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Abstract

The work of this thesis focuses on observations of molecular rotational lines, which are
used to uncover the properties of some of the most extreme regions of nearby galaxies. We
complete this by both direct analysis of the observations, and using a suite of astrochemical
models. We study the distribution of CS in two nearby starburst galaxies, NGC 6946 and
NGC 3079. Two low-J lines of CS are observed with the IRAM-30m telescope in a region
spanning 50” about the centre of each galaxy. Both lines have a high critical density that
makes CS a good tracer of dense, star-forming gas. Through LTE analysis and a coupled
radiative transfer-chemical modelling, we find a temperature and density gradient from the
centre of NGC 6946 to the offset pointings. In NGC 3079, we find uniform temperature.
We also present observations of SiO and HNCO in nearby galaxy NGC 1068 from the
Plateau de Bure interferometer (PdBI). We see four clear peaks, one for each molecule
to both the west and the east of the AGN. From a detailed chemical modelling we find
that a high SiO abundance and low HNCO indicate a fast shock, while high HNCO and
low SiO indicates either a slow shock or warm, dense, non-shocked gas. Comparing to
observations, the east is therefore likely to contain gas that is heavily shocked. Gas to the
west may be non-shocked, or maybe undergoing a much milder shock event. We complete
a radiative transfer modelling. Taking into account these results, the milder shock event
is the more likely of the two. Finally, ALMA observations of the distribution of several
molecules in NGC 1068 are analysed. These molecules trace different components of the
molecular gas in the AGN, circumnuclear disc and starburst ring. Spectral analysis of
each molecule, and the ratio between molecules are used to determine galaxy properties

and how these vary from region to region.
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Chapter 1

Introduction

1.1 The Interstellar Medium and Molecular Astrophysics

The vast space between the stars is not empty. The interstellar medium (ISM) consists
of many different components. This occurs due to a processing of the gas and dust that
is present between stellar systems, leading to a mixture of atomic, molecular and ionised
gas, as well as dust grains. The cycle through the many phases of the ISM is depicted in
Figure 1.1. The many stages of gas in the ISM provide varying physical conditions. Mc-
Kee and Ostriker (1977) showed that the diffuse region of the ISM is actually composed of
three regions, cold neutral medium (CNM), warm neutral medium (WNM) and hot ionised
medium (HIM). This diffuse gas transitions to molecular clouds. Many processes govern
this cycle; stellar radiation pressure (Zinnecker and Yorke 2007) and stellar winds (Hol-
lenbach et al. 1976) force diffuse gas into more compact formations, which may collapse
gravitationally to eventually form stars. Observing molecular gas is the key to the under-
standing of the many physical processes occurring locally and in external galaxies. To do
so, it is vital to understand the chemistry of these regions. The field of astrochemistry
is relatively young, and even more so is its application to the study of nearby galaxies.
The advent of new state of the art ground based facilities, such as the Atacama Large

Millimetre Array (ALMA, Wootten and Thompson 2009), coupled with space telescopes

19



20 Chapter 1. Introduction

and older ground based single dish facilities, has provided greater opportunity for these
studies.

Molecular clouds are inhomogeneous in density. They contain dense cores that may
be stable enough to remain starless, or may go on to exceed the Jeans length and form a
protostellar core. This is governed largely by the amount of magnetic or turbulent pressure
supporting the core (Tan et al. 2013). Subsequent star formation mechanisms are split
into low- and high-mass regimes, with a cutoff of ~ 8 M. The principle difference being
that for high mass stars, the time scale for accretion is longer than the time taken to
radiate gravitational energy during collapse. This means that massive stars begin nuclear
fusion while matter is still accreting, while low mass stars do not. Stars of different mass
return matter to the ISM through different methods. Low mass stars end their lives as
planetary nebulae, with stellar winds responsible for ejecting material. High mass stars
affect the surrounding area throughout their lifetime, providing UV photons to ionise gas.

Massive stars end in a supernova and eject stellar remains back into the ISM.

PROTOSTAR '~ °
WITH OUTFLOW.

~
£
. DIFFUSE
CLOUD. YOUNG STAR
: WITH: DISK

"EVOLVED

* n-‘ STAR

R A
hast

Figure 1.1: Life cycle of the ISM from van Dishoeck (2014). Image credit to NASA / ESA
/ ESO / NRAO

The release of matter from stars back into the ISM is important in that this creates
the heavier elements required for the complex chemistry that takes place in molecular
clouds. These are the regions that are of most interest to this thesis. Observations of
molecules, coupled with theoretical models, can allow for a much greater understanding of
these regions. In this introduction the chemistry and physics of the ISM, as well as how

it relates to particular objects or regions, will be discussed.



1.2. Gas-Phase Chemistry 21

1.2 Gas-Phase Chemistry

Molecular clouds are cold, with temperatures around 10 K. This has a profound effect
on the chemistry that can occur. Reactions between two neutral species do occur in
this environment, but they are often extremely inefficient due to small cross sections for
reactions. Activation barriers are not easily overcome when the temperature is so low. For
these reactions to be significant the density must be very high to increase the frequency
of collisions. Ion-neutral reactions are much more efficient. The ion induces a temporary
dipole in the neutral species and causes an attraction between the two reactants. Thus,
the cross section for the reaction is significantly increased.

All ion-neutral reactions are highly dependent on initial reactions that form H;’r The
most obvious way of ionising molecular hydrogen is with a UV photon, which would
be readily available in the presence of massive stars. UV photons are largely unable
to penetrate denser regions of molecular clouds due to the high extinction. However,
gas-phase chemistry can proceed as it is possible for cosmic rays to initiate ion-neutral

reactions in regions of high extinction, as in Reaction 1.1, where ( denotes a cosmic ray.

Hj +H, — Hj +H

However it forms, H:}f is then able to initiate many further ion-neutral reactions through
the donation of a proton. The products of these reactions can then provide the ion reactant

needed for reactions between successively more complex species.

1.3 Dust and surface reactions

Dust is ubiquitous in the ISM. Grains range in size, a, from nanometers to microns, in a
distribution originally postulated to be n(a) oc a=3® (Mathis et al. 1977). This has been
modified subsequently based on extinction to give a more complex distribution (Weingart-
ner and Draine 2001). Grains are mostly formed in stellar atmospheres and in supernovae,
but may also be formed, and can certainly be destroyed in the ISM. They predominately
consist of silicate and carbonaceous species, with smaller grains sometimes made up of sin-

gle large polycyclic aromatic hydrocarbons (PAHs). Dust makes up approximately 1/100
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of the ISM by mass as measured for the Milky Way (Savage and Mathis 1979), but this
value varies quite considerably especially for other galaxies. Dust is key to the physics
and chemistry of many different processes. Approximately half of stellar light emitted
in the UV, visible and near-IR is absorbed by dust and remitted and longer wavelengths
(Lequeux 2005). UV irradiation can release electrons via the photoelectric effect. Where
gas number density reaches ~ 10* mol cm™3, these electrons begin to efficiently transfer
energy between gas and dust, coupling the two. In addition, atoms and molecules colliding
with grains may stick to the surface and form an icy mantle. This brings species closer
together and acts as a catalyst for interstellar chemistry.

At the low temperatures experienced in molecular clouds, gas phase species begin to
stick to surfaces of dust grains. This can occur relatively weakly at very low temperatures
(~ 10 K) through van der Waals forces (physisorption). At higher temperatures, and
depending on the species, these weak bonds are easily overcome and a full chemical bond
must form to retain a species on the grain surface (chemisorption). These processes are
of significance as they bring together atoms and molecules from the gas phase (chemically
depleting it) to a proximity where they may react. Formation reactions can occur in the

following ways (also shown in Figure 1.2) (Pirronello et al. 2003):

e Langmuir-Hinshelwood mechanism - both species are on the grain surface and they

diffuse towards one another and react

e Eley-Rideal mechanism - one species is on the grain surface and a gas phase species

collides directly with it to react

e Harris-Kasemo mechanism - this mechanism represents a sort of in-between from the
previous two. A species striking the surface may rebound into the gas phase or get
trapped. A trapped species may rebound many times before reacting with a species

already present on the grain surface.

Dust is possibly of most importance chemically because of the formation of Ho on
the grain surface. In Section 1.2, the importance of Ho on all interstellar chemistry was
discussed. However, Ho cannot form in the gas phase. If two hydrogen atoms in the gas
phase collide they may end up in a vibrational level of the ground electronic state higher
than the dissociation limit. The molecule must be stabilised through a transition to the

ground state but this process is slow and therefore improbable. It may end up in a higher
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Figure 1.2: Possible mechanisms for two body grain surface reactions (Chen 2011). a)
Langmuir-Hinshelwood, b) Eley-Rideal, ¢) Harris-Kasemo.

electronic state, but with only highly forbidden routes back to the ground state (Duley
and Williams 1984). The rate of formation of Hy is well known (Habart et al. 2004) and by
comparing to the rate coefficient of the gas phase reaction between two hydrogen atoms,
it is clear that it is not responsible for Hy formation (Vidali 2013).

The Reaction system 1.2 has also been considered as a gas phase route

H+e — H + hu,
(1.2)

H+H—Hy+e"

This has been found to be the dominant route in the early universe (Saslaw and Zipoy
1967), when dust grains were not present, but in the present universe the electron density
is too low to produce very much Hs. The need for dust grains as catalysts for Hs forma-
tion was developed by Gould and Salpeter (1963) and Hollenbach and Salpeter (1969).
Hydrogen atoms may not encounter dust grains very often, but when they do the chance
they react with another hydrogen atom is quite high. The Langmuir-Hinshelwood mech-
anism is the most efficient formation route to Ha with Goodman (1978) calculating H
mobility via quantum tunnelling and thermal hopping on graphite grains. This work was
furthered by many authors calculating the bonding energy of H chemisorbed to different
surfaces (e.g. Klose 1992; Aronowitz and Chang 1985) as well as numerous modelling
attempts. Although the detailed mechanism for hydrogen formation on dust grains is still

not completely clear, it is widely accepted as being the dominant formation route.
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1.4 Extragalactic Molecular Astrophysics

The first detection of interstellar molecular lines in external galaxies was made by Weli-
achew (1971), in NGC 253 and M82. The detection was of OH, which was only detected
in absorption. It was not until Rickard et al. (1975) observed CO in the same galaxies that
an emission line was seen. Further detections of various different molecules have followed
in the last few decades, perhaps the most impressive being the detection of CO in a galaxy
at redshift, z >6 by Walter et al. (2004), proving that chemistry was occurring to produce
molecular gas in the early universe.

CO is the molecule most observed in external galaxies. As it is so abundant, it is
the easiest to detect. Hs has no dipole moment so is very difficult to detect at the low
temperatures in molecular clouds. To calculate the quantity of molecular gas in a galaxy,
CO is therefore observed and a CO-to-Hy conversion factor estimated. While this is quite
well known for the Milky Way, the value varies between galaxies, and between regions
within galaxies (Bolatto et al. 2013). Caution must be used when using this approach
for external galaxies. However, using CO detections is one of the most direct ways of
measuring Star Formation Rate (SFR). Lu et al. (2015) do this effectively even for high
redshift galaxies, using the ratio of CO(J = 7 — 6) to IR emission from dust, which is
usually used as a SFR tracer, and calibrating to SFR-IR using Kennicutt (1998). This has
an advantage as CO is not enhanced by non-stellar radiation (for example active galactic
nuclei, discussed in Section 1.4.2) in the way dust is. For most normal spiral galaxies,
the sum mass of molecular and atomic hydrogen scales well with the SFR (Boselli et al.
2002).

Other molecules can be used to trace different gas components in external galaxies.
Particularly with single dish observations, the beam will encompass a combination of
different environments and molecules can be used to disentangle these components. Some
of the uses of molecules as molecular tracers are discussed in Section 1.4.3. First we

discuss classes of galaxy that are of importance to this thesis.

1.4.1 Starburst Galaxies

Starburst galaxies differ from normal galaxies through their greater Star Formation Rate
(SFR). They are the far extreme of a continuous spectrum of galactic SFRs. A starburst

in a galaxy is transient. It is a period of time where the galaxy converts vast quantities
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of gas into stars. Starbursts should therefore be treated more as a phase in a galaxy’s
evolution, rather than a galaxy type. This period is relatively short-lived (107 - 10® years
(Leitherer et al. 1999; Neri et al. 2003)), as it is limited by the supply of gas required for
star formation. The rapid rate of star formation causes the galaxy to undergo an enhanced
period of evolution, changing not only its stellar and gas content, but also dust content,
colour and metallicity. The study of starbursts is therefore vital for the understanding of
galaxy evolution as a whole.

Starbursts are not confined to a particular galaxy morphology or luminosity. They
cover dwarf galaxies, such as the Large Magellanic Cloud (L;p ~ 10® L), up to ultralu-
minous infrared galaxies (ULIRGs, L;r >10'? Ly). This, coupled with their ephemeral
nature, leads to some difficulty in classification. Simply classifying a galaxy as undergoing
a starburst can be somewhat controversial, as no one single definition exists. For low
redshift galaxies, some such criteria include a SFR that can’t be sustained for more than a
certain amount of time (e.g. 10® years), or a have disk averaged SFR surface density (i.e.
the mean SFR per unit area across the galaxy) of ¥ > 1 Mgyr—! kpc=2 (Kennicutt and
Evans 2012). Figure 1.3 is a plot showing individual galaxies’ disk averaged SFR surface
density against their total SFR. This is used as an illustration of the problems associated
with classifying starbursts. There is an enormous amount of scatter in this plot, with
many normal galaxies overlapping starbursts. It also draws attention to the subclasses
of starburst. “Infrared selected”, as indicated on the plot, refers to ULIRGs and LIRGs
(the latter being an order of magnitude or so less luminous than the former). At lower
redshifts, these galaxies are largely similar to the prototype starbursts; with a very high
SFR in the circumnuclear region. At higher redshift, different characteristics make up the
majority; the SFR is quite uniformly high across the entire disk. This is because these
galaxies are gas-rich enough to reach LIRG luminosity across the whole galaxy (Daddi
et al. 2010). In both cases, these galaxies are usually very dusty. In the plot, circum-
nuclear indicates that the starburst event occurs in the central region of the host galaxy.
For example, the local prototype starburst NGC 253 (Strickland et al. 2002) has a SFR
of 5 Meyr~! in its nuclear region; ~ 70% of the SFR for the entire galaxy (Wik et al.

2014). For comparison, a regular galaxy may see a SFR of ~ 1 Mgyr—!

across its entirety
(Robitaille and Whitney 2010). The cause of the starburst event here is gas migrating
from the galactic disk towards the central region. This can occur due to interaction with a

nearby passing galaxy. Tidal forces perturb the orbits of disk stars and gas. As gas clouds
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are thrown out out of their orbits they collide with one another, and kinetic energy trans-
fers. This leads to a transfer of angular momentum; some clouds some outwards and some
provide the central region of the galaxy with an inflow of gas. This provides the fuel for a
circumnuclear starburst. This is often the case for low-z LIRGs and ULIRGs (Duc et al.
1997). The timescale for star formation is, however, frequently shorter than the dynamical
timescale of the interaction. The peak starburst may last around 107 - 108, whereas the
interaction should last at least an order of magnitude longer than this (Kennicutt et al.
1998). In addition, many starbursts are not obviously interacting. In these cases there
must be some other force causing gas to flow inwards. This could be due to the presence
of a stellar bar, which can act to remove angular momentum from gas. Finally, the plot
shows blue compact galaxies (BCGs). These are low mass and contain very little dust.
They are also very low metallicity. As many as 80% show evidence of recent interaction
(Pustilnik et al. 2001), explaining the starburst activity. Numerical simulations confirm
that BCG can form from either dwarf-dwarf mergers or through tidal interactions (Bekki
2008). However, in BCGs with no evidence of interaction, the reasons for starburst are

quite uncertain.
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Figure 1.3: Distribution of integrated star-formation properties of galaxies in the local
Universe. Each point represents an individual galaxy or starburst region, with the average
star-formation rate (SFR) per unit area plotted as a function of the absolute SFR (Figure
9 of Kennicutt and Evans 2012)

Dust grains absorb much of the UV radiation from stars, therefore cannot be directly

obscured. Therefore observations of the gas are vital to understanding the processes
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governing starburst environments. This UV is re-emitted in the IR as the dust cools.
Observations of the dust in the mid-IR have been able to distinguish between the dust
heated by starbursts and the dust heated by an active galactic nucleus (AGN) (Armus
et al. 2007). This is important as there appears to be a clear correlation between AGN
and starbursts; half of all Seyfert 2 galaxies have a circumnuclear starburst (Gonzalez
Delgado et al. 1998). It is likely that these two phenomena are not unrelated. In galaxies
with both an AGN and a starburst, the cause of each may be an interaction with another
galaxy. In a minority of cases this can mean a full merger but more often it is likely due

to a “close approach”.

1.4.2 Active Galactic Nuclei

An active galactic nucleus (AGN) is the central region of a galaxy that displays energetic
phenomena that cannot be attributed to stars. AGN are subcategorised into several
different classes. Much of the reasoning behind this is the historical understanding that
different classes were not related. More recently, a unified model of AGN attempts to
explain the differences seen in each class (Antonucci 1993). The two largest classes of AGN
are Seyferts and Quasars (or quasi-stellar objects, QSOs). The principal observational
difference between the two is their luminosity. The AGN in a Seyfert galaxy is typically as
luminous as the total luminosity of all stars in the galaxy (~ 10! Ls). A QSO is 100 times
brighter. Sources with this amount of power output are very rare. They are therefore seen
more often at great distances, where the luminosity of the AGN far outshines the stellar
contribution. This made the galaxies when first observed appear as a point source, hence
the name “quasi-stellar”.

A unified model of AGN is shown in Figure 1.4. Here is shown the separation between
the relatively low luminosity radio-quiet Seyferts, and the many types of radio-loud ob-
servations that depend on viewing angle. As is shown, all AGN contain at their centre, a
supermassive black hole (SMBH). The mass of this of this is correlated with the galaxy’s
stellar mass and can be as high as 10® Mg. The accretion disc surrounding the black
hole is the power source of the AGN. The dusty torus surrounding it is a highly efficient
absorber of high energy photons.

Different classes of AGN were originally classified based on their spectra. Some Seyfert
galaxies’ spectra show a mixture of broad and narrow lines, some only display the narrow

line feature, first identified by Khachikian and Weedman (1974). The broad line features
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Figure 1.4: Sketch of the unified model for AGN, splitting into two categories: radio-quiet
and radio-loud. The other differences observed are dependent only on viewing angle. From
Beckmann and Shrader (2012).

come from the gas near to the nucleus, which has velocities in the order of 10* km s~
Forbidden broad line emission is not seen, suggesting the gas must be of very high density
(electron number density, n, ~ 10° ecm™3) in order to collisionally suppress non-electric
dipole transitions. Highly excited allowed and forbidden narrow line transitions are seen
in all Seyferts, arising from slower (103~% km s~!), lower density gas, further from the
nucleus. Broad line Seyferts are classified as Type I with other Seyferts called Type II.
This is interpreted in the unified model as the dusty torus obscuring the broad line region
if viewed from a wide angle (Type II). This obscuration is not an obstacle when viewed
more face on (Type I).

Radio-loud AGN all produce a highly collimated jet. This is produced as fully ionised

gas is accelerated to relativistic speeds along coiled magnetic field lines. Free-free radiation
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in the jet is the cause of the radio emission. Radio galaxies are elliptical galaxies that are
highly luminous at radio wavelengths. In the same fashion as Seyferts, they are further
subcategorised as narrow line (NLRG) or broad line (BLRG). Blazars are radio-loud AGN
seen face on so as to completely obscure emission lines. QSOs were originally observed to
be star like objects that were radio-loud (Matthews and Sandage 1963). Now accepted to
be AGN, they are some of the most intrinsically bright objects in the sky, and have been
measured at redshift, z >7 (Mortlock et al. 2011). Although originally observed as radio
loud, only 10% of QSOs emit strongly in the radio.

The effect the SMBH has on the surrounding gas can play a significant part in large
scale star formation. This AGN feedback occurs due to the interaction between the flux
of photons and massive particles generated from accretion, and the interstellar medium.
It is possible for this stream of particles to clear the central region of the galaxy of its
interstellar gas, thus completely halting star formation. The lack of material available
for accretion will also lead to the cessation of the AGN. The primary mode by which the
feedback occurs in AGN close to their Eddington limit is through radiative processes (Silk
and Rees 1998). This can be through radiative pressure on charged dust grains in the
ISM or through a wind generated much closer to the AGN (Fabian 2012). Gas is pushed
outwards and dispersed, depressing star formation. Evidence of this AGN feedback is seen
is some galactic outflows, where outflow rates have been observed at several times the star
formation rate (e.g. Mrk 231, Rupke and Veilleux 2011). The second mode is the the
kinetic mode. It is most applicable to galaxies with a hot halo or which are centralised in
a cluster. If a galactic centre has been cleared of its gas it will try to refill with intracluster
or halo material. The kinetic mode keeps the galaxy clear of this material. This occurs
through the heating of gas by the radio source generated at the AGN. The energy input
from the AGN is balanced through loss of energy from cooling while the nucleus is active
(Cattaneo et al. 2009).

Instabilities in the AGN feedback process disrupt the balance of the heating and cool-
ing. It therefore makes sense to introduce a duty cycle determining the lifetime of the
source, which may cover numerous episodes of activity (Schmidt 1966). The timescale for
an AGN can be calculated from observations of radio lobes; by determining both their
separation and velocity to gain the age. Alternatively, timescale can be estimated from
assuming that all galaxies go through an AGN. If this is the case average lifetime can be

calculated by multiplying galactic lifetime (~ 10'° years) by the fraction of galaxies that
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are observed to be active (~ 1%). Both methods give a similar estimate of age in the

order of 10® years.

1.4.3 Molecular Tracers

Molecules can be used to trace different environments. This can be because they are only
formed in observable qualities in given conditions, or because they are only excited enough
to be observed above a certain density and/or temperature, or a combination of the two.
Here we present a list of common tracer molecules and what they are predominantly used
to trace. We focus in particular on the molecules that are used in this thesis. It should be
noted that these molecules may be observed in a number of different environments, and
this list is only a guide as to their use. CO

Carbon monoxide, CO, is the second most abundant molecule in the universe, after Ho.
It the most widely used molecular tracer and is used to trace molecular gas as a whole. CO
has a weak permanent dipole moment (1 =~ 0.11 D) and ground state rotational transition
with an excitation temperature of just ~ 5.5 K. This means that CO is readily excited in
the very low temperatures of cold molecular clouds.

CS

Carbon monosulphide, CS, is mostly used as tracer of dense gas. Low-J transitions of
CS trace the moderately dense gas (e.g. CS(2 — 1) has a critical density of 2 x 10° cm ™3
at 100 K), whereas higher-J transitions trace very dense gas (e.g. CS(7 — 6) has a critical
density of 8 x 105 cm ™2 at 100 K). It is has been particularly well used in starburst galaxies
(Mauersberger and Henkel 1989; Bayet et al. 2008a; Aladro et al. 2011b). Observing many
transitions can be very useful, allowing for an almost complete coverage of the densest
regions of molecular gas clouds. An advantage that CS has in this respect over other
dense gas tracers (e.g. HCN) is the spacing of the transitions. A J-ladder from J=1-0
to J=T7-6 covers a frequency range of 294 GHz in CS, whereas the same in HCN covers a
range of 532 GHz!. This allows for potentially easier observing of more transitions.

HCN

Hydrogen cyanide is another dense gas tracer. Extensively used in observations of
gaint molecular clouds (GMCs) in the Milky Way (e.g Smith and Wardle 2014), as well
as in external galaxies (Davies et al. 2012). HCN(4 — 3) has a critical density comparible
to CS(7 —6).

"http://www.cv.nrao.edu/php/splat/
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CH;3;0H

Methanol has been claimed to be a good tracer of dense gas due to critical densities
comparable to those of low-J CS and HCN transitions. However, methanol is formed
largely on grain surfaces from accreting CO (Das et al. 2008). It is therefore found largely
in grain mantles until it is sublimated. This can occur efficiently through the gas being
shocked but can also happen due to a warming of the gas or other non-thermal processes.

H,CO

Formaldehyde is formed efficiently on grain surfaces through hydrogenation of CO
(Woon 2002), and like methanol has been used as a dense gas and shock tracer.

Sio

Silicon monoxide is the most widely used shock tracer. Although formed in the gas
phase, its formation rate is highly dependent on the abundance of atomic silicon. Dust
grain cores contain a large amount of silicon (Kriigel 2002). A strong shock is capable of
sputtering silicon from the dust (Jiménez-Serra et al. 2008). This significantly enhances
the abundance of Si in the gas phase. This then can react with molecular oxygen or a
hydroxy radical, forming SiO.

HNCO

HNCO is also used as a shock tracer. It is formed on grain mantles and can be readily
sublimated during even a weak shock event. However, its formation routes in the gas-
phase are quite uncertain and it has gone undetected in some galaxies where it is expected

to be observed (Aladro et al. 2011a).

1.5 Chemical modelling

Modelling of the chemistry in interstellar gas has become more complex as more molecules
are observed and further reaction pathways are investigated. More detailed modelling is
also required as observational tools become more advanced. The process requires the
calculation of the density n; of all species, i, in the model. However, the values stated are
often given as a fractional abundance, X;, against the density of hydrogen nuclei, ny: X;
= nj/ny. The density of a species changes when it takes part in a chemical reaction. This
is modelled through the solving a number of non-linear ordinary differential equations to
calculate the rate of change of a species based on all the reactions for which it is involved.

In this thesis, chemical modelling generally follows a cold gas cloud from its initial



32 Chapter 1. Introduction

largely atomic form, though the formation of molecules and its subsequent collapse and
heating. In the initial stages, where density and temperature are both low, the chemistry is
dominated by gas phase ion-neutral reactions. Over time, via the mechanisms discussed in
Section 1.3, species accrete onto dust grain surfaces, forming new molecules and depleting
the gas. As the gas cloud collapses and warms, the grain mantle sublimates and gas phase
neutral-neutral reactions begin to dominate. This is of course a very general overview
and the chemistry is highly dependent on many physical conditions. The most important
parameters determining the chemistry of the cloud include: gas and dust temperature;
density; the UV radiation field; the cosmic ray ionisation rate; and the initial chemical
composition and elemental abundances.

The rate at which a reaction proceeds is calculated either via experimental means or
through theory. These rates have been collated and stored in several databases. The
database used in this thesis is the University of Manchester Institute of Science and Tech-
nology Database for Astrochemistry (UMIST, Woodall et al. 2007; McElroy et al. 2013).
Reaction rate coefficients are determined differently depending in the type of reaction

taking place. For two body reactions, the rate coefficient, k, is given by Equation 1.3.

k= a(%)ﬁ exp (%)cm:is_l (1.3)

Where T is the gas temperature in K and «a, 5 and - are constants for the each individual
reaction, representing the rate coefficient at 300 K, the dependence on temperature and
the thermal activation barrier, respectively.

For direct cosmic ray ionisation, the rate is much simpler. The rate goes as Equation

1.4

E=as! (1.4)

Where « is the cosmic ray ionisation rate relative to molecular hydrogen. The Milky Way
standard ISM rate is usually taken as ~ 10717 s=1 (Indriolo et al. 2007).

Cosmic rays may also lead to the emission of UV photons which then leads to pho-
toreactions. This occurs when a cosmic ray photon collisionally excites Ho, which then

relaxes back to its ground state (Sternberg et al. 1987). Where a cosmic ray induces a
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photoreaction, the rate is given as Equation 1.5

k= a(%)ﬁﬁsfl (1.5)

Where « is the cosmic ray ionisation rate. Everything to the right of « is related to the
UV photon (and reaction partner), not the cosmic ray. Most UV photons will be absorbed
by dust grains, which is accounted for through w; the dust grain albedo in the far UV, and
v; the efficiency of the cosmic ray ionisation event that is given by Equation 1.6, from

Gredel et al. (1989)

»y—/UM(V)P(V)dV (1.6)

Where o,/(v) is the photoionisation cross-section at frequency, v, P(v) is the probability
for photon emission, and o, is the dust grain extinction cross-section.

For direct photoreactions, the rate coefficient is given as Equation 1.7

k= aexp(—yA,)s ! (1.7)

Where « is the unshielded rate coefficient for the Draine radiation field (Draine 1978), A, is
the visible extinction and = is a correction for the increased extinction at UV wavelengths.

Gas-grain and grain-surface reactions are handled in different ways in different models.
A rate must be calculated at which each species depletes from the gas phase onto the grain
surface to form an icy mantle. This rate is governed by kinetic theory and is given by

Equation 1.8 (Spitzer 1978; Umebayashi and Nakano 1980; Rawlings et al. 1992)

dni
dt

= 4.57 x 10*dy0 2T Crg Sym; *njem=3s~! (1.8)

Where d is the ratio of dust grains to hydrogen nuclei; o, is the grain radius in cm; S; is a
sticking coefficient to approximate physisorption and chemisorption, where S; is between 0

and 1; m is the mass of species i in amu; and C'is a factor to account for electrostatic effects
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and is equal to 1 for neutral species and is equal to 1 + 16.71 x 1074/ 04T for a singly
charged cation, indicating charged species will freeze out quicker than neutral species.
Reactions in the grain mantle are not well understood. We will describe the processes and
assumptions made in this thesis, although there are other methods for considering grain
surface reactions. We assume that when a species freezes out, it instantaneously reacts
with hydrogen, until fully hydrogenated (e.g. atomic carbon forms methane etc). This is
on the basis that hydrogen is by far the most abundant species on the grain and as the
lightest, it is also the most mobile. The hydrogen is simply taken from the gas reservoir
and implies that molecular hydrogen is formed on the grain surface. This allows for very
rapid calculation of mantle species abundance.

Sublimation of mantle ices back into the gas phase may proceed via thermal and
non-thermal processes. Non-thermal mechanisms of sublimation have been successfully
modelled to include desorption through exothermic surface reactions (Garrod et al. 2007)
and cosmic rays (both directly and through induced photoreactions; Roberts et al. 2007).
In contrast, laboratory experiments find that it is very difficult to characterise tempera-
tures for thermal desorption processes. Values are found to be highly dependent on the

composition of the ice and on the heating rate (e.g. Noble et al. 2012).

1.5.1 UCL_CHEM

The model used in this thesis is UCL_.CHEM (Viti and Williams 1999; Viti et al. 2004b,
2011). This model has been adapted to many different environments, e.g. hot cores (Viti
et al. 2001), molecular outflows (Viti et al. 2004a), nearby galaxies (Bayet et al. 2008a)
and high redshift galaxies (Lintott et al. 2005). The model is time dependent and is split

into two phases:

e Phase I: A diffuse cloud collapses. Spherical Symmetry is assumed. While this may
not be the case in reality, the model does account for some rotational and magnetic
support. In terms of chemistry, since we are modelling to such a large observed area,
any non-symmetry should not affect our results significantly. Initially all species are
atomic, other than hydrogen, which is assumed to be half atomic and half molecular.
The initial elemental abundances are either assumed to be solar, altered to consider
the metallicity of the environment being modelled, or may take a value to take into

consideration depleted to dust grain cores. The collapse may be treated as free fall
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or as a modified free fall. From Spitzer (1978), the equation of motion for collapse
of a cold sphere of uniform density, p, assuming that the sphere is at rest at time, t

= 0, is given as:

d*r GMy B 471'Gp07‘8

a2 r2 3r2

(1.9)

Where r is the radius of a particular mass shell as a function of time and Mj is
the mass interior to the initial radius of the shell. This is multiplied by dr/dt and

integrated to give:

dr [87‘(‘Gp0(7;0 ~1) (1.10)
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This is then combined with the conservation of mass in a spherical cloud to give

Equation 1.11 (Brown et al. 1988; Nejad et al. 1990; Rawlings et al. 1992)

dn B(nj%{)l/3

g 1/3 1/2
o o 247TGmHno[(7) — 1}] ,NH > Mo (1.11)

no

Where ng is the initial diffuse cloud density, G is the gravitational constant and B
is a retardation factor < 1 to approximate magnetic and rotational support. The
temperature is set to be a constant 10 K. During the collapse, freeze out occurs
according to Equation 1.8 as well those gas-phase reactions which proceed at low
temperature. The freeze out occurs as described previously, with the addition that a
small percentage of CO freezes to form methanol. The collapse runs until the density

reaches a set value. This is mostly treated as a free parameter in this thesis.

Phase II: The new molecular cloud undergoes heating assumed to be from external
sources. As previously stated, thermal desorption is not well understood. Therefore
the model handles it in a simplified way. At temperatures >100 K, the mantle is
assumed to sublimate at timescales much shorter than the lifetime of the cloud and
the desorption occurs instantaneously. In the case where temperature is less than

100 K, only selected molecules are allowed to desorb. This is based on the work of
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Collings et al. (2004), who study 16 astrophysically relevant molecules. They find
that certain molecules may become trapped within water ice at T <100 K meaning
that they do not desorb as efficiently as may be expected based solely on their
binding energies. In addition, the cloud may be subjected to a number of external
forces, such as an FUV field, cosmic ray flux or it may undergo a shock. UCL_CHEM
handles shocks in one of two ways. Firstly, a simplified shock may be simulated by
swiftly heating and then cooling the gas. A more complex approach is described in
Viti et al. (2011), and couples the chemical model to the parametric shock code of
Jiménez-Serra et al. (2008). This calculates the the physical structure of a shock
as it propagates through the previously unperturbed gas cloud. A saturation time
is input to the model to determine at what time point the icy grain mantles are
sputtered. The final density and initial velocity of the shock are input and determine
the maximum temperature attainable in the neutral gas within the shock (Draine

et al. 1983).

1.6 Radiative transfer

Although determining if and how molecules form in a specific medium is a useful tool in
itself, it is also important to calculate how molecular emission is transported through that
medium. The radiative transfer equation ( 1.12) describes the change in intensity, I,, of

a beam along path, ds at frequency, v

dl,

Wy, (1.12)

Where j, is the emission coefficient and «,, is the absorption coefficient. We can also refer
to the source function, S, = j,/a,, the emissivity of the medium per unit optical depth,

Ty, where d7, = «,ds. This then allows Equation 1.12 to be rewritten as Equation 1.13

dl,
—=5,-1, 1.13
dry ( )

Which in integral form is given by Equation 1.14
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dl,(r) = / S, 7" exp(t! — 1)d7’ (1.14)
0

Where 7 is the optical depth between the point where I, is evaluated and s = -oo (i.e.
spatial infinity along the line of sight). Ideally this integral will be evaluated along all
possible lines of sight, but from a modelling perspective, this will be a sampling covering
as much space and direction as possible. The determination of the emission and absorption
coefficients, j, and «,, is given by the transition rates between rotational and vibrational
levels, and the level populations. For a transition from level ¢ to j, j, and «a, are given by

Equations 1.15 and 1.16

Jij(v) = niAij (1.15)

aij(y) = nij~ — niBZ-j (1.16)

Where n; and n; are the population densities of upper level ¢ and lower level j; A;; is the
Einstein coefficient for spontaneous decay from i to j; Bj; is the Einstein coefficient for
radiatively induced excitation from j to ¢; and B;; is the Einstein coefficient for radiatively
induce de-excitation from 4 to j. We then find that the source function can be given by

Equation 1.17

niAl-j

S = (1.17)

nij~ — niBZ-j

We must also consider collisional effects, which can be described with the collisional Ein-
stein coefficients for excitation from level j to i to j, C;; and the inverse for de-excitation,

Cj;. C;j and Cj; are given by Equation 1.18

Cij = neo Kij, Cji = neo K (1.18)
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Where K are the collisional rate coefficients and n., is the density of the collisional
partners (usually taken to be Hy). Taking statistical equilibrium, we can determine the

level populations through Equation 1.19

Z[njAji—l—(niji—niBij)J]—Z[niAji—l—(niBij—niji)J]—l—Z[njCji—niCji] =0 (1.19)
j>i J>i J#i

Where J is the mean intensity over solid angle, €2, given by Equation 1.20

1
_ L [ a0 1.2
T= o / v (1.20)

Equations 1.12 to 1.20 are coupled. To solve them, the radiation field and the level
populations must be determined simultaneously. This must be completed at each spatial
position. This is an exceptionally computationally expensive problem. Many simplifica-
tions may be used during the modelling process in order to speed up the process. Here we

discuss the methodology of the two models used in this thesis.

1.6.1 RADEX

RADEX is a popular non-LTE radiative transfer code developed by van der Tak et al.
(2007). Its methodology is to decouple the radiative transfer calculations from the cal-
culations of the level populations. For this, it uses the escape probability method, which
was first introduced for expanding envelopes by Sobolev (1960). A factor, 3, is introduced
as a measure of the chance that a photon escapes the system. From Equation 1.19, the
mean intensity must be found in order to calculate the level populations. If no photons
can escape the system (the source is completely opaque), J will equal the mean source

function, S. Taking into account 3, J = S(1 - 3). This leaves Equation 1.19 in the form:

D A8 =Y niABl+ Y [nCji — niCij) = 0 (1.21)

7>1 7> j#i
Which allows us to solve the level populations and the radiation field separately. The

background radiation temperature may also be added here, at a probability of penetrating
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the source of 1 - 3. We are however still left with the task of estimating 5. The first
approach by Sobolev (1960) was for expanding stellar envelopes. Here a spherical large
velocity gradient (LVG) exists. This means that the line-of-sight velocity in each direction
is changed by more than the thermal line width on a short scale. Emission from level ¢
to j at one point in the cloud is not seen at the same frequency at the next point in the

cloud. In this case, § is given by Equation 1.22

_ 1 —exp(—7)

B (1.22)

T

RADEX allows for the more complex calculation of 8 in a uniform sphere though Equation

1.23 (Osterbrock 1974)

=20 24 C 4 ) exp(—r)] (1.23)

RADEX uses the last formula to estimate the excitation and radiation field by first guessing
the level populations in LTE, giving 7 and therefore 5. It then calculates new level

populations and repeats the process until convergence.

1.6.2 SMMOL

Spherical Multi-Mol (SMMOL) is a code first used in Rawlings and Yates (2001). It is more
complex than RADEX in that it does not attempt to decouple the radiation field from the
level populations. It iteratively solves all the the equations 1.14 to 1.20. This is completed
through the Approximated/Accelerated Lambda Iteration (ALI) method (Scharmer and
Carlsson 1985). This is a modified version of Lambda Iteration. In the Lambda Iteration

method, a value of J is first found via the A operator as Equation 1.24

J = A[S] (1.24)

A is a matrix operator connecting all points and levels to one another. To solve the
radiative transfer numerically, the problem has to be split both in space and frequency and

initial level populations have to be assumed (as in RADEX, these are assumed to be LTE).
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With these level populations, A is constructed by solving Equations 1.14 and 1.20, which
are then used to recalculate level populations. This is then repeated until convergence. The
only difference with a ALI scheme is that Equation 1.24 is preconditioned for convergence,
in order to speed up calculations. ALI introduces the approximated A operator, A*, to

give Equation 1.25

J = A*[S] + (A — A%)[S™] (1.25)

Where S™ is the source function on the n'* iteration and A* is the diagonal part of A.
SMMOL completes calculations for 50 points along the line profile and convolves the
emergent intensity with the telescope beam at each point. Therefore the output is a direct

prediction of the line profile for a given source, observed with a given telescope.

1.7 This Thesis

This thesis focusses on using molecules to determine the properties of active regions of
several nearby galaxies. In Chapter 2, we observe the dense gas tracer CS in two nearby
starburst galaxies to determine how the conditions of the dense gas varies across the
circumnuclear regions in starburst galaxies. In Chapter 3, we further the work of the
previous chapter by linking a time and depth dependent chemical model with a molecular
line radiative transfer model. In Chapter 4, we present and compare the distribution
of two shock tracers, SiO and HNCO, in the Circumnuclear Disk (CND) of NGC 1068.
In Chapter 5, we analyse spectra of five transitions, CO(3 — 2), CO(6 — 5), CS(7 — 6),
HCN(4 — 3) and HCO™ (4 — 3), which are mapped in NGC 1068 with ALMA. A summary

and conclusions can be found in Chapter 6.



Chapter 2

Mapping CS in starburst galaxies:
Disentangling and characterising

dense gas. Part 1: Observations

The work presented in this chapter is based on the paper by Kelly et al. (2015), in
collaboration with S. Viti, E, Bayet, R. Aladro and J. Yates.

The formation of stars, in particular the most massive ones, is one of the most important
processes regulating the evolution of galaxies; to trace this process, it is crucial to identify
the chemical nature of the gas involved and to determine the physical conditions that are
more prone to lead to star formation. Massive stars usually form in large concentrations
of dense, warm gas (Zinnecker and Yorke 2007). In particular, starburst galaxies are pow-
ered by exceptionally high rates of massive star formation, possibly triggered by mergers
between galaxies rich in interstellar matter. As discussed in Chapter 1, such events must
be relatively short-lived, persisting only until the interstellar gas reservoir is significantly
depleted.

Subject to a proper interpretation, observations of molecules in starbursts can be used
for many purposes: tracing the leftover reservoir of matter from the star formation process;
tracing the star formation process itself; and determining the galaxy energetics through the

influence of young stars on the surrounding environments (Kepley et al. 2014; Sliwa et al.

41
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2014). More specifically, and as discussed in Chapter 1, the detection of molecular star-
forming gas is one of the most direct ways to measure the star formation rate and activity
in a galaxy, allowing us to significantly improve our understanding of galaxy formation
and evolution. To date, the wealth of molecular data for at least the nearest galaxies,
shows a chemical diversity and complexity that cannot be explained by a one-component,
static model, and indicates how relative abundances between molecules may be able to
provide insights into the physical distribution of the molecular gas and the energetics of
these galaxies.

While some observed molecular transitions may arise from a UV-dominated gas, many
can only be explained by the presence of large reservoirs of dense, warm gas (possibly
pre-processed on dust grains) that are a part of the star formation process (Gao and
Solomon 2004; Onishi et al. 1998). In dense regions (n(Hz) >10% cm™3), the galactic
interstellar radiation field is unimportant for the chemistry since it occurs in conditions
of high extinction in the UV. Molecules that are particularly enhanced during the star
formation process (including the warm up phase that follows the birth of protostars) are
therefore good tracers of the formation of massive stars in galaxies.

From a chemical point of view, sulphur-bearing species have been extensively shown
to be particularly enhanced during massive star formation in our own Galaxy, as well as
in nearby galaxies (Mauersberger et al. 1989; Martin et al. 2006). As discussed in Chapter
1, among sulphur-bearing species, carbon monosulphide (CS) appears as one of the best
tracers of very dense gas (Bronfman et al. 1996). Observationally, CS has been identified in
several studies of nearby galaxies (Mauersberger et al. 1989; Martin et al. 2006; Bayet et al.
2008a; Aladro et al. 2011b). Following theoretical studies (Bayet et al. 2008b, 2011), multi-
line observations of the CS molecule in nearby (D < 10 Mpc) extragalactic environments
were carried out (Bayet et al. 2009a). These studies show that despite the lack of spatial
resolution it is possible to point to a reservoir of gas of relatively high density, ~ 10° cm™3,
traced by the low J (up to 4) transitions of CS and an even higher (> 10% cm™3) density
component traced by the high J (up to 7) transitions. So far surveys have focused on CS
detections in the centre of galaxies. However, to gain insight into the distribution of this
gas in the environment surrounding the nucleus, galaxy mapping in CS is required. In this
work, the spatial distribution of CS in two nearby galaxies, NGC 6946 and NGC 3079, is
studied. We detect CS J = (2—1) and J = (3 — 2) lines in the central region and various

offset positions in each galaxy.
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Figure 2.1: Maps of NGC 3079 in, top: CS (J =2 - 1) and; bottom: CS (J = 3 —2). Units
are arc seconds. Av = 8 km s~!
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Figure 2.2: Maps of NGC 6946 in top: CS (J =2 — 1) and; bottom: CS (J = 3 — 2). Units
are arc seconds. Spectral resolution, Av = 8 km s~ !
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2.1 Target galaxies

We observed NGC 3079 and NGC 6946, which are discussed in more detail below. The
galaxies were chosen as they are known to show starburst activity in their centres, and are
both easily observable with the IRAM-30m telescope. We observe CS lines in the central
point of each galaxy as well as at offset points staggered at increments of 10" (Figures 2.2

and 2.1). Further information on both galaxies can be found in Table 2.1.

2.1.1 NGC 3079

NGC 3079 is a nearby Seyfert 2 galaxy with a high inclination angle of 84 degrees and a
nuclear bubble of starburst activity (Irwin and Seaquist 1991; Baan and Irwin 1995). At
a distance of ~19 Mpc, we observe 92 pc arcsec”!. As a consequence, we map out to a
maximum of 2.8 kpc from our central pointing. Veilleux et al. (1994) discovered the line
emitting superbubble in NGC 3079 extending 13” to the east of the nucleus. Within this
bubble, they find extremely violent gas motions ranging over 2000 km s~!, which is also
seen to the opposite, western side of the nucleus. In addition to this, unusual excitation
shows that shocks may be important and could be a significant contributor to line emission
across the bubble. From CO observations, Koda et al. (2002) show that the central 2 kpc

region of the galaxy contains a smoothly distributed ~ 2 x 109 M, of molecular gas.

2.1.2 NGC 6946

NGC 6946 is a nearby late type spiral galaxy with numerous registered supernovae, also
with nuclear starburst activity (Engelbracht et al. 1996). It is not classed as a Seyfert
galaxy, but it does show some weak Seyfert activity (Kormendy et al. 2007). At a distance
of ~5.5 Mpc, we observe 27 pc arcsec”'. We map a region up to 810 pc from our central
pointing. From CO observations, Leroy et al. (2011) observe that NGC 6946 is also highly
rich in molecular gas, both in the central region we observe and out into the details of the
spiral arms. Starburst activity in the nucleus of NGC 6946 is more moderate than NGC
3079 (Turner and Ho 1983). NGC 6946 has a small 15” bulge, within a larger 63" bar
around it. Dense gas has been studied in the central region of this galaxy using tracers
HCN (Schinnerer et al. 2007) and HCO™ (Levine et al. 2008). Levine et al. (2008) study
the central kpc and find that the density of the gas is roughly constant across the area

studied and find that a plausible distribution is of dense clumps bound by self-gravity,
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Figure 2.3: Optical image of NGC 3079 - image credit: Hubble, NASA /Space Telescope
Science Institute. The approximate observed region is shown with the white circle.

interspersed throughout the lower density molecular gas. However, they also state that
it could be possible that the dense gas is homogeneously distributed about the galactic
centre. Schinnerer et al. (2007) observed in great detail the central 50 pc of the galaxy and
find that the HCN(1 — 0) intensity distribution in the very centre of the galaxy is centred
around two peaks. They find that these peaks correspond quite well to the molecular
gas as traced by CO(2 — 1). They state that one possible interpretation is that these
gas peaks are the result of two spiral arms connecting in the central 100 pc. Although
there have been detections of CS in the centre of many nearby galaxies (e.g. Zhang et al.
2014), a mapping and full analysis of its distribution in those galaxies has not yet been
undertaken. The location and the characteristics of this gas away from galactic centres is
crucial to our understanding of the processes and conditions that are necessary for massive

star formation to occur.
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dal’)

Figure 2.4: Optical image of NGC 6946 - image credit: Subaru, Robert Gendler. The
approximate observed region is shown with the CS(2 — 1) line at each pointing.

2.2 Observations

The observations were carried out in August 2010 using the IRAM-30m telescope to include
the CS(2 — 1) and CS(3 — 2) lines (v = 97.980 GHz and 146.969 GHz, respectively). In
order to capture other species (methanol, formaldehyde) and isotopologues of CS, each
observation was not centred upon the CS line. Instead a line survey from 95.5 GHz to 99
GHz and from 144 GHz to 147.5 GHz was performed in order to detect as many chemical
tracers as possible of the dense, star-forming gas. At the observed frequencies of CS(2—1)
and CS(3 — 2), IRAM 30m has a HPBW of ~ 25" and 17” with main beam efficiencies,
Begr, of 0.81 and 0.74, respectively. These beam sizes correspond to between approximately
450 pc and 650 pc (NGC 6946), and 1.5 kpc and 2.3 kpc (NGC 3079). During observing,
approximately every 2 hours, the pointing, focus and calibration were completed on planets
and evolved stars. The pointing error was estimated to be < 3”. The observations were
carried out under varying weather conditions. Tiys was between 100 K and 300 K with

medium-good weather conditions (7225 <0.15). The observations were done by wobbling



48 Chapter 2. Mapping CS in starburst galazies: Observations

the secondary mirror with a beam throw of 180” in azimuth. For the observed spectra,
the antenna temperature (7,*) was converted to main beam temperature (Ty,,) using Ty,
= (Feoft/ Best)To™, where Feg is the forward efficiency of the telescope (values ranging from
0.93 to 0.95). The channel width spacing was 4 km s~! and has been smoothed down

1

to a 8 km s7, in order to improve the signal to noise. The EMIR EO and E1 receivers

were used in configurations to optimise observing time. We combined this with the Wilma
backend. The data reduction was carried out using the CLASS program, part of GILDAS

software!.

"http://www.iram.fr/TRAMFR/GILDAS
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Figure 2.5: Potential detections in centre of NGC 6946

2.3 Results and analysis

2.3.1 Results

Broadly, the strongest emission is seen in the central position (see Tables 2.2 and 2.3
for coordinates) of both galaxies, with two exceptions. In NGC 3079, the CS(2 — 1) line
is stronger when the beam is offset by 4+10” in Declination (Dec), and separately, when
offset by +10” in Right Ascension (RA).

NGC 6946 shows the strongest emission in the centre, getting weaker out towards
offsets of £20” in all directions. Mauersberger et al. (1989) discovered CS in NGC 6946
and found CS(3 — 2) in offset position (RA = 0", Dec = 0”) and (RA = 10", Dec = -10")
from coordinates asggg = 20:34:51 and d90999 = 60:09:25. This is a few arc seconds from

our central position. Our results appear to agree with this. In addition, ours also show
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Figure 2.6: Potential detections in centre of NGC3079

strong CS emission from other regions, most notably from the offset of +10” in RA.

We fit single Gaussian profiles to all detections of CS (Figure 2.7 and 2.8). We also
detect methanol (CH3OH) and formaldehyde (H2CO) in both galaxies. The isotoplogue
of CS, C?*S was marginally detected, also in both galaxies. Tables 2.2 and 2.3 show the
Gaussian fit parameters for these detections.

Since we have no prior knowledge as to the location of CS emission, we consider each
position as separate and assume the source fills the beam. The signal-to-noise (S/N) of
CS in some offset positions is less than 3, and therefore they are considered as tentative
detections. Still, we used them in our analysis, as the fitted line widths and velocity
positions agree with the values expected. NGC 6946 and NGC 3079 angular sizes are ~
12" x 8 and ~ 4.5" x 1" in the IR (Skrutskie et al. 2006) so observations focus on the area
surrounding the centre. It is interesting to note that in offset positions of just +20” in
any direction in both galaxies we fail to see (or only marginally detect) CS.

Ball et al. (1985) found a bar structure, running approximately north-south in NGC
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6946 of size 11”7 by 55”. More material in this bar may mean that there is more dense
gas, so it might be expected that some CS is detected further away from the centre, in at

least one direction.
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Figure 2.7: Single component fits for CS(2 —1) and CS(3—2) in NGC 6946. Label in right

corner shows offset in RA (”) and Dec (") from central position.

2.3.2 Line analysis

Under the assumption that emission from different lines is coming from the same regions,

we calculate velocity integrated line ratios for some species. We note that this assumption

may not hold completely true, as we shall see later in Section 2.3.3, but include the

values as they may be instructive. We calculate the ratio of CS(3 —2) / CS(2 — 1) where

possible, accounting for the difference in beam sizes between the two detections. Since

we only record detections of lines other than CS(2 — 1) in our central pointing in NGC
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Figure 2.8: Single component fits for CS(2—1) and CS(3 —2) in NGC 3079. Label in right
corner shows offset in RA () and Dec (") from central position.
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3079, we only find ratios for the central position in this galaxy. These are listed in Table
2.4, together with ratios in the central position of NGC 6946. In NGC 3079 we see much
stronger emission from CS(3 —2) when compared to all other lines. In the central position,
the CS(3 —2) / CS(2 — 1) ratio is approximately double the equivalent in NGC 6946.

CS(3 —2) / CS(2 — 1) ratios in NGC 6946 are shown in Table 2.5. The same is seen
when comparing CS(3 — 2) to other lines. In NGC 6946 the CS(3 —2) / CS(2 — 1) ratio is
highest at offset +10” in RA (approximately 270 pc). Other than this, the general trend
is for these values to drop as the beam is pointed away from the galactic centre, although
the value is always >1.

Although we have treated lines as being a single peak, when the data is less smoothed,
detected CS lines in both galaxies show a double peak profile (Figure 2.9 and 2.10),
although this is not very clear in the tentative detections. Costagliola et al. (2011) observe
another dense gas tracer line, HCN(1—0) in NGC 3079. Their data show signs of a similar
line profile, although it is not discussed. Of their sample of 19 galaxies, this profile can
be seen in three: NGC 3079, NGC 4388 and UGC 5101, all Seyfert galaxies. However,
we note that there are Seyferts in their sample that do not show this profile. We consider
a possible cause of this to be a rotating torus of dense gas around the nucleus, leading
to red- and blue-shifted components. Profiles like these have been observed in NGC 253
(Martin et al. 2005) (also a Seyfert) leading the authors to a similar conclusion. However,
we note that this might be due to other factors, such as self absorption.

The profiles seen in NGC 6946 are also possibly due to rotation. Tsai et al. (2013) find
that ionised gas velocities shift from V7gr ~ 30 km s~! in the east to Vigr ~ 90 km s~! in
the west. Schinnerer et al. (2006) find a higher velocity gradient of >100 km s~! between
east and west in the molecular gas, as traced by CO. The regions “east” and “west” are
both within our beam, and the difference between the peaks of our two components is
~ 100 km s~!. To conclude that this is the source of our double-horn profiles, we must
assume that the CS emission we see is either coming form the same gas component as CO
emission, or, more likely the dense gas as traced by CS is moving with the larger molecular
gas clouds.

Analysing the CS double-horn profile, we see that the lower velocity (red-shifted)
component in both galaxies is narrower, possibly meaning that the gas moving away has a
lower turbulent velocity than the gas coming towards. We show the double-horn Gaussian

fits for the centre of each galaxy and compare with the isotopolgue C**S in NGC 6946
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(Figure 2.9). Detections of isotopologues were marginal (<2 o) in NGC 3079 so only the
double-horn CS profile is fitted (Figure 2.10). These data have been included with the
single peak data in Table 2.2 and 2.3. For both single and double peak profiles, a good
agreement can be found between the Gaussian fits and the observations. Where possible
we fit to the double peak but we also calculate for a single fit. If a double fit is not possible
(as with many of the offset points), we only fit a single Gaussian. For double fits we have
designated the component at lower velocity 1 and the higher velocity component 2 (e.g.

NGC 6946-1 and NGC 6946-2).

Table 2.4: Other line ratios for central pointing

Galaxy Lines Ratio
NGC 6946 CS(3—-2)/CS(2-1) 3.2+0.2
CH3OH(2, — 1) / CS(2—-1) 0.4 +£0.1
CH3OH(3, —2;) / CS(3—2) 0.6 £0.1
CH30H(2, — 1) / CS(3—2) 0.1 £ 0.006
CH3OH(3, —2;) / CS(2—-1) 20+£0.1

NGC 3079 CS(3—-2)/CS(2-1) 6.7+ 0.3
CH30H(2), — 1) / CS(2—1) 0.4 +0.1
CH3OH(3 —2;) / CS(3—2) 0.5 £0.1
CH3OH(2 — 1) / CS(3—2) 0.06 £ 0.003
CH3OH(3, —2;) / CS(2—-1) 3.0 £ 0.2
Values are the ratio between the velocity integrated Gaussian fit to the profile for each line.
The errors are propagated from the error in fitting each line

2.3.3 LTE analysis

We used two methods to perform an analysis of our observations under the assumption
of Local Thermodynamic Equilibrium (LTE). Firstly, we used the rotational diagram
method (Goldsmith and Langer 1999), which allows us to calculate a temperature and
column density. Under LTE we assume that the observed molecules are thermally excited
and therefore rotational excitation should follow a Maxwell-Boltzmann distribution. The
emission can therefore be used as a measure of the local temperature. This assumes firstly
that the density of the region is above the critical density (n.-i) of the molecule. This is

given as:

Nerit = —— 2.1
crit Yl ( )
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Figure 2.9: CS detections in the centre of NGC 6946. '2C32S displaying a double-horn
profile.
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Figure 2.10: CS detections in the centre of NGC 3079 displaying a double-horn profile.

Where A,; is the Einstein A-coefficient for radiative de-excitation and +,; is the rate of
collisional de-excitation, both from levels u to [. At densities significantly above nep
the rotational excitation temperature (7}.,¢) approaches the kinetic temperature of the gas
(i.e. the line is thermalised). This LTE analysis also assumes that the emission is optically
thin. We are also assuming the temperature is uniform, and therefore we are calculating
an average temperature for our observed regions. Under these assumptions the following

equation is true:

N st W N
Y86 x 103721

E,
— 2.2
ou B S~ QT ) (22)

Trot

) exp(

Where N, is the column density of the upper energy level u, g, is the degeneracy of the
upper energy level, W is the integrated flux = [ T},,dV, V is velocity in km s~!, v is the
frequency in GHz, u is the dipole strength in Debye, S is the line strength, N is the total
column density in cm™2, E, is the energy of the upper level in K and Q is the partition
function. This allows us to plot N,/g, against F,. The derivative is then a function of
T,o¢+ and the intercept with the y-axis allows the calculation of N. This method assumes
the gas is in LTE but since the gas may not be thermalised the kinetic temperature may

be greater than the rotational temperature (Goldsmith and Langer 1999).
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Methanol has a critical density for low-J transitions at low temperature of ~ 10° cm 3.

This is only a little below CS (ne = 1 x 10° for low-J transitions at low temperature).
Methanol can therefore also be considered a high density gas tracer. We use this molecule
to constrain a minimum temperature with which to begin an LTE analysis using CS. We
do this only for the centre of NGC 6946, as lines here are strong enough to allow the use
of this technique. We detected two bands of methanol in our spectra (J = 2 - 1, 3 -

2;). Martin et al. (2006) used a method to separate individual transitions in these bands

"

", upper energy levels E; and E; and

using the ratios of Einstein coefficients A/, and A
degeneracies ¢!, and ¢//. This is shown in the equation 2.3, assuming two transitions in

the band.

W' _ Vg ey e, (2.3)

W VRl |
Where T, is the estimate for the rotational temperature. The method works on the basis
that in LTE we should see a linear regression in the rotation diagram, the correct temper-
ature is the one that produces the best fit. We therefore iterate over many temperatures
using both methanol bands until we find a best fit. The methanol rotation diagram for
the centre of NGC 6946 (Figure 2.11) shows a fit to a temperature of 14 K. We show no
error bars as they may be misleading, due to the error in this method being larger than
the calibration error on the telescope.

In order to obtain an estimation of the CS column density, we use only our CS(2 — 1)
detections, as we do not detect CS(3—2) in as many locations as CS(2—1). This allows us
to calculate values in locations where we have only one detection. In the same way as with
the rotational diagram method, we assume LTE conditions and optically thin emission.
However, it does not constrain a temperature. A rotational temperature must therefore be
assumed. With methanol, we obtained a kinetic temperature of 14 K. This is a lower limit
because all the levels may not be thermalised. Column densities are therefore calculated
for 15 K, 50 K and 300 K. These calculations have been carried out using both single- and
(where possible) double-fits. A double horned profile could be present due to a rotating
torus of gas about the centre of the galaxy. However, this profile is not clear and does
not appear in all observations. Therefore, while we show the double fit parameters for

completeness, the single fits will be used as the basis for this Chapter and for Chapter 3.
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All values are listed in Table 2.6. These results will be useful as a guide to future chemical
modelling, presented in Chapter 3 as they represent a lower limit to the column density of
CS as all levels may not be thermalised and we lack information about the optical depth.
We will therefore be able to discard chemical models which show a column density of CS of
less than these values at a particular temperature. Our LTE results show that reasonable

values of column density (N(CS) ~10'* cm~2) are seen up to temperatures of 300 K.

Table 2.5: CS(3 —2)/CS(2 — 1) ratios in NGC 6946

RA offset (7)
20 10 0 -10 -20

20 1.5
<~ 10 1.7 24
g
fwms)
5 0 35 32 19 15
E:

-10 2.5

-20

2.4 Conclusions

CS emission has been mapped across two nearby starburst galaxies - NGC 3079 and
NGC 6946. We observe the low-J, CS(2 — 1) and CS(3 — 2) transitions. In the centre of
both galaxies, we see evidence of a double-horn line profile in CS(3 — 2) and CS(2 — 1).
We conclude that this may be either down to the kinematics of the gas, as in other
galaxies (i.e. NGC 253), or self-absorption. We tabulate observational data including the
FWHM, intensity and peak velocity of each line at each pointing, for both galaxies. We
use these data to complete LTE calculations. We first use methanol detections at the
central pointing to determine a lower limit to the kinetic temperature in NGC 6946 of
14 K. Then, using CS detections at each pointing, LTE column densities were derived for
temperatures between 15 K and 300 K across both galaxies, resulting in values between
N(CS) = 3 x 10'2 em™2 and N(CS) = 2 x 10!* cm™2 in NGC 6946 and values between
N(CS) = 5 x 10'2 em~2 and N(CS) = 1 x 10 em~2 in NGC 3079. Since these values are

made under the approximation of LTE, and only for estimates of the temperature, robust
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Table 2.6: LTE Column Densities

Source Line Offset  Offset N(CS) x 101
RA (") Dec (") T=15K T=5K T=2300K
NGC 6946 CS(2—1) 0 0  0.176 0.42 2.25
0 -10 0.099 0.24 1.27
0 +10 0.087 0.21 1.11
+10 0 0.133 0.32 1.71
-10 0 0.096 0.23 1.22
-20 0 0.071 0.17 0.91
+20 0 0.046 0.11 0.58
+10 +10 0.062 0.15 0.79
+10 -10 - - -
0 -20 0.051 0.12 0.66
0 +20 0.039 0.09 0.5
NGC 6946-1 CS(2—1) 0 0 0.057 0.14 0.73
0 -10 0.027 0.07 0.35
0 +10 - - -
+10 0 0.056 0.14 0.72
-10 0 0.031 0.07 0.4
-20 0 - - -
+20 0 0.02 0.05 0.26
+10 +10 - - -
+10 -10 - - -
0 -20 - - -
0 +20 - - -
NGC 69462 CS(2—1) 0 0 0.111 0.27 1.43
0 -10 0.069 0.17 0.89
0 +10 - - -
+10 0 0.071 0.17 0.9
-10 0 0.063 0.15 0.81
-20 0 - - -
+20 0 0.024 0.06 0.31
+10 +10 - - -
+10 -10 - - -
0 -20 - - -
0 +20 - - -
NGC 3079 CS(2— 1) 0 0 0.098 0.24 1.26
0 -10 0.031 0.08 0.4
0 +10 0.122 0.29 1.56
+10 0 0.11 0.26 1.41
-10 0 0.067 0.16 0.86
-10 +10 0.074 0.18 0.95
-10 +20 0.045 0.11 0.58

”»

indicates no fit was possible
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Figure 2.11: Rotation diagram for methanol in centre of NGC 6946. The parameters for
this diagram are T = 13.6 K and N(CH30H) = 4.6 x 104 cm~2.

calculations should be carried out to constrain the conditions of the star-forming dense

gas in each galaxy. We complete this further analysis in Chapter 3.
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Chapter 3

Mapping CS in starburst galaxies:
Disentangling and characterising

dense gas. Part 2: Modelling

The work presented in this chapter is based on the paper by Kelly et al. (2015), in
collaboration with S. Viti, E, Bayet, R. Aladro and J. Yates.

In the previous Chapter, we made observations of the two nearby starburst galaxies,
NGC 6946 and NGC 3079. We mapped both galaxies in the dense gas tracer, CS. We
took pointings at the centre of each galaxy and then at offsets of 10” out to 20”. We
now complete a more detailed modelling with the aim of determining more accurately
the conditions of the dense star-forming gas. This is completed through a non-LTE ra-
diative transfer modelling which takes as an input the final abundance of CS from a

time-dependent chemical model.

3.1 Non-LTE analysis

3.1.1 Chemical modelling

A time-dependent chemical model is necessary in order to take into consideration the

history of the gas. Here we are looking at a dense core environment. The CS molecule

69
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has numerous formation and destruction routes (see, for example, the UMIST database
- McElroy et al. 2013, and section 3.1.2). These are dependent both directly on the
physical conditions and also on the formation and destruction of precursor species, both
in the gas and solid (i.e. dust grain surface) phases. It is therefore impossible to uncouple
the physics of the dense molecular regions observed, with the chemistry which occurred

during their formation.

Table 3.1: The species that were included in the chemical model. Species preceded by
“M” are grain mantle surface species.

Species
e”, H, HY, Hy, Hy, Hi, O, OF, OHT, OH, Oo, O5, H20, H,OF, H30F, OoH*
H,CN, C, C*, CH, CH™, CHy, CHJ, CHs, CHJ, CHy, CHj CH5 CH, Cy, Cf
CoH, CoHT, CoHJ, C§ CO, COT, HCO, HCO™, H,CO, H,CO™*, H3CO*
HCOJ, S, S*, HS, HSt, HaS HaST, H3St OCS, OCS*, Sy, ST, HSy, HSY, HaoSS, CS
CS*, HCS, HCS™, HaCS, HoCS*, SO, HSOT, SO, SOF, HSOF, H3CS™*
HOCS*, OoH, CO,, He, Het, HeHt, Mg, Mg*t, SO, N, N*, NH*, NH,, NH;
CN, CNT, HCN, HCN*+, HCNH*, Ny, NoH*, NS, NS* HNST, NO, NO*
HNO, HNO™, NOg, HoNO*, N OCN CH30H, HNC, HC3N, CoHy, CH3CN, CoHy
CH2CO, CoHj, CoHs, CoHF, CH3CCH CoHs50H, CoH5OHy, CH3OHy
H;C205, HCOOCH3, CoN, C3N, CoNT CoNHT, CoHy, C4N+, CH3CNH, CH3CNH*
Si, Si0, SiH, Sit, SiH*, SiH,, SiHy, SiHs, SiHj SiHy, SiHJ, SiC, SiC*+
SiCs, SiCy, SiCs, SiC3 SiOT, SiOH', SiS, SiST HSiS™
H,Si0, SiH;, Cl1, CIt HCI, HCIT, H,ClT, HNCO, HOCt, C,H
C3H,, MCH3CNH, M, HCOOCH3, MCO, MH,0, MCO,, MCH4 MN,, MHCN
MC,H, MNH3, MOy, MCS, MSO, MH,S, MHCS, MOCS, MSO,, MNS, MH,CS
MMg, MOCN, MH,CN, MS,; MHS,, MO,H, MNOy, MHNO
MCH3;0H, MHNC, MHC3N, MCyH,, MCH3CN, MC,Hjs
MH,CO, MCy, MNO MCH,CO, MCyHy, MCyH3, MCH3CCH, MC,H50H
MS, MSi, MSiHy4, MSiO, MSiC, MSiCy, MSiCs, MH,SiO, MSiS MC,H, MC3H,

To determine the properties of the gas in this type of environment, we first complete
a detailed chemical modelling, and subsequently link the outputs of this with a molecular
line radiative transfer model, as detailed in Benedettini et al. (2006). Since the majority
of CS emission is likely to be from dense, star forming regions, we model the formation
of CS through the collapse of diffuse molecular gas to a dense core. The chemical model
we use is UCL.CHEM (Viti et al. 2004b). As discussed in more detail in Chapter 1,
UCL_CHEM is a time and depth dependent gas-grain chemical model operating over two
phases. The species included in the model are displayed in Table 3.1. Phase I simulates
the collapse of initially atomic gas to a dense molecular cloud. During this phase, the

temperature is a constant at 10 K. Freeze out of species onto grain surfaces occurs; the
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model uses the chemical network from the UMIST database (Woodall et al. 2007) of which
we use 211 species and 2303 gas and grain surface reactions. Phase II simulates the gas
once it has reached a dynamical equilibrium, after the free fall collapse in Phase 1. A burst
of star formation is simulated, warming the cloud, increasing the temperature up to a
maximum of 400 K. The species included in the model include all simple extragalactic
molecules recorded so far, as well as many galactic species. Surface reactions are mainly
based around hydrogenation, allowing saturated species to form. We run a large grid of
models varying four parameters. These are, the temperature in phase II (T) in K, the UV
radiation field (x) as a multiple of the standard Milky Way ISM field (Habing 1968), the
cosmic ray ionisation rate (¢) as a multiple of the standard Milky way rate of 107'7 s~! and
the final gas density of the cloud in phase I (n(Hsz)) in mol cm™3. We vary each parameter
over a wide range, given the lack of prior knowledge of the environment we are considering.
Each model is ran over a period of up to 10° years. This is an approximate timescale for
the cloud to collapse and sufficient chemistry to occur. By doing this we can see the
effect on the chemistry and ultimately the formation of CS in different environments. In
the models, all other parameters are taken as solar, scaled to the metallicity of the two

galaxies where necessary. The grid of models we ran is summarised in Table 3.2.
Table 3.2: All permutations of these parameters were ran through UCL_CHEM

T (K) x (Habing) ¢ (1.3 x 10717 s7!) n(Hy) (em™3)

30 1 1 10°
50 10 10 10%
100 100 100 10°
200 1000 1000 106
300 10000 10000 107
400 - - 108

3.1.2 CS formation

In this section we analyse the outputs from UCL_CHEM in order to determine what
factors influence CS chemistry. The dominant formation routes to CS are not completely
understood. There was initially some agreement (Drdla et al. 1989; Lucas and Liszt 2002)
that most CS formation in the gas phase is a product of the dissociative recombination

reaction:
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HCST +e~ — CS +H, (3.1)

What is less clear is the route to the formation of HCS™. Drdla et al. (1989) found that
the following gas-phase reaction scheme reproduced CS in abundances in the same range

as their observations in relatively diffuse regions:

ST+ CH — CS*T +H,
St 4+ Cy — CST +C, (3.2)

CS* 4+ Hy — HCS' + H,

However, Lucas and Liszt (2002) found that the abundances of ST, Cy, and CH were
an order of magnitude lower than observed if the mechanism above was producing the
observed quantities of CS. Its high efficiency at low temperatures mean that reaction 3.1
is still likely to contribute to CS formation in certain environments. A general, more well
agreed upon formation route (Destree et al. 2009; Nilsson et al. 2000; Lucas and Liszt

2002) is the substitution reaction:

SO +C —> CS + 0, (3.3)

Chemical modelling (Bergin and Langer 1997) has shown that this reaction leads to a
high abundance of CS quite swiftly, until formation of CO locks away much of the atomic
carbon needed for reaction 3.3 . At later times, CS abundance drops as a result of efficient

destruction of CS with atomic oxygen:

CS+0 —> CO+S, (3.4)

Routes 3.3 and 3.4 are now believed to dominate the formation and destruction of CS
(Lucas and Liszt 2002). Analysis of our chemical models tends to broadly agree with

these findings. Both these reactions are neutral-neutral so should be highly dependent on
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temperature. In Figure 3.1, we show selected models, all with a density of n(Hy) = 10°
cm ™ with standard UV field and cosmic ray ionisation rate, only varying the temperature.
We see that at the low temperatures of 30 K and 50 K, CS is not formed efficiently in
early times and its abundance drops at later times. At 100 K, CS forms efficiently before
dropping off slightly at late times as it reacts with atomic oxygen. At 300 K, CS formation

is very efficient and we do not see any drop off in CS formation.
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Figure 3.1: Chemical models with n(Hsz) = 10° cm ™3 with standard UV field and cosmic ray
ionisation rate, and varying temperature. All the reactants from the dominant formation
and destruction mechanisms shown in Reactions 3.3 and 3.4 are shown.

While temperature is clearly very important in determining CS abundance, we find
that is not the only factor. Firstly, we find that at n(Hy) <10* cm™3, CS formation is
considerably less efficient, even at high temperatures. Figure 3.2 shows the same model
as in Figure 3.1 for 300 K but at a density, n(Hy) = 10% cm 3. We see that CS is not
formed nearly as efficiently as at higher density.

We also find the cosmic ray ionisation rate is an important parameter in determining

the dominant mechanisms. A high cosmic ray ionisation rate, leads to the destruction
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Figure 3.2: Left: Chemical model with n(Hy) = 10% cm™3 with standard UV field and

cosmic ray ionisation rate, at T = 300 K. Right: The same model but at n(Hy) = 10°

Cmig

of a small percentage of available CO, providing enough atomic carbon to allow reaction
3.3 to counteract the destruction from reaction 3.4. However, this is also more efficient
as there is more atomic oxygen available from CO. Figure 3.3 is the same at the 100 K
model in Figure 3.1 but with an increased comic ray ionisation rate of 10(y, where (y is
the standard ISM cosmic ray ionisation rate = 1077 s~!. We see just over half an order
of magnitude increase in CS abundance on the 1{y model. Studying these two models, we
find that at 1(p, a significant source of CS destruction is from Reaction 3.5. Both the
formation and destruction processes are near two orders of magnitude slower when ( is

lowered from 10 ¢y to 1 (p.

H30" + CS — HCS™ + H,0, (3.5)

3.1.3 Radiative transfer modelling

The chemical abundances of CS given by UCL_CHEM are input to the radiative transfer
model SMMOL (Rawlings and Yates 2001). This is an accelerated A-iteration (ALI) code
for solving multi-level radiative transfer problems. Data on the CS molecule - including
energy levels, transition frequencies, Einstein A coefficients and collisional rates - are taken
from the LAMDA database (Schéier et al. 2005). The code is discussed in Chapter 1 and
its ability to predict a line profile allows us to compare with our observations, giving us a

single model that best fits the chemical history and physical conditions of the environment
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Figure 3.3: Left: Chemical model with n(Hy) = 10° cm™3 with standard UV field and
cosmic ray ionisation rate of 10(y, at T = 100 K. Right: The same model but with a
cosmic ray ionisation rate of 1{

observed. Both SMMOL and UCL_CHEM are modelling the formation of one dense core.
In our beam, there must be many dense cores. At most, the beam covers an area =2 kpc
(CS(2 — 1) in NGC 3079) and the typical scale of dense cores is 0.05 pc (Shimajiri et al.
2015). It is extremely unlikely CS emission is emanating only from one dense core. If it
was, we would not see it as the signal would be too diluted in the beam. It is more likely
that the emission is coming from a number of these dense core regions. To account for
this, we estimate the number of cores in our beam and scale up the emergent flux by this
factor. Our estimate is based on a study by Lintott et al. (2005). They estimate that there
are 10* hot dense cores in the Milky Way, and calculate a scale factor for other galaxies
based on their star formation rate. We adopt the same methodology, based on the star
formation rates of our observed galaxies (see Table 2.1) and the likely central location of
the gas. Our targets are both starburst galaxies which see a greater rate of star formation
than the Milky Way, concentrated over the nuclear bulge of both galaxies (Tsai et al. 2013;
Yamagishi et al. 2010; Schinnerer et al. 2006). As these calculations are only estimates,
we scale up by orders of magnitude, and by the same values for both galaxies, although
we acknowledge that the regions observed in NGC 3079 are larger than in NGC 6946. We
use scale factors of 1, 10, and 100; leading to our estimates for the number of dense cores
to be 104, 10°, and 10°. We note that we take the arbitrary end point of the chemical
model (10° years) to input into SMMOL. While we do not claim this to be the age of
our cores, we use it as a representative chemical age of the molecular gas at large scales.

In fact, time dependent effects may be important in energetic extragalactic environments
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and have been discussed elsewhere (Meijerink et al. 2013; Bayet et al. 2008b).

Analysis of the models is completed using a x? method. We use the equation

2

N . .
2 i Fmod(z) - Fobs(l)
oy [ Fan@) ] (3.6)

Where N is the number of lines used, Fi,0q is the integrated flux of the modelled line, and
Fops is the integrated flux of the observed line. This formula has been used in previous
works in a similar way (e.g. Benedettini et al. 2006, Doty et al. 2004). We use the difference
between the model flux and the observed flux instead of the measurement error because
the errors associated with the modelling are greater than those in the observations. This
also has the advantage of avoiding giving brighter lines a higher weight. It is possible to
use SMMOL to model line profiles of CH30H and HoCO. Since neither of these molecules

were detected outside of the centre of either galaxy, it was not possible in this study.
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3.2 Discussion

We now analyse the results of our models. It is important to note that while the obser-
vations cover a large area, CS emission is predominantly emanating from smaller regions
of dense, star forming gas. We assume that there are many of these regions in our beam,
based on the work by Levine et al. (2008). Since we complete this study under the as-
sumption of either 104, 10° or 10% dense cores in the beam, we discuss each set of models
separately. The model line profiles that we analyse can be found in Appendix A, Figures
A.1to A.4. Firstly, under the assumption of 10% cores in the beam, the best fit models for
all positions in NGC 3079 are the same (Table 3.3). Temperature and density are quite
high - 400 K and 10% cm™3, respectively - with a cosmic ray ionisation rate of 100 times
the standard rate ((p). The high temperature is likely to be somewhat higher than the
average temperature across the region we are observing. The high temperature is possibly
an indication of the presence of shocks, which we discuss later.

Models for NGC 6946 follow the general pattern of decreasing density (10 cm=3 —
10° cm~3) moving away from the centre of the galaxy (when only including models with
good fits to both lines). Temperature is fairly constant at 100 K. Models for the outer
regions of our observations generally do not provide good fits, or there is not enough data
to fit to although the lowest x2s are all for high density (107 cm™3) models. We include
these results for completeness, but note that - given the high x? values - there are large
degeneracies in these models. There are no models with a density <10° cm™2 that provide
a good fit to the data (i.e. with x? <1). We note that in other works of the study of
the molecular gas in NGC 6946 (Mangum et al. 2013; Pan et al. 2015), the temperature
was found to be considerably lower (T <50 K) than we find. This, however, is not in
contradiction to the work presented here as previous studies of this galaxy have focused
on using tracers of the more extended molecular gas clouds. Taking results from this and
previous work, a pattern of giant molecular clouds (GMCs) with dense cores within them
can be assumed, as is found in Galactic GMCs such as Orion A (Shimajiri et al. 2015).
The models indicate an increased cosmic ray ionisation rate in the centre of NGC 6946.
For this to occur, there must be an enhanced source of cosmic rays. The predominant
source is likely to be supernovae. NGC 6946 has nine observed supernovae over the last
century. This is the highest number of recorded supernovae in any galaxy. This rate

compares to that of the Milky Way of two per century (Diehl et al. 2006). It is therefore
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possible that NGC 6946 would have an enhanced cosmic ray ionisation rate, although 100
times the Milky Way value may be an overestimate.

When considering 10° cores in the beam, the best fit models for each position (see Table
3.4) in NGC 3079 arise from a different set of parameters from the previous set of models,
although again there is no variation across position. Again from a high temperature model,
the density and cosmic ray ionisation rate are lower than for the 10 core simulation but
do not provide the same quality fit as shown in Table 3.3. In contrast with the results
for NGC 6946 in Table 3.3, the 10° cores models show a higher temperature and higher
density for some best fit models, although as with NGC 3079, these do not fit as well as
the 10° core models. All our model results, no matter how many cores in the beam are
assumed, show an insensitivity to UV radiation field. This is due to the high extinction in
the UV associated with the high density regions where CS emission originates. We note
that this does not imply there is a lack of UV radiation but simply that UV is unable to
penetrate down to dense cores. We find that we cannot successfully fit the observations
using 10* cores for any region of either galaxy because the antenna temperature of the
theoretical lines is too low to match observations. In many cases, the profiles do not match
either. This possibly provides a lower limit on the number of star forming cores we see

within our beam.

3.2.1 Total dense gas mass

Since we have estimated the number of dense cores required to replicate our observations,
it is possible to calculate a very simple estimate for the total mass of dense gas, as traced
by CS, in the observed region. More specifically, we are calculating the mass of gas in
our dense cores. This is completed here for the central pointing of NGC 6946. We know
the size of our dense cores so we can therefore work out the volume of one dense core as
4/3 © x (0.025 x 3.086 x 10'6)3 = 1.9 x 10* m3. For our best fit model in the central
region the molecular hydrogen density is 105 cm™3. The mass of a hydrogen molecule is
3.27 x 10727 kg. Assuming solar metallicity, for this rough calculation, this is scaled up
by a factor of 1.41 taking the mean mass of a molecule in the cloud to 4.62 x 10727 kg.
At a density of 10% cm™3, or 102 m~3, the total mass of one dense core is 1.9 x 10%° x
4.62 x 10727 x 102 = 8.7 x 10*° kg. Depending on whether we have 10° or 10° dense
cores, this gives us a mass of ~ 5 x 10% Mgor 5 x 106 M. Crosthwaite and Turner (2007)

find that the total molecular gas mass for the galaxy is 3 x 10° M. Furthermore, Israel
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and Baas (2001) calculate that the molecular gas mass within the central 0.5 kpc of the
galaxy is ~ 2 x 10" M. These values are consistent with our estimate, since we are not
including a large proportion of the molecular gas and are only interested in the dense gas.
The central region observed in Israel and Baas (2001) is very similar in size to our own.
Given this, we calculate that the dense gas mass (n(Hz) ~ 10% cm™3) as a fraction of
molecular gas mass is 0.025 - 0.25.

Battisti and Heyer (2014) find that the mean dense gas fraction of milky way GMCs is
0.07f8:é§. The technique used for this utilised overdensities of dust, and assumed that this
correlated with gas density. They state that their cutoff point is dust emission correlating
with a gas density of 10* cm™3. Since we are observing CS lines that trace gas only slightly
denser than this, we take this as a reasonable comparison. However, Solomon et al. (1992)
find that the dense gas mass ratio for starbursts is higher than that of regular galaxies.
Using the ratio of total HCN luminosity to total CO luminosity, they find values of 0.07-0.3
for several starbursts. This indicates that both our estimates are reasonable, but 10% may

be more accurate.

3.2.2 Shocks

All the discussion above assumes there are no shocks. However, CS has recently been
shown to be enhanced in shocked regions (e.g. Nicholas et al. 2012). This is also indicated
by the high temperature models which successfully fit many of the emission regions. Shock
temperatures are unlikely to be sustained for the timescale of our models but could be
very significant for CS chemistry even over a shorter timescale. As discussed in Chapter
1, UCL_CHEM is capable of simulating shocks. Here we model a simplified shock, by
introducing a short-lived increase in temperature (Viti et al. 2001). We ran shock models
for the central position of both galaxies. These were completed with the same best fit
parameters as in the 10 core models, as these give the lowest y? values. During the
shocked period, the temperature rises from 100 K to 500 K, and then reduces back to
100 K. This would be the temperature experienced during a relatively weak shock of v ~
15 km s~! (Jiménez-Serra et al. 2008). During this period, anything remaining on grain
surfaces is sublimated. In our radiative transfer code we then vary the number of cores as
before. We see that the best fits to the line intensities of CS(2—1) and CS(3—2) now come
from the model assuming that there are 10* dense cores within the beam (see Figures 3.4

and 3.5). The total dense gas mass would therefore only be ~ 5 x 10* Mg, just 0.25% of
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the total molecular gas mass. This suggests that since shocks have a significant effect on
CS emission, it is necessary to know whether the region being observed is (or has been)
shocked, in order to fully characterise the environment observed. Therefore, observations

of shock tracers (such as SiO), would be very useful in conjunction with CS detections.
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Figure 3.4: Shock model fits for NGC 6946

Examining the chemical models, during shock treatment the following formation reac-

tion also becomes important:

Cy+S — CS+C. (3.7)

Reaction 3.7 is important during the shock as it both becomes more efficient at high

temperatures and the abundance of the reactant species increases. This points to there not
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Figure 3.5: Shock model fits for NGC 3079

being one overwhelmingly dominant way of forming CS. Different reactions are responsible
for its formation (and destruction) in different conditions. Based on the UMIST database
(McElroy et al. 2013), there are 48 formation routes to CS and 17 destruction reactions.
We have shown in this work that some of them are very dominant in certain conditions,
while others play little or no role in producing or destroying CS. We also show that this
can vary strongly with environment and that mechanisms that maybe dominant in certain

conditions, are less so when those conditions alter even in quite a small way.

3.3 Conclusions

In Chapter 2, we mapped CS emission across two nearby starburst galaxies - NGC 3079
and NGC 6946. To further the LTE analysis in Chapter 2 and determine conditions
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in the dense gas environments being traced by CS, a time dependent gas-grain chemical
model (UCL_.CHEM) was linked to a radiative transfer code (SMMOL) to simulate the
line emission. Comparing the observations to the models led to the conclusion that the
amount of dense (>10° cm™3) gas needed to replicate our models was ~ 5 x 10° Mgor
5 x 109 Mgyin both galaxies. This is under the assumption that emission is coming from
between 10° and 10% dense cores of ~ 0.05 pc. Comparing to results of previous works,
this amounts to a dense to molecular gas fraction of 0.025 to 0.25.

Many regions in our galaxies are found to have high temperatures (up to T = 400 K).
We inferred from this that we may be observing shocked gas, as these would raise the
temperature of the observed regions. We were able to adapt our models to account for the
presence of shocks. We find that in order to match the observations, there may be up to
an order of magnitude less dense gas if it is in the process of being (or previously has been)
shocked. This is largely due to the increased efficiency of CS formations routes under high
temperatures. If shocks are present, the required dense gas mass fraction reduces to just
0.25%.

The routes to the formation of CS are important factors in successfully modelling
regions of dense gas. With ever more complex chemical webs, predicted abundances of
molecules become highly sensitive to set conditions. We find that shocks provide conditions
that are effective in efficiently forming CS in necessary abundances due in part to increased
efficiency of Reaction 3.7. A high cosmic ray ionisation rate (/=100 (p) could also have a
significant influence on CS chemistry by increasing the rate of Reaction 3.3. In conclusion,
CS observations, combined with chemical and radiative transfer modelling are capable of
disentangling dense star forming regions from surrounding molecular gas. With better
spatial resolution it should be possible to quantify further the chemical differentiation

across the central regions of starburst galaxies.



Chapter 4

Molecular shock tracers in NGC
1068: S10 and HNCO

The work presented in this chapter is based on a paper by Kelly et al. (2016), in
collaboration with S. Viti, S. Garcia-Burillo, A. Fuente, A. Usero, M. Krips, and R. Neri

Molecular emission is now routinely used to probe and trace the physical and chemical
processes in external galaxies. Over the past 20 years or so, different molecules have been
found to trace different gas components within a galaxy (for example HCO, HOC* in PDRs
(e.g. Savage and Ziurys 2004; Garcia-Burillo et al. 2002, HCN and CS for dense gas (e.g.
Gao and Solomon 2004; Bayet et al. 2008a)). However, it is seldom possible to identify
one molecular species with one gas component only, as often energetics play a key role in
shaping the spectral energy distribution of the molecular ladders. Of particular interest to
this study are the molecules SiO and HNCO, which are both well known tracers of shocks
(Martin-Pintado et al. 1997; Rodriguez-Fernandez et al. 2010). Both these molecules have
been observed and used as shock tracers in external galaxies (Meier and Turner 2005;
Usero et al. 2006; Martin et al. 2009a; Garcia-Burillo et al. 2010).

As discussed in Chapter 1, HNCO may be formed mainly on dust grain mantles
(Fedoseev et al. 2015) or possibly in the gas phase, followed by freeze out to the icy
mantles (Lépez-Sepulcre et al. 2015). In either case its location on the outer regions of the

dust grain means that it is easily sublimated even in weakly shocked regions; hence HNCO
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may be a particularly good tracer of low velocity shocks. Silicon, on the other hand, is
partially depleted from the gas to make up the dust grain itself. This extra silicon is only
released into the gas phase in higher velocity shocked regions through sputtering. Once it
is in the gas phase, it can react with molecular oxygen or a hydroxyl radical to form SiO
(Schilke et al. 1997), which can then be used to trace more heavily shocked regions. Thus
HNCO and SiO concomitant detection in a galaxy where shocks are believed to take place
may be able to give us a fuller picture of the shock history of the gas. This would be of
particular interest in a galaxy where an outflow may be interacting with gas in the ISM.
For this reason, we observe NGC 1068.

NGC 1068 is a well-studied nearby (D = 14 Mpc (Bland-Hawthorn et al. 1997), 1” ~ 78
pc) Seyfert 2 galaxy. Its molecular gas is distributed over three regions (Schinnerer et al.
2000): a starburst ring with a radius ~1.5 kpc, a ~2 kpc stellar bar running north East
from a circumnuclear disk (CND) of radius ~200 pc. Garcia-Burillo et al. (2010) use the
PdBI to map the galaxy and found strong detections of SiO(2—1) in the East and West of
the CND. The SiO kinematics of the CND point to an overall rotating structure, distorted
by non-circular and/or non-coplanar motions. The authors conclude that this could be
due to large scale shocks through cloud-cloud collisions, or through a jet-ISM interaction.
However, due to strong detections of CN not easily explained by shocks, they also suggest
that the CND could be one large X-ray dominated region (XDR). More recently, the CND
has been mapped at very high resolution with ALMA in several molecular transitions
(Garcia-Burillo et al. 2014; Nakajima et al. 2015; Garcia-Burillo et al. 2016). In Garcia-
Burillo et al. (2014), five chemically distinct regions were found to be present within the
CND: the AGN, the East Knot, West Knot and regions to the north and south of the AGN
(CND-N and CND-S). Viti et al. (2014) combined these ALMA data with PdBI data and
determined the physical and chemical properties of each region using a combination of CO
rotation diagrams, LVG models and chemical modelling. It was found that a pronounced
chemical differentiation is present across the CND and that each sub-region could be
characterised by a three-phase component interstellar medium: one of these components
comprises shocked gas and seems to be traced by the high J, 7-6, CS line.

We now resolve the CND in both SiO(3 —2) and HNCO(6 — 5) and couple these with
previous lower-J observations. In Section 4.1, we describe the observations, while in
Section 4.2 we present the molecular maps. In Section 4.3 we present the spectra at each

location. In Section 4.4 we perform an LTE and RADEX analysis in order to constrain
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the physical conditions of the gas, as well as chemical modelling to determine its origin.

We briefly summarise our findings in Section 4.5.

4.1 Observations

Observations of NGC 1068 were carried out with the PdBI array (Guilloteau et al. 1992)
between January 23 and March 5, 2010. The AB configurations and six antennae were
used. We simultaneously observed the (v=0, J=3-2) line of SiO (at 130.2686 GHz) and the
J=6-5 band of HNCO (at 131.4-132.4 GHz). The HNCO(6-5) band is split up into many
hyperfine lines blended around five groups ((K}, Ko)=(1,6) — (1,5),(2,5) — (2,4), (2,4) —
(2,3),(0,6) — (0,5), and (1,5) — (1,4)). The strongest group of lines, ((Kp, Ko)=(0,6) —
(0,5)), lies at 131.8857 GHz. During the observations the spectral correlator was centred at
the mock rest frequency 131.0765 GHz. This choice allowed us to cover simultaneously the
SiO and HNCO lines. Rest frequencies were corrected for the recession velocity initially
assumed to be v,(HEL)=1137km s~!. The correlator configuration covers a bandwidth
of 1 GHz for this setup, using eight 320 MHz-wide units with an overlap of 90 MHz; this is
equivalent to 2290 km s~! at 131.0765 GHz. Observations were conducted in single pointing
mode of size 38.8" centred at as000=02"42"40.71° and d2900=—00°00'47.94". The latter
corresponds to the nominal position of the AGN core, as determined from different VLA
and VLBI radio continuum images of the galaxy (e.g. Gallimore et al. 1996). Visibilities
were obtained through on-source integration times of 20 minutes framed by short (~ 2 min)
phase and amplitude calibrations on nearby quasars. The absolute flux scale in our maps
was derived to a 10% accuracy based on the observations of primary calibrators whose
fluxes were determined from a combined set of measurements obtained at the 30m telescope
and the PdBI array.

The image reconstruction was done with the standard IRAM/GILDAS software (Guil-
loteau and Lucas 2000). We used natural weighting and no taper to generate the SiO
and HNCO line maps with a size of 133" and 0.13"”/pixel sampling; the corresponding
synthesised beam is 1.1” x 0.7” (~ 86 pc x55 pc, PA=23°. The conversion factor between
Jybeam™! and K is 90K Jy~! beam. The point source sensitivities were derived from
emission-free channels. They are 1.2mJy beam™! in 5 MHz-wide channels. Images of the
continuum emission of the galaxy, not shown in this Chapter, were obtained by averaging

those channels free of line emission at both frequency ranges.
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We have also used the SiO(v=0, J=2-1) PdBI map of Garcia-Burillo et al. (2010) to
derive the 3-2/2-1 line ratio map in Ty, units at the common (lower) spatial resolution
of 3.6” x 2.1”, PA=29° of the 2-1 line map. This required the use of a Gaussian kernel of
3.4" x 1.9", PA=29° to convolve the SiO(3-2) map. Hereafter, velocities are referred to
vo(HEL)=1137km s~ L.

Table 4.1: Locations of peak emission for each line, with offset from CO(3 — 2) emission

Line Position RA Dec ARA, ADec () Location
SiO(3 —2) East Knot  02:42:40.771 -00:00:47.98 0, 0.1 East Knot 1
HNCO(6 —5) East Knot 02:42:40.763 -00:00:48.60 -0.1, -0.8 East Knot 2
CO(3—2) Fast Knot 02:42:40.771 -00:00:47.84 0,0 -
SiO(3 —2) West Knot  02:42:40.608 -00:00:48.43 -0.3, -0.6 West Knot 1
HNCO(6 —5) West Knot 02:42:40.590 -00:00:48.77 -0.6, -0.48 West Knot 2
CO(3—2) West Knot  02:42:40.630 -00:00:47.84 0,0 -

4.2 Molecular gas maps

4.2.1 SiO

Figure 4.1 shows the SiO(3 — 2) intensity map over the central 6”x 6” region. Data are
included across a 500 km s~! spectral window centred around the SiO transition. We see
strong emission to the East of the AGN, with weaker detections to the south and West.
In agreement with SiO(2 — 1) (Garcia-Burillo et al. 2010), little emission is seen around
the AGN itself. Table 4.1 shows the coordinates of the peak emission of SiO(3 — 2) to
both the East and West of the AGN. This is compared to those in Viti et al. (2014) from
CO(3 — 2), which is used to identify an East Knot and a West Knot. This notation is
continued for the rest of this Thesis.

We see that the peak SiO(3 — 2) emission matches well with the molecular gas traced
by CO(3 — 2) in the East Knot (see Table 4.1) but it is slightly offset in the West Knot.
It should be noted that since emission here is weak and extended and the beam size is 1”,
this offset may not be meaningful. We do not see any noticeable emission outside of the
circum-nuclear region about the AGN. The starburst ring is not detected in the SiO(3—2).

We also present SiO maps for varying velocities (Figure 4.2). These are split into 100

km s~! bands, centred around v - v, = 0 km s~!. Examining these plots, it is clear that

1

)

the majority of SiO emission in the East Knot is coming from the central 100 km s~
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with minor contributions from >50 km s~! and <-50 km s~'. However, in the West Knot,
although the line is much weaker, the majority of SiO emission is from velocities >50 km

s~!. This is further analysed in section 4.3.

0.1 1

0

A

-R

Figure 4.1: SiO(3 — 2) map. Contours are from 3o in increments of 1o where o ~0.08
Jykm/s/beam. The black crosses indicate the approximate position of the CO(3 —2) peak.
The beam size is displayed in the bottom left.

4.2.2 HNCO

Figure 4.3 shows the HNCO(6 — 5) map over the same region as the SiO(3 — 2) map, and
integrated across the same spectral window. The strongest emission is seen in the West
Knot, but is also clear in the East Knot. There is little to the north or south of the AGN.
Nothing is seen around the AGN itself. When compared to both the SiO and CO peaks,
it is clear that the HNCO emission is offset in both regions. It is significantly south (~1")
and slightly West of the other peaks. We show this in Figure 4.4, where we overlap the
two sets of data.

Although we do not split HNCO(6 —5) emission into bands, due to its weaker emission

compared to that SiO(3 — 2), we analyse HNCO spectra in section 4.3.

4.3 Spectral analysis

We extract spectra from four regions of the CND. These are the peaks in the East Knot and

West Knot of SiO and HNCO. We extract a spectrum from both species in these regions,
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Figure 4.2: SiO(3 — 2) maps for velocity widths of 100 km/s. Contours are from 3¢ in
increments of 1o where o ~0.04 Jykm/s/beam
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Figure 4.3: HNCO(6 — 5) map. Contours are from 3¢ in increments of 1o where o ~0.1
Jykm/s/beam. The black crosses indicate the approximate position of the CO(3 —2) peak.
The beam size is displayed in the bottom left.

giving us eight spectra in total. We also overlay the CO(2 — 1) line (its peak scaled to
the HNCO(6 — 5) peak), from PdBI observations, degraded to the same resolution as
the SiO(3 — 2) line. We do this to confirm that the HNCO(6 — 5) emission we see, in
particular in West Knot 2, is real. In this location, although the profiles are different, we
see contiguous emission from 200 km s~! down to -200 km s~! in CO(2 — 1). The wings
of the CO(2 — 1) line are at detection confidence level of 40. We also see a clear detection
of CO(3 — 2), which is not shown so as not to confuse the figure, at high velocities in
West Knot 2, from ALMA observations. This is not to suggest that CO is tracing shocked
gas: in fact CO is present in the shocked region as well as in the other components of
the molecular gas. We use CO only as a guide to see the allowed velocities for SiO and
HNCO. As further reassurance our detection of HNCO in the West Knot is real, there are
no other detectable transitions of other species near the HNCO(6 — 5) band frequency.

The four locations are displayed in Figure 4.4 and Figure 4.5 . We see in East Knot
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Figure 4.4: Overlap of SiO (colours) and HNCO (contours). The locations identified for
further analysis are labelled. Contours are from 3¢ in increments of 1o where ¢ ~0.1
Jykm/s/beam. The black crosses indicate the approximate position of the CO(3 — 2)
peak.

1, the point of peak SiO emission in the East Knot, a strong SiO line centred around -12
+ 4 km s™!, compared to Vsys, Where there is also evidence of a double peak. In the same
location, HNCO displays a similar feature, but is much weaker. It is centred around -6 +
15 km s, compared to vsys. Moving to East Knot 2, the Eastern peak of HNCO, we see

L compared to

a notably weaker detection of SiO. Both are centred around ~ 30 km s™
Vsys- In the position West Knot 1, we see only a marginal increase in SiO signal above the
baseline noise, despite this being the peak signal for SiO in the West. We also see weak
emission for HNCO in this location. At the HNCO peak, West Knot 2, the SiO spectrum
displays the same characteristics as in West Knot 1. This is not surprising judging from
Figure 4.1, which shows a diffuse SiO peak. The HNCO peak is weak, but very broad if
one assumes a single peak, with a linewidth of 399 + 57 km s~

We compare the velocity integrated line ratios for each location (Table 4.2). In the
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Figure 4.5: SiO(3 — 2), HNCO(6 — 5) and CO(2 — 1) at four different positions listed in
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Table 4.2: Velocity integrated line ratios

Location HNCO(6 —5) / SiO(3 —2)

EK-1 0.48 £ 0.09
EK-2 0.38 = 0.08
WK-1 1.8 £ 0.46
WK-2 3.5£1.2

Ad(arecsec)
0

Aa(arcsec)

Figure 4.6: Colours: ratio of SiO(3 — 2)/SiO(2 — 1). Contours: SiO(3 — 2) at original
resolution.
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East, locations 1 and 2, SiO dominates by a factor of 3. In the West, West Knot 1, HNCO
is a factor of 1.8 stronger, and twice that in West Knot 2. As a first approximation, the
HNCO/SiO ratio may be considered a measure of the shock strength, since it takes a
stronger shock event to increase the SiO abundance. This indicates that if we take the
velocity integrated line ratios, shocks in the East Knot are significantly stronger than those
in the West Knot. The average ratio in the East Knot is HNCO(6 — 5) / SiO(3 — 2) =
0.35 = 0.13 and in the West Knot, HNCO(6 — 5) / SiO(3 — 2) = 2.5 £+ 1.3. In addition,
the shock strength might be considered to be relatively constant to the East, but due to
the disparity in ratio in the two locations in the West Knot, shock velocities may differ on
comparatively small scale.

In addition, using SiO(2 — 1) data from Garcia-Burillo et al. (2010), we produce a
SiO(3 —2)/SiO(2 — 1) ratio map. To do this the resolution of the SiO(3 — 2) observations
is degraded to match the lower transition. The map is displayed in Figure 4.6. There is a
clear gradient from East to West. In the East the ratio is ~ 1.2 but this drops to ~ 0.5 in
the West. This compares well with previous observations in Garcia-Burillo et al. (2014)
and Viti et al. (2014), who find a comparatively higher excitation of other molecular lines
in the East Knot compared with the West Knot.

Our velocity integrated line ratio (HNCO(6 —5) / SiO(3 — 2)) values in the East Knot
are comparable to the inner disk of NGC 253, which were calculated using the slightly
lower J transitions, HNCO(5—4) / SiO(2—1) (Meier et al. 2015). The NGC 253 compact (r
~ 170 pc) region has a large quantity of dense gas and an increased rate of star formation.
The values are also comparable to M82 (Martin et al. 2009b). The outer disk of NGC
253 shows similar ratios to that of the West Knot. The outer disk is suggested to be a
region where gas is flowing radially inwards (in contrast to the radially outflowing gas in
NGC 1068 (Garcia-Burillo et al. 2000)). They also match well with the shocked Giant
Molecular Clouds (GMCs) in the nearby spiral barred galaxy Maffei 2 (Meier and Turner
2012).

We note that we can not however simply correlate the shock strength with the HNCO/SiO
ratio, especially as several gas phase reactions may contribute to the formation and de-
struction of both molecules. For example, HNCO is readily photodissociated at a rate ~
30 times faster that SiO (Sternberg and Dalgarno 1995). If in the presence of significant
UV radiation, HNCO abundance will be significantly lowered compared to SiO. We would

therefore see weaker emission and our ratios would be decreased by this effect.
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4.4 Analysis

In this section we attempt to quantify the differences we observe between SiO (3 —2) and
HNCO (6 — 5) emission by position in the CND. There is strong SiO (3 — 2) emission in
the East Knot, peaking at East Knot 1, whereas HNCO (6 — 5) emission is relatively weak
in the same region. Conversely, we see that SiO (3 — 2) and HNCO (6 — 5) emission is
more equal in the West Knot, and HNCO (6 — 5) emission is stronger than SiO (3 — 2)
in West Knot 2. In order to explain these differences, we complete a three-phase analysis:
a basic LTE analysis, a further radiative transfer modelling using RADEX (van der Tak
et al. 2007), and a chemical modelling using UCL_CHEM, along the lines of the procedure
set in Viti et al. (2014).

4.4.1 LTE

Here we calculate column densities, IV, of Si0 and HNCO, assuming local thermodynamic

equilibrium (LTE) and optically thin emission. For that we use equation 1.

Trot) E
Npor = 1. 1014 QTror u /T 4.1
mol 67 x 10 MZZ/S exp ETor mbdv ( )

Where Q(Tyot) is the partition function, p is the dipole moment in Debye, S is the line
strength, E,/k is the upper energy level in K, T, is the rotational temperature of the

1. we therefore convert our data from Jy

molecule. The units of the integral are K km s~
beam ™! to T},;. Viti et al. (2014) find a minimum temperature of ~ 50 K. We therefore
use this temperature as our first T, in order to get the values of N(SiO) and N(HNCO)
for each location. It is possible the average temperature of the gas is >50 K, especially
if the gas is shocked. To account for this, we also calculate column densities for 100 K
and 200 K. These temperatures also correlate with the findings of Viti et al. (2014). The
calculated column densities are displayed in Table 4.3. HNCO (6 —5) is a band of several
blended lines in our observations. To calculate a column density, we use average values
from the strongest band, HNCO(K,,, K,))=(0,6)-(0,5). It is possible that the gas density
may be below the critical density of the transitions. However, since there may be shocks
present, the density of the gas traced by these molecules may be much higher than the

gas surrounding it. The critical densities, n., of SiO(3 — 2) and the strongest band of

HNCO(6 — 5) are in the order of 105 cm~3. Since the gas may not be thermalised, our
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LTE column density values should be used with caution.
Table 4.3: LTE column densities in each location

Location N(SiO) (ecm~2) N(HNCO) (cm™?)

T=50K
EK-1 2.4 x 1014 3.2 x 101
EK-2 1.5 x 104 6.8 x 104
WK-1 6.2 x 1013 8.4 x 1014
WK-2 4.9 x 1013 1.3 x 10%°
T =100 K
EK-1 4.3 x 104 7.2 x 1014
EK-2 2.6 x 10 1.5 x 10'°
WK-1 1.1 x 104 1.9 x 10'°
WK-2 8.6 x 1013 2.9 x 101°
T =200 K
EK-1 8.0 x 1014 2.0 x 1015
EK-2 4.8 x 101 4.2 x 101
WK-1 2.1 x 1014 5.2 x 1015
WK-2 1.6 x 104 7.8 x 1010

Comparing the column densities from Table 4.3, we notice that, in East Knot 1, where
SiO emission peaks, column densities for SiO and HNCO are quite similar, but N(HNCO)
is greater than N(SiO) at all temperatures. In East Knot 2, the peak of HNCO emission
in the East Knot, N(HNCO) is half an order of magnitude higher than N(SiO). In the
West Knot, N(HNCO) is between 1-2 orders of magnitude greater than N (SiO). This is
assuming that SiO and HNCO emission is coming from the same gas component. However,
under the assumption that SiO traces a fast shock and HNCO traces slower shocks, the gas
emitting in SiO may well be warmer. We find that, if one assumes the gas emitting SiO and
HNCO has the same temperature, then East Knot 2, and West Knot 1&2, still show that
HNCO column density is higher than that of SiO. In East Knot 1, if the temperature of
the SiO emitting gas is 100 K, and the HNCO emitting gas is 50 K, N (SiO) is greater than
N(HNCO). If N(SiO) is then calculated assuming the temperature is 200 K, it becomes
greater than N(HNCO) by a factor of ~ 2.5.

4.4.2 RADEX

In order to further characterize the emitting gas in SiO and HNCO, we run a RADEX
(van der Tak et al. 2007) analysis. Since we only have one transition for each molecule,

we also take the SiO(2 — 1) line from Garcia-Burillo et al. (2010) and the HNCO(5 — 4)
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line from Takano et al. (2014). We complete a separate analysis for each location, using
the brightness temperature of the four observed lines, therefore assuming a common filling
factor. Our grid of models are run varying hydrogen number density from 10% cm™3 to
108 ecm ™3 and temperature from 10 K to 300 K. We use an initial input of column density
based on our LTE calculations at 50 K. We then vary the column density by up to an
order of magnitude. For the purpose of our analysis, we divide our model grid in subsets
where we consider a set of models as models with a constant column density. This results
in sets containing over 15,000 models. RADEX requires an input value for column density
over line width (N;,,0;/AV). We measure the line width by fitting a Gaussian to each line.

The mean value of the line width is ~ 150 km s 1.

This is the value we use for all our
RADEX models. We vary this value by a factor of 2 as a check of its influence on our
results. A smaller or larger line width has a marginal effect on our best fit parameters,
but not enough to alter our conclusions.

We calculate a reduced x? for each model compared to observations in each of our four

locations. The reduced x? equation used is the same as in Viti et al. (2014), although here

we compare observed and modelled brightness temperature, not ratios:

1 K

Xted = K > llog(T,) — log(Tw)J? /0 (4.2)

n=1

Where K is defined as N - n, where N is the number of observed lines and n is the number
of varied parameters. In this case, N = 4 and n = 2. T, and Ty, are observed and
modelled brightness temperature respectively, and ¢ is the uncertainty on the observed
brightness temperature. We estimate o to be 20% for all our observations based on the
systematic uncertainty from calibration. Our results are displayed in Figure 4.7. We
find that the lowest median x? values are for models within the set ran with our initial
LTE estimated column density for 50 K, although the differences are quite small. In this
section we therefore concentrate on analysis of this set, but note that the results of using
a higher column density would lead to similar conclusions.

We describe below our findings per each location:

e East Knot 1: the values of y? are generally quite high. Nevertheless the lowest

x? constrains both density and temperature at around 10°-10°% cm ™ and 10-30 K.
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Figure 4.7: Log of x? fits from RADEX modelling for each location with varying temper-
ature and density. Darker regions show a lower y? and therefore better fit than lighter
regions

However we also note that if one accepts log of x? of just 0.2 higher than the best

fit then densities may be as high as 107 cm™> and temperatures between 40-65 K.

e East Knot 2: we obtain a fairly low log of x? for a density between 10* and 10°
cm ™ but temperature is quite poorly constrained as low x? values are found across

our entire temperature range.

e West Knot 1: this location is not well fit at all. The lowest (but still very high) x?
are found for either a combination of very low densities (< 10* cm™3) and a large
range of temperatures or very high densities and temperatures (> 10" cm~3 and >

250K respectively).

e West Knot 2: this location is well fit by a density between 10*-10° cm™3; however

we are not able to constrain a temperature.

While we were not able to find a convincing solution for West Knot 1, two main results

for the remaining Locations emerged: (i) the density of the gas is at least 10* cm~3, with
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East Knot 1 having the highest density and East Knot 2 and West Knot 2 having a similar
density (consistent with all previous work on the dense gas of NGC 1068 from Krips et al.
2011 and Viti et al. 2014); (ii) the temperature of the gas is generally not well constrained.
This may be due to the upper energy levels of our transitions being significantly lower than
the actual temperature of the gas. Viti et al. (2014), using mostly transitions with upper
energy levels similar to that of HNCO(6 — 5), conclude that the temperature of the gas in
the West Knot may be as high as 200 K. For HNCO(6—5), E,, =~ 65 K. Alternatively, it also
may be an indication that the gas component(s) where SiO and HNCO emission originates
from are not at a constant temperature. This is not surprising since the emission may be
coming from a shocked region, where temperatures vary swiftly with time and space (and
the cooling rate is proportional to the square of the density). We investigate the shock
chemistry that may give rise to the SiO and HNCO emissions in the next Section.

Since we cannot constrain temperature, we complete a second grid of RADEX models
using the temperature for the East and West Knots found in Viti et al. (2014). These are
~50 K for our East Knot locations and ~200 K for the West Knot locations. We vary
column density and gas density. We find that in both East Knot locations, the observations
are best fit for a gas density of 10*-10% cm™2, which is consistent with previous RADEX
findings. We find a column density, N, of both molecules of 10'4-10' ecm~2, which is
consistent with the fact that LTE values are lower limits. The West Knot locations

3

are both poorly constrained. At a gas density of 10° cm™ we find similar x? values

2 These results are

for a range of solutions for column density, N, from 10'2-10'% cm™
summarised in Table 4.4. Our RADEX modelling findings are very similar to what has
been found previously in Viti et al. (2014). However we are much more limited by the
number of transitions we have. Our RADEX results must be used with caution. RADEX
treats optical depth with an escape probability approximation and assumes a single phase
homogenous medium. This leads to two complications. Firstly, we would not expect our
observations to be well fit by a single temperature and density, because we are observing
a large region with a range a physical characteristics. Secondly, for a true, absolute x?
analysis, it is important to know to a good degree of accuracy, the error on the result.
The approximation in RADEX, discussed in Chapter 1, can sometimes lead to a large
uncertainty. Tunnard and Greve (2016) find this to reach as high as a factor of 10 when

attempting to recover RADEX input parameters, and that the error varies by a large

degree. The best we can do is use the best estimate of error which is the calibration error



4.4. Analysis 101

on the telescope. Therefore, while our analysis should give a reasonable estimate of the
relative likelihood of the parameters fitting the average conditions of the region we observe,
we cannot really use a x? value to give an absolute probability of the model fitting the

data.

Table 4.4: RADEX modelling results assuming a fixed temperature, showing ranges for
which a best fit is found in each location

Location T (K) n(Hsz) N(SiO) (em~2) N(HNCO) (cm~2)
EK-1 50 10105 em™3  10%-10® em=2  10™-10'5 cm—2
EK-2 50 10%-10° em™3  104-10® em~2  10'4-10'® cm—2
WK-1 200 10° cm ™3 101210 em=2  10%3-10'5 cm—2
WEK-2 200 10° em—3 10210 em=2  1013-10% cm—2

4.4.3 Chemical modelling

Following the methodology of Viti et al. (2014) we now adopt a chemical model in order
to determine the origin of the emission in HNCO and SiO as well as shed light on the
temperature of the gas. In particular, we investigate whether the passage of shocks may
significantly affect the production or destruction of SiO or HNCO in the gas. We use
UCL_CHEM, a time-dependent gas-grain chemical model (Viti et al. 2004a) coupled with
a parametric shock code (Jiménez-Serra et al. 2008). Details of the coupled code can
be found in Viti et al. (2011) and in Chapter 1 of this thesis. As discussed previously,
the model is ran in two phases. Phase I simulates the gas phase chemistry during the
formation of high or medium density clumps, along with a freeze out of gas phase species
onto dust grain mantles and possible subsequent surface reactions. Other than molecular
hydrogen, all initial species are atomic. Initial abundances were set to be solar, other than
Si, where we vary an amount that is depleted into dust grain nuclei: this parameter is of
particular importance when discerning between shock and non-shock models because in the
former the Si in the nuclei would be sputtered back into the gas phase. Phase II simulates
either the passage of the shock or simply an increase in gas and dust temperature due to
energetics events such as a starburst; it then follows the time evolution of the chemistry
in the gas and on the grain mantles. For the shock models this phase includes a plane-
parallel shock component with a set velocity, Vg, temperature, T,,,, and saturation time,

tsqt- For both shock and non shock models, the grain mantle, where both HNCO and Si
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are present, is sublimated; in addition in the shock models the nuclei of the dust grains

may be sputtered, depending on the shock velocity.
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Figure 4.8: Chemical shock modelling showing Si, SiO and HNCO. These are fast (60
km/s) shock models 1-3.The black line shows temperature variation.

We run a grid of models, listed in Tables 4.5 and 4.6. Garcia-Burillo et al. (2014) find
that the outflow in NGC 1068 has velocities up to 100 km s~!, but which vary strongly
over the regions observed. The area is large and we are not just observing a single shocked
area. As a representative fast shock, we take a value of 60 km s~! for our models. At
this velocity, some grain sputtering occurs; the percentage of Si from the grains that gets
sputtered is debated: we use the results from the modelling of Jiménez-Serra et al. (2008),
see their Figure 6, for the purpose of this study and we shall therefore assume that 10% of
the Si locked in the dust grains will sputter. At these velocities, all the mantle is sputtered.

We also investigate the possibility that there are some much weaker shock events
occurring, and take a value of 20 km s~!. At this velocity, sputtering from grain nuclei
is negligible but mantles should return to the gas-phase quite efficiently (Gusdorf et al.
2008). In addition, we run non-shock models, as a check to see if we could produce

observable quantities of both species without the need for shock chemistry. Note that
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Figure 4.9: Chemical shock modelling showing Si, SiO and HNCO. These are fast (60
km/s) shock models 4-6. The black line shows temperature variation.

the non shock models are still run at a temperature (typical of regions where stars have
formed) that leads to mantle sublimation. Most silicon is locked up in grain nuclei and
silicon is therefore significantly depleted from solar values. As much as 99.96% of silicon
may be depleted into dust grain cores (Jiménez-Serra et al. 2008; Snow and Witt 1996;
Anders and Grevesse 1989). This value has some uncertainly so we adopt three values for
our initial abundance of Si of X(Si) = 1%, 0.1% and 0.01% of the solar value. We hold
the value of the UV radiation field at the standard interstellar value. The high extinction
in the dense gas we model, even pre-shock, would shield the gas so that an increase in UV
would have little effect (Viti et al. 2014).

Krips et al. (2011) as well as Viti et al. (2014) find that the gas in the regions we are
observing has a density, n(Hz) > 10* cm™3 (also confirmed by our RADEX analysis) and
that the average gas temperature between 60 and ~ 200 K. We choose to run our shock
models with a pre-shock density of 103-105 em™3 (leading to a post-shock density of >
10* em™3). At 10% cm~3 the gas and the dust is not coupled. Therefore the temperature

of the dust will be lower than the gas temperature, and at this density the dust grain
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Figure 4.10: Chemical shock modelling showing Si, SiO and HNCO. These are fast (60
km/s) shock models 7-9. The black line shows temperature variation.

mantles are not sublimated until the shock occurs and temperature and density increase.
At higher densities, we assume coupling between gas and dust and hence the mantles are
already sublimated before the shock occurs. Our non shock models are completed using
density 10%-10° cm 3.

In Figures 4.8 to 4.10, we show the fractional abundance (with respect to the total
number of hydrogen nuclei) of Si, SiO and HNCO for our fast shock models. The main
difference between the models with a very low pre-shock density and the higher density
ones are that for the former there is no mantle sublimation until the shock arrives, while
in the latter the mantle thermally sublimates; this leads to a slightly different behaviour
for HNCO which always undergoes an enhancement during the shock passage: however
for higher pre-shock densities it also seems to decrease again once the shock has passed.
In all the fast shock models Si is significantly enhanced as the shock sputters the grain
core. The Si, now in the gas phase, reacts quickly with Os and OH during the shock
event. In addition, at the peak of the shock, Si reacts with CO to form SiO, the very high

temperatures overcoming its large activation barrier. These reactions cause a rapid rise



4.4. Analysis 105

n(H,) = 10° cm~*, Si depletion = 1% Solar

n(H,) = 10° cm~*, Si depletion = 0.1% Solar

— SIo

10° E

fractional abundance
temperature (K)

fractional abundance
temperature (K)

1070 L

101l

1012 . . 10° 102 . . 10?
10° 10* 10° 10° 10* 10° 10° 10" 10% 10° 10* 10°
time (yrs) time (yrs)

fractional abundance
temperature (K)

1070 L

101 L

102 . . 10?
10° 10* 10° 10° 10* 10°
time (yrs)

Figure 4.11: Chemical shock modelling showing Si, SiO and HNCO. These are slow (20
km/s) shock models 10-12. The black line shows temperature variation.

in SiO. SiO abundance levels off after the shock but Si falls, reacting in particular with
CaHs to form SiCs. The amount of Si initially depleted into olivine grain cores does not
have a large impact on the final abundance of SiO. This is because much of the Si depleted
returns to the gas due to sputtering during the shock.

In Figures 4.11 to 4.13, we show our weak shock chemical models. For the weak shock
models the main difference, due to the different densities used, is in whether the gas and
dust are coupled: in the latter case sublimation of the icy mantles occurs before the shock
arrives, as in the case of the fast shock models, while for the low density models the icy
mantles are released back to the gas phase only when they get sputtered by the passage
of the shock. However, because the density is very low (10% cm~3) hardly any freeze out
takes place in Phase 1. Sputtering of the grain cores does not occur. In both low and
high density models we find that following the shock the HNCO abundance increases by
up to 3 orders of magnitude. The increase is not so pronounced for the SiO abundance.
In this case the amount of Si depleted to the dust is important in determining the final

SiO abundance, as the weaker shock does not sputter the grain core.
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Figure 4.12: Chemical shock modelling showing Si, SiO and HNCO. These are slow (20
km/s) shock models 13-15. The black line shows temperature variation.

In Figures 4.14 to 4.15, we show our chemical models without any shocks. We see
here a very small rise in SiO over time. HNCO increases significantly at late times. These
models were ran at a density always equal or higher than 10* cm™3; hence the gas and dust
are assumed to be coupled and mantle sublimation therefore always occurs. The initial
elemental Si depletion is important in determining the final SiO abundance, as nothing
returns to the gas phase from the dust grain cores. In order to compare the observed
fractional abundances with our chemical models, we can calculate a fractional abundance
from the column densities we calculated from our RADEX modelling. This is subject
to two important limitations. Firstly, we must assume a CO/Hg fraction. We take the
canonical value of 10™%, which also matches well with what we find in our models. In
addition, the chemical modelling only gives fractional abundances at single points in time
and space. Our observations encompass a very large region, which will include a large
gradient of abundances. So while the chemical modelling is very useful for seeing trends in
production or destruction of different molecules, it is difficult to quantitively and directly

compare to observations. Nevertheless, we calculate the fractional abundance X(SiO) ~
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Figure 4.13: Chemical shock modelling showing Si, SiO and HNCO. These are slow (20
km/s) shock models 16-18. The black line shows temperature variation.

10~% and X(HNCO) ~ 10~ in the East Knot locations. The column density estimates in
the West Knot are very broad but give X(SiO), X(HNCO) ~ 107! to 10~8. The values
found in the models can best be described as an upper limit given that our observations
cover an area greater than a single shocked region. In the fast shocked models, X(SiO)
peaks at ~ 1076, comfortably more than observations. X(HNCO) peaks are ~ 1077,
roughly the same as observed. As this is an upper limit, it seems unlikely that the HNCO
we observe is being produced significantly in fast shocks. In the weak shock and no shock
models, we see the opposite. X(HNCO) peaks at ~ 10~7 but X(SiO) only reaches ~ 1078,
This indicates that fast shocks are likely to be producing SiO, whereas weak shocks, or
warm, dense gas is likely responsible for the HNCO we observe.

To further this analysis, we quantify the difference that the passage of a shock makes
by comparing a fast shock model with a non shock model ran at the same density (e.g.
Model 7 and 22): we find that HNCO is in fact much more enhanced in the non shock
models implying that although a fraction does come from the mantles (which evaporate

in both cases, at least for the high density models) the bulk of its increase happens in
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Figure 4.14: Chemical modelling with no shocks showing Si, SiO and HNCO. Models
19-21.

the warm gas phase after the ices sublimate. However, surprisingly, this increase does
not occur in the shock models where the temperature is even higher. The main route to

formation in the gas phase for HNCO is Reaction 4.3.

CH, + NO —» HNCO + H (4.3)

During the fast shock, NO is very rapidly destroyed through reaction with atomic hydrogen

(Reaction 4.4), which is enhanced.

H+NO — OH+N (4.4)

This can be seen clearly in Figure 4.16. Reaction 4.4 only proceeds at very high tem-
peratures and does not occur at all during the slow shock or without a shock. This is

confirmed by the fact that in a slow shock model HNCO does in fact increase at late times
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Figure 4.15: Chemical modelling with no shocks showing Si, SiO and HNCO. Models:
22-24.

as much as in a non shocked model. SiO on the other hand clearly needs a fast shock to
be enhanced and the level of enhancement will depend on the initial elemental depletion.
Clearly there are too many parameters that play a role for us to be able to quantitatively
fit the HNCO and SiO observed in the four different locations; nevertheless we do have
an explanation for the anti-correlation of these two species: a high SiO and a low HNCO
seem to indicate the presence of a fast shock while a low SiO and a high HNCO imply

either a very slow shock or a warm dense non shocked gas.

4.5 Conclusions

We have used the Plateau de Bure Interferometer to map two shock tracers, SiO and
HNCO. SiO(3 — 2) is detected strongly to the East of the AGN and to some extent to
the West. HNCO(6 — 5) is detected more strongly to the West, but is also detected in
the East. The emission of the two lines is slightly offset from one another. We extracted

spectra to analyse from the four peak emission locations of both lines. This allowed us to
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Table 4.5: Chemical shock model input parameters

Model  n(Hg) Vi Thaz  tsat Si

number (cm™3®) (kms™!) (K) (yr) Depletion
1 103 60 4000 380 1% Solar
2 103 60 4000 380 0.1% Solar
3 103 60 4000 380 0.01% Solar
4 104 60 4000 38 1% Solar
5 104 60 4000 38  0.1% Solar
6 104 60 4000 38  0.01% Solar
7 10° 60 4000 3.8 1% Solar
8 10° 60 4000 3.8  0.1% Solar
9 10° 60 4000 3.8 0.01% Solar
10 103 20 900 570 1% Solar
11 103 20 900 570 0.1% Solar
12 103 20 900 570 0.01% Solar
13 104 20 900 57 1% Solar
14 10* 20 900 57  0.1% Solar
15 104 20 900 57 0.01% Solar
16 10° 20 900 5.7 1% Solar
17 10° 20 900 5.7  0.1% Solar
18 10° 20 900 5.7 0.01% Solar

Table 4.6: Chemical non-shock model input parameters

Model  n(Hs) Si

number (cm™3)  Depletion
19 104 1% Solar
20 104 0.1% Solar
21 104 0.01% Solar
22 10° 1% Solar
23 10° 0.1% Solar
24 10°  0.01% Solar

complete a RADEX radiative transfer modelling using our observations and SiO(2—1) and
HNCO(5 — 4) from literature. We used parameters for the East and West Knot obtained
by Viti et al. (2014) through a modelling of HCN, CS, CO and HCO™. We found that in
order to obtain a fit to our observations, the gas density, n(Hsy) must be higher than 10%
cm 3. We also found that, in general over the four locations, it was very hard to constrain
a temperature. This may indicate that the gas as traced by HNCO and SiO is not at a
constant temperature, consistent with a shocked region’s varying temperature. Although
this could also be due to the gas being of higher temperature than the upper energy levels

of our transitions.
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Figure 4.16: Chemical shock modelling showing H, NO, and HNCO. This is fast (60 km/s)
shock model 7. The rapid decrease in NO is due to reaction with H. HNCO requires NO
to form and therefore does not increase in abundance after the shock, in contrast to what
is found in both slow (20 km/s) and non shocked models.

In order to further investigate the origin of the SiO and HNCO emission we completed
chemical modelling. We modelled a representative fast shock (60 km s~1!), slow shock (20
km s~!) and no shock. We found that SiO is significantly enhanced during the fast shocks,
due to grain core sputtering of Si. It was slightly enhanced during the slow shock and
was also produced to some extent in the no shock models. We found that HNCO actually
decreased in the fast shock models due to the destruction of its precursor, NO. This occurs
through reaction with atomic hydrogen and only proceeds at the very high temperatures
found during the fast shock. To confirm this, during the slow shock, HNCO abundance
significantly increases. HNCO also increased in abundance without need for a shock, in
warm dense gas. This leads us to conclude that a high SiO but low HNCO abundance are
indicative of a fast shock, whereas a low SiO and high HNCO abundance may indicate
the presence of a slow shock, or of warm dense non shocked gas. Observations of the East
Knot seem to therefore suggest gas in the region is heavily shocked. The offset of the
HNCO peak to the SiO peak suggests that there may be regions in the East Knot away

from the main shock that are undergoing a milder shock (particularly around our East
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Knot 2). The weak SiO emission and stronger HNCO emission in the West Knot suggests
that there are not fast shocks occurring. There may be slower shocks, or the gas may be
warm, dense and non-shocked. The results of our RADEX analysis, where we struggle to
constrain temperature in the West Knot, point to the milder shocks as the more likely
solution.

The results in this Chapter should be of relevance to AGN feedback in NGC 1068. This
galaxy is studied further in Chapter 5 and therefore this discussion has been deferred to

Section 5.4.



Chapter 5

Spectral analysis of Molecular

Lines in NGC 1068

The work in this chapter is based on observations first presented in Garcia-Burillo et al.
(2014) and Viti et al. (2014). Here follows a brief summary of the analysis already carried
out in these two papers. The nearby Seyfert 2 galaxy, NGC 1068 has been observed with
ALMA in several molecular lines. These are CO(3 — 2), CS(7 — 6), HCN(4 — 3) and
HCO™ (4 —3) in band 7 and CO(6 — 5) in band 9. These transitions trace the moderately
dense (n(Hs) ~ 10* cm™3) molecular gas (CO) and the dense (n(Hs) ~ 10°76 cm™3)
molecular gas (CS, HCN and HCO™). Continuum emission at 349 GHz and 689 GHz is
also studied. The central 2 kpc has been observed with a spatial resolution 20 - 35 pc.
Garcia-Burillo et al. (2014) show that continuum emission splits the observed region
of the galaxy into three distinguishable regions: the circumnuclear disc (CND), the bar
and the starburst (SB) ring. Within the CND, a torus of emission is off-centred from the
AGN. There is substructure within the ring, notably, two knots to the west and east (the
latter being the region of strongest emission). Within the bar, an arc of dust emission is
detected 350 - 650 pc to the northeast of the AGN. The starburst (SB) ring is responsible
for 72% of the integrated flux from the ALMA mosaic. It takes the form of two spiral
arms, making up part of ring at a distance of 1.3 kpc from the AGN. The ring is only

observed at 349 GHz in the continuum and displays a clumpy substructure, as can be seen
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in Figure 5.1. Using CLUMPY torus models (Nenkova et al. 2008a,b), the gas mass of
the central 20 pc torus around the AGN is found to be Myqs = 2.1(£1.2) x 10° M. This
is part of the total gas mass in the central 400 pc (to include the CND and the bar) of
Mgas = (5 & 3) x 107 Mo,

The molecular emission in CO correlates with the continuum emission, following the
pattern of the CND, the bar and the SB ring. In contrast, the majority of the CS(7 —
6), HCN(4 — 3) and HCO™* (4 — 3) emission comes from the CND. However, there are
some clumps of HCN(4 — 3), HCO* (4 — 3) and CS(7 — 6) in the SB ring. CS(7 — 6) is
detected marginally in the AGN position. In this location, the FWHM of HCN(4 — 3) and
HCO™ (4—3) are much greater than that of CO(3—2), indicating denser gas lying closer to
the central engine. Using CO(3 —2) over the central 2.8 kpc region, a pattern of a rotating
disk is found with an overall east-west orientation of its kinematic major axis - although
this varies slightly over the three different regions. A molecular outflow is detected in the
CND, building on previous work by Krips et al. (2011); Garcia-Burillo et al. (2010). This
is found to be flowing at a rate, dM/dt ~ 63725 Myyr~" from CO(3 — 2). This is much
higher than the star formation rate in the CND, indicating the outflow is driven by the
AGN, rather than star formation. From CO(6 — 5), HCN(4 — 3) and HCO™ (4 — 3), it is
found that the outflow has a higher density counterpart, suggesting dM/dt may be a lower
limit. This molecular outflow could hinder star formation in the central 400 pc. This is,
however, likely counteracted by inflow from the outer disk identified in the velocity field.

A chemical analysis is undertaken by Viti et al. (2014) using molecular line ratios
in the regions of the CND. These are also compared to a region in the SB ring that is
especially strong in emission. The line ratios used include the observations with ALMA,
complemented by further data from the PdBI. The regions of the CND are identified as
previously - the AGN, East Knot and West Knot - with the addition of regions to the
north and south of the AGN (North CND and South CND). Significant differences are
found between these regions and the SB ring. The excitation of CO, HCO™, and HCN is
a factor of 2-5 greater in the CND on average. This is also the case with ratios of species
with different critical densities.

CO rotation diagrams in the CND regions give rotational temperatures between 37
K (South CND) and 58 K (East Knot). These calculations are furthered with the use
of the radiative transfer code RADEX (van der Tak et al. 2007). An analysis only using

CO transitions finds that the coolest region is in fact the East Knot (T <80 K) and the
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warmest regions are the West Knot and AGN. When the analysis is completed using multi
species transitions, the fit to the data is poorer, indicating multiple gas components. It
is possible to fit all regions in the CND with the same set of parameters, indicating the
possibility the regions are chemically similar. However, most regions allow the best fit of
multiple models. The starburst ring is analysed in the lines available, finding a density of
5 x 10*7° and temperature ~ 40 K.

A full analysis of the line profiles in each region was not undertaken and is the subject of
this Chapter. An investigation of the spectra observed should unveil further the influence
of the outflow and the AGN on the CND. In addition, the SB Ring as a whole has been little
studied. By comparing spectra in different regions, we may be able to yield information
as to the variation of its physical and chemical makeup. To supplement this work, we also
complete an analysis of ratios between the lines, taken at points across the width of the
line profiles. We focus in particular on ratios that have in the past been used as tracers of
certain environments to test if they hold up for high resolution observations. In Section
5.1, we briefly introduce the observations. In Section 5.2, we investigate line profiles.
This is split into Subsections 5.2.1 and 5.2.2, focusing on the CND and the SB Ring,
respectively. Within each Subsection, we first introduce the general findings followed by
our findings for each region within the CND or SB Ring. We then complete an analysis

of the line ratios across the CND in Section 5.3. Finally, we sum up in Section 5.5.

5.1 Observations

Details of the observations and data reduction can be found in Garcia-Burillo et al. (2014).
We provide a very brief summary here. Maps were made using ALMA band 7 and band
9. The band 7 maps consisted of an 11 pointing mosaic, each with a FoV of 17”. Four
spectral windows were observed which allowed for simultaneous observation of CO(J =
3-2) (345.796 GHz at rest) and HCO™(J = 4-3) (356.734 GHz at rest) HCN(J = 4-3)
(354.505 GHz at rest) and CS(J = 7-6) (342.883 GHz at rest). Band 7 maps encompass
the CND and the SB Ring. Band 9 maps consisted only of a single pointing on the CND
with a FoV of 9” and was set up to cover CO(J = 6-5) (691.473 GHz at rest). The
starburst ring is therefore not observed in CO(J = 6-5). Rest frequencies are corrected

for recession velocity of vsys(HEL)=1137km s~!. Relative velocities are now referred to

Vsys-
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Figure 5.1: 349 GHz continuum emission map from Garcia-Burillo et al. (2014), measured
in Jy/beam and obtained with ALMA. The map shows the CND, the bar and the SB
Ring. The beam size is shown in the bottom right hand corner.

5.2 Line Profiles

No analysis of the line profiles has been completed previously. This is where the focus of
this Chapter is. Unless otherwise stated work completed from hereon is new. We study
the line profiles in each region of the CND and then across separate clumps in the SB Ring.
All lines have been converted from Jy/beam to brightness temperature (K) for consistent

analysis.

5.2.1 AGN and Circumnuclear Disk

The coordinates for each region analysed here are displayed in Table 5.1, with the offset
from the AGN. They are also displayed in Figure 5.2 (Viti et al. 2014; Garcia-Burillo
et al. 2014). In addition to the Figures displayed in throughout this section, we make
use of line ratios in Figures 5.16 to 5.18 displayed at the end of this chapter, positioned
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so as not to break up the text. These Figures display the ratios, CO(6 — 5)/CO(3 — 2),
HCN(4 — 3)/HCO™ (4 — 3) and HCN(4 — 3)/CS(7 — 6). A ratio is taken at 15 km s~! each
velocity bin where the detection level for both lines is at least 20. We also tabulate the
velocity at which each line peaks and FWHM of each line. This has been completed using
GILDAS software, CLASS (Guilloteau and Lucas 2000). Peak velocities are displayed in
Table 5.2 and FWHM in Table 5.3. All spectra can also be found displayed separately

for clarity in Appendix B.

Table 5.1: Co-ordinates of each region in the CND

Name RA Dec ARA, ADec (")
AGN 02:42:40.710  -00:00:47.94 0,0
East Knot | 02:42:40.771 -00:00:47.84 0.9, 0.1
West Knot | 02:42:40.630 -00:00:47.84 -1.3, 0.1
North CND | 02:42:40.710 -00:00:47.09 0, 0.85
South CND | 02:42:40.710 -00:00:49.87 0, 2.03

Aé(arcsec)
0

Aa(arcsec)

Figure 5.2: Map from Viti et al. (2014) and Garcia-Burillo et al. (2014). CO(3 — 2)
velocity-integrated intensity map, measured in Jy/beam km s~! over a 460 km s~! window,
obtained with ALMA. The beam size is shown in the bottom right hand corner. Locations
of the regions analysed in the CND are labelled.
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Table 5.2: Peak velocity for each line in each region of the CND in km s~!

CO(3-2) CO6-5) CS(7—6) HCN(4—3) HCOT(4-3)

AGN | 07+11 71+61 ~ 207 +£43 243 L37

East Knot | -54.7 £ 1.0 -50.6 £2.1 594+ 15 -493+1.0  -466+ 1.5
West Knot | 53.1+£0.1 63.9+04 551+38 59.0+£08  6L7+12
North CND | 150 £ 1.4 194+ 26 - 276+£12  25.6+48
South CND | -117.5 £ 2.8 -171.8 &+ 1.6 - 1332 +£48  -100.7 £ 12.2

Table 5.3: FWHM for each line in each region of the CND in km s~!

CO(3-2) CO(6-5) CS(T—6) HCN(4—3) HCO*(4-3)

AGN | 107.1 £ 2.8 185.1 + 15.1 -~ 1735+ 109  179.0 £ 9.0

East Knot | 182.8 £ 2.9  178.6 £ 5.2 146.3 £ 3.7 1941423  188.1 £ 3.5

West Knot | 139.4 £ 0.3 1203 £ 0.8 1364 +£94 1288 £ 1.7 1324 £ 3.0
North CND | 169.1 + 3.4  193.1 £ 5.9 - 1754 £ 2.8 190.0 £ 12.0
South CND | 127.6 = 5.5 111.6 + 22.3 - 1532498 108.2 & 38.0

A descriptive analysis of the line profiles in the CND

CO(3 — 2) is detected in all regions. It is broadest in the East Knot, although RADEX
simulations using CO ratios and multi-molecule modelling (Viti et al. 2014) indicate this
region is the coolest. The region within the CND with the narrowest CO(3 — 2) line is
the AGN. The West and East Knots show almost symmetric profiles in the same lines.
The peak of the East Knot spectrum is at ~ -50 km s~! with a prominent wing towards
positive velocity. The West Knot spectrum peaks at ~ 50 km s~! with a wing in the
opposite direction. Other detected transitions in these two regions show very similar
profiles to those of CO(3 —2). In the north CND, the CO(3 — 2) spectrum displays a wing
towards the red. This is something that is not seen in any of the other detections in this
region. The spectrum in the south CND is shifted bluewards to a point where part of the
emission is unobserved. There is, however, a hint of an absorption feature. This is most
prominent in CO(3 — 2) but can be seen in CO(6 — 5), HCN(4 — 3) and HCO™ (4 — 3)
also. In HCO™ (4 — 3), the profiles are largely similar to CO(3 —2). However, in the North
and South CND, there is possibly evidence of a double peaked profile, something only
displayed in HCO™ (4 — 3) in these two regions.

In the AGN, there is a large difference in line width (80 km s~!) between CO(3—2) and
CO(6—5), as well as other transitions. The line profiles are also quite different. CO(6—5)
proves to be anomalous in more than one case. It is at a far extreme peak velocity in the

the south CND, to an extent where nearly half the line width maybe unobserved. The
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profiles in the East Knot appear to be all quite similar, as are profiles in the West Knot.
Due to fairly weak detections of CS(7 — 6), the only region it is possible to see its ratio
(by velocity) with other transitions is the East Knot. There is very little difference from
in CS(7 — 6) ratios in this region. CS(7 — 6) peaks at 100 km s~! and declines by a factor
of 2 away from this peak. The AGN shows a fairly constant HCO™ (4 — 3) / HCN(4 — 3)
ratio. This is a similar pattern to all other regions. We now investigate in more detail

each region of the CND.
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Figure 5.3: CO(3—2), CO(6—5), HCN(4 —3), HCO™ (4 — 3) and CS(7 — 6) spectra in the
AGN. The label indicates the line observed, in some cases scaled up for ease of comparison.
The scale factor is shown in the label next to the transition

The AGN spectra are displayed in Figure 5.3. Some lines have been scaled for better
comparison. This is the case in many Figures in this Chapter. The amount the line is scaled
by is displayed within the Figure and is absolute (i.e. a label of CS(7 —6) x 15 means the
intensity in each velocity bin has been multiplied by 15). In order to more clearly display
differentiation between different lines, we normalise the intensity of each line to its own
peak intensity and then bin these intensities to 90 km s~!. This is displayed for the AGN
in Figure 5.4. The most notable thing about this plot is the difference between CO(3 —2)
and CO(6 — 5). In the wings of the line, at -100 km s~!, CO(6 — 5) is 2.5 stronger than
CO(3 —2) and at +100 km s~ it is 4 times stronger. The torus of gas rotating about the
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AGN will be faster (vyot) at smaller radii (r). Our results suggest therefore that the gas
closer to the nucleus is more excited that at lower r. At first interpretation, there could
be two possible reasons for this. Firstly, it could be due to illumination by the AGN. Or
possibly it could be due to non-circular motions that we do not resolve.

It is also noticeable that at low and high velocities, CS(7 — 6) is detected less strongly
than HCN(4 — 3) and HCO™ (4 — 3). All three of these lines are associated with denser
molecular gas. Therefore it is possible that there is some process or processes that is/are
enhancing HCN and HCO™ but not CS. HCN and HCO™ have been observed to be en-
hanced in XDRs, explained by the abnormal chemistry that occurs (e.g. Krips et al. 2008).
So far, there is little evidence to suggest that CS is enhanced in the same environment.
In addition, Viti et al. (2014) find in their modelling of the CND, that CS is best fit by
a shocked gas component. This suggests that illumination is the more likely cause of the
increased excitation at small radii.

Meijerink and Spaans (2005) find in their XDR models that HCN/HCO™ will only
exceed unity in moderately dense gas where N(Hz) <10%2° cm™2. Due to the smaller
range of ionisation rates in which HCN is enhanced under X-Rays (Lepp and Dalgarno
1996) and attenuation of the X-Ray flux at higher column densities, HCN/HCO™ becomes
<1 when N(Hz) >10?%5 cm~2.Garcfa-Burillo et al. (2014) calculate the molecular hydrogen
column density for the central r ~ 20 pc to be N(Hy) = 5 x 10?! cm™2 using CO(3 — 2).
Although it is a crude approximation as CO is likely to be coming from a more extended
gas component to HCN/HCO™, we use this value as a rough comparison. We find that
HCN/HCO™ is quite constant across the whole line profile, although it is a little higher (&
1.5) than the wings (=~ 1.2) (see Figure 5.17, ratios are investigated further later in this
chapter). This appears to be a somewhat confusing result. If indeed X-Ray illumination
were responsible for the more excited emission at lower radii, we may expect HCN/HCO™

to be >1 in the wings of the line (higher velocities, lower radii), and <1 in the line core

(or at least lower than the value in the wings).

East Knot

The spectra and the normalised intensities, binned to 90 km s~!, for the East Knot are
displayed in Figure 5.5. Compared to the AGN, emission in all lines is much stronger. The
East Knot is close to the major axis and the kinematics are driven by tangential /rotational

motions of outflow that produce globally blueshifted profiles. This location displays the
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Figure 5.4: Normalised Intensity of CO(3 —2), CO(6 —5), HCN(4 — 3), HCO™ (4 — 3) and
CS(7 — 6) in the AGN, by 90 km s~! velocity bins
strongest detections for all transitions. At its peak, CO is = 20 times stronger in both
lines, indicating a much greater quantity of molecular gas. CS(7 — 6), is &~ 10 stronger,
indicating that although there is more dense gas than in the AGN, there is a lower ratio
of dense gas to diffuse gas. The wings of the spectra appear to be quite uniform over all
transitions. However the peaks of HCN(4 —3) and HCO™ (4 —3) are shifted by 5-15 km s~!
redwards of the CO peaks, and >15 km s~! redwards of the CS(7 — 6) peak. Looking at
Figure 5.5, we confirm that the spectra are only significantly misaligned at low velocities.
So HCN and HCO™ are enhanced at low velocities compared to CO and CS but not at
the high velocities of the outflow. It is unlikely this is due to variation in gas components
of different densities, as in that case CS should be tracing the same as HCN and HCO™.
This could be due to an XDR component separate from the outflow. Figure 5.6 shows a
chemical model for a warm (100 K), dense (10* cm ~3) gas component without a significant
radiation field. We see that the differences in abundance do not correspond to what we
observe. We also find that this is not well replicated with a shock model, as seen in Figure
5.7. From Chapter 4, we do see shocks in the East Knot. The chemical modelling may
explain why we see such a strong CS line in the East Knot compared to other locations.
A fast (60 km s™!) shock significantly enhances CS but not the other observed species.
We take the ratio of CO(6 — 5)/CO(3 — 2) at each velocity bin, displayed in Figure
5.16, at the end of this Chapter. We see that the CO(6 —5)/CO(3 — 2) ratio is flat across
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the profile of the line. While this ratio is quite high (>1), the fact that it is not enhanced
at velocities corresponding to the outflow suggests that the outflow at this location is
inefficient at increasing excitation of CO lines. This indicates that the region is dominated
by illumination and not by shocks in the outflow. This is particularly interesting as there
are clearly shocks in the East Knot (see Chapter 4), but they may not play a significant
role in the physics (and the chemistry) of the large scale molecular gas. This is consistent
with the modelling of Viti et al. (2014), where only the CS emission is likely arising from
the shocked gas.
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Figure 5.5: CO(3 — 2), CO(6 —5), HCN(4 — 3), HCO* (4 — 3) and CS(7 — 6) spectra and
normalised intensity in the East Knot
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Figure 5.6: Chemical model in a warm (100 K), dense (10* cm ~3) gas component without
a significant radiation field.
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Figure 5.7: Chemical model including a shock at v = 60 km s~!, with pre-shock density
10% cm —3)

West Knot

The spectra and the normalised intensities, binned to 90 km s~!, for the West Knot are
displayed in Figure 5.8. The West Knot is close to the major axis and the kinematics
are driven by tangential/rotational motions of outflow that produce globally redshifted
profiles. Line profiles for all transitions are very similar. Relative to the East Knot,
CO(3—2) is enhanced compared to CO(6 —5). This however is only the case at velocities,
v >50 km s~!. This is best displayed in Figure 5.16. We see that while the East Knot
CO(6—5)/CO(3—2) ratio is quite flat, the West Knot is highly asymmetric. CO excitation
actually decreases at the outflow velocities, v <50 km s~!. This suggests that the outflow,
or shocks in the outflow, are not responsible for excitation of the molecular gas in the

West Knot either.

North CND

The North CND is close to the minor axis and the kinematics are driven by radial mo-
tions of outflow that produce globally slightly redshifted profiles. The spectra and the
normalised intensities, binned to 90 km s~!, for the North CND are displayed in Fig-
ure 5.9. The most notable outlier is CS(7 — 6), but this is almost certainly due to a
very weak marginal detection. It appears that CO(3 — 2) is not as strong at the outflow

velocity around 100 km s~!'. A better view of this is in Figure 5.16. We see that the
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Figure 5.8: CO(3 — 2), CO(6 —5), HCN(4 — 3), HCO* (4 — 3) and CS(7 — 6) spectra and
normalised intensity in the West Knot

CO(6 — 5)/CO(3 — 2) ratio does steadily increase from 0 to 100 km s~!. However, at v
>100 km s™!, it then decreases. We may expect the initial increase to be due to shocks in
the outflow, but there is no evidence for shocks occurring in the North CND (see Chapter
4). In addition, the drop off at extreme velocities suggests that something else is likely

exciting the molecular gas.
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Figure 5.9: CO(3 —2), CO(6 —5), HCN(4 — 3), HCO* (4 — 3) and CS(7 — 6) spectra and
normalised intensity in the North CND

South CND

The South CND is close to the minor axis and the kinematics are driven by radial motions
of the outflow that produce globally blueshifted profiles. The spectra and the normalised
intensities, binned to 90 km s~!, for the South CND are displayed in Figure 5.10. Each line
appears to have two peaks, one at /2 -100 km s~! and a second at ~ -200 km s~!. Although

we do not see this in CO(3 — 2) as coverage does not extend out far enough, there is the
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slightest indication in the form of an increase in the furthest blue velocity bin that there
would be one if our spectral range extended far enough. There is a slight sign of absorption
at low velocities. There is almost no detection of CO(6 — 5) at ~ -100 km s~! but strong
CO(3 — 2), indicating that CO is not excited until the extreme velocities of the outflow
(<-150 km s~1). At velocities faster than -100 km s~! HCN(4—3) is significantly enhanced
against HCO™ (4 — 3), something not seen in other CND locations. Martins et al. (2010)
find evidence of a young stellar population in the South CND. Meijerink et al. (2007) find
that the HCN/HCO™ ratio is enhanced in PDRs (and sometimes in XDRs). It is possible

that this enhancement is therefore due to to FUV/X-Ray illumination of the gas in the

outflow.
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Figure 5.10: CO(3 —2), CO(6 —5), HCN(4 — 3) and HCO™ (4 — 3) spectra and normalised
intensity in the South CND. CS(7 — 6) is undetected

5.2.2 SB Ring

Analysis of ALMA observations of SB Ring has so far been restricted to one star-forming
clump in the southern part of the ring Viti et al. (2014). Here we complete an analysis
of the line profiles across two star-forming clumps in the northern ring and six clumps
(including the one previously analysed) in the southern ring. We base our decision on
where to analyse on the strength of the CO(3 — 2) emission, as well as HST Paa emission
and ALMA 349 GHz dust continuum emission (Garcia-Burillo et al. 2014). CO(6 — 5)
coverage does not extend to the SB Ring. The coordinates of each knot we observe are
displayed in Table 5.4 and in Figure 5.11. We also tabulate the velocity at which each line
peaks and FWHM of each line. This has been completed using GILDAS software, CLASS
(Guilloteau and Lucas 2000). Peak velocities are displayed in Table 5.5 and FWHM in
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Table 5.6.

Table 5.4: Coordinates of locations in the SB Ring

Location name RA Dec
North 1 | 02:42:40.133 -00:00:36.06

North 2 | 02:42:40.845 -00:00:33.02

South 1 | 02:42:39.845 -00:00:53.04

South 2 | 02:42:39.884 -00:00:54.95

South 3 | 02:42:40.070 -00:00:57.31

South 4 | 02:42:40.119 -00:00:58.70

SB Ring Original | 02:42:40.317 -00:01:01.84
South 5 | 02:42:40.651 -00:01:00.90

Table 5.5: Peak velocity for each line in each region of the SB Ring in km s~!

Peak velocity

Location name | CO(3 — 2) CS(7—6) HCN(4-3) HCO'(4-3)
North 1 404 £ 0.2 -12.5 £ 12.7 34.5 £ 4.7 41.7 £ 2.9

North 2 | -45.4 + 0.2 - 37T 18 -42.6 £ 0.8

South 1 | 152.2 £ 0.2 152.6 £ 2.3 153.5 £ 0.5 153.4 £ 0.4

South 2 | 139.2 £ 0.2 145.8 £ 2.0 147.0 £ 0.8 145.6 £ 0.5

South 3 | 96.3 £ 0.1 - 96.6 + 8.9 91.0 £ 5.2

South 4 | 104.2 4+ 0.1 - 1014 £ 3.8 100.3 £ 2.4

SB Ring original | 49.6 + 0.1 - 56.8 £ 1.1 58.4 £ 1.2
South 5 | -17.8 £ 0.1 - -13.0 £ 2.6 -9.0 £ 2.6

A descriptive analysis of the line profiles in the SB Ring

Peak line velocity goes from positive to negative in an anticlockwise direction. This is due
to the rotation of the ring. Position South 3 and South 4 do not follow this pattern, and
therefore must have some motion contrary to the large scale movement of the SB Ring. In
terms of line width and peak velocity, the SB ring appears to follow the same pattern in
HCN(4 — 3) and HCO™ (4 — 3) as it does in CO(3 — 2). However, there are some notable
differences. To the southwest, HCN(4 — 3) and HCO™ (4 — 3) are significantly narrower,
but are broader in the north and southwest. Based on the peak velocities, they are largely
moving in the same direction, at the same pace. Again points South 3 and South 4
differ, and the trend of decreasing velocity eastwards is reversed. These regions are close
by (separation of ~ 100 pc) indicating that in these regions there may be a secondary

rotation component, about which these clumps are moving. We now investigate each

region of the SB Ring more closely.



5.2. Line Profiles 127

n1068—-co32—deg2—clar}

Source: NGC1068

Line

—00°00'35" Frequency: 343.75814 GHz

Beam: 0.59 x 0.48 PA 60°

Level step: 100 Jy/beam.km/d
—— 1020 ¢

Box marking: VELOCITY

Channels: [0,0]

Dec

o

0°00'40"

—00°00'45"

georgek

05-MAR-2015 14:55:05

n1068—-co32—deg2—clar

—00°00'50" & Source: NGC1068

Line:

Frequency: 343.75814 GHz

Beam: 0.59 x 0.48 PA 60°

Level step: 100 Jy/beam.km/s
-— 1020 ¢

Box marking: VELOCITY

Channels: [0,0]

| N

0 500 1000

—-00°01'00"

georgek

05-MAR-2015 14:14:33

2"42™40% 40%
RA

Figure 5.11: North SB ring (top) and south SB ring (bottom) in CO(3 — 2) with regions
of interest annotated



128 Chapter 5. Spectral analysis of Molecular Lines in NGC 1068

Table 5.6: FWHM for each line in each region of the CND in km s~!

FWHM

Location name | CO(3 — 2) CS(7—6) HCN(4-3) HCO'(4-3)
North 1 | 45.8 £ 0.4 126.5 + 32.3 485 £ 11.0 45.9 £ 6.6
North 2 | 43.5 £ 0.4 - 61.4 £ 3.7 53.8 £ 1.7
South 1 | 39.8 £ 0.6 36.9 £ 5.8 41.8 £ 1.3 39.3 £ 1.0
South 2 | 53.7 + 0.4 494 £ 54 49.8 £ 2.0 48.7 £ 1.2

South 3 | 57.4 £ 0.3 - 99.1 +£12.0 52.4 £ 10.9
South 4 | 49.2 £ 0.3 - 7.6 £ 7.4 35.3 £ 4.8
SB Ring original | 58.0 & 0.2 - 43.8 + 2.6 51.3 £ 3.0
South 5 | 57.1 £ 0.2 - 37.9 £5.5 45.9 £ 8.1

North SB Ring

Spectra and normalised intensity plots for the two locations in the North of the SB Ring
are displayed in Figure 5.12. In North 1, CS(7 — 6) is considerably offset in velocity from
the other lines. It is over 50 km s~! blueshifted relative to other transitions, which are
located at approximately the the same velocities as one another. The CS(7 — 6) is not
strong but it is at a ~30 confidence level in terms of its peak intensity. However, there
does not seem to be an overlap with CO(3 — 2). Since CO should be tracing all molecular
components of the gas, it may be that we are not actually detecting CS at all. The spectral
feature that may be CS(7—6) is &~ 200 MHz offset from where the peak would be expected
based on CO(3—2). There is one molecule that has been observed in external galaxies that
has a transition at this frequency. The methanol transition, CH3OH(5(—2,4) — 4(1, 3)) is
at 343.006 GHz (compared to CS(7 — 6) at 342.883 GHz). This transition has an upper
energy level, E,, = 61 K. However, it is highly unlikely to be responsible for the emission
due to its very low dipole moment and the fact that we do not identify it in any other
location. Therefore the most likely conclusion is that the apparent detection is just noise,
despite the 30 confidence level.

Notable in both locations is that HCN(4 — 3)/HCO™ (4 — 3) <1. This contrasts all the
CND locations. We discuss this further for the South SB Ring.

South SB ring

Spectra and normalised intensity plots for the six locations in the South of the SB Ring
are displayed in Figure 5.13 and Figure 5.14, respectively. CO(3 — 2) emission in each

location has a relatively constant peak intensity of 15-20 K. However, HCO™ (4 — 3) varies
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Figure 5.12: Top: Spectra for the two locations in the North SB Ring. In North 1
CO(3 — 2), HCN(4 — 3), HCO*(4 — 3) and CS(7 — 6) are detected. CS(7 — 6) is not
detected in North 2. Bottom: Normalised intensity plots for the two locations in the
North SB Ring

from 0.2 K (South 3) to 2.5 K (South 1). In addition, the ratio of HCO™ (4—3)/HCN(4—3)
varies from ~ 3 in South 1 down to 1 in South 3, 4 and 5. It is highly unlikely that the SB
Ring is affected directly by the AGN outflow, given the distance between them (the SB
Ring is at a radius of r ~ 1-1.5 kpc (Garcia-Burillo et al. 2014)). The most likely cause
therefore is star formation. A simple chemical analysis may give us a better clue as to what
environment(s) the observed emission is coming from. A possible cause for the varying
emission is the presence of PDRs. Giant PDRs should be found in regions of galaxies
with clusters of young massive stars, such as the clumps we observe here. Bayet et al.
(2009b) completed a modelling with the aim of using different molecules to identify PDRs
in external galaxies. They find that, in general, HCN is little affected by the FUV field
produced by massive stars. HCO™ is enhanced compared to non-PDR models. However,
CS is dramatically reduced in abundance. Viti (2016) finds through chemical modelling
that it is very difficult to achieve an HCO™ (4 — 3)/HCN(4 — 3) >1, without some form of
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ionising radiation, whether UV or cosmic ray.

Prior to this work, Lintott et al. (2005) and Bayet et al. (2008b) completed a chemical
modelling of hot core environments, particularly aimed at the non-Milky Way conditions
likely found in external galaxies. A hot core is the dense, warm and relatively small gas
surrounding a newly formed star. In contrast to a PDR, hot cores are associated with
extremely high UV extinction, meaning that the FUV field does not have a significant
effect on their chemistry. Bayet et al. (2008b) find that CS is significantly enhanced in hot
cores. They also find that HCO™ is detectable in hot cores only where the metallicity is
low (0.1-1% solar). We do not know the metallicity of the environments we are observing.
The metallicity of the CND as a whole has been found to be near solar (Aladro et al.
2013; Kamenetzky et al. 2011), but how much influence this may have on the SB Ring is
unclear.

While it is important to stress the degeneracy that exists when trying to identify
regions solely based on a chemistry, it is possible to draw some tentative conclusions from
these findings. There are two regions in the South SB Ring where CS is either undetected
(South 4), or only very marginally detected (South 3). In both these regions there is an
HCN detection, indicating this is unlikely to be due to excitation effects as they both
have similar critical densities and upper energy levels (when comparing HCN(4 — 3) with
CS(7—6)). These regions are nearby (~ 100 pc) and from the peak velocity of the detected
emission, they could well be interacting. From the lack of CS and the detections of HCN
and HCO™, the most likely conclusion is that the major component in these regions is one
or more PDRs. Possibly the entire region could be one giant PDR, given the apparent
interactions, although this would have to be investigated further if we wish to draw a
clearer conclusion.

The regions South 1 and South 2 both have clear detections of CS, HCN and HCO™.
HCOT™ is by far the strongest detection. These regions may therefore consist of a combina-
tion of hot core and PDR environments. It is unlikely that hot cores alone could produce
this level of HCO' emission. The SB Ring position originally identified in Garcia-Burillo
et al. (2014); Viti et al. (2014), and position South 5, both have weak detections of CS
and weak detections of HCN and HCO™, compared to South 1 and South 2. This suggests
that there must be a warm, shielded component to produce CS, and a PDR to produce
HCO™. However, both are likely to be on the scale of what is observed in South 1 and
South 2.
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Viti (2016) complete a large grid of chemical and RADEX models, showing the in-
tegrated intensities for both HCO™ (4 — 3) and HCN(4 — 3). Despite a large coverage of
temperature, density and radiation field (both UV (x) and cosmic ray (¢)), there does
not seem to be a model that fits the behaviour of HCO™ and HCN in any of the SB Ring
locations. HCN is almost always more intense than HCO™ in the models. Where it isn’t
(primarily where either y or ( is very high), the integrated intensities of both lines are
much lower than observed. This may mean that the two molecules are primarily being
emitted from different gas components, which would make it very difficult to fit to a single

model.

5.3 Line ratios

Here we analyse selected line ratios at observed locations in the CND. We do this both
for a total velocity integrated ratio, and for how the ratio changes across the line profiles.
Both are displayed in Figures 5.16 - 5.18 at the end of this Chapter. Below these ratios

are discussed in more detail.

HCN(4 — 3)/HCO™ (4 — 3)

The HCN/HCO™ ratio has in many papers (e.g. (Kohno et al. 2001; Krips et al. 2008;
Davies et al. 2012) been suggested as a method for determining activity in the centre of
a galaxy as either starburst (SB) or AGN. If the method can be proved reliable, it could
be a very useful technique for detecting so-called “buried” AGN. These environments are
opaque in UV and soft X-Rays, due to very high dust concentration. Therefore they
can only be detected in the re-emitted IR, which is indistinguishable from emission from
star formation, or in hard X-Rays (Fabian et al. 2002), which are difficult to observe.
These give rise to X-Ray Dominated Regions (XDRs) surrounding AGN, in which HCN is
apparently enhanced. The theory is therefore: a higher HCN/HCO™ indicates an AGN,
while a lower value indicates a SB.

Izumi et al. (2013) list HCN/HCO™ values for five galaxies to show that this ratio in
SB galaxies tends to be <1, and in AGN >1. Values in-between often lead to galaxies
being classified as mixed AGN/SB (Imanishi et al. 2007). Izumi et al. (2013) give a value
for NGC 1068 taken from Pérez-Beaupuits et al. (2009) of 3.7 £ 0.6. This is calculated

from the same transitions as we observe, but is done so using single-dish data. Looking
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Figure 5.13: Spectra for the six locations in the South SB Ring. CO(3 — 2), HCN(4 — 3),
HCO™ (4 — 3) are detected in all locations. CS(7 — 6) is not detected in some locations; if
not detected it is not displayed.
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at Figure 5.17, we calculate this ratio at 1.3 4+ 0.1 for the AGN. The difference almost
certainly arises as the beam size for the single dish observations covers a much larger
region that we observe. We find that the HCN/HCO™ value for the regions in the CND
is always ~2.5. The SB ring location is 1.2 4+ 0.9. At best this only semi-correlates with
the hypothesis that HCN/HCOT is a tracer of AGN or SB activity. The value for the
AGN is similar to that of NGC 253, a typical SB galaxy (1.1 + 0.3, Izumi et al. 2013).
Using ALMA observations, Izumi et al. (2015) find a value of 1.1 + 0.06 in the nucleus
of the Seyfert I galaxy, NGC 7469. This galaxy also displays a clear CND surrounding
its AGN. At several locations in the CND of NGC 7496, the HCN(4 — 3)/HCO™ (4 — 3)
ratio is ~ 0.5. Unlike NGC 1068, NGC 7496 does not have a significant outflow. It is
possible that the outflow, or interaction between the outflow and molecular clouds in the
CND, is causing increased emission in HCN (or decreased emission in HCO™). This could
be through increased abundance via chemical means, and/or enhanced excitation due to
the gas conditions. Chemically, Meijerink et al. (2007) show that the same HCN/HCO™
abundance ratio can be achieved in a high density (n(Hs) >10% cm™3), lower energy region
as is possible in a lower density XDR. In addition, abundance ratio may not be the same
as the observed value. HCN has roughly an order of magnitude higher critical density
than HCO™ for the same transition J+1—J. In high density environments, such as is
observed in the CND of NGC 1068 (Viti et al. 2014), we would expect HCN emission
to be enhanced compared to HCO™. These complexities make the HCN/HCO™ ratio an
unreliable method for distinguishing AGN from SB. It could be an initial indicator of a
possible AGN, but should not be used alone as a diagnostic tool. Very tentatively, the ratio
could be used as an indicator of outflow interaction around known AGN, if indeed this is
what is responsible for the increased value. This is a hypothesis that needs to be further
investigated in other galaxies before drawing any serious conclusions. Viti (2016) finds
that this ratio in particular is subject to significant degeneracies during modelling. Most
likely, the same complexities that lead to its lack of reliability as a SB/AGN diagnostic
would cause similar issues here.

Observing the trend as it changes with velocity, it is generally flat for all CND locations.
Although there is some marginal trend toward lower ratios at velocities of outflow in East
Knot and West Knot. It is unclear what would cause this however, and in terms of the
global ratio, it would have little effect. The value is also quite constant in the AGN, with

a slight dip at central velocities and at very extreme velocities. Most of this is accounted
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for by the error bars.

HCN(4 — 3)/CS(7 — 6)

Izumi et al. (2013) suggest that the HCN/CS ratio could also be used as a tracer of AGN
or SB activity. They also use the HCN(4 — 3)/CS(7 — 6) ratio. At face value, this could
resolve one of the issues of using HCN(4—3)/HCO™ (4—3). HCN(4—3) and CS(7—6) have
very similar critical densities. At 100 K, neio(HCN43) ~ 7 x 10% ecm ™3 and ne; (CS76)
~ 8 x 10° cm™3. However, what we observe (shown in Figure 5.18) does not improve
very much upon using HCN/HCO™. Values in the AGN and in the surrounding CND do
not appear to vary by very much. Izumi et al. (2013) produce a plot (their Figure 11) of
HCN(4 — 3)/CS(7 — 6) against HCN(4 — 3)/HCO™ (4 — 3). They plot five galaxies: two
Seyferts (including NGC 1068 from single dish data), two SBs, and NGC 4418, which is
described as containing many unusual features and a buried AGN (Spoon et al. 2001). The
plot shows that the two AGN are enhanced in both ratios by a factor of up to 8 compared
to the two SB galaxies. NGC 4418 is not enhanced in either ratio. We produce the same
plot here (Figure 5.15) to show how the ratios vary between regions/environments. We
see no correlation. The reason for this could well be chemical. We study the ratios by
velocity to get a better picture of what is going on.

The trend of ratio by velocity is similar in all CND locations and the SB Ring, but at
the East Knot the trend is towards lower ratios at high red velocities of outflow. CS(7—6)
and HCN(4 — 3) have similar critical densities, so something else must be causing the
difference. That could be either non-collisional excitation or chemical abundance-driven.
Could it be possible that less CS is produced in the outflow than we thought? We find
in Chapter 4 that powerful shocks are almost certainly occurring in the East Knot. In
Chapter 3 (and in Kelly et al. 2015), we find that it is possible for CS to be enhanced
during shock events, primarily due to the raised temperature of the gas. So it seems
unlikely that CS would be significantly depleted and therefore more likely that HCN is
enhanced, or there is radiative excitation occurring that favours HCN(4—3) over CS(7—6).

It should also be noted that the error bars at the high velocities are quite large.
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Figure 5.15: HCN (J = 4-3) to HCO™ (J = 4-3) and HCN (J = 4-3) to CS (J = 7-
6) integrated intensity ratios of each region we observe in brightness temperature scale.
While previous papers have suggestion a high ratio of either of these line could be due to
an AGN, the apparent non-correlation shown here does not support that theory.

5.4 AGN Feedback in NGC 1068

The role of the outflow in NGC 1068 is important as it can serve to regulate activity in the
central region of the galaxy. The outflow has a rate of dM/dt ~ 63f§% Meyr~! (Garcfa-
Burillo et al. 2014), which could serve to quench star formation in the CND. The interaction
between the ISM and the photons in the outflow is identified in the CO(6 —5)/CO(3 — 2)
ratio, which is significantly higher in the AGN location than in the other CND locations
(Garcia-Burillo et al. 2014). In addition to the AGN location, we found in Chapter 4 that
it is clear the outflow in NGC 1068 is shocking the ISM in the East Knot and likely in the
West Knot. In addition, X-Ray illumination is affecting all our observed CND locations,
and is likely dominating in the North and South CND. Understanding this interaction is
central to the understanding of how the outflow mediates the co-evolution of the super
massive black hole (SMBH) and the rest of the galaxy. The SMBH at the centre of NGC
1068 is approximately 107 Mg and is accreting close to its Eddington limit (Kishimoto
1999). In terms of galaxy evolution, NGC 1068 sits in the so-called “green valley” of the
colour-magnitude diagram. This is the space between the two major galaxy populations:

the red sequence containing mostly elliptical galaxies; and the blue cloud where spirals
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are generally found. The green valley has been described as the transition between the
star forming blue galaxies and the quenched red ellipticals (Faber et al. 2007). There is a
large clustering of AGN in this region, where star formation across the galaxy as a whole
has been recently quenched (Salim et al. 2007). Recent research suggests that this period
of transition is very different for galaxies that contain an AGN. They pass through this
period much more quickly as the balance between outflow and inflow of gas is disrupted
and star formation uses up the remaining gas reservoir (Schawinski et al. 2014).

NGC 1068 has an intense starburst at its centre, which contributes most of its star
formation rate of ~ 5 Moyr~! (Smith and Wilson 2003). The shock interactions between
outflow and ISM we detect in Chapter 4 occurs out to a distance from the AGN of up
to ~ 160 pc. They also do not occur at all regions surrounding the AGN, despite the
radial effects of the outflow and the clear detection of ISM molecular gas at the North and
South CND (where no shocks are detected either in SiO, HNCO or CS). This indicates
that different processes of AGN feedback are dominating different regions of the CND.
Winds/shocks are dominant in the East and West Knots, and X-Ray radiation dominates
in the South and North CND.

The radial molecular outflow has its semi-major axis running approximately east-west,
with the semi-minor axis running north-south. This is traced by CO(3 — 2), which corre-
lates strongly with Paa emission and radio continuum emission at 22 GHz (Garcia-Burillo
et al. 2014). These trace the AGN ionised nebulosity and radio jet plasma respectively.
We see a strong correlation between the peak of the CO(3 — 2) emission and the peak
of the other molecular lines discussed in this Chapter. There is also some correlation
between SiO(3 — 2) and CO(3 — 2) as seen in Figure 4.4, particularly in the East Knot.
This suggests that AGN Feedback is affecting both the moderately dense gas and the
densest components traced by CS, HCN and HCO™. This correlates with the interstellar
molecular gas in the CND is being efficiently pushed outwards via the nuclear wind, and
not through other means. If this outflow of molecular gas is not balanced sufficiently by
an inflow, circumnuclear star formation in NGC 1068 could be swiftly quenched. Further
study of any potential gas inflow would be required to determine more exactly how AGN
feedback is affecting NGC 1068.

From Miiller-Sénchez et al. (2011), the outflow appears to accelerate out to a distance
of ~80 pc, where it reaches a turnover point and subsequently decelerates. This is also

seen in other Seyferts with an outflow (NGC 3783 and NGC 7469), but not in all. This
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distance is where we see the peak emission in most tracers, including shock tracers from
Chapter 4, which helps back up this result since wind/shock interactions with the ISM
should serve to decelerate the outflow. It has been suggested that the outflow extends to
up to 1 kpc from the AGN (Evans et al. 2010). In Section 5.2.2, we state that detections
of CS in regions of the SB Ring are likely due to star formation/hot cores. It could be
argued that since we identify CS as tracer of shocks in the CND, its detection in the
SB Ring may be due to an interaction between outflow and ISM. This is, however, quite
unlikely since in the observations in Chapter 4 of SiO and HNCO detected neither in any
region of the SB Ring. This does not completely rule out interaction at this distance, but

suggests that it does not dominate.

5.5 Conclusions

We have used observations of several molecular lines to investigate chemical and physical
differentiation between regions of NGC 1068. We do this by observing line profile variation
within specific regions and line variation between these regions. In the CND, we find that
in the AGN, more highly excited CO closer to the AGN, and a lack of CS emission,
suggests that the gas is most likely in an XDR environment, illuminated by the AGN.
In the East Knot, we find that despite heavy shocks, the region is mostly dominated by
the XDR powered by the AGN. We find the same in the West Knot, where shocks have
also been identified. Shocks tracers are not observed in the North or South CND. The
chemistry in these regions is almost certainly driven predominantly by the XDR. Between
the regions, we find that CS is not observed in the South or North CND. It is observed
however in the East and West Knot. In the East Knot in particular, is offset from HCO™
and HCN, confirming the modelling of Viti et al. (2014), who find that CS is emitted
from the shocked region while HCO™ and HCN arise from unshocked regions with high
ionisation rates. In all regions of the CND HCN is more intense that HCO™. In the SB
Ring we see some regions where HCO™ is more intense that HCN. The AGN is not likely
to have a large effect on the SB Ring, due to its distance. We attribute the enhanced
HCO™ to the the likely presence of PDRs. This is compounded by the fact that we do not
detect CS in many of these regions. CS has been shown to be dramatically reduced in the
presence of a high FUV field. Where we do observe CS in the SB Ring, we determine there

must be some shielded gas components, possibly hot cores, where CS emission arises from.
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We speculate that two nearby clumps in the southern SB Ring may be part of one giant
PDR, due to lack of CS emission, enhanced HCO™ emission, and an apparent interaction
between the two.

We also investigate line ratios in the CND regions and at a representative point in the
SB Ring. A high HCN/HCO™ ratio has been used to identify AGN in several papers.
We find that this ratio is, however, unreliable as it varies seemingly at random across the
CND and is in fact lowest in the AGN (other than the SB Ring). We also investigate
the HCN/CS ratio used in conjunction with HCN/HCO™ to distinguish AGN from SB.
Again, we find that this ratio does not seem to follow a pattern and of the CND locations,
it is lowest in the AGN. We conclude that line ratios alone are not reliable diagnostics and

it may be better to examine line profiles individually.
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Chapter 6

Concluding Remarks and Future
Work

In this thesis, we have used observations of molecular rotational lines to uncover the
properties of some of the most extreme regions of nearby galaxies. We have done this by
both direct analysis of the observations, and by utilising chemical and radiative transfer
models. By using complementary observations of different molecules, we traced different
components of the molecular gas. We studied the star forming dense cores of starburst
galaxies traced by CS, the shocks produced from an AGN powered outflow as traced by
SiO and HNCO, and the variation between regions of an AGN-starburst galaxy using
several molecular tracers.

In Chapter 2, we presented observations of the dense gas tracer CS in two nearby
starburst galaxies. The central regions of NGC 6946 and NGC 3079 were mapped in
CS(J = 2—1) and CS(J = 3 — 2). We identified a double-horn line profile in the
central pointing of both galaxies and conclude that this could be due to the rotation of
gas, or possible self-absorption. LTE calculations were made using the observational data
we tabulate. Using complementary observations of methanol, we determined the lower
limit to the kinetic temperature in NGC 6946 to be 14 K. Using this value as a guide,
we derived LTE column densities for each pointing using our CS observations and found
values between N(CS) = 3 x 10'2 em™2 and N(CS) = 2 x 10 cm ™2 in NGC 6946 and
values between N(CS) = 5 x 102 cm~2 and N(CS) = 1 x 10!* em~2 in NGC 3079.
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The work in Chapter 2 was developed further in Chapter 3. We linked a time and
depth dependent chemical model with a molecular line radiative transfer model and used
the observations in Chapter 2 to guide our inputs. We reproduced the observations,
showing how the conditions in the dense, potentially star forming gas are likely to vary
away from the galactic centres. We also estimated the quantity of this gas. We find that,
for both target galaxies, emission of CS from warm (T = 100 - 400 K), dense (n(Hz) =
10°~6 cm~3) cores, possibly with a high cosmic ray ionisation rate (¢ = 10 (y) best describes
conditions for our central pointing. In NGC 6946, conditions are generally cooler and/or
less dense further from the centre, whereas in NGC 3079, conditions are more uniform. The
inclusion of shocks allowed for more efficient CS formation, which means that an order of
magnitude less dense gas is required to replicate observations in some cases. We estimated
that the dense gas as traced by CS, makes up a total of 2.5%-25% of the molecular gas
reservoir by mass.

The limitations of the work in Chapter 2 and Chapter 3 were mostly dependent
of the lack of spatial resolution achieved with a single dish telescope. In addition, we
lacked the high-J transitions of CS that trace the densest components of the gas. The
use of interferometric observations over a wide range of frequencies would make it possible
truly quantify the star forming gas and determine its distribution across the nucleus of the
galaxy. However, NGC 6946 and NGC 3079 are not positioned to be easily observable with
the most advanced submillimeter interferometer, ALMA. Given this limitation, a proposal
has been submitted to observe the similar galaxy NGC 4303, a Seyfert II spiral barred
starburst galaxy. If successful, these observations, which will encompass the nucleus, the
bar and part of the spiral arms, will allow us to study the distribution of the dense gas as
traced by CS at scales down to ~ 35 pc spatial resolution (the scale of GMCs). We will
also be able to determine the gradient of densities and temperature across the bar and
partially along the spiral arms and determine whether and where the dense gas has been
shocked.

In Chapter 4, we compared the distribution of two shock tracers, SiO and HNCO,
in the CND of NGC 1068. We performed LTE and RADEX analyses to determine the
column densities and physical characteristics of the gas emitting these two species. We then
used a chemical model to determine the origin of the emission.We found there was strong
SiO peak to the East of the AGN, with weak detections to the West. This distribution

contrasted that of HNCO, which was detected more strongly to the West. We saw that



145

SiO emission peak in the East is similar to the peak of the molecular gas mass traced
by CO, whereas HNCO emission is offset from this peak by as much as ~80 pc (~1").
We compared velocity integrated line ratios in the East and West. We confirmed that
SiO emission strongly dominates in the East, while the reverse is true in the West. We
used RADEX to analyse the possible gas conditions that could produce such emission.
We found that, in both East and West, we could not constrain a single temperature for
the gas. We ran a grid of chemical models of potential shock processes in the CND and
found that SiO is significantly enhanced during a fast (60 km s~!) shock but not during a
slow (20 km s™1) shock, nor in a gas not subjected to shocks at all. We found the inverse
for HNCO, whose abundance increases during slow shocks and in warm non-shocked gas.
High SiO and low HNCO indicated a fast shock, while high HNCO and low SiO indicated
either a slow shock or warm, dense, non-shocked gas. The East Knot is therefore likely
to contain gas that is heavily shocked. From chemical modelling, we found that gas in
the West Knot may be non-shocked, or may be undergoing a much milder shock event.
When we took into account RADEX results, we saw that the milder shock event is the
more likely of the two scenarios.

In Chapter 5, we used ALMA data of NGC 1068 to analyse spectra of five transitions,
CO(3 —2), CO(6 —5), CS(7 — 6), HCN(4 — 3) and HCO™' (4 — 3). This was completed
for different regions of the galaxy: the AGN, four locations in the CND where emission
is particularly strong, and eight locations in a SB ring at a radius of ~ 1.3 kpc from the
AGN. We saw that CO is more highly excited closer to the AGN, suggesting that the
AGN is illuminating the molecular gas surrounding it. We did not detect CS in the AGN.
Since CS does not form efficiently in the presence of X-Rays, we found the most likely
solution to be that the region is a large X-Ray Dominated Region (XDR), illuminated
by the AGN. In the East Knot, we found the shocks identified in Chapter 4 are not
responsible for the bulk of the chemistry in the region, and in fact illumination from the
AGN is probably dominant. We strongly detected CS, suggesting it is probably tracing
another gas component into the region, most likely the shocked gas. Similar conclusions
are reached for the gas to the West Knot. To the North and South CND, where no shocks
are detected, XDR chemistry dominates and no CS is detected, providing further evidence
and building on the findings of Chapter 3 that CS is enhanced in shocked regions. In the
SB Ring we saw some regions where HCO™ is more intense that HCN. This is unusual and

does not fit well to models. We find that HCO™ is enhanced due to PDRs and that HCN
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is probably not emitting strongly in them. It is likely from another gas component. As is
the CS, which we find likely to be tracing hot cores, the region surrounding newly formed
stars. In addition, found that using solely the molecular ratios, HCN(4 — 3) /HCO™ (4 — 3)
and HCN(4 — 3)/CS(7 — 6), is not always an accurate way to identify AGN activity, as
has been suggested in many previous papers.

We find that signatures of AGN feedback correlate well with the tracers of the molecular
outflow in NGC 1068. While the outflow in the East and West Knots are likely wind driven,
the North and South CND regions are dominated by radiation. The question of whether
the outflow is affecting the SB Ring is still open, but the lack of detection of even weak
shock tracers suggest that maybe it is not interacting strongly. In addition, the chemistry
as a whole in regions of the SB Ring is different to that of any of the CND regions.
HCO™ (4 — 3) is stronger in the SB Ring compared to all other species. We note that this
alone cannot rule out potential large scale effects of AGN feedback on the SB Ring.

Future work on NGC 1068 focuses on obtaining ALMA mapping of several CS tran-
sitions. We confirmed that CS is tracing the shock components of the CND, where other
molecules were not. To further characterise the shock components many transitions of
CS are required. Using the models and techniques similar to those used in Chapter 3, it
will be possible to produce a full CS transition J-ladder which can then be compared to
observations. This should be complemented by observations of several SiO transitions, for

which a similar modelling can be completed.
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Figure A.1: Additional outputs from SMMOL radiative transfer modelling
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Figure B.2: HCO™ (3 — 2) emission in the five CND subregions and in a

location

Figure B.3: CS(7—6) emission in the five CND subregions and in a single SB ring location
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