sources also have
systematically higher Lgpir than the nearby galaxies, it remains unclear whether we observe

a trend with redshift or with Lgg, or both.

"Note that Gracié-Carpio etal. (200) have questioned the validity of Liyen/Leo as a tracer of the
dense gas fraction.
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Figure 4.2: Trend of the Lyon/Lio (‘dense gas fraction’) and Ly /Ly (‘star formation
law’) ratios with redshift. Data for nearby spirals (Lpr <109 L i.e., Lir<10' Ly) and
(U)LIRGs (Lpir>10'%9 L,; GS04ab; G07), and high-z galaxies including J1148+5251 are
shown (detections labeled, see Table for references). In the left panel, down-arrows
indicate upper limits for HCN, and up-arrows indicate that HCN was detected, but not
mapped throughout the whole galaxy. In the right panel, this is indicated vice versa.
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4.7 Discussion

4.7.1 Median Gas Density and Star Formation Efficiency

Krumholz & Thompson (IM) argue that Lpr /Loy Is expected to be higher for galaxies
with a median gas density nyeq close to or higher than the critical density nggN of the
observed HCN transition than for galaxies with lower n.q. In their case, they define star
formation efficiency as the fraction of the mass that is converted into stars per dynamical
time of the system. Note that this is different than the star formation rate per unit
total gas mass. They argue that the non-linear relation between FIR and CO luminosity
arises due to the fact that CO traces all the gas, and the star formation rate is then
dictated by the density divided by the free fall time (free fall time oc n=°?), giving the
standard Schmidt-law: star formation rate oc n'®; or Lpr o< (L)' For molecules like
HCN, which only trace the small fraction of dense gas clouds directly associated with star
formation in normal galaxies, the free-fall time is roughly fixed by the critical density for
excitation. Hence the star formation rate shows a linear relationship with density, or Lgr
o (Ligen)'?. However, in extreme galaxies, where the median molecular gas density in
the ISM approaches the critical density for excitation of HCN, the free-fall time again
becomes relevant (i.e., HCN emission no longer selects just the rare, dense peaks whose
density is fixed by the HCN critical density, but instead traces the bulk of the ISM, whose
density can vary from galaxy to galaxy, and thus the variation of the density and the
free-fall time re-enter the calculation), and the relationship approaches: Lpr o< (Lien)™
Interestingly, current data show a marginal trend for a changing power-law index at the
highest luminosities of the type proposed by Krumholz & Thompson. This change in
power-law index from 1 to 1.5 would suggest that, in these extreme luminosity systems,
the median ISM gas density approaches the critical density for excitation of HCN. More
systems at high luminosity are required to confirm this changing power-law index.

4.7.2 The Role of AGN Heating for Lgr

Like most of the z>2 HCN-detected galaxies, J11484-5251 is a quasar. Based on radiative
transfer models of the dust SED of J1148+5251, Li et al. (M) thus argue that this source
may currently undergo a ‘quasar phase’, in which AGN heating of the hot and warm dust
contributes significantly to Lgg. This may be an alternative explanation for the elevated
Lpr/ Ly in this galaxy. The (rest-frame) IR properties (tracing emission from hot dust)
of J1148+5251 are similar to those of other z2>6 quasars with much lower Lgg (tracing
emission from warm dust), and even to local quasars (Jiang et al. M) This supports the
assumption that the hot dust in J1148+5251 is dominantly heated by the AGN; however,
the lack of a Lig—Lpr correlation indicates that the warm dust may still be dominantly
heated by a different mechanism. Moreover, J1148+5251 follows the radio-FIR correlation
for star-forming galaxies (Carilli et al. M), which may suggest a starburst origin for the
dominant fraction of Lgg.

Also, one of the z>2 HCN detections and some of the meaningful limits are submillime-
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ter galaxies without a known luminous AGN, but are still offset from the local relation. It
thus is not straight forward to assume that AGN heating can fully account for the higher
average Lyr/Licn in the high-z galaxy sample.

4.7.3 Implications for Future Studies

The depth of our observations is sufficient to detect a galaxy with the highest Lgg /Ljjcy in
the HCN-detected sample (Lpir/Lion=28351+855) at the redshift of J1148+-5251 (2=6.42)
in HCN emission at a signal-to-noise ratio of >5. To first order, our lower limit thus
confirms previous suggestions (GO7) that Lpr/Ljjcy ratios in high redshift sources lie
systematically above those for nearby galaxies. The scatter in this trend is still significant,
and will primarily be improved by increasing the number of HCN-detected galaxies at high
z, but also by extending studies to different dense gas tracers such as HCO' and CS. In
addition, it will be important to improve on the main sources of error for the individual
high-z detections (e.g., signal-to-noise limited HCN/CO linewidth ratio, accuracy of the
FIR SED fit, AGN bias of Lgr, see above). The statistical and individual results, so far,
may even imply that the trend in Ly / Ly increases further toward J1148+-5251. Clearly,
it is desirable to obtain more sensitive observations of this source. Although J1148+5251
is the most CO- and FIR-luminous z>6 galaxy known, 80 hr of VLA observations were
necessary to obtain the current limit. In a favourable case, the HCN(J=2—1) line may have
a strength of about 1.5 times the current rms. To obtain a solid 5 o detection of such a line,
about 1000 hr of observations with the VLA would be required. Due to improved receivers
and antenna performance, the fully operational Expanded Very Large Array (EVLA) will
be by a factor of two more sensitive to the comparatively narrow spectral lines in sources
like J1148+4-5251, and thus will still require long integration times. Studies of dense gas
at 2>6 thus appear to require an order of magnitude increase in collecting area, such as
offered by future facilities like the Square Kilometre Array (SKA) phase I demonstrator
(e.g., Carilli M) and the Atacama Large Millimeter/submillimeter Array (ALMA).

It is a pleasure to thank my collaborators on this project:

Fabian Walter (MPIA), Chris Carilli (NRAO), and Frank Bertoldi (AIfA).
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Chapter 5

Dense Molecular Gas II: HCO™ in a
2=2.56 Quasar Host (alaxy

5.1 Context

Motivated by early indications that the Lj;on—Lrir relation does not appear to hold toward
high redshift, and that the properties of star formation rather than AGN heating may be the
key to explain this offset, a program was started to study the composition in the molecular
ISM in distant galaxies in more detail. In practice, there are two main approaches. The
first approach is to study the excitation of both CO and HCN to understand the overall
density and temperature structure in these galaxies by those two tracer molecules. The
second approach is to study additional molecular tracers, which, from local studies, are
known to probe different environments. Due to the fact that CO and HCN are almost
always the brightest emission lines in galaxies, this means that even fainter levels have
to be probed. The most useful tracers will be other tracers of the dense peaks of the
molecular ISM, which then can be examined through their relation to the FIR and HCN
luminosities. In the local universe, the most common tracers of dense molecular gas are
HCN, HCO™, and CS. The main difficulty apart from detecting even fainter molecular
lines is the fact that sample sizes in the local universe get increasingly smaller (note that
even HCN is detected in only of order 100 nearby galaxies). In the following chapters,
our observations are described, which have lead to the first high redshift detections of
emission from molecules different from CO (discovered in 1991) and HCN (discovered in
2003), namely those of HCO™, CS, and CN (plus an upper limit for H,O). Conclusions are
drawn from the Schmidt-Kennicutt relations for those molecules, and relations to CO and
HCNH In this chapter, the discovery of HCO™ in the distant universe is described.

'Note that in the following three chapters, the HCN-FIR relation is treated as ‘linear’, as the significance
of and reason for the nonlinearity of the HCN-FIR relation in the high redshift systems is still subject to
debate (see Chapter 4). The Schmidt-Kennicutt relations of other molecules are examined in comparison
to HCN, which requires this simplification at present.
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5.2 Abstract

We report the detection of HCO™(J=1—0) emission towards the Cloverleaf quasar (z =
2.56) through observations with the Very Large Array. This is the first detection of ion-
ized molecular gas emission at high redshift (z > 2). HCO™ emission is a star forma-
tion indicator similar to HCN, tracing dense molecular hydrogen gas [n(Hs) ~ 10° cm ]
within star-forming molecular clouds. We derive a lensing-corrected HCO™ line luminos-
ity of Liyoor = 3.5 x 10°K kms 'pc?. Combining our new results with CO and HCN
measurements from the literature, we find an HCO™ /CO luminosity ratio of 0.08 and an
HCO™/HCN luminosity ratio of 0.8. These ratios fall within the scatter of the same rela-
tionships found for low-z star-forming galaxies. However, an HCO™ /HCN luminosity ratio
close to unity would not be expected for the Cloverleaf if the recently suggested relation
between this ratio and the far-infrared luminosity were to hold. We conclude that a ratio
between HCO™' and HCN luminosity close to 1 is likely due to the fact that the emis-
sion from both lines is optically thick and thermalized and emerges from dense regions of
similar volumes. The CO, HCN, and HCO™ luminosities suggest that the Cloverleaf is a
composite active galactic nucleus—starburst system, in agreement with the previous finding
that about 20% of the total infrared luminosity in this system results from dust heated
by star formation rather than heating by the active nucleus. We conclude that HCO™ is
potentially a good tracer for dense molecular gas at high redshift.

5.3 Introduction

One important goal in studies of galaxy formation is to determine star formation char-
acteristics through observations of molecular gas in the early universe. Molecular gas in
high-redshift galaxies is commonly traced by CO emission and has been found in more
than 30 galaxies at z > 2 to date. The observed molecular gas with masses of > 10° M,

rovides the requisite material for star formation (see review by Solomon & Vanden Bout
m and references therein]).

CO is a good indicator for the total molecular gas content of a system, as it can be
excited at relatively low densities; its low dipole moment of uS° = 0.11 implies a critical
density of only ng, ~ 10>-10%cm™ for the lower J transitions. Hence, emission from
low-J CO transitions is a relatively poor tracer of the denser gas that is more intimately
associated with star formation. The most common tracers of the dense molecular gas phase
are HCN and HCO*. Both molecules have much higher dipole moments (pHN = 2.98,
pRCOT = 3.30) than CO. The critical density to collisionally thermalize their lower J
transitions is therefore much higher than for CO, ny, ~ 10°-10% cm ™ (e.g., Gao & Solomon

,M; Brouillet et al. ).

Recent studies of the dense molecular gas phase in nearby (z < 0.3) luminous and
ultraluminous infrared galaxies (LIRGs and ULIRGs) have shown that the HCN and HCO™
luminosities correlate with the star formation rate as traced by the far-infrared (FIR)
luminosity. These correlations are tighter than the correlation between the CO and FIR
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luminosities (Solomon et al. I@; Gao & Solomon M, M; Gracia-Carpio et al.
). Because of the relative faintness of the emission lines, HCN has only been detected

in four objects at high z to date, and all the detections are in the host galaxies of quasars

(Solomon et al. m,; Vanden Bout et al. m; Carilli et al. m; Wagg et al. M)

It has recently been argued that galaxies dominated by active galactic nuclei (AGNs)
have higher HCN/HCO™ and HCN/CO luminosity ratios than starburst-dominated galax-
ies (Kohno et al. m; Kohno ; Imanishi et al. M) In this context, it has been
suggested that the presence of X-ray emission emerging from a dust-enshrouded AGN may
significantly enhance the chemical abundance of HCN relative to HCO' (Lepp & Dalgarno
Iﬁ@; Kohno et al. m; Usero et al. M) Also, the excitation of the HCN molecule may
be affected by IR-pumping through a 14 ym vibrational band (Aalto et al. @) Based
on these considerations and their HCO™ survey of low-z (U)LIRGs, Gracig-Carpio et al.

) suggest that the HCOT-to-HCN intensity ratio toward FIR-bright (Lpr > 102 L)
objects (such as the Cloverleaf) are likely low. Measurements of HCO™ emission in high-
redshift objects would thus lead to new constraints on their dense interstellar medium and,
potentially, on the radiation field pervading it.

In this chapter, we report the first high-z detection of HCO*(J=1—0) emission, which
was observed toward the Cloverleaf quasar (z = 2.56) with the NRAO Very Large Array
(VLA)E Because of its strong gravitational magnification (magnification factor p, = 11;
Venturini & Solomon M), the Cloverleaf is the brightest CO source at high redshift, and
it also exhibits bright HCN(J=1—0) emission gSolomon et al. M) and emission from both
C1 fine structure lines (Weif et al. ) ). A previous search for HCO™T(J=4—3)
emission in this source was unsuccessful, setting an upper limit of 14 mJy on the line peak
flux density (Wilner et al. I@) We use a standard concordance cosmology throughout,
with Hy = 71 kms™! Mpc™!, Q,,, = 0.27, and Q5 = 0.73 (Spergel et al. ,M)

5.4 Observations

We observed the HCO™ (J=1—0) transition line (1;est = 89.1885230 GHz) towards
H1413+117 (the Cloverleaf quasar) using the VLA in its D configuration between 2005
November 26 and 2006 January 13. At the target z of 2.55784, the line is redshifted to
25.068166 GHz (11.96 mm). The total integration time amounts to 25.5hr. Observations
were performed in fast-switching mode using the nearby source 14160+13204 (distance to
the Cloverleaf: 1.8°) for secondary amplitude and phase calibration. Observations were
carried out under excellent weather conditions with 23 antennas. The phase stability in
all runs was excellent (typically less than 15° rms for the longest baselines). For primary
flux calibration, 3C 286 was observed during each run.

Two 25 MHz wide intermediate-frequency bands (IFs) with seven 3.125 MHz channels
each were observed simultaneously in the so-called spectral line mode centered at the

2The National Radio Astronomy Observatory is a facility of the National Science Foundation, operated
under cooperative agreement by Associated Universities, Inc.
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Figure 5.1: VLA detection of HCO™ (J=1—0) towards the Cloverleaf quasar at a resolution
of 4.0"x3.0” (as indicated at lower left). Continuum emission was subtracted. The source
is marginally resolved. The cross indicates the geometrical center of the CO emission in
the Cloverleaf (Alloin et al. m, see text). This continuum-subtracted map is integrated
over the central 411kms~! (34.375MHz). Contours are shown at (=3, =2, 2, 3, 4, 5, 6, 7,
8)xo (1o =16 uJy beam™1).
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Figure 5.2: Channel maps of the HCO™ (J=1—0) emission (same region as shown in Fig. 1).
One channel width is 6.25 MHz, or 75kms™" (frequencies increase with channel number
and are shown at 25057.228, 25063.478, 25069.728 and 25075.978 MHz). Contours are
shown at (—3, =2, 2, 3, 4)x0 (1o =50 uJybeam™!). The beam size (4.0”x3.0”) is shown
at lower left; the crosses indicate the same position as in Fig. 1.

HCO™(J=1—0) line frequency, leading to an effective bandwidth of 43.75 MHz (corre-
sponding to 523kms~! at 25.1 GHz). In addition, two 50 MHz (corresponding to 598 kms~*
at 25.1 GHz) IFs were observed in the so-called quasi-continuum mode at 24.7351 and
24.7851 GHz to monitor the continuum at 12mm. We chose a setting with both contin-
uum channels below the HCO*(J=1—0) line frequency to avoid the significantly worse
system temperatures and locking problems of the local oscillator above 25 GHz. The con-
tinuum was observed for one-third of the total time to attain the same rms as in the
combined line channels.

For data reduction and analysis, the AIPS package was used. The two continuum
channels were concatenated in the w-v/visibility plane. The HCO'(J=1—0) line data
cube was generated by subtracting a CLEAN component model of the continuum emission
from the visibility data. All data were mapped using the CLEAN algorithm and “nat-
ural” weighting without applying a further taper; this results in a synthesized beam of
4.0"x3.0" (~28kpc at z = 2.56). The final rms in the combined map is 16 uJy beam™" for
a 34.375 MHz (corresponding to 411 kms™') channel and 50 uJy beam™! for a 6.25 MHz
(75 kms™!) channel.

5.5 Results

We have detected emission from the HCO™ (J=1—0) transition line toward the Cloverleaf
quasar (z = 2.56). The source appears to be marginally resolved in both the continuum
and the HCO™ line maps. Two-dimensional Gaussian fitting yields a continuum peak flux
density of 343 4+ 12 pJy beam™'. The continuum-subtracted HCO™(J=1—0) line map is
shown in Figure Bl The cross indicates the geometrical center position of the resolved
CO(J=7—6) map at a = 14815M46°.233, § = +11°20'43".50 (Alloin etal. [1997). The
small offset is likely due to the fact that the lens images are not equally bright; that is,
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Table 5.1: CO, HCN, and HCO™ Line Luminosities in the Cloverleaf

Sy 7
Line (nJy) (10°K kms~!pc2) Ref.
HCOT(J=1—0) 193 + 28 3.5 £ 0.3 1
HCN(J=1—0) 240 =+ 40 434 0.5 2
CO(J=3—2) 30000 =+ 1700 4247 3

Notes—Luminosities are derived as described by Solomon et al. ([1992H): L/(Kkms~! pc?) = 3.25 x 107 T Vc;;)2s D? (14 2)73,
where I is the velocity-integrated line flux in Jy kms~!, Dy, is the luminosity distance in Mpc (z = 2.55784; Weif} et al.
M), and Vg is the observed frequency in GHz. All given luminosities are corrected for this lensing maginification. The
HCN and HCO™ luminosities are corrected for the finite source size relative to the synthesized VLA beam (see text).

References—(1) This work; (2) Solomon et al. 2003; (3) WeiB et al. R003.

the center of intensity is offset from the geometric center position. The deconvolved source
size from the Gaussian fit is in good agreement with the size of the resolved structure
seen in CO(J=7—6). The line is clearly detected at 8¢ over a range of 34.375 MHz
(411kms™!). We derive a line peak flux density of 193 4+ 28 pJy beam™'. In Figure
B2, four channel maps (6.25 MHz, or 75 kms™! each) of the central 25 MHz (300 kms™!)
of the HCOT(J=1—0) line are shown. At an rms of 50 uJybeam™!, the line is detected
at 40 in the central two channels, and the decline of the line intensity towards the line
wings is clearly visible in the outer channels, as expected. We attribute the small offset
between the peak positions of channels 2 and 3 to observational uncertainties rather than
to a real velocity gradient. We thus derive an HCO*(J=1—0) line luminosity of Lj;qq =
3.5 x 10K kms~ ! pc? (corrected for gravitational magnification, py = 11, and the finite
source size relative to the synthesized beam, which leads to a 30% correction based on the
source extension seen in CO; see Table Bl for details).

We summarize our results in Table B together with the line fluxes and luminosities
for HCN (Solomon et al. M) and CO (Weif3 et al. M) Our HCO™(J=1-0) peak flux
density corresponds to ~80% of the HCN(J=1—0) peak flux of 0.24 + 0.04 mJy derived by
Solomon et al. M) This corresponds to an Lijqq+ /Loy luminosity ratio of 0.8, which
is consistent with unity within the statistical and systematic uncertainties. They use an
extrapolated continuum peak flux at 24.9 GHz of Scon: (24 GHz) = 0.26 + 0.03mJy. The
difference from our value may be due to problems with their extrapolation or calibration
errors. However, it is also possible that the continuum of the Cloverleaf is variable at

25 GHz.

5.6 Discussion

In the following, we discuss relationships between the emission observed in HCO' and
other molecules and the FIR continuum for a sample of low-z spiral and starburst galaxies
(Nguyen-Q-Rieu et al. 1999: Imanishi et al. 2004; Gao & Solomon M), low-z (U)LIRGs
(Gracia-Carpio et al. 2006: Imanishi et al. M), and the Cloverleaf (this work; Solomon
et al. m; Weif} et al. ), as shown in Figure B3 As only an upper limit exists for
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Figure 5.3: HCO™ luminosity relations for a sample of low-z spiral and starburst galaxies
(Nguyen-Q-Rieu et al. 1999: Imanishi et al. 2004; Gao & Solomon M), low-z (U)LIRGs
(Gracig-Carpio et al. 2006; Imanishi et al. M), and the Cloverleaf (this work; Solomon
et al. m; Weif} et al. ). The Cloverleaf luminosities are corrected for gravitational
lensing (p;, = 11). The solid lines are least-squares fits to all data except the Cloverleaf.
The error bars shown for the Cloverleaf indicate the statistical errors of the line luminosity
measurements. (See text for more details.)

the CO(J=1—0) line emission in the Cloverleaf (Tsuboi et al. @), we here assume that
CO is fully thermalized up to the 3—2 transition (i.e., Lyo_g) = Logg-z)). We do not
discuss effects of differential lensing, which could distort the intrinsic luminosity ratios, as
models indicate similar sizes for molecular and dust emission in the Cloverleaf (Solomon
et al. M)

Figure Z3a.— Lo+ correlates closely with Lyr; a linear least-squares fit (excluding
the Cloverleaf) yields logLpr = (1.11 £ 0.06) logLy;oo+ + 2.2. For HCN, Gao & Solomon

) find logLypr = 0.97logLjjen + 3.1 based on a larger sample of local starburst and
spiral galaxies. Both slopes are consistent with unity.

Figure 23b.— L+ also correlates closely with Lijoy; a linear least-squares fit (again
excluding the Cloverleaf) yields logLycn = (0.94 £ 0.06) x logLyoo+ + 0.6. Figures BE3a
and B3 thus exemplify that HCO™ traces dense molecular gas as well as HCN, and its
close correlation with the FIR continuum emission suggests that HCO™ may also be used
as a star formation indicator. It is remarkable how well the Cloverleaf agrees with the
correlations found for local galaxies ranging over more than 3 orders of magnitude in FIR
luminosity.

Figure [-3c.—Based on data from Kohno et al. (M) and Kohno (M), Imanishi et
al. ) argue that AGN-dominated galaxies have higher HCN/HCO™ and HCN/CO
ratios than starburst-dominated galaxies. In this diagram, AGN-dominated galaxies thus
fall on the upper right side, and starburst-dominated galaxies fall on the lower left side. For
the local starburst/spiral sample, we have taken the Lijcn/Lico+ ratios from Nguyen-Q-
Rieu et al. (@) and the Lijon/ Lo ratios from Gao & Solomon (M) The Cloverleaf
clearly falls on the lower left side of the diagram, putting it in the region of “starburst-
dominated” galaxies. Indeed, by decomposition of the dust spectrum into a warm (115 K)
and a cooler (50 K) component, Weif§ et al. M) find that about 60% of the dust emission
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emerges from the cooler component, which may well be dominated by heating from star
formation. However, based on an Arp 220 template, Solomon et al. ) have shown that
only about 20% of the total FIR luminosity is powered by the starburst. It is therefore
unclear whether or not this diagram should indeed be used to constrain the properties of
high-z quasars.

Figure [Z3d.—Based on their recent study of local (U)LIRGs, Gracia-Carpio et al.

) suggest that the Ly /Lyco+ ratio correlates with Lprg; their results indicate that
HCN may not be an unbiased tracer of star formation. We show this relation including
their sample together with the spiral/starburst sample described above and the Cloverleaf.
We find no evidence for any correlation between Lijcn/Lyco+ and Ly over the increased
luminosity and redshift range. We note that if the relation suggested by Gracid-Carpio et
al. M) were to hold, we would not have been able to detect the HCO*(J=1—0) line in
the Cloverleaf, as Lijcn/Lico+ would be ~3.

As discussed above, the Lijqy/Lijco+ ratio is consistent with unity over a large range
in FIR luminosities. Together with multitransition studies of both molecules available
for some of the local galaxies (e.g., Seaquist & Frayer M), this result suggests that
HCO™ does not require special conditions to be excited. Also, it indicates that HCO™
and HCN trace physically similar regions. Although consistent with unity within the error
bars, the ratio of HCN and HCO™ luminosities may be larger than 1 in the Cloverleaf,
and several mechanisms to explain such a difference have been discussed in the literature.
It has been argued that HCN emission in molecular clouds can be enhanced by mid-IR
pumping of a 14 ym vibrational band (Aalto et al. I@), but HCO™ can be mid-IR~

umped under very similar conditions via a 12 ym vibrational band (Gracia-Carpio et al.
ml)). Also, Gao & Solomon M) have found that this mechanism does not appear to
play a major role (their Fig. 5). It has also been suggested that the chemical abundance
of HCN can be enhanced relative to CO and HCO™ in the ambient X-ray radiation field
of a strong AGN (Lepp & Dalgarno @) It is also possible that the HCO™ abundance
is decreased as a result of the ionizing field produced by cosmic rays (Seaquist & Frayer
): Cosmic rays ionize Hs, leading to the production of Hj, which reacts with CO
to form HCOT. The abundance of HCO" is thus affected by the ratio of cosmic-ray
ionization rate and gas density. While a higher ionizing flux favors the production of
HCO™, it also increases the number of free electrons, which leads to a higher probability
for recombination: At a gas density of 3 x 10* cm™3, an ionizing field comparable to that
of the Galaxy may already be strong enough to significantly decrease the abundance of
HCO™ through dissociative recombination of H3 (see, e.g., Phillips & Lazio @), and the
ionizing field in the Cloverleaf is probably much stronger than the Galactic one.

Our finding that the HCN-to-HCO™ luminosity ratio in the Cloverleaf is close to unity
implies that the processes discussed here likely do not play a dominant role. All these
chemical arguments, assume that the HCN and HCO™ J = 1 — 0 opacities are low and that
the observed line intensities scale with the underlying molecular abundances. Observations
of the 13C-bearing isotopomers of HCO™ and HCN in nearby starburst galaxies have shown
that the HCOT/H¥CO* and HCN/H'CN ratios are similar to those seen in CO/"?CO
(Nguyen-Q-Rieu et al. @; Wang et al. M) From this it has been concluded that the
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HCO™ and HCN opacities are similar to those in CO, with 7 ~ 34 (see also Henkel et
al. M), that is, the emission is optically thick. This would imply that Licy/Lizco+ is
solely determined by the relative area filling factors and excitation temperatures of both
molecules. As the HCO™(J=1—0) and HCN(J=1—0) excitation is likely to be close to
thermalized for densities of n(H) 2 10° cm ™, this would naturally explain Licn/Lijcos =
1, assuming that both molecules trace regions of similar density (i.e., similar volume). We
conclude that HCO™ compares favorably with HCN in terms of being a good tracer for
dense molecular gas even in FIR-bright objects at high redshift.

It is a pleasure to thank my collaborators on this project:

Fabian Walter (MPIA), Chris Carilli (NRAO), Axel Weif§ (MPIfR), Frank Bertoldi
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Chapter 6

Dense Molecular Gas I1I: CN in a
2=2.56 Quasar Host Galaxy

6.1 Context

Encouraged by the detection of HCO™ in the Cloverleaf, the search for additional tracers
of dense gas in this source was continued. The second molecule that was firmly detected in
this search is CN, as shown here. The analysis of the CN line properties is followed by an
examination of the Schmidt-Kennicutt relation of CN, based on nearby galaxies and the
Cloverleaf. This enables comparison to CO, HCN, and HCO™. As mentioned previously,
CN is, in a sense, a ‘biased’ tracer relative to HCN, as it is prominent in those dense regions
where HCN typically is not (note that CN is a dissociation product of HCN). It thus is
an important question whether or not a difference can be seen in the standard diagnostics,
such as the Schmidt-Kennicutt relations, when different types of galactic environments are
studied [such as starbursts, (U)LIRGs, and distant quasars with a bright AGN].

6.2 Abstract

We report the detection of CN(N=3—2) emission towards the Cloverleaf quasar (z = 2.56)
based on observations with the IRAM Plateau de Bure Interferometer. This is the first
clear detection of emission from this radical at high redshift. CN emission is a tracer of
dense molecular hydrogen gas [n(Hz) > 10* cm™3] within star—forming molecular clouds,
in particular, in regions where the clouds are affected by UV radiation. The HCN/CN
intensity ratio can be used as a diagnostic for the relative importance of photodissociation
regions (PDRs) in a source, and as a sensitive probe of optical depth, the radiation field,
and photochemical processes. We derive a lensing-corrected CN(N=3—2) line luminos-
ity of Ling g = (4.5 £ 0.5) x 10°K kms™'pc®. The ratio between CN luminosity and
far-infrared luminosity falls within the scatter of the same relationship found for low-z
(ultra-) luminous infrared galaxies. Combining our new results with CO(J=3—2) and
HCN(J=1—0) measurements from the literature and assuming thermal excitation for all
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transitions, we find a CO/CN luminosity ratio of 9.3 &+ 1.9 and a HCN/CN luminosity ratio
of 0.95 £+ 0.15. However, we find that the CN(N=3—2) line is likely only subthermally
excited, implying that those ratios may only provide upper limits for the intrinsic 1—0 line
luminosity ratios. We conclude that, in combination with other molecular gas tracers like
CO, HCN, and HCO™, CN is an important probe of the physical conditions and chemical
composition of dense molecular environments at high redshift.

6.3 Introduction

Investigations of the dense molecular interstellar medium (ISM) in high-redshift galaxies
are of fundamental importance to further our understanding of the early phases of galaxy
formation and evolution, as it harbors the environments in which the actual star formation
is believed to occur. Recent studies of the molecular gas phase in high-z galaxies using
CO emission lines have revealed large molecular gas reservoirs with masses in excess of
10 M, (see review by Solomon & Vanden Bout and references therein).

However, while the relative brightness of CO emission lines renders this molecule the
most common tracer of the requisite material for star formation, the low densities of only
nu, ~ 10* — 10®cm™3 required to excite its lower J transitions (due to its low dipole
moment of only uS° = 0.11) imply that CO is not a specific tracer of dense molecular
cloud cores, i.e., the regions where stars are actively formed.

In contrast, recent studies of nearby actively star-forming galaxies have shown that the
high dipole molecule HCN (uHCN = 2.98) is a far better tracer of such dense molecular
cores (e.g. Gao & Solomon ,M) The critical density of ng, ~ 10° — 10%cm™ to
collisionally thermalize its lower J transitions is much higher than that of CO and of the
same order as the densities found in bright star-forming regions in the Galaxy (e.g. the
Orion Bar; Hogerheijde et al. @) A main result in this context is the finding that the
HCN luminosity correlates well with the far-infrared (FIR) luminosities (which is commonly
used to estimate star formation rates at high redshift) over 7-8 orders of magnitude, from
Galactic dense cores to the highest redshift quasars (Wu et al. M)

However, in nearby luminous and ultraluminous infrared galaxies (LIRGs/ULIRGs), it
has been found that systems with similar HCN/CO and HCN/FIR luminosity ratios may
have quite different dense-gas properties regarding their chemical composition, and their
gas excitation (e.g., Aalto et al. m) To better understand the physical and chemical
state of the dense molecular gas phase which directly relates to star formation, it has
proven essential to study additional bright tracers of dense gas with properties different
from HCN;, such as the cyanide radical (CN). Because of its lower dipole moment relative
to HCN (uSN = 1.45), its critical density is lower by about a factor of 5. Observations of
CN emission toward the Orion A molecular cloud complex have shown that CN filaments
trace the dense interfaces between the molecular cloud and the major ionization fronts
(Rodriguez-Franco et al. @) It has also been found that the [CN]/[HCN] abundance
ratio is greatly enhanced in the central region of the starburst galaxy M82, being as high
as ~5 across the entire nucleus (Fuente et al. M) These observations indicate that CN
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is a good tracer of gas layers which are affected by photochemistry, since this molecule
appears to be predominantly found in regions exposed to ionizing stellar UV radiation.
It has also been found that, due to the rapid destruction of other dense gas tracers like
HCN, the abundance of CN tends to be enhanced in areas where the UV radiation field is
only partly attenuated, such as in zones close to the surface of photodissociation regions
(PDRs; Fuente et al. If@; Sternberg & Dalgarno [199; Jansen et al. @) The CN/HCN
intensity ratio can thus be used as a diagnostic for the relative importance of PDRs in
a source and a sensitive probe of optical depth, the radiation field, and photochemical
processes (e.g., Boger & Sternberg Ilgﬁ) CN emission may thus in a sense be a more
specific tracer for star formation than, e.g., HCN, which only traces regions of dense gas
in general. In addition, theoretical studies of the chemical composition of molecular gas
for different ionization parameters suggest that the relative abundance of CN may also
be enhanced in X-ray—dominated regions (XDRs), such as active galactic nucleus (AGN)
environments (Lepp & Dalgarno @) This shows why it is desirable to search for CN
emission, which is part of our current effort to study molecular tracers other than CO
out to high redshifts. Such an investigation is imperative in obtaining more meaningful
constraints on the physical properties and chemical composition of the dense molecular
ISM in distant galaxies.

In this chapter, we report the first high-z detection of CN(N=3—2) emission, which
was observed towards the Cloverleaf quasar (z = 2.56) with the IRAM Plateau de Bure
Interferometer (PdBI)E Because of its strong gravitational magnification (magnification
factor puy = 11; Venturini & Solomon M), the Cloverleaf is the brightest CO source at
high redshift (e.g., Barvainis et al. m) and one of the most prolific sources of molecular
lines beyond z=2. It was the first z > 2 source to be detected in HCN (Solomon et al. M)
and HCO™ (Riechers et al. M) emission. It was also detected in both C1 fine-structure
lines (Barvainis et al. @; Weif et al. m, M) We use a standard concordance
cosm(l)l?ﬁ throughout, with Hy = 71 kms™! Mpc™!, Q,, = 0.27, and Q, = 0.73 (Spergel

et al. M)

6.4 Observations

We observed the CN(N=3—2) transition line (4est = 339.4467770 — 340.2791661 GHz for
the different fine-structure [F'S] and hyperfine-structure [HFS| transitions of the v=0 vibra-
tional state) towards H1413+117 (the Cloverleaf quasar) using the PdBI in D configuration
between 2006 July 26 and September 3. At the target redshift of 2=2.55784 (Weif} et al.
M), the line is shifted to ~95.6 GHz (3.14 mm). The total integration time amounts to
17.5hr using five antennas, resulting in 5.8 hr equivalent on-source time with six anten-
nas after discarding unusable visibility data. The nearby sources 13544195 and 1502+106
(distance to the Cloverleaf: 9.0° and 12.0°) were observed every 20 minutes for pointing,
secondary amplitude, and phase calibrations. For primary flux calibration, several nearby

TRAM is supported by INSU/CNRS (France), MPG (Germany), and IGN (Spain).



96 6. Dense Molecular Gas III: CN in a 2=2.56 Quasar Host Galaxy

calibrators (MWC 349, CRL 618, 3C 273, 3C 345, and NRAO 150) were observed during all
runs.

The correlator was tuned to a frequency of 95.603 GHz, which corresponds to the central
position between the brightest HF'S transitions of the CN(N=3—2) line at 95.6332 and
95.5736 GHz. The total bandwidth of 580 MHz (~1800 kms™') used for the observations
is large enough to cover all F'S and HFS transitions of the CN(N=3—2) line. It also covers
enough channels that are free of line emission to constrain the 3 mm continuum emission
of the Cloverleaf.

For data reduction and analysis, the IRAM GILDAS package was used. All data were
mapped using the CLEAN algorithm and “natural” weighting without applying a further
taper; this results in a synthesized beam of 5.3”x4.9” (~42kpc at z = 2.56). The final
rms in the combined map is 0.25 mJy beam ™! for a 190 MHz (corresponding to 596 kms™!)
channel, 0.4mJy beam™! for a 80 MHz (252 kms™') channel, and 0.8 mJy beam™! for a
20 MHz (63 kms™!) channel.

6.5 Theoretical Considerations

Because of its fine structure and hyperfine structure splitting, the CN(N=3—2) emission
line is distributed over 19 lined] in three main components separated by more than 200 MHz
from each other in the rest frame. This separation is of the same order as the kinematical
broadening of the CO lines in the Cloverleaf (Weif et al. M), causing the HFS com-
ponents to be blended. To analyze the intrinsic line shape of the CN(N=3—2) transition
in the Cloverleaf, we calculated a synthetic line profile, assuming optically thin emission
in local thermodynamic equilibrium (LTE) to derive the relative intensities of the HFS
components. The relative intensities of the components were computed using the labo-
ratory data from Skatrud et al. (@), and approximation (4) of equation (1) in Pickett
et al. (@) Assuming that the three main CN(/N=3—2) components are kinematically
broadened in the same way as the CO lines (416 + 6 kms~' FWHM; see Weif et al. M),
we obtain the synthetic line profile displayed in Figure (solid line). Under the given
assumptions, the contribution from all HF'S lines of component 1 to the total intensity are
negligible, and not detectable at the given signal-to-noise ratio (see below). A single Gaus-
sian fit (Fig. B, dotted line; 484 kms™* FWHM, or 116% of the CO lines) agrees with the
more detailed model profile (Fig. Bl solid line) within a few percent in its peak position
and integral, i.e., well within the observational errors. Note however that the width and
peak position of this Gaussian depends on the relative intensities of the HFS components,

2These components are actually blends of the [N=3—2, J=5/2—3/2, (F=7/2—5/2, 5/2—3/2,
and 3/2—1/2)] HFS components at vpes; = 340.0315440-340.0354080 GHz and [N=3—2, J=7/2—5/2,
(F=9/2—7/2, 7/2—5/2, and 5/2—3/2)] HFS components at vpest = 340.2477700 — 340.2485764 GHz
(components 2 and 3 in Fig. G1)).

3We assume that CN is in its ground electronic state (), and that the spins couple according to
Hund’s case (b) coupling scheme: N+S=1J, (FS coupling) and J+Io+Iy=F (HFS coupling). Here,
N is the rotational angular momentum vector, S is the electronic spin, and I is a nuclear spin.
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Figure 6.1: Model spectrum of the CN(N=3—2) emission in the Cloverleaf. The horizontal
axes indicate the rest and observed frequencies. The full range of the PdBI bandpass is
shown. The vertical axis indicates the predicted intensity, normalized to the (N=3—2,
J=T7/2—5/2, F=9/2—7/2) component. The relative intensities are computed for the LTE
case. The crosses indicate the hyperfine structure components. The plus signs indicate the
summed intensities of the components in three different frequency bins. The dashed lines
are Gaussian fits to the summed intensities, assuming the width of the CO(J=3—2) line
(Weifl et al. M) for the subcomponents (labeled '1'-'3"). The solid line is a sum of all
three components, and indicates the model-predicted CN(N=3—2) line shape. The thick
dotted line is a single Gaussian (used to fit the observations), fitted to the model line.
The dotted vertical line indicates the tuning frequency, corresponding to zero velocity in

Fig. B4

which in turn depend on the above assumptions, in particular, the optical depth. In the
optically thin LTE case, components 2 and 3 have a peak strength ratio of 1:1.4. As an
example, if they had a ratio of unity, the fitted Gaussian to the line profile would have a
FWHM of 603 kms™!, or 145% of the CO lines. We thus conclude that fitting a Gaussian
to the observed line profile contains all relevant information, while minimizing the number
of free fit parameters, and, thus, is preferred over a more complex fitting procedure to
describe and analyze the CN(N=3—2) profile at the given signal-to-noise ratio.
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Figure 6.2: Velocity-integrated PABI map of CN(/N=3—2) emission towards the Cloverleaf
quasar. At a resolution of 5.3”x4.9” (as indicated in the bottom left corner), the source is
unresolved. The cross indicates the geometrical center of the CO emission in the Cloverleaf
(Alloin et al. I@, see text). Contours are shown at (-3, -2, 2, 3, 4, 5,6, 7)o (1o =
0.25 mJy beam™!).
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Figure 6.3: Channel maps of the CN(/N=3—2) emission (same region as shown in Fig. E2).
One channel width is 80 MHz, or 252kms™! (at 95.4355, 95.5155, 95.5955, 95.6755, 95.7555,
and 95.8355 GHz; frequencies increase with channel number). Contours are shown at (-3,
-2,2,3,4,5)0 (1o =0.4mJybeam™'). The beam size (5.3”x4.9") is shown in the bottom
left corner; the cross indicates the same position as in Fig.

6.6 Results

6.6.1 CN Maps and Spectrum

We have detected emission from the CN(N=3—2) transition line towards the Cloverleaf
quasar (z = 2.56). The velocity-integrated CN(N=3—2) line map is shown in Figure
The cross indicates the geometrical center position of the resolved CO(J=7—6) map at
a = 14P15m46°.233, § = +11°29'43".50 (Alloin et al. @) The line emission is clearly
detected at 7o over a range of 596 kms™! (190 MHz); the source appears unresolved.
In Figure B3 six channel maps (252 kms™', or 80 MHz each) of the CN(N=3—2) line
emission are shown. At an rms of 0.4mJybeam™!, the line is detected at 4 and 50 in
the central channels, and the decline of the line intensity towards the line wings is clearly
visible toward the outer channels, as expected.

Figure 4 shows the spectrum of the CN(/N=3—2) emission at a resolution of 63 kms~
(20 MHz). Zero velocity corresponds to the tuning frequency of 95.603 GHz. The solid line
shows a Gaussian fit to the spectrum. From the fit, we derive a line peak flux density
of 1.94 4 0.24mJy beam™!, and a line FWHM of 666 4 97 kms™!. The fit provides an
upper limit for the continuum emission at the line frequency of <0.25mJy. From the
channels assumed to be free of line emission, we derive a formal 3¢ upper limit to the
continuum peak flux density of 0.7 mJy beam~!. Note that the model fit to the dust SED
of the Cloverleaf by Weif et al. ) would suggest a continuum flux of ~0.3mlJy at
the CN(N=3—2) line frequency, which agrees within the errors with the above estimates.
However, as the continuum is not detected, we do not subtract a continuum component
from the observed spectrum. This leads to an integrated CN(N=3—2) line flux of 1.37 £
0.17Jy kms~!. The velocity offset of the Gaussian peak relative to the tuning frequency
is —105 £ 38 kms™ .

The FWHM of the Gaussian fit to the CN(N=3—2) emission line suggests that its
components 2 and 3 have similar peak strengths (different from 1:1.4 as predicted for the
optically thin LTE case; Fig. B1]), which may indicate that the emission is optically thick.

1
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Figure 6.4: Spectrum of the CN(N=3—2) emission at a resolution of 63 kms~! (20 MHz).
The velocity scale is relative to the tuning frequency of 95.603 GHz. The rms per velocity
bin is 0.8 mJy. The solid line shows a Gaussian fit to the data.

Within the limited signal-to-noise ratio of the spectrum, the shape of the emission line
remains compatible with a two-component structure. It may thus be possible that the two
brightest HF'S complexes (components 2 and 3) are detected individually, but observations
at higher signal-to-noise ratio are needed to confirm this result. In any case, a double
Gaussian fit to the line profile gives the same integrated line flux as the single Gaussian fit
within the errors.

6.6.2 Line Luminosities

From our observations, we derive a CN(N=3—2) line luminosity of Liyg o) = (4.5 £
0.5) x 10 K kms~! pc? (corrected for gravitational magnification, u; = 11; see Table
for details). This corresponds to 11% of L3 o) (Weil et al. 2003), 105% of Lijoy o)
(Solomon et al. 2003), and 129% of Lyqo+(_g (Riechers et al. R006H). Assuming that
CN is thermally excited up to the N=3—2 transition (i.e., Liyg_9) = Lon_g)) and that
optical depth effects can be neglected, this would mean that CN emission in the Cloverleaf
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Table 6.1: Molecular Line Luminosities in the Cloverleaf

Su L

Line (mJy) (10°K kms~!pc?) Ref.
CN(N=3-2) 1.94 £ 0.24 15 L 05 1
HCN(J=1—-0) 0.24 £ 0.04 4.3+ 0.5 2
HCO*(J=1—0) 0.19 £ 0.03 3.5+ 0.3 3
CO(J=3—2) 30 £ 1.7 247 4

Notes—Luminosities are corrected for gravitational magnification.

References—(1) This work; (2) Solomon et al. 2003; (3) Riechers et al. 6H; (4) Weif} et al. 2003.

is slightly brighter than that from the other high-density probes HCN and HCO™. This is
remarkable, as HCN and HCO™ have higher critical densities than CN in the ground-state
transition, but the critical density of CN(N=3—2) is higher than that of HCN(J=1—0)
and HCO™*(J=1—0). This may indicate a higher relative filling factor of CN relative to
HCN and HCO™ or even a relatively high chemical abundance of CN. However, with the
observations existing at present, it is not possible to disentangle excitation effects from
chemical effects.

In addition, observations of HCN(J=4—3) towards the Cloverleaf quasar have shown
that LhCN(473)/Li-ICN(170) < 0.34 (Solomon et al. m7 their Table 1 caption; M. Guélin
2007, private communication). This ratio is significantly lower than 1, which implies that
the 4—3 transition of HCN is subthermally excited. As the CN(N=3—2) transition has a
somewhat lower but comparable critical density relative to HCN(J=4—3), it is likely that
the CN(N=3—2) transition is also subthermally excited (i.e., L9, < Lena_gy)- This
would be consistent the finding that CN is clearly subthermally excited in nearby LIRGs
and ULIRGs (Aalto et al. ). This would also imply that CN is a brighter tracer of
dense gas than HCN and HCO™ in this high-redshift quasar.

6.7 Discussion

In the following, we discuss various relationships between the emission observed in CN
and other molecules (CO and HCN) and the far-IR continuum for a sample of local spi-

ralfstarburst galaxies (Henkel et al. ,@, 2007, private communication; Wang et al.
; additional CO/HCN/FIR data from Eckart et al. [1990; N guyen-Q-Rieu et al. @;
Mauersberger et al. . Mao et al. R00d; Sanders et al. ), low-z (U)LIRGs (Aalto et

al. M), and the Cloverleaf (this work; Solomon et al. m; Weifl et al. M) as shown
in Figure Note that due to the weak signal-to-noise ratio of 1o, we do not include the
CN(N=4—3) observations of APM 0827945255 (Guelin et al. m, their Table 1) in this
discussion.

As CO(J=1—0) is not yet detected toward the Cloverleaf, we assume in the following
that CO is thermalized up to the 3—2 transition, i.e., LICO(l—o) = LEJO(372) (see Riechers
et al. R006A for justification). Both effects of thermal and subthermal excitation of the
CN(N=3—2) emission line in the Cloverleaf are discussed; CO, CN, and HCN line intensi-
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Figure 6.5: CN luminosity relations for a sample of local spiral/starburst galaxies, low-z
IR-luminous galaxies, and the Cloverleaf. The Cloverleaf luminosities are corrected for
gravitational lensing (p;, = 11). The two symbols with star insets denote tentative CN
detections. The solid line is a least-squares fit to all data except the Cloverleaf. The error
bars indicate the statistical errors of the line luminosity measurements. The excitation
of the CN(N=3—2) transition in the Cloverleaf may be subthermal, which would affect
the (extrapolated) CN(N=1—0) line luminosity as indicated by the horizontal, shaded
regions. As an example, the vertical bars on the shaded regions show a case in which
L’CN(3_2) =0.5 L/CN(l—O) in the Cloverleaf. See text for more details.

ties for all low-z galaxies were measured directly in the ground-state transitions; all quoted
luminosities are thus 1—0 luminosities. We do not discuss effects of differential lensinﬂ,
as models indicate similar sizes for molecular and dust emission in the Cloverleaf (Solomon
et al. M)

Wu et al. (M) find a linear correlation between Ljy and Lpg over 7-8 orders of
magnitude in luminosity, which is believed to indicate that the dense gas tracer HCN is
also a good estimator for star formation rates out to high z. If CN were to be a good tracer
of dense, actively star-forming gas, a similar trend may be expected between L and Lgg.
Figure B3a shows that Ly correlates closely with Lpg; a linear least squares fit to all
galaxies (excluding the Cloverleaf) yields log(Lgr) = (0.89 =+ 0.09) log(L¢y) + (4.2 £ 0.7).
This slope may suggest a trend of decreasing CN/FIR luminosity ratio towards higher
luminosities (see also Aalto et al. M) However, it also is consistent with unity within
the statistical uncertainties (which are quite large due to the limited sample size) and sys-
tematical errors (e.g., different beam sizes for CN line and IR continuum observations) and
thus with CN being a valuable tracer of star formation. The Cloverleaf agrees remarkably
well with the relation defined by the low-z galaxies [even if the CN(N=3—2) transition is
subthermally excited, as indicated by the horizontal bar on the shaded region], extending

4Note that Chartas et al. M) recently reported a likely microlensing event toward the Cloverleaf;
however, this event took place close to 2000 April, so 3—7yr before all of the molecular gas observations of
this source discussed in this chapter (obtained between 2003 March and 2006 September).
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the observed trend to higher luminosities and out to high redshift.

Gao & Solomon (@i) observe a rise in dense gas fraction with Lyr. The Lo /Liy
ratio may be considered (the inverse of) a tracer of the dense gas fraction. A significant
spread in the L/ Ly ratio is found for the sample shown in Figure GAb, ranging from a
few to almost a factor of 30. There is no obvious trend of Lo /Ly With Lpg; however,
the sample size is too small and heterogeneous to come to a definite conclusion. Note that
due to the likely subthermal excitation of the CN(N=3—2) transition (as indicated by the
shaded region), the L{,/Ly ratio may be considered an upper limit of the “intrinsic,”
thermalization-corrected ratio of the 1—0 transitions for the Cloverleaf.

Assuming that CN traces the UV field (which falls off rapidly with growing distance
from star-forming regions, or an AGN), while HCN traces dense gas in general, it would
be expected that the HCN/CN ratio stays constant or decreases with increasing Lgg. In
this scenario, a decrease in the HCN/CN ratio would correspond to an increase in the
filling factor of UV-illuminated clouds with Lgg. This would however also cause a rise
in Liy/Lrr, which is not observed (Fig. BEHa). If differences in the relative chemical
abundances of CN and HCN and optical depth/thermalization effects do not play a major
role, one may thus expect Lyon/Loy to stay fairly constant with Lpg. Based on the
observations of their subsample, Aalto et al. (@) suggest that the HCN/CN intensity
ratio may increase slightly with Lgg. Such a trend however is not seen in the larger sample
displayed in Figure E3c (note that Lijon/Ley for the Cloverleaf may again be considered
an upper limit due to possible subthermal excitation of CN(N=3—2), as indicated by the
shaded region). Clearly, improved statistics and better models are required to address this
issue in more detail.

Chemical models suggest that CN is produced quite efficiently in the presence of a
strong UV field, which also leads to an enhanced ionization rate (Boger & Sternberg M)
The large observed [CN]/[HCN] abundance ratio of ~5 toward the molecular disk of M82
may be indicative of a large dense PDR bathed in the intense radiation field of the star-
burst environment (Fuente et al. M), lending observational support to these models.
Other models suggest that the relative abundance of CN may also be enhanced in re-

ions with elevated X-ray ionization rates, such as AGN environments (Lepp & Dalgarno
; Meijerink & Spaans M) Especially in the Cloverleaf, where the central quasar
is known to contribute a significant fraction to the heating of the gas and dust (Weif} et
al. m; Solomon et al. Iﬁ), such a scenario would appear reasonable and may explain
the relatively high brightness of CN compared to other dense gas tracers in the Clover-
leaf. However, note that in Figure B3, the pure starburst galaxies show the brightest
CN emission relative to HCN, and galaxies with a relatively strong AGN like Mrk 231 and
NGC 6240 have some of the highest Lj;on/ Ly ratios. This may indicate that the strength
of the UV field in a starburst environment has a significantly greater impact on the global
gas-phase production rate of CN in a galaxy than the strength of the X-ray field, lending
further support to the supposition that CN is a good star formation tracer. We thus con-
clude that the XDR scenario alone does not explain the observed dense gas properties of
the (U)LIRGs shown in Figure without any further assumptions.
Overall, the Cloverleaf follows the Li-Lpr relation as defined by nearby galaxies
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of different types remarkably well and extends this relation to higher luminosities. This
relation now appears to hold over almost 3 orders of magnitude. If these findings were
to hold for other distant quasars, CN would be an excellent probe of dense molecular
environments out to high redshifts. The higher order transitions of CN also appear to be
brighter than those of other dense gas tracers like HCN. This may prove to be of particular
importance for future high-z studies with the Atacama Large Millimeter/submillimeter
Array (ALMA), which will offer the opportunity to probe to fainter galaxy populations
in general, but will also be restricted to the higher order transitions of the most common
dense molecular gas tracers (typically 3—2 and higher at z > 2).

It is a pleasure to thank my collaborators on this project:
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Chapter 7

Dense Molecular Gas IV: CS in a
2=2.56 Quasar Host Galaxy

7.1 Context

The most common probe of molecular gas after CO, HCN, and HCO* is CS. Carbon
monosulfide is an important part in studies of molecular gas, as it traces regions with
different (intermediate) densities and temperatures than CO, HCN, and HCO™. In this
chapter, its first detection at high redshift is reported. As for HCO™ and CN, this initial
high redshift detection was achieved by studying the Cloverleaf. The detected CS emission
line is even by a factor of ~3 less luminous that the detected lines of the other dense
gas tracers (HCN, HCO™, and CN). To study a possible excitation bias, the Schmidt-
Kennicutt relation for CS is not only studied in the ground transition, but also in a higher
J transition. This reveals a clear excitation bias for galaxies fainter (in the FIR) than
ULIRGs, but no significant bias for the brightest galaxies. The most basic explanation
for this difference could be that the ISM in the more luminous systems is denser, causing
the higher excitation. This has to be verified by studying the excitation of CS in the
Cloverleaf directly in a future investigation. The (poorly constrained) Lq—Lpir relation
for the ground-state transition, however, shows the same linear dependence as for other
high density molecular gas tracers.

7.2 Abstract

We report the detection of CS(J=3—2) emission towards the Cloverleaf quasar (z = 2.56)
based on observations with the Very Large Array. This is the first detection of emission
from carbon monosulfide at high redshift. CS emission is a tracer of dense molecular
hydrogen gas [n(Hy) = 5 x 10*cm ™3] within star-forming molecular clouds. In nearby
galaxies, CS is the strongest nonmaser species after CO, HCN, and HCO*. We derive a
lensing-corrected CS(J/=3—2) line luminosity of Lig; o = (1.5£0.3) x 10°K kms~'pc?.
Assuming that CS(J=3—2) is thermally excited, the ratio between CS(J=1—0) luminosity
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and far-infrared luminosity falls within the scatter of the tentative relationship found for
low-z normal, starburst, and ultraluminous infrared galaxies [ULIRGs]. Due to the low
excitation of CS in nearby normal and starburst galaxies, this does not hold for a directly
determined relationship between the CS(J=3—2) and FIR luminosites. We find a CO/CS
luminosity ratio of 27 + 7, and that CS(J=3—2) is about three times less luminous than
other dense gas tracers in this source (HCN, HCO™, and CN). These ratios agree within
a factor of 2 with those in Arp220, the only nearby ULIRG for which all ratios can
currently be determined. If our results were to hold for other galaxies the high redshift
detection of CS thus appears to confirm the trend seen for CO, HCN, HCO™, and CN that
ULIRGs are, within certain limitations, good templates for the molecular composition
and excitation of the extreme gas-rich systems at z>2. This implies that these molecules
are good probes of environments of different temperatures and densities, and that future
studies of their excitation will help to understand the physical conditions in the dense
molecular environments of distant starburst systems.

7.3 Introduction

One of the prime goals in studies of galaxy formation and evolution at early cosmic times
is to better understand how star formation relates to these processes. A particularly use-
ful diagnostic to study star formation is its close connection to the molecular interstellar
medium (ISM) that harbors and feeds it. The molecular phase of the ISM is most com-
monly probed through its cooling lines, primarily the rotational transitions of CO. CO line
emission has been studied in 43 galaxies at 2>1 to date, and has revealed large gas masses
of > 10 M, in practically all these distant systems. (see Solomon & Vanden Bout

for a review).

Due to the fact that the critical densities of only few times 10% to 10°cm ™ and tem-
peratures of <20 K necessary to excite the lower J rotational transitions of CO are low
relative to the median properties of the molecular reservoirs in most galaxies, CO is a good
(and, due to its high abundance, bright) indicator of the total amount of molecular gas in
a galaxy. However, this implies that CO is not particularly well suited to select the dense
cores within the molecular reservoirs, where the actual sites of star formation reside.

In the local universe, the most common tracers of dense molecular environments are
HCN, HCO™, and CS (see Omont 2007 for a recent review). HCN and HCO™ have large
dipole moments (uE°N = 2.98 Debye, ,ugCO+ = 3.30 Debye), leading to high critical den-
sities to collisionally excite their lower J transitions. CS has a somewhat smaller dipole
moment (uSS = 1.96 Debye). In general, all three molecules are good tracers of environ-
ments of densities of ny, ~ 10° —10% cm™3 and higher, where CS traces somewhat warmer,
less dense environments. Together with CO, they are sensitive probes of temperature, den-
sity, and abundance (and their gradients) within molecular clouds, and thus can constrain
the properties of star formation within these regions.

Due to the fact that emission lines from high density molecular tracers are typically
by an order of magnitude fainter than those of CO, studies in the distant universe are
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challenging. HCN and HCO™ have been detected toward some of the brightest z>2 sources.
A main result in this context is the finding that the HCN and HCO™ luminosities correlate
linearly with the far-infrared (FIR) luminosity (which is commonly used to estimate star
formation rates in dust and gas rich galaxies) over many orders of magnitude, from Galactic
dense cores to high redshift quasars (Wu et al. m; Riechers et al. IM) However, note
that there is an indication that the high redshift sources may deviate from the HCN-FIR
luminosity relation toward somewhat higher FIR luminosity (Gao et al. mﬁﬁossibly due
to a higher median gas density in those sources (Krumholz & Thompson ). CS, the
third of the standard dense gas tracers, has not been detected at high redshift to date.

In this chapter, we report the first high-z detection of CS emission, which was observed
in the J=3—2 transition toward the Cloverleaf quasar (z = 2.56) with the NRAO Very
Large Array (VLA)E Because of its strong gravitational magnification (magnification factor
pr, = 11; Venturini & Solomon M), the Cloverleaf is the brightest CO source at high
redshift (e.g., Barvainis et al. I@) and one of the most prolific sources of molecular lines
beyond z=2. It was the first z > 2 source to be detected in HCN (Solomon et al. M),
HCO™ (Riechers et al. M), and CN (Riechers et al. M) emission. It was also detected
in both Cr1 fine-structure lines (Barvainis et al. @; Weif} et al. m, M) We use a
standard concordance cosmology throughout, with Hy = 71 kms™! Mpc™t, Q,, = 0.27, and
Qx = 0.73 (Spergel et al. m, ).

7.4 Observations

We observed the CN(N=3—2) transition line (/e = 146.9690330 GHz) toward
H1413+117 (the Cloverleaf quasar) using the VLA in D configuration on 2006 January 9.
At the target redshift of 2=2.55784 (WeiB et al. M), the line is shifted to 41.3085 GHz
(7.26mm). The total integration time amounts to 8 hr. Observations were performed in
fast-switching mode with 23 antennas, using the nearby source 14160413204 (distance to
the Cloverleaf: 1.8°) was for pointing, secondary amplitude, and phase calibrations. The
fast-switching cycles were set to a total length of 250s, with 200s on source and 50 on the
calibrator. For primary flux calibration, several 3C 286 was observed.

Two intermediate frequency bands (IFs) of 50 MHz (corresponding to 363 kms™' at
the redshifted CS(J=3—2) line frequency) each were observed simultaneously. The first
IF was tuned to the redshifted CS(J=3—2) emission line at 41.3149 GHz, the closest
possible tuning frequency of the VLA correlator, relative to the redshifted line center. The
FWHM of the CO(J=3—2) line is 416 £ 6 kms~! (Weif etal. M) The offset from
the line center thus corresponds to only 11% of the FWHM linewidth. Assuming that
the CS(J=3—2) line has a width of 70%-100% of the width of the CO(J=3—2) line, we
estimate that our setup misses 20%-30% of the total line flux due to the missing coverage of
the line wings. The second IF was tuned to 41.4649 GHz to measure the source’s continuum
close to the line frequency.

1

!The National Radio Astronomy Observatory is a facility of the National Science Foundation, operated
under cooperative agreement by Associated Universities, Inc.
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CS(J=3-2) in the Cloverleaf Quasar (z=2.56)
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Figure 7.1: VLA map of CS(J=3—2) emission towards the Cloverleaf quasar. At a reso-
lution of 1.8”x1.7" (as indicated in the lower left), the source is marginally resolved. The
cross indicates the geometrical center of the CO emission in the Cloverleaf. Contours are
shown at (-3, -2, 2, 3,4)0 (10 = 52 uJy beam™!).

For data reduction and analysis, the AIPS package was used. The CO(J=3—2) line
dataset was generated by subtracting a CLEAN component model of the continuum emis-
sion from the visibility data. All data were mapped using the CLEAN algorithm and
“natural” weighting; this results in a synthesized beam of 1.8”x1.7” (14 kpc at z = 2.56).

The final rms in the line map is 52 uJy beam ™!,

7.5 Results

We have detected emission from the CS(J=3—2) transition line toward the Cloverleaf
quasar (z = 2.56). The source appears to be marginally resolved in both the continuum and
the CS line maps. Two-dimensional Gaussian fitting yields a continuum flux density of 204
=+ 55 puJy. This rest-frame 147.5 GHz continuum flux is in agreement with the radio spectral
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Table 7.1: Molecular Line Luminosities in the Cloverleaf

L/
Line (10°K kms~'pc?) L'/Lpg  Ref.
CS(J=3—2) 1.5+ 0.3 1 1
CO(J=3-2) 42+ 7 2T+ 7 2
CN(N=3-2) 45+ 0.5 29407 3
HCN(J=1—0) 43405 28407 4
HCO™T (J=1-0) 3.5+ 0.3 2.3 + 0.5 5

Notes—Luminosities are corrected for gravitational magnification.

References—(1) This work; (2) WeiB et al. 003; (3) Riechers et al. ROO7A (4) Solomon et al. BO0T; (5) Riechers et al. ROOGH.

energy distribution of the source determined based on continuum fluxes at lower frequencies
(Beelen et al. 2006; Riechers et al. M) The continuum-subtracted CS(J=3—2) line
map is shown in Figure [ The cross indicates the geometrical center position of the
resolved CO(J=7—6) map at o = 14"15m46°.233, § = +11°29'43".50 (Alloin et al. [1997).
The deconvolved source size from the Gaussian fit is in good agreement with the size of
the resolved structure seen in CO(J=7—6). The line is detected at ~5 o over a range of
363 kms™!. We find a line flux density of 245 £ 52 uJy over the 363 kms™! bandpass,
corresponding to 0.09 £ 0.02Jy kms~!. We thus derive a lensing-corrected CS(J=3—2)
line luminosity of Lyg = (1.540.3) x 10° K kms™! pc?. Note that this corresponds to more
than ten times the CS(J=3—2) luminosity of Arp220 (Solomon et al. @)

We summarize our results in Table [Tl together with the line fluxes and luminosities
for CO, HCN, HCO™, and CN (see Table caption for references). We find a
CO(J=3—2)/CS(J=3—2) line luminosity ratio of 27 + 7. If both transitions are ther-
malized, Lgg thus is less than 4% of L,. We also find that L{g is on average only 38%
as bright as the other tracers of dense gas detected in this source (HCN, HCO*, and CN).
Note that the critical density to excite the CS(J=3—2) transition is comparable to that
of the HCN(J=1—0) and HCO™*(J=1—0) transitions, and that its minimum excitation
temperature (Toxmin = 14.1K) is only a few Kelvin above the cosmic microwave back-
ground temperature at the Cloverleaf’s redshift (Tcyp = 9.7K). As HCOT(J=1—0) in
this source is likely close to thermalized in the Cloverleaf (Riechers etal. 2007, in prep.),
this means that CS(J=3—2) is likely to be also close to thermalized. The fact that the
CS(J=3—2) luminosity is significantly lower than the HCO*(J=1—0) luminosity thus
may indicate either a difference in optical depth or chemical abundance, or a different
projected distribution of both molecules within the quasar host galaxy.

7.6 Discussion

Relationships between molecular line luminosities (L’) as tracers of molecular gas mass
and the far-infrared (FIR) luminosity (Lgr) as a tracer of star formation rate (SFR) are
believed to be good diagnostics for star-forming environments, and the overall efficiency
of mass to be transformed into stars ESChmidt I@; Kennicutt I@, I@; Solomon
et al. I@; Gao & Solomon IM, ). These relationships and their slopes can be
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Figure 7.2: Relations between the CS and FIR luminosities for a sample of local spi-
ral/starburst galaxies, low-z IR-luminous galaxies, and the Cloverleaf. The Cloverleaf
luminosities are corrected for gravitational lensing (u; = 11). The solid lines are least-
squares fits to all data except the Cloverleaf. The error bars indicate the statistical errors
of the line luminosity measurements. Left: Relation between CS(J=1—0) and FIR lumi-
nosities. Right: Relation between CS(J/=3—2) and FIR luminosities.
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understood based on the relation between the median gas density in a galaxy and the
critical density of the molecule under examination, and the dependence of the SFR on the
dynamical time scale of molecular cloud collapse (which also depends on the gas density;
see Krumholz & Thompson 2007 for a model, and discussion by Riechers et al. ).

In general, such relationships have a linear slope for molecular line transitions that
have high critical densities relative to the median density in a galaxy (and thus pick out
the densest regions where star formation is believed to occur), and have a nonlinear slope
for transitions with low critical densities that trace the bulk of the emission (assuming
thermal equilibrium). Relations with a linear slope are thus considered good tracers of
star—forminﬁ cores, and thus an indirect measure for the star formation rate (e.g., Gao &

Solomon , m; Wu et al. M)

We here study the relation between L and Lpjg for a sample of local spiral /starburst
galaxies and (U)LIRGs (Mauersberger & Henkel 1989; Mauersberger et al. | ; Solomon
et al. @; Paglione et al. @; Curran et al. m; Wang et al. ; Martin et al. m;
Greve et al. ), and the Cloverleaf (Figure [[2).

In Figure [[Za, the relationship between LICS(l—O) and Lgg is shown. For Arp 220, the
only nearby ULIRG in the sample (square symbol), the CS(J=1—0) luminosity is extrapo-
lated from the CS(J=2—1) and CS(J=3—2) transitions (Greve et al. M) Note that the
CS(J=3—2) transition is almost thermalized, as the difference between the CS(J=2—1)
and CS(J=3—2) brightness temperatures is only 8% for this source, i.e., well within the
observational uncertainties. For the Cloverleaf, we assume that the CS(J/=3—2) transition
is thermalized, in agreement with the CO and HCO™ excitation in this source (Barvainis
et al. m; Riechers et al. 2007, in prep.). Unfortunately, only four nearby galaxies were
measured directly in the CS(J=1—0) transition. A linear least squares fit to all galaxies
(excluding the Cloverleaf) yields log(Lpr) = (1.00£0.16) log(Lig;_g)) + (3.6 £1.1). Even
though the fit is poorly defined due to the small sample size, this suggests a strong, linear
relation between Liyg, o) and Ly, and that CS(J=1—0) is a good tracer of dense, star-
forming cores in these galaxies. This is expected for the normal galaxies in the sample, as
the typical median molecular gas density in such galaxies is significantly lower than the
critical density of CS(J=1—0) (ngi(l_o) ~ 5 x 10* cm™3). The Cloverleaf also follows this
relation remarkably well, in spite of the fact that it lies above the local L/HCN(lfo)*LFIR re-
lation (as do all other high-z HCN detections, Gao et al. M), even though HCN(J=1—0)
and CS(J=3—2) have comparable critical densities. However, note that the uncertainties
in the CS-FIR relation are too large to pick up such a trend if present. A nearby sample
of statistically significant size is required to further investigate this issue.

In Figure [, the relationship between LE}S(g_z) and Lpr is shown. All values are
directly measured CS(J=3—2) luminosities. The statistics are better than for the Ly, )~
Lpir relation. A linear least squares fit to all galaxies (excluding the Cloverleaf) yields
log(Lpir) = (0.62 & 0.09) log(Lg3_5) + (6.5 £ 0.6). This fit is clearly non-linear. While
all galaxies with Lpr < 10'? L, appear to follow a trend, Arp220 (the nearby ULIRG
in the sample) and the Cloverleaf clearly lie above this trend. this simply reflects the
excitation bias within the sample: the median densities in normal nearby galaxies are too
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low to significantly excite CS(J=3—2). The CS spectral line energy distribution in the
nearby starburst galaxy NGC253 already peaks at CS(J=3—2), which, in contrast to
Arp220 and the Cloverleaf, thus is clearly subthermally excited in this galaxy (Martin
et al. M) This naturally explains the apparent increase in the Ly /Lgg ratio as traced
by CS(J=3—2). Although the statistics are significantly better, the LES(3_2)—LFIR thus is
not a good diagnostic for star formation properties without being able to correct for the
excitation properties of every single galaxy in the sample.

We thus conclude that the LE}S(FO)*LFIR relation appears to be a useful diagnostic
for star formation properties that however lacks statistical significance at present, even
in the nearby universe. The Cloverleaf follows this relation and extends it toward higher
luminosity. After HCN, HCO* and CN, CS now is the fourth dense gas tracer that appears
to follow a linear relation with the FIR luminosity. Only HCN currently has the statistics
to detect small deviations (as found towards high luminosity; Gao etal. m; Riechers
et al. M) This may suggest that the properties of nearby ULIRGs can indeed be used
as templates to further study the properties of the extreme high redshift systems. Future
excitation studies of above dense gas tracers thus may reveal whether or not the trend in
the HCN-FIR relation at high luminosity is indeed due to a higher density of the starbursts,
or just a bias of HCN as a tracer of dense gas.

It is a pleasure to thank my collaborators on this project:

Fabian Walter (MPIA), Chris Carilli (NRAO), Axel Weil (MPIfR), and Frank Bertoldi
(AIfA).
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Galaxy of the Cloverleaf Quasar at z=2.56’, in preparation



Chapter 8

Dense Molecular Gas V: Search for
H->0O at 2=3.2

8.1 Context

In this chapter, a search for redshifted HyO is presented. Even though water is the third
most abundant molecule in the universe, it is not one of the standard dense gas tracers
(the focus of this study thus differs from the previous chapters). This is mostly due to the
fact that the strong atmospheric water lines prohibit observation of all but the brightest
extraterrestrial sources. This, however, is only true at z=0. For significantly redshifted
sources, some water lines get redshifted into standard observing windows. Due to the lack
of nearby studies (and the relatively complicated rotational level splitting), observations of
H50 are not a particular focus of high redshift studies. In a sensitivity-limited field of study
such as high-z molecular line observations (rotational transitions of molecules different from
CO are by at least an order of magnitude fainter than CO), it still has the potential to
become an important dense gas tracer. This is due to the fact that star-forming cores, such
as Orion, show maser-amplified emission in some millimeter and centimeter transitions of
water, which can be significantly brighter than those of primarily thermally excited dense
gas tracers. It thus may be possible that the extreme starbursting systems at high redshift
also host conditions that allow maser amplification. One of these masing transitions is the
183 GHz HyO(313—290) transition, which was studied here in a CO-bright quasar at z=3.2.

8.2 Abstract

We present a search for 183 GHz HyO(313—299) emission in the infrared-luminous quasar
MG 075142716 with the NRAO Very Large Array (VLA). At z = 3.200£0.001, this water
emission feature is redshifted to 43.6 GHz. Unlike the faint rotational transitions of HCN
(the standard high-density tracer at high z), HoO(313—290) is observed with high maser
amplification factors in Galactic star forming regions. It therefore holds the potential to
trace high-density star-forming regions in the distant universe. If indeed all star-forming
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regions in massively star-forming galaxies at z > 3 have physical properties similar to
those of, e.g., the Orion or W49N molecular cloud cores, the flux ratio between the maser-
amplified HyO(313—29) and the thermally excited CO(J=1—0) transitions may be as high
as factor of 20 (but has to be corrected by their relative filling factor). MG 075142716
is a strong CO(J=4—3) emitter, and therefore one of the most suitable targets to search
for HyO(313—290) at cosmological redshifts. Our search resulted in an upper limit in
line luminosity of Ly, < 0.6 X 10°K kms~!pc?. Assuming a brightness temperature
of T,(Hy0) ~ 500K for the maser emission and CO properties from the literature, this
translates to a HoO(313—299)/CO(J=4—3) area filling factor of less than 1%. However,
this limit is not valid if the HyO(313—290) maser emission is quenched, i.e., if the line is only
thermally excited. We conclude that, if our results were to hold for other high-z sources,
H50 does not appear to be a more luminous alternative to HCN to detect high-density gas
in star-forming environments at high redshift.

8.3 Introduction

Over the past several years, massive amounts of dust and gas have been detected in distant
quasars, allowing us to study the properties of molecular gas in the early epoch of galaxy
formation. Molecular gas in high-redshift galaxies is commonly traced by CO emission
and to date has been found in more than 30 galaxies at z > 2, out to the highest redshift
quasar, SDSS J1148+5251 at z = 6.42 (Walter et al. m, IM; Bertoldi et al. M) The
observed molecular gas masses in excess of 10'° M, provide the requisite material for star
formation (SF; e.g., Solomon & Vanden Bout M

The presence of abundant molecular gas, the fuel for SF, has led to the hypothesis
that the tremendous far-infrared (FIR) luminosities (> 10 Lg) of these high-redshift
objects are powered not only by active galactic nuclei (AGNs) but also by major starbursts,
suggesting that this population represents the formation of large spheroidal galaxies beyond
redshift 2 (Blain et al. m) However, the relative contribution to the FIR luminosity from
dust heated by SF and AGN activity in high-z sources remains subject to discussion (e.g.,
Andreani et al. M)

While the lower J transitions of CO are a good indicator for the total molecular gas
content of a system (e.g., Carilli etal. I@, Em; Riechers et al. M), they can be
excited at relatively low densities; the critical density lies at only ny, ~ 10%> cm™3. Hence,
it is a relatively poor tracer of the denser gas directly involved in massive SF. The standard
tracer of the dense molecular gas phase is HCN, and the critical density required to excite its
lower .J transitions is ny, ~ 10° cm ™ (due to a higher dipole moment in comparison to CO).
In this context, recent studies of the dense molecular gas phase in local (z < 0.3) luminous
and ultraluminous infrared galaxies (LIRGs/ULIRGs) have shown a correlation between
the HCN luminosity and the star-formation rate (SFR) as traced by the FIR luminosity.
This correlation is much tighter than that between the CO and FIR luminosities (Solomon
et al. IM; Gao & Solomon Im, M) Thus, observations of HCN toward high-z
sources hold the potential to pin down the contribution of SF to the total FIR luminosity.
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Unfortunately, emission lines from HCN in LIRGs/ULIRGs are typically fainter than those
of CO by a factor of 4-10 (or even a factor of 2540 in ordinary spiral galaxies; Gao &
Solomon M), which hinders systematic HCN surveys at cosmological distances using
current telescopes. Up to now, deep observations of HCN at z > 2 have resulted in four
detections and four upper limits (Solomon et al. m; Vanden Bout et al. m; Carilli et al.
; Wagg et al. ).
Due to the faintness of emission connected with thermally excited rotational transitions

of HCN;, it is important to investigate whether another physical process can be found that
produces emission lines with significantly higher luminosities. The 183 GHz (315 — 29)
emission line of para-H,O holds the potential to be such a tracer: in warm, dense, star-
forming regions (ng, > 10° cm™?), this line is collisionally pumped at relatively low kinetic

temperatures (T, = 50 — 100 K; e.g., Cernicharo et al. ). In contrast to compact H,O
maser sources at 22 GHz, the 183 GHz maser emission is spatially extended in high-mass
(Orion, Cernicharo et al. m; W49N, Gonzalez-Alfonso et al. ; Sgr B2, Cernicharo

et al. Ejﬂ) and even low-mass (HH7-11; Cernicharo et al. I@) star-forming regions. Due
to maser amplification, the observed 183 GHz HyO(313—29) line brightness temperatures
in these regions exceed those observed in CO(J=1—0) by up to a factor of 20 (e.g., for
Orion, Cernicharo et al. [1994; Schulz et al. ).

However, the HyO(313—299) line is strongly absorbed by the terrestrial atmosphere,
rendering detection in nearby galaxies very difficult. The first successful extragalactic
detection of HyO(313—299) has been reported in NGC 3079 (Humphreys et al. ). Pre-
vious searches in low-z LIRGs/ULIRGs have only resulted in upper limits (Combes et al.
M) Recently, the HyO(313—290) transition has also been detected towards Arp 220
(Cernicharo et al. 2006; see Table RT)). At high redshift, only the (217 — 2¢2) transition of
para-H,O at 752.033 GHz (rest frame) has tentatively been detected in the z ~ 2.3 QSO
IRASF10214+4724 (Encrenaz et al. ; Casoli et al. @)

In this chapter, we report on a search for maser emission from the 183 GHz water line
in the strongly lensed, radio-loud z = 3.2 QSO MG 0751+2716 using the VLA Due to its
strong magnification, MG 075142716 is the brightest CO source at high redshift that can
be observed in the HyO(313—290) transition with the VLA. Its L, and Lpr (see Table
Rl are comparable to local starburst galaxies like Arp 220. This suggests that this source
is undergoing massive star—formation, which contributes significantly to its FIR luminosity
(e.g., Fig. 8 in Solomon & Vanden Bout M) We use a standard concordance cosmology
throughout, with Hy = 71 kms™! Mpc™', Q,, = 0.27, and Q, = 0.73 (Spergel et al. ).

8.4 Observations

We observed the HyO(313—290) transition (v = 183.3101 GHz) towards MG 075142716
using the VLA in D configuration on 2004 June 19 and 27. At the target z of 3.200,
this transition is redshifted to 43.6453 GHz (6.87mm). The total on-sky integration time

!The Very Large Array is a facility of the National Radio Astronomy Observatory, operated by Asso-
ciated Universities, Inc., under a cooperative agreement with the National Science Foundation.
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amounts to 16 hr. The observations were performed in fast-switching mode using the nearby
source 0745+241 for secondary amplitude and phase calibration. The observations were
carried out under good weather conditions with 26 antennas. The phase stability in all
runs was good (typically <15° rms for the longest baselines). For primary flux calibration,
3C 286 was observed during each run.

Two 50 MHz (corresponding to 344kms™! at 43.6 GHz) intermediate frequencies (IFs)
were observed simultaneously in the so-called quasi-continuum mode. One IF was cen-
tered on the line frequency at 43.6351 GHz (closest possible tuning frequency, offset by
~70kms™" from the CO(J=4—3) line center of Barvainis et al. ), and the second
IF was centered at two frequencies symmetrically offset by 150 MHz (1030kms™!, i.e.,
at 43.4851 and 43.7851 GHz) from the line frequency to monitor the 7mm continuum
of MG 075142716 simultaneously. Despite the small offset from the line center, the fre-
quency/velocity coverage is well matched to a line with a FWHM similar to the CO(J=4—3)
line reported by Barvainis et al. (@)

For data reduction and analysis, the AP package was used. The two continuum
channels were concatenated in the u-v/visibility plane. The data were mapped using the
CLEAN algorithm and “natural” weighting; this results in a synthesized beam of 1.8 x1.7"
(~13kpc at z = 3.2) at a major axis position angle of 78°. The final rms in both the line

channel and the combined continuum channel is 60 pJy beam™!.

8.5 Results

In the top panel of Figure Bl the final map of the ON channel (line4continuum emission)
is shown, while the middle panel shows the map of the two OFF (combined continuum)
channels, representing the continuum-only flux. The source is clearly detected in both
maps. To derive the total flux density of the source, a two-dimensional Gaussian was
fitted to the detected source structure. Our best fit for MG 0751+2716 gives a Gaussian
diameter of 2.3”x2.3” (source convolved with the synthesized beam); i.e., the emission
appears only marginally resolved in our observations, as our beam is too large to recover
the lens image substructure seen at higher resolution (Carilli et al. M) The integrated
flux density in the ON channel is 10.3 + 0.2mJy (peak: 6.12 + 0.06 mJy beam™!), and the
continuum flux in the combined OFF channels is 10.3 £ 0.2mJy (peak: 5.88 + 0.06 mJy
beam™!). Using the VLA 42.2 GHz measurement of 13.2mJy (Carilli et al. M) and a
spectral index of 3 = —1.2 (Lehér et al. @), an extrapolated flux density of 12.7 mJy can
be calculated, which is higher than what was derived from our observations. Therefore,
continuum variability cannot be excluded.

In the bottom panel of Figure Bl the continuum-subtracted line map is shown. This
map was generated by subtracting a CLEAN component model of the continuum emission
(combined OFF channel) from the visibility data of the ON channel, which was then
imaged by applying the CLEAN algorithm with the same parameters used to create the
continuum model. No clear evidence for the HyO(313—290) line emission is found. Thus,

2See http://www.aoc.nrao.edu/aips/ .
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Figure 8.1: VLA observations of MG 075142716 at a resolution of 1.8”x1.7" at a major
axis position angle of 78°. The circle in the bottom left corner of each map represents
the FWHM of the restoring CLEAN beam. Top: Map of the central 50 MHz (344kms™!)
“ON” channel at 43.6 GHz (183.3 GHz rest frame), the frequency for which the HyO line is
expected. Middle: Combined map of the two 50 MHz “OFF” (continuum only) channels
symmetrically offset by 150 MHz (1030kms™') each from the HyO line frequency. The
source is marginally resolved in both maps. Bottom: Continuum-subtracted (“ON-OFF”)
map. No clear evidence for HyO(313—299) line emission is found within the uncertainties
of the observations. All three maps are shown with (-4, -3, 3, 4, 8, 16, 32, 48, 64, 80,
96) x60 uJy beam™! contours.
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Table 8.1: Extragalactic para-HyO(313—220) Emission: Fluxes, Luminosities, and Area
Filling Factors

Dr, Vobs S0 Lgo® L o® Lrir
Object z (Mpc) (GHz) (mJy)  (10° L) (10§ L) (102 Lg) FF References
MG 0751427167 3.200 27940 43.6453 <0.18 10.0 < 0.6 1.2 <1% 1,2,3
Mrk 1014 0.1631 774 157.6048 <26 7.8 <29 2.2 <5% 4,5
VII Zw 244 0.1324 616 161.8775 <26 3.9 < 0.7 0.14 <2% 4,5
NGC 3079 0.003723 16 182.6302 550 1.1 0.0041 0.021 0.05% 6,7
Arp 220 0.018126 78 180.0680 170 5.9 0.29 1.3 0.4% 8,9,10

Notes—Line luminosity unit is L;=K kms~! pc2.

For MG 075142716, the CO(J=4—3) FWHM line width (corrected for the VLA bandpass; Barvainis et al. 2003) of 350 km s~
is utilized to derive L’H207 whereas the CO(J=1—0) FWHM line widths of 210 kms~! and 80 kms~! (Combes et al. [[997)
are assumed for Mrk 1014 and VII Zw 244.

@Derived as described by Solomon et al. (1992H): L} [Kkms~'pc?] = 3.25 x 107 I VO_bQS D? (1+2)~3, where X is the molecule,
I is the velocity-integrated line flux in Jy kms—!, Dy is the luminosity distance in Mpc, and vy is the observed frequency
in GHz.

bThis QSO is lensed by a factor of uy = 17 (Barvainis et al. ) All given luminosities are corrected for lensing.
References—(1) This work, (2) Barvainis et al. 200J; (3) Carilli et al. B00T; (4) Combes et al. [199; (5) Alloin et al. [993; (6)

Koda et al. 2003; (7) Humphreys et al. PO0A; (8) Cernicharo et al. R00d; (9) Solomon et al. [[992d; (10) Solomon et al. [997.

we set a 30 upper limit of Sy,o < 180 uJy on the peak flux of HyO(313—220) emission.
For MG 075142716, we thus derive an upper limit for the HyO(313—249) line luminosity of
Li,0 < 0.6x10° K kms™" pc? (3 0 limit, corrected for gravitational magnification, py, = 17,
Barvainis et al. 2003 see Table B).

8.6 Discussion

8.6.1 Intrinsic Line Brightness Temperatures

Given that the 183 GHz water maser line most likely arises from extended regions associated
with star formation (Cernicharo et al. @), we can use our upper limit together with the
CO(J=4—3) line luminosity (Barvainis et al. M) to estimate how much of the molecular
gas in MG 075142716 may be associated with massive star-forming regions. Radiative
transfer models based on the HyO(313—24) emission line show that it is inverted in warm
and dense environments (Tii, > 40K, nyg, > 5 x 107ecm™2), which are typically found in
star-forming regions, and that the resulting line brightness temperature critically depends
on the underlying physical conditions. It is known to range from thermalized emission
up to line temperatures of ~10,000 K (Cernicharo et al. ; Combes et al. @) As an
example, observations of the 183 GHz water maser towards Orion IRc2 show that emission
arises from narrow (few kms™') line features with up to ~ 2000 K peak temperatures as
well as from a broad (=~ 200 kms™!) emission plateau with ~ 500K peak line brightness
temperature (Cernicharo et al. I@, ). As an order-of-magnitude estimate, we assume
in the following that the HyO(313—299) line in MG 075142716 arises from an environment



8.6 Discussion 119

similar to Orion’s, with an intrinsic brightness temperature of 7,(H,O) ~ 500 K. Only
the CO(J=4—3) line has been observed so far in MG 075142716, therefore the brightness
temperature of the CO emission is not well constrained. However, the dust continuum
temperature of Tyus ~ 40 K in MG 075142716 (Barvainis & Ivison ) is consistent with
those observed in most other high-z QSOs (e.g., Beelen et al. M) In addition, the CO
brightness temperature in well-studied high-z objects such as IRAS F10214+4-4724 agrees
within a factor of ~ 2 with the dust temperature (e.g., Downes et al. I@) By analogy,
we here assume 73,(CO) ~ 40 K.

8.6.2 Area Filling Factor

The combined ratios of the brightness temperatures and line luminosities of H,O and
CO (T,(H,0) ~ 500K, T,(CO) ~ 40K, L, < 0.6 x 10°K kms ' pc?, Lo = 10.0 x
10°K kms™! pc?) can be used to estimate the relative area filling factor (FF) of both
molecules. By this means, our observed upper limit on the 183 GHz H5O line luminos-
ity together with the CO(J=4—3) line luminosity translates into an upper limit on the
H,O/CO area FF of < 1%.

To better understand the relevance of this FF limit derived from our observations, we
now give an independent estimate for the FF based on the FIR luminosity and geometrical
arguments. For this purpose, we assume in the following that all 183 GHz H5O emission in
MG 075142716 is created in hot, star-forming cores like the one found in the central region
of Orion. Assuming Lpg = 1.2 x 10° Ly, for the central 1arcmin? of the Orion Nebula
(corresponding to an area of 0.013 pc? at a distance of 450 pc; Werner et al. @)7 we find
that 107 of these cores are needed to account for the FIR luminosity in MG 075142716
(Table Bl). Assuming a size of 0.013pc? each, 107 of such cores would fill a disk with an
equivalent radius of 200 pc. Taking the observed CO(J=4—3) line FWHM and luminosity
into account, and assuming 7;,(CO) ~ 40 K, for MG 075142716, we can calculate that the
dust and CO are distributed over a region with an equivalent radius of 450 pc. Comparing
the derived disk sizes, we thus find an expected HoO/CO area FF of ~20%. This estimate
is much higher than what is actually observed.

8.6.3 Comparison with Other Extragalactic Studies

Our results for MG 075142716 are in line with observations of the radio-quiet QSOs
Mrk 1014 (PG 01574001, z = 0.16) and VIIZw244 (PG 08384770, z = 0.13; see Table
R), the only two other infrared-luminous galaxies for which upper limits on the 183 GHz
H5O line have been reported (Combes et al. I@) to date. Using the same assumptions
of the intrinsic line brightness temperatures as for MG 075142716, the nondetections in
these galaxies imply FFs of the water line relative to CO(J=1—0) of < 5% and < 2% for
Mrk 1014 and VII Zw 244, respectively. As CO emission appears to be close to thermalized
up to the CO(J=4—3) transition in high-z QSOs (Weiss et al. M), these limits are
directly comparable to MG 0751+2716.
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In Arp220 (z = 0.018), the HyO(313—290) line was detected with a line luminosity of
Lo = 2.9 x 10°K kms ™' pc* (Cernicharo etal. M) With the CO luminosity given
in Solomon et al. (@), this translates to a HoO/CO FF of 0.4%. Arp220 has a FIR
luminosity similar to that of MG 075142716, which might suggest a similar HoO/CO FF.
This suggests that the HyO(313—29) line might be detectable in MG 075142716 if the
sensitivity was increased only by a factor of a few.

For the recent first extragalactic HoO(313—29) detection in the LINER NGC 3079
(Humphreys et al. M), the HoO/CO luminosity ratio (using same brightness tempera-
tures as before) translates into a HoO/CO area FF of only 0.05%. However, it is difficult
to assess the relevance of the NGC 3079 results for MG 075142716, as the former is not
a ULIRG. For lower luminosity galaxies, it has been found that the HCN/CO luminos-
ity ratio is significantly lower (2.5%-4% rather than 10%-25%; Gao & Solomon M),
by analogy, lower HoO/CO luminosity ratios may also be expected in galaxies with FIR
luminosities that are significantly lower than in a ULIRG.

8.6.4 Possible Interpretations of the Nondetection

Our observations suggest that the HyO/CO area FF in MGO075142716 is significantly
lower than the simple estimates based on the distribution and temperature of the dust
and CO predict. However, other reasons for the weakness of the water emission should
also be considered; as discussed in Combes et al. M), the physical conditions required
to efficiently pump the 183 GHz line to the assumed 500 K may not be present. There
are strong differences in the conditions for HyO line emission among Galactic star-forming
regions. For example, the HoO(313—249) maser emission in SgrB2(N/M) is much weaker
than that in OrionIRc2. The extent of the maser-emitting regions in both sources is of
order 1pc, but the observed brightness temperature in Sgr B2 is 1-2 orders of magnitude
lower, reaching only few tens of Kelvin (Cernicharo et al.m, M) This is much lower
than the 500 K we assumed for a typical HyO emitting region. The 183 GHz H,O lines are
thus amplified only by a factor of 3 relative to CO in this source. For high densities and/or
column densities, which are known to be present in the compact molecular distributions
of LIRGs, the maser emission of the 183 GHz line may even be quenched. This would lead
to thermalized emission without maser amplification (Cernicharo et al. m; Combes et al.
). For thermalized emission in an optically thick environment, the HoO(313—25) line
is not expected to be stronger than those of other high-density gas tracers such as HCN.
In Arp 220, the HCN luminosity is Loy = 9.4 x 103K kms™! pc?, i.e., it is brighter than
Hy0(313—290) by a factor of 3 (Cernicharo et al. 2006; Gracié-Carpio et al. M) The H,O
and HCN luminosities in Arp 220 would thus even be consistent with 7,(H,O) = T;,(HCN)
and an area FF that is smaller for HoO than for HCN. This suggests that only a small
fraction of the dense gas is giving rise to HyO emission. Carilli et al. ) set a 3¢ limit
of Lizen < 1.0 x 10 K kms™! pc? on the HCN(J=2—1) line luminosity in MG 075142716,
which is twice as high as our limit for Ly .
It also remains a possibility that the reason for our nondetection is due to limitations in
our observing mode. Due to the small fraction of gas giving rise to the HyO(313—259) emis-
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sion compared to CO, its line width could be much smaller than that of the CO(J=4—3)
transition. This has recently been found in NGC 3079 (Humphreys et al. M), where the
difference in line width is more than a factor of 10. As our observations had to be done
using 50 MHz (344 kms™!) channels, the emission from a narrow line would be diluted over
the full velocity range covered by that channel, rendering detection unlikely even at the
achieved sensitivity. However, in Arp 220, which is likely more similar to MG 075142716,
the HyO(313—240) line has a width of 350 kms™!. Such a line width would match our ob-
serving mode very well. Finally, differential lensing may have an impact on the measured
luminosity ratios (u, = 17), particularly if the CO and HyO emissions do not emerge from
the same regions.

Given the aforementioned results, we find that water maser activity does not outshine
emission from rotational transitions of CO or HCN in the z = 3.2 QSO MG 07514-2716. If
our results can be generalized, we conclude that HyO (despite the fact that it potentially
traces hot, star-forming cores) does not appear to be a more luminous alternative to HCN
to detect high-density gas in star-forming environments at high redshift.

It is a pleasure to thank my collaborators on this project:

Axel Weil (MPIfR), Fabian Walter (MPIA), Chris Carilli (NRAO), and Kirsten K. Knud-
sen (MPIA).
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Chapter 9

Molecular Line Mapping I: A
Compact Quasar Host Galaxy at
2=3.91

9.1 Context

Perhaps the most exciting issue in the context of high redshift QSO studies is the prospect
to actually resolve the host galaxies. One important aspect of such observations is to
also obtain spectral information which allows us to dynamically resolve these systems,
and therefore to derive dynamical masses. Currently, the only means by which to do so
is to study the molecular gas and dust content, since it can be observed at frequencies
where the central AGN does not overshine the whole galaxy. It is therefore one of the
key science drivers of the Atacama Large Millimeter Array (ALMA) to obtain such high
resolution observations out to the highest redshifts (see ALMA Design Reference Science
Plan [DRSP]E). However, with the Very Large Array (VLA), it is possible to conduct such
observations already today for the few known bright CO sources at the highest redshifts
(and even more so with the upcoming EVLA). To explore this difficult but unique area of
high-z observations, a large project with the VLA was started to study the CO emission
of three of the CO-brightest quasars at z>3.5 (i.e., half of all CO-detected quasars at
z>3.5 in 2005/200@.) at the maximum possible spatial resolution, i.e., 0.15”-0.3", which
corresponds to a maximum resolution of 1.0kpc at z=4 for unlensed sources. In this
chapter, the first source is presented: APM 08279+5255 (two more sources are presented
in the subsequent chapters). This is a strongly gravitationally lensed quasar. A previous
study reported a massive, widely extended molecular gas reservoir around this source
(Papadopoulos et al. M) However, as described in Chapter 3, this finding could not be
confirmed. In fact, it will here be shown that the molecular reservoir is very compact, and

http://www.strw.leidenuniv.nl/~alma/drsp.shtml
2Two of the other sources were done as science demonstration; see Carilli et al. (M), and Figure 27
Walter et al. (2004), and Figure
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difficult to resolve even with the aid of gravitational magnification.

9.2 Abstract

We have mapped the molecular gas content in the host galaxy of the strongly lensed high
redshift quasar APM 08279+5255 (z = 3.911) with the Very Large Array (VLA) at 0.3”
resolution. The CO(J=1—0) emission is clearly resolved in our maps. The CO(J=1—0)
line luminosity derived from these maps is in very good agreement with a previous single-
dish measurement. In contrast to previous interferometer-based studies, we find that the
full molecular gas reservoir is situated in two compact peaks separated by <0.4”. Our ob-
servations reveal, for the first time, that the emission from cold molecular gas is virtually
cospatial with the optical/near-infrared continuum emission of the central AGN in this
source. This striking similarity in morphology indicates that the molecular gas is situated
in a compact region close to the AGN. Based on the high resolution CO maps, we present a
revised model for the gravitational lensing in this system, which indicates that the molecu-
lar gas is lensed by only a factor of 4, and that there are no strong differential lensing effects
between the central AGN and the circumnuclear molecular disk. This model suggests that
the CO is situated in a disk of ~550pc radius that is possibly seen at an inclination of
<25° i.e., relatively close to face-on. From the CO luminosity, we derive a molecular gas
mass of Mga=5.3 x 101 p; ' My, for this galaxy. From the CO structure and linewidth, we
derive a dynamical mass of Mgy, sin*i = 4.0 x 10'° M. Based on a revised mass estimate
for the central black hole of Mpy=9.0 x 10'° ;' M, and the results of our molecular line
study, we find that the mass of the stellar bulge of APM 08279+5255 falls short of the
Mgy—0puge relationship of nearby galaxies by more than an order of magnitude, lending
support to recent suggestions that this relation may break down at high redshift.

9.3 Introduction

Several different populations of distant galaxies have been detected to date, out to a (spec-
troscopically confirmed) redshift of 2=7.0 (see Ellis 2007 for a review). It is of fundamental
importance to study such young galaxies in great detail in order to constrain their nuclear,
stellar, and gaseous constituents and their physical properties and chemical abundances.
Understanding these different characteristics of high redshift galaxy populations and their
progression through cosmic times is vital to develop a unified picture of galaxy formation
and evolution. One key aspect in these high-z galaxy studies are sensitive, high-resolution
radio observations of the molecular gas phase, i.e., the raw material that fuels star forma-
tion.

Since its initial discovery at z>2 more than a decade ago (Brown & Vanden Bout Iﬁl;
Solomon et al. M), observations of spectral line emission from interstellar molecular
gas in distant galaxies have revolutionized our understanding of some of the most luminous
objects that populate the early universe. This is due to the fact that the physical state of the
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molecular interstellar medium (ISM) plays a critical role in the evolution of a galaxy. The
total amount of molecular gas in a galaxy determines for how long starburst activity can be
maintained, while its temperature and density are a direct measure for the conditions under
which star formation can occur (see Solomon & Vanden Bout 2005 for a review). Also, there
is growing evidence that the observed relationships between black hole mass and galaxy
bulge velocity dispersion (Mpy—o,; Ferrarese & Merritt m; Gebhardt et al. M), black
hole mass and host bulge concentration (i.e., Sersic index; Graham et al. m; Graham &
Driver M), and, ultimately, black hole mass and bulge mass (Mpy—Mpuige; Magorrian et
al. @; Héring & Rix ), may be a consequence of an active galactic nucleus (AGN)

feedback mechanism acting on its surrounding material, at least in the most luminous

systems (Silk & Rees [1998; Di Matteo et al. ). Such an AGN-driven wind will also
interact with the molecular gas, the material which will eventually form the stellar bulges
in galaxies at high redshift, but also feed the active nucleus itself. Observations of the
dynamical structure and distribution of molecular gas in distant galaxies may even reveal
the initial cause of event (e.g., mergers) for both star formation and AGN activity, an
important test for recent cosmological models (e.g., Springel et al. m; Narayanan et
al. ).

High angular resolution observations of molecular gas in high-z galaxies are, to date,
exclusively being obtained in the rotational transitions of carbon monoxide (CO). In the
past few years, a number of submillimeter galaxies (SMGs; Genzel et al. ; Downes
& Solomon ; Tacconi et al. M) and quasars (Alloin et al. I@) at z>2 have been
studied at a linear resolution of up to 5kpc at the target redshifts (1kpc=0.12" at z=2),
primarily using the IRAM Interferometer on Plateau de Bure (PdBI). In some cases, grav-
itational lensing aids in zooming in further on these systems. However, the only telescope
that currently allows us to attain resolutions of sub-kpc to 1kpc scale at even higher
redshifts (224, where 1kpc20.14") is the NRAO’s Very Large Array (VLA)E. First sub-
arcsecond resolution CO imaging with the VLA has been obtained toward the distant
quasars BR 1202-0725 (2=4.69; Carilli et al. M), APM 0827945255 (2=3.91; Lewis et
al. M), PSS J2322+1944 (2=4.12; Carilli et al. m; Riechers et al., in prep.), and
SDSS J1148+4-5251 (2=6.42; Walter et al. M)

We here report on new, more sensitive high-resolution observations of CO(J=1—0)
emission towards the strongly lensed quasar APM 0827945255 (z = 3.911).

APM 0827945255 was alreadyﬂ imaged during the Palomar Sky Survey (PSS) in 1953, a
decade before the discovery of the first quasar was reported in the literature (Schmidt Iﬁ‘i)
About 45 years later, it was ‘officially’ discovered in an automatic plate measuring facility
(APM) survey for distant cool carbon stars, and identified as a 15'" magnitude, radio-quiet
broad absorption line (BAL) quasar with an IRAS Faint Source Catalog (FSC) counterpart
at a redshift of z,,,=3.87 (Irwin et al. @) APM 0827945255 was found to have an
unprecedented apparent bolometric luminosity of Lyu=7x10' L, about 20% of which is

3The Very Large Array is a facility of the National Radio Astronomy Observatory, operated by Asso-
ciated Universities, Inc., under a cooperative agreement with the National Science Foundation.
“Due to the source’s enormous optical brightness, much older images may exist.
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emitted in the (far-)infrared (Lewis et al. M) This extreme value was early on found to
be due to strong gravitational lensing (Irwin et al. @), producing three close (maximum
separation <0.4”), almost collinear images in the optical /near-infrared (Ibata et al. @;
Egami et al. ). Due to the lack of a detection of the lensing galaxy, and an indication
for significant microlensing effects, the true nature of the gravitational lens configuration
(and thus the magnification factor p ) in this system remains subject to debate (e.g., Egami
et al. m; Lewis et al. M) despite the fact that APM 0827945255 is one of the best-
studied sources in the distant universe. In addition to its enormous continuum brightness
at basically every astronomically relevant wavelength, APM 0827945255 is also one of the
brightest CO sources at high redshift (Downes et al. @) It also exhibits unusually
bright HCN (Wagg et al. ) and HCO™ (Garcia-Burillo et al. M) emission, and was
recently also detected in C1 (Wagg et al. ) emission. The properties of its molecular
gas content have recently been modeled based on observations of the CO(J=1—0) up to
CO(J=11—10) rotational ladder (‘CO spectral line energy distribution’, or SLED) with
the NRAO Green Bank Telescope (GBT)ﬁ and the IRAM 30m telescope (Riechers et
al. M; Weif} et al. M) We use a standard concordance cosmology throughout, with
Hy=71kms *Mpct, Qy = 0.27, and Q, = 0.73 (Spergel et al. ,M)

9.4 Observations

We here report new, sensitive high-resolution observations of the CO(J=1—0) emission
line in APM 08279+5255. To better constrain the molecular gas properties in this source,
we also re-derive the strength of the CO(J=2—1) emission line, based on more sensitive
(archival) observations than reported previously (Papadopoulos et al. M) In this con-
text, we also present a search for the CN(/N=1—0) emission line in this galaxy, a tracer of
the dense fraction of the molecular gas phase (see Riechers et al. 20064 for more details on
this data). To further investigate the AGN and starburst environments in this source, we
augment our analysis of the molecular gas properties with a study of the radio continuum
properties, based in part on archival observations. A fraction of the archival continuum
data was used in previous studies of this source (Ibata et al. @; Ivison m; see Tab.
for details).

9.4.1 VLA Data
CO(J=1—0) and 23.5 GHz continuum [new]|

We observed the CO(J=1—0) transition line (vt = 115.2712018 GHz) towards

APM 08279+5255 using the VLA in B, C, and D configuration between 2005 April 07 and
2005 December 02. At the target redshift of 3.911, the line is redshifted to 23.472 GHz
(12.77 mm, K band). The total on-sky integration time amounts to 51.25 hr (see Tab. @1 for

5The Green Bank Telescope is a facility of the National Radio Astronomy Observatory, operated by
Associated Universities, Inc., under a cooperative agreement with the National Science Foundation.
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Table 9.1: New (2005) and Archival (1998-2001) VLA Observations Summary

Date Configuration  Duration Band Type Reference
2005 Apr 07 B 6.75h K CO(J=1—-0) 1
2005 Apr 08 B 6.0h K CO(J=1-0) 1
2005 Apr 09 B 5.25h K CO(J=1—0) 1
2005 Apr 10 B 6.0h K CO(J=1-0) 1
2005 Apr 18 B 7.5h K CO(J=1—0) 1
2005 May 01 B 4.0h C Continuum 1
2005 Sep 12 C 8.25h K CO(J=1—0) 1
2005 Sep 20 C 7.5h K CO(J=1-0) 1
2005 Dec 02 D 4.0h K  CO(J=1-0) 1
1998 Jun 18 BnA 3.0h X Continuum 2
1998 Jul 28 B 2.5h X Continuum 1
2.0h U Continuum 1
1998 Aug 11 B 3.0h X Continuum 1
3.5h U Continuum 1
2000 Apr 24 c 13.0h Q  COo(J=2-1) 3
2000 Sep 16 D 4.0h Q CO(J=2—1) 1
2001 Jan 21 A 2.25h L Continuum 4
2001 Oct 20 D 9.0h Q  CO(J=2—1) 1

Notes—Maximum baselines of VLA configurations are: A - 36.4km, B - 11.4km, C - 3.4km, D - 1.03km. BnA is a hybrid
configuration where the antennas on the east and west arms of the array are in the shorter of the two denoted configurations,
and the north arm is in the more extended configuration.

References—(1) this work; (2) Tbata et al. [[999; (3) Papadopoulos et al. R001; (4) Tvison 200d.

details). Observations were performed in fast-switching mode (see, e.g., Carilli & Holdaway

) using the nearby source 08248+55527 for secondary amplitude and phase calibration.
Observations were carried out under excellent weather conditions with 25 antennas. The
phase stability in all runs was excellent (typically <15° for the longest baselines). The phase
coherence was checked and approved by imaging the calibrator source 08087+49506 with
the same calibration cycle as that used for the target source. For primary flux calibration,
3C 286 was observed during each run.

Two 25 MHz intermediate frequencies (IFs) with seven 3.125 MHz channels each were
observed in ‘spectral line’ mode centered at the CO(J=1—0) line frequency, leading to an
effective bandwidth of 43.75 MHz (corresponding to 558 kms™! at 23.5 GHz; ’ON’ chan-
nels). Two 50 MHz (corresponding to 638 kms™! at 23.5 GHz) IFs were observed in contin-
uum mode at 23.3649 GHz and 23.5649 GHz (+100 MHz offset from the line frequency) to
measure the source’s continuum at 13 mm ("OFF’ channels). The continuum was observed
for one third of the total time to attain the same rms as in the combined line channels.

For data reduction and analysis, the ATPSH package was used. The two continuum
channels were concatenated in the uv/visibility plane. The CO(J=1—0) line image was
generated by subtracting a CLEAN component model of the continuum emission from the
visibility data. All data were mapped using the CLEAN algorithm. The velocity-integrated
maps shown in Fig. are imaged using robust 1 weighting and combining B and C array
data, leading to a synthesized clean beam size of 0.30”x0.29” in the CO(J=1—0) line
map and 0.32”x0.29” in the continuum map (note that D array data were omitted in

Shttp://www.aoc.nrao.edu/aips/
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these maps to improve the shape and size of the synthesized beam). The final rms over the
full bandwidth of 43.75 MHz (558 kms™!) in the CO(J=1—0) map is 16 uJy beam™!, and
the rms over the 100 MHz continuum bandpass is 13 uJy beam™'. In Fig. L2, four velocity
channel maps (9.375 MHz, or 120 kms~! each) of the central 37.5 MHz (480 kms™') of
the CO(J=1—0) line are shown. To maximize the sensitivity in individual channels the
data were imaged using natural weighting and combining B and C array data, achieving a
resolution of 0.34”x0.33”. Hanning smoothing was applied to the image cube, resulting in
an rms of 27 uJybeam ™! per channel. The velocity-integrated CO(J=1—0) and 23.5 GHz
continuum maps of the combined B, C and D array data shown in Fig. and Fig. @0l
top right, are imaged using natural weighting and a gaussian taper, leading to synthesized
beams of 1.19”x1.14” and 1.19”x1.10”, and an rms of 19 uJy beam™! for both maps.

CO(J=2—1) [archival]

Spectral line observations of the CO(J=2—1) transition line (15 = 230.53799 GHz) to-
wards APM 0827945255 were carried out between 2000 Apr 24 and 2001 Oct 20 using the
VLA in C and D configuration. The C array data was published by Papadopoulos et al.
). We here re-analyze this data, and add in shorter (unpublished) D array spacings
to improve the sensitivity of the data. At the target redshift of 3.911, the CO(J=2—1)
line is redshifted to 46.943 GHz (6.39 mm, Q band). The total on-sky integration time
amounts to 26 hr (see Tab. for details). Observations were performed in fast-switching
mode using the nearby source 08248+-55527 for secondary amplitude and phase calibration.
Observations were carried out under excellent weather conditions with up to 27 antennas.
For primary flux calibration, 3C 48 and 3C 286 were observed. Observations were set up
in quasi-continuum mode; two 50 MHz IFs were observed simultaneously at 46.9149 GHz
and 46.9649 GHz to cover the central ~640 kms~! of the spectral line.
Data were mapped using the CLEAN algorithm at natural weighting; this results in a
synthesized beam of 1.11”x0.93” and an rms of 65 uJy beam ™' (no map shown here).

1.4 GHz continuum [archival]

Continuum observations at 1.400 GHz (L band) towards APM 0827945255 were carried
out on 2001 Jan 21 using the VLA in A configuration. This data was recently published
by Ivison (Im; no map shown). The total on-sky integration time amounts to 2.25 hr (see
Tab. @1 for details). Observations were performed in spectral line mode using the nearby
source 08244558 for secondary amplitude and phase calibration. Observations were set
(no map shown here)up using two IFs and seven 3.125 MHz channels per IF, leading to an
effective bandwidth of 43.75 MHz (corresponding to ~9400 kms™! at 1.4 GHz). Observa-
tions were carried out under good weather conditions with 27 antennas. For primary flux
calibration, 3C 48 was observed.

Data were mapped using the CLEAN algorithm at robust 0 weighting; this results in
a synthesized beam of 1.42”x1.15” and an rms of 33 uJy beam™! (see Fig. @8, top left).
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4.5 GHz continuum [new]

Continuum observations at 4.5276 GHz (C band) towards APM 0827945255 were carried
out on 2005 May 01 using the VLA in B configuration. The total on-sky integration time
amounts to 4hr (see Tab. for details). Observations were performed in spectral line
mode using the nearby source 08248+-55527 for secondary amplitude and phase calibration.
Observations at 4.5276 GHz were set up using thirty-one 390.625 kHz channels, leading to
an effective bandwidth of 12.109375 MHz (corresponding to 802kms™! at 4.5276 GHz).
Observations were carried out under excellent weather conditions with 25 antennas. The
phase stability in this run was excellent. For primary flux calibration, 3C 286 was observed
during each run.

Data were mapped using the CLEAN algorithm at natural weighting; this results in a
synthesized beam of 1.55”x1.42" and an rms of 40 uJy beam™! (see Fig. L8, bottom left).

8.4 GHz continuum [archival]

Continuum observations at 8.4 GHz (X band) towards APM 0827945255 were carried out
between 1998 Jun 18 and Aug 11 using the VLA in BnA and B configuration. The BnA
array data was published by Ibata et al. (@) We here re-analyze this data, and add
in shorter B array spacings to improve the sensitivity and image quality of the data. The
total on-sky integration time amounts to 8.5hr (see Tab. for details). Observations
were performed in quasi-continuum mode (two 50 MHz IFs were observed simultaneously
at 8.4351 GHz and 8.4851 GHz) using the nearby sources 0749+540 and 08204560 for
secondary amplitude and phase calibration. Observations were carried out under good
weather conditions with 27 antennas. For primary flux calibration, 3C 48 and 3C 147 were
observed.

Data were mapped using the CLEAN algorithm. Imaging the data with natural weight-
ing results in a synthesized beam of 0.73”x0.42" and an rms of 10 uJy beam™! (see Fig.
@8 bottom right). Imaging the data with uniform weighting results in a synthesized beam
of 0.63”x0.22"” and an rms of 20 uJy beam™ (see Fig. @7).

14.9 GHz continuum [archival]

Continuum observations at 14.9 GHz (U band) towards APM 08279+5255 were carried
out on 1998 Jul 28 and Aug 11 using the VLA in B configuration. The total on-sky
integration time amounts to 5.5 hr (see Tab. B for details). Observations were performed
in quasi-continuum mode (two 50 MHz IFs were observed simultaneously at 14.9149 GHz
and 14.9649 GHz) using the nearby source 07494540 for secondary amplitude and phase
calibration. Observations were carried out under good weather conditions with 27 antennas.
For primary flux calibration, 3C 48 was observed.

Data were mapped using the CLEAN algorithm at natural weighting; this results in a
synthesized beam of 0.51”x0.44” and an rms of 44 Jy beam™' (no map shown here).
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9.4.2 GBT Data
(jPJ(PJzzl—»O)

As part of our wide-band high-z molecular line study (Riechers et al. M), we observed
the F’=3/2—1/2, F=5/2—3/2, F=1/2—1/2, and FF’=3/2—3/2 hyper-fine structure transi-
tions of the CN(N=1—0, v=0, J=3/2—1/2) line (1;esy = 113.4881420 — 113.5089340 GHz)
towards APM 0827945255 with the GBT between 2004 December 15 and 19 for a total
of 22.5hr (15hr on source). At the target redshift of 3.911, these lines are redshifted
to 23.109-23.113 GHz (12.97mm, K band), and can be observed simultaneously (in-band)
with CO(J=1—0) at the GBT (see Riechers et al. 20064 for a more detailed description
and results on the CO observations). Observations were performed in ON-OFF position
switching mode using the nearby source J07534-538 for secondary amplitude and pointing
calibration, correcting for the atmospheric opacity. The pointing accuracy was typically 3”.
Observations were carried out under excellent weather conditions. For primary flux calibra-
tion, 3C 147 and 3C 286 were observed during each run. The dual-beam, dual-polarization
18-26 GHz receiver was used for all observations. The beam size at our observing frequency
is 32" (~230kpc at the source’s redshift), i.e. much larger than our target.

Two 800 MHz IFs with 2048 390.625kHz (5 kms™!) channels and two orthogonal po-
larizations each were observed simultaneously. The first IF was centered on the redshifted
CO(J=1—0) frequency at 23.4663 GHz, and the second IF was tuned 700 MHz bluewards.
Therefore, the observed CN(N=1—0) fine structure transition lines are located at the
lower end of the first IF.

For data reduction and analysis, the ATPS+*f] and GBT IDIH packages were used.
Final combination, binning, and baseline subtraction were done with GILDAS/ crAsHl.
An rms of 65 puJy was attained in these observations.

9.5 Results

9.5.1 CO(1-0) Line and 23.5 GHz Continuum Emission

We have resolved the emission from the CO(J=1—0) transition line towards

APM 0827945255 (2 = 3.91), as well as the continuum emission at the same frequency
(Fig. @&1)). The left panel of Fig. shows the CO(J=1—0) and continuum emission,
the middle panel the continuum-subtracted CO(J=1—0) emission, and the right panel
the 23.5 GHz continuum emission. The continuum-subtracted CO(J=1—0) line emission
(Fig. @11, middle) is clearly resolved into two peaks (north-east and south-west). From
2-dimensional Gaussian fitting we find a line peak flux density of 131 £ 16 uJy beam™!
for the north-eastern CO peak at a=08"31m41%.708+0°.001, 6=+52°4517".584+0".02 and
a line peak flux density of 87 & 16 uJy beam™! for the south-western CO peak at

"http://www.aips2.nrao.edu.
8http://gbtidl.sourceforge.net.
‘nttp://www.iram.fr/IRAMFR/GILDAS/.
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Figure 9.1: High-resolution VLA maps of CO(J=1—0) + continuum (left), CO(J=1—0)
only (middle), and 23.5 GHz continuum (right) emission towards APM 0827945255 at a
resolution of 0.30/0.30/0.32”x0.29"” (robust 1 weighting; left to right; beam size indicated
in the bottom left corner of each panel). Contours are shown in steps of the rms noise,
starting at +20 (1o = 16/16/13 uJy beam™'). Left: Image of the CO(J=1—0) and contin-
uum emission. The source is clearly resolved, and detected at a peak strength of 150. This
map is integrated over the central 558 kms™! (43.75 MHz) of the CO(J=1—0) emission.
Middle: Image of the CO(J=1—0) emission. Continuum emission was subtracted. The
source is clearly resolved into two CO peaks (8¢ and 50 signal-to-noise), as indicated by
the plus signs. This continuum-subtracted map is integrated over the same range as in left
the panel. Right: Image of the 23.5 GHz continuum emission (peak: 11¢). The emission
appears resolved and peaks centrally between the CO(J=1—0) peaks (as indicated by the
plus signs). This continuum map is integrated over a bandwidth of 100 MHz.
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Table 9.2: CO/CN Line Peak and Continuum Fluxes

Transition/Frequency Sy Configuration
(pdy)

CO(J=1—0) 285+27% BCD

CO(J=2—1) 1637465 CD

CN(N=1—0) <195 [GBT]

1.4GHz 1160+33 A

4.5 GHz 551440 B

8.4GHz 446420 BnA/B

14.9 GHz 303+£93¢ B

23.5 GHz 376+£19 BCD

46.9 GHz (estimated)? 4057310 —

Notes—Fluxes are derived from convolved maps for all datasets with linear resolutions higher than 1.2” and agree with those
derived from Gaussian fitting to the unconvolved data within 10%.

“Peak flux from Gaussian fitting to the unsmoothed 14 channel spectrum.

bNot corrected for the estimated 46.9 GHz continuum contribution.

“Tentative detection.

dEstimated based on the FIR-to-radio SED. The lower limit is given by the model of the FIR-only part of the continuum, and

the upper limit is estimated by linear interpolation (in the log-log plane) of the 23 GHz and 94 GHz continuum measurements.

a=08"31"415.6884-0°.004, 6=+52°45'17".34+0".05 (astrometric errors are derived from the
fit). This corresponds to a peak flux ratio of b(SW,NE)=0.66 + 0.15. The seperation
between both peaks is d(SW,NE)=0.31" £+ 0.05".

The continuum emission (Fig. @] right) is also clearly resolved and has about the same
extent as the CO(J=1—0) line emission, but is not resolved into two individual peaks. The
emission rather peaks centrally between the two CO peaks indicated by the plus signs. For
the continuum emission at this resolution, we derive a peak flux density of 147 4+ 12 uJy
beam ™! by fitting a single two-dimensional Gaussian.

In Fig. @32, four (continuum-subtracted) channel maps (9.375 MHz, or 120 kms~! each)
of the central 37.5MHz (480 kms™!) of the CO(J=1—0) line are shown. The line is
resolved into the two CO(J=1—0) peaks defined above in the central two channels, and the
decline of the line intensity towards the line wings is clearly visible in the outer channels,
as expected. Due to the slight asymmetry of the CO(J=1—0) line with respect to our
central tuning frequency, only little emission is detected in the blueward outer channel, the
lack of extended emission in this channel is therefore ascribed to low signal-to-noise rather
than different structure relative to the other channels. From the central line channels, we
derive a line peak flux density of 185 £ 27 uJy beam~! for the north-eastern CO peak and
a line peak flux density of 101 & 27 uJy beam™! for the south-western CO peak.

To derive the full CO(J=1—0) and 23.5 GHz continuum flux of APM 08279+5255, we
have imaged the whole B, C, and D array dataset with natural weighting, but tapered to a
linear resolution of ~1.2" (Fig. and Fig. @0, top right). At this resolution, the source
appears at best marginally resolved, and we derive that we outresolve at most 10% of the
integrated flux. From the integrated maps, we derive an CO(J=1—0) peak flux density of
210 4 19 pJy beam™!, and a continuum peak flux density of 372 4 19 uJy beam™!. The
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Figure 9.2: Channel maps of the CO(J=1—0) emission (same region is shown as in
Fig. @1). The beam size (0.34”x0.33"; natural weighting) is shown in the bottom left
corner. The plus signs indicate the same positions as in Fig. @ Contours are shown
in steps of the rms noise, starting at +20 (1o = 27 uJy beam™!). One channel width
is 9.375 MHz, or 120kms™! (frequencies increase with channel number and are shown at
23451.539, 23460.914, 23470.289, and 23479.664 MHz).

complete beam-corrected source fluxes (derived from 2-dimensional Gaussian fitting to the
source) in both maps agree with the peak fluxes within the errors. It also agrees well
with the beam-corrected fluxes in the full resolution dataset within the error bars. From
the central line channels, we derive a CO(J=1—0) line peak flux density of 285 4+ 27 uJy
beam ™.

This peak flux agrees well with that derived from single-dish observations. Figure
shows the central part of the CO(J=1—0) spectrum we have obtained with the GBT
(Riechers et al. ). This spectrum has a resolution of 75 kms™! at an rms of 65 uJy per
channel. The solid black line is a Gaussian fit to that data. Overplotted on this spectrum,
we show the flux of the four 120 kms~! channels of Fig. (but for the tapered BCD array
dataset). The error bars indicate the rms per channel (40 pJy). This clearly demonstrates
that, within the error bars, our interferometric observations recover the same amount of
CO emission as the single-dish observations obtained with a ~32” observing beam.

9.5.2 CO(2-1) Line Emission

The CO(J=2—1) transition line towards APM 08279+5255 (z = 3.91) is also detected (see
also discovery paper by Papadopoulos et al. M) To extract the full CO(J=2—1) line
flux, we convolved the map with a circular beam of 1.2” diameter. From 2-dimensional
Gaussian fitting, we then derive a line peak flux density of 1637 & 65 uJy beam™!.

We note that during none of the (archival) CO(J=2—1) observations, the contin-
uum at 46.9 GHz was measured. However, Papadopoulos et al. M) report a limit
of 30=0.9mJy on the continuum emission at 43.3 GHz. This means that up to half of
the CO(J=2—1) emission reported above may be attributed to 7 mm continuum emission
rather than CO(J=2—1) emission (see Sect. 4.3 for further discussion).
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Figure 9.3: Map of the CO(J=1—0) emission as shown in Fig. @1l (middle), but including
D array short spacings, and tapered to a resolution of 1.19”x1.14" (natural weighting;
beam size indicated in the bottom left corner). Contours are shown in steps of the rms
noise, starting at +30 (1o = 19 uJy beam™!; 110 peak). The plus signs indicate the
same positions as in Fig. @l The emission appears practically unresolved, and there is no
indication of any extended emission.
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Figure 9.4: GBT spectrum of CO(J=1—0) emission from APM 0827945255 (Riechers et
al. M) at a resolution of 5.86 MHz (75 kms™!, dashed line). The rms per channel is
65 puJy. The thin black line shows a Gaussian fit to the data. Overplotted is the peak
flux densities of our new VLA CO(J=1—0) data in the four 120 kms™' channels shown
in Fig. @2 but tapered to the resolution shown in Fig. @3 The error bars indicate the
rms per channel of 40 pJy. This overlay shows that the GBT (single-dish) and the VLA
(interferometer) detect the same amount of flux within the errors.
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Figure 9.5: Redshifted CN(N=1—0) spectrum of APM 0827945255 at a resolution of
3.5MHz (45 kms™!), obtained with the GBT. The velocity scale is relative to the
CO(J=1—0) peak. The global rms is 65 uJy. No emission is detected. The dashed lines
indicate the range where the strongest fine structure components of the CN(N=1—-0,
v=0, J=3/2—1/2) multiplet, ie. the F=3/2—1/2, F=5/2—3/2, F=1/2—1/2, and
F=3/2—3/2 transitions, are expected to peak. If the CN emission comes from a simi-
lar region than the CO emission, these components are expected to be blended.
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9.5.3 The Search for CN(1-0) Line Emission

To measure the total CO luminosity, we have obtained wide-band CO(J=1—0) observa-
tions toward APM 0827945255 with the GBT (see Riechers et al. for details). The
bandwidth of these observations was high enough to also search for redshifted CN(N=1—0)
emission within the same setup (see Fig. [@H). The strongest hyper-fine structure compo-
nents of the CN(N=1—-0, v=0, J=3/2—1/2) multiplet, i.e. the F=3/2—1/2, F'=5/2—3/2,
F=1/2—1/2, and F=3/2—3/2 transitions, have rest frequencies of 113.4881420,
113.4909850, 113.4996430, and 113.5089340 GHz. At z = 3.911, this corresponds to 23.109,
23.110, 23.111, and 23.113 GHz. Accounting for the uncertainty in redshift (Riechers et
al. M), the dashed lines in Fig. indicate the region where these transitions are ex-
pected to peak. We note that, if the CN emission comes from a similar region than the
CO emission, these components are expected to be blended due to their large linewidth
(2500 kms™!, or 39 MHz FWHM, Riechers et al. M; Weif} et al. M) At an rms of
65 puJy, we do not detect any emission. We thus set a 3o limit of 195 uJy on the peak
strength of the CN(N=1—0) emission in APM 08279+5255.

9.5.4 Continuum Emission at 1.4 GHz

Using the VLA in A array, 1.4 GHz continuum emission from APM 0827945255 was de-
tected by Ivison (M) From this analysis, [vison (M) derived a continuum flux density
of 3.05 £ 0.07mJy. APM 0827945255 was previously detected at 1.4 GHz in the VLA-
FIRST survey (White et al. @), but at significantly lower resolution and signal-to-noise.
However, the 1.4 GHz continuum flux of 897 4 148 uJy beam™! derived from the VLA-
FIRST data is significantly lower that that of Ivizﬁﬁé). To obtain a coherent dataset,
we thus re-analyzed the A-array data by Ivison ). We derive a continuum peak flux
density of 1160 + 33 uJy beam™! (see Fig. @f, top left). This value is consistent with
that found from the VLA-FIRST survey data, but significantly lower than that derived by
Ivison (M) Our result was independently confirmed by Ivison (2007, priv. comm.). We
thus use our revised 1.4 GHz continuum flux in the following.

9.5.5 Continuum Emission at 4.5 GHz

We have detected continuum emission at 4.5 GHz towards APM 08279+5255 using the
VLA in B array. APM 08279+5255 remains unresolved in our observations (see Fig. [0l
bottom left). We derive a continuum peak flux density of 551 4 40 uJy beam ™. We also
detect another continuum source about 3” south of APM 0827945255, which is detected
at a peak flux density of 180 + 40 uJy beam™! (this source was first detected at 8.4 GHz
by Ibata et al. @, see peak position derived below). At the given signal-to-noise, it
is unclear whether this source is extended or not. APM 08279+5255 has been detected
at 4.5 GHz previously (Ivison M), but at a factor of 4 worse linear resolution (VLA C
array, ~ 5.5”). Thus, APM 08279+5255 and the source detected 3” south are blended at
this resolution in Ivison’s data, and the continuum flux of APM 0827945255 at 4.5 GHz is
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Figure 9.6: VLA maps of 1.4, 4.5, 84, and 23.5GHz continuum emission towards
APM 0827945255 (1.4 GHz: robust 0, rest: natural weighting). The plus signs indicate
the same positions as in Fig. Top left: Image of the 1.4 GHz continuum emission at a
resolution of 1.42”x1.15" (as indicated in the bottom left corner). Contours are shown at
(-3,3,5,7,9,11, 15, 19, 23, 27, 31, 35)x0 (1o = 33 uJy beam ™). This continuum map is
integrated over a bandwidth of 43.75 MHz. Top right: Image of the 23.5 GHz continuum
emission tapered to a resolution of 1.19”x1.10”. Contours are shown in steps of twice
the rms noise, starting at +30 (1o = 19 uJy beam™!; 190 peak). This continuum map is
integrated over a bandwidth of 100 MHz. Bottom left: Image of the 4.5 GHz continuum
emission at a resolution of 1.55”x1.42”. Contours are shown in steps of the rms noise,
starting at +20 (1o = 40 uJy beam™'; 130 peak). This continuum map is integrated over
a bandwidth of 12.11 MHz. Bottom right: Image of the 8.4 GHz continuum emission at a
resolution of 0.73”x0.42”. Contours are shown at (-3, 3, 5, 7, 11, 15, 19, 23, 27, 31)xo
(1o = 10 uJy beam™!). This continuum map is integrated over a bandwidth of 100 MHz.
In the 4.5 and 8.4 GHz maps, a radio source is detected about 3" south of APM 0827945255
(at o = 08"31™415.576, § = +52°45'14".66; 40 and 7o peak strength). This source remains
undetected at 1.4 and 23.5 GHz (also undetected at 14.9 and 46.9 GHz).
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Table 9.3: Continuum Fluxes of VLA J083141+524514

Frequency Sy Configuration
(Jy)

1.4 GHz <100 A

4.5 GHz 180+40 B

8.4 GHz 83410 BnA/B

14.9 GHz <130 B

23.5 GHz <40 BCD

46.9 GHz <200 CD

Notes—Source is detected at position a = 08"31™41%.576, § = +52°45'14" .66.

overestimated. The 4.5 GHz continuum flux derived from Ivison’s data (his Fig. 2, bottom
panel) is in good agreement with the sum of the 4.5 GHz continuum fluxes of both sources
in our analysis. We thus use our revised 4.5 GHz continuum flux of APM 0827945255 in
the following.

9.5.6 Continuum Emission at 8.4 GHz

Continuum emission from APM 0827945255 was first detected at 8.4 GHz by Ibata et
al. (IE) using the VLA in BnA array. We here combine this data with shorter B
array spacings to improve the sensitivity of the data (see Fig. @@ bottom right). For
APM 08279+5255, we derive a 8.4 GHz peak flux density of 446 4+ 20 uJy beam™! (map
convolved with a circular beam of 1.2” diameter for flux extraction), consistent with the
value given by Ibata et al. (@) of 0.45 £ 0.03mJy. We also detect the ‘southern’ source
described in the previous subsection. It is detected at higher signal-to-noise and resolution
in the unconvolved map than at 4.5 GHz. We thus use the 8.4 GHz data to derive the peak
position of the source. The position of a=08"31™41%.5764+0°.006, j=+52°45'14".6640".03
is in good agreement with the peak of the 4.5 GHz continuum (source designation from now
on: VLA J083141+524514). From the unconvolved, naturally weighted emission line map,
we derive a peak flux density of 83 £ 10 uJy beam™!. Note that VLA J083141+524514 is
detected in none of the other bands, 30 upper limits are given in Tab.

We also imaged APM 08279+5255 with uniform weighting (Fig. @1). The emission is
clearly resolved into two peaks at this higher resolution, which coincide with the CO(J=1—0)
peaks as indicated by the plus signs. Interestingly, both peaks appear to have the same
brightness at 8.4 GHz (205 + 20 uJy beam ™" for the north-eastern peak, and (204 + 20 uJy
beam ™! for the south-western peak). This is consistent with the naturally weighted image,
where the emission peaks centrally between the CO(J=1—0) peak positions, and possibly
caused by a combination of two differentially lensed components of the source with different
spectral index. VLA J083141+524514 remains unresolved at this higher resolution.

9.5.7 Continuum Emission at 14.9 GHz

Continuum emission at 14.9 GHz was searched for towards APM 08279+5255. We ten-
tatively detect emission at the center of the CO(J=1—0) peak positions. This emission
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Figure 9.7: Uniformly weighted 8.4 GHz continuum map. The beam size (0.63"x0.22") is
shown in the bottom left corner. Contours are shown in steps of the rms noise, starting at
+20 (1o = 20 uJy beam™!). The source is clearly resolved into two peaks at this resolution
(100 each), which coincide with the CO(J=1—0) peaks (as indicated by the plus signs,

see Fig. @TI).

appears to be resolved and elongated along the same axis as the CO(J=1—0) emission.
The peak flux density measured at this position is 161 4= 44 uJy beam ™. However, since
the detected flux density is <40, this measurement has to be treated with caution, and
more sensitive data is required to confirm this result. Convolving this image with a circular
beam of 1.2” diameter as above, we derive a flux density of 303493 uJy beam™!, which
we will treat as a tentative detection in the following. We summarize all our results in
Tab.

9.6 Analysis

9.6.1 Spectral Energy Distribution

Detailed continuum observations are now available for APM 08279+5255. Figure [L.8 shows
the near-infrared-to-radio (~1 pm—1m, or 300 THz—300 MHz) spectral energy distribution
(SED). The mid-IR-to-far- IR art of the spectrum has been modeled previously (Rowan-
Roblnsonm Beelen et al. EOE?E ), indicating that a two component fit to the dust emission
may be necessary to reproduce the data (a ‘warm’ AGN dust torus component plus a
‘cold’ starburst component; see also the multiple-component models by Blain et al. ).
Recently, Weif3 et al. ) have presented a model for the dust continuum which also
assumes two components, but which is additionally constrained by model parameters which
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Figure 9.8: Near-infrared-to-radio spectral energy distribution (SED) of APM 08279-+5255.
The crosses indicate the measurements described in this chapter, and the open square gives
an estimate for the 46.9 GHz continuum flux. All other signs indicate detections and upper
limits from the literature (White et al. [1997; Trwin et al. @; Lewis et al. I@; Ibata
et al. [1999: Downes et al. ; Egami et al. m; Papadopoulos et al. m; Barvainis &
Ivison m; Lewis et al. M; Wagg et al. m, |2_0£%; Beelen et al. m; Ivison m;
and Weif} et al. M) Left: The solid line represents a model fit to the thermal dust
continuum, and a two-component power-law fit to the radio continuum emission. The
components are indicated by the dashed lines. The parameters for the model for the
dust part of the continuum are adopted from Weif et al. M), the dotted lines indicate
the ‘cold” and ‘warm’ subcomponents of their model. The parameters of the ‘flat’ and
‘steep’ spectrum components are determined by least-squares power law fitting. Right: The
solid line represents a model of the thermal dust, free-free, and synchrotron emission SED
components of a star-forming galaxy, as described by Condon @) The thick dashed
lines indicate those components. Only the ‘cold” dust subcomponent which is dominated
by heating from star formation is considered for the model. The thin dashed line shows
the model in the left panel for comparison (see text for more details).
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result from a study of multiple rotational transitions of CO and HCN.

However, no detailed analysis of the radio continuum properties of APM 08279+5255
has been conducted so far. We here present two modeling approaches. The first model aims
at finding an overall good fit to the data while minimizing the number of free parameters.
The second model aims at constraining which fraction of the total radio continuum emission
is due to star formation (i.e., not AGN—relatedE).

Best Fit SED Model

As our focus lies on fitting the radio data, we restrict our analysis to the mid-IR-to-radio
part of the spectral data (60 um to 90 cm). Thermal dust emission is mainly caused by
ionizing and non-ionizing ultra-violet (UV) radiation from massive stars and (in quasars)
possibly the central AGN. This radiation is processed by the dust and then re-radiated
in the far-infrared wavelength regime. To minimize the number of free parameters, we
adopt the results of Weif} et al. m) to describe the dust continuum part of the SED.
As discussed by Weif§ et al., this implies dust masses of Mg coa = 2.6 X 10° le Mgy and
My warm = 7.0 X 107 le Mg and dust temperatures of Ty coiq = 79K and Ty warm = 220K
for the ‘cold” and ‘warm’ dust components, a dust disk with a magnified equivalent ra-
dius of o = 1300 pc, relative area filling factors of 78% and 22%, and a dust absorption
coefficient exponent of =2 to describe its frequency dependence (p; denotes the lensing
magnification, the index d denotes thermal dust emission). Using these parameters and
equations 3, 4, 5, and 6 of Weif} et al. (M) fully describes the model used here for the
dust emission. The observed flux density of the dust emission will be denoted as S, 4 in
the following. To extend this model to the radio continuum, we added a double power-law
component, which we fit by the x? minimization technique. The full expression for the
model flux density takes the form:

Sy(v) = SpaW) + Y @ x v, (9.1)

i=flat,steep

where v indicates the frequency in GHz, ¢ indicates a constant coefficient, o denotes a
spectral index, and ¢ indicates the index denoting the ‘flat” and ‘steep’ power-law compo-
nents.

To solve equation (1), we attempted to fit the observed SED with three degrees of
complexity. In the first step, we fixed the dust term to the model parameters by Weif et
al. , see above), and fitted the ‘flat’ and ‘steep’ components with a four-parameter
double power law least-squares fit. The best fits to the ‘flat’ component result in apga;
values close to -0.1. However, the fitting uncertainty of this component is quite large due
to the relatively small region where this component actually dominates the emission. In the
second step, we thus fixed ag,; to -0.1. The remaining three free parameters are fairly well
constrained. Our best-fitting model to the composite spectrum then gives a ‘steep’ power

0Note that our models do not account for possible AGN variability in this source (for which no evidence
has been found to date).
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law index of qgreep = —1.31 £0.27, and ‘steep” and ‘flat’ coefficients of cgeep = 1.09 £ 0.13
and cqay = 0.4740.06. The ‘steep’ power law index suggests that APM 08279+5255 may be
an ultra-steep spectrum source (steep< —1.2; €.g., Bondi et al. M), which may indicate
that it evolves in a dense environment (Klamer et al. M) In the third step, we left single
or pairs of parameters of the Weif3 et al. M) dust model as free parameters to test the
stability of the solution. This however did not further improve our best solution. Our final
SED model is shown in the left panel of Fig. @8

Model SED of a Star-forming Galaxy

Due to the fact that APM 0827945255 is a composite AGN-starburst system, it is likely
that both components contribute to the continuum emission at radio wavelengths. Note
that the ‘warm’ dust component in the Weif§ et al. model of APM 0827945255, which is
likely dominated by AGN heating, contributes ~90% to the far-infrared (FIR) luminosity.
This finding implies that a clear separation of AGN and starburst contributions to the
radio luminosity should be possible.

We here investigate what fraction of the radio emission can be produced by the starburst
component in APM 08279+5255. Based on the SED of the Milky Way and first principles,
Condon (@) has developed a model for the radio-through-FIR emission from ‘normal’
galaxies, which is solely attributed to a stellar origin. This model contains three compo-
nents: one for thermal dust emission, one for thermal (mostly free-free) radio emission,
and one for non-thermal (mostly synchrotron) radio emission. The two radio components
are described by power laws. This model also fits the starburst galaxy M82 very well.

Free-free emission is either associated with the ionized gas in Hi regions surrounding hot
young stars, or the environment of the active galactic nucleus, and therefore an indicator
for the total photoionization rate. If the thermal, optically thin free-free (or thermal
bremsstrahlung) radiation emerges from a 10*K photoionized gas, a spectral index of
ag = —0.1 (notation analogue to above) is expected, and thus assumed in the Condon
model. The free-free power-law coefficient cg then parameterizes the emission measure,
the source size and the electron temperature. However, note that free-free emission can
only be described by a simple power law if the emission is optically thin.

The (at typical radio wavelengths) optically thin (non-thermal) synchrotron emission is
produced in supernova explosions and remnants (SNRs) through acceleration of cosmic ray
electrons, spiraling in a galaxy’s magnetic field. Detection of strong synchrotron emission
from relativistic electrons thus indicates the presence of a large-scale magnetic field (Turner
et al. I@) In starburst galaxies, it may indicate a concentration of SNRs associated with
localized and intense star formation. Synchrotron emission usually shows a spectral index
of =1.2 < agyne < —0.4, with a typical value of -0.8, which is assumed in the Condon model.
Here, the synchrotron power-law coefficient cgyn. parameterizes the type II supernova rate
(assuming that supernova remnants dominate the non-thermal synchrotron emission).

In the Condon (@) model, all three components (dust heating, free-free, and syn-
chrotron) are directly proportional to the star-formation rate (SFR) in a galaxy. The dust
emissivity (3, the dust temperature Ty, and the SFR are the only model parameters. We
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here adopt f=1.5 from Condon’s model. Due to the fact that the ‘warm’ dust compo-
nent in APM 0827945255 is likely heated by the AGN, we here only consider the ‘cold’
component, which likely traces the dominat fraction of the dust heated by star formation.
We thus adopt Ty=75K. The only remaining free parameter thus is the SFR. Assuming
a SFR of 4000 u;' My yr~! provides a reasonable fit to the spectrum of the cold dust of
APM 08279+5255 (see Fig. @, right). However, this model only recovers ~20% of the
radio emission. Yun & Carilli m) suggested some changes to the Condon mode,
which would result in about a factor of 2 less radio flux compared to the original Condon
model. Although it is difficult to assess the validity of a simple Condon model for a warm,
starbursting quasar like APM 0827945255, this result leads us to conclude that the radio
continuum emission in this source is dominantly AGN-related. This is in agreement with
our best-fit model, as it implies an ultra-steep radio spectrum component, which is usu-
ally associated with a source where AGN-related emission dominates the energy output
at radio frequencies (e.g., high redshift radio galaxies and quasars; Athreya et al. ;
Pentericci et al. M) The ultra-steep spectrum component in AGN-driven radio sources
is often associated with extended radio emission. Interestingly, the best-fit model also
requires a relatively bright ‘flat’-spectrum component to originate from the radio AGN.
The core of the archetypical radio galaxy Cygnus A has a flat spectrum at radio wave-
lengths, which dominates over the steep-spectrum emission from the hotspots at higher
frequencies (e.g., Eales et al. @) A similar ‘composite’ effect (extended steep-spectrum
component, flat core component) may cause the apparent flattening of the radio spectrum
of APM 08279+5255.

9.6.2 Comparison to Previous CO(1-0) Imaging

The CO(J=1—0) transition line in APM 08279+5255 was targeted twice before with the
VLA, first at C array resolution (1.5”x1.4"”, Papadopoulos et al. M), and then followed
up at higher B array resolution (0.39”x0.28", Lewis et al. M) Both observations were
setup in quasi-continuum mode, i.e. lacking any spectral information of the CO(J=1—-0)
line. In both observations, CO(J=1—0) line and 23.3649 GHz continuum emission were
detected towards the source. Papadopoulos et al. M) detect unresolved continuum
emission at a flux density level of 0.30 = 0.05 mJy. Lewis et al. M) detect continuum
emission at a flux density of 0.41 + 0.07mJy, and the resolved structure coincides with
our continuum map in structure and position. Both flux densities are in agreement with
our result within the errors, although some intrinsic variability cannot be excluded.

Papadopoulos et al. M) report the detection of resolved CO(J=1—0) emission to-
wards APM 0827945255, which extends over scales of 27"x2.25" (their 30 contour) at a
resolution convolved to 2.25"”x2.25" (7" correspond to ~30kpc at the target redshift of
3.911). They quote an integrated flux for the ‘nuclear CO(J=1—0) emission’ (the inner
~1") of 0.150 £ 0.045Jy kms™!.

HThey suggest a different initial mass function, an update to the Ho normalization, and a small cor-
rection factor for the supernova rate.
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From our new VLA observations, we derive an integrated CO(J=1—0) flux of 0.168
+ 0.015Jy kms™! assuming a line FWHM of 556 + 55 kms™! (Riechers et al. m;
width of our bandpass: 558 kms™!). This corresponds to a CO(J=1—0) line luminos-
ity of Lioq_oy=(10.6+0.9)x10" pz' K kms™ pe? (see Tab. Bd). From the CO(J=1-0)
spectrum obtained with the GBT, Riechers et al. M) find 0.152 + 0.020 Jy kms™'.
The 30 contour of the extended CO(J=1—0) reservoir of Papadopoulos et al. , their
Fig. 1) corresponds to a flux density of 120 uJy beam='. In our CO(J=1—0) map which
was tapered to a linear resolution of ~1.2"” (Fig. @3 similar to the resolution of their obser-
vations), this would correspond to 6.30. Even at less than half this flux level (30=57 uJy
beam™!), we find no evidence for any extended flux. We note that our observations even
include shorter (D array) baselines than Papadopoulos et al. (M) and are therefore more
sensitive to extended structure. We thus exclude the possibility that our observations out-
resolve the extended emission, and conclude that there is no bright, extended CO(J=1—0)
reservoir in APM 08279+-5255.

Lewis et al. (IM) find resolved CO(J=1—0) emission on sub-arcsec scale at moderate
signal-to-noise. The peak of the emission reported in their paper roughly coincides with
our north-eastern CO(J=1—0) peak. However, our new, by a factor of 2 more sensitive
(in terms of rms noise) high-resolution data does not show the extended structure that is
present in their CO(J=1—0) map, which we thus conclude to be a noise artifact. Lewis
et al. (@) derive an integrated CO(J=1—0) flux of 0.22 + 0.05Jy kms™! from their
observations, in agreement with the three independent results given above within the errors
(adopting only the ‘nuclear CO(J=1—0) emission’ from the report of Papadopoulos et al.).

9.6.3 On the 46.9 GHz Continuum Emission

As mentioned previously, the continuum emission at the line frequency (46.9 GHz) was not
monitored in parallel during the (archival) CO(J=2—1) observations. Papadopoulos et
al. (IM) report a limit of 30 = 0.9mJy on the continuum emission at 43.3 GHz. This
corresponds to ~55% of the CO(J=2—1) peak flux. Therefore, the ‘real’ CO(J=2—1)
flux towards APM 08279+5255 may be lower by up to a factor of 2. Based on our SED
modeling, we now attempt to set additional limits to the continuum contribution to the
emission detected at the CO(J=2—1) frequency to attain some tighter constraints.

A first-order estimate for the 46.9 GHz continuum flux is provided by examining the
overall spectral energy distribution of APM 08279+5255. The SED model presented in
Fig. predicts a continuum flux at 46.9 GHz of 405 pJy. This estimate is plotted as the
square symbol in Fig. .8 A lower constraint is provided by the fit to the thermal part of
the SED (75 uJy), and an upper constraint is given by linear interpolation of the 23 GHz
and 94 GHz continuum flux measurements (715 uJy). For illustration, these constraints are
plotted as error bars to this model-predicted data point. We however note that the 23 GHz
and 94 GHz measurements were obtained at different epochs, therefore this estimate does
not account for possible variability of the millimeter continuum.

As another estimate, we assume that both the emission from CO(J=1—0) and
CO(J=2—1) are fully thermalized and optically thick. The CO(J=2—1) peak flux should
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Table 9.4: Line Intensities, Luminosities, and Ratios

Line I r’ L//L/Co(l—o) data reference

(Jy kms—1) (1010 u?l K kms~! pc?)
CO(J=1—-0) 0.168 £ 0.015 10.6 £ 0.9 1 1,2
CO(J=2—1) 0.81 + 0.18 12.8 £ 2.9 1.21 £ 0.30 1,3
CO(J=4—3) 3.7+ 0.2 14.7 + 0.9 1.39 + 0.16 4
CO(J=6—5) 6.7+ 1.2 11.8 £ 2.1 1.12 £ 0.23 4
CO(J=9-8) 11.8 £ 0.6 9.2+ 0.4 0.89 + 0.10 4
CO(J=10—9) 11.9 + 2.0 7.5 £ 1.2 0.71 £+ 0.14 4
CO(J=11—10) 11.3 £ 1.9 59 £ 1.0 0.56 + 0.11 4
CN(N=1—0) <0.06 <3.9 <0.37 1

Notes—Luminosities are apparent values uncorrected for gravitational magnification. They are derived as described by
Solomon et al. (1992H): L/[K kms~'pc?] = 3.25 x 107IV;b25Df(1 + z)_3uzl, where I is the velocity-integrated line flux in Jy
kms—1, Dy, is the luminosity distance in Mpc, vops is the observed frequency in GHz, and gz, is the lensing magnification
factor.

References—(1) this work; (2) Riechers et al. R006d; (3) Papadopoulos et al. RO01; (4) WeiB et al. i

then be four times higher than the CO(J=1—0) peak flux. For the CO(J=1—0) peak
flux, an average over the whole 558 kms™ bandpass (210+19 uJy) is assumed to match
the velocity resolution of the CO(J=2—1) observations as closely as possible. In com-
parison to the measured flux at the CO(J=2—1) frequency (1637+65 pJy), this predicts a
contribution of the continuum flux of ~800 ©Jy, which is twice as high as the SED-based es-
timate. This discrepancy may be explained by different optical depths of the emission from
different rotational CO transitions. If the opacity of the CO(J=1—0) emission is much
lower than that of the higher J transitions, it may actually have a lower luminosity than
the emission from these transitions [contrary to the effects of (sub-)thermal excitation].
This would allow the CO(J=2—1) line peak flux to be more than four times higher than
the CO(J=1—0) peak flux. Note that such an effect may actually be observed towards
APM 0827945255 in the J>4 transitions (Weif et al. m,, see also Tab. [@4).

We conclude that APM 08279+5255 likely exhibits a 46.9 GHz continuum flux of at
least 0.4mJy, i.e. 25% of the measured CO(J=2—1) flux. We thus estimate the ‘real’
CO(J=2—1) line peak flux to be ~1.2mJy. From this, we derive a CO(J=2—1) line
luminosity of Liyg_1y=(12.842.9)x 101 1, ' K kms™! pe?.

9.6.4 A Limit for the CN Luminosity

sion line is distributed over 9 lined ] in its v=0 vibrational state. These lines are distributed
in 2 main components separated by about 350 MHz in the rest frame. While the hfs transi-
tions within these main components are blended if their kinematical broadening is similar
to that of the CO/HCN lines in APM 0827945255, the components themselves are still

Due to its fine stucture (fs) and erﬁne structure (hfs) splitting, the CN(N=1—0) emis-

12We assume that CN is in its ground electronic state (*%), and that the spins couple according to
Hund’s case (b) coupling scheme: N + .5 = J, (fs coupling) and J + Ic + Ix = F (hfs coupling). Here, N
is the rotational angular momentum vector, S is the electronic spin, and I is a nuclear spin.
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Figure 9.9: Model spectrum of the CN(N=1—0) emission in APM 08279+5255. The
horizontal axes indicate the rest and observed frequencies. The vertical axis indicates the
predicted intensity, normalized to the peak of the emission. The relative intensities of
the fs and hfs components are computed for the LTE case. The crosses indicate the hfs
components. The dashed lines are Gaussian fits to the summed intensities in the two main
frequency bins, assuming the average width of the higher J CO lines (Weif} et al. M) for
the subcomponents (labeled 1’ and ’2’). The solid line is a sum of all components, and
indicates the model-predicted CN(N=1—0) line shape.
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clearly separated. To obtain a proper limit on the integrated CN(N=1—0) line flux (and
thus on the total CN luminosity), we calculated a synthetic line profile, assuming opti-
cally thin emission in the Local Thermodynamic Equilibrium (LTE) case to derive the
relative intensities of the hfs components. The relative intensities of the components were
computed using the laboratory data from Skatrud et al. (@), and approximation (4) of
equation (1) of Pickett et al. ). Assuming that all CN(N=1—0) hfs components are
kinematically broadened in the same way as the higher J CO lines (~500 kms~! FWHM;
see Weif} et al. M), we obtain the synthetic line profile displayed in Fig. (solid line).
The two main components (dashed lines) have a peak strength ratio of 2:1. The brightest
main component is fully covered by our bandpass, the second component, however, was
close to the edge, and thus only covered in part by the part of the spectrum that was
properly calibratable. For the derivation of the limit on the integrated CN(N=1—0) line
flux, we thus consider the peak flux limit for the brightest component to derive the rel-
ative intensity limits for all subcomponents in the LTE case. Under these assumptions,
we derive a limit of Icny<0.06Jy kms™! for the integrated line flux, and thus a limit of

in<3.9x10' ;' K kms pc? for the line luminosity. This corresponds to a luminos-
ity ratio limit of L{n/Lto<0.37. Note that Guélin et al. M) recently observed the
CN(N=4—3) transition towards APM 08279+5255; however, due to strong blending with
the HNC(J=5—4) line, it remains unclear whether or not the line is detected.

9.6.5 Radio Luminosity

In general, the monochromatic rest-frame 1.4 GHz radio luminosity is defined as:

47TD%
(1 + Z)1+a1A4

However, we here calculate L 4qn, based on the 1.4 GHz flux predicted by our best-
fit SED model. In the above equation, this would correspond to using a spectral index
of a;4=-1.05. We thus obtain L;4qm,=(1.904£0.05)x10% ;' WHz ™! (not lensing cor-
rected), about 10 times the radio luminosity of M87 (L 4qu,=(1.76+0.07)x10%> W Hz !
Laing & Peacock @) In an analogous manner, we derive a 5 GHz radio luminosity of
Lsai,=(4.7540.34) x10% p;' WHz~!. Here, the model prediction would correspond to a
spectral index of only a;=-0.67.

Studies of the radio luminosity function of quasars and its evolution have identified
a bimodality in the source distribution, separating them into radio-quiet and radio-loud
quasars. However, two generally different definitions of radio loudness have been put for-
ward, one based on the optical-to-radio flux ratio (e.g., Schmidt Iﬁi; Kellerman et al.

), and one only based on the monochromatic radio luminosity (e.g., Peacock et al.
@; Schneider et al. @) However, Ivezi¢ et al. (@) argue that for optically selected
quasars, both definitions are similar within the flux-limited samples that were examined.
We thus restrict our analysis to the radio luminosity-based estimate here. Due to different
assumptions and definitions, a range of threshold values for the radio loudness defini-
tion is found in the literature. For the radio-based definition, we here adopt the range

Liscru, = S1.4GHz- (9.2)
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Figure 9.10: Morphology of APM 08279+5255 at different wavelengths. Left: Contours
of 2.2 ym continuum emission (Egami et al. M) overlaid on the CO(J=1—0) emission.
Right: Contours of hard X-ray emission (Chartas et al. M) overlaid on the CO(J=1—0)
emission. Contours in both panels are 20%, 30%, ..., 90% of the peak flux of the emission.
The CO greyscale scales between 20 and the peak flux of the emission (see Fig. B.T).
The crosses indicate the CO peak positions. The size of the synthesized beam of the CO
observations is indicated in the bottom left corner.

of Lseu,=(1.0-5.6)x10% WHz~! given by Schneider etal. (1999). Changing the cutoff
within this range does not change the relations they find dramatically. Even without cor-
recting for gravitational lensing, APM 0827945255 clearly falls within the transition region
between radio-quiet and radio-loud sources. As this source is known to be substantially
gravitationally magnified (see also discussion below), we conclude that it is a radio-quiet
quasar by this definition.

9.6.6 Morphology at X-Ray to Radio Wavelengths

Optical imaging of APM 0827945255 with HST NICMOS has revealed three pointlike,
almost collinear images with very similar colors (Ibata et al. I@) A spectroscopic follow-
up study with the STIS spectrograph on board HST has shown that these three images
have essentially identical spectral shapes, and thus are, indeed, all images caused by grav-
itational lensing (Lewis et al. M) These three optical images A, B, and are sepa-
rated by d(A,B)=0.377"+0.002"” and d(A,C)=0.150"£0.006", and have brightness ratios of

13By convention, A is the brightest image, and C is the faintest image.
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b(A,B)=0.773 £ 0.007 and b(A,C)=0.175 £ 0.008, i.e., b(A+C,B)~0.66. The north-eastern
CO peak corresponds to a blend of optical images A+C, and the south-western CO peak
to optical image B. The CO image peak brightness ratio of b(SW,NE)=0.66 + 0.15 thus
agrees very well with the optical observations. The separation of the CO images is by
~20% lower than that of optical images A and B, which agrees with the assumption that
the north-eastern CO component is actually a blend of optical images A+C, which we will
assume in the following.

Ibata et al. (@) find an offset of 0.6” between the positions of HST image A and the
8.4 GHz continuum source, which is not thought to be real. We here confirm this offset
for six different radio frequency bands, which all are consistent in position among each
other to high precision. In the following, we thus assume that this offset is due to HST
astrometric errors, and shift all images at other wavelengths to the radio coordinates.

The three images of APM 0827945255 were also resolved in the (observed frame) near-
infrared (NIR) continuum at 2.2 ym in ground-based adaptive optics observations with
the Keck telescopes (Egami et al. M) at a resolution where images A and C are still
significantly blended, similar to our CO(JJ=1—0) observations. The left panel of Fig.
shows an overlay of the 2.2 um continuum emission and the CO(J=1—0) emission. The
2.2 ym has been de-rotated (see caption of Fig. 1 of Egami et al. 200d for the rotation
angle) and aligned to the radio coordinates. The resolution of the NIR observations is
by about a factor of 2 higher than that of the CO observations, and thus peaks close
to the position of image A rather than between A and C. The image separation of the
two peaks thus is d(A,B)=0.38", in agreement with the optical images. Taking this into
account, it is striking how similar the morphologies of the NIR and CO emission are,
even though they are expected to emerge from largely different scales (hot dust around
the central AGN vs. cold molecular gas in an extended star-forming ring), and thus to be
differentially lensed. This similarity of morphologies even holds for hard X-ray emission
from the central engine (Chartas et al. m, see Fig. [LT0 right), which is expected to be by
many orders of magnitude more compact than the CO emission. Even the image separation
d(A,B)=0.38"£0.01" of the two main peaks (image A and C are again significantly blended)
is the same as in the optical/NIR, and thus in agreement with the CO observations under
the above assumptions.

In addition, the rest-frame 2.7 mm continuum underlying the CO(J=1—0) line shows
a different, more extended structure than the CO emissio (see Fig. @Tl). This may be
due to a foreground source that emits in the continuum, but does not contribute to the
line emission due to its different redshift. Another, probably more likely explanation is
that the different structure is due to differential lensing. If the 2.7 mm continuum emission
were to be due to star formation, it would be possible that it is dominated by a free-free
component that is not co-spatial with the CO emission, but extended out to kpc scales.
However, the SED of APM 08279+5255 rather indicates that a major fraction of emission at
this wavelength is AGN-related. This may suggest that the differentially lensed emission is

14 A possible caveat is that the bandwidth of our observations is too narrow to image the CO(J=1—0)
linewings. It however is highly unlikely that this significantly alters this conclusion.



9.7 Gravitational Lensing 151

due to 100 pc to kpc-scale outflow from the nucleus. Higher resolution observations using a
very long baseline radio interferometer are required to further investigate the nature of this
phenomenon. In the following, we will refer to this emission as ‘the extended component’.
This differentially lensed, extended component may also contribute significantly to the
continuum emission at 7.3mm (8.4 GHz observed frame), which also shows a different
structure compared to other wavelengths.

The morphological similarity of the strongly lensed quasar APM 08279+5255 on largely
different scales (<0.1 pc to few 100 pc) as well as the different structure of the extended con-
tinuum component (probably few 100 pc to kpc) severely constrains the lens configuration,
and any valid lens model will have to be able to reproduce this scaling effect.

9.7 Gravitational Lensing

9.7.1 Direct Constraints on the Lensing Properties from the CO
Observations

The brightness temperature T}, of a lensed source is a conserved quantity under gravita-
tional lensing, as the latter is a purely geometrical effect. Due to the fact that APM 08279+5255
is resolved in our CO(J=1—0) observations, we can derive the observed brightness tem-
peratures T} b2 at redshift z for images A+C and B directly from the observed peak fluxes
using

2

obs,z
Tb

- 2
2kp VObSQbeam

Sy, (9.3)

where Qpeam 18 the beam solid angle. These brightness temperatures can be converted
to rest-frame observed brightness temperatures T2 via

TP = (14 2)T2™. (9.4)

While CO(J=1—0) images A+C and B are individually detected in our observations,
their true size is smaller than our observing beam. The observed brightness temperatures
Tgbs are thus diluted by the beam (radius: rpeam) and smaller than the true 7Tj,. The size
of the lensed images can be expressed by an equivalent radius rg, which assumes that each
image is a filled, circular lensed disk. Energy conservation then gives:

5% /Ty = (70/Tveam ). (9.5)

This relation is implied in the plot shown in Fig. BITh. The observed, beam-diluted
(Rayleigh-Jeans) brightness temperatures of images A4+C (T°"**"°=33 4K) and B (T2">"
= 18.3K) are indicated by vertical lines. The three curves indicate the beam-corrected
brightness temperatures for different equivalent radii (which, by definition, cross with the
observed rest-frame brightness temperatures at 79 /7heam, as indicated by the long horizon-
tal line) for images A+C, B, and all images together. From Large Velocity Gradient (LVG)
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Figure 9.11: Observational constraints on the intrinsic brightness temperature 7}, and the
lensing properties of APM 08279+5255. a: Relation between T}, and the lensed equivalent
disk radius ro. The vertical lines indicate the observed CO(J=1—0) brightness temper-
atures for the blended images A and C and image B, and the LVG predicted brightness
temperatures for the ‘cold, dense’ (50 K) and ‘warm’ (60 K) CO(J=1—0) components from
the model by Weif§ et al. (M) The horizontal lines indicate the lensed equivalent disk
radii for the different images for a true T}, of 50 K, and the total ry for all images. The
fourth horizontal line indicates the VLA beam radius, and also appears in panels b and c.
b: Relation between the true, unlensed equivalent disk radius r§™® and the effective lensing
magnification factor pSt for different T3,. For T;,=50K, different ST are highlighted. c:
Relation between the true, unlensed radius 7., of the CO ring and u%ﬁ for the T3,=50K
solution assuming an inner ring radius 7, of 50 pc for different inclinations ¢ and area filling
factors fa. For comparison, a solution without an inner boundary is shown (see text for
details).
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modeling of the CO(J=1—-0) to CO(J=11—10) SLED, Weif} et al. M) have derived
that the molecular gas in APM 08279+5255 can be modeled with two gas components, a
‘cold, dense’ component with a Hy density of n(Hy)=10°cm™3 and a kinetic gas tempera-
ture of Ti;,=65 K which contributes about 70% to the total CO(J=1—0) luminosity, and
a ‘warm’ component with a Hy density of n(Hy)=10*cm™3 and a kinetic gas temperature
of Tiin=220 K which contributes about 30% to the total CO(J=1—0) luminosity. For the
‘cold, dense’ component, their model predicts a true CO(J=1—0) brightness temperature
of TE?M=50K, and for the ‘warm’ component, it predicts TV*™=60K. Both Tj, are indi-
cated in Fig. by vertical lines. Assuming T,=50 K, as predicted by the LVG models
for the dominant gas component, images A+C and B fill equivalent disks with radii of
7“6”0:862 pc and r§=637pc. This corresponds to a total lensed equivalent disk with a
radius of 79p=1072pc, consistent with the results of Weif} et al. ) within the uncer-
tainties. This also implies beam area filling factors of 67% and 37% for images A+C and
B. These are significant fractions of the beam size, and may indicate that increasing the
resolution by only a factor of 2-3 would be sufficient to detect substructure within the
individual images. Assuming a 30% contribution of a warmer component with 7,=60 K
does not significantly alter any of these predictions. Even assuming much higher T.¢© than
typically observed in nearby warm, ultra-luminous infrared galaxies (ULIRGs, e.g., Downes
& Solomon @) of a few hundred Kelvins does not change the predicted ry by more than
about a factor of 2. Also, the directly observed (beam-diluted) brightness temperatures
limit the true T}, to be at least ~30 K considering that the contribution of image C to A+C
is likely minor.

The effective lensing magnification uSt is defined as the ratio between the observed
apparent luminosity and the true luminosity. It thus is a direct measure for the ratio of
the observed equivalent disk size ry and the true equivalent disk size r{™ via

pgt = (ro/rg™)?. (9.6)

This relation is displayed in Fig. for a range of T},. The T3,=50 K model discussed
above is indicated by the solid line and the boxes (highlighting selected magnification
factors). Using only the given constraints without modeling the system in more detail, a
large range of magnification factors would be in agreement with the CO data. However,
the impact of changing the intrinsic T3, is relatively minor, as all curves occupy a narrow
range in this plot.

The case of a completely filled, circular CO disk as discussed so far is a very particular
solution, even appreciating the fact that the CO is likely situated in a relatively com-
pact, rotating circumnuclear ring. In a more realistic approach, the CO disk has an inner
boundary 7;, at a certain distance from the central hot nucleus, due to the simple fact
that molecular gas cannot survive at distances where the ionizing radiation field is strong
enough to dissociate the diatomic CO (and Hy) molecules. It thus is a ring rather than a
disk. Also, it is likely that we do not see this ring face-on, but at a certain inclination ¢
towards the line of sight (LOS). Also, the molecular material may be distributed in clouds
and/or clumps rather than smoothly, and thus may have an area filling factor fa smaller
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than 1. This can be expressed as (see also Weif3 et al. IM)

(rgrue)Q + 7,._2 1/2
rue — ; B . 9.7
" { facost (9.7)

Note that 1=0° corresponds to face-on. Also, we use a thin disk approximation, neglect-
ing the geometrical thickness of the CO ring. This simplification leads to an overprediction
of e for high inclinations. This approximation is justified, as the high observed optical
brightness of the source in combination with the detection of large amounts of dust in its
circumnuclear torus suggests that we have a relatively unobscured view on the AGN, and
thus that we likely see the galaxy at a relatively small inclination (1<35°).

In Fig. BTTk, a range of inclinations is shown for the 7;,=50 K model in the ,u‘sz—rtrue
plane. An inner ring boundary of r;,=50pc is assumed unless stated otherwise. For
comparison, a solution without an inner ring boundary is shown for :=0°. The change of
the predicted 7. is only minor, in particular for the solutions with low magnifications.
In general, the figure shows that the range of solutions for high inclinations is significantly
different from that for low inclinations. However, in the preferred range of 0° < 7 < 35°,
the solutions are fairly similar. While r;, and ¢ can be constrained relatively well by
existing observations, this is not at all true for fao. As an example, a solution with i=75°
and fy=0.5 is shown. The difference in area filling factor has a large impact on the
predicted solutions. As another example, solutions for i=0°, fA=0.5 and i=60°, fa=1.0
are indistinguishable. The structure of the molecular ISM thus is an unknown in this
discussion that has significant impact. There are two more interesing results to note: First,
the resolution of our observations and A+C/B brightness ratio alone set a meaningful lower
limit on the magnification of models with facosi significantly smaller than 1. Second, the
models with facosi close to 1 predict very compact CO rings for high magnifications
(rrue=100-150 pc).

Although the results presented in this subsection significantly constrain the allowed
parameter space for potential lensing models, they do not allow to strongly constrain
the actual magnification. In the following, we thus discuss existing lensing models in
more detail, show their limitations, and suggest a new model which overcomes part of the
problems of previous models.

9.7.2 Lens Modeling: Previous Models

In most classical lensing models, the surface density of the lensing galaxy is expressed by
an ellipsoidal with a core of finite radius. However, high-resolution observations of the
central regions of galaxies indicate that the luminosity profiles of some of the most massive
galaxies appear to have central cusps rather than cores with finite radii (e.g., Faber et
al. @) Such distributions are reminiscient of the cusp power-law density profiles with a
break radius used for dark matter halos in cosmological simulations (e.g., Navarro, Frenk
& White I@, ‘NFW’), but, in these observations, seen for the stellar component of the
galaxies. The (baryonic) density profile of the lensing galaxy of APM 08279+5255 has been
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modeled with both core (Ibata et al. 199d; Egami et al. M) and cusp (Munoz et al. R001;

Lewis et al. M) configurations previously.

Cored Singular Isothermal Ellipsoid Models

The model of Egami et al. (M) is a modified singular isothermal ellipsoid (SIE) model
with a finite core. Such models have six parameters: the Einstein radius, the core radius,
the ellipticity of the lensing potential and its position angle, and the (2-dimensional) center
position of the source. For a three image source like APM 08279-+5255, observations offer
six relevant constraints for the model: two relative image brightnesses, and two relative
(2-dimensional) image positions. In addition, the fact that the three images are almost
collinear requires the ellipticity to be close to zero, and thus predicts an almost circular
lensing potential. The geometry of lensing systems requires that any non-singular mass
distribution produces an odd number of lens images (Burke M) However, if the core
is very small, one of the images is de-magnified, and thus unlikely to be observable (note
that an even number of images is observed toward most lens systems). The fact that the
third image of APM 0827945255 is not strongly de-magnified thus also restricts the core
to be non-singular, and thus to have a rather large radius within this model. Egami et
al. (M) find a core radius of 0.2”, corresponding to 1.2-1.7kpc at 0.5<2<3.5, the likely
redshift range of the lensing galaxy, which appears extreme even for the most massive
elliptical galaxies. In particular, quasar image C is located only 0.03” (180-250pc) from
the center of the lensing potential. As the authors already state themselves, one thus
might expect differential reddening of image C in this configuration, which is not observed.
However, the most problematic point of the Egami et al. ) model is that it predicts a
rapid change of morphology with source size (their Fig. 7). For the X-ray to near-infrared
observations, where most of the emission likely comes from the central <0.1-1pc region,
their model correctly predicts a three image configuration. This even holds true for a
source size of 20 pc, where the images are elongated, but still clearly seperated, and thus
would be picked up as three pointlike images by observations at a resolution of, e.g., 0.3".
However, for source sizes of 50 pc and larger, the images start to form arcs and rings,
and ultimately at 220 pc, a filled sphere. However, in our CO(J=1—0) observations, we
probe scales of 100-500pc (see above), depending on the lensing magnification, but still
see the 3-image structure as observed in the X-ray-to-NIR wavelength regime. Moreover,
the extended components seen in radio continuum emission, which likely probes few 100 pc
to kpc scales, gets lensed into an arc-like structure rather than a filled sphere (see Fig. @]
right). While this model predicts high effective lensing magnifications of u$T~100 (and
thus a plausible explanation for the extreme observed properties of APM 08279+5255), it
is ruled out by the structure detected in our CO and radio continuum maps.

Cusp Models

As mentioned above, there is mounting evidence that galaxy cores are mostly very small,
and that their mass distribution possesses a significant cusp (Rusin & Ma ; Winn et



156 9. Molecular Line Mapping I: A Compact Quasar Host Galaxy at z=3.91

al. 2004). Munoz et al. (M) thus suggested a complementary model to the one by Egami
et al. m), assuming a cusp configuration for the lens in APM 08279+4-5255. Instead
of a core radius, such models are parameterized by a cusp power-law index and a break
radius, i.e., 7 parameters in total, and thus underconstrained by a three-image lens without
further assumptions. For APM 0827945255, cusps with a small break radius are favoured,
and lead to high magnification factors of uf~100, similar to the Egami et al. M) model.
However, the source can only be modeled with relatively shallow cusps with a small power-
law index (0.2-0.4 rather than 1-2 as observed toward most galaxies). Such shallow cusps
are, indeed, relatively similar to cores with finite radii (corresponding to a power-law index
of 0). The authors conclude that the lens may be a spiral galaxy, since some spiral galaxies
appear to have finite central densities rather than steep cusps.

Keeton & Kochanek (@) and Bartelmann & Loeb ) have shown that highly
flattened, highly inclined potentials, as found, e.g., for disks of edge-on spiral galaxies, can
form a ‘naked cusp’ caustic. In such a configuration, the inner diamond caustic extends
outside the elliptical caustic, producing three roughly collinear images with similar bright-
ness. The central third image is not strongly de-magnified, which is different from typical
core and cusp models. However, a generic feature of such models with a naked cusp in an
inclined spiral is that the overall magnification is significantly smaller than in large core
lenses. Such a peculiar lens configuration, however, is expected to be rare.

Lewis et al. (@) have developed a lensing model of the APM 08279+5255 system
based on such a highly elliptical lens, where the quasar core of the lensed galaxy is situated
in the direct vincinity of a naked cusp. In their model, the inclined disk of the lens has a
projected axis ratio of 0.25, and a rotational velocity of 200 kms™!. It has a core radius of
0.065 h~'kpc, and is truncated at an outer radius of 8 h=! kpc. This truncated, flattened
disk is assumed to sit in a spherical halo. Due to the possible detection of microlensing
(Lewis et al. m; Chartas et al. M), the observed optical and X-ray brightnesses of
the individual images may not reflect the true relative macrolensing magnifications. Their
brightness ratios thus are not considered a hard constraint for the lens mass model. Apart
from the optical image positions, Lewis et al. M) also considered the structure seen in
their CO(J=1—0) map a constraint for the lensing model. While the continuum emission
underlying the CO(J=1—0) emission in their maps is lensed into an arc and aligned with
the optical emission, the CO(J=1—0) emission appears significantly more extended. They
thus assumed that the CO disk in APM 08279+5255 has to be large enough to reach out
beyond the naked cusp and into the 5-image central caustic structure. The resulting lensing
magnification of the optical emission is ;3" =7, and image brightness ratios of b(A,B)=0.75
and b(A,C)=0.75. The model reproduces the brightness ratio between images A and B
(which is not subject to extreme changes) relatively well, while image C is significantly
brighter than observed. The lensing magnification of the CO emission in their model is
only ;1§9=2.5-3. The true size of the CO disk thus is 400-1000 pc, and the CO becomes
the dominant contributor to the total mass within the central kpc of the QSO. Due to the
significantly lower lensing magnification factor compared to previous studies, this model
predicts that APM 0827945255 is intrinsically an extremely bright source at X-ray-to-FIR
wavelengths, rather than being modestly bright.
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Figure 9.12: New lensing model for APM 08279+5255, assuming a highly inclined spiral
lens. The top left panel shows the caustic and critical line structure. The orange circle
indicates the source position, and the red circles represent the corresponding image loca-
tions. The right panel shows the image configuration for a range of source sizes. The color
contours depict an increase in radius in 0.25kpc steps. The bottom left panel shows the
corresponding overall magnification as a function of radius. In this model, the CO(J=1—0)
emitting region has a true radius of ~0.5kpc or less.

Our new, improved high-resolution CO(JJ=1—0) maps have revealed that the extended
CO arc found by Lewis et al. ) is a noise artifact, and that the lensed CO emission is
coincident with the optical images. In contrast to the underlying, slightly more extended
continuum emission, it even shows the image structure seen in the optical. Assuming that
the CO emission is more compact than assumed by Lewis et al. ) and lies within the
region of the naked cusp, their model describes these new observations quite well. Their
model then suggests that the CO-emitting region has a true radius of 350 pc or less, and
has a larger magnification factor close to that of the optical emission. However, this model
was derived taking the extended CO structure found by Lewis et al. (@) as a constraint.
To find the best-fitting model to existing observations, it thus is desirable to perform a
new parameter study.
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9.7.3 Lens Modeling: New Model

In light of our new observations of APM 08279+5255, we have conducted an extensive,
systematic parameter study of the lensing configurations allowed within the constraints of
its observed properties. All considered models assume lensing by an inclined spiral galaxy.

As described above, multiwavelength observations of APM 0827945255 at different
epochs appear to indicate that the image ratios change, possibly due to microlensing. Thus,
they cannot be considered hard constraints for the primary lens. Leaving the relative im-
age brightnesses as free parameters, however, would sacrifice two observational constraints,
and, in fact, under-constrain most lens models. Models considered good thus are required
to reproduce b(A,B) relatively well (due to the relatively minor observed fluctuations), and
to reproduce C as the faintest image.

In Fig. T2 we show the model that gives the overall best fit to the observed properties
at different wavelengths within our study. The highly inclined disk of the lens in this model
has a projected axis ratio of only 0.09. It is truncated at an outer radius of 15h~!kpc,
and has a rotational velocity of 140 kms™'. The top left panel of Fig. shows the
caustic and critical line structure, as well as the position of APM 0827945255 in the source
and image planes. The model predicts b(A,B)=0.84, and b(A,C)=0.57, respectively. The
brightness ratio of images A and B is close to the observed value. The total magnification
of a point-like source in this model is only 4.15, and thus relatively modest. The bottom
left panel shows the differential total magnification as a function of the source radius.
The total magnification scales down by only a factor of 2 from source radii of few pc out
to 20kpe, showing that differential lensing effects do not strongly influence the observed
flux ratios. Out to 5kpc, it varies by less than 20%. The SED shown in Fig. thus is
predicted to not be strongly distorted by differential lensing effects over the whole spectral
range. The right panel of Fig. shows the observed image configuration and overall
morphology for a range of source sizes. The morphology of the CO(J=1—0) observations
is consistent with having a true source radius of 500pc or less in this model. This is
consistent with a lensing factor of 4 in Fig. @Il assuming an inclination of <30° and a
high CO area filling factor. In the following, we will assume r,.,=550 pc and p ;=4 for the
CO(J=1—0)-emitting region, consistent with both observations and the lensing model.
The model also correctly reproduces the 2.7 mm continuum emission underlying the CO
line emission, assuming that the extended continuum emission component comes from a
region of about 1kpc size. A more detailed description and analysis of the uncertainties
within this model of the gravitational lensing in APM 08279+5255 will be described by
G. Lewis et al. (2007, in prep.).

9.8 Black Hole, Gas and Dynamical Masses

9.8.1 Black Hole Mass

The enormous energy output that powers the huge bolometric luminosity L, of
APM 0827945255 is produced by a central super-massive black hole (SMBH) that is fed
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Table 9.5: Mass Budget in the Central Region of APM 08279+5255

Component Mass Mass Fraction
[10 (") Mo] (%)
Molecular Gas 53/13 57.4
Dust 0.35/0.09 0.4
Black Hole 9.0/2.3 9.7
Stellar Bulge® 30/7.5 32.5

Notes—Here, we assume i=25°, 7¢;ue=550 pc, and pp=4. Masses are uncorrected/corrected for lensing, assuming py=4.

Fraction within the radius of the CO disk.

through an accretion disk. There are several ways to constrain the SMBH mass from
observation. The most basic approach is to assume that the gradient of the radiation
pressure driving gas out of the central region is exactly counterbalanced by the gravitational
force attracting infall of the same material. This equality of forces provides a limiting mass
for the SMBH. Assuming that dominant mechanism contributing to the opacity is Thomson
scattering off free electrons (Eddington M) leads to:

MBH -39 LEdd
=1. 1 — . .
( ML > 7.7 % 10 e (9.8)

Assuming Ly, =Lgqq gives Mgﬁdzll x 101 ,uzl M.

Another, perhaps better constrained estimate is provided by observations of the 255} jo—
2p2P1/2,3/2 resonance transitions of the C** ion (C1vAA1548,1550). From reverberation
mapping of nearby active galactic nuclei, Vestergaard & Peterson (@) have found an
empirical relation between the C 1vAA1548,1550 FWHM linewidth Av$y, the rest-frame
UV continuum luminosity at 1350 A, and the mass of the central black hole:

(R 4 (m) (M) (9.9

Mg kms—! 104 ergs—!

From the spectrum by Irwin et al. (@), we thus derive M§iV=9.0 x 10 u; ' Mg,
or about half of the Eddington limit. However, note that the reverberation-based masses
underlying this equation are uncertain by a factor of about 3 (Vestergaard & Peterson
M) Also, part of the wings of the C1v line in APM 08279+5255 are subject to strong
absorption, making the derivation of the linewidth somewhat uncertain. However, the
estimated width of the C1v line is similar to that of the Pac and Paj lines of hydrogen
(Soifer et al. M) Finally, the accretion disk may be inclined toward the line of sight,
which would also influence this result.

9.8.2 Molecular Gas Mass

To derive molecular gas masses Mg,s from CO luminosities in high redshift quasars, it
currently is the most common approach to adopt a well-established conversion factor aco
for nearby ULIRGs (aco=0.8 My (K kms™! pc?)~!; Downes & Solomon I@) This is
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justified by the fact that the observed brightness temperatures in distant quasars appear
to be similar to those of local ULIRGs. However, aco also depends on the gas density,
which appears to be much higher in APM 08279+5255. WeiB et al. M) thus re-derive
a much higher conversion factor of aco ~ 5Mg (K kms™' pc?)~! for this source. From
our CO(J=1—0) luminosity, we thus derive My =5.3 x 10! ;' M. This corresponds
to about six times Mpy (based on the C1v estimate), assuming no significant differential
lensing effects act between the scales of the SMBH and of the molecular gas reservoir. This
is somewhat lower than the factor of roughly ten found by Shields et al. (@) for a larger
sample of distant gas-rich quasars, but in agreement within the large spread of observed
values.

9.8.3 Dynamical Mass

From Newtonian mechanics, a dynamical mass can be derived for the rotating molecular
disk in APM 08279+5255 (e.g., Solomon & Vanden Bout M)

CO 2
(@) = 2.34 x 10° (T““e) (A”FWHM) sin 2, (9.10)
Mg kpc kms—!

where AUE\(,)VHM is the observed CO linewidth, and 7. is the derived true radius of
the CO disk. Using the observed CO(J=1—0) linewidth of 556 4+ 55 kms~' (Riechers
et al. M), and using 744.=550pc, we derive Mgy, sin?i = 4.0 x 10'M,. This dy-
namical mass of the central region of APM 08279+5255 corresponds to the sum of black
hole mass, gas mass, dust mass and stellar mass (plus dark matter). Assuming a gas-to-
dust ratio of 150 (Weif} et al. M), the contribution of dust to the total mass budget
is negligible. For the moment, we will also assume that the mass fraction of the stellar
bulge in the central 550 pc is small, i.e., that My, sin®i~2(Mgs+Mpy). Assuming a face-
on, unlensed disk, Mg,s+Mpr would exceed the dynamical mass by a factor of 15.5, and
thus is ruled out by the observations. Assuming p;=4, we thus find that the CO disk in
APM 08279+5255 can be inclined by at most i=30° to not exceed the dynamical mass.

With Av=AvSSey sin~li, this implies a rotational velocity of 1095 kms™?.

9.8.4 Stellar Bulge Mass Limit

As mentioned in the previous section, there is a third important constituent to the dy-
namical mass, i.e., the mass of the stellar bulge. This is a quantity that currently cannot
be observed in the highest redshift galaxies. However, from our observations and theoret-
ical considerations, we can derive a limit for the mass fraction of the stellar bulge within
Tirue- Carilli & Wang M) find that high-redshift gas-rich QSOs have a median AUPQ\CI)VHM
of 300 kms™!, at a mean inclination of (i)=13° (see their erratum). This corresponds to
a mean rotational velocity of (Av,.)=1335 kms™'. Assuming that this value applies to
APM 0827945255, we derive an inclination of ¢=25°. Assuming Mgy, sinQi:(]Wg&ls + Maust

+ Mpn + Myuge), and a gas-to-dust ratio of 150, this corresponds to a bulge mass of
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Mipyge=3.0 x 10" py Mg, or Myuige=3.4 My (0.57 My,s; see also Tab. (L3 for p1,=4. For
comparison, if a model with ;=100 (and thus r4.w=125pc) that fits the data were to
exist, it would give Myyge=4.4 x 10" ;' Mg, or Myuge=50 Mpp (8.4 My,s). This means
that for low-p;, models, the gas component dominates the total baryonic mass budget in
the central region of APM 0827945255, while for high-u;, models, the stellar bulge is the
dominant contributor.

9.8.5 Limitations of this Analysis

The maximum CO velocity widths predicted by the Carilli & Wang M) unified model
exceed the rotational velocoties of the most rapidly rotating nearby giant ellipticals by
about a factor of 2. This may suggest that the observed linewidths in the systems with
broader but not multiply peaked CO lines are not due to rotationally supported disks,
but possibly in a later stage of a major merger where the disk is not self-gravitating yet.
In that case, the mean inclination of quasar host galaxies derived by Carilli & Wang
may overpredict the rotational velocities for gravitationally bound molecular disks. This
is of particular concern for APM 0827945255, as its CO velocity width is already the
highest observed among the distant quasars. If the measured CO linewidth was that of a
gravitationally bound disk and representative for the rotational velocity inside a present
day giant elliptical, the inclination could not be much lower than i=60°. This leaves a
factor of 2-3 discrepancy in the Mgy, estimate relative to the ¢=30° solution.

The uncertainties in the luminosity-based mass estimates are a factor of a few. Together
with the uncertainties in disk size and lensing factor, and the contribution of dark matter
to the mass budget, the real inclination of the molecular disk remains uncertain (as only
a factor of 3-4 difference exists between high and low inclination solutions). Due to the
degeneracy of area filling factor f4 and inclination, our results thus are still in agreement
with those of Weif} et al. M) within conservative error estimates, even with the new
morphological constraints.

9.9 On the Radio—Far-Infrared Correlation

In the local universe, star-forming galaxies follow a tight correlation between the monochro-
matic radio continuum luminosity at 1.4 GHz and the far-infrared luminosity (Lgg), which
holds over more than 4 orders of magnitude (e.g., Condon et al. m; Condon : Yun
et al. m; Bell M) This correlation is probably due to coupling between infrared
thermal dust emission due to heating by young stars and non-thermal radio synchrotron
emission from supernova explosions and SNRs (e.g., Helou et al. I@), and constitutes the
basis for the Condon model described above. The radio-FIR correlation can be expressed
via the so-called g-parameter (Helou et al. @)

LFIR L1.4GHZ
~1 1 . 9.11
17708 <9.8 x 10-15 L@) o8 (WHz—l) (9:11)
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The apparent FIR luminosity of APM 0827945255 is Lpr=(2.0 & 0.5) x 10" u; 'L
(Beelen et al. m; Weif et al. m) We thus obtain ¢=2.03, a value which falls well
within the range of values found for IRAS galaxies (Yun et al. ), and consistent with
the values found for other dust and gas-rich high-z quasars (Carilli etal. |2ﬂ__0_4|; Beelen
et al. m; Wang et al. M) A common interpretation of a ¢ value close to the radio-
FIR correlation is that star formation is the dominant process to power both the radio
and FIR emission. However, using the dust model of Weif} et al. ), our analysis of
APM 08279+5255 has shown that the AGN likely powers the dominant fraction of both
the FIR and the radio emission. We obtain this conclusion based on the fact that the SED
of APM 08279+5255 cannot be fitted with a simple Condon model (which motivates the
star formation interpretation of the radio-FIR correlation). We thus conclude that caution
has to be used when interpreting the properties of dust and gas-rich high-z quasars based
on the radio-FIR correlation alone.

9.10 Discussion

The observed properties of APM 0827945255 are undoubtedly peculiar. It thus is impor-
tant to understand whether this peculiarity is due to a rare lens configuration, possibly
leading to very high lensing magnification factors and significant differential lensing effects,
or whether APM 0827945255 is a source that is just moderately magnified by gravitational
lensing and thus intrinsically extreme.

APM 08279+5255 shows broad absorption lines in the optical/UV, and emission from
high excitation lines like C1v and N v close to the central nucleus (Irwin et al. @), kine-
matically blueshifted relative to the molecular gas and C1 emission by about 2500 km s~
(Downes et al. I@; Wagg et al. M) The quasar also shows relativistic X-ray broad
absorption lines from even higher emission lines of iron from gas situated within the UV
BAL region (Chartas etal. EO.(EE; Hasinger et al. M) The BALs come from an outflow
of highly ionized gas from the accretion disk, mostly driven by radiation pressure. This
outflow distributes the accretion disk material over the central region of the quasar, and
out into the host galaxy. The X-ray BAL region is likely a dust-free, high column den-
sity absorber responsible for shielding, as indicated by the detection of an iron K-shell
absorption edge (Hasinger et al. M) This shielding is responsible for the typical X-ray
faintness of BAL QSOs. The X-ray luminosity alone thus is not a good measure for the
energy output of APM 08279+5255. The detection of strong iron lines also indicates that
the X-ray BAL emission comes from significantly metal-enriched gas with possibly super-
solar metallicities. While this strongly indicates that the gas has already been processed
in a starburst cycle, it however is biased toward the very central region (possibly <0.1 pc).
It thus cannot be assumed ad hoc that the metallicity is super-solar over the whole scale
of the galaxy. The continuum X-ray emission in APM 0827945255 has a photon index
that is in qualitative agreement with a radio-quiet quasar (RQQ). The optical /IR shape
of the SED is also consistent with APM 08279+5255 being a RQQ. Even more so, it fol-
lows the radio-quiet locus of the radio-FIR correlation, which indicates that the copious
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amounts of dust in this source may be heated to a significant fraction by newly formed
young stars, while the radio synchrotron emission may originate from supernova remnants
(Irwin et al. @; Beelen et al. M) However, our analysis of the radio and dust prop-
erties indicates that most of the radio/FIR emission is AGN-related. Within the unified
theory of AGN galaxies, the smoothness of the IR spectrum, in particular the lack of a
pronounced IR peak, indicates that the accretion disk in this radio-quiet quasar is seen
close to face-on (Soifer et al. M) This agrees well with the enormous optical brightness
and the flatness of the optical spectrum (Irwin et al. @; Egami et al. éj@), indicating
a lack of obscuration and thus an angle of view which clearly lies within the ionization
cone. The hot dust in the parsec-scale accretion disk is heated by the central AGN, and
extends outwards into a warm dusty torus, extending out to 100 pc scales. The luminous
AGN in APM 0827945255 is the dominant power source out to large scales, generating
a large (far-)infrared luminosity by heating the dust. The apparent FIR luminosity of
APM 0827945255 is Lpr=(2.0 4= 0.5) x 10" u; 'L (Beelen et al. m; Weifl et al. ).
Weif} et al. M) have found that about 90% of the FIR luminosity are powered by the
AGN, while only 10% are due to star formation. This explains why a significant fraction
of the dust in APM 08279+5255 on extended (100s pc) scales is warmer than in typical
ULIRGs, or even other high-z, dust-rich QSOs. It also explains why APM 08279+5255 is
an outlier on the Lio—Lpg relation (e.g., Riechers et al. ), which is set by galaxies
where the FIR luminosity is dominated by heating from star formation. Subtracting the
90% of Lpr powered by the AGN, APM 08279+5255 follows the Lio—Lpir relation quite
well. However, note that even though the apparent FIR luminosity of APM 0827945255 is
extreme, this indicates that only 3% of the total quasar power (as measured by Ly,) are
re-emitted in the FIR wavelength regime (assuming no differential lensing effects play into
the ratio). We find that 80-90% of the radio luminosity in APM 0827945255 are powered
by the AGN, and only 10-20% by the starburst. Due to the fact that these ratios are sim-
ilar to those found for the FIR luminosity, APM 08279+5255 still follows the radio-FIR
correlation for star-forming galaxies.

APM 08279+5255 thus is a radio-quiet, optically luminous dust-rich quasar in which
the central accretion disk and dust torus are seen close to face-on (note however the above
concern about the inclination). Its high FIR luminosity can be explained by dust heating
of the AGN, as can be the high temperature of the dust. It even explains the high CO exci-
tation if the molecular gas is situated in a rather compact (and thus dense) circumnuclear
ring seen at a low inclination toward the line of sight, just like the central region. The high
dust and gas temperatures and relatively high densities also explain the exceptional HCN
(and HCO™) excitation in this system, as IR-pumping via the ,=1 vibrational bending
mode becomes efficient at such high temperatures (Weif3 et al. M) Without shielding
and self-shielding, the gas and dust would be even warmer than observed. Assuming that
only the fraction of Ly, reradiated in the FIR reaches out to the molecular regions, the
temperature at a radius of 125 pc would still be 200 K. Even at 550 pc, the temperature
would not drop significantly below 100 K. The LVG-predicted temperatures for the cool,
dense gas component (T}, = 65 K) thus require self-screening if the gas is indeed located in
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a 550 pc region around the AGNIA Note that all the above may be considered extreme (i.e.,
rarely observed). However, all of these effects can be explained physically without assum-
ing extreme and/or differential lensing effects. The CO luminosity in APM 0827945255 is
relatively modest (compared to other high-z sources) even without correcting for lensing.
If Lpir is corrected assuming a lensing magnification factor of only 4, as suggested by our
new model, it is not the highest observed value even without correcting for AGN heating.
Both Lo and Lpg are higher for the z=4.7 quasar BR 1202-0725, which is thought to be
unlensed, but undergoing a massive, gas-rich merger eventd (Carilli et al. m; Riechers
et al. ).

Correcting for juy=4 predicts Mpr=2.3 x 10° M, for APM 08279+5255. This appears
to be extreme compared to more typical SMBH masses of a few times 10° M, of high-z
quasars. However, comparable or even higher black hole masses are found for BRI 1335-
0417 (2=4.41) and BR 1202-0725 (however based on strongly absorbed C1v emission lines;
Storrie-Lombardi et al. [1996; Shields et al. M) Moreover, Vestergaard M) has found
that for the range of black hole masses, an upper envelope of Mpy~10'° M, is observed
over a large range in redshift (4<2z<6 for her sample). So, again, while APM 0827945255
appears relatively extreme, even its AGN properties are far from being unique in a scenario
assuming only p;=4. The extreme optical luminosity may then be explained by a luminous
AGN episode of such a few times 10 M, SMBH, which accretes at (super-)Eddington
rates (within the uncertainties of the BH mass estimators). Also, the formation of such
a SMBH at the high mass end of the BH mass function by a redshift of 4 is consistent
with ‘downsizing’, which predicts that such high mass black holes form at the high density

eaks at high redshift, and are built up rapidly by vigorous accretion (e.g., Di Matteo et al.
m) Due to the fact that the SMBH in APM 0827945255 is among the most massive
black holes that are observed, it is likely to end up as a central cD galaxy of a massive
cluster. For such galaxies, recent cosmological simulations suggest that a large fraction of
the mass of the black hole grows from mergers with other black holes rather than being
accreted by a single progenitor black hole (Sijacki et al. M)

In addition to Mgy, we were also able to derive a limit on the mass of the stellar bulge
(Myuige) for APM 08279+5255. However, our dynamical mass estimate, which is used as
the predictor for Mg, is only valid for the inner region of the galaxy where the bulk of the
molecular gas is found. For the pp,=4 model, this describes a region with a radius of 550 pc.
For galaxies with Mpy>10% M, used in local studies of the Mgr—0puige relation, it has been
found that the host galaxies are typically giant elliptical galaxies with effective radii of 1.5
8kpc (Tremaine et al. m; Faber et al. ). Assuming that the volume density of stellar
luminosity (and thus mass) flattens with radius from 7=2 to r~! in the inner region of
the elliptical host galaxy (Gebhardt et al. @), or even that it flattens into a ‘core’; a
significant fraction of the bulge mass is expected to be found inside the inner 550 pc. From

5Due to the fact that T o u21/4 and py, o< 12, the ur=4 model requires more screening than the
previous =100 models.

16Both the CO and FIR emission in BR 1202-0725 are however distributed over at least two distinct
components, which then each have comparable but lower luminosities than APM 08279+5255.
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the local Mpg—Mpyge relationship, it is expected that Miyige~700 Mpg. For the inner region
of APM 0827945255, we have found Myyge=3.4 Mpy. This value falls short by more than
two orders of magnitude compared to the local estimate. Even if corrected for a 10kpc
radius host galaxy, a clear offset from the local Mpy—Myyge relationship remaindtd. This
is consistent with the findings of Shields et al. ) for a larger number of high-z quasars
(but based on less certain dynamical mass estimates), and may indicate a breakdown
of the local Mpu—Mpuge relationship toward high redshift, as also suggested by Walter
et al. M) This is also consistent with observations of a sample of 2~0.36 Seyfert
1 galaxies (Woo et al. M), which also shows a clear offset from the local Mpu—0ulge
relation. These observations together appear to indicate that the mass correlation between
SMBHs and their stellar bulges is not a universal property, but rather an endpoint of a
long-lasting evolutionary process throughout cosmic times. We thus conclude that the
SMBH in APM 0827945255 appears to already be largely in place, while the buildup of
the stellar bulge is still in progress.

If the assumptions made to derive the properties of APM 08279+5255 are correct, this
result has several interesting implications. It appears as if SMBH growth and formation
through gas dissipation and accretion (and possibly mergers) was the main characteristic
during the early formation of this source (even relative to star formation). Since the SMBH
in APM 0827945255 is already found at the high mass end of the black hole mass function,
it is expected that most of the molecular gas present at z=3.9 is either blown out or formed
into stars by z=0, while only a minor fraction is accreted onto the black hole. Moreover,
if APM 0827945255 is to evolve into a galaxy that fulfills the Mpr—opuge relation by 2=0,
a significant fraction of the molecular gas is has to actually end up in stars. In fact,
even if the whole amount of molecular gas that is currently present in the host galaxy
of APM08279+5255 were to be converted into stars (i.e., at an efficiency of 100%) by
2=0, it would not be sufficient to reach the local Mgy—0puge relation. If our picture of
this galaxy is correct, this result implies that the buildup of the stellar bulge cannot be
accomplished by only converting the observed molecular gas reservoir into stars, but relies
to a significant part on the accumulation of stellar matter via other mechanisms. Although
further details are difficult to quantify at present, it thus is likely that a significant fraction
of the spheroid will be produced via mergers. It has been suggested that a common, growth-
limiting feedback mechanism acting on both star formation and black hole assembly is the
physical explanation for the local Mpu—0puge relation. Assuming that such a mechanism
exists, quasar winds as a form of AGN feedback would be an obvious candidate for a
system like APM 08279+5255 (Silk & Rees I@) One difficulty with this assumption
would then be that the SMBH in this source already accretes radiatively highly efficiently
at (super-)Eddington rates (see above), where such feedback effects are expected to be
very strong to regulate the further growth of the SMBH. If this effect were to also regulate
star formation in the host galaxy, it would be expected to shut off both on a relatively

I"Note that the local Mpu—0bulge relationship is difficult to reconcile even with a 11, =100 model, which
leaves more room for Mpyige Within My, (i-e., Myuge=50 Mpn), but also has to assume host galaxy size
relations for less massive black holes.
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short timescale by pushing the remaining gas outwards. The build-up of the stellar bulge
then can only proceed further through hierarchical merging, which is expected to again
feed both the SMBH and star formation. To end up anywhere near the local Mpu—0uige
relation through a self-regulated mechanism, APM 0827945255 thus is required to form
and /or accumulate stars more efficiently (relative to the black hole feeding/merger rate)
than in the past.

There are two main points that support the =4 model. First, the observed CO(J=1—0)
properties give rather tight constraints on the allowed combinations of intrinsic CO disk size
and magnification strength for the favoured range of low disk inclinations, assuming a rela-
tively high CO area filling factor. The p;=4 model lies well within the range of these con-
straints. Second, the spatially resolved multiwavelength observations of APM 0827945255
show similar morphologies of the lensed source from the X-ray to radio wavelength regime,
probing sub-pc to hundreds of pc scales, while showing a different morphology out to kpc
scales. The p;=4 model produces this quite naturally, predicting modest effects of differ-
ential lensing. The high lensing magnification models suggested so far do not reproduce
the second characteristic. Also, for low inclinations, they predict a very compact CO disk
of only about 100 pc diameter. This is by a factor of a few less than in typical ULIRGs
(Downes & Solomon @) The pr=4 model, on the other hand, produces a CO disk of
550 pc diameter, which is in a more typical regime.

While some properties of APM 08279+5255, like the optical luminosity and expected
strong tidal forces from the black hole, may still favour a scenario in which the source
is highly magnified by gravitational lensing, there thus are several arguments that favour
models with low pp. It thus is important to note that, if a high-p; was to be found that
fits the observed morphological properties of APM 08279+5255, further studies would be
necessary to exclude one scenario or the other. Based on the existing observations, no
definitive conclusion can be drawn — the final decision can only be made by detecting
the lens itself. The lensing model presented in this chapter aids in developing a quite
consistent picture of APM 08279+5255 based on the existing observations, describing the
source as a dust and gas-rich galaxy with a very massive, active black hole. The deep
gravitational potential of the central region of this source causes the molecular gas to be
rather dense, while the strong, penetrating AGN radiation causes it (and the dust) to be
rather warm. The whole system may be seen relatively close to face-on (the inclination
is however difficult to constrain). It has a co-eval starburst which only contributes about
10% to the FIR dust heating, but still produces more than 500 Mg yr—! (Weif§ et al. Im,
correcting for pu,=4). The star formation in this galaxy takes place far off the black hole
mass—bulge mass scaling relation of nearby galaxies, suggesting that the latter is subject
to significant evolution throughout cosmic times.

9.11 Summary

In this chapter, we present improved, high resolution CO(.JJ=1—0) observations toward the
2=3.9 BAL quasar APM 08279+5255 with the VLA. We also present multiwavelength radio
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continuum observations, and a search for CN(N=1—0) emission. The source’s properties
are investigated based on a revised model of the gravitational lensing in this system.

From our comprehensive analysis, we obtain the following main results:

1. The CO(J=1—0) emission is resolved and has a (lensed) source size of ~0.3". The
structure shows a morphology that is very similar to the X-ray/optical/NIR morphol-
ogy, indicative of three images of a compact, gravitationally lensed source (of which two
are blended in the CO maps). In particular, we do not find any evidence for extended
CO(J=1—0) emission over a scale of several arcseconds, in contrast to previous reports
(cf. Papadopoulos et al. M) The whole single-dish CO(J=1—0) flux found by Riechers
et al. Mﬁ) is recovered from the compact structure detected in our VLA maps. The
rest-frame 2.7mm continuum emission underlying the CO(J=1—0) line is slightly more
extended than the CO source, and may correspond to differentially lensed emission ei-
ther due to free-free radiation from the starburst or extended AGN-related emission (in
agreement with the overall steep spectral index). A radio source is detected 3” south of
APM 0827945255 in two out of six radio continuum bands (see also Ibata et al. @), but
not related to the high redshift quasar.

2. We derive an apparent CO(J=1—0) luminosity of L'Co(lfo):(l().GiO.Q)xlolo it
K kms~! pc?. This is by about 20% lower than the re-derived CO(J=2—1) luminosity,
and even by 40% lower than the CO(J=4—3) luminosity. This may indicate that the
optical depth in the lower J CO transitions is only modest, as already indicated by pre-
vious studies (Riechers et al. M; Weif et al. ). Due to the high gas density, the
CO(J=1—0) luminosity corresponds to a total apparent Hy molecular gas mass of Mgas=5.3
x 101 p ! M.

3. We set a limit on the CN(N=1—0) luminosity in this source, which we derive to be
<37% of the CO(J=1—0) luminosity.

4. The radio continuum SED of APM 0827945255 is likely dominated by AGN emis-
sion. Based on a starburst galaxy model (Condon @), we conclude that free-free and
synchrotron emission from the host galaxy contribute <20% to the radio continuum emis-
sion (note that this fraction is clearly model-dependent). We also find that the AGN lies
in the transition region between radio-quiet and radio-loud quasars, and is in overall agree-
ment with being radio-quiet. The low frequency part of the radio SED is (ultra-)steep,
which is commonly found in high-z quasars with extended radio emission. The overall spec-
tral slope of the radio SED is in agreement with synchrotron emission that may originate
from both the starburst and the AGN.

5. In spite of the fact that both the FIR (Weif et al. M)and radio continuum emission
in APM 0827945255 appear to be dominantly powered by the AGN, it follows the radio—
FIR correlation for star-forming galaxies without correcting for the AGN contribution to
the radio/FIR luminosities (~80-90% in both cases).

6. From our CO maps, we derive observed brightness temperatures of 7}, bsATC33 K for

the blend of optical quasar images A4+C and TSbS’B: 18 K for quasar image B. Assuming a
true brightness temperature of 50 K as predicted by LVG models of the CO excitation (Weif3
et al. Iﬁﬁ), this corresponds to a lensed CO equivalent disk with a radius of ~1075 pc.
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7. Our revised lensing model of APM 08279+5255 predicts that the luminosity is only
enhanced by a lensing magnification factor of about ;=4 over the whole observed wave-
length range. Assuming that the CO disk is seen relatively close to face-on (i<30°) and
has a large area filling factor, this model is consistent with a CO ring that has an unlensed
radius of about 550 pc.

8. From C1v observations of APM 0827945255 and a scaling relation of nearby galaxies
from the literature, we derive an apparent black hole mass of Mpy=9.0 x 10 u; ' Mg,
which corresponds to about half of the Eddington limit. This also corresponds to about
17% of the molecular gas mass.

9. From our CO maps and model, we derive a dynamical mass of Mgy, sin®i = 4.0 X
1019 M, for APM 08279+5255. Assuming p1;,=4, this indicates an inclination of i<30°, con-
sistent with observations at all wavelength within an unified scheme. Assuming an average
rotational velocity for high-z quasars, this even sets a limit on the mass of the stellar bulge
within the central 550 pc of Myyige=3.4 Mpw, which falls by almost two orders of magnitude
short of the Mpy—Myuge relation observed for nearby galaxies (see also discussion by Weif3
et al. M) We thus conclude that the SMBH in this distant quasar is already in place,
while the buildup of the stellar bulge is still in progress. A similar indication was found for
the z=6.4 quasar SDSS J1148+-5251 (Walter et al. M), and thus suggests a breakdown
of this relation at early cosmic times.

The observations presented herein highlight the importance of spatially and dynami-
cally resolved studies of molecular gas in galaxies at z24 for our general picture of galaxy
formation and evolution. In the next decade, the Expanded Very Large Array (EVLA)
will enable us to commence such studies at improved sensitivities and spectral resolution.
The low J transition studies of molecular gas with the EVLA will be complemented by
observations of the higher .J transitions with the Atacama Large (Sub-)Millimeter Array
(ALMA) at even higher spatial resolution. Both instruments will allow us to probe signifi-
cantly deeper down the luminosity function(s) of the different populations of high redshift
galaxies using molecular gas studies, and thus largely improve our picture of galaxies in
the early universe.

It is a pleasure to thank my collaborators on this project:

Fabian Walter (MPIA), Chris Carilli (NRAO), and Geraint Lewis (University of Syd-
ney).
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Chapter 10

Molecular Line Mapping II: Zoom-In
Through a z=4.12 Einstein Ring

10.1 Context

As shown in the previous chapter, gravitational lensing does not always help much to
resolve distant sources. However, sometimes it does help tremendously. One of these cases
is shown here. The molecular gas in the distant quasar host galaxy of PSS J2322+1944
(z=4.1) is not only lensed into a full Einstein ring (magnifying scales in the plane of the
background galaxy by more than a factor of three), but also dynamically resolved, showing
how different kinematic components of the galaxy are lensed differentially by the foreground
galaxy. This is the first time that such an effect has been observed, and aided by a model
of the lens system, allows us to study the host galaxy of PSS J23224-1944 to unprecedented
detail, more than five years before such studies will become possible with ALMA.

10.2 Abstract

We present high-resolution (0.3”) Very Large Array (VLA) imaging of the molecular gas in
the host galaxy of the high redshift quasar PSS J2322+1944 (z = 4.12). These observations
confirm that the molecular gas in the host galaxy of this quasar is lensed into a full
Einstein ring, and reveal the internal dynamics of the molecular gas in this system. The
ring has a diameter of ~1.5”, and thus is sampled over ~20 resolution elements by our
observations. Through a model-based lens inversion, we recover the velocity gradient of
the molecular reservoir in the quasar host galaxy of PSS J232241944. The Einstein ring
lens configuration enables us to zoom in on the emission and to resolve scales down to
650 pc. From the model-reconstructed source, we find that the molecular gas is distributed
on a scale of 3kpc, and has a total mass of M (Hy) = 1.7 x 10'° M. The lens configuration
also allows us to tie the optical emission to the molecular gas emission, and suggests that
the active galactic nucleus (AGN) does not reside in the center of the molecular reservoir.
Together with the (at least partially) disturbed structure of the CO, this suggests that the
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system is interacting. Such an interaction, possibly caused by a major ‘wet’ merger, may be
responsible for both feeding the quasar and fueling the massive starburst of 760 M yr—! in
this system, in agreement with recently suggested scenarios of quasar activity and galaxy
assembly in the early universe.

10.3 Introduction

A fundamental aspect in studies of galaxy formation and evolution is to understand the
connection between AGN and starburst activity. The existence of a physical connection
between both processes is suggested by the finding that present day galaxies show a strong
relationship between the mass of their central supermassive black holes (SMBHs) and the
mass and concentration of their stellar spheroids (Magorrian et al. @; Ferrarese & Merritt
m; Gebhardt et al. m; Graham et al. M) If these relations were due to a coevolution
of both components during the early assembly of a galaxy, high-redshift quasars and their
associated host galaxies would be ideal laboratories to study these processes.

The cosmological distances of high redshift quasars make it difficult to resolve emission
from their host galaxies at longer wavelengths (where the AGN does not outshine all other
emission), even if they are bright enough to be detected. The resolution of such observations
can be boosted by the use of gravitational lenses as natural telescopes, in particular those
in Einstein ring configurations. Due to the compactness of the AGN, optical quasars in
Einstein ring lens configurations are rare. Due to their greater extent, the host galaxies
of quasars are much more likely to cross the inner Einstein ring caustic of a gravitational
lens.

Studies of molecular gas, the prerequisite material that fuels star formation, have be-
come an important tool to probe distant quasar host galaxies (see Solomon & Vanden
Bout 2003 for a general review), and revealed large molecular gas reservoirs of >10' M,
in a number of these sources. These galaxies typically show huge far-infrared (FIR) lumi-
nosities in excess of 10'3 L, which are thought to be powered by starbursts (and possibly
AGN). Observations of molecular gas trace the regions that can host massive starbursts.
In addition, the velocity structure of molecular line emission has the potential to constrain
the dynamical state of such distant galaxies.

In this chapter, we report on high (0.3”) angular resolution Very Large Array (VLA)E
observations of CO in the host galaxy of the z=4.12 quasar PSS J2322+41944, one out of
only two known 2>4 galaxies that are both gravitationally lensed and detected in molecular
gas emission (the other being BRI0952-0115 at 2=4.43; Guilloteau et al. @) In spite of
the fact that this source shows only two unresolved quasar images in the optical, previous
CO observations have shown that the molecular gas reservoir in its host galaxy is lensed
into an Einstein ring (Carilli et al. M) These observations were also used to derive a first
lensing model for this source. Based on the dynamical structure revealed by our new, higher
resolution observations of PSS J2322+4-1944, we have developed a new lensing model to

!The Very Large Array is a facility of the National Radio Astronomy Observatory, operated by Asso-
ciated Universities, Inc., under a cooperative agreement with the National Science Foundation.
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reconstruct the spatially resolved velocity gradient of the gas in the unlensed galaxy. We use
a concordance, flat ACDM cosmology throughout, with Hy=71 kms~! Mpc~!, Qy=0.27,
and Q,=0.73 (Spergel et al. 2004, %)

10.4 Observations

We observed the CO(J=2—1) transition (s = 230.53799 GHz) towards PSS J2322+1944
using the VLA in B configuration between 2006 June 19 and July 3, and in C configuration
between 2002 October 21 and November 15 (these short spacings data were published in the
original study by Carilli et al. M) The total on-sky integration time in the 11 observing
runs amounts to 70.5hr. At z = 4.119, the line is redshifted to 45.0351 GHz (6.66 mm).
Observations were performed in fast-switching mode (see, e.g., Carilli & Holdaway )
using the nearby source 23307411003 for secondary amplitude and phase calibration. Ob-
servations were carried out under excellent weather conditions with 26 or 27 antennas.
The phase stability in all runs was excellent (typically <15° for the longest baselines). The
phase coherence was checked by imaging the calibrator source 23207405138 with the same
calibration cycle as that used for the target source. For primary flux calibration, 3C48
was observed during each run. Due to the restrictions of the VLA correlator, one 50 MHz
intermediate frequency (IF) with seven 6.25 MHz channels was observed centered at the
CO(J=2—1) line frequency, leading to an effective bandwidth of 43.75 MHz (corresponding
to 291 kms™! at 45.0 GHz). This encompasses most of the CO line width as measured in
the CO(J=5—4) transition (273+50 kms~! FWHM, Cox et al. M), but does not cover
the outer line wings and the continuum. Earlier observations set a 2 ¢ limit of 150uJy on
the continuum emission (Carilli et al. M)

For data reduction and analysis, the AIPS package was used. All data were mapped
using the CLEAN algorithm and natural weighting. A velocity-integrated CO(J=2—1)
map of this dataset is shown in Figure [LJl The synthesized clean beam has a size
of 0.33"x0.30"H The final rms over the bandwidth of 37.5 MHz (250 kms™!, the noisy
edge channel is omitted) is 48 uJy beam™'. In Fig. I3 seven velocity channel maps
(6.25 MHz, or 42 kms™! each) of the CO(J=2—1) are shown after Hanning smoothing
(rms: 77 pJy beam™1).

10.5 Results

In Figures [T and L2 the integrated CO(J=2—1) emission over the central 250 kms™!
is shown at a linear resolution of 0.3”, and convolved to 0.5” (to improve the signal-to-
noise ratio). The emission is clearly resolved over multiple beams, and extended on a scale
of ~1.5"”. The distribution of the gas is remniscient of a full, almost spherical molecular
Einstein ring, consistent with previous indications of such a structure in lower resolution

’Imaging B array data only gives a resolution of 0.17”x0.15" (natural weighting), or 0.12”x0.11”
(uniform weighting).
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Figure 10.1: VLA map of the CO(J=2—1) emission toward PSS J2322+1944 (integrated
over the central 37.5 MHz, or 250 kms~!). Contours are shown at (-3, -2, 1, 2, 3, 4, 5)x¢
(lo = 48 uJy beam™!). The beam size (0.33”x0.30”) is shown in the bottom left corner.
The crosses show the positions of the optical quasar images, and the cross sizes represent
the relative astrometic error.
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Figure 10.2: VLA map of the CO(J=2—1) emission toward PSS J2322+41944 as shown
in Figure [T, but convolved to a linear resolution of 0.5” (as shown in the lower left).
Contours are shown at (-3, -2, 2, 3, 4, 5, 6, 7, 8)xo (1o = 50 uJy beam™1).
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observations (Carilli et al. M) The emission varies in intensity along the ring, showing
clear substructure. The two brightest peaks of the emission are consistent within the
two images of the optical quasar (indicated as crosses in Figure [LT]) within the relative
astrometic errors (~0.5"), although there is an offset.

The apparent surface brightness variations along the ring set strong constraints on the
geometry of the lens configuration. The brightest CO peak on the ring can be used to set a
lower limit on the intrinsic brightness temperature of the molecular gas. The peak strength
of 280+48 jiJy beam ™! corresponds to a beam-averaged, rest-frame brightness temperature
of T,=12.6 K.

We derive a total CO(J=2—1) flux density of 2.50 £ 0.32 mJy, which is consistent with
that found by Carilli et al. m) This corresponds to a total molecular gas masd] of
M(Hy) = 9.0 x 10'° 4 * M, (where pz, is the lensing magnification factor, see below). This
is in agreement with the value found by Riechers et al. ) based on the CO(J=1—0)
luminosity within the errors.

In Figures and M4 seven 42 kms~! wide velocity channels are shown at the full
resolution of 0.3”; and convolved to 0.5” to improve the signal-to—noise ratio (channel 7
was omitted from the data shown in Figures [Tl and due to higher noise). Although
the maps are noisy, emission along the Einstein ring is detected in all channels. Clearly,
the emission is moving systematically along the ring from the red part of the CO(J=2—1)
line to the blue. Note that there are many peaks of similar surface brightness (peak
fluxes of 350400 uJybeam™, or T,=16-18K) that are found at different positions at
different velocities. This indicates, to first order, a dynamical structure of uniform surface
brightness, where the components at different velocities get projected to different positions
in the lens plane. This puts us in the unique situation to model this gravitational lens
system in detail, including the dynamics of the background galaxy.

10.6 Gravitational Lens Inversion

10.6.1 Method: Bayesian Inference

Due to the fact that the characteristics of the lensing galaxy towards PSS J2322+4-1944 are
currently not known, and due to the limited signal-to-noise and resolution of the data,
it is not possible to derive a unique solution for the inversion of the gravitational lens.
We thus explored the parameter space permitted by the data to find the best possible
solution by following a Bayesian approach, using the Markov Chain Monte Carlo code by
Brewer & Lewid (|2Dj)ﬂ) This approach does not simply aim at minimizing x? to find the
best model (which may “overfit” the data by fitting part of the noise), but finds the most
probable solution by comparing models within the range of plausible fits (i.e., a broad region
in parameter space with higher y? can outweigh a solution that minimizes x?, but only in
a small region of parameter space that may be coincidentally selected by adding up noise).

3 Assuming constant T}, between CO(J=2—1) and CO(J=1—0), and a ULIRG CO luminosity to Hs
mass conversion factor of a=0.8 M, (K kms~! pc2)~! (Downes & Solomon [1998).
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Figure 10.3: Channel maps of the CO(J=2—1) emission. The same region is shown as in
Fig. Ml One channel width is 6.25 MHz, or 42 kms™! (frequencies increase with channel
number and are shown at 45016.35, 45022.60, 45028.85, 45035.10, 45041.35, 45047.60, and
45053.85 MHz). Contours are shown at (-3, -2, 1, 2, 3, 4)x/20 (1o = 77 uJy beam™).
Note that the noise in channel 7 is by a factor of v/2 higher relative to the other channels.
The beam size is shown in the bottom left corner of the first panel.
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Figure 10.4: Channel maps of the CO(J=2—1) emission as shown in Figure [L3, but
convolved to a linear resolution of 0.5” (as shown in the lower left corner of the first panel).
Contours are shown at (-3, -2, 2, 3, 4, 5, 6)xo (1o = 80 uJy beam™1!).




10.6 Gravitational Lens Inversion 177

The lensed image of the source was reconstructed based on the integrated emission line
map and the structure detected in the velocity channels, and then used to derive a common
model of the lensing galaxy’s projected density profile that reproduces the emission in all
channels simultaneously. Due to the differential structure among the velocity channels,
this implies that the reconstructed source components after lens inversion will be different
for each velocity channel, and reproduce the velocity gradient across the source. In our
study, the lens was parameterised as a singular isothermal elliptical potential with five
free parameters, which are the strength b of the lens, the ellipticity ¢ of the potential, the
central position (x., y.) of the lensing source, and the angle of orientation  of the projected
density profile.

10.6.2 Application to Interferometric Data

Interferometer maps are reconstructed from visibility data using a scale that samples one
synthesized interferometer beam (i.e., resolution element) with multiple pixels. This means
that the per pixel noise is not independent for all pixels. To determine the typical scale of
noise correlations, it has to be taken into account that, due to the natural weighting of the
baselines, not all pixels in one resolution element are strictly correlated [only those that
fall within the resolution element defined by the longest baselines (~1.7MA\)]. We find
that at the scale of the images (0.03” pixel '), 1/62 of the pixels is effectively independent
(corresponding to 106 pixels on the scale of the Einstein ring). To not “overfit” the image
due to noise, only this fraction of information can be used to computationally determine
the lens properties. In practice, this was confirmed by requiring that the residuals of the
model images have the same statistical properties as the background in the observed maps.

10.6.3 Modeling Results

For the “best” model of the lens, we find b = 1.227" + 0.023", ¢ = 0.969 £ 0.014, x.
= 0.121" 4+ 0.039”, and y. = 0.179” + 0.047” for the strength, ellipticity, and position
(coordinates are relative to the center of the model images). With a probability of 62%
(38%), the angle of orientation of the potential is § = 109.2° £+ 7.1° (-27.5° £ 7.3°). This
“best” solution was obtained by averaging over the range of plausible reconstructions of
the model sources and their corresponding images in the lens plane. Due to the fact that
q ~ 1, the lens potential is close to circular, as is the projected lens density profile. The
overall lensing magnification is p; = 5.34 4 0.34.

In Figure M3, the model-reconstructed sources are shown in the lens plane (middle
row), and after lens inversion (top row), together with the observations (bottom row). The
columns give the results for the seven different velocity channels shown in Figure
The lens models are identical for all velocity channels, i.e., the different distribution of
molecular gas between the velocity channels is due to the intrinsic velocity structure of the
model source. Note the difference in scale between the lensed and unlensed source. The
linear resolution of 0.30” of the CO(J=2—1) observations corresponds to only 0.09” (or
650 pc) in the source plane. The gravitational lens thus does not only boost the apparent
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Figure 10.5: Reconstructed model images of the 42 kms™' CO(J=2—1) velocity chan-
nels, and source morphologies after lens inversion. The bottom row shows the observed
CO(J=2—1) emission in the velocity channels as shown in Figure M3 The middle row
shows the model-reconstructed images of the channel maps in the lens plane (same scale
as bottom). The top row shows the reconstructed images in the source plane after lens
inversion. The linear resolution of 0.30” in the lens plane corresponds to 0.09” (or 650 pc)
in the source plane (scale given on top).
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Figure 10.6: RGB composite color map of the model-reconstructed CO(J=2—1) velocity
channels shown in Figure[[lL3, with three colors encoding the velocity range of the emission
[red: redshifted (channels 1-2), green: central (channels 3-5), blue: blueshifted (channels
6-7)]. The bar at the bottom indicates the scale in the source plane. Right: Image of the
Einstein ring in the lens plane. Left: Image of the model-reconstructed quasar host galaxy
in the source plane.
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brightness of the source, but also acts as a natural telescope, and helps to zoom in on the
emission. In Figure [0L@ a color composite map of the modeled distribution of the CO in
the velocity channels is shown. Orange corresponds to the redshifted part of the emission
line, green corresponds to the central part, and blue corresponds to the blueshifted part.
In the right panel, the image in the lens plane is displayed, and in the left panel, the image
in the source plane is shown after lens inversion. A clear velocity gradient is seen in both
images. The brightest part of the emission shows a systemic velocity structure that would
be in agreement with an inclined, almost edge-on, rotating disk of ~1.5kpc radius within
the uncertainties of the data and modeling. If gravitationally bound, this structure encloses
a dynamical mass of Mgy, = 2.6 x 10' sin™ i M, (assuming a linewidth of 273 kms™!
as given above). However, there is also indication for a second, possibly tidal component
(blue/green). This structure is slightly bent, but also has an extent of almost 3 kpc, similar
to the brighter component. Each component extends over at least 4-5 resolution elements
in the source plane, and thus is clearly resolved. Unfortunately, the relative astrometry of
the optical and radio data is not good enough to determine where exactly the quasar is
situated in the reconstructed image. However, note that in the red line wing, the northern
peak of the Einstein ring is brighter (as in the optical), while in the blue linewing, the
southern peak is brighter. If our model is correct, the fact that the optical emission shows
two images rather than a full or at least partial Einstein ring then suggests that the optical
quasar is associated with the red part of the emission. If the AGN is indeed located in
the upper part of the disklike structure rather than in the center, one may speculate that
the spatial and velocity structure of the reconstructed source is more likely to be due to
interaction than due to a rotating disk.

10.7 Discussion

We have imaged and modeled a molecular Einstein ring at z=4.12. Our high resolution
CO(J=2—1) maps of the lensed quasar host galaxy of PSS J2322+41944 (a double image
optical quasar) reveal spatially resolved structure that shows a clear velocity gradient
in the CO emission line. By performing a (non-unique) model-based lens inversion of
the Einstein ring, we are able to reconstruct the velocity structure of this distant quasar
host galaxy. The gravitational lensing effect acts as a natural telescope, and allows us to
zoom in on the molecular gas reservoir down to a linear scale of only 650 pc, sufficient
to reveal velocity structure over almost 10 resolution elements in the source plane. Our
novel modeling of this system reveals how the molecular gas crosses the central caustic
(causing the appearance of the Einstein ring) moving from the redshifted to the blueshifted
molecular emission, and shows that the optical quasar is most likely associated with the
redshifted part of the molecular reservoir. The full reservoir has a mass of M(Hy) =
1.7 x 10 My, (corrected for lensing magnification). If the gas in the “disk-like” molecular
component was gravitationally bound, the molecular gas mass alone could fully account
for the dynamical mass in this system if the system were to be seen close to edge-on.
Due to the fact that the AGN is probably largely offset from the center (close to the
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redshifted part) of the CO emission, we conclude that the molecular gas and dust are likely
dominantly heated by star formation. From the apparent FIR luminosity of the source
(Lpr = 2.7 x 10" py, Le; Cox et al. M), we derive a star formation rate of 760 M yr—*
(assuming standard conversions and not accounting for a possible AGN contribution to
Lpr; Kennicutt I@, M) At least part of the CO emission of the reconstructed
source does not follow a systemic trend in velocity. In this picture, this structure may
be due to interaction, possibly caused by a major merger. Such an event could both feed
the AGN and fuel the starburst, and thus be responsible for the coeval assembly of a
supermassive black hole and the stellar bulge in this system. Future observations of the
FIR continuum at comparable spatial resolution may shed more light on this situation.
The observations and modeling presented herein demonstrate the power of spatially
and dynamically resolved molecular gas studies in strongly lensed, distant AGN /starburst
systems to provide direct evidence for the scenarios of quasar activity and galaxy assembly
in the early universe as suggested by recent cosmological simulations (e.g., Springel et al.
). The boost in line intensity and spatial resolution provided by Einstein ring lens
configurations are currently the only means by which to probe the dynamical structure
of the most distant star-forming galaxies at sub-kiloparsec resolution. Such observations
provide an important foundation for future observations of molecular gas and dust in the
early universe with the Atacama Large Millimeter /submillimeter Array (ALMA), which
will be able to probe more typical galaxy populations at high redshift t comparable and
higher physical resolution, even without the aid of gravitational lensing.

It is a pleasure to thank my collaborators on this project:

Fabian Walter (MPIA), Chris Carilli (NRAO), Brendon Brewer and Geraint Lewis
(University of Sydney), Pierre Cox (IRAM), and Frank Bertoldi (AIfA).
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Bertoldi, F.,‘A Molecular Finstein Ring at z=4.12: Imaging the Quasar Host Galary of
PSS J2322+1944 Through a Cosmic Lens’, 2007, ApJL, to be submitted
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Chapter 11

Molecular Line Mapping III:
Formation of a z—=4.41 Quasar Host

11.1 Context

As shown in the previous two chapters, studies of distant gravitationally lensed sources
can help to probe to smaller scales and fainter galaxy populations, and provide a wealth
of information about such systems. The accuracy of the results, however, will always
depend on the quality of the lensing model. The ultimate goal thus is to be able to also
study the structure of distant galaxies that are not lensed. The third distant galaxy in the
sample studied in molecular gas emission at high resolution with the VLA is BRI 1335-
0417, a z=4.4 quasar without any evidence for gravitational magnification or distortion.
Due to the lack of lensing, a linear resolution of 0.15” is required to probe scales of 1.0 kpc.
This resolution is achieved in the observations presented here, and also provides sufficient
velocity resolution to even dynamically resolve the system. This study reveals a z=4.4
quasar host galaxy forming in a high-mass major merger, such as predicted by state-of-
the-art cosmological simulations. This is the first time that such an event can directly be
observed at high redshift, and an important precursor for future studies of molecular gas
in the most distant galaxies with ALMA.

11.2 Abstract

We present high-resolution Very Large Array (VLA) imaging of the molecular gas in the
host galaxy of the high redshift quasar BRI 1335-0417 (z = 4.41). Our VLA observations
of the CO(J=2—1) emission have a linear resolution of 0.15” (1.0kpc) and resolve the
molecular gas emission both spatially and in velocity. The molecular gas in BRI 1335-0417
is extended on scales of 5kpc, and shows a complex structure. At least three distinct
components encompassing at least two thirds of the total molecular mass are identified
in velocity space, which are embedded in a structure that harbors about one third of the
total molecular mass in the system. From the CO luminosity, we find that the molecular
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gas reservoir has a total mass of 9.2 x 10'Y M. The CO(J=2—1) emission has an average
brightness temperature of 10 K above the cosmic microwave background (CMB). Account-
ing for the CMB, this is comparable to the gas temperatures found in the central regions
of nearby ultra-luminous infrared galaxies (ULIRGs). The spatial and velocity structure
of the molecular reservoir in BRI1335-0417 is inconsistent with a simple gravitationally
bound disk, but resembles a merging system. Our observations are consistent with a ma-
jor, gas-rich (wet) merger that both feeds an accreting supermassive black hole (causing
the bright quasar activity), and fuels a massive starburst that builds up the stellar bulge
in this galaxy. Our study of this >4 quasar host galaxy may thus be the most direct
observational evidence that ‘wet” mergers at high redshift are related to AGN activity.

11.3 Introduction

Great progress has been made in recent years both observationally and theoretically to
further our understanding of galaxy formation and evolution from the early epochs of
galaxy formation to the present universe. One basic prediction of cosmological simulations
is that during the early epoch of hierarchical galaxy formation, some of the most massive
galaxies are already formed in major merger events (e.g., Springel et al. M) These
mergers are believed to commonly trigger both AGN and starburst activity in such early
systems, which is regulated via AGN feedback (e.g., Hopkins et al. M) Such feedback
may be responsible for the present-day “Mpgg—0,” relation between black hole mass and
bulge velocity dispersion (Ferrarese & Merritt IM; Gebhardt et al. M)

Studies of molecular gas (the requisite material to fuel star formation) in young galaxies
are an essential ingredient to understand their physical properties in more detail (e.g., the
nature of the Schmidt-Kennicutt law between total gas mass and star formation rate;
Schmidt I@; Kennicutt I@, IM) Molecular gas (typically CO) has been detected
in 43 galaxies at z>1 to date, revealing large molecular reservoirs of >10'" M, in most
cases (see Solomon & Vanden Bout for a review). However, these studies rely almost
exclusively on the integrated properties of the line emission, as the molecular reservoirs in
these distant galaxies are difficult to resolve. To date, only the 2=4.69 and 2=6.42 quasars
BR 1202-0725 and SDSS J1148+5251, two of the most distant gas-rich galaxies could be
resolved in molecular gas emission without the aid of gravitational magnification (Omont

etal. [1996; Carilli et al. 2002H; Walter et al. M)

In this chapter, we report on high angular resolution (0.15”; 1.0kpc) Very Large Array
(VLA)E observations of molecular gas in the host galaxy of a dust-rich, optically identified
quasar at a redshift of 4.41, corresponding to only 1.4 Gyr after the Big Bang. We use
a concordance, flat ACDM cosmology throughout, with Hy=71 kms~! Mpc~!, Qy=0.27,
and Q,=0.73 (Spergel et al. 2004, Ea%l)

!The Very Large Array is a facility of the National Radio Astronomy Observatory, operated by Asso-
ciated Universities, Inc., under a cooperative agreement with the National Science Foundation.
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11.4 Observations

We observed the CO(J=2—1) transition (4est = 230.53799 GHz) towards BRI 1335-0417
using the VLA in B configuration on 2005 April 11, 13, and 22, and in C configuration on
2005 September 16. The total on-sky integration time amounts to 29 hr. At z = 4.4074,
the line is redshifted to 42.6338 GHz (7.03% Observations were performed in fast-
switching mode (see, e.g., Carilli & Holdaway ) using the nearby source 13515-01513 for
secondary amplitude and phase calibration. Observations were carried out under excellent
weather conditions with 25 antennas. The phase stability in all runs was excellent (typically
<15° for the longest baselines). The phase coherence was checked by imaging the calibrator
source 13569+02144 with the same calibration cycle as that used for the target source. For
primary flux calibration, 3C286 was observed during each run. Given the restrictions
of the VLA correlator, two 25 MHz intermediate frequencies (IFs) with seven 3.125 MHz
channels each were observed simultaneously centered at the CO(J=2—1) line frequency,
leading to an effective bandwidth of 43.75 MHz (corresponding to 308 kms™~! at 42.6 GHz).
This encompasses a major fraction of the CO line width as measured in the CO(J=5—4)
transition (420460 kms™' FWHM, Guilloteau et al. @), but does not cover the line
wings and the continuum. Earlier observations set a 2 ¢ limit of 240uJy on the continuum
emission, in agreement with an expected flux of ~34 uJy as derived from the continuum
spectral energy distribution of this source (Carilli et al. EE)

For data reduction and analysis, the AIPS package was used. All data were mapped
using the CLEAN algorithm. Two data sets were created in for the final analysis. The
first dataset includes both the B- and C-array data, and are imaged using natural weight-
ing. A velocity-integrated CO(J=2—1) map of this dataset is shown in Fig. [T The
synthesized clean beam has a size of 0.23”x0.18” (1.6x1.2kpc). The final rms over the
full bandwidth of 43.75 MHz (308 kms™!) is 50 uJy beam™'. To boost the resolution, the
second dataset includes B array data only, and are imaged using robust 0 (i.e., intermediate
between natural and uniform) weighting (Fig. [T2), achieving a resolution of 0.16"x0.14"
(1.1x0.95kpc). This results in an rms of 58 uJy beam™' per channel. In Fig. [T, seven
velocity channel maps (6.25 MHz, or 44 kms™! each) of the CO(J=2—1) line based on
the combined BC-array data are shown. A Gaussian taper was applied to the UV data at
a baseline length of 800 kA (longest baseline in the B array data: ~1.6MJ), resulting in
a resolution of 0.32”x0.30"” (2.2x2.0kpc). This results in an rms of 150 uJy beam™! per
channel. These channel maps are combined into a three color overlay in Fig. [Tl

11.5 Results

11.5.1 Morphology of the Molecular (Gas Reservoir

In Figure [Tl the integrated CO(J=2—1) emission over the full measured bandpass
(308 kms™!) is shown at a linear resolution of 1.4kpc. The emission is clearly spatially
resolved over many beams, and extended out to a scale of 5kpc (~0.7”, deconvolved for the
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Figure 11.1: VLA map of the CO(J=2—1) emission toward BRI1335-0417 (integrated over
the central 43.75 MHz, or 308 kms™!), imaged using the combined B and C array dataset
and natural weighting. Contours are shown at (-3, =2, 2, 3, 4, 5, 6, 7)xo (lo = 50 uJy
beam™!). The beam size (0.23”x0.18") is shown in the bottom left corner.
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Figure 11.2: CO(J=2—1) emission line map of BRI1335-0417 at ~1kpc resolution, im-
aged using B array data only and robust 0 weighting (zoomed-in version of Figure [TT]).
Contours are shown at (-3, -2, 2, 3, 4, 5, 6)x0 (lo = 58 uJy beam™'). The beam size
(0.16”7x0.14") is shown in the bottom left corner.
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beam size). Two distinct peaks of the emission are identified, both of which are extended,
and embedded in a continuous molecular structure. The northern component has a peak
flux density of 216 4 50 uJy beam ™!, and the southern component has a peak flux density
of 388 4 50 uJy beam™!. In Figure [T, a zoomed-in version of this map at 1.0kpc (0.15")
linear resolution is shown. At this resolution, some of the more diffuse structure is resolved
out. Clearly, the southern component breaks up. One of the subcomponents extends
toward the northern peak, consistent with the extension of the southern component in
Figure Tl A third, small peak is found at 3o significance. In addition, it appears that
the different spatial components are distributed in a complex way. Note that the emission
is likely not enhanced or distorted by gravitational magnification. In the higher resolution
map, the northern component has a peak flux density of 246 & 58 uJy beam™!, and the
southern component has a peak flux density of 375 & 58 uJy beam™!. The connecting
component has a peak flux density of 202 £ 58 uJy beam™. These three peaks alone
encompass a molecular gas masd of M (Hy) = 4.1 x 10'° My, corresponding to about
two thirds of the mass of M(H,) = 6.6 x 10'° M, derived from the integrated emission
seen in the naturally weighted dataset (Icoe-1)=0.434£0.02Jy kms™', in agreement with
previous results by Carilli et al. ). Accounting for the flux in the linewings that is
not covered by our observations, the full reservoir has an estimated mass of M. (Hy) =
9.2 x 10*° M. At 2=4.4074, the brightest peak in the highest resolution map corresponds
to a beam-averaged, rest-frame brightness temperature of 7,=60 K. The average for the
full CO(J=2—1) reservoir is 7T;,=10K, which sets a lower limit to the temperature of
the molecular gas. Note that the minimum excitation temperature of CO(J=2—1) is
Tex=16.6 K, which however is only 1.8 K above the cosmic microwave background (CMB)
temperature at z=4.41.

11.5.2 Dynamical Structure of the CO Distribution

In Figure I3 the CO(J=2—1) emission is shown in seven 44 kms™! wide velocity chan-
nels, smoothed to a linear resolution of ~2 kpc. The emission is clearly dynamically resolved
and is moving, to first order, from north to south between the red and blue velocity chan-
nels (i.e., with increasing channel number). In addition, the center channel (#4) shows
a bright, compact peak, which corresponds to a narrow velocity component. This peak
is weighted down in the integrated line maps, and corresponds to the third small peak of
the southern component in Figure [T2 Figure [T shows a composite color map of the
velocity channel maps. The left panel includes all velocity channels, while the central chan-
nel (covering the range from -22 kms™'to +22 kms™') is excluded from the right panel.
The emission is clearly moving from redshifted to blueshifted emission in the right panel.
However, the emission in the (green) central channels do not mainly follow the north-south
extension, but also show an east-west extension, indicating an additional, distinct velocity
component in the system. The overall peak of the emission where all components overlap

2 Assuming constant T}, between CO(J=2—1) and CO(J=1—0), and a ULIRG CO luminosity to Hs
mass conversion factor of a=0.8 M, (K kms~! pc2)~! (Downes & Solomon [1998).
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Figure 11.3: Channel maps of the CO(J=2—1) emission in BRI1335-0417. The same
region is shown as in Figure [T One channel width is 6.25 MHz, or 44 kms™! (fre-
quencies increase with channel number and are shown at 42615.050, 42621.300, 42627.550,
42633.800, 42640.050, 42646.300, and 42652.550 MHz). Contours are shown at (-3, -2, 2,
3, 4, 5)xo (lo = 150 uJy beam™1). The beam size (tapered to 0.32”x0.30") is shown in
the bottom left corner; the crosses indicate the extent of the emission.
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[-154,+154] [-154,-22][+22,+154]

Figure 11.4: RGB composite color map representation of the CO(J=2—1) velocity chan-
nels shown in Fig. [T3 with three colors encoding the velocity range of the emission [red:
redshifted (channels 1-2 in Figure [T3), green: central (channels 3-5), blue: blueshifted
(channels 6-7)]. The velocity range covered (relative to the line center) in kms™' is in-
dicated in the top left corner, and the linear scale is indicated in the bottom left corner

of each panel. Left: All velocity channels (1-7). Right: All except the central channel
(channel 4).
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(seen as a ‘white spot’ in the figure) corresponds to the southern peak in the integrated line
map. The velocity structure is thus more complex than that of a simple, inclined, rotating
disk. The central, compact, narrow velocity component has a peak flux density of 853 +
150 uJy beam™!, corresponding to a beam-averaged, rest-frame peak brightness temper-
ature of T,=6 K. It is likely that this components is associated with the optical quasar.
However, the relative astrometry of the radio and optical observations (Storrie-Lombardi
et al. ) is unfortunately not accurate enough to verify this assumption.

11.6 Discussion

We present maps of the molecular gas distribution in a quasar host galaxy at z=4.4 at
1.0 kpc spatial resolution. The VLA data show that the molecular gas reservoir in this
galaxy is not only distributed over a scale of ~5kpc, but also structured in velocity space.
This is the first time that the molecular gas in a quasar host galaxy at such a high redshift
(or, indeed, at any redshift greater than ~0) has ever been resolved both spatially and
dynamically over multiple beams. The emission in BRI 1335-0417 is resolved into at least
three distinct components harboring at least 1-2 x 10'° M, of molecular gas each, and
at least another 2 x 109 M, is found in the more diffuse molecular medium in between
these concentrations. Each of the subcomponents hosts a few times the molecular gas mass
of nearby ULIRGs such as Arp220 (Downes & Solomon I@) The total molecular gas
mass and distribution are reminiscent of those in the z=4.69 and 2=6.42 quasars BR 1202—
0725 and SDSS J1148+5251 (Omont et al. @; Carilli et al. m; Riechers et al. m;
Walter et al. M), albeit concentrated to much smaller scales than in BR 1202-0725,
and showing much more detailed structure than both. Accounting for the temperature
of the CMB, the CO(J=2—1) emission traces a region where the gas has an average
temperature of at least 290 K (depending on optical depth and beam dilution), which is
comparable to the temperatures in nearby ULIRGs. From the FIR luminosity of the source
(Lpir=3.1x10" L), a star formation rate (SFR) of 4650 M, yr~! can be derived (assuming
standard conversions; Kennicutt I@, ). This does not account for possible heating
of the dust by the AGN. However, if the dust in this source has an extension and non-
uniform distribution similar to that of the molecular gas, local heating (rather than heating
of a central source) is likely to be responsible for most of the dust emission. Assuming as an
upper limit that all of the gas is converted into stars, the SFR corresponds to a gas depletion
timescale of only 2 x 107 yr. This means that the starburst can only be maintained for a
relatively short time, unless gas can be resupplied on timescales of ~107 yr.

If the molecular gas in this system was gravitationally bound, the CO linewidth and
distribution would predict a dynamical mass of Myy,=1.0 x 10" sin™2 i M, which could
account for both the total molecular gas mass and the mass of the black hole of Mpy=6
x 10° My (Shields et al. 200d), but not for a substantial fraction of a ~4x10'2 My stellar
bulge as predicted by the local Mgy—0, relation (Ferrarese & Merritt M; Gebhardt et al.
Iﬁ; unless the inclination toward the line-of-sight is very high, which would predict very

large CO linewidths).
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However, the overall structure of BRI1335-0417 looks rather disturbed, both spatially
and in its velocity structure. While the general north-south extension of the source may be
in agreement with rotating structure, this is not true for the central part of the emission,
in particular the compact peak seen in the central channel. This, and the structure seen in
the high-resolution CO(J=2—1) map (Figure [TJ), are more reminiscent of the disturbed
gas reservoirs in major mergers, such as seen in the nearby Antennae (NGC4038/39, e.g.,
Wilson et al. M) If BRI1335-0417 was an interacting system, the northern component
may be in the process of merging with the southern component, which likely hosts the
luminous quasar. The connecting component then may be the part where the two galaxies
overlap and merge. Note that this region alone would be massive enough to host more
than 10 of the largest molecular complexes found in the overlap region of the Antennae
(Wilson et al. ).

Cosmological simulations predict that the merger rates at z=4.4 are substantially higher
than at z=0. Such scenarios imply that during the early epoch of hierarchical galaxy for-
mation, some of the most massive galaxies form in major merger events (e.g., Springel
et al. ). Such major, ‘wet’ mergers are believed to commonly trigger both AGN and
starburst activity, and lead to high excitation of the molecular gas during both the hier-
archical buildup of the host galaxy and the quasar phase (e.g., Narayanan et al. M) In
simulations, such objects often show multiple CO emisson peaks, arising from molecular
gas concentrations that have not yet fully coalesced.

We conclude that the observed properties of BRI1335-0417 (AGN and extreme star-
burst activity, high CO excitation, extended morphology over 5kpc scales) are connected
to the ongoing buildup of the quasar host galaxy. Such a signpost of early galaxy assembly
then could be considered direct observational proof of the scenarios proposed by cosmo-
logical simulations, and enable us to directly investigate the connection between quasar
activity and high-mass merger events at early cosmic times.

It is a pleasure to thank my collaborators on this project:
Fabian Walter (MPIA), Chris Carilli (NRAO), and Frank Bertoldi (AIfA).
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Chapter 12

Summary and Outlook

12.1 Summary

The main goal of this thesis was to better understand the properties of star formation and
galaxy assembly in the early universe, in particular quasars. One of the most important
aspects in this field of research is to understand the properties of the molecular gas in the
host galaxies of these high redshift systems, since it is the molecular gas that is directly
connected with the processes leading to star formation. To achieve significant progress in
this field, this research has placed emphasis on three main topics:

e How Massive are the Molecular Gas Reservoirs of Distant Quasars?

e What are the Composition and Excitation of the Molecular ISM in Distant Quasars?

e What is the Structure and Dynamical Mass of the Host Galaxies of Distant Quasars?

These topics were studied in the context of star formation, the connection to which was
made by examining the respective connections between molecular gas mass and the star
formation rate in galaxies from z=0 out to high redshift sources. In the following, the main
results are briefly summarized, and it is shown how they contribute to our understanding
of galaxies in the early universe in a more general context.

12.1.1 Masses of Molecular Gas Reservoirs in Distant Quasars

Observations of molecular gas are a key tool for studying the formation and evolution of
galaxies in the early universe. Over the past decade, great progress has been made in this
field, leading to the detection of CO emission towards 43 galaxies between redshifts of 1 and
6.4 (~15 of them being quasars), right back into the Epoch of Reionization (see Solomon &
Vanden Bout 2009 for a review). Although it appears to be a very basic question, consid-
erable diversity persists on the issue of how to extract molecular gas masses from measured
CO fluxes in high-z galaxies. One of the main reasons is that observations of most of the
z > 2 galaxies detected in CO to date have been done for J > 3 transitions (J denotes
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Figure 12.1: CO(J=1—0) Measurements — Mass Estimates. Recent CO(J=1—-0)
spectroscopy of three high-z QSOs obtained with the GBT and Effelsberg 100 m telescopes
(Riechers et al. M) These are the first high—2 molecular gas detections ever obtained
with 100m radio telescopes, and the highest resolution CO(J=1—0) spectra that have
been taken for high—z galaxies. To date, they provide the best estimates for the total
molecular gas masses of these quasars.

the upper rotational quantum number of the transition) due to technical limitations. Al-
though these higher-J transitions exhibit higher peak flux densities than the ground-state
(J=1) transition, it is possible that emission from these higher-order transitions is biased
towards the more excited gas close to a central starburst. Therefore, these transitions do
not necessarily trace the bulk of the molecular gas reservoir which can be seen in emission
from the CO(J=1—0) transition.

To further investigate this question, a project was started that capitalizes on the im-
proved capabilities of the NRAO Green Bank Telescope (GBT) and the MPIfR Effelsberg
telescope, both ~100m in diameter, to search for CO(J=1-0) emission towards three z > 4
QSOs (~20% of all z > 2 quasar CO detections). After ~130hours of observations in to-
tal, we detected emission from all three high-z quasars, being the first successful z > 4
molecular gas study with 100 m single dish radio telescopes (see Figure [ZTI} Riechers et
al. M) In contrast to previous interferometer observations available for a small num-
ber of sources, we here obtain full CO line profiles due to significantly larger bandwidth
and spectral resolution. These new detections thus pose a promising prelude for future
broad-band high-z CO searches with the advent of the first ‘z-Machines’ in the near fu-
ture. Based on these full-profile spectra, the CO fluxes can be derived with good accuracy
and result in typical molecular gas masses of 4x10'9 M. Since the quasars in our sam-
ple have estimated star formation rates of several 1000 My yr—!, the depletion timescale
of these gas reservoirs is 107-10%yr. Interestingly, the derived molecular gas masses are
consistent with those derived from J=4 CO transitions, demonstrating that there are no
massive extended, low-excitation CO reservoirs as, e.g., claimed previously for one of the
sources in our sample (APM 08279+5255, Papadopoulos et al. %E]L_ll)

To further interpret our results, we carried out Large Velocity Gradient (LVG) models
based on the higher—J CO transitions. These models provide estimates for a range of
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physical properties of the molecular gas, such as the gas densities, temperatures, and
overall excitation (all results: Riechers et al. M) These more detailed models confirm
that, indeed, the CO(J=1—0) luminosities (and thus, total molecular gas masses) can be
predicted very well based on higher J transitions in these distant quasars, due to the fact
that the mid J (J=3 and J=4) transitions trace the same amount of material (in contrast
to nearby spiral galaxies like the Milky Way).

Due to the fact that this holds for all sources in the sample, which represent ~20% of all
CO-detected high-z quasars, this was taken as a basis to predict the full CO luminosities
(and thus, total molecular gas masses), in all high-z quasars detected in CO emission. As
most of the other CO-detected distant galaxies also show highly excited CO emission, this
study was extended to other galaxy types. This provides, for the first time, a basis to extend
the locally observed relation between total molecular gas mass and star formation rate (as
derived from the FIR luminosity) to high redshift, which is important to understand if the
conditions for star formation are different in the extreme systems at high redshift from
local “normal” and star-forming galaxies. Due to the fact that the distant galaxies have
higher CO and FIR luminosities, it also significantly extends the range over which this
relation can be probed. The main results found based on the L{,Lgg relation are that
1) the high redshift systems naturally extend the (nonlinear) local relation, indicating that
there is no significant evolution in the efficiency at which molecular gas is transformed into
stars, at least on a global level, 2) there is no change in the global trend at the highest
luminosities, showing that there is no extraordinarily massive reservoir of molecular gas in
the brightest systems, and 3) there is no significant difference between galaxies with and
without a central AGN, indicating that AGN heating plays a minor role in powering the
FIR luminosity on a global level, even for most of the quasars.

12.1.2 Composition of Molecular Gas Reservoirs in Distant Quasars

One important aspect in high—z molecular gas studies is the finding that CO is a good
tracer for the total amount of molecular gas in a galaxy, but not a particular indicator for
the dense molecular environments hosting the material that is more intimately associated
with star formation itself. The most common molecular tracers of such star-forming cores in
nearby galaxies are HCN, HCO™, and CS (see, e.g., Gao & Solomonlm, 20041; Nguyen-
Q-Rieu et al. [1992; Solomon et al. M), but also CN and HNC (Aalto et al. )H These
molecules have significantly higher dipole moments than CO, leading to higher critical
densities. While the critical densities of the lower J transitions of CO are lower than the
median density in most galaxies (causing them to trace the bulk of the molecular gas),
those of the high density tracers are significantly higher than the median densities in most
galaxies (causing them to trace only the high density tail of the mass distribution). It has
been shown that studies of more than one molecular tracer help to significantly reduce

!Note that this list of common molecular tracers is almost complete (except for rare isotopomers of the
same molecules) rather than randomly selected from the list of ~50 known extragalactic tracer molecules
(which are mostly exotic and/or complex, i.e., difficult to model and thus suboptimal probes of physical
conditions).
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Figure 12.2: Dense Molecular Gas Tracers at High Redshift. First detections of
HCO™(J=1—0) [left, Riechers et al.M], CS(J=3—2) [middle left, Riechers et al. 2008b,
in prep.], CN(N=3—2) [middle right, Riechers et al. |, and HCO™ (J=4—3) [right,
Riechers et al. 2008a, in prep.] in the Cloverleaf (2=2.56), obtained with the VLA and the
PdBI. This is the first time that emission from these molecules has been detected at high
z, raising the total number of known molecules in the early universe from 2 (CO/HCN) to
D.

the degeneracy of LVG model solutions, which are essential to understand the physical
properties (in particular excitation) of the molecular gas (see Weil et al. ). This
is mostly due to the fact that different molecules trace regions of different temperatures
and densities, but also structure within the molecular ISM. One exception are HCN and
HCO™, which are excited under similar conditions (due to similar dipole moments and
fundamental line frequencies). This means that they are sensitive probes for properties
such as abundance variations of N and O, and the relative strength of ionizing fields even
with limited knowledge about the excitation conditions.

To better understand the medium and high density components of the molecular ISM
in high-z quasar host galaxies, a molecular line survey with the VLA and PdBI was un-
dertaken in the CO-brightest z > 2 QSO: the Cloverleaf. So far, this study has led to the
detection of emission from three new molecules (compared to only two known at high z so
far): HCO™ (the first detection of a molecule at high z other than CO/HCN; Riechers et
al. , 2008a, in prep.), CN (Riechers et al. ), and CS (Riechers et al. 2008b, in
prep., see Figure [[Z7), all molecules with unique properties detected in a number of local
starburst galaxies and (U)LIRGs (which serve as templates for interpretation). Due to the
fact that only integrated emission line properties can be measured, the relations between
molecular line luminosity [as a tracer of (in this case dense) molecular gas mass| and FIR
luminosity (as a measure for the star formation rate) are used as a prime diagnostic to
examine the properties of distant luminous quasars like the Cloverleaf. To first order, it
follows all relations set by nearby normal, starburst and infrared (ultra)luminous galaxies,
and extends them to high redshift and higher luminosity. This indicates that the molecular
gas properties of nearby galaxies, in particular ULIRGs, can serve as good templates to
model the extreme systems at high redshift. In contrast to the CO-FIR luminosity rela-
tion, the relations for HCN, HCO™, CS, and CN are linear (see Figure [Z3). If Lpg is a
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good tracer for the star formation rate, this means that the dense gas tracers are also a
good indicator of star formation, even out to high redshift (in contrast to CO, which also
traces more diffuse molecular gas that does not directly participate in star formation). To
turn this argument around, dense gas is known to reside nested deep in molecular clouds,
shielded from strong, external radiation. It thus is less likely to be biased by highly ener-
getic radiation from an AGN than the mostly optically thin dust. In particular for distant
quasars like the Cloverleaf, the linearity of a dense gas-FIR relation implies that AGN
heating does not dominate the FIR emission, and that the FIR luminosity indeed is a good
indicator for the SFR. Note that the z=3.9 quasar APM 0827945255 is known to be an
exception from this, as modeling of the line excitation and continum SED shows that the
AGN radiation heats both the dust and molecular gas to a significant fraction (Weiss et al.
m; Riechers et al. IM) In consequence, it is an outlier on relations between molecular
line luminosity and FIR luminosity (Riechers et al. 20064; Gao et al. M) The fact that
we now have a range of dense gas tracers that all draw a common picture shows, for the
first time, that the HCN-FIR diagnostic is not biased due to the fact that HCN favours
certain conditions (contrary to the worries expressed, e.g., by Gracia-Carpio et al. M),
but that indeed density is the key to understand the relation between molecular gas tracers
and star formation [and thus star formation efficiency (SFE), the ratio of molecular gas
mass and star formation rate] in a more universal picture. Following the initial results of
this investigation, a model for these relations was put forward by Krumholz & Thompson

). This model suggests that, indeed, the the median density of the molecular gas in
a galaxy is the essential parameter to understand the SFE in that galaxy. Interestingly,
this model predicts that the SFE increases towards higher median galaxy densities. There
is indeed an indication for such an increase in slope for the HCN-FIR relation toward the
highest luminosities (i.e., the high redshift sources), which may indicate that the densities
in these galaxies are higher. The statistical uncertainties in the relations for HCO™, CS,
and CN are currently too high to be able to confirm this trend. However, LVG modeling of
the different tracers will be able to address the question if the gas in the distant systems are
indeed higher once excitation ladders are observed. First models based on the excitation of
HCO™ in the Cloverleaf, the only high-z galaxy and molecule currently available for such
a study, appear to confirm this assumption (Riechers et al. 2008a, in prep.).

A second, in part more technical issue in the context of dense molecular gas studies is
that transitions of thermally excited dense gas tracers are by at least an order of magnitude
fainter than those of CO, which is already difficult to detect at high redshift. There is one
theoretical possibility for line emission from less abundant, higher dipole moment molecules
to be brighter than emission from CO: maser amplification. The most abundant molecule
that has shown maser and mega-maser activity in the nearby universe is HyO. Also, water
has a transition ladder that can be observed in centimeter /millimeter atmospheric windows
at high redshift. To follow up this idea, the redshifted 183 GHz fine structure line of para-
H,O towards the z = 3.2 QSO MG 0751+2716 was studied with the VLA (Riechers et al.

). This source is the third brightest CO source detected at high redshift, and the
brightest source that allowed observations of potentially high frequency masing water lines
at high redshift with the VLA. Unfortunatley, this pilot study has yielded no detection.
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Figure 12.3: Schmidt-Kennicutt Law for Different Molecular Tracers. Relations
between molecular line luminosity and FIR luminosity at low and high redshift for CO
(Riechers et al. M), HCN (Gao et al. M), HCO™ (Riechers et al. ), CN (Riechers
et al. M), and CS (Riechers et al. 2008b, in prep.).

Based on a comparison to the nearby ULIRG Arp 220, the standard high redshift template
galaxy for dust and molecular gas observations, it is most likely that there is no significant
maser amplification, and that our non-detection means that the 183 GHz water line is only
excited thermally.

12.1.3 Mapping the Molecular Gas in Distant Quasars

Perhaps the most exciting issue in the context of high redshift QSO studies is the prospect
to resolve the host galaxies. One important aspect of such observations is to also obtain
spectral information which allows us to actually dynamically resolve these systems, and
therefore derive dynamical masses. Currently, the only means by which to do so is to study
the molecular gas and dust content, since it can be observed at frequencies where the central
AGN does not overshine the whole galaxy. It is therefore one of the key science drivers of
the Atacama Large Millimeter Array (ALMA) to obtain such high resolution observations
out to the highest redshifts (see ALMA Design Reference Science Plan [DRSP]). However,
with the Very Large Array (VLA), it is possible to conduct such observations already today
for the few known bright CO sources at the highest redshifts (and even more so with the
upcoming EVLA). To explore this difficult but unique area of high-z observations, a large
project with the VLA was initiated to study the CO emission of three of the CO-brightest
quasars at z>3.5 (i.e., half of all CO-detected quasars at z>3.5 in 2005/200@) at the
maximum possible spatial resolution, i.e., 0.15”-0.3”, which corresponds to a maximum
resolution of 1.0 kpc at z=4 for unlensed sources.

The three quasars in the sample are quite different, and demonstrate the richness of
results that can be obtained from CO observations at high spatial and velocity resolution.
The first source, APM 0827945255 (2=3.91), is a triply lensed source with a maximum
image separation of 0.38” (note that the brightest and the faintest image are partly blended,
even in HST observations, Ibata et al. @) The optical/NIR images of this source are

2Two of the other sources were done as science demonstration; see Carilli et al. (M), and Figure 27
Walter et al. (M), and Figure
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Figure 12.4: High-resolution CO(J=1—0) observations of the 2=3.91 quasar
APM 08279-+5255. Left: Integrated CO(J=1—0) emission at a linear resolution of 0.3".
Right: 2.2 pm AGN continuum emission overlayed on the CO(J=1—0) emission. Even
thouﬁh this source is strongly lensed, the CO emission is very compact (Riechers et al.

).

pointlike, as expected for a quasar. At the source’s redshift, 0.38” corresponds to only
2.7kpc, which is a few times the size of typical circumnuclear rings in nearby ULIRGs
(Downes & Solomon I@) The CO(J=1—0) observations of this source at 0.3"” resolution
presented in this thesis clearly resolve the lens images (Figure [2Z4] left). They show that,
despite the strong gravitational magnification of the molecular gas reservoir, the emission
is very compact, and cospatial with the AGN continuum emission detected in the near-
infared (Figure [2Z4], right; Egami etal. M) This finding disagrees with the claim of
Papadopoulos et al. ) that the CO(J=1—0) emission is extended on 30kpc (few
arcsecond) scale, but is in explicit agreement with the CO(J=1—0) flux derived from
single-dish CO(J=1—0) observations integrated over much larger scales (Riechers et al.
ﬁ(ﬂ, see Chapter 3), and observations of higher J CO transitions (Downes et al. @;
Weif§ et al. ). The new lens model based on the high resoltuion observations of this
source confirms that the source is compact, and that all molecular gas resides in a region
of ~500pc radius. The dynamical mass derived from the width of the CO emission line
and the size (and probable inclination) of the emitting region can account for the mass
of the black hole and the molecular gas and dust in this system. It however is not large
enough to account for a massive stellar bulge as predicted by the local Mgy—o, relation,
indicating that the buildup of the stallr bulge is still in progress, while the supermassive
black hole appears to be largely in place. Combining the results of this study with those
by Weif et al. M) shows that the dust and gas heating and the rdio continuum emission
in this source are dominated by the AGN, and that the compact gas reservoir is unusually
dense. This causes a high excitation of the molecular gas in this source. However, note
that, due to the fact that both Lpr and L,.q;, are boosted by the AGN, this source still
follows the radio-FIR correlation of nearby star-forming galaxies.
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Molecular Einstein Ring: Data
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Figure 12.5: High-resolution CO(J=2—1) observations of the z=4.12 quasar
PSS J2322+41944. Left: Integrated CO(J=2—1) emission at a linear resolution of 0.3".
The molecular gas is lensed into a full Einstein ring, contrary to the optical emission,
which only shows to pointlike images. Right: Lens model of the source based on the
dynamical structure seen in the velocity channels. Orange corresponds to the red part of
the emission line, green to the center, and blue to the blue part. The top right panel shows
the reconstructed image in the lens plane, and the bottom right panel shows the image in
the source plane after lens inversion. Apart from boosting the luminosity, lensing helps to
zoom in on this source: the linear resolution in the reconstructed image is 0.09”; or 650 pc
at z=4.12 (Riechers et al. IM)
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The second source, PSS J23224-1944 at z=4.12, is a double image optical quasar with an
image separation of ~1.5" (Djorgovski 2007, private communication). The VLA CO(J=2—1)
observations of this source at 0.3” resolution show clear evidence for differential lensing,
as the molecular gas is lensed into a full, almost perfectly circular Einstein ring (Figure
23 left). Due to the fact that the velocity channels show dynamical structure, this
system can be modeled dynamically. In Figure [ZH top right, the model-reconstructed
image of the Einstein ring in the lens plane is shown. The velocity structure is encoded
in the color scale, showing a clear gradient. In Figure 23, bottom right, a reconstructed
image of the source after lens inversion is shown. The source shows dynamical structure
on 3kpc scale at a linear resolution of 650 pc (0.09”, aided by the magnifying effect of
the lens). If this structure is gravitationally bound, it encompasses a dynamical mass of
2.6x10'"sin"?4 M. This is larger than the total molecular gas mass derived from the CO
luminosity (1.7x10'° M). However, if the system were to be seen close to edge-on, the
molecular gas alone could account for most of the dynamical mass. This estimate would
be different if either a) the structure is not gravitationally bound, b) the system is seen
almost face-on, or ¢) the CO luminosity to Hy mass conversion factor in this system is
largely different from nearby ULIRGs. This may be substantiated by the facts that a)
the reconstructed source seen in CO(J=2—1) shows some tidal structure, possibly a sign
of interaction, b) the optical quasar appears to be almost unobscured, and c) the mass
conversion factor is largely different in APM 08279+5255 (Weif3 et al. ), one of the few
distant systems where this could be determined with some degree of certainty. However,
if indeed most of the mass is in the form of molecular gas (with minor contributions from
dust and the central black hole), there is not much room for a massive stellar bulge as
predicted by the local Mgy—o, relation.

The third source, BRI 1335-0417 at z=4.41, is a quasar that shows a single point source
in the optical. There is no sign of gravitational lensing in this galaxy. Within the context
of this study, the CO(J=2—1) emission line could be imaged at 0.15” linear resolution,
corresponding to 1.0kpc at the source’s redshift (Figure [2ZH). Like PSS J2322+1944,
it clearly shows dynamical structure in the velocity channels. Together with the lensed
PSS J2322+1944, this is the first time that the molecular gas in a quasar host galaxy at
such a high redshift (or, indeed, at any redshift greater than ~0) has ever been clearly
resolved both spatially and dynamically, enabling us to constrain the physical properties
of this system to unprecedented detail (and to sneak peek into the ALMA era). Unlike
the other two sources, the structure is not influenced by gravitational lensing, and thus,
can be interpreted directly. The CO(J=2—1) emission in this z=4.4 quasar host galaxy
is clearly spatially resolved over many beams and shows a complex, disturbed structure.
Also, the emission is clearly dynamically resolved and shows that the CO emission is
moving (to first order) from north to south between the red and blue velocity channels.
It however is obvious that the velocity structure is more complex than for a rotating
disk. Also, the overall structure looks rather disturbed, reminiscent of the molecular gas
distribution in nearby mergers (e.g., NGC4038/39, the Antennae). The bright peak in
the third channel is clearly offset from the peak of the integrated emission line map and
represents a distinct peak, probably associated with the quasar. The observations thus
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Figure 12.6: High-resolution CO(J=2—1) observations of the z=4.41 quasar
BRI1335-0417. Top: Integrated CO(J=2—1) emission at a linear resolution of 0.2”
(left), and 0.15" (right, corresponding to 1.0kpc). The emission is not lensed, but clearly
resolved, and breaks up into several parts at the highest reolution. Bottom: Velocity chan-
nels of the emission (left), and three colour overlay at higher velocity resolution (right).
Red/green/blue correspond to the red/central/blue parts of the emission line. The molec-
ular line emission is clearly dynamically resolved and shows a disturbed structure, remi-
niscent of nearby major mergers (Riechers et al. IM)
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show massive amounts (7x101% M) of molecular gas in the distant quasar host of BRI 1335-
0417 (z=4.41), which shows a clearly disturbed structure (both spatially and dynamically),
and is reminiscient of a major ‘wet’ (gas-rich) merger. It is thus is highly likely that we
witness the assembly of a z=4.4 quasar host galaxy, providing direct evidence for the
scenarios predicted by state-of-the-art cosmological simulations. Such scenarios imply that
during the early epoch of hierarchical galaxy formation, some of the most massive galaxies
form in major merger events. Such major, ‘wet’ mergers are believed to commonly trigger
both AGN and starburst activity, in agreement with the huge far-infrared luminosity of
3x10'3 L, which is powered by star formation at a rate of 4500 Mg, yr~!, and the detection
of an optical quasar in BRI1335-0417.

The study of these three sources has shown that molecular gas observations of some
of the highest redshift galaxies at 1kpc resolution are possible already today, and even
allow to resolve the emission in velocity space. Gravitational lensing sometimes helps to
zoom-in even further on the emission, however, a good model for the lens configuration
is required to derive the intrinsic properties of lensed sources with any reliability. The
ultimate goal is to use such observations to determine dynamical masses. It was possible
to determine a dynamical mass from the molecular gas observations for the three systems
in this study (two of the galaxies show evidence for interaction, i.e., the molecular gas is
not fully gravitationally bound). In all cases, the dynamical mass is of the same order as
the sum of the molecular gas mass and the black hole mass. This means that no massive
stellar bulge or massive dark matter component is required to explain the dynamical mass
found in the central regions of these galaxies.

The observations shown here probe the high mass end of the highest redshift galaxies,
and enable us to directly investigate the connection between quasar activity and high-mass
merger events at early cosmic times. This signpost of early galaxy assembly is important
observational proof for the cosmological scenarios that have been suggested over the past
few years (e.g., Springel et al. ). These observations have only now become possible
with the recent improvement of the VLA, and are a vital foundation for molecular gas
observations with ALMA in the coming decade.
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12.2 Outlook

12.2.1 Molecular Gas Masses at High Redshift

In a three sentence summary, this study has shown that the CO excitation in high z
quasars is high, and that the bulk of the molecular gas in these systems is highly excited (as
opposed to “normal” nearby galaxies, where this only applies to the star-forming cores).
This can be explained with dust and gas heating by star formation (rather than the AGN),
as the distant quasars on average fulfill the same relation between total molecular gas mass
(as predicted by the CO luminosity) and star formation rate (as predicted by FIR lumi-
nosity) as nearby galaxies with and without AGNs, as do other high redshift sources with
extrapolated CO(J=1—0) luminosities within the uncertainties. This also suggests that
the overall properties of star formation do not change with redshift, even if the efficiency
with which molecular gas is transformed into stars appears to increase with luminosity (an
explanation follows in the next section).

Given the main results of our study, the question occurs what to do as a next step. To
first order, it seems as if the CO(J=1—0) observations presented here provide a valuable
test for a number of standard assumptions that have not been confirmed previously, but
are confirmed by our study. Clearly, it would be interesting to extend the sample size
to more sources (selected out of the existing sample with molecular gas detections). It
would be interesting to confirm our results for other types of galaxies, in particular the
submillimeter galaxies (SMGs). The 2=2.52 SMG SMM J16359+6612 is the galaxy with
the lowest CO excitation of all galaxies where such studies were done (Weif et al. )

, 2008, in prep.), i.e., even the mid J CO transitions are subthermally excited. If it
turns out that for this and similar sources, the CO(J=1—0) luminosity is still predicted
correctly by the LVG models based on the higher J transitions (meaning that they also
do not contain a cold, massive, low excitation molecular gas component such as found in
the Milky Way), it will provide the final necessary piece of information to evaluate if the
general picture drawn above is correct. If so, this would mean that gas masses can be
predicted correctly from higher J CO transitions, and that the Lyo-Lpg relation can be
applied in a general fashion.

The next greater step then would be to do “blind” CO(J=1—0) searches, meaning
without prior knowledge of the precise CO redshift from higher J transitions (note that
redshifts from optical /IR emission lines may be offset from the systemic redshift where the
CO is found - this is the main limitation for present day CO searches, as the bandwidth
of radio and millimeter telescopes is very narrow). This is a significant step, as all CO-
detected high redshift galaxies were initially detected in a mid or high J CO transition. This
means that these studies are systematically biased towards sources where the CO is highly
excited. They thus would miss galaxies where the whole CO reservoir has a low excitation
(such as in normal spiral galaxies). Direct searches for CO(J=1—0) emission thus have the
potential to discover new, previously unknown populations of high redshift galaxies. Also,
if such a search can be done without previously known optical redshifts, it will become
possible to study other, potentially optically faint populations, such as extremely dusty
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Figure 12.7: A search for CO(J=1—0) line emission in PSS J1418+4449 (2=4.35), a
dust-rich quasar. This spectrum corresponds to 30 hr of observations on source with the
GBT. Due to the remaining uncertainties (in particular the systemic redshift relative to
the optical emission lines), it is unclear whether or not the line is detected at the present
signal-to-noise.

starbursting galaxies that are too obscured to produce bright UV emission, but are still
bright in the millimeter cooling lines of the molecular ISM.

The main question that occurs now is, are the observations outlined above possible,
and, if not, when will they be possible? Although a number of groups have tried to use the
GBT for the past five years, our high resolution, high signal-to-noise CO(J=1—0) spectra
are still the only ones reported for quasars in the literature (Hainline et al. 2006 reported
a fourth detection in a submillimeter galaxy). This is mainly due to the fact that these
sensitive studies are on the edge of what is possible with single-dish telescopes, and thus
are very dependent on excellent weather conditions that maximize the performance of the
instruments, and on high receiver (i.e., spectral baseline) stability. In addition, until very
recently, radio observing windows only covered very few (i.e., five) quasars (and few other
galaxies) with known CO redshifts. The new K, band receiver at the GBT covers a much
larger fraction of the redshift range (in particular the valuable 2<2<3 range, covering the
peak epoch of star formation and quasar activity), which promises a remedy for the latter
issue, but will be limited by the same technical problems as previous studies. Note that
we looked at the brightest examples of high-z CO-detected galaxies that were available,
but still had to obtain very long integrations per source, taken under optimal weather
conditions.

This implicitly addresses the question about “blind” CO(J=1—0) searches. In com-
plement to the observations of CO-detected quasars, we also have executed such a search
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in some of the most dust-rich quasars that were not detected in CO emission so far. Figure
21 shows the results for one such source, PSS J1418+4449 at 2=4.35 (optical redshift:
2=4.32). This spectrum corresponds to about 30hr observations on source under good
weather conditions, after preselection of the best scans. This is comparable to (and even
on the higher end of) the time spent on the sources with known CO redshifts that we
detected. Note that the peak of the CO(J=1—0) line candidate is by a factor of two
weaker than the weakest of our detected sources (which already would have been difficult
to clearly identify without previously known redshift). Despite the significant integration
time that went into the spectrum, the quality of the spectral baseline (defined zero level
of the spectral channels) and signal-to-noise are not sufficient to claim a detection. This
shows how hard-pushed such searches are - note that most of the sources that are observed
today are by an order of magnitude or more fainter than the galaxies that were detected at
z>2 early on. Future “z-Machines”, i.e., wide-band spectrometers for “blind” CO searches,
such as the Zpectometer for the GBT (see Baker et al. M), are being built to circumvent
the main problem of today’s high-z CO searches (apart from the emission lines being very
faint): the lack of bandwidth to detect CO based on optical redshifts alone (except for
the fraction of the sources where the offset is very small) without “stepping” through the
redshift space. However, such instruments will suffer from the same limitations as stated
above, as they will be connected to the same single-dish telescopes that are in use today.
In addition, these instruments will have less spectral resolution than the current receivers,
rendering line identification even more difficult. Without additional advancement in ra-
dio receiver technology, studies of highly redshifted molecular lines with single-dish radio
telescopes thus will remain difficult.

If this is the case, the next question that comes to mind is whether this can be done more
efficiently with next generation interferometers. Clearly, the greatly improved sensitivity of
ALMA will cause a revolution in this field, as it will enable us to probe much further down
the luminosity function, i.e., to not only detect the extreme starbursts at high redshift in
molecular gas and FIR dust emission, but also more normal (L,-ish) galaxies. This will
beyond doubt improve our picture of the star formation history of the universe in a more
general fashion, not only at its high mass end. It will also enable us to probe further out,
and detect extreme starbursts out to z>10 (and beyond), both in dust and molecular gas
emission. ALMA will be able to obtain source counts of distant galaxies per field of view
similar to the deepest optical surveys of today. While the multiple bands of ALMA will
then enable to obtain continuum-based “photometric” redshifts, the bandwidth of 8-16 GHz
still only provides a few per cent in Az/z for high redshift CO searches in the standard
observing bands. Also, due to the fact that ALMA is a millimeter to submillimeter facility,
ALMA will only be able to observe high J CO transitions (and atomic lines such as Cr1,
N1, and O1) at high redshift, and thus still be limited by the excitation bias of today’s CO
searches (even more so at z>7, where only CO lines can be observed that are not highly
excited even in the most extreme starbursts).

However, ALMA is not the only new long wavelength interferometer of the next decade.
The currently ongoing upgrade of the VLA to the EVLA will be completed by 2013, about
the time when the full ALMA becomes operational. The EVLA will not be as sensitive
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as ALMA, but, in a sense, still be its lowerfl frequency counterpartﬂ, long before the SKA
will be available at the lower frequency end. The EVLA will also offer a bandwidth of
8 GHz, which not only largely increases the continuum sensitivity of the array relative to
the VLA, but also offers a Az/z of 40-50% at z=4-5 in the 1.3 cm band, paired with a
larger field of view compared to ALMA. Also, if the receivers below the 1.3 cm band will
increase in sensitivity as estimated, the EVLA will be able to observe CO(J=1—0) at any
redshift where gas-rich galaxies are believed to exist. In addition, the bandwidth of the
EVLA will be sufficient to pick up different isotopomers of a molecule (e.g., 12CO, the main
isotopomer, and 3CO), which are usually relatively close in frequency, within one setup
(if sufficiently bright). Although isotopomers different from the main species are usually
faint due to their low abundance, the fact that they are usually optically thin makes them
a good tracer of mass. This is important to reduce the uncertainty in «, the conversion
factor between molecular mass and line luminosity, which is currently only estimated well
at z=0.

While ALMA will clearly revolutionize the field of high redshift molecular gas obser-
vations, the particular field of determining molecular gas masses at high redshift, and
de-biasing these studies from molecular line excitation, will most likely be revolutionized
by the EVLA.

12.2.2 Molecular Tracers of Star Formation at High Redshift

In a three sentence summary, this study of dense molecular gas at high redshift has
more than doubled the number of molecules known in the distant universe, which has
proven to be a key to understand the relation between molecular gas and star formation rate
in high redshift galaxies in much more detail than possible before. In connection with the
work by Gao et al. M) and a theoretical investigation by Krumholz & Thompson M),
this has shown that dense molecular gas tracers such as HCN, HCO™, CS, and CN are
good, (within the framework of these studies) unbiased probes for the star formation rate
and the efficiency of transforming molecular gas into stars. This is an important foundation
for future investigations of molecular excitation, which depends on the assumption that
nearby galaxies, in particular ULIRGs, can serve as templates for extremely luminous
high-z quasars, where both AGN and starbursts determine the properties of the molecular
ISM.

Clearly, the detailed study of the molecular ISM in the one high redshift galaxy pre-
sented here can only be understood as a pilot study. Like all studies within the framework
of this thesis, this pilot study was aimed at providing a foundation for selecting and in-
terpreting observations of distant galaxies with future facilities, in particular ALMA. Due
to the greatly improved sensitivity and bandwidth that ALMA will offer, many molecu-
lar transitions can be observed with one setup, and it is important to create a basis for

3Low frequency here means the regime between 1.3 cm and 7 mm, which is still considered high frequency
in traditional radio astronomy.

4In addition, upgraded versions of CARMA and the PdBI will cover the part of the sky that is inac-
cessible to ALMA.
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Figure 12.8: HCO™ Excitation in the Cloverleaf. Left: Detection of HCO'(J=4—3)
in the Cloverleaf. Right: LVG model of the excitation of HCO™ in the Cloverleaf, based
on the HCO™(J=1—0) and HCO"(J=4—3) transitions. The ground transition is almost
thermalized, but all higher transitions are clearly subthermally excited. The model predicts
Tiin=50K and n(Hy) = 10>2cm 3. The filling factor of the dense clouds is 7.2% (Riechers
etal. 2008a, in prep.).

interpretation of such studies as early as possible. This will give us a head start on de-
signing future molecular line surveys in an efficient way, as we will know which probes are
physically the most useful to look for in the distant universe.

Taking one step back, the question occurs what the immediate next steps will be. So
far, studies of the different molecular tracers have shown that we can describe distant
galaxies with the ISM physics that have been studied in detail in the local universe. There
is a hint of changing properties in the HCN-FIR relation toward the distant systems (see
Chapter 4, and references therein), which however can be described relatively straight-
forward by an increase in star formation efficiency due to a stronger concentration of the
starbursts in a denser medium. This is particularly important, as it is a great unknown
to which extent AGN in the powerful quasars at high redshift may influence the proper-
ties of the ISM. So far, the best answer is that it does not seem to be dominating any
of the properties we can study, and if it dominates, the galaxy will stand out in basi-
cally all properties (Schmidt-Kennicutt relation, molecular line excitation, and thus the
underlying fundamental properties) and has to be understood on an individual basis (e.g.,
APM 0827945255 at 2=3.9, Weil} et al. M; Riechers et al. M) It would be great to
improve on the statistics of the relations for the dense gas tracers different from HCN (in
particular obtaining more coherent, larger nearby galaxy samples - note that such studies
are currently progressing, see, e.g., Gracia-Carpio et al. M), as, so far, nearby ULIRGs
appear to be proper templates once one dense gas tracer is measured. Note that this is not
due to the fact that the distant sources are always similar to ULIRGs. On the contrary,
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there are a number of properties that are different in gas-rich galaxies close to and beyond
the peak epochs of quasar activity. This is simply owed to the fact that we have only few
diagnostics, which are constrained by relatively few galaxies even at z=0 (even for HCN,
the second most commonly studied molecule in the universe). To better understand these
differences, good databases of nearby galaxies are required.

The essential next step in the context of this study is to understand if, and to what
extent, ULIRGs are good templates for the high-z systems is to study the excitation of
CO, HCN, HCO™, CN, and CS, preferentially in the Cloverleaf (started in CO and HCO™,
Weif§ et al. 2008, in prep.; Riechers et al. 2008a, in prep., see Figure [Z¥), and a few more
sources. If radiative transfer models then still show that the environments are similar to
ULIRGsS, just denser (as indicated by the HCN-FIR luminosity relation, Gao et al. m;
Riechers et al. M), it may not be necessary to carry out expensive investigations to
study a range of molecules in many distant systems in the near-term future, i.e., before the
EVLA and ALMA are available. Even though the observations in the Cloverleaf project
provide an important piece to the puzzle, it would then be the most effective to concentrate
near-term studies of the excitation of CO and the one or two brightest dense gas tracers,
most likely HCN and HCO™, in the distant universe.

These studies will then provide the basis to selecting targets for ALMA surveys, which
will offer the necessary resolution, sensitivity, and source counts to enable detailed chemical
modeling based on the understanding of the excitation conditions in today’s studies. Note
that ALMA will only be able to observe higher-order transitions of the most common dense
gas tracers at high redshift. These transitions are likely to be subthermally excited, and
thus faint relative to the lower order transitions. Here, again, the lower frequency coverage
of the EVLA may prove to be of essence, even though the EVLA will most likely by limited
to brighter galaxies than can be observed with ALMA (see, e.g., discussion on the upper
HCN limit in the 2=6.42 quasar J1148+5251 in Chapter 4).

12.2.3 Dynamical Properties of Distant Star-Forming Galaxies

In a three sentence summary, this study of molecular gas of some of the most distant,
gas-rich quasars at high spatial and velocity resolution with the VLA has permitted, for the
first time, to study the dynamical structure of z>4 galaxies down to resolutions of 1.0 kpc
(and, with the aid of gravitational lensing, even higher resolution). The three sources in
the sample show either compact, dense molecular gas reservoirs, reminiscent of but more
extreme than circumnuclear rings in nearby ULIRGs, or extended, disturbed dynamical
structure, reminiscient of nearby mergers, or even a combination of both. These systems
thus became the prime laboratories to study the coevolution of supermassive black holes
and extreme starbursts at early cosmic epochs, and are first observational proof for some
of the scenarios that are suggested by recent cosmological simulations at early epochs.
Even though the study of molecular gas at 1 kpc resolution in the most distant galaxies
is very time consuming, and currently only possible for a few, very bright sources, they
are the key to understanding how early galaxies assemble, and how AGN properties in
these systems relate to star formation (and thus, how they evolve). One particular aspect
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of these studies is that they do not only constain the properties of the ISM, but those of
the galaxy as a whole (as they are able to predict dynamical masses of the systems). The
results for PSS J2322+1944 and BRI 1335-0417 show enough detail to constrain dynamical
radiative transfer models of quasar formation in the context of cosmological simulations
(see Narayanan et al. 2007 for the first such study based on J11484-5251, one of the two
objects that my group observed prior to this thesis work, see discussion above). Numerical
simulations show that galaxy mergers are a viable precursor of quasar formation, and
that the gas involved in such processes can both fuel nuclear starbursts and feed the
growth of a quasar’s central supermassive black hole. As the molecular ISM is central
to these processes, direct, dynamical observations of molecular gas at high resolution and
complementing excitation studies can severely constrain such simulations in a unique and
essential way. It thus is important to aspire to improve simulations based on this new
CO data. Due to the importance of such observations, they are one of the key science
drivers for ALMA, which will be able to do this in more detail, and for many, also fainter
galaxies. As mentioned several times before, ALMA observations will take place in higher
J transitions of CO and thus may not pick up cold, diffuse molecular gas components.
This is why, even in the age of ALMA, the VLA (or, more precisely, its successor/upgrade,
the EVLA) will still play a central role in such investigations. Note however that ALMA is
perfectly suited for high redshift studies of the main atomic cooling lines of the ISM (i.e.,
Cu N1, and O1), which may offer important complementing information.

There are however a number of issues that can be addressed before both these facilities
are fully operational. As described previously, one of the main general diagnostics in studies
of dust and molecular gas at high redshifts is the Schmidt-Kennicutt relation, describing
the efficiency at which molecular gas is formed into stars under certain physical conditions
and at different redshifts. Due to the fact that we now have a number of z>4 systems
that are spatially resolved in molecular gas emission, one obvious question occurs: do the
FIR dust emission and molecular line emission come from the same areas? As a particular
question for AGN systems, is the FIR emission concentrated close to the AGN (indicating
that it contributes significantly to the dust heating), or does it indeed mostly come from the
more extended area where molecular gas is found, as indicated by the Schmidt-Kennicutt
relations? Complementing FIR observations in the systems resolved in CO emission thus
have the potential to eliminate (or at least constrain) one of the main biases in studies of
star formation at high redshift. Since early 2007, such observations have become possible.
Due to the receiver upgrade and the construction of longer baselines, the PdBI can now
achieve up to 0.3” resolution at 1mm, which corresponds to FIR wavelengths at z>4.
Also, CARMA has become operational, and will offer similar resolutions at 1 mm during
the upcoming winter season. Studies of spatially resolved Schmidt-Kennicutt law at high
redshift thus are possible now, well before the ALMA era. So one clearly important short-
term goal is to use these facilities to complement the high-resolution CO studies with the
VLA with high-resolution continuum studies using millimeter interferometers.

Another question that may come to mind is: The peak epoch of quasar activity and
star formation is between z=2 and 3, so why are high resolution CO observations basically
limited to 2>47 The selection criterium for the observations presented was basically limited
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by the frequency coverage of the current VLA receivers. On a timescale of 2-4 years, a
large fraction of the VLA antennas will be equipped with EVLA receivers that cover the
frequency range between that of the current receivers, which will enable us to obtain CO
observations at basically any redshift. Given that there are currently 43 galaxies at z>1
detected in CO emission, of which most will be bright enough to be resolvable with the
EVLA, this will open up a large discovery space. As shown above, all systems that were
studies so far show clear differences. It thus will be very important to enlarge the sample
size to be able to employ any kind of unification scheme to the variety of sources.

Recent studies have shown that such schemes are essential to properly classify the
huge number of galaxy types that have been detected in the distant universe, and may
significantly overlap. Note that galaxy “types” in the distant universe are commonly de-
fined through the selection technique (e.g., optical brightness, mid-infrared brightness,
submillimeter brightness, existence of a Lyman break, existence of Ly« emission, etc.).
Consequently, systematic studies of single galaxies have often revealed an overlap between
these types (e.g., many mid-infrared bright galaxies are submillimeter-bright, many sub-
millimeter galaxies have AGN and thus are not pure starbursts, etc.). It thus is important
to obtain physical quantities, such as the distribution, temperature, and density (and thus
mass/abundance) of the gas and dust in such galaxies. If galaxies of different “types” show
similar ISM properties, they may not be fundamentally different, even if some selective di-
agnostics classify them differently.

A simple description of future strategies in high resolution CO observations at high
redshift thus may be: extend the sample from quasars to different kinds of galaxies, cover
the full redshift range between z=0 and (currently) z=7, complement molecular gas ob-
servations with studies of the dust at comparable resolution, and wait for ALMA to study
fainter populations.

12.2.4 A Bright Future for ISM Studies of Galaxies in the Early
Universe

The previous sections summarize the results of this thesis, and outline the next steps in
the different areas. Systematic future studies will thus imply a number of steps.

The main goal is to build galaxy type-dependent luminosity functions in molecular
line and dust continuum emission, and to probe down these luminosity functions at high
redshift to the level of normal galaxies instead of being limited to the brightest end. This
is an essential ingredient to understanding the star formation history of the universe, in
particular the role of the ISM in the complex processes leading to star formation. The
properties of star formation in different kinds of galaxies and environments and at different
redshifts can be directly tied to the properties and distribution of the ISM. These kind of
studies are also essential to understand the connection between star formation and AGN
activity/black hole assembly, as the gaseous ISM both fuels the starburst and feeds the
ISM. In particular, they have the potential to trace feedback mechanisms, such as are
currently proposed to be responsible for coevolution of both, leading to the present day
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Figure 12.9: Computer-rendered image of ALMA and ACA. Image courtesy of NRAO/AUI,
and Computer Graphics by ESO

relation between central black hole mass and bulge mass/velocity dispersion. The dynamics
of molecular gas may also be a key to understanding how early galaxies assemble in more
detail than possible so far. In particular, they are excellent probes to constrain the merger
fractions at all redshifts, which will have important implications for cosmology.

Observationally, this ultimately means that we need to study the composition and dis-
tribution of molecular gas reservoirs in galaxies out to large distances. This implies studies
of excitation-dependent morphology, revealing temperature, density, and abundance gradi-
ents throughout the galaxies. Such studies have to be carried out systematically, and have
to be complemented by comprehensive studies of nearby galaxies in the same properties
to be able to search for evolutionary traces (and chemical evolution).

The studies in the framework of this thesis aim at providing a basis for such studies.
This analysis has shown that with currently existing data and models, some basic questions
can already be addressed. However, studying these issues in great detail are long-term
goals, that will require substantial amounts of observing time even with future facilities
such as the EVLA and ALMA. To make these interferometric studies most efficient (note
that interferometers are sensitive and offer excellent spatial resolution, but are hardly
survey instruments due to their small field of view at high radio frequencies), samples need
to be selected well and in a systematic way.
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Flux-limited samples can be obtained in continuum surveys, both wide-field survey and
deep, pointed studies. In contrast to most studies in the past, future far-infrared and sub-
millimeter /millimeter cameras such as PACS and SPIRE on board Herschel, and LABOCA
and SCUBA2 at APEX and the JCMT will have sensitivities and field-of-views to do this
much more efficiently, and will reduce the dependence on optical surveys for target selec-
tion. Also, studies at multiple FIR to millimeter wavelengths (e.g., at 200, 350, 450, 650,
850, 1100, 1200, 2000, and 3000 pm, as possible with current and future bolometer arrays)
will allow to obtain photometric redshifts, in particular for sources that are not detectable
in the optical (although it will also be important to observe complete samples of optically
or otherwise selected samples, such as a systematic study of the SDSS quasar sample over
the whole redshift range). This is important for both obscured sources and galaxies at
very high redshift (note that the negative K correction may hold for studies until z=10
and beyond, but obtaining optical /IR redshifts at such wavelengths is currently impossible,
and will probably remain unfeasible until the launch of JWST). Such photometric redshifts
can then be used to search for molecular line emission with wide-band receivers. Due to
sensitivity, this will most likely be with ALMA and the EVLA (where the former has the
better sensitivity, and the latter has the better Az/z).

It also is important to remember that ALMA operates at wavelengths where only higher
order transitions of the most common molecular tracers are accessible at high redshift.
The “workhorse” bands of ALMA will be at 850 um and 1mm. This corresponds to
CO(J=6—5) and HCN(J=8—7) and higher at 2>7. CO(J=6—5) will only be excited
in extreme systems (note that the CO spectral line SED of the Milky Way peaks around
CO(J=2—1) and is only weakly excited above CO(J=4—3)), and HCN(J=8—7) only
in very few galaxies even within the extreme sample (mostly due to its extreme critical
density). The standard probe for star-forming regions with ALMA at the highest redshifts
thus will likely be the 158 ym fine structure transition of [C1i], the main cooling line of
the neutral ISM. This implies that it is important to better understand the properties of
this line in nearby galaxies, and how it relates to molecularline emission. HIFI on board
Herschel will be the optimal instrument to do so (in addition to the FIR lines of N1 and
O1, which will also be good probes for ALMA, see Chapter 2). On longer timescales, the
SKA will become available to largely improve studies at lower wavelengths (the standard
radio bands for continuum studies at very high resolution and fields of view, but also the
22 GHz band important for high-z molecular line studies).

There clearly is a bright future for studies of the interstellar medium in the most distant
galaxies. However, as studies such as presented in this thesis have shown, we do not have
to wait for the next generation of instruments for all of it.
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Appendix A

Existing Molecular Line Observations
at High Redshift

Since the initial high redshift detection of CO in 1991, the number of sources steadily
increased. Many of these galaxies have been studied in more than one CO transition,
and some debated systems have been visited several times. Also, attempts to resolve the
CO emission have resulted in an increased number of publications. In addition, studies of
molecules different from CO are showing the first results. This summary aims at providing
a comprehensive overview over all existing studies as a context for the investigations in
this thesis (which are included), and for general reference.

A.1 Inventory of Observations

This chapter provides an overview of all existing molecular gas observations at high red-
shift, including results from this thesis. Due to similar tracer capabilities, an overview
of detected millimeter carbon lines is provided. All tables list the galaxy type and red-
shift, the telescope used for observations, and the main emission line properties, i.e., the
integrated line flux and the width of the line. Sources are listed in ordered of redshift.
Tables [AT]l [A22, and summarize all published observations of carbon monoxide. The
realm of CO detections is clearly dominated by the Plateau de Bure Interferometer. This
is mostly due to its superior sensitivity and spectral baseline stability (which limits single-
dish studies), and due to its greater bandwidth and coverage of CO redshifts relative to
the VLA. Note however that the highest redshift CO detection at z=6.42 was initially ob-
tained with the VLA. Also, only the VLA currently has the capability to resolve redshifted
CO at 0.15” resolution, and thus currently is the prime instrument for high resolution
studies. Table [A4] lists all detections of molecular tracers different from CO. Note that
these galaxies are a subsample of the galaxies detected in CO. If the reported HNC line in
APM 0827945255 (Guélin et al. M) can be confirmed by observations of an unblended
transition, six molecules are currently known in the z>1 universe. Also, note that three
out of the five detected galaxies in this sample were initially detected by the VLA, as were
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three out of the six molecules (counting the HCN(J=1—0) line in the Cloverleaf as the
initial detection, see discussion below). Due to the fact that redshifts are initially known
from CO, the limited bandwidth of the VLA is less of a concern for these studies, leading
to a higher number of initial detections. Also, due to the higher dipole moments of the
molecules in this table relative to CO, the higher order transitions that are redshifted into
the millimeter observing windows are usually not highly excited. This eliminates one huge
advantage that millimeter telescopes can exploit in CO studies. Still, the most transitions
of molecules other than CO have been detected with the PdBI. Table gives a list of all
detections of lines of atomic or singly ionized carbon. Note that, due to the relatively high
frequency of the C11 line, observations of C* are limited to the highest redshifts. However,
due to the relative brightness of C11 relative to CO, submillimeter telescopes with limited
collecting areas like the SMA can also be successfully used for such studies (providing
access to somewhat lower redshifts).
There are a few noteworthy cases of diversity in the given lists:

IRAS F1021/+/724: This was the first high redshift galaxy to be detected in CO emis-
sion (Brown & Vanden Bout I;L9._££l|) While the detection of the line was quickly confirmed
by many different groups using different telescopes, the actual intensity of the line remained
subject to debate for several years (Radford et al. ). The CO(J=3—2) lines in F10214
thus is probably the one that has been observed most often among the high z sources.
Note that a similar discussion revolved around the strength of the Cr1 lines in this source
(Brown & Vanden Bout [1992H; WeiB et al. M)

The Cloverleaf. Barvainis et al. (@) reported a detection of the HCN(J=4—3)
line in this source. Six years later, Solomon et al. M) reported a detection of the
HCN(J=1—0) line in the same source. However, they also reported a non-confirmation
of the HCN(J=4—3) line. Subsequent deep observations with the PdBI show an indica-
tion of the line at about one third of the initially reported peak strength (Guélin 2007,
private communication). If confirmed, the strength of this line would be comparable to
that of the HCO*(J=4—3) line (Riechers et al. 2008a, in prep.), in agreement with the
HCN(J=1—0)/HCO™*(J=1—0) line ratio (Solomon et al. ; Riechers et al. M)
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Table A.1: All z>1 CO Detections in the Literature (1.06< z <2.56)

Source type z transition Ico line FWHM  telescope refs.
(Jy kms™1) (kms™1)
SMM J02396-0134 SMGp 1.062 + 0.002 2-1 3.4 +0.3 780 £ 60 PdBI 1
MIPS J1428+-3526 SBr, 1.3250 + 0.0002 2-1 5.3 + 1.2 386 + 64 NMA/R 2
1.3247 + 0.0002 3-2 13.9 + 4.8 386 £+ 104 NMA/R 2
Q09574561 QSO 1.4141 2-1 2.0 160/500 PdBI 3
2-1 1.2 £0.1 160 + 20 PdBI 4
280 £ 50
HR10 ERO 1.439 1-0 0.6 £0.1 VLA 5
1.439 4+ 0.001 2-1 1.4 £0.1 400 PdBI 6
1.440 + 0.001 5-4 1.35 £ 0.3 380 PdBI 6
3C 318 QSO 1.571 2-1 1.19 + 0.22 200 PdBI 7
SMM J123549+6215 SMG 2.202 3-2 1.6 £ 0.2 600 £ 50 PdBI 8
6-5 23+04 PdBI 8
IRAS F10214+4724 QSO 2.2867 4+ 0.0003 3-2 21 +5 200 12m 9
2.28560 £+ 0.00003 3-2 10.4 30m 10
2.2855 4+ 0.0003 3-2 4.1+ 0.9 230 £ 30 30m 11
3-2 4.4+ 0.7 150 45m 12
2.2858 4+ 0.0002 3-2 7.5+ 2.0 200 NMA 13,14
3-2 3.5+0.5 PdBI 15
2.2853 4+ 0.0003 3-2 4.8 +£0.7 250 £ 15 OVRO 16
2.2854 4+ 0.0001 3-2 4.2 + 0.8 220 £ 30 PdBI 17
2.2855 4+ 0.001 3-2 6.7+ 1.4 170 £+ 30 12m 18
2.28582 4+ 0.00002 4-3 15.5 30m 10
2.2857 4+ 0.0003 6-5 9.4 + 2.0 240 £ 30 30m 11
SMM J16371+4053 SMG 2.380 £ 0.004 3-2 1.0 £ 0.2 830 £ 130 PdBI 1
SMM J163650+4057 SMG 2.3853 4+ 0.0014 3-2 2.3 £0.2 840 + 110 PdBI 19
2.385 3-2 2.34+0.3 710 + 50 PdBI 8
2.383 -6 1.1 +£0.2 PdBI 19
7-6 6.7 £ 0.7 PdBI 8
53W002 RG 2.394 + 0.001 3-2 1.5+ 0.3 540 + 100 OVRO 20
2.3927 £+ 0.0003 3-2 1.20 £+ 0.15 420 + 40 PdBI 21
SMM J163658+4105 SMG 2.450 £ 0.002 3-2 1.8 £0.3 870 £ 80 PdBI 1
2.452 3-2 1.8 £0.2 800 £ 50 PdBI 8
-6 3.3+0.5 PdBI 8
SMM J123707+6214 SMG 2.490 3-2 0.91 £ 0.09 430 £+ 60 PdBI 8
SMM J044307+0210 SMGp, 2.5094 £+ 0.0002 3-2 1.4 £ 0.2 350 £ 60 PdBI 19
2.509 3-2 1.4 £+ 0.2 650 £ 40 PdBI 8
7-6 1.0 £ 0.3 PdBI 8
SMM J16359+4+-6612 A SMGp, 2.5168 4+ 0.0003 3-2 1.2 +£0.14 500 + 100 OVRO 22
B 3-2 3.5 £ 0.12 OVRO 22
C 3-2 1.6 £ 0.13 OVRO 22
A 2.51740 3-2 1.67 £+ 0.13 220 £ 50 PdBI 23
220 £ 50
B 2.51741 3-2 2.50 £ 0.12 PdBI 23
C 2.51744 3-2 1.58 £+ 0.17 PdBI 23
B 2.51737 3-2 2.8 +0.2 310 £ 20 30m 24
B 2.51732 4-3 40+ 04 340 £+ 25 30m 24
B 2.51746 5-4 51405 295 + 30 30m 24
B 2.51738 6-5 4.0 £ 0.5 340 £ 35 30m 24
A -6 3.3+ 14 PdBI 23
B -6 2.5 £ 0.7 PdBI 23
Cloverleaf QSO 2.5585 4+ 0.0001 3-2 8.1 326 £+ 25 PdBI 25
3-2 144+ 4.4 352 £+ 81 BIMA 26
2.5579 3-2 9.9 + 0.6 362 £ 23 30m 27
2.55784 4+ 0.00003 3-2 13.2 £ 0.2 416 £ 6 PdBI 28
4-3 21.1 £ 0.8 375 £ 16 30m 27
5-4 24.0 + 1.4 398 £+ 25 30m 27
76 47.3 £ 2.2 PdBI 27
2.5582 4+ 0.0003 -6 41 + 4 339 £ 21 OVRO 29
76 50.1 + 2.8 480 + 35 PdBI 30

7-6 38.4 450 PdBI 31
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Table A.2: All z>1 CO Detections in the Literature (2.56< z <4.69)
Source type z transition Ico line FWHM  telescope refs.
(Jy kms—1) (kms—1)

SMM J14011+0252  SMG;  2.5653 =+ 0.0003 32 24L03 200 £ 40 OVRO 32
2.5652 + 0.0001 3-2 2.8 + 0.3 190 + 11 PdBI 33
2.5651 = 0.0002 7-6 3.2 4+ 0.5 170 + 30 PdBI 33
VCV J1409+5628 QSO 2.585 & 0.001 3-2 2.4 £ 0.7 370 =+ 60 OVRO 34
2.5832 + 0.0001 3-2 2.3 4+ 0.2 311 4 28 PdBI 35
76 41410 PdBI 35
MG 041440534 QSO 2.639 & 0.002 3-2 2.6 580 PdBI 36
MS1512-cB58 LBG,  2.7265 % 0.0005 3-2 0.37 & 0.08 174 + 43 PdBI 37
LBQS1230+1627B QSOy, 2.741 3-2 0.80 + 0.26 (tentative) PdBI 38
RX J0911+0551 QSO.  2.796 & 0.001 3-2 2.9 £ 1.1 350 = 60 OVRO 34
SMM J02399-0136 SMG,  2.808 % 0.002 3-2 3.0 £ 04 710 & 80 OVRO 39
2.8076 = 0.0002 3-2 3.1 4 04 1100 PdBI 40
SMM J04135+10277 QSO.  2.846 % 0.002 3-2 54+ 1.3 340 £ 120 OVRO 34
Cosmic Eye LBG;  3.0740 =+ 0.0002 3-2 0.50 =+ 0.07 190 + 24 PdBI 41
B3 J23304-3927 RG 3.094 4-3 1.3 £ 0.3 500 PdBI 42
SMM J22174+40015  SMG 3.099 + 0.004 3-2 0.8 + 0.2 780 & 100 PdBI 1
MG 075142716 QSO 3.1999 3-2 46405 400 =+ 50 PdBI 43
3.200 + 0.00014 4-3 5.96 £ 0.45 390 + 38 PdBI 44
3.1999 4-3 42 +0.7 390 & 70 PdBI 43
87 2.2 4 0.7 PdBI 43
SMM J09431+4700  SMG,  3.3460 % 0.0001 4-3 1.1+0.1 420 + 50 PdBI 19
3.346 4-3 1.1 402 400 + 45 PdBI 8
SMM J13120+4242  SMG 3.408 & 0.004 1-0 0.42 £ 0.07 1040 + 190 GBT 45
3.408 £ 0.002 4-3 1.7+ 0.3 530 = 50 PdBI 1
TN J0121+1320 RG 3.520 4-3 1.2 4+ 04 700 PdBI 46
6C1909+722 RG 3.532 4-3 1.62 + 0.30 530 & 70 PdBI 47
4C60.07 RG 1-0 0.24 & 0.03 VLA 48
3.791 4-3 2.50 & 0.43 >1000 PdBI 47
4C41.17 RG 3.7958 =+ 0.0008 4-3 1.8 £ 0.2 1000 + 150 PdBI 49
APM 0827945255 QSO 1-0 0.150 + 0.045 VLA 50
1-0 0.22 £ 0.05 VLA 51
3.9122 =+ 0.0007 1-0 0.152 £ 0.020 556 + 55 GBT 52
1-0 0.168 + 0.015 VLA 53

2-1 0.81 + 0.18 VLA 50,53
3.9114 =+ 0.0003 4-3 3.7+ 0.5 480 + 35 PdBI 54
3.9115 = 0.001 4-3 3.7+ 04 490 =+ 60 30m 55
3.9118 =+ 0.0003 4-3 3.8 + 0.4 470 £ 17 PdBI 55
3.9113 + 0.0008 6-5 7.34£0.7 445 £ 40 30m 55
3.9109 = 0.0002 9-8 9.1 + 0.8 PdBI 54
3.9111 =+ 0.0006 9-8 11.1 £ 2.2 480 = 40 30m 55
3.9119 =+ 0.0003 9-8 12.5 + 2.4 460 + 22 PdBI 55
3.9110 + 0.0015 10-9 11.9 + 2.4 480 =+ 90 30m 55
3.9110 =+ 0.0015 11-10 104 £ 2.1 520 = 50 30m 55
PSS J2322+1944 QSO;  4.1192 + 0.0004 1-0 0.19 + 0.08 200 % 70 VLA 56
4.1173 =+ 0.0003 1-0 0.165 £ 0.014 202 & 17 GBT 52
4.1184 + 0.0008 1-0 0.25 + 0.06 184 + 46 100m 52

2-1 0.92 & 0.30 VLA 56,57
4.1199 %+ 0.0008 4-3 4.21 £ 0.40 375 & 41 PdBI 58
4.1199 =+ 0.0008 54 3.74 £ 0.56 273 £ 50 PdBI 58
BRI 1335-0417 QSO 2-1 0.32 & 0.06 VLA 59
2-1 0.44 + 0.06 VLA 60
4.4074 £ 0.0015 54 2.8 £ 0.3 420 =+ 60 PdBI 61
BRI 0952-0115 QSO;  4.4337 + 0.0006 5-4 0.91 + 0.11 230 + 30 PdBI 38
BR 1202-0725 QSO 4.6932 % 0.0004 1-0 0.124 £ 0.012 329 & 36 GBT 52
4.6956 %+ 0.0012 1-0 0.22 + 0.06 522 4 146 100m 52
2-1 0.49 £ 0.05 VLA 60
4-3 1.5+ 0.3 PdBI 62
4.695 & 0.002 5-4 2.7 + 0.41 220 4 74 NMA 63
4.6916/4.6947 54 2.4 +0.3 190/350 PdBI 62
4.6915 %+ 0.001 76 3.1+ 0.86 250-300 30m 62
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Table A.3: All z>1 CO Detections in the Literature (4.69< z <6.42)

Source type z transition Ico line FWHM  telescope  refs.
(Jy kms—1) (kms—1)

SDSS J0338+0021 QSO  5.0267 + 0.0003 5-4 0.73 £ 0.09 500 PdBI 64
TN J0924-2201 RG 5.202 £ 0.001 1-0 0.087 £+ 0.017 250-400 ATCA 65
5.202 5-4 1.19 + 0.27 200-300 ATCA 65
SDSS J0927+2001 QSO  5.7722 + 0.0006 5-4 0.44 £+ 0.07 610 £+ 110 PdBI 66
5.7722 4+ 0.0006 6-5 0.69 + 0.13 550 £ 150 PdBI 66

SDSS J1148+5251 QSO 6.418 £+ 0.004 3-2 0.18 £+ 0.04 VLA 67,68
6.4189 + 0.0006 6-5 0.73 £ 0.076 279 PdBI 69
6.4192 + 0.0009 7—6 0.64 + 0.088 PdBI 69

Notes—An index L at the galaxy type indicates magnification by strong gravitational lensing.

References—(1) Greve et al. R00A; (2) Tono et al. R0064; (3) Planesas et al. [1999; (4) Krips et al. R00H; (5) Greve et al. R003;
(6) Andreani et al. 200d; (7) Willott et al. 2007; (8) Tacconi et al. R00d; (9) Brown & Vanden Bout [1991; (10) Brown &
Vanden Bout [19924d; (11) Solomon et al. [[9924d; (12) Tsuboi & Nakai [[997; (13) Kawabe et al. [[99; (14) Sakamoto et al.
[1993; (15) Radford et al. [[993; (16) Scoville et al. [993; (17) Downes et al. [[994; (18) Radford et al. [[996; (19) Neri et al.
2003; (20) Scoville et al. [[997; (21) Alloin et al. 200d; (22) Sheth et al. 2004; (23) Kneib et al. R00T; (24) Weiss et al. 2005da;
(25) Barvainis et al. [994; (26) Wilner et al. [[99; (27) Barvainis et al. [[997; (28) Weiss et al. R003; (29) Yun et al. [997;
(30) Alloin et al. [1997; (31) Kneib et al. [[998; (32) Frayer et al. [999d; (33) Downes & Solomon R003; (34) Hainline et al.
2004; (35) Beelen et al. B004; (36) Barvainis et al. [[998; (37) Baker et al. 2004; (38) Guilloteau et al. [[999; (39) Frayer et al.
[1999; (40) Genzel et al. R003; (41) Coppin et al. R007; (42) De Breuck et al. P003d; (43) Alloin et al. 2007; (44) Barvainis et
al. 2003; (45) Hainline et al. 200d; (46) De Breuck et al. 2003H; (47) Papadopoulos et al. R00d; (48) Greve et al. R004; (49)
De Breuck et al. 2005; (50) Papadopoulos et al. 2001; (51) Lewis et al. 20024d; (52) Riechers et al. 2006d; (53) Riechers et al.
2007a; (54) Downes et al. [1999; (55) Weiss et al. R007; (56) Carilli et al. R002d; (57) Carilli et al. B003; (58) Cox et al. R00d;
(59) Carilli et al. [999; (60) Carilli et al. 2002H; (61) Guilloteau et al. [[99d; (62) Omont et al. [[99d; (63) Ohta et al. [99d;
(64) Maiolino et al. R007; (65) Klamer et al. R00F; (66) Carilli et al. R007; (67) Walter et al. 2003; (68) Walter et al. R004;
(69) Bertoldi et al. R2003H.
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Table A.4: All 2>1 Detections of Dense Molecular Gas in the Literature

Source type z transition Ico line FWHM  telescope  refs.
(Jy kms—1) (kms—1)
IRAS F10214+4-4724 QSO  2.2858 £ 0.0002 HCN(1-0) 0.05 &+ 0.01 140 +£ 30 GBT 1
HCN(4-3) 0.10 £+ 0.03 110 4+ 43 PdBI 2
SMM J16359+4-6612 B SMGy, 2.5168 HCN(1-0) 0.032 £ 0.008 VLA 3
Cloverleaf QSO  2.5569 £ 0.0006 HCN(1-0) 0.069 £ 0.012 VLA 4
HCN((4-3) 2.6 £ 0.5 436 + 103 30m 5
HCN(4-3) <1.2¢ PdBI 4
HCO™(1-0) 0.055 + 0.006 VLA 6
HCO™ (4-3) 0.80 &+ 0.12 414 £ 75 PdBI 7
CN(3-2) 1.37 £ 0.17 666 + 97 PdBI 8
CS(3-2) 0.09 &+ 0.02 VLA 9
VCV J1409+5628 QSO 2.5832 HCN(1-0) 0.015 £ 0.005 177 £ 80 VLA 10
APM 08279+5255 QSO HCN(5-4) 0.98 + 0.12 440 + 59 PdBI 11
3.9121 HCN(5-4) 0.85 £+ 0.10 400 =+ 40 PdBI 12
HCO™ (5-4) 0.87 + 0.13 490 + 80 PdBI 13
HNC(5-4) 23+ 1.1 (blended)® PdBI 14

Notes—An index L at the galaxy type indicates magnification by strong gravitational lensing. Redshifts without error bars
are adopted from CO.

®This line was not confirmed and is currently considered not detected.

b Due to blending with another line, this detection is not entirely certain.

References—(1) Vanden Bout et al. 2004; (2) Riechers et al. 2008c, in prep.; (3) Gao et al. 2007; (4) Solomon et al. R003; (5)
Barvainis et al. [[997; (6) Riechers et al. B006H; (7) Riechers et al. 2008a, in prep.; (8) Riechers et al. R0074d; (9) Riechers et
al. 2008b, in prep.; (10) Carilli et al. R00A; (11) Wagg et al. R00H; (12) Weiss et al. R007; (13) Garcia-Burillo et al. 200d; (14)
Guelin et al. 2007.

Table A.5: All z>1 Detections of Millimeter Carbon Lines in the Literature

Source type z transition Ico line FWHM  telescope  refs.
(Jy kms™1) (kms—1)
IRAS F10214+44724 QSOp, 2.2854 [CT](1-0) 11 30m 1
[CI](1-0) 1.6 £0.2 160 + 30 30m 2
[CI](2-1) 55 30m 1
[CI](2-1) 150 12m 1
Cloverleaf QSO 2.5578 [CI](1-0) 3.6+ 0.4 430 + 46 30m 3
[CI)(1-0) 3.9+ 0.6 360 + 60 30m 2
[CI](2-1) 52+ 0.3 368 + 25 PdBI 4
SMM J1401140252  SMGy, 2.5653 [CT](1-0) 1.8 £0.3 235 + 45 30m 2
APM 0827945255 QSO 3.911 [CI](1-0) 0.93 £ 0.13 386 + 67 PdBI 5
PSS J2322+1944 QSOp, 4.1199 [CT](1-0) 0.81 £ 0.12 319 + 66 PdBI 6
BR 1202-0725N QSO 4.6949 [C1]] 6.8 + 1.1 240 £ 50 SMA 7
SDSS J1148+5251 QSO 6.4189 + 0.0006  [CII] 4.1+ 0.5 350 £ 50 30m 8

Notes—An index L at the galaxy type indicates magnification by strong gravitational lensing. Redshifts without error bars
are adopted from CO.

References—(1) Brown & Vanden Bout [[992H; (2) Weiss et al. R005H; (3) Barvainis et al. [[997; (4) Weiss et al. 2003; (5)
Wagg et al. B00d; (6) Pety et al. B004; (7) Tono et al. R00GH; (8) Maiolino et al. 200A.
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A number of interesting things can be learned by simply looking at the detection counts.
The left panels of Figure [AJ] show the number of high-z CO (top) and HCN (bottom)
detections versus the year of initial detection. The number of high-z CO detections is
rising steadily since the advent of the PdBI in the mid-nineties, in particular since the
inclusion of its fifth and sixth antenna. The dip in 2001 is probably explained by the long-
term shutdown of PdBI in 2000. The number of initial detections is relatively constant
since 2003, with an average of about five new detections per year. The total number
of detections as of August 2007 is 43. The number of high-z HCN detections is rising
at a rate of about one per year since its initial discovery in 2003 (see above for further
discussion), and is currently known in five galaxies, i.e., about 10% of the CO-detected
sample. Note that HCO™ has been detected in two out of these five galaxies, while CS
and CN were detected in one out of the latter. The right panels of Figure [AJ] show the
distribution of high-z CO (top) and HCN (bottom) detections in redshift space. The sample
of CO-detected high-z galaxies is highly selected and flux-limited. However, note that the
distribution peaks at a redshift around z=2.5, i.e., in the epoch where most star formation
in the universe is believed to occur (see also Solomon & Vanden Bout M) Due to the
low number of detections and the selection effects involved, the statistical significance of
this finding is not very high. This result is still interesting, as the sample should contain
galaxies with some of the highest massive star formation rates at every epoch. The same
relation for HCN is below any statistical significance, but peaks at the same redshift.
Figure again shows the redshift distribution of the CO-detected high-z sources,
but divided by galaxy type. Quasars are detected over the whole redshift range, and
represent 42% of the whole sample. Submillimeter galaxies are only detected in CO below
a redshift of 3.5, and represent 33% of the sample. Both populations clearly peak around
z=2.5, however, the distribution of quasars hints at a selection effect. Radio galaxies
represent about 16% of the sample. Only four of the detections (9%) do not fall into
these three categories. However, with the recently improved receivers of the PdBI, a
larger number of Lyman-break galaxies (LBGs) representing a highly abundant (but not
necessarily distinct) population of galaxies in the early universe should become accessible
(currently: 2 detections), and may contribute a larger fraction to the sample in the future.
Figure [AZ3 shows the CO and HCN transitions in which the galaxies in this sample were
detected. Due to the fact that many galaxies were detected in more than one transition,
the numbers are larger than the actual sample size. The CO distribution clearly peaks at
CO(J=3—2) and CO(J=4—3). These transitions lie in the 3mm observing window at
redshifts between 2 and 4 (where most sources are found), which is the standard observing
window of the PdBI. Most of the HCN detections were obtained in the HCN(J=1—0)
transition, which falls into the 1.3 cm observing window of the VLA at redshifts of 2.3 to
almost 4. This is also reflected in Figure [AZ3 which shows the most commonly observed
CO and HCN transitions at different redshifts. The step function basically reflects the
movement of the different CO transitions with redshift through the 3 mm observing window.
This visualized one of the main selection effects: galaxies that do not have highly excited
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Figure A.1: History of high redshift CO and HCN detections (left), and source distribution
in redshift space (right). Top left: The number of z>1 CO detections per year is shown in
yellow, and the cumulative number of detections is shown in red. Bottom left: Same, but
for HCN. Top right: Distribution of the high redshift CO detections in redshift space. The
size of the redshift bins is Az=0.5. Bottom right: Same, but for HCN.

CO ladders are less and less likely to be detected with increasing redshift, even if they
exhibit bright CO(J=1—0) emission. This effect is even more severe for dense gas tracers
like HCN: the only source detected in HCN emission at redshift 4 shows a highly unusual
HCN excitation (Weiss et al. M) This demonstrates the importance of low-frequency
observations of low-order transitions of molecular gas at high redshift: a “blind” search for
CO(J=1—0) at high redshift may reveal new populations that were missed by searches in
higher J CO transitions so far.
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Figure A.2: Source distribution in redshift space for all z>1 CO detections, divided by
galaxy type. The size of the redshift bins is Az=0.5.
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Figure A.3: Detected CO/HCN transitions for all systems detected at 2>1. Jypper indicates
the upper quantum number of the rotational transition. The total number of detections
is given for all transitions (i.e., galaxies detected in multiple transitions appear once per
transition).



224 A. Existing Molecular Line Observations at High Redshift

6 L z>1 CO/HCN De{ections, ‘
Commonly Observed Transitions |
5 L
— 4 [
2
s
- 3r
2
1} CO ——
| | HCN ——
1 2 3 4 5 6 7

Figure A.4: Most commonly observed CO/HCN transitions for all systems detected at
z>1 at different redshifts. Jypper indicates the upper quantum number of the rotational
transition. The size of the redshift bins is Az=0.5. The almost linear progression with
redshift for the CO detections is set by the most commonly used 3 mm observing window.
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General

AGN Active Galactic Nucleus

BAL Broad Absorption Line

BLR Broad Line Region

CMB Cosmic Microwave Background

ERO Extremely Red Object

FF Filling Factor

FIR Far-Infrared

FS Fine Structure

FWHM Full Width at Half Maximum

FWZI Full Width at Zero Intensity

GMC Giant Molecular Cloud

HFS Hyperfine Structure

HLIRG Hyperluminous Infrared Galaxy
(LIR>1013 L@)

IGM Intergalactic Medium

IR Infrared

ISM Interstellar Medium

LIRG Luminous Infrared Galaxy (Lig>10" L)

LTE Local Thermodynamic Equilibrium

LBG Lyman-Break Galaxy

LVG Large Velocity Gradient

NLR Narrow Line Region

QSO Quasi-Stellar Object

RG Radio Galaxy

SB Starburst

SFR Star-Formation Rate

SMG Submillimeter Galaxy

ULIRG Ultraluminous Infrared Galaxy
(Lir>10" Lg)

Uv Ultraviolet



226 Abbreviations

Telescopes

12m NRAO 12m telescope

30m IRAM 30 m telescope

45m NRO 45m telescope

100 m MPIfR Effelsberg 100 m telescope

ACA Atacama Compact Array

ALMA Atacama Large (sub-) Millimeter Array

APEX Atacama Pathfinder Experiment

ASTE Atacama Submillimeter Telescope
Experiment

ATCA Australia Telescope Compact Array

BIMA Berkeley-Illinois-Maryland Association
millimeter array

CARMA Combined Array for Research in
Millimeter-wave Astronomy

CCAT Cornell Caltech Atacama Telescope

CSO Caltech Submillimeter Observatory

CXO Chandra X-Ray Observatory

eSMA Combination of the SMA,
the JCMT, and the CSO

EVLA Expanded Very Large Array

GBT Green Bank (100 m) Telescope

HERSCHEL Herschel Space Observatory

HSA High Sensitivity Array
(VLBA + phased VLA + GBT+ Arecibo)

HST Hubble Space Telescope

JCMT James Clerk Maxwell Telescope

JWST James Webb Space Telescope

NMA Nobeyama Millimeter Array

OVRO Owens Valley Radio Observatory
millimeter array

PdBI Plateau de Bure Interferometer

Rainbow interferometer combination of the NMA and the 45m

SKA Square Kilometre Array

SMA Submillimeter Array

SST Spitzer Space Telescope

VLA Very Large Array

VLBA Very Long Baseline Array
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Instruments

GISMO

MAMBO (2)
MUSTANG

PACS
SCUBA (2)
SHARC-II

SPIRE

Goddard-Iram Superconducting
2-Millimeter Observer
Max-Planck-Millimeter Bolometer Array (2)
Multiplexed SQUID/TES Array

for Ninety Gigahertz

Photodetector Array Camera

and Spectrometer

Submillimetre Common-User

Bolometer Array (2)

Submillimetre High Angular

Resolution Camera 11

Spectral and Photometric Imaging Receiver

Institutes and Organizations

ATfA
Caltech
CfA
DFG
ESO
IRAM
MPIA
MPIfR
NAOJ
NRAO
NRO
NSF

Surveys

APM
PSS
SDSS

Argelander-Insitut fiir Astronomie
California Institute of Technology
Harvard-Smithsonian Center for Astrophysics
Deutsche Forschungsgemeinschaft

European Southern Observatory

Institut de Radioastronomie Millimétrique
Max-Planck-Institut fiir Astronomie
Max-Planck-Institut fiir Radioastronomie
National Astronomical Observatory of Japan
National Radio Astronomy Observatory
Nobeyama Radio Observatory

National Science Foundation

Automated Plate Measuring machine survey
Digital Palomar Observatory Sky Survey
Sloan Digital Sky Survey
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Abbreviations

Atoms and Molecules

HCN
HNC
HCO™
C.H
H,CO
NHs
OH
Si0

PAH

Hydrogen
Helium
Carbon
Nitrogen
Oxygen
Magnesium
Sulphur

Molecular Hydrogen
Carbon Monoxide
Cyanide Radical
Carbon Monosulfide
Water

Hydrogen Cyanide
Hydrogen Isocyanide

Formyl Cation / Oxomethylium

Ethynyl

Formaldehyde (Methanal)

Ammonia
Hydroxyl Radical
Silicon Monoxide

Polycyclic Aromatic Hydrocarbons



Units, Constants

Boltzmann Constant

Newtonian Constant of Gravitation
Planck Constant

Reduced Planck Constant

Speed of Light

Stefan-Boltzmann Constant

(Beam) Solid Angle

erg

Jansky

Joule

Electron Volt
Megaparsec
Solar Luminosity
Solar Mass

and Conversions

kp = 1.3806504 x 10723 JK!

G =6.67428 x 107 m3 kg1 s72
h = 6.62606896 x 1073 Js
h=h/2m

c=299,792.458 kms™!

osg = 5.670400 x 1078 Wm 2K~

plmai o Omin
(p) (sterad) = (60-60-360/ (27))2

(arcsec?)

lerg =1077J

1Jy =107 Wm2Hz !

1J=1Ws

leV = 1.602 x 102 erg

1 Mpc = 10% pe = 3.08568025 x 10*2 m
1 Lo= 3.827 x 10** W

1 Mo= 1.989 x 103 kg
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