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The Astronomer

By Gibran KAHLIL GIBRAN

In the shadow of the temple my friend and I saw a blind man sitting alone.
And my friend said, “Behold the wisest man of our land.”
Then I left my friend and approached the blind man and greeted him.
And we conversed.
After a while I said, “Forgive my question; but since when has thou been blind?”
“From my birth,” he answered.
Said I, “And what path of wisdom followest thou?”
Said he, “I am an astronomer.”

Then he placed his hand upon his breast saying, “I watch all these suns and moons and stars.”






“The lights of stars that were extinguished ages ago still
reach us.  So it is with great men who died centuries ago,
but still reach us with the radiations of their personalities.*

Gibran Khalil Gibran






Abstract

The central molecular zones of two nearby galaxies M 82 and IC 342 are among the most promi-
nent extragalactic molecular sources in the northern hemisphere. While M 82 is a relatively small
late type starburst galaxy, IC 342 is a spiral galaxy similar to the Milky Way in many respects,
but seen face-on. While the two galaxies share many properties such as global molecular gas
mass, Hy column densities, and density of bulk gas, they differ in their star formation rates. In or-
der to investigate how the star formation rate depends on the physical environments, conditions,
and chemistries, the molecular content of the central molecular zones of M 82 and IC 342 has
been studied, and different environmental conditions, e.g. shocks, hot cores, photo-dissociation
regions were traced.

A spectral mapping survey targeting the central molecular zones of M 82 and IC 342 (with a
spatial resolution of 43 and 50 pc for IC 342 and M 82 respectively), and covering almost the
entire 3-mm range has been performed using the Plateau de Bure Interferometre, now known
as NOrthern Extended Millimetre Array (NOEMA). This survey provides an inventory of the
molecular content and distribution in the central molecular zones of these galaxies. Among the
molecules observed are tracers of shocks, dense gas, and photodissociation regions, which in
turn are tracers of ongoing high mass star formation.

In M 82, 15 molecular species were detected, in addition to three radio Ha recombination lines.
In IC 342, 22 molecular species were detected. Most notably, SiO and HNCO (both shock trac-
ers), CH3CN, and CH30H were detected in IC 342 but not in M 82. The only complex molecule
detected in M 82 is CH3CCH, which is believed to be a tracer of photo-dissociative radiation. In
general, the abundance of molecules relative to C'®O are higher in M 82 than they are in IC 342.
The column densities observed in this study were compared to chemical models in order to re-
late the physical and chemical conditions of the molecular clouds. The chemical models show
that the central molecular zone in M 82 and IC 342 have a cosmic-ray ionisation rate 5000 times
higher than the local standard value, with a visual extinction of ~50 mag. For a better under-
standing of the spatial distribution of the molecules, a principal component analysis has been
applied to the data, thus associating, different chemical tracers with different physical locations
in the galaxies. The principal component analysis showed a strong correlation between HCN
and HCO™, and between CCH and HCN in M 82. In IC 342, a strong correlation between HCN
and HCO™, and between C'®0 and 3CO was observed. Moreover, the principal component
maps showed that in IC 342, dense gas traced by HCN and HCO™ is more concentrated in the
centre of IC 342, while shocks (traced by HNCO) are more dominant on the outer sides of the
central molecular zones of the galaxy.

The results showed that in M 82, the gas is affected by photo-dissociation regions and emission
from massive stars, as traced by Ho lines. The detection of NoH™ in M 82 indicates the presence
of a quiescent gas with a visual extinction higher than 20 mag, that can act as gas reservoir and
fuel future star formation. On the other hand, in IC 342, shocks (traced by SiO and HNCO) are
dominating the heating processes, thus halting the star formation.
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Chapter 1

Introduction

1.1 Context

The basic stages of star formation are thought to be understood, at least in general terms. Imaging
of star formation regions and the theoretical modelling of star formation have witnessed impor-
tant breakthroughs in recent years. For instance, advances have been made in understanding the
formation of binary stars using the Smoothed Particles Hydrodynamics (SPH) numerical method
(Bate 2000; Lomax et al. 2015; Sigalotti et al. 2018; Riaz et al. 2018 and van der Plas et al. 2019),
and the detailed structure of many molecular clouds where star formation takes place (Williams
and Viti 2005) is now better known. Important details of the process, however, remain unclear
such as the formation of low mass stars from both a theoretical and observational perspective,
the dependence of star formation on the initial mass functions and other initial conditions of the
clouds where the stars form, and the lower and upper mass cut-offs of the initial mass function,
the role of the collapsing cloud environment (radiation fields, winds, ...), the influence of re-
cent high-mass star formation on the ongoing star formation, or the role that metallicity plays
in the star forming process (e.g. Wu et al. 2019). The formation of pre-stellar cores and their
abundances, the role of turbulence, magnetic fields, gravity, kinematics, and pressure in the for-
mation of molecular clouds are still not fully understood (Liu et al. 2018). The details of the
bimodal star formation (that is, low mass stars form due to cloud collapse, while high mass stars
may either form through cloud collapse, or due to competitive accretion of gas in a very dense
interstellar medium), and the details of mass accumulation for high mass star formation are still
unclear (Yuan et al. 2018).

Since star formation is still ongoing (Yusef-Zadeh et al. 2017), maybe even accelerating in
molecular clouds (Palla and Stahler 2002; Lee et al. 2015 and Caldwell and Chang 2018) and is
closely correlated with galaxy evolution (Larson 1996), understanding the mechanisms driving
the star forming process is crucial to comprehend galaxy formation and evolution, as well as the
chemical composition of the interstellar medium. Advances in technology and observational fa-
cilities promise high resolution data and advanced analysis software that help reveal more details
about the mechanisms and processes of star formation.

For instance, the Atacama Large Millimetre/sub-millimetre Array (ALMA)' allows to observe
detailed images of star forming regions and gas clouds with high resolution and sensitivity obser-

"http://www.almaobservatory.org/
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18 1. Introduction

vations of the molecular gas and dust, which are the main components of star formation (Aalto
2015; Favre et al. 2016; Yusef-Zadeh et al. 2017; Scoville et al. 2017 and Cyganowski et al.
2017). With the Atacama Pathfinder EXperiment (APEX)?, one can study cold dust, and gas
in galaxies, trace thermal continuum emission and analyse spectral lines at high radio and sub/-
millimetre frequencies. This allows for a better understanding of the chemistry and structure of
individual star forming regions, as well as, on much larger scales, of galaxies undergoing star
formation (Leurini et al. 2019). The NASA/DLR Stratospheric Observatory for Infrared As-
tronomy(SOFIA) (Heyminck et al. 2012 and Temi et al. 2014) allows for high-resolution spec-
troscopy and diffraction-limited imaging, since it observes above 99% of the atmospheric water
vapour of the Earth, enabling thus the detailed study of the interstellar medium (ISM), the mag-
netic fields in star forming regions, and probing the chemistry and evolution of proto-planetary
disks in the THz regime (Ro6llig et al. 2009).

One approach to study star formation is to investigate the chemical content of the central molec-
ular zones (CMZs) in galaxies. The star formation rate (SFR) is a good indicator of a galaxy’s
degree of activity with respect to star formation. Understanding the dense CMZs in the cen-
tre of galaxies is crucial, as they play an important role in the molecular chemical evolution of
the galaxies and can underline different physical processes. These CMZs can fuel massive star
formation and AGN activity, and therefore are catalyst of their host galaxy’s evolution (Izumi
et al. 2016). Moreover, it is important to investigate the chemical composition of the CMZs, as
it can shed light on the chemical evolution that the host galaxy underwent, as a result of different
heating sources from star formation regions, AGN, shocks, and other mechanical and radiative
processes (Izumi et al. 2016).

The nearby galaxies M 82 (D=3.53 £ 0.26 Mpc, Karachentsev and Kashibadze 2006) and 1C 342
(D=3.28 £ 0.27 Mpc, Karachentsev and Kashibadze 2006) are among the most prominent and
prototypical molecular lighthouses in the northern hemisphere. M 82 is a late type spiral SBc
galaxy (spiral barred (SB) galaxy with ¢ as arm tightness; Mayya et al. 2005), in a late starburst
stage, seen edge-on (with an inclination of 80°, de Vaucouleurs et al. 1991). On the other hand,
IC 342 (also known as Cadwell 5) is an intermediate spiral galaxy of type SAB(rs)cd, that is, it is
classified between unbarred and barred, and between ringed and spindle, with an arm tightness
between ¢ and d (de Vaucouleurs et al. 1976). IC 342 is therefore a spiral galaxy resembling the
Milky Way, seen face-on, rendering it easier to study its nuclear region than that of the Milky
Way (MW).

Moreover, the three galaxies (M 82, IC 342, and the Milky Way) share many characteristics, such
as gas mass, gas temperature, gas density, and the fact that the gas temperature is well in excess
of the dust temperature (Mauersberger et al. 1986, 2003 and Ao et al. 2013).

Further studies revealed stronger similarities between 1C 342 and the Milky Way: Sakamoto
et al. 1999 showed that giant molecular clouds in the bar of IC 342 have similar linear sizes
as the Sgr A and Sgr B2 molecular clouds in the centre of the Milky Way and Meier (2014)
summarised the many similarities between IC 342 and the Milky Way, such as ionising photon
rate, X-ray luminosity, and mass of the largest CMZ in the galaxies.

However, despite all their similarities, the SFR in M 82 is significantly higher than those in IC 342
and the Milky Way. In an attempt to understand the difference in SFR, to explore the highly
efficient star formation in M 82, and to study the nuclear region of IC 342, this work maps the
CMZs of M 82 and IC 342 in almost the entire 3-mm range in molecules and the continuum using
the Plateau de Bure Interferometre (PdBI), now known as NOrthern Extended Millimetre Array
(NOEMA) in the French Alps. The observations are backed by chemical abundance models with

Zhttp://www.apex-telescope.org/



1.2. Objectives 19

different excitation conditions and distinct physical environments such as photo-dissociation re-
gions (PDRs), very dense gas with different metallicities and cosmic ray (CR) fluxes (using
the models presented by Viti 2017). Since the different stages of star formation leave different
chemical fingerprints, different environmental conditions such as shocks, hot cores, quiescent
gas, and PDRs can be traced. Tracers of shocks, hot cores, photon-, CR-, or X-ray dominated
regions show clues of physical mechanisms affecting the gas. Chemical abundance maps will be
related to the physical environment. The spatial distributions of transitions will be compared to
chemical models and other tracers of star formation. Different kinds of chemistry will be related
to morphological and kinematical features to explain the nature of the giant molecular clouds
and the gas influenced by their orbital environment. To ease this task, a Principle Component
Analysis (PCA) will be applied. Detection of isotopologues such as H2CO™ and H'*CO™ can
be potentially used as a tracer for the isotopic abundance ratio. The isotopic ratios of secondary
to primary isotopes provide clues to the gas metallicity and the influence of massive versus low
mass stellar ejecta, which helps constraining the origin of the gas. The CMZ sources of the
Milky Way can be used as a template for the extragalactic studies (Turner 1989 and van der Wiel
et al. 2009).

1.2 Objectives

Anunbiased imaging survey that covers almost the entire 3-mm spectral window and includes the
central molecular zones is still missing for extragalactic objects like M 82 and IC 342. Previous
studies performed line surveys targeting solely selected molecular transitions. Moreover, a high
resolution line survey that resolves the innermost few hundred parsec of a galaxy has not been
done so far. Studies such as Meier and Turner (2005); Martin et al. (2010) and Aladro et al.
(2011b) have targeted specific molecules in M 82 and IC 342. Molecular line surveys, such as
presented by Aladro et al. (2011a) and Aladro et al. (2015) have used data obtained by a single-
dish telescope, which lacks spatial resolution.

The data used in this work is the first high resolution survey covering the 3-mm range and tar-
geting the innermost few 100 pc of the M 82 and IC 342 CMZs. This survey offers an unbiased
spatially resolved inventory of the molecular contents of these galaxies.

The molecular content of the galaxies will help find reliable indicators of PDRs that are a strong
tracers of star formation regions. Moreover, finding reliable indicators of shocks, and cosmic ray
dominated regions (CR-regions) can shed light on the physical activity in the central molecular
zones. The application of the statistical method Principal Component Analysis (PCA), the as-
sociation of different chemistries to different physical locations in the galaxies will facilitate the
understanding of the chemical distribution within the central molecular zones, and its relation
to physical boundary conditions and star formation.






Chapter 2

Physical and Mathematical Concepts

In this chapter, some fundamental physical and mathematical concepts relevant for this thesis
will be outlined. Section 2.1 will discuss in general terms the interstellar medium (ISM) and the
different heating mechanisms. Section 2.1.5 will discuss briefly the central molecular zones of
galaxies, the CMZs. Section 2.2 will explain temperatures and thermodynamical equilibrium.
Radiative transfer will be presented in Section 2.3. The basic concept of radio interferometry and
its application will be laid out in Section 2.4. Finally, in Section 2.5, the principal component
analysis and its application in this study will be briefly described in this chapter.

2.1 The Interstellar Medium

The interstellar medium (ISM) has many phases ranging from the hot ionised diffuse gas where
temperatures are higher than 10° K and densities ~ 4 x 1072 cm ™2 to the cold dense molecular
gas where temperatures are between 10 and 50 K and the densities reach 10? — 10° cm~3(Draine
2011). This leads to different chemical states of the matter in ISM: radiation and high temper-
atures can lead to hot ionised atomic gas, while colder and denser clouds allow for molecule
formation. These phases are dynamic and heavily influenced by the different physical processes
that take place in the ISM. For instance, strong UV radiation from hot stars can ionise the sur-
rounding gas. On the other hand, line and continuum emission can cool a hot gas to temperatures
low enough to allow the formation of molecules.

While it is possible to observe each phase of the ISM separately for the Galactic ISM, this be-
comes a challenge for extragalactic sources. The reason is that even for nearby galaxies, single-
dish mm-telescopes such as the IRAM 30-m telescope have a spatial resolution of several hun-
dred pc. This makes interferometric observations necessary in order to disentangle the different
phases and to resolve giant molecular clouds. For example, the 3-mm observations toward two
nearby galaxies in this study, result in a spatial resolution of ~ 50 pc, comparable to the size
of the giant molecular clouds. As targets, two galaxies were chosen that are similar in many
respects but have radically different star formation rates: M 82 and IC 342.

M 82 is a known late-type starburst galaxy where H Il regions traced by hydrogen recombination
lines were detected, and IC 342 is a galaxy that resembles the Milky Way but seen face-on. The
star formation rate in M 82 is significantly higher than in IC 342 and the Milky Way, despite the
fact that these three galaxies share many similarities (see Chapter 1.1). Interferometric observa-
tions with high spatial resolution (~ 50 pc) allow for the detailed studies of the central molecular
zones in these galaxies and can highlight signature chemistries of the different stages of a star-

21



22 2. Physical and Mathematical Concepts

burst. By tracing the different phases of the ISM and their physical processes, such as shocks,
ionising and dissociating radiation, one can reveal clues of physical mechanisms affecting the
gas. In the following subsections, those phases and processes, that will become essential to the
understanding of results presented in this thesis, will be described.

2.1.1 HII Regions

The formation of hot massive stars can significantly alter the chemistry of the parent molecular
cloud. Young massive stars emit FUV radiation capable of ionising hydrogen, and irradiating the
molecular cloud with electrons. The H Il regions are then formed, emitting a free-free continuum
emission observable at radio wavelengths (Draine 2011). After being ionised in HII regions, a
certain percentage of ionised hydrogen (H") recombines with electrons to form a new neutral
hydrogen atom. In an HII region, there is a certain equilibrium between HI and HII. This
electron in the newly formed neutral hydrogen atom, can be at any energy level, but then cascades
to the ground state (n = 1). As it cascades, the electron will emit photons at each transition.
These regions are therefore characterised by strong emission of hydrogen recombination lines
(eg. Ha). If the newly formed neutral atom emits a photon causing its electron to fall from
energy level n + 1 to energy level n (An = 1), the transition is then known as the Hna line. For
instance, the H41« line is emitted when the electron of the hydrogen atom falls from the energy
level n+1 =42 to the energy level n =41. The Ha recombination lines are often used as tracers
of ionised hydrogen regions, and thus, regions of massive star formation.

2.1.2 Molecular Clouds

In the Milky Way, the interstellar medium has a mass ranging between 10-15 % of the total mass
of the disk (Ferriere 2001). Hydrogen accounts for ~ 70 % of the mass of the ISM, helium
accounts for ~ 28 %, while metals (elements heavier than He) account for the remaining ~ 2 %
of the ISM mass (Ferriere 2001). In the Milky Way, molecular hydrogen (H;) has a mass of
(1.0 + 0.3) x 10° M, (Heyer and Dame 2015), while atomic hydrogen (HI) has a mass of
2.5x10° M, (Nakanishi and Sofue 2003).

The densest regions of the ISM, molecular clouds, mainly consist of H, molecules and He atoms.
For molecular clouds to form, the gas should be dense enough to allow for self-shielding from
UV-photons that can dissociate molecules. In gas with roughly solar metallicities, the threshold
column density for the molecular phase to set in, is N(Hy) = 5 x 10?° cm™2 (Stecher and
Williams 1967; Hollenbach et al. 1971 and Federman et al. 1979). Interstellar H, was first
detected in FUV by Carruthers (1970) in absorption towards diffuse interstellar gas. Since Hj is
a symmetrical molecule, it lacks a permanent electric dipole moment, therefore dipole transitions
between rotation levels are forbidden. Quadrupole transitions (e.g. J=2-0) can be observed in the
IR. Due to the low moment of inertia of Hy, J=2 is at 500 K above ground level. Such quadrupole
transitions can be observed towards very warm gas (Snell et al. 2019). This make Hs hard to
detect in cold molecular clouds (Dame et al. 2001). Therefore, most of the molecular cloud
mass evades direct astronomical detection, in the cold environment of the molecular clouds.
Observable tracers such as molecules with an electric dipole moment are instead used. Dust
emission in the mm and sub-mm range, or dust extinction are used to trace molecular clouds
at shorter wavelength, mostly in IR but also at mm/sub-mm wavelengths. The most commonly
used Hj tracer is CO, as it is the molecule with the highest relative abundance in the ISM after
H, (the fractional abundance of CO relative to Hy is (1.4-2.5)x10~%, Heyer and Dame 2015).
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It also possesses a permanent dipole moment, unlike Hs, and it is much heavier than molecular
hydrogen, and therefore, its rotational transitions can be observed at accessible frequencies in
the mm- and sub-mm range.

Star are formed in molecular clouds. One can classify molecular clouds in different categories,
depending on their visual extinctions A, (visual extinction can be related to the column density
of hydrogen: §1 ~ 1.8 x 10?'cm~? mag~", Reina and Tarenghi 1973) by the dust they contain,
which can widevly vary from 1 mag<A, to A, = 100 mag (Draine 2011 Chapter 32, and refer-
ences therein). Star formation usually occurs in Star-forming Clumps with typical sizes between
0.1 and 2 pc, densities Ng ~ 10 — 105 cm ™2, and masses ranges from 10 to 10° M, (Klessen
2011). These clumps, where water molecules (H,O) and other ices can be found on the surface

of dust grains', are dark, dense, and gravitationally bound (Draine 2011 Chapter 1).
2.1.3 Photodissociation Regions (PDRs)

Massive stars emit strong far ultra-violet (FUV) radiation (6 eV <hv < 13.6 eV, Hollenbach and
Tielens 1997) that can dissociate and ionise the surrounding gas. This photo-ionised gas has
temperatures that can reach 10* K (Draine 2011), and can become highly-pressurised, resulting
in a compressive wave that might cause the flow of the ionised gas from the high pressure regions
into regions with lower pressure (Draine 2011). Photodissociation regions (PDRs) are defined
as the interface between the ionisation front of the HII region and the dense molecular cloud,
where molecules can be effectively dissociated by radiation.

Figure 2.1 shows the propagation of the UV-radiation through the ISM. High-mass O/B stars
emit strong UV-radiation. In the near vicinity of such stars, the UV-radiation reaches energies
higher than 13.6 eV, and is thus ionising hydrogen atoms. These regions are called HII regions.
The ionisation front is defined as the region where half of the hydrogen is ionised (Draine 2011).
After the ionisation front, ionised Hydrogen (H") and other atoms recombine with electrons to
form atomic hydrogen, however molecules cannot be formed since they would be rapidly disso-
ciated by radiation. This region is therefore called the Photo-Dissociation Region (PDR). The
ionisation front does not sharply divide the HII regions from the PDR. The ionisation front can
advance with a velocity vir, and the overlap between the ionisation front and the PDR forms a
region where the Lyman continuum photons are absorbed?. Photons with energies lower than
13.6 eV (FUV-photons) continue their propagation into the PDR. The low-energy FUV-radiation
of the PDR cannot ionise Hydrogen, but can dissociate molecular hydrogen into atomic hydro-
gen, and can ionise heavier elements such as carbon (Goicoechea et al. 2016). A strong FUV flux
will also prevent ionised carbon (C*) and O from forming CO. However, polycyclic aromatic
hydrocarbon (PAH) can form, and they emit strong mid-IR emission (Goicoechea et al. 2016).
The dissociation front, which is not sharply defined, separates a PDR from a region where
molecules can exist, and is rich in C*. After the dissociation front, H starts forming molec-
ular hydrogen. This is known as the H/H, transition zone. In this zone, observations show a
peak in the Hj vibrational transition (Goicoechea et al. 2016). It is also in this zone, that HCO™
emission becomes intense (Goicoechea et al. 2016). After the H/H, transition zones, occurs the
C*/CO transition zone, since C has a lower ionisation energy. Assuming a FUV radiation that
is irradiating the cloud uniformly from one direction, the FUV flux will be attenuated by dust

nterstellar dust is composed of small solid particles of mainly carbon, silicon, and oxygen, magnesium, sulfur,
and iron, with a size smaller than 1 gm (Chlewicki and Mayo Greenberg 1984; Li and Greenberg 1997).

2Lyman continuum photons are photons emitted from stars with an energy higher than the Lyman limit which
is given in terms of wavelength as 912 A, or in terms of photon energy as 13.6 €V.
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Figure 2.1: Diagram representing the structure of a PDR between the H Il region and the molec-
ular cloud (Goicoechea et al. 2016).

absorption and scattering as it propagates further into the cloud. Therefore, the ISM after the
dissociation front is cold, and the photo-dissociation rate decreases. Thus, after the C*/CO tran-
sition zones, starting from the snow line where the dust temperature drops to 50 K, the molecules
start to freeze onto dust surfaces. With temperature reaching ~ 20 K, the molecular clouds are
relatively cold and dense (ng = 3 x 10?2 cm~2), allowing for the formation of ice grains, such
as H,O and CO.

2.1.4 Shocks

In the interstellar medium, phenomena such as strong stellar winds, cloud collisions, novae and
supernovae explosions, spiral density waves, expanding H Il regions, jets and outflows from star
forming regions, cause a pressure-driven turbulence in the ISM that propagates with speeds
higher than those of compressive waves, and increases the entropy of the medium, thus causing
irreversible changes in the surrounding cloud. This turbulence results in shocks. Shocks are
common in the interstellar medium, and have a strong effect on the chemistry and the evolution
of the molecular clouds, and they are closely related to the evolution of a galaxy as well.

The effects of a shock on the interstellar medium depends strongly on the speed of that shock,
the temperature of the post-shock gas, and on the presence of a magnetic field. The speed of a
shock is defined relative to the speed of sound in the medium where the shock is propagating.
The speed of sound in an isothermal ideal gas depends solely on the temperature and the mean
molecular weight of the gas and is given as:
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P kgT
Speed of sound : ¢, = 4 [7— = vi 2.1
p 1
p]{BT

(2.2)

Ideal gas equation of state : P =
1

where P and 7' are the gas pressure and temperature respectively, p is the density of the gas,
kp is the Boltzmann constant given as 1.38x1071% cm? gs72 K~!, and 1 is the mean molecular
weight (Tielens 2005). For an atomic gas, the mean molecular weight is usually assumed to be
@ = 1.5 X my; for molecular gas, a value of ;1 = 2.7 X my is usually used, and for a fully
ionised gas, the mean molecular weight is ¢« = 0.7 X my. The specific heat ratio y is expressed
as function of constant pressure (cp) and constant volume (cy): v = CP . For mono-atomic gas,
v is given as 2, and for di-atomic gas, v = £. The Mach number M - is the ratio of the
speed of the shock (v) to the speed of sound i 1n a medium (c,) (Tielens 2005)
There are two broad types of shocks: the jump shocks (J-shocks) that are fast shocks causing
sharp changes in density, temperature, and velocity of the medium where they occur, and the
continuous shocks (C-shocks), that are shocks which allow for a continuous change without
sharp changes of the characteristics of the medium. The main difference between the two types
of shock lies in the velocity and temperature of these shocks, where the J-shocks have higher
velocities and temperature than the C-shocks (Tielens 2005).

J-shocks

When a shock has a high velocity that will cause a sharp change in the temperature, velocity and
pressure of the cloud, these changes are called a jump. Jump shocks (J-shocks), thus alter the
properties of the cloud. J-shocks are fast shocks with M/ > 1. Assuming the gas in which the J-
shocks propagate is atomic (7 = 3) the gas Velocity will increase to vs (vs is the shock velocity),
the temperature will be proportional to - 16 v2, and the gas density w111 increase by a factor of 4,
leading to a compressed gas (Tielens 2005). The J-shocks have a velocity that is higher than
40 — 50kms~! (Hollenbach and McKee 1989; Tielens 2005). The shocks can dissociate and
ionise the gas, but will also lead to molecule formation in the zones behind the shock. The
chemistry of these zones depends on the post-shock temperatures. If the post-shock temperature
is less than 10* K, H, is not dissociated. However, reactions with O are possible, leading to
the formation of H,O (Tielens 2005). Other abundant molecules under such conditions are CO,
Hs, Oz, CH™, SiO, and H;S (Tielens 2005). However, for post-shock temperatures higher than
10* K, with shock velocities higher than 50 kms~!, molecular hydrogen (H,) dissociates, and
the gas becomes predominantly atomic (Draine and McKee 1993; Tielens 2005).

The emitted radiation of these shocks depends on their velocity. The temperature of the gas di-
rectly behind the shock front depends on the velocity of the shock, where T'(K) o< 10° (10013#) ?
(Tielens 2005). Ionising shocks with velocities higher than 50 km s~! cause post-shocks tem-
perature to reach 10° K. Such high temperatures lead to bright X-ray emissions. Slower non-
dissociating shocks lead to UV and optical emission. This UV-radiation results in
photo-dissociation and photo-ionisation in the cloud. After the photo-ionisation of hydrogen
in these clouds, optical recombination lines are observed in the post-shock gas. Moreover, for
temperatures lower than 5000 K, fine-structure line emission of neutral hydrogen and other ions
can be observed, as well as rotational emission at IR and radio frequencies from molecules
formed due to the shock (Tielens 2005).
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The UV-radiation caused by shocks can be distinguished from the UV-radiation of PDRs by the
resulting chemistry. In shocked regions, one can detect strong lines from low-excitation species.
For instance, in the optical regime, the line intensities of [S I[]A6717, and [O I]\6300 are much
higher relative to the optical H/3 line (Tielens 2005). In ionisation regions of shocks, one can also
detect [Fe II] lines, and high ratios of %. In the IR-regime, one can distinguish between
shocks and PDR regions, by the lack of PAH emission that is typical for PDRs (Tielens 2005).
Moreover, the ratio [[O A63m 36 much lower in PDRs than it is in shock regions (Hollenbach

CIIJA158m
and McKee 1989).

C-shocks

In strongly magnetised clouds, C-shocks occur. The magneto-sonic waves (longitudinal waves
propagating in a magnetised plasma perpendicular to the magnetic field), have a velocity of:

Ums = \/ €2 + V3 (2.3)

where v 4 is the Alfvén speed defined as vy = % (B is the magnetic field strength, and p is
the density of the gas). The speed of the magneto-sonic wave is significantly higher than the
speed of sound cs. Therefore, it is possible for a supersonic wave to propagate at speeds lower
than the magneto-sonic wave speed. There is then, a wide range of shock velocities that are
slower than magneto-sonic waves. The magneto-sonic waves can then travel ahead of the shock
wave, "preparing” the cloud for the incoming shock, causing a continuous change in the cloud
properties, hence the name, continuous-shock or C-shock. These shocks are colder than the
J-shocks, have a maximum velocity of 40 km s~ (Tielens 2005), but are still able to partially
dissociate some molecules. Other molecules such as H,O, and OH are formed abundantly. In
regions where the post-shock temperature increases, and O is abundant, reactions with OH,
and CH™ take place, and the formation of CH30H, and SiO in gas phase becomes enhanced
(Jiménez-Serra et al. 2008). C-shock regions can be observed at IR and radio wavelengths. One
detects strong fine-structure line emission such as [O1] at 63, and 146 um, [CI] at 370, and
610 um, and [S1] at 25 um. Via molecular rotational lines one can detect molecules such as
CH30H, SiO, HNCO, and H>O (eg. Jiménez-Serra et al. 2008). In C-shocks, ion abundance is
low, therefore one can use the detection of hydrogen recombination lines, and fine-structure line
emission of Nell at 12.8 ym, Si Il at 35 ym, and Fe II at 26-36 ymm as indicators of a C-shock
chemistry (Hollenbach and McKee 1989).

2.1.5 Central Molecular Zones of Galaxies

In the Milky Way, the central molecular zone (CMZ) is defined as a region of particularly strong
molecular emission located within a radius of 200 pc from the centre of the Galaxy (Morris and
Serabyn 1996). This zone is characterised by high densities (ny, = 10* cm™3), where molecular
hydrogen H, contributes a mass of 1.9 x 107 M, while atomic hydrogen (HI) contributes a mass
of only 1.6 x 10® M, (Ferriere et al. 2007). The CMZ in the Milky Way has a projected size of
500x 300 pc (Ferriere et al. 2007), and has a total molecular gas mass of ~ 3 x 107 M, (Dahmen
et al. 1998). Within this CMZ, many dense and massive molecular clouds are detected (eg. Sgr
A, B, C, D, E), filament-shaped clouds, and dust-lanes (Bally et al. 1988 and Morris and Serabyn
1996). Among others, molecules such as SiO, HCO*, and H'*CO™ are wide-spread in the CMZ
of the Milky Way (Riquelme et al. 2010), while the molecular cloud Sgr B2 is possibly the richest
molecular source of the entire sky (e.g. Belloche et al. 2013).



2.2. Thermodynamical Equilibrium and Temperatures 27

In other galaxies, such as M 82, IC 342, and NGC 253 similar molecular regions have been iden-
tified, bearing similar characteristics in mass, density, and chemical composition to the CMZ in
the Milky Way (eg. Meier and Turner 2005; Martin et al. 2010; Aladro et al. 2011b,a; Meier
2014; Aladro et al. 2015 and Ginard et al. 2015). Therefore, these regions have also been called
central molecular zones (CMZs). These CMZs are of high interest, in particularly those even
more active than the CMZ of the Milky Way. The CMZs in M 82 and IC 342 will be the focus
of this thesis and the work presented here.

2.2 Thermodynamical Equilibrium and Temperatures

2.2.1 Temperatures and Local Thermodynamic Equilibrium (LTE)

Assuming the existence of a population of particles with a number of atoms N, that has an
energy of F,, with a statistical weight g, and another population of particles with a number of
atoms [V, that has an energy of £}, with a statistical weight g, the excitation temperature 7,
between two levels defines the temperature at which one can expect to find this population ratio
in a given system. This temperature is described by the Boltzmann equation (where k is the
Boltzmann constant):

Nb gy _(Ep—Ea)
— == kTex 2.4
N. g 24

Under the extreme conditions of the interstellar medium, the level populations can be described
by a single temperature, only in rare cases. Depending on the nature of the involved levels,
one speak of e.g. rotational temperature 7;.;. Tyt can be calculated using eq. 2.4 where the
statistical weights are given as 2.J+1 (J is the rotational quantum number).

For a certain frequency, the spectral radiance B, can be described by the Planck function:

2hy?
B =—2>" (2.5)
A(err — 1)
where h = 6.626 x 10734J s is the Planck’s constant. Since in radio astronomy, the frequencies
observed are usually low, one often applies the Rayleigh-Jeans approximation hrv < kT’, and
equation 2.5 becomes:

21T
B, = (2.6)

C

The brightness temperature is defined as the temperature at which at a certain frequency, a source
can emit a radiation intensity of /,,. Therefore, substituting 7" for the brightness temperature
Tz, one obtains:

2]{3V2TB
2

I, = B,(Ts) = 2.7)

C

Thermodynamical equilibrium occurs when all processes can be described by a single temper-
ature, that is, all the temperatures are the same:

T = Tex - Tkin - TB (28)
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Even though, thermodynamical equilibrium is rarely observed in the interstellar medium, one
can assume that equilibrium occurs locally, in regions where the difference in temperatures is
small enough. In other terms, if the mean free path® of the particles and photons (distance trav-
elled between collisions) is significantly smaller than the distance required for the temperature
to change remarkably or smaller than the scales at which energy exchange with the surrounding
environment occurs, local thermodynamical equilibrium (LTE) is assumed.

2.2.2 Einstein Coefficients

In its most simple form, thermodynamical equlibrium is assumed when a process (e.g. emission)
occurs at the same rate as its inverse process (e.g. absorption). Assuming that a photon is passing
near a particle, be it an atom or a molecule, one can infer an interaction between the photon and
the particle (interaction between matter and radiation). These interactions will then result in
transitions between two energy levels of the particle, the lower energy level £; and the upper
energy level F,,, with statistical weights ¢, and g; for the upper and the lower level respectively.
There are three forms of such transitions:

e Spontaneous emission: A particle can get spontaneously de-excited from an upper level
(u) to a lower level (I). A photon is then emitted, with an energy of £ = hu,,;, where
vy, is the frequency of the emitted photon. The probability of such a spontaneous photon
emission is then described by the Einstein coefficient of spontaneous emission A,; and is
given in units of s~!. Therefore a particle in the upper level u has a lifetime of ¢ = A%z
in seconds. After the emission, the population in the upper and lower level will change.
Assuming a density of n,, for the upper level, the contribution of spontaneous emission to
the changes in the population levels is given by 71, A,;.

e Stimulated emission: The de-excitation of a particle can occur because of an incident
photon that has interacted with a particle, causing the emission of a photon from an upper
to a lower level. This is the result of incoming radiation that is affecting the particle.
The probability for a stimulated emission is proportional to the Einstein coefficient of
stimulated emission B,; in units of erg~* cm? sr Hz. The photon emitted through this de-
excitation has an energy of £ = hv,;, where v, is its frequency. Like in the case of a
spontaneous emission, the population in the different levels will change. This change is
affected by the intensity of the radiation field /. The contribution of stimulated emission
to the population exchange is given as n, B, [,.

e Absorption: Much like in the case of the stimulated emission, a radiation field can cause
a particle to absorb a photon with a frequency of v,;, and thus an energy £ = hv,,;. This
photon will then excite a particle from the lower level [ to the upper level u. The Einstein
coefficient of absorption B;, in units of erg=' cm? sr Hz describes such a process. The
contribution of absorption to the change in the population in the different energy levels is
then given by n; By, [,

In order to achieve equilibrium, emission processes should happen at the same rate as absorp-
tion. Therefore, thermodynamical equilibrium is fulfilled when n, A,; + n,Bul, = nBy, 1, or
Ny Ay = (N By — nyBu)I,. This condition can be written as:

3The mean free path is the average distance travelled between 2 collisions and is defined as: [ = % where n is
the number density of atoms, o = 47a? is the collision cross section of an atom and « its radius. It is also defined
asl = %p where k, is the frequency-dependent opacity of a medium and p its density.
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Moreover, the Boltzmann equation (eq. 2.4) dehscribes the ratio of the populations of two different
levels ™=, Therefore, = is then given as 5—16 ®T , with T" representing the excitation and, in case
of local thermodynamlc equilibrium, also the kmetlc temperature. Furthermore, the intensity is
described by the Planck Law (eq. 2.5). Thus, eq. 2.9 will be written as:
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If equation 2.10 holds, this then implies that:
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2.2.3 Line Thermalisation, Column Density and Critical densities

Under the Rayleigh-Jeans approximation, the observed brightness temperature 77, of a molec-
ular emission or absorption line is given as a function of the background temperature T3, (15, =
Tovmp + Ts, where Ty p = 2.73 K is the cosmic microwave background temperature, and 7
is the temperature of a possible background continuum source), excitation temperature 7., and
optical depth 7. In cases where the observed molecular cloud and the background sources do
not fill the telescope beam, beam filling factors of the emitting gas (f.;), and of the background
sources ( fyg), should be introduced. Moreover, one should take into account the fraction of the
background source that is covered by the observed cloud (ff,q.) (Wilson et al. 2012). In those
cases, the observed line temperature is:

TLine = (fclTeJ: - ffracfbgTbg)(l - e_TV) (212)

From the observed radiation temperature, one can calculate the column density of molecules in
level u, as a function of the Einstein coefficient of spontaneous emission A,,; and the frequency
of the line (1), and by converting from frequency to velocity units through dv = “dv:

8k,
N, = Auth?’/TLinedU (2.13)

In order to derive the total column density of the observed molecule, one needs the partition
function which, for an energy F; of the level ¢ and a degeneracy g;, is given as:

Z2=3 ge it (2.14)
Using the partition function, one can then obtain the total column density of the molecular

species (Wilson et al. 2012):

IN,
B (2.15)

N, molecule —
u

The relative abundance of a molecular species is defined as:



30 2. Physical and Mathematical Concepts

Nmolecule
= — (2.16)
Ny,
The critical density (n..;;) is defined as the density at which collisional de-excitation (with a
collision coefficient of C',;) and radiative de-excitation (described by the Einstein coefficient
of spontaneous emission A,;) are equally important in populating energy levels in a gas. It is

defined as (Tielens 2005):

X molecule

A
Rerit = (2.17)
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If the density of the gas increases to values considerably higher than the critical density n..,
collisions would dominate the population of energy levels, and the excitation temperature would
approach the kinetic temperature, and LTE can hold. At such densities, the molecular line is
thermalised. If the density of the gas is lower than the critical density, radiation dominates the
population of energy levels.

2.3 Radiative Transfer

As a ray of light propagates, emission and absorption processes change its intensity. This in-
crease in intensity dI, is related to the wavelength of the photons, and the distance ds they
travelled. Assuming that only spontaneous emission processes occur, while absorption and scat-
tering processes are suppressed, the increase in intensity can be described as:

dl, = j,ds (2.18)

The emissivity of the gas at a given frequency (v), j,, is given in units of power per unit volume
per unit frequency per unit solid angle

1
Jv = —nAuhvo, (2.19)
4m

where ¢, describes the probability that the photon emitted has a frequency between v and v+ dv.
However, one definitely needs to take processes such as absorption and scattering into account,
as they influence changes in the intensity. Equation 2.20 describes the decrease in intensity due
to absorption and stimulated emission:

dl, = —k,1,ds (2.20)

The real increase in intensity is obtained by combining eq. 2.20 and eq. 2.18:

dl, = —k,1,ds + j,ds (2.21)

where k, is the attenuation coefficient at a given frequency (v), and has a dimension of (length) .
Therefore, the rate and the manner at which the intensity of a beam of photons changes depend
strongly on the rate at which emission and absorption processes are occurring.

One can describe the changes in the intensity independently from «, (and therefore from length),
by using the optical depth (7,,) of a medium, described as d7, = k,ds. In the case where the
emission is optically thin (7 < 1), radiation will experience little absorption along its path.
However, if the emission is optically thick (7 > 1), the radiation will be partially or highly
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absorbed. Moreover, one can define the source function as S, = 2. Thus, the radiative
transfer equation can now be written as:

=

dl, = —1,dr, + S,dr, (2.22)

In order to solve this equation, one can rewrite eq. 2.22 as:

ev(dl, + I,dr,) = e™(S,dr,) (2.23)

The first part of the equation is simply the derivative of €7 [,,, and therefore, one can write:

d(e™1,) =e™(S,dr,) (2.24)

The integration goes from 7,, = 0 to 7,,, where I,,(0) is the initial value for 7,, = 0:

e™ 1] = / "efé(sydT;) (2.25)
0

[e™ 1, — 1,(0)] = / TV e (S, dr)) (2.26)
0

Now, one can multiply both sides of the equations by e~7, and assume that the source function
S, is a constant:

[e™ I, — I,(0)] e ™ = / ! eve ™ (S, dr!) (2.27)
0
[e™ I, — I,(0)]e™ = / V e (S, dr!) (2.28)
0
I, — I(0)e ™ = [sye“é—n)r (2.29)
0
I, —L(0)e™™ = S8,(1—e™) (2.30)

The solution for the radiative transfer is given as:

I, = L,(0)e™™ + 5,(1 — ™) (2.31)

2.4 Radio interferometry

Radio astronomy opened up the observation of the cold universe, which is obscured at other
wavelengths, and widened the observable wavelengths range of Earth-bound observatories. In
this section, a broad introduction to radio astronomy and interferometry will be presented, with
a summary of how radio interferometers work, their advantages, and short-comings. For more
details about radio astronomy, and radio interferometers, please refer to Wilson et al. (2012).



32 2. Physical and Mathematical Concepts

2.4.1 Advantages and Challenges of Radio Astronomy

Radio astronomy offers many advantages and new diagnostic tools with respect, to optical as-
tronomy, to the field of astrophysics. It allows for observations in daytime, as well as nights,
and greatly expands the range of observable wavelengths. Since the atmosphere does not block
radio waves, Earth-bound telescopes can detect radiation from 15 MHz, up to 1.5 THz (Wilson
et al. 2012). Of course, one has to account for water vapour (particularly at 22.2, and 183 GHz)
and O, (at 65 GHz) in the atmosphere, as they can absorb some of the incoming radio radiation
(Wilson et al. 2012). Radio frequencies are less obscured by interstellar dust, and thus one can
pierce through dense molecular clouds, and dust clouds. This allows for the detailed studies
of dust properties and the composition of molecular clouds. Since the rotational transitions of
molecules emit mostly in radio wavelengths, radio telescopes allowed the observations of molec-
ular clouds. The detection of molecular species and the estimation of their column density and
abundance allowed astronomers to study in more details the chemistry of the molecular clouds.
Radio observations also allowed to observe cool hydrogen clouds through molecular proxies
such as CO, that were undetected at optical wavelengths. Some objects can be more easily de-
tected by radio telescopes such as hot gas around a black hole, and radio lobes of radio galaxies,
that are not detected in optical.

However, single dish radio telescopes have their limitations. The resolution of a telescope is
given by 0 = % (Wilson et al. 2012), where € is the angular resolution of the telescope in
radians, X is the wavelength of the observed radiation, and d is the diameter of the telescope. Ra-
dio wavelengths (in mm-range) are significantly longer than optical wavelengths (in ym-range).
Due to the long wavelengths and the mechanical limitations in construction, a single dish tele-
scope tends to have a resolution which is much inferior to the resolution of an optical telescope.
For a fixed wavelength, the only possibility to improve angular resolution of a single-dish radio
telescope, is to maximise the diameter of the dish. The current technology and materials allow
for a maximum diameter of d = 500 metres when supported by a valley (for example, the Five-
hundred-meter Aperture Spherical radio Telescope (FAST) in China), or d = 100 metres for a
steerable antenna (Effelsberg, and the Green Bank Telescope), limiting the resolution to few arc-
seconds. Moreover, the cosmic radio waves are weak compared to the earth-made radio signals.
Radio communications on Earth (satellites, mobile phone services, ...) can interfere with radio
observations. Therefore, radio telescopes are built in remote areas, where such interferences are
less likely to occur.

2.4.2 Aperture Synthesis

In order to improve the resolution and increase the collecting area, one can use several single
dish telescopes, separated by a distance larger than their diameters, forming thus a radio interfer-
ometer. The antennas will usually be connected by cables, and a correlator. For an interferom-
eter with multiple antennas, the collecting area is then ”Jidz , as it is now related to the number
of the antennas N, and their diameter d. This also improves the angular resolution of system
significantly as the resolution is now depending on the largest distance between the antennas
Dpax (order of ~ 50 m to transcontinental distances, even up to 30 Earth diameters, if using
space antennas) which is much larger than the diameter of the antennas, allowing for resolutions
reaching the micro-arcsecond range (6 = %). This improved resolution is comparable or even
higher than the state-of-the-art optical telescopes, and it allows then for observations of sub-
structures and details in -for instance- molecular clouds. With such resolution, one can resolve
astronomical objects that were previously undetected (for example, the first image of the shadow
of the supermassive black hole at the centre of M 87, Event Horizon Telescope Collaboration
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et al. 2019), the proto-planetary disks (Zhu et al. 2010; Ansdell et al. 2016). Moreover since
the molecular rotational transitions emit in the mm- and sub-mm regime, interferometry allows
for the spectral mapping of molecular species, shedding light on the chemical composition and
distribution in molecular clouds.

2.4.3 Observations with Radio Interferometry

—(]g*l) baselines*. The uv—plane is the plane

For an interferometer with N antennas, there are N

of the spatial frequencies corresponding to the projected baselines. A sampling function is used
to produce the uv—plane. The uv—axes are usually given as a function of wavelength (it is a
measure of wavelengths per baseline, see Fig. 2.2). For each baseline (each pair of antennas), one
measures the complex visibilities resulting from the correlation of the individual signals. The
resulting visibility function (V' (u, v)) in the uv—plane is the Fourier transform of the brightness
distribution of the source in the plane of the sky (7°(1, m)).

Viu,v) = //T(Lm)e_zm(“l“’m)dl dm
(2.32)

T(l,m) = //V(u,v)e%“(“l*”m)dudv

The visibility function can be derived from the electromagnetic signal detected by the antennas.
In a pair of antennas (A1 and A2), the electromagnetic signal would reach antenna A1, before it
reaches antenna A2 (Fig. 2.3). This causes a time delay caused by the geometry of the antennas,
and thus called a geometric delay. The geometric delay is defined as 7,., = % where b
is the distance between two antennas (baseline), c is the speed of light, and 6 is the source
angle relative to the zenith plane. This time delay will introduce a phase difference between
the signals A¢ = 27 v 74, (v is the frequency of the radio signal). The electromagnetic signal
(E2) detected by antenna A2 will then be shifted by a phase A¢ = 27 v 7,4, to account for that
delay and multiplied by the electromagnetic signal (E1) detected by antenna A1l. The result of
this multiplication is called the multiplicative response of the interferometer. This response is
averaged over a certain period of time (integrated).

The calibration of the interferometric observations consist of the following basic steps. The
bandpass calibration is done to compensate for the frequency-dependent gain response of the
system. For this a bandpass calibrator (a bright source with a known spectrum) is observed once
for each observation track. Moreover, it is important to calibrate the phase to account for signal
delays. Phase calibration can be done by observing a source with a known shape and position,
usually a point source, regularly during the observation track (usually every few minutes). In
order to account and compensate for the flux loss due to atmospheric opacity and instrumental
losses, the amplitude should also be calibrated. The amplitude calibration is done by observing
a spatially unresolved source with a known flux density. This source can be an independently
calibrated and radio source that does not vary its intensity over time. The calibrated response is
the visibility function of the baseline. The visibility function of an interferometer is the sum of
all the visibility functions of each baseline.

“Baseline is the separation between 2 antennas
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Figure 2.2: Example of 3 antenna configurations of the Sub-Millimeter Array (SMA) (left), and
the resulting uv—coverage obtained when combining 3 different observation tracks (right). The
uv—axes are given as a function of wavelength. (Credit: David Wilner, Harvard-Smithsonian
Center for Astrophysics).
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Figure 2.3: The geometric delay of the signal occurs because the radio signal of a source will
reach antenna A1 before it reaches antenna A2 (Credit: Avison and George 2012, edited).
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A Fourier transform of the uv—plane sampling function will give the image of the dirty beam, or
the point-spread function. To get the dirty image one applies an inverse Fast Fourier Transform
on the visibility function. However, since the visibilities are not provided on a regularly spaced
grid, one has to sample the visibilities by a gridding function. One can also multiply the visibility
function by a weighting function, which can minimise the side-lobes and change the shape of the
point-spread function, as well as decrease the noise of the output image. In order to get the clean
image, one needs to deconvolve the dirty image from the point-spread function. The details of
that deconvolution are described in Chapter 4 Section 4.2.

2.4.4 Challenges in Radio Interferometry

However, the radio interferometer has its own challenges, not encountered when carrying out
single-dish observations, such as the missing flux problem, in which some of the flux or intensity
of an observed source is lost due to an incomplete coverage of the uv-plane, due to missing short-
and zero-spacing. Moreover, the spatial scales recovered by an interferometer are limited to:

A A
<0<

bmax bmin

where b,;, is the minimum separation between two antennas, and by, is the maximum sepa-
ration between two antennas. This indicates, that structures with an angular resolution smaller

than —2— will remain unresolved, and thus setting a limit to the resolution of an interferome-

bmax

ter, and structures with an angular resolution larger than bi won’t be detected. To overcome
this issue, observations with small antennas in a compact configuration, or a large single dish
telescope can be used.

2.5 Principal Component Analysis (PCA)

Data with more than three dimensions are hard to visualise with normal imaging programmes,
and the interpretation of the results can become challenging. Furthermore, high dimensional
data often contain a large number of redundant features that makes the interpretation of the data
particularly difficult, without providing any additional or useful information. One method to
overcome such difficulties and eliminate redundancy within a data set, is the Principal Compo-
nent Analysis (PCA). In this section, a brief explanation of the mathematical theory and compu-
tation method will be described. A short mathematical derivation of the principal components
will be provided as presented in Jolliffe (2002). The PCA has been applied already to astro-
nomical data, for instance, by Ungerechts et al. (1997); Jones et al. (2013) and Riquelme et al.
(2018).

Statistics are important to understand any given data set. The mean value of a data set and the
variance var(z) = m}ffxl_w are prominent examples. However, the variance is a measure
that can only be calculated for a one-dimensional data set. For a two-dimensional data set, the
covariance shows how the data points in each dimension vary from their mean value with respect
to the other dimension. A covariance explores the correlation between two dimensions and is
expressed as:

> (@i =) (i — )

n—1

cov(z,y) = (2.33)
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where x;, y; are individual data points in the z- and y-dimensions with Z and ¥ as their mean
value, respectively. The covariance between a dimension and itself will result in the variance
of this dimension, cov(x,z) = var(z). For a data set with three dimensions or more, the best
way to explore the correlation between all possible dimensions is to calculate the covariance
of all the different dimensions and write them in a matrix called the Covariance Matrix C,,y,,,
where n is the number of dimensions in the data set. For instance, the covariance matrix of a
three-dimensional data set will be:

N
~—

cov(z,z) cov(x,y) cov(z,

C3><3: COU(ny) COU(y,y) COU(y,
cov(z,x) cov(z,y) cov(z,z)

N
~—

(2.34)

The covariance matrix is a square symmetrical matrix around the diagonal.

Principal Component Analysis (PCA) can be used to reduce the dimensions of a data set without
reducing the amount of valuable information. In some cases, it can be used to reduce the noise of
a data set. In order to do so, PCA searches for the components that contain the highest variances.
To illustrate the work of PCA, the example mentioned and the notations used in Jolliffe (2002)
will be also used here.

In a 2-D data set as in Fig. 2.4 (a), the observations are plotted along an xy-axis that represents
physical properties of the data. This gives a first insight on how the observables are distributed,
but does not yet lead to a better understanding of the underlying structures or properties.

In the illustrated example, one notices that the data is most spread along the z;-axis (Fig. 2.4,
(b)). This is the direction where the highest variance of the data is. The z;-axis is then the first
principal component axis. The second principal component axis is orthogonal to the first princi-
pal component axis (in order to span the whole spread of the data along the xy-axis effectively),
and has the second highest variance (Fig. 2.4, (¢)).

Plotting the data along the principal component axes offers a certain advantage against plotting
them in the xy-axis, as it better represents the underlying properties of the data (Fig. 2.4, (d)).
However, in order to plot the data along the principal component axes, one must perform a
linear transformation on the observables. After the linear transformation, the new axes (z-z3-
axes) hold no obvious physical meaning. For instance, if the xy-plane represents a time vs space
correlation, the new z1-zo-plane loses this physical association. The interpretation of the new
axes is largely dependent on the data set on which the PCA has been performed.

In a 2-D data set, it is fairly easy to calculate and plot the directions on which most variance
is spread. For a data set with higher dimension, finding the principal components is not as
trivial. PCA is applied to such high dimensional data sets in order to remove some unnecessary
dimensions while maintaining most of the variations. This is done by transforming the data into
a new set of uncorrelated, independent variables called the principal components (PCs). This
new set of variables, or PCs are ordered in such a way that the first components contain most of
the variabilities.
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Figure 2.4: (a) Set of observations plotted on an xy-axis. (b) Data set with the first principal
component axis. (c) Data set with both first and second principal component axes. (d) Data set
plotted along the principal component axes.

In this example, the set of random variables p are described by a vector X. Before starting the
analysis, one has to normalise the vector X by removing the mean of X, and dividing by its
standard deviation. The new normalised vector x is then given as:

X —-X
D
The correlations and covariances between the variables are important for the interpretation of
the results. In a set of p variables, one has %p(p — 1) such correlations or covariances. Instead
of analysing %p(p — 1) different correlations, which in a large data set can reach a considerable
number, one can look for the most important variables, where most of the variability is, and
study their correlations.

As described before, the first step is to find the linear transformation that allows the user to go
from the original xy-axis to the principal component axes. This linear transformation is denoted
as aj where a] is a transpose of a;, a vector of p elements or constants denoted as a;,. It should
be noted that aja; = 1.

Xj

(2.35)

p
I 2 :
21 = 1T = Q1171 + ajoxo + ... + A1pTp = Q15T (236)
j=1
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Now, one can calculate and maximise the variance of z;, so that it has the highest variance of
the data set. For the second highest variance, one has to find a linear transformation zo = a5x
that is uncorrelated with z; = ajx. Therefore, for the Eth highest variance, one has to find
the linear transformation z, = aj x, and it should be uncorrelated with all the previous linear
transformations (aja, = 0, for k =1,2,.....,p — 1 and ajax = 1). In order to maximise the
variance, one can define a Lagrangian multiplier A. It can be shown that var(z;) = a/Xa;,
where X is the covariance matrix of x. The variance var(z; )should be maximised subject to
aya; = 1. Explicitly written, f(z,y) = var(z;) = a}Xa is subject to g(z,y) = afa; — 1 = 0.
Therefore, in order to find the highest variance of z;, one has to maximise a} Xa; — A\(aja; — 1).
This leads to 3 = A, I,, where I, is an identity matrix of the same dimension of 3J, and A, is the
highest variance of z; and largest eigenvalue of 3.

If the vector x has a known covariance matrix X, then the (i,j)"” element of this matrix is the
known covariance between the i and the j” elements of x, if i and j are different. If, however,
i=j, then (i,j)™ element is the variance of the j” element. It can also be proven that the highest
variance of zy is var(z;) = Ag. Therefore, it can also be shown that if k is an element from p,
then the k" PC is described as z), = aj x, with ay being an eigenvector of X that corresponds to
the k™ highest eigenvalue ). For the mathematical details, check Jolliffe (2002). The eigenvec-
tor of each component describes the direction in which most of the variability is to be found. The
eigenvalue of this eigenvector is then the number that quantifies the variance or the variability
along this direction.

In this project, the PCA has been extracted based on the data matrix. This is done by using
the Non-linear Iterative Partial Least Squares (NIPALS) method. Since the method relies on
the data matrix to extract the principal components, it is less computationally intensive and can
be faster than the other methods that rely on the covariance or the correlation matrices for the
extraction of the principal components. However, NIPALS (the algorithm will be explained in
the following section) is not suitable for data sets with a high number of principal components,
because of the accumulations of machine-precision errors>.

From data cube to principal components

The data set used in this study is composed of 7 maps for M 82 and 5 maps for IC 342 each
containing the flux distribution of an emission line along a region of 256 by 256 pixels (65 536
pixels). Therefore, the data set is seen as 65 536 points in 7 and 5 dimensions for M 82 and 1C 342
respectively, one dimension for each emission line. This means that the maximum number of
principal components® is 7 and 5 for M 82 and IC 342 respectively. The flux distribution of each
line can be described as a matrix, that can be flattened into a vector. That means, that is the image
matrix has a dimension of NxN, the vector would have N2. If one wishes to apply PCA on k
images each with NxN, one will have dimensions, one gets k vectors, each with N? elements.
Therefore, the data matrix would have dimensions of k£ xNZ. In the example of this thesis, the
data matrix would have dimensions of (7x65 536) for M 82, and of (5x65 536) for IC 342. For
the analysis, a code has been developed by Dr. Maria Cunningham in Python. The code has
been used in different works such as Jones et al. (2013) and Riquelme et al. (2018). In this code,
the data set is prepared by centring the mean and standardising the data by removing the mean
and dividing by the standard deviation. This allows for an accurate comparison between the

>https://support.sas.com/documentation/onlinedoc/stat/141/hpprincomp.pdf

There is a maximum for the number of principal components in a data matrix. This maximum number is defined
as the smallest dimension of the data matrix: If the data matrix has a dimension of (mxn), then p=min(m,n) is the
maximum number of principal components.
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different components. The code used the PCA module from the Python library’. The procedure
of the code and its operation are described in details in the documentation of the Python PCA
Module®.

The data matrix X (centred and standardised) is decomposed into a structure matrix TPT (PT is
the transpose of P) and a noise matrix E. The matrix E is also called the residual matrix. The
data matrix has a dimension of k£ x N2, the structure matrix T has a dimension of N? x k, while
P has a dimension of k x k. Therefore, X = TPT+ E..The structure matrix TP? is the important
one as it contains the scores T and the loadings P matrices of the PCA. The aim is to store most
of the variance in the structure matrix and leave the noise in the E-matrix. The scores ¢ are stored
in a T-matrix in such a way that the first column holds the score of the first PC, and the second
holds the scores of the second components and so on. It is useful to plot the scores of each PC,
as it gives a visual representation of the PC, called the PC map. The loadings p stored in the
P-matrix describe the weight or the contribution of each component on the scores of each PCs.
In the example of this study, it describes the influence of each emission line on the scores of the
PCs. The loadings can also be plotted and it shows how the variables are distributed against the
principal components. It is useful to plot the loading of the first PC against those of the second
PC. The loadings of each PC are normalised, so that: Eip? =1.

This module uses the NIPALS algorithm in order to find the eigenvectors and eigenvalues of the
data set. If X is the mean centred data matrix, then as a first step, the noise or residual matrix E
is set to be equal to X, and the ¢ vector is set to be a column in X. The iteration goes from one
to the number of components (7 and 5 for M 82 and IC 342 respectively). The first step of the
algorithm is to project X onto ¢, in order to calculate the corresponding loading p. The second
step consists of normalising the loading vector to 1, then projecting X onto the loading vector p
to find its corresponding score vector ¢. Thus, the first PC is estimated. Then, the estimated PC
is removed from the E-matrix, and then the code resumes from the first step, until the code has
gone through all the components.

The PCA has been used in several astronomical studies and papers as a way to reduce dimensions
and to find correlations between the different components. Most notably, the PCA has been
applied in the work of Ungerechts et al. (1997); Meier and Turner (2005); Lo et al. (2009); Jones
etal. (2013), and Riquelme et al. (2018). However, with the exception of the work done by Meier
and Turner (2005), the PCA has been applied to single-dish data, almost exclusively. In this
work, PCA will be applied to a 3-mm line survey performed by Plateau de Bure Interferometre
(now known as NOrthern Extended Millimitre Array, or NOEMA) targeting the innermost few
hundred pc of the central molecular zones (CMZs) of M 82 and IC 342.

PCA has its limitations when applied to physical problems. In its nature, PCA is a mathematical
tool, therefore lacking the ability to analyse and interpret physical phenomena or concepts. It also
fails to guarantee a meaningful physical solution to every problem that one wishes to solve with
this method. It is therefore important to carefully interpret the results giving by this application.

https://folk.uio.no/henninri/pca_module/
8https://folk.uio.no/henninri/pca_module/pca_nipals.pdf






Chapter 3

The Sources

3.1 MS82

The galaxy M 82 (also known as NGC 3034, Arp 337, UGC 5322, 3C 231, CGCG 333-008)" is
located at a distance of 3.5 & 0.3 Mpc (Karachentsev and Kashibadze 2006). M 82 has a right
ascension RA (J2000): 09"55™52%.7 and a declination DE (J2000): +69°40'46”. Its inclination
is around 80 ° perpendicular to the plane of the sky, and the position angle of the major axis
is 65° (de Vaucouleurs et al. 1991). With a dynamical mass of only 10'° M, within a radius
of 4kpc (Greco et al. 2012) and a Holmberg diameter of 14 kpc (Appleton et al. 1981), it is
a rather small galaxy compared to the Milky Way that has a dynamical mass ranging between
0.8 x 1012 M, (Kafle et al. 2014) and 1.3 x 10> M, (McMillan 2017) and a radius >31 kpc
(Lopez-Corredoira et al. 2018). It is the second member of the M 81 galaxy group, which is
one of the closest to the Local Group (Karachentsev 2005). M 82 has been observed all over
the electromagnetic spectrum, and is among the brightest extragalactic near infra-red sources
in the sky (Jarrett et al. 2003; Hutton et al. 2014): M 82 is around five times more luminous in
optical and near infra-red frequencies than the Milky Way, with its central region being ten times
more luminous than the central molecular zone of the Milky Way (Barker et al. 2008). With a
receding velocity of of 203+ 4 Kms~!, M 82 has a high surface brightness of 5.7 x 10* Lpc ™2
in a region of 150x45 pc (O’Connell and Mangano 1978). Being one of the nearest starburst
galaxies, M 82 is one of the most prominent molecular lighthouses in the northern hemisphere,
and it has a starburst in a late stage of evolution (Aladro et al. 2011b). M 82 is interacting with
the larger and more massive galaxy M81 (M = 5 x 10'° M, and Diameter=27.2 kpc (Stoyan
et al. 2008)): An interaction between those two galaxies is thought to have occurred around few
108 years ago (Gottesman and Weliachew 1977; Yun et al. 1994). This interaction has been made
responsible for the high star formation rate of around 10 Mo yr~! in this rather small galaxy (de
Grijs et al. 2001) and the period of vigorous star formation in recent times that resulted in the
formation of around 150 star clusters within the innermost 100 pc M 82 (Barker et al. 2008;
Divakara Mayya and Carrasco 2009).

Along side a still active starburst, supernova remnants, compact X-ray sources, maser sources,
super winds and outflows can be observed in M 82 (eg. Wills et al. 1997; Allen and Kronberg
1998; McDonald et al. 2002; Chiang and Kong 2011; Fossey et al. 2014). This renders this

Thttps://ned.ipac.caltech.edu/
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galaxy an ideal source to study and monitor, as it provides a multi-wavelength insight on its
formation and dynamics. The structure of M 82 and the different sources observed in this galaxy
will be discussed in the following sections.

Figure 3.1: Multi-wavelength Image of M 82: The bright blue colour represents the X-ray emis-
sion at 1.5 keV, taken by Chandra - ACIS. The green colour is optical emission at 440 nm captured
by HST - ACS. The orange colour represents optical emission at 656 nm taken by HST - ACS.
Finally, the red colour is the infra-red emission at 8.0 um captured by Spitzer - IRAC. Credit:
NASA/JPL-Caltech/STScl/CXC/UofA/

Figure 3.1 shows a mutli-wavelength image of M 82 taken by the Hubble Space Telescope -
Advanced Camera for Surveys (HST - ACS), Spitzer’s Infra-Red Array Camera (Spitzer - IRAC),
and Chandra’s Advanced CCD Imaging Spectrometre (Chandra - ACIS), on 24 April 2006. The
X-shaped outflows in orange are Hydrogen clouds being expelled from the central regions of the
galaxy, where star formation is up to 10 times more efficient than in the Milky Way. This outflow
is hot enough to emit at X-ray wavelengths.

3.1.1 Structure and Morphology

A large number of studies conducted observations at optical and infra-red wavelengths, in order
to investigate the structure and the morphology of M 82. Observations at optical wavelengths
revealed the existence of many star clusters within the inner 600 pc of the galaxy (O’Connell
and Mangano 1978 observations between 500 and 680 nm). These clusters outline the regions
of recent starburst activity in the centre of M 82, these regions are characterised by a high surface
brightness. The low mass-to-light ratio of Aﬁi/[@@)) ~ 0.1 provides an upper limit for the cluster
age estimates of around 5 x 107 years (O’Connell and Mangano 1978). Evidence for ongoing
star formation in the centre of the galaxy is found, with few localised starbursts that have ended
around 2 x 107 years ago (O’Connell and Mangano 1978). O’Connell and Mangano (1978) pro-
posed the existence of hot stars in the central clusters, and that optical dust scattering dominates
line radiation outside of the inner 600 pc of M 82. They also concluded that M 82 had had a
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tidal encounter with M 81, which stripped M 82 from a significant portion of its interstellar gas.
This stripped gas is now orbiting and falling into the galaxy, forming filaments and a cool halo
interacting with the residual gas, leading to new waves of starbursts (O’Connell and Mangano
1978).

(2)

Approaching

Figure 3.2: The Structure of M 82. Left Top Panel (a): The galaxy seen face on, with the ex-
ponential disk removed, showing the best-fit model galaxy. Left Bottom Panel (b): The galaxy
viewed edge-on, with A = 2 yym K-band residual image (with the exponential disk removed) con-
tours (in red). The ellipse in blue indicates the stellar rotation from the trailing spiral arms, where
(neglecting the systematic velocity) the Southeastern Part of M 82 is moving toward the Milky
Way, while the Northeastern part is receding (from Mayya et al. 2005). Right Panel: M 82 view
as seen side-on, depicting the main components of the galaxy (starburst region, wind, outflow,...)
as published by Ohyama et al. 2002. Here, one can see the diffuse and the ridge-dominated cylin-
drical components of the super-wind, with the dust filaments that are scattering the stellar light.
For more details, check the text and refer to Ohyama et al. 2002.

Later studies by Yun et al. (1993, 1994) estimated that the interaction between M 82 and M 81
occurred between (2 — 5) x 10® years ago, by modelling the HI gas distribution of M 82 using
Very Large Array (VLA) data. This interaction formed a bar in M 82, and triggered star forma-
tion through an inflow of gas into the nuclear region (Wills et al. 2000). From near infra-red
observations, Gotz et al. (1990) found that the central stellar concentration observed at 2 ym,

has a low mass-to-luminosity ratio of ~ 0.3 I\L/I—g (for comparison, the mass-to-luminosity ratio

in the Galactic Centre is 3 l\f—g). Using CO (v=2-0) absorption at 2.3 um, Gaftney et al. (1993)

estimated the size of the M 82 nuclear bulge to be around ~ 7.5 pc in diameter, and calculated
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a conservative mass for the bulge of M(r < 7.5pc) = (3 4+ 1) x 10"My?>. Some studies have
interpreted this bulge to be a supermassive black hole (SMBH) in the centre of M 82 with a mass
of 3 x 10" My, (e.g. Gurzadyan et al. 2015 and Pfeffer et al. 2017), but this interpretation should
be considered with skepticism, since no evidence was presented to support this assumption. This
estimate of the nuclear mass of M 82 is similar to the mass of the same region in the Galactic
Centre (3 x 107 M, McGinn et al. 1989). Therefore, the newly estimated mass-to-light ratio
within 7 < 7.5pc of M 82 is similar to the mass-to-light ratio within the same radius in the
Milky Way (contrary to the estimations by Go6tz et al. (1990), and the previous estimation of
O’Connell and Mangano 1978).

Due to its inclination, high surface brightness, and strong optical obscuration, the galaxy was
originally classified as a dwarf irregular type-II galaxy, with a mass of 6 x 10° M, (Lynds and
Sandage 1963; Sandage and Brucato 1979; McKeith et al. 1995; Sofue et al. 1998a). However,
infra-red (IR) mapping of M 82 at 2 ym revealed a bar of ~ 1kpc in length (~ 60”) (Telesco
et al. 1991). Later near infra-red (NIR) observations corroborated the existence of such a bar
and revealed spiral arms in the disk, where the disk covers a scale of 48” ~ 0.84 kpc (Mayya
et al. 2005). These structures have been obscured by optically thick dust. Therefore, M 82 is
now classified as a small late-type spiral barred SBc galaxy® (Mayya et al. 2005)). Figure 3.2
presents the structure of M 82 with the disk, the bar and the spiral arms, obtained from K-band
observation of M 82 with a field of view of 5'.5 x 5.5 (Mayya et al. 2005).

Starburst

Through interaction with the dominant group member, M 81, starburst activities have been trig-
gered at different stages, with a star formation rate (SFR) several times that of the larger Milky
Way (SFR in M 82 ~ 10 M, yr~! (de Grijs et al. 2001), while SFR in Milky Way is ~ 0.68 —
1.45 M, yr~! (Robitaille and Whitney 2010)). The interaction also caused an outflow along the
minor axis of M 82. Many of the sources associated with the starburst activities (massive stars,
SN, SN remnants) that were triggered around 20 Myr ago, are found in the central ~500 pc of
the galaxy (O’Connell 2002; Barker et al. 2008). Most of these sources are heavily obscured
at optical wavelengths due to the optically thick dust surrounding the centre of M 82, but one
can identify high surface brightness clumps at optical wavelengths, corresponding to sources
detectable at X-ray, radio, and infra-red wavelengths (Barker et al. 2008). There is evidence
that the tidal interaction with M 81 has triggered two different bursts of star formation, result-
ing in two distinct super star clusters (Brouillet et al. 1991; O’Connell 2002). It is estimated
that the earlier starburst activity occurred around ~ 6 x 10® years ago, in a region extending be-
tween 400 and 1000 pc to the north-east from the galaxy centre (Brouillet et al. 1991; O’Connell
2002). This region hosts a super star cluster containing around 100 luminous clusters, with a
mean luminosity of 4 x 10° L, (O’Connell 2002).

Another bright super star cluster is found in a region closer to the centre of the galaxy. This one
has an extremely high surface brightness of iy ~ 14.5 mag arcsec™2, containing young stars
that are around 5 x 106 years old (O’Connell 2002). Around 150 bright stellar clusters have been
detected within the innermost 100 pc of the galaxy, with ages between ~ 2.5 x 10% and 6x 10°
years and an average mass of ~ 10° M, (Barker et al. 2008). The nuclear starburst region is
surrounded by optically thick dust, making the detection of such sources challenging. However,

2Considering that the Milky Way has a diameter of >31kpc (Lépez-Corredoira et al. 2018), and a bulge of
~ 3 kpc (Gerhard 2002), the bulge of M 82 is significantly smaller, even when considering that M 82 has a diameter
of 14 kpc.

3Spiral Barred (SB) galaxy. The "c" refers to the tightness of the arms
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using infra-red imaging, 12 compact sources were identified with ages ranging between 6 x 10°
and 107 years (Satyapal et al. 1997). The hot gas in that region has been linked to a galactic wind
observable in the Ha recombination lines. This suggests that the star clusters observed in these
regions are driving the galactic wind.

Outflows and Winds

The galactic wind along the minor axis of M 82 is observed at different wavelengths and ap-
parently forms a bipolar outflow. This ionised gas consists of complex loops and filaments that
extend out to distances of few kpc from the high-altitude halo along the minor axis (Ohyama et al.
2002), with a cone opening of around ~ 30° (Gotz et al. 1990). From measurement of the disk
inclination, kinematic studies and conical outflow modelling, it is suggested that the southern
outflow is blue-shifted, while the northern outflow is red-shifted (McKeith et al. 1995).
Ohyama et al. (2002) presented a schematic view of M 82 as seen side-on, depicting the starburst
regions, the outflow and the wind of hot gas (Fig. 3.2, right panel). Using the 8.2 m Subaru
Telescope, they also identified two components with different origins and different morpholo-
gies related to the emission nebula of the galaxy that were caused by the super-wind (Ohyama
et al. 2002). The first component is cylinder-shaped and ridge-dominated, containing filament
and loop substructures. These structures are caused by local shocks between the matter inside
the galaxy that is colliding with the outer interstellar medium (Ohyama et al. 2002). This com-
ponent is similar in morphology to the hot plasma detected in soft X-rays, and has a diameter
that is similar to the diameter of the nuclear starburst region (Ohyama et al. 2002). The sharp
boundaries of this component are indicative of radiative shocks caused by the expansion of hot
gas. Therefore, this component is shock-driven with a collimated structure (Ohyama et al. 2002).
The second component is diffuse, and has an opening wider than the size of the nuclear star-
burst region. This component originates from stellar light scattering due to dust grains in the
high-altitude dusty halo of M 82 (Ohyama et al. 2002). These dust grains are also responsible
for the dark lanes seen above and below the galaxy’s disk, forming an X-shaped morphology
(Ichikawa et al. 1994, 1995). These dark lanes can be seen across the disk of M 82, and seem to
originate from the nuclear starburst region. It is also suggested that, since the dust has a coni-
cal morphology, the dust grains are expelled from the nuclear regions through outflows probed
by soft X-ray and optical emissions, forming a dusty super-wind. This, along with the absence
of boundaries within the diffuse component, implies that the dust lanes and the high-latitude
dusty halo are created by the same mechanisms (Ohyama et al. 2002). Furthermore, there have
been suggestions that the dusty super-wind is dynamically acting on the high-latitude gas, thus
associating the outflow with the cold molecular and atomic gas found at high latitudes (Yun
et al. 1993). The expansion of high-pressure gas of the super-wind is pushing out the dusty gas
around the nucleus, leading then to this dusty, and cold outflow (Ohyama et al. 2002). It is also
suggested that the bipolar outflow of M 82 is driven by supernova explosions that are occurring
in the galaxy at a rate of ~ 0.1 yr~! (Lynds and Sandage 1963; Shopbell and Bland-Hawthorn
1998; de Grijs et al. 2000).

3.1.2 Compact Sources in M 82

M 82 observations revealed a large number of compact sources in radio, as well as in X-rays.
Wills et al. (1997) and Allen and Kronberg (1998) identified around 26 compact radio sources in
the nucleus of M 82. Using VLA data at 15 GHz complemented by Multi-Element Radio-Linked
Interferometer Network (MERLIN) observations at 5 GHz, McDonald et al. (2002) identified 20
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additional compact sources. Of the 46 identified compact objects, 30 are classified as supernova
(SN) remnants, while 16 of these sources are identified as HII regions. The locations of the
HII regions seem to coincide with the regions where the large-scale ionised gas distribution
peaks and their spectra are steep and inverted at high resolutions, indicating that HII regions
might be optically thick between 5 and 15 GHz (McDonald et al. 2002). The large number of
sources (~ 65% of the sources) that are identified as SN remnants, further indicate that M 82
is at an advanced stage of a starburst. Another 15 compact sources were discovered but remain
unidentified, bringing the total number of compact sources in the nucleus of M 82 to 61. These
unidentified sources are most likely older SN remnants (McDonald et al. 2002).

A rare radio supernova, SN 2008 iz, was discovered by Brunthaler et al. (2009). Having a peak
flux density of around 90 mJy at 22 GHz, this source was the brightest radio source in M 82
(Brunthaler et al. 2009). The flux density faded to ~ 11 mJy at 22 GHz within a month (Brun-
thaler et al. 2009). The lack of X-ray emission from its progenitor suggests that a black hole
(stellar or intermediate-mass) could not be the progenitor, making a radio supernova the best
explanation for this source. Later observations showed that the SN 2008 iz is most likely a Type
I1 SN, originating from a large dense molecular cloud (Ng, = 5.4 x 10?2 cm™2) with high visual
extinction of A, = 24.4 mag (Brunthaler et al. 2010).

Two ultra-luminous X-ray sources (ULX) were observed in the centre of M 82, designated as
M 82 X-1 and M 82 X-2, separated by 5”, with high luminosities of 10! erg s~ and

1.8 x 10% erg s~ respectively, at 0.3-10keV (Bachetti et al. 2014). From the X-ray luminosity,
amass of 2> 500M, was estimated for M 82 X-1, making it a candidate for an intermediate-mass
black hole (Kaaret et al. 2001). The detection of quasi-periodic oscillation in the X-ray emission
of M 82 X-1, allowed for an estimation of the black hole mass to be ~ 428 + 105 M, (Pasham
et al. 2014). However relativistic precession modelling lead to a more accurate estimation of
415 4+ 63 M, (Pasham et al. 2014). Therefore, M 82 X-1, the bright X-ray source in M 82, is the
most prominent candidate for an intermediate black hole.

Being an active starburst, M 82 is the host of many X-ray sources. Between 1999 and 2007, 58
X-ray sources were identified in M 82, exhibiting long term flux variability (Chiang and Kong
2011). Three X-ray sources were identified as supernovae (Chiang and Kong 2011). This strong
and long term X-ray variability observed in M 82 is a strong indication of a high number of X-ray
binaries within M 82 (Chiang and Kong 2011). Other observations also showed that M 82 con-
tains many UV and X-ray sources (Spaans and Meijerink 2007). Spaans and Meijerink (2007)
suggested that the X-ray radiation has two main sources, one being the super-wind from the star-
burst leading to thermal X-ray emission, and the other being a compact hard source from the
nuclear region of M 82, but there is no evidence to suggest that this compact source is an AGN.

Since the hard component of the X-ray spectrum of M 82 showed variability on scales ranging
from minutes to months, from 3 x 10%ergs=! to 10*! ergs—!, Matsumoto and Tsuru (1999a)
attributed this variability and the hard component of the X-ray spectrum (that seems to originate
from the central region of M 82 with a column density of N = 3 x 10*' cm ™2 (Matsumoto and
Tsuru 1999a and Matsumoto and Tsuru 1999b) to a variable compact source: a putative AGN
with low luminosity in the centre of M 82. Many studies have presented candidates for this AGN
in M 82. Wills et al. (1997); Seaquist et al. (1997) and Wills et al. (1999) suggested the source
44.1+59.6 as an AGN candidate: the source is located near the centre of M 82 as well as the
2.2 uym peak. Moreover, 44.01+59.6 has a positive index spectrum and a strong low-frequency
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turnover, which is untypical for a SN remnant, but similar to other AGNs, such as the one in
Cen A (Seaquist et al. 1997 and Wills et al. 1999). A compact radio source 0951+699 was
detected with a position that coincides with the kinematic centre of M 82, and has a brightness
temperature of 10 K, that is typical for AGNs, but also typical for some radio supernovae
~ 100 days following the explosion (Sokolovsky et al. 2014).

3.1.3 Previous Studies of Dense Molecular Gas and Related Components

Many observations and surveys targeted the dense gas in the central regions of M 82 in order
to study and understand its chemical composition, distribution, and the physical properties and
processes in these regions.

Molecular Gas

A molecular ring rotating around the nucleus of M 82 has been detected in CO emission with a
mean radius of 250 pc and a width of 170 pc (Loiseau et al. 1990). Shen and Lo (1995) detected
CO emission from the spiral arms at 125 and 390 pc from the central region. In the spiral arms
of M 82, the H, mass does not follow the CO distribution: traced by C'80O emission, the H,
mass peaks in the central regions of M 82, while CO seems to be smoothly distributed across
the centre (Shen and Lo 1995). The distribution of CI emission follows closely that of CO
(White et al. 1994). Moreover, the detected high CI abundance in M 82 was attributed to the
strong flux of cosmic rays in the galaxy (White et al. 1994). Similarly, the distribution of 13CO
follows closely that of CO and exhibits the same double peak morphology observed by Shen
and Lo (1995) (Neininger et al. 1998). Ammonia (NHj3) inversion lines the (J,K) = (1, 1), (2,
2), and (3, 3) transitions were first detected in M 82 by Weil} et al. (2001), with low abundances
compared to Hy, due to photo-dissociation of NH3 in PDR regions. Weil3 et al. (2001) estimated
a kinetic temperature of ~ 60 K for the molecular gas. Mauersberger et al. (2003) estimated
the temperature of the molecular gas to be ~ 29 K from the NH3 emission, indicating that the
gas in central regions of M 82 is cold. However, using observations of Ho,CO which is less
affected by photo-dissociation, Miihle et al. (2007) suggested that the molecular gas in the central
regions of M 82 is warm with a kinetic temperature of 7};, ~ 200 K, and dense with a density

of np, = 7 x 10% cm™3.

Interferometric observations with the IRAM Plateau de Bure Interferometer showed three re-
gions where different chemistries dominate in M 82 (Ginard et al. 2015): A super-shell that is
associated with a supernova, where no massive stars are forming but where one can observe
knots of NoH* with high intensity, an outer orbit where H41« detection indicates the forma-
tion of massive stars, and an inner orbit where a photo-dissociation region (PDR) is located,
and where a high NoH™ abundance is observed. The high abundance of NoH™ observed in the
different regions indicates that the gas reservoir needed for star formation is not yet completely
exhausted, allowing for future star formation across the galaxy (Ginard et al. 2015).

Aladro et al. (2011b) determined a molecular gas mass of 5.2 x 10® M, within a 12”-beam of the
30-m IRAM single dish telescope, while the neutral hydrogen mass My is around 1.3 x 10° M.
They further showed that a significant part of the molecular emission in M 82 originates from
regions with ny, densities of 10° — 10% cm™3. However, outside the Giant Molecular Clouds
(GMCs), the bulk gas maintains a density of 10* cm = (Aladro et al. 2011b).
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Outflow of Molecular Gas

M 82 is known for its strong outflow and super-wind that can be detected at different wavelengths
(radio, X-rays, ...) (e.g. Ohyama et al. 2002; Fuente et al. 2008). This outflow is observed in
the Ha recombination lines (Walter et al. 2001; Ohyama et al. 2002), N II and O III spectral
lines (Shopbell and Bland-Hawthorn 1998), and even at X-ray energies (Walter et al. 2001), and
shows a maximum velocity of ~ 240 km s~ (Walter et al. 2002). Shen and Lo (1995) indicated
that the molecular outflow is moving at a velocity of 230kms~?. It is estimated that more than
3 x 108 M, of molecular gas is in the outflows (Walter et al. 2002). Molecular mass estimates
of the outflow range between M= 2.6 x 108 My and M= 1.0 x 10° M, (Salak et al. 2013).
These CO and ionised gas outflows are suggested to have a cylindrical shape and were detected
~ 2kpc above the galactic plane in M 82 (Salak et al. 2013). The existence of such gas is due
to a warm/hot component in the outflows, that could have temperatures reaching 10® K (Fuente
et al. 2008). Beirdo et al. (2015) calculated the mass of the warm component to be between
Moyparm = 5% 105My and M4y = 1.7 x 10"M,. Their observations showed that low-velocity
shocks (v < 40 km s~ 1) are exciting the warm gas in the outflow, where the molecular gas seems
to have densities (ny) ranging between 10% and 10* cm~2 (Beirdo et al. 2015). Moreover, SiO
has been detected in these outflows, up to 500 pc above the galactic plane, forming a super-shell
with a diameter of 150 pc, and expanding at a speed of ~ 40 km s ! (Garcia-Burillo et al. 2001).
This SiO super-shell is suspected to be feeding the outflow with ~ 107 M, of molecular gas
(Garcia-Burillo et al. 2001).

Velocity Structure

Interferometric observations of CO emission in M 82 revealed the presence of several peaks,
attributed to radial velocity components ranging from 70 to 225 kms™! which is due to the
rotation of the galactic plane (Shen and Lo 1995). Moreover, Shen and Lo (1995) determined a
systematic LSR velocity of ~ 225kms™! for the galaxy.

Spectral Line Scans

Several single-dish observations targeted the central molecular zone of M 82. Aladro et al.
(2011a,b) and Aladro et al. (2015) scanned the central zones of M 82 at 1.3, 2, and 3 mm, thus
providing the most extensive molecular content catalogue of M 82. In addition to molecular
lines (see Table. 3.1), many Ha recombination lines (H42«, H41a, H40«, H39«, and H38«)
were detected (Aladro et al. 2015).

The abundance of ethyl acetylene CH;CCH compared to Hy (1.1 x 1078 cm~2) in M 82 is four
times higher than that of CS, and ten times higher than that of HC;N (Aladro et al. 2011b).
This is unexpected as CH3;CCH is easily photo-dissociated, but it can be due to the fact that
CH;CCH is formed through neutral-neutral reactions, or through reactions between ions and
molecules, while the others are created from dust grains. It is more abundant in M 82 than in
other typical starburst galaxies (Aladro et al. 2011b). It is possible that this molecule originates
from dense regions (~ 10°cm™3) that are not affected by the UV-radiation of the PDRs. Aladro
et al. (2011a) detected for the first time in M 82 molecules like H,S, CH3CN, H,CS, NO, and
NH,CN. Other single dish surveys covering the 3-mm range found molecules such as SiO, C'80,
13CO, C'"0, HNCO, CH;CN, and recombination lines such as H41«, and H39«. (Aladro et al.
2015). Moreover, the extended PDR regions that were created by strong UV radiation from the
starburst, are further traced by Ha recombination lines and HOC™*, HCO, and CH3;CCH that
show brighter lines in M 82 than in other starburst galaxies (Aladro et al. 2015).
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In previous studies, Fuente et al. (2005) reported that the HCTI\]I\I ratio ~ 5 within 650 pc of M 82
indicates a giant and dense PDR region excited by a strong radiation field. Furthermore, they
reported the detection of HOC*(1-0), with aratio of ggg: ~ 40, further confirming the presence
of a strong PDR region in the centre of M 82 (Fuente et al. 2005). van der Tak et al. (2008)
detected extragalactic H3O™" in M 82. This molecule traces oxygen chemistry and can help to
estimate the ionisation rate in dense gas. The column density of H3O" ~ 10 cm™2 can be
explained through an XDR or a PDR with a high cosmic-ray ionisation rate (van der Tak et al.
2008). The prototypical starburst galaxy M 82 showed low abundances of shock tracers and
complex molecules such as SiO, CH;OH and HNCO (Mauersberger and Henkel 1993; Martin

et al. 2006a,b, 2009).

Table 3.1: List of detected molecules in M 82

Molecules Reference ‘ Molecules Reference

CCH Aladro et al. 2011a and Aladro et al. 2015 HOC* Aladro et al. 2011a and Aladro et al. 2015

NO Aladro et al. 2011a 0CS Aladro et al. 2011a
CH3CCH Aladro et al. 2011a,b and Aladro et al. 2015 HNCO Aladro et al. 2011a and Aladro et al. 2015
CS Aladro et al. 2011a,b and Aladro et al. 2015 CsS Aladro et al. 2011a
CH30OH Aladro et al. 2011a and Aladro et al. 2015 c-CsH Aladro et al. 2011a
H>CO Aladro et al. 2011a C.D Aladro et al. 2011a
H>S Aladro et al. 2011a CH,NH Aladro et al. 2011a
c-C3Hy Aladro et al. 2011a and Aladro et al. 2015 13CsS Aladro et al. 2011a
HCO Aladro et al. 2011a HOCO* Aladro et al. 2011a
SO Aladro et al. 2011a and Aladro et al. 2015 NS Aladro et al. 2011a and Aladro et al. 2015
H,CS Aladro et al. 2011a HN!3C Aladro et al. 2011a
HC3N Aladro et al. 2011a,b and Aladro et al. 2015 SiO Aladro et al. 2011a and Aladro et al. 2015
SO, Aladro et al. 2011a DCN Aladro et al. 2011a
NH>CN Aladro et al. 2011a DNC Aladro et al. 2011a
C348 Aladro et al. 2011a and Aladro et al. 2015 NyD+ Aladro et al. 2011a
CH5;CN Aladro et al. 2011a and Aladro et al. 2015 | HC!80t Aladro et al. 2015
H'3CN Aladro et al. 2011a and Aladro et al. 2015 HCO™ Aladro et al. 2015
H3CO* Aladro et al. 2011a and Aladro et al. 2015 NoHt Aladro et al. 2015
C80 Aladro et al. 2011a and Aladro et al. 2015 | CH3CHO Aladro et al. 2015
CN Aladro et al. 2011a and Aladro et al. 2015 13Co Aladro et al. 2015
HCN Aladro et al. 2011a and Aladro et al. 2015 Cc'70 Aladro et al. 2015
HNC Aladro et al. 2011a and Aladro et al. 2015 CO Aladro et al. 2015
co+t Aladro et al. 2011a NH;3 Weil et al. 2001

Molecules in boldface are the molecules for which only upper limits of column densities were measured

Isotopic Ratios in M 82

From the observations of different isotopologues observed in spectral scans and surveys, one can
determine the isotopic ratios in M 82. Different isotopic ratios can shed light on the evolution
of the galaxy, as well as the influence of massive stars on the ISM.

° ﬁ—g is a good tracer of chemical evolution in a given galaxy: '?C is a direct product of
nucleosynthesis through helium burning in massive stars, whereas '*C is a secondary nu-
clear product of '>C (Henkel et al. 1998; Martin et al. 2010). The high 13—8 isotope ratio
also indicates an enhancement of >C through nucleosynthesis in massive stars. Henkel
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et al. (1998) measured isotope ratios of S T c > 40, which is much higher than the value of
~ 20 estimated for the Galactic Centre (Wilson and Rood 1994). From observations of
CCH, '3CCH, and C'3CH, Martin et al. (2010) concluded that the i—g isotope ratio could
be much higher than previously thought, giving a lower limit of ~ 138 for the ratio. From
the 12—8 isotope ratio, Martin et al. (2010) derived a lower limit for the column density
of molecular hydrogen, Ny, > 2.6 x 10*2 cm™2, by assuming that the conversion factor
G2 =85x 107"

Using the IRAM 30-m Telescope, Sage et al. (1991) used C'®O observations to determine
an 3—8 isotope ratio of 8.3 &= 1.3 in M 82. The ratio found in M 82 is significantly higher
than the ratios of ~ 2.5 — 3.5 in the central zone of the Milky Way (Zhang et al. 2015) and
of 3-5 across the Galaxy (Wouterloot et al. 2005). Different hypotheses were presented in
order to explain this hlgh 170 isotope ratio. For instance, Sage et al. (1991) explained that
itis likely, that high mass star formation is favoured in M 82, leading to higher abundances
for 180 (since 80 is mainly produced in massive stars), and lower abundances for isotopes
produced in stars of intermediate mass such as 17O. Sage et al. (1991) also stated, that if
the supernovae are the main mechanism by which '®0 is enriched, the abundance of that
isotope will then be strongly enhanced relative to other isotopes such as '70O. Similarly,
Heikkila et al. (1998) suggests that a hlgh 170 O implies that the starburst activity favoured
the formation of massive stars, and that the high isotope ratio is indicative of the high
metallicity of the surrounding ISM.

188 > 90 in M 82. However, Martin

et al. (2010) used previous *CO observations to derive a lower limit of 188 > 350, which

is similar to the value of 188 ~ 330 that is estimated in the Galactic Centre (Wilson and
Rood 1994).

Henkel et al. (1998) measured an isotope ratio of

Martin et al. (2009) derived a column density of (14 4 4) x 10'3 cm ™ for CS, and (8.1 +
1.9) x 1012 cm~2 for C3S, within a 25”-beam of the 30-m IRAM single dish telescope.
This gave a factor of ~ 17.5 for 22—2, indicating an isotopical enrichment of **S through

the formation of massive stars. In Galactic Disk, the isotopic ratio i—g is ~ 24 (Chin et al.
1996).

Using observatlons of HC'N and HC™N, Henkel et al. (1998) derived a lower limit of
100 for the o 5N isotopic ratio. The Galactic Centre has an isotopic ratio of 1 15N ~ 120 —
400 (Adande and Ziurys 2012). This isotopic ratio is thought to be a good indicator of
the nucleosynthesis processes that are taking place. The isotope “N can be synthesised
in stars starting from H and He, or from either *C or 7O in both cold and hot CNO
cycles (Adande and Ziurys 2012). However, °N can only be synthesised from 30 in hot
CNO cycles, and possibly in Type Ia and Type II supernovae (Adande and Ziurys 2012).
Therefore, this ratio can give insights on the type of stars formed in the observed region.
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3.2 1IC342

IC 342 is one of the most prominent molecular sources in the northern hemisphere. Also known
as Cadwell 5, it is an intermediate spiral galaxy of type SAB(rs)cd* (de Vaucouleurs et al. 1976).
Located at a distance of 3.3 Mpc from the Milky Way (Saha et al. 2002, for more details see
Section 3.2.1), it has a right ascension RA (J2000): 03"46™48%.5, a declination DE (J2000):
+68°05'46", a radial velocity of 3143 km s, and an inclination of 25° (Newton 1980). It is the
second brightest galaxy in the IC 342/Maffei group, and it is the brightest in the IC 342 group,
which is the closest galaxy group to the Local Group (Karachentsev 2005). Hodge and Kennicutt
(1983) counted 666 separate H Il regions in IC 342 using Ha images. 1C 342 has an H Il nucleus
(Ho et al. 1997). Meier (2014) made the case that IC 342 is very similar to the Milky Way, as
they share similar dynamical and molecular gas mass, similar photon ionisation rate, and similar
X-ray luminosity. However, the central region of IC 342 (132x132 pc) has a star formation rate
of ~ 0.15 M, yr~!(Balser et al. 2017), assuming a distance of 3.3 Mpc. For comparison, the
total star formation rate in the Milky Way has been estimated around ~ 1.7 M yr~! (Robitaille
and Whitney 2010).

3.2.1 Distance to IC 342

Its position near the Galactic equator makes IC 342 difficult to observe at optical wavelengths.
In particular, it makes it difficult to determine its distance from the Local Group. Early estimates
vary between 1.3 and 8 Mpc (Sandage and Tammann 1974; McCall 1989), due to uncertainties
in the absorption, the extinction of IC 342, and the Galactic extinction (Sandage and Tammann
1974; McCall 1989; Karachentsev and Tikhonov 1993). Originally, Edwin Hubble classified
IC 342 as a possible member of the Local Group (Hubble 1936). However, Karachentsev and
Tikhonov (1993) later discovered, using extinction values from Ables (1971) that, IC 342 has a
distance of at least 2.08 Mpc, and thus is halfway between M 8 1/NGC 2403 and the Local Group,
which means, it cannot be a part of the Local Group. Saha et al. (2002) used the photometry
of 20 Cepheids to estimate a value of 3.28 0.26 Mpc. Tikhonov and Galazutdinova (2010)
measured a distance of 3.93 + 0.10 Mpc to IC 342 using the tip of the red giant branch method,
stating that it offers more accurate resutls than the Cepheid photometry method. This difference
in distances affects the determination of the physical parameters of IC 342, such as its luminosity
and its mass (M o< D and L o< D?). The different calculated distances to IC 342 can also affect
spatial resolution® [ (I oc D)and the star formation rate® (since SFR oc D?). From the infra-red
tip of the red giant branch, Wu et al. (2014) estimated a distance of ~ 3.31 & 0.20 Mpc. In the
recent literature, the distance of ~ 3.3 Mpc is widely used (eg. Aladro et al. 2011b; Lebrén et al.
2011; Balser et al. 2017). Therefore, in this work, a value of 3.3 Mpc for the distance to IC 342
is adopted, in order to simplify and facilitate the comparison of the obtained results with those
of previous studies.

*It is classified as intermediate between unbarred (SA) and barred galaxy (SB), thus it has the type SAB. It is
also an intermediate type between ringed (r), and spindle (s), which makes it an (rs) type. Finally, the tightness of
the arms is halfway between ¢ and d, and therefore it is a cd type.

3The angular resolution § = %, where [ is the spatial resolution and D is distance to the galaxy.

The SFR is proportional to the luminosity of a galaxy (Buat 2015), and therefore, proportional to D?
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3.2.2 Structure and Morphology

Being a nearby galaxy and one of the most luminous infra-red galaxies in the northern hemi-
sphere, many studies targeted this source to study its structure and morphology, especially its
disk and arms. Maps of CO(J = 1 — 0) show a ring-like structure with a non-circular gas mo-
tion in the inner nuclear regions of IC 342, which is typical for barred spiral galaxies (Ishizuki
et al. 1990). Through VLA observations of HI, the kinematics of IC 342 have been studied by
Crosthwaite et al. (2000) who found evidence of a density wave in the inner disk and four-arm
patterns in the outer disk and identified interconnected spiral segments between 2 and 5 kpc.
These spiral arms are consistent with the material arms resulting from gravitational instabilities
(Crosthwaite et al. 2000). Radio observations showed an enhancement of CO(J = 1 — 0) in the
spiral arms, and revealed two components for the H, gas, the nuclear region and a molecular disk
(Sage and Solomon 1991). Interferometric observations in IC 342, showed spatial differences in
the distribution of 1>?CO and *CO (Meier et al. 2000). The spatial differences indicate that the
bulk of the dense molecular gas (traced by 3CO) was observed to have temperatures between 10
and 20 K, this bulk is surrounded by PDRs (traced by '2CO), with temperatures reaching higher

than 50 K (Meier et al. 2000). These temperatures were derived from the line ratios of Egg%
12C0(2-1)

and T2CO(170) (Meier et al. 2000). However, lower transitions of CO and its isotopologues cannot
always uniquely disentangle whether the excitation is mainly due to a high H, density, a high ki-
netic temperature, or a combination of both (e.g. Mauersberger et al. 1999). Using several NH3
transitions, Mauersberger et al. (2003) found two components in the molecular gas of 1C 342:
a cold component with a temperature of ~ 53 K and a hot component with a temperature of
~ 443 K. Later, Lebron et al. (2011) determined temperatures between 23 and 920 K, using the
same NHj transitions.

The dynamical mass of IC 342 within 100 pc is around ~ 2 x 10% M, (Meier 2014), which is
similar to the mass within the same radius in the Milky Way (Meier 2014 and reference therein).
Radio observations from the Effelsberg 100-m telescope and the VLA aimed at the magnetic
fields in IC 342, which proved to be typical of barred spiral galaxies (Beck 2015). They detected
a radio continuum disk which is much more intense in the centre than in the outer parts of
the disk. The radio continuum emission seems to follow the infra-red dust emission, whereas
the polarised emission seems to be concentrated in the spiral arms, suggesting a compression
induced by a density wave (Beck 2015) (evidence for a density wave in IC 342 is presented in
Turner and Hurt 1992; Crosthwaite et al. 2000).

Figure 3.3 is an infra-red image of IC 342, showing the dust structure of the galaxy. The star
forming regions appear in bright red-yellow, due to the higher temperature of dust, compared to
the other regions. The bar of dust seen on both sides of the centre, is fuelling this star-formation
burst that is happening in the centre. This burst is highlighted by a strong and bright IR-emission.
The galaxy IC 342 is situated close to the Galactic Plane, which makes obscuration measure-
ments difficult. The low surface brightness of IC 342 is in part due to a low star-density, and in
part due to Galactic extinction due to its location close to the Galactic plane.

From the infra-red analysis, it was estimated that if a supermassive black hole exists in IC 342,
its mass is limited by < 5 x 10° M, (Boker et al. 1999). Any SMBH in IC 342 would be then at
least an order of magnitude less massive than the SMBH in the Milky Way (Eckart and Genzel
1997; Ghez et al. 1998, 2008). There has been some discussion on whether or not the presumable
SMBH of IC 342 is in fact active. High resolution X-ray observations suggested that an AGN
can be contributing to the total X-ray emission from IC 342 that may be dominated by starburst
emission, however, this possibility was neither confirmed nor excluded (Mak et al. 2008).
Rigopoulou et al. (2013) suggested that the CO excitation in IC 342 can be fully explained by
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PDRs without the need to invoke additional heating mechanisms. Moreover, based on chemical
studies, Nakajima et al. (2018) could not detect any significant effect of an AGN or starburst on
the chemistry of IC 342 on scales of about 1 kpc.

Figure 3.3: Infra-red image of IC 342: Blue shows the infra-red emission at 3.6-4.5 yum. Red
shows the infra-red emission at 5.8-8 ym. The image has been captured by Spitzer IRAC. This
image shows the web-structured dust in red. The low surface brightness of the galaxy is indica-
tive of a low star-density (stars are seen in blue). The centre and the disk of the galaxy are very
bright (red-white), due to the warm dust found in the central regions of the galaxy. The strong
brightness of the centre is indicative of a strong star formation burst, that is taking place in
small regions in the centre. This figure has been captured by Spitzer’s - Infra-Red Array Camera
(Spitzer - IRAC) on 20 July 201 1. The scale of the image is 33'.3x28'.4 or 33.88 kpc x 28.89 kpc.
Credit: NASA/JPL-Caltech/]. Turner (UCLA)

3.2.3 Star Formation in IC 342

Many studies have investigated star formation in IC 342, and discussed the possibility of a early-
age starburst in the nuclear region of the galaxy. The galaxy exhibited a strong 6-cm radio con-
tinuum emission in the nuclear region indicative of enhanced starburst activity, that is fuelled by
the large amount of molecular gas that is detected in the bars (Ishizuki et al. 1990). Moreover, the
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diffuse component of the X-ray emission has a similar morphology to that of the 1.4 GHz emis-
sion and the emission of Ha (Bregman et al. 1993). This diffuse component can be interpreted
in terms of a hot gas bubble, with an estimated age of ~ 2 x 10° years, confined within the disk,
suggesting that IC 342 could be a starburst galaxy in its early stages (Bregman et al. 1993). Later
near infra-red observations of the central 110 pc revealed a cluster of young and massive super-
giants (~ 107 years old with masses between 12 and 18 M) surrounded by a molecular gas ring
that extends up to a diameter of 70 pc (Boker et al. 1997). The molecular ring encompasses H 11
complexes with an age of ~ 5 x 10° M, which implies that the star formation is propagating
from the inside of the ring, in an outward direction (Boker et al. 1997). High-resolution infra-
red observations in the K-band showed a cluster with a mass of ~ 6 x 10°M, and a velocity
dispersion of o = (33 £ 3) km s™! within few hundred pc from the centre of IC 342 (Boker et al.
1999). The age of the cluster is estimated to be between 10¢ and 108 years, and its mass-to-light
ratio of around 0.047 % (Boker et al. 1999). Different mechanisms seem to be causing a possi-
ble starburst in IC 342, where cloud-cloud collisions and gravitational instabilities provoke the
star formation in the central region of the galaxy while gravitational instability dominates the
star formation in the disk (Pan et al. 2014). It has also been suggested that the star formation is
more efficient in the centre of the galaxy than in the disk, due to the existence of more dense gas
in the centre (Sage and Solomon 1991). Interferometric spectral studies revealed that the cen-
tre of IC 342 is mostly dominated by PDRs (Meier and Turner 2005). However, star formation
events can reoccur in the nucleus of IC 342, as the gas inflow of ~ 0.14 M, yr~! is sufficient to
sustain re-occuring star formation events (Schinnerer et al. 2003).

The spiral galaxy IC 342 showed evidence of an early-stage starburst (eg. Bregman et al. 1993)
and of a number of PDRs that are dominating the heating mechanism of the molecular clouds (eg.
Meier et al. 2000; Rigopoulou et al. 2013). However, there have been evidence to suggest that
IC 342 cannot be classified as a starburst galaxy. With a star formation rate of ~ 0.15 Mg yr—!
in the central region (Balser et al. 2017) (which is consistent with previous estimation of SFR of
~ 0.1 M, yr~tof Turner and Hurt 1992), the star formation in IC 342 is less efficient than in the
Milky Way, which has a star formation rate of ~ 1.7 M yr~! (Robitaille and Whitney 2010).

Moreover, IC 342 has a ratio of infrared luminosity versus isophotal area, log (%) (Lo kpe™2)
25

below 7.25 (Dy5 is the optical linear size given in kpc), indicating that IC 342 is not a starburst

galaxy (Mao et al. 2010).

3.2.4 X-ray Point Sources in IC 342

Both diffuse and point source X-ray emission can be observed in the central regions of IC 342
(Bregman et al. 1993). Kong (2003) detected around 37 X-ray point sources, most of them in the
spiral arms. The sources had a typical luminosity of ~ 1037 ergs™! (Kong 2003). Among the
detected sources, several were ultra-luminous. The three most prominent sources are denoted as
X7, X13, and X21 by Kong (2003) and as IC 342 X-1, IC 342 X-2, and IC 342 X-3 respectively
by Mak et al. (2011). The ULX IC 342 X-1 (X7) is suggested to be a black hole with a mass
ranging from 10 to 30 My (Kubota et al. 2002; Kong 2003). IC 342 X-2 is suggested to be a
binary system accreting matter, however, more studies are needed to determine its nature (Mak
etal. 2011). The ULX IC 342 X3 (or X21) is located around ~ 3” from the dynamical centre of
IC 324 (Kong 2003). The nature of this source is still debated. Kong (2003) suggested that it is
either an intermediate-mass black hole with a mass of at least ~ 120 M, or a stellar mass black
hole with strong wind.
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3.2.5 Spectroscopic Data

Being nearby and similar to the Milky Way (Meier 2014), the early-stage starburst galaxy IC 342
has been the target of a number of spectroscopic studies. Knapp et al. (1980) detected CO(2-1)
in IC 342, revealing an optically thick molecular line. Using the Effelsberg 100-m telescope,
Martin and Ho (1986) detected three transitions of NH3 in the innermost 1 kpc of IC 342, cor-
roborating the existence of warm gas (50 — 70 K) in the nuclear region of the galaxy. Martin
and Ho (1986) suggested that this gas is the result of OB star formation near the nucleus. Inter-
ferometric IRAM observations showed that the 3.4 mm continuum is due to free-free emission
(Downes et al. 1992). From this study, the first extragalactic molecular line intensity ratios were
derived revealing a ratio of ~ 7 for 9 TON 9_(J=1-0), and a ratio of ~2 for both - HCN —£9(J=1-0) and LN HCN
(Downes et al. 1992). Downes et al. (1992) also noted that there are only moderate star forma—
tion activities, thus concluding that the gas is most likely heated through turbulence. The HCN
maps showed that the emission regions for HCN and IR emission are smaller than the emission
regions of CO(1-0), suggesting that HCN is well correlated with the IR emission, unlike CO,
but neither trace star formation (Downes et al. 1992).

The maps of 12CO and 3CO obtained from the Owens Valley Millimeter Array showed that
12C0O maps are tracing warm PDRs, while *CO traces the colder bulk of the molecular gas
(Meier et al. 2000). Schulz et al. (2001) argued that no additional heating mechanism other
than PDR are required to explain the density and temperature gradients, and CO and CII lines
tracing the warm gas (~ 50 K). However, they also argued that for the cold gas (< 30 K), PDR
excitation becomes negligible as a heating mechanism, giving way to turbulence and cosmic rays
(Schulz et al. 2001). The fact that the molecular gas in IC 342 is composed of two components
with different temperatures and densities is corroborated by the VLA observations conducted by
Montero-Castafio et al. (2006). In these observations, they detected NH;3(6-6) for the first time in
an extragalactic source. Further observations of NH;(6-6) suggested that the lack of detection of
NH3; in lower transitions is indicative of a maser in the NH;(6-6) transition (Lebrén et al. 2011).

Despite numerous detections of PDR tracers, the shock tracers SiO and H!3CO™ were detected
mainly in a region of around ~ 300 pc off the centre in the northern spiral arm of IC 342, and
from a smaller region in the nuclear ring (Usero et al. 2006). The differences in the intensity
ratios of m, where the ratio is significantly higher in the spiral arm than in the nuclear ring,
shows that shocks are influencing the molecular gas chemistry in IC 342 (Usero et al. 2000).
By comparing the SiO emission to the emission of another shock tracer, CH;OH, they deter-
mined that the shock velocity is similar in the two emission regions of SiO (Usero et al. 2006).
However, Usero et al. (2006) concluded that the SiO emission revealed large-scale shocks pre-
dating the starburst phase, and mostly caused by cloud-cloud collisions in the bar of IC 342.
Baan et al. (2008) identified PDR regions from the J = 1 — 0 ratios HCOT — 51 + 0.06,

HCN
and {i5% = 0.34 + 0.02, while the ratio of 5 = 0.65 =+ 0.07 indicated the presence of X-ray
dominated regions. Moreover, unlike in M 82, different transitions of HNCO were detected in
both the central and the offset regions of IC 342, indicating that the starburst in IC 342 is still in

its early stages, as HNCO is easily destroyed by radiation from PDRs (Martin et al. 2009).

Targeted spectroscopic observations revealed ratios of 22 170 2 5.5 (Sage et al. 1991), 128 > 125

and 138 > 30 (Henkel et al. 1998). These ratios showed that, even though the star formation is
less active in IC 342 than in M 82, massive star formation is preferred in both galaxies (Sage et al.
1991; Henkel et al. 1998). CS (J=2- 1) emission has been mapped by Mauersberger and Henkel
(1989). The morphology is s similar to the CO(3 -2) maps published by Steppe et al. (1990).
The CS emission seems to originate from confined regions close to the nucleus of IC 342, where

the H, density is high (ny, < 10° cm™?), but it is not clear whether the emission region forms a
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bar-like structure or simply two unresolved emission regions (Mauersberger and Henkel 1989).
Higher resolution studies of the composition of IC 342 have been conducted more recently. Inter-
ferometric imaging mapped the emission of molecules and better defined their emission regions.
For instance, eight molecules have been mapped and detected using the Owens Valley Millime-
ter Array: CoH, C31S, Ny,H*, CH50H, HNCO, HNC, HC;sN, and SO (Meier and Turner 2005).
With the exception of SO, all molecules showed bright emission and a correlation with each
other of the zeroth order. This indicates that all those molecules are emitted from dense molec-
ular clouds. However, Meier and Turner (2005) have been able to distinguish between three
different emission regions. Dense molecular cloud tracers such as NoH*, HNC, and HCN are
bright and widespread: however, PDR tracers such as CoH, and C34S were only found within the
innermost 50-100 pc of the central region. This central region is the location where high radia-
tion fields are expected. Finally, CH3OH (a shock tracer) is correlated well with HNCO (another
shock tracer), which places their emission region at bar-induced orbital shock locations. More-
over, Meier and Turner (2005) found that HC3N is correlated well with the 3-mm continuum
emission, which led to the conclusion that the warmest and densest molecular gas can be found
in young starbursts. Aladro et al. (2011b) detected CS, and different transitions of HC;N and
CH;CCH in both M 82 and IC 342, however, CH;CCH was significantly less abundant in IC 342
than in M 82. Moreover, IC 342 exhibits strong density gradients between different regions,
leading to a more evolved star formation in the nuclear region of IC 342, and an early-stage star
formation in the outer regions (Meier and Turner 2005; Aladro et al. 2011b).

3.3 Similarities between M 82 and IC 342

Table 3.2: Parameters overview of M 82, IC 342, Milky Way

Galaxy ‘ M82 1C 342 Milky Way
Type Barred Spiral (Mayya et al. Barred Spiral (de Vaucouleurs Barred Spiral (Ortiz and
2005) et al. 1976) Lepine 1993)
Distance from MW¢ 3.5-3.8 Mpc 3.340.3 Mpc® -
CMZ View Edge-on Face-on Edge-on
Global Molecular Gas Mass 108 108 (0.2 —0.6) x 108

Me) (Aladro et al. 2011b) (Aladro et al. 2011b) (Sodroski et al. 1995)
Dynamical Mass 2 x 109 (R<500 pc) 2 x 108 (R<100pc) 2 x 108 (R<100 pc)
Me) (Greco et al. 2012) (Balser et al. 2017) (Balser et al. 2017)

Density of 25% gas in CMZ

(ng, in cm~3)

10°-10°
(Aladro et al. 2011b)

10°-10°
(Aladro et al. 2011b)

10°-106
(Aladro et al. 2011b)

Density of Bulk Gas 10* 10* 10*
(cm—3) (Aladro et al. 2011b) (Balser et al. 2017) (Aladro et al. 2011b)
Column Density of Hp 2.6 x 1022 1022
(cm—2) (Martin et al. 2010) (Meier and Turner 2005)
Heating mechanisms in CMZs PDRs PDRs, Shocks Shocks
Star Formation Rate ~10 ~ 0.15 ~ 0.68 —1.45

Mg yr—h

(Aladro et al. 2011b)

(Balser et al. 2017)

(Robitaille and Whitney 2010)

a) In this work, a distance of 3.6 Mpc was adopted for M 82, and of 3.3 Mpc for IC 342

b) See Chapter 3, Section 3.2, Subsection 3.2.1 for the discussion about distance measurements in IC 342

Both galaxies M 82 and IC 342 have a similar H, mass of around 108 M, in their central molec-
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ular zones (CMZ) (Aladro et al. 2011b), while in the Milky Way, the H, mass is around 0.2 —
0.6 x 108 M, within 100 pc radius (Sodroski et al. 1995), and a total Hy mass of 2.5 x 10° M,
(Combes 1991).

Multilevel studies of molecules with high dipole moment (e.g. HC3N or CH3CN) show that 25%
of the gas in the CMZ of M 82, IC 342, and the Milky Way, has densities ng, = 10° — 10% cm ™3
(de Vicente et al. 1996 and Aladro et al. 2011b), while the density of the bulk of the gas is
still 10* em ™3 (de Vicente et al. 1996; Aladro et al. 2011b and Balser et al. 2017). A parameter
overview summarising the properties of all three galaxies is presented in Table. 3.2.






Chapter 4

Observation and Data Reduction

4.1 Observations

The data used in this study have been observed with the IRAM Plateau de Bure Interferometer
(PdBI), now known as The Northern Extended Millimetre Array (NOEMA). The observations
covered the 3-mm range from 85.7 to 115.1 GHz, with a six-antenna interferometer in configu-
rations A, B and C on 25 April 2012, and between January and October 2013. The 15 baselines
between 6 antennas! (each antenna has a diameter of 15 m) range from 88 to 452 metres. The
targets of this line survey were the innermost few hundred pc of the central molecular zones
in IC342 and M 82. The maximum field of view is 57.9” x 57.9”, for M 82 and IC 342 at
87.1 GHz. For each source, there have been eight frequency-tunings centred at 87.1, 91.2, 94.8,
98.4, 102, 105.6, 109.2, and 112.8 GHz, each covering a bandwidth of 3.6 GHz and a total of
1843 channels of 2 MHz width. Typically, we integrated four hours on-source observing time per
frequency tuning, resulting in a sensitivity of o = 2mlJy for each frequency tuning. The spatial
resolution for each of the frequency tunings was slightly different (see Tables 4.1, ). For a better
comparison, the spatial resolution has been smeared to 2.9” x 2.9” for M 82 and 2.7" x 2.7" for
IC 342. The absolute flux calibration was obtained by observing the source MWC 349 with an
assumed spectral flux density of 1.26 Jy. This source provides a calibration accuracy of 5— 10 %
throughout the 3-mm band (M. Krips, Private Communications). For some observations, other
sources have been used for flux calibration. For phase calibration, the source 0954+658 has been
observed every 22 minutes. The baseline calibration was done during the observations by the
astronomer on duty (AoD). Data calibration was performed using the IRAM-pipeline with the
Continuum and Line Interferometer Calibration (CLIC)? package of the Grenoble Image and
Line Data Analysis Software or GILDAS?, that takes the PdBI raw data format as input and
gives uv-tables as output. These uv-tables only contain the calibrated visibilities of the observed
sources.

IFor N antennas, one has W baselines.
https://www.iram.fr/IRAMFR/GILDAS/doc/pdf/clic.pdf
3http://www.iram.fr/IRAMFR/GILDAS/

59
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Table 4.1: Observations of M 82 and IC 342 with a spectral resolution of 2 MHz. The velocity

resolution is given as: Av = % where Av is the spectral resolution and v is the observed
frequency.
Frequency Source Beam size Beam size Position Angle Noise Velocity Resolution

Major Axis Minor Axis

MHz arcsec arcsec degree mlJy/beam km s
87 100 M82 2.484+0.03 1.7640.02 -225.74+1.24 1.35 6.88
91200 M82 1.7940.01 1.344-0.01 108.65+0.55 1.70 6.57
94 800 M82 1.4740.01 1.3440.001 67.9941.43 1.30 6.32
98 400 M 82 1.744£0.01 1.33£0.01 81.014-0.69 0.30 6.09
102 000 M82 1.58+0.001 1.2340.001 33.6640.40 1.93 5.88
105 600 M82 2.85+40.11 1.434+0.06 61.2642.07 221 5.68
109200 M82 1.2540.01 0.99+0.01 81.84+1.28 2.65 5.49
112 800 M82 1.9840.02 1.4940.02 21.06+1.77 224 5.32
87 100 1C 342 2.2040.01 1.7140.01 87.4840.60 1.09 6.88
91200 IC 342 2.1040.01 1.5440.01 48.0210.44 1.27 6.57
94 800 IC 342 2.61£0.07 1.73£0.05 104.4842.77 1.75 6.32
98 400 1C 342 2.514£0.01 1.5240.001 10.61£0.28 1.77 6.09
102 000 1C 342 1.64+0.02 1.2140.01 66.2241.25 1.96 5.88
105 600 1C342 2.6740.01 1.6740.01 38.7140.31 228 5.68
109 200 IC 342 1.9940.01 1.5940.01 -16.9310.94 1.95 549
112 800 IC 342 2.194£0.02 2.03£0.02 96.011-4.08 2.58 5.32

6N

368 metres

& & i

W27 E04 E24 E68

768 metres

Figure 4.1: Example: The Plateau de Bure Interferometer in configuration A with 6 antennas.
One distance unit is 8 metres. The distance is always counted from the intersection point between
the tracks, represented by the red dot.
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In Table. 4.1, the initial values of the major and minor axes of the beams for each observation
are presented, as well as their position angles and the noise per beam. The tables 4.2, and 4.3,
list the sources used for calibration. If the source flux is fixed, the values are noted with an (f),
otherwise, if the flux of the source has been computed from another main calibrator, the values
are denoted with (c). The antennas are denoted with the number of the antennas, followed by
their configuration. The eastern antennas are denoted with "E", western antennas with "W", and
the northern antennas with an "N". The distances between the intersection point of the tracks and
the antennas are given by the number of distance units (1 unit = 8 metres) from the intersection
to the antenna. For instance, if the antenna is described as 6 A-E68: EO4N29N46W27E24, this
means there are 6 antennas in the configuration A (6A), without the antenna E68 (-E68), which
is the eastern antenna that is at a distance of 544 metres (8 x 68 metres) from the intersection
point, followed by a list of the antennas used which are two eastern antennas at 32 and 192 metres
(8 x 4 metres and 8 x 24 metres, respectively), two northern antennas at 232 and 368 metres
(8 x 29 metres and 8 x 46 metres respectively), and a western antenna at 216 metres (8 x 27
metres). Figure 4.1 depicts the distribution of the antennas at the Plateau de Bure Interferometer,
where the longest baseline extending from the west to the east is 768 metres.

4.2 DataReduction: Imaging and Extraction of Spectra (GILDAS)

For the reduction of data, different packages of the Grenoble Image and Line Data Analysis
Software or GILDAS* were used. The MAPPING package was used for the imaging of the cal-
ibrated data, the cleaning, and the imaging of the cleaned data. With this package, the moments
of the observed molecular lines were extracted, which showed the flux, velocity, and width dis-
tribution of each line. For the spectral analysis, the Continuum and Line Analysis Single-dish
Software (CLASS)> was used. This package allowed the extraction of spectra from each data
cube and, the subtraction of the baselines from the observed spectra. The spectra were averaged,
and plotted. The lines were also identified and fitted using this package. CLASS is usually used
to reduce data from single-dish telescopes with a ".30m" format. However, it can also be used
to analyse interferometric data with a ".pdb" extension and format. For further line identifica-
tion, fitting, abundances and excitation temperature calculations, MAdrid Data CUBe Analysis
(MADCUBA) (Martin et al. in prep) was used. This software, equipped with different line cata-
logues, uses spectra from single-dish telescopes, and interferometres as input and allows an easy
analysis and line identification.

For this project, there are no dedicated zero-spacing, and no short-spacing data. However, the re-
sults of the interferometric data of M 82 and IC 342 obtained from this study have been compared
to single dish observation results of the IRAM-30m telescope done by Aladro et al. (2011b) and
Aladro et al. (2015). In order to calculate the correlation between different emission regions, a
principal component analysis (PCA) has been applied to the data, for which a python script has
been used®.

“http://www.iram.fr/IRAMFR/GILDAS

Shttps://www.iram.fr/IRAMFR/GILDAS/doc/pdf/class.pdf

The python script has been written by Dr. Maria Cunningham from the university of New South Wales, Aus-
tralia. The PCA module can be found online (http://folk.uio.no/henninri/pca_module/)
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Table 4.2: Calibration Information for M 82. Values with an (f) are the assumed values in the
calibration and values with (c) are computed. (P) represents the observations where polarisation
has been detected.

Frequency Flux calibrator Flux Calibrator Phase/amplitute Calibrator
Date Antennas

GHz MWC349 Other sources 0954+658

87.1 25 April 2012 1.10 (f) - 1.49 (¢) (P) 6A-E68: EO4N29N46W27E24
87.1 25 April 2012 1.10 (f) - 1.07 (¢c) (P) 6C: WO9E10N11N17W12E04
87.1 25 April 2012 1.00 () - 1.05 (¢) (P) 6C: WO9E10N11N17W12E04
87.1 25 April 2012 0.80 (c) - 1.10 (f) (P) 6A-E68: EO4N29N46W27E24
87.1 25 April 2012 1.10 (f) - 1.07 (c) (P) 6C: WO9EION1IN17W12E04
87.1 25 April 2012 1.00 (¢) 15.94 (3C 84) (f) 1.05 (c) (P) 6C: WO9E10N11N17W12E04
91.2 1 January 2013 1.13 (f) - 1.32 (¢) (P) 6C: EO4WO09EION17N11W12
91.2 28 February 2013 1.07 (¢) - 0.75 (f) (P) 6B: E12W12E23N46N20W27
91.2 4 March 2013 1.13 () - 0.98 (¢) 6B: E12W12E23N46N20W27
91.2 8 March 2013 - 17.77 (3C 84) (f) 0.92 (¢) 6B: E12W12E23N46N20W27
94.8 2 January 2013 1.16 () - 1.24 (c) 6C: EO4WO9EION17N11W12
94.8 4 March 2013 - 16.90 (3C 84) (f) 0.77 (c) 6B: E12W12E23N46N20W27
94.8 9 March 2013 - 4.28 (0923+392) (f) 0.90 (¢c) (P) 6B: E12W12E23N46N20W27
94.8 14 March 2013 - 4.16 (0923+392) (f) 0.86 (¢) 6B: E12W12E23N46N20W27
94.8 4 April 2013 - 15.67 (3C 84) (f) 0.99 (f) 6C-E10+E23: EO4W09E23N17N11W12
94.8 9 April 2013 - 15.61 (3C 84) (f) 0.99 (c) 6C: EO4WO9EION17N11W12
98.4 10 March 2013 1.19 (f) - 1.04 (¢) 6B: E12W12E23N46N20W27
98.4 10 March 2013 - 17.07 (3C 84) (f) 0.75 () (P) 6B: E12W12E23N46N20W27
98.4 19 April 2013 1.19 () - 1.36 (¢) (P) 6C-E04: WO9EION17N11W12
98.4 21 April 2013 1.19 () - 1.26 (¢c) (P) 6C: EOAWO09EION17N11W12
102 9 March 2013 1.15 (¢) - 0.90 (c) (P) 6B: E12W12E23N46N20W27
102 25 April 2013 - 5.56 (0923+392) (f) 1.23 (¢) (P) 6C: EO4WO9EION17N11W12
105.6 10 March 2013 - 14.74 (3C 84) (f) 0.82 () (P) 6B: E12W12E23N46N20W27
105.6 24 April 2013 1.24 (f) - 1.17 (¢) (P) 6C: EO4W09EION17N11W12
105.6 25 April 2013 1.24 (H) - 1.22 (c) (P) 6C: EO4AWO09EION17N11W12
109.2 11 March 2013 0.93 (c) - 0.89 (¢) (P) 6B: E12W12E23N46N20W27
109.2 12 March 2013 - 17.42 (3C 84) (f) +0.98 (c) 6B: E12W12E23N46N20W27
112.8 19 March 2013 - 2.38 (0059+581) (f) 1.07 (¢) 6B: E12W12E23N46N20W27
112.8 22 March 2013 - 17.75 (3C 84) (f) 1.13 (¢) (P) 6B: E12W12E23N46N20W27
112.8 4 April 2013 - 16.57 (3C 84) (f) 1.15 (¢) 6C-E10+E23: EO4W09E23N17N11W12
112.8 6 April 2013 - 10.57 (2200+420) (f) 1.17 (¢) 6C: EO4AWO09EION17N11W12
112.8 9 April 2013 1.29 (f) - 1.18 (¢) 6C: EO4WO9EION17N11W12
112.8 11 April 2013 1.29 (f) - 1.30 (¢) 6C: EO4WO09EION17N11W12
112.8 16 April 2013 - 4.41 (0923+392) (f) 1.24 (¢) (P) 6C-E04: WO9EIONI7N11W12

112.8 21 April 2013 - 4.47 (0923+392) (f) 127 () (P) 6C: EO4WO9EION17N1IW12
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Table 4.3: Calibration Information for IC 342. Values with an (f) are the fixed values in the
calibration and values with (c) are computed. (P) represents the observations where polarisation

has been detected.

Frequency Flux calibrator Flux Calibrator Phase/amplitute Calibrator
Date Antenna

GHz MWC349 Other sources 0224+671

87.1 25 April 2012 1.10 () 0.63 (c) (P) 6A-E68: EO4N29N46W27E24
87.1 25 April 2012 1.00 (c) 16.26 (3C 84) () 0.67 () (P) 6C: WO9E10N11N17W12E04
87.1 25 April 2012 1.10 (f) 0.63 (c) 6A-E68: E04N29N46W27E24
91.2 23 March 2013 16.32 (3C 84) (f) 123 (¢) 6B: E12W12E23N46N20W27
91.2 26 March 2013 1.13 (f) 1.49 (c) (P) 6B: E12W12E23N46N20W27
91.2 16 April 2013 0.94 (c) 8.23 (2200+420) (f) 1.12 (¢) (P) 6C-E04: WO9EIONI7N11W12
94.8 30 March 2013 14.53 (3C 84) (f) 1.24 (¢) 6B: E12W12E23N46N20W27
94.8 2 May 2013 1.08 (¢) 4.25 (2013+370) (f) 1.06 (c) (P) 6C: EO4W09EION17N11W12
98.4 1 April 2013 1.19 (f) 1.46 (c) 6C: EOAWO09EION17N11W12
98.4 2 May 2013 1.19 () 1.03 (¢) (P) 6B: E12W12E23N46N20W27
102 1 April 2013 1.21 (H) 1.37 (¢) 6B: E12W12E23N46N20W27
102 2 April 2013 1.21(H 1.46 (c) 6B: E12W12E23N46N20W27
102 25 April 2013 1.21 () 1.16 (¢) (P) 6C: EO4WO09EION17N11W12
105.6 3 April 2013 1.24 (f) 1.41 (c) 6B: E12W12E23N46N20W27
105.6 22 April 2013 1.10 (¢) 4.48 (0923+392) (f) 1.16 (¢) 6C: EO4AWO09EION17N11W12
105.6 24 April 2013 1.24 () 1.12 (¢) 6C: EO4WO9EION17N11W12
109.2 2 April 2013 17.29 (3C 84) (f) 1.46 (c) (P) 6B: E12W12E23N46N20W27
109.2 3 April 2013 1.26 (f) 1.41 (¢) 6B: E12W12E23N46N20W27
109.2 21 April 2013 1.21 (¢) 8.30 (2200+420) (f) 1.13 (¢) (P) 6C: EO4W09EION17N11W12
112.8 22 March 2013 1.29 () 1.35(¢) 6B: E12W12E23N46N20W27
112.8 25 March 2013 9.78 (2200+420) (f) 1.19 (c) 6B: E12W12E23N46N20W27
112.8 30 March 2013 1.29 () 1.37 (¢) 6B: E12W12E23N46N20W27
112.8 16 April 2013 1.29 (¢) 1.14 () 6C-E04: WO9EIONI7N11W12
112.8 21 April 2013 1.29 (f) 1.18 (¢) (P) 6C: EO4W09EION17N11W12
112.8 24 April 2013 131 (c) 7.91 (3C 273) () 1.13 (c) 6C: EO4WO09EION17N11W12
112.8 28 April 2013 22.70 (3C 279) () 1.78 (c) 6C: EO4WO09EION17N11W12
112.8 28 April 2013 1.29 (f) 1.11 (¢) (P) 6C: EO4WO9EION17N11W12
112.8 2 May 2013 1.29 (f) 1.07 (¢) 6C: EO4WO09EION17N11W12
112.8 3 May 2013 1.29 (H 1.16 (¢) 6C: EO4W09EION17N11W12

The calibrated data are stored as uv-tables (".uvt" extension), containing the calibrated visibilities
of the sources. As an example the uv-coverage of an observation is shown in Fig. 4.2. In order to
convert the uv-tables into images, the command " go uv_map" is used. This command created
a map from the uv-tables, through a convolution function and a fast Fourier transform of the
individual spectral channels. The output of this command is a ".Imv" extension file. This is an
Imv cube with two coordinate axes and one velocity (or frequency) axis (x, y, velocity). For
the analysis of the spectral line images, one must first subtract the continuum emission from
the data cube. In order to do so, the continuum emission between emission lines was averaged
using the "go uv_average" command in MAPPING (The emission lines were determined from
the averaged spectrum in the bottom right frame as seen in the left plot in Fig.4.3). The average
continuum emission was then subtracted from the initial data cube using the "go uv_subtract"
command (see Fig. 4.3).
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Figure 4.3: Top panel: Initial dirty data cube of M 82 at 87.1 GHz with continuum emission
(left), and its spectrum (right). Bottom panel: Dirty data cube of M 82 at 87.1 GHz where
continuum emission has been subtracted (left) and its spectrum (right).
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The next step was to fix the beam size for the different data cubes for each galaxy, to allow for a
reliable comparison and analysis of the emission lines at different frequencies. The sizes of both
the major and minor axes were smeared to 2.9” for M 82 and to 2.7” for IC 342. Next, a polygon
surrounding the centre region was defined as a "support region" to facilitate the cleaning pro-
cedure. This support region defines the region where the clean component (observed source) is
located, and thus informing the programme that the other bright regions outside this support are
simply side lobes. The deconvolution algorithm known as CLEAN HOGBOM method (Hog-
bom 1974) has been used with 4000 iterations for both galaxies. It is considered the easiest
approach to the iterative search’. This method first localises the pixel with the strongest inten-
sity in the current map. It then adds the loop gain (the factor that controls convergence, and is
usually between 0 and 2, where a high loop gain yields a faster convergence) of the maximum
intensity pixel and its spatial position to the clean component list. The next step is to convolve
the loop gain by the dirty beam. Finally, to remove the side lobes that are associated with the
localised clean component, this convolution will be subtracted from the residual map. However,
the convolution by the dirty beam is affected by the fact that the uv-sampling is incomplete.
Therefore, one needs to apply a deconvolution process. Mathematically speaking, due to the
incompleteness of the uv-sampling, there is an infinite number of intensity distributions that are
compatible with the measured visibilities. Deconvolution helps find the intensity distribution
that is most suited for the measured visibilities. To help the deconvolution process, a support
region is usually defined. However, one must be careful when selecting a supporting region, as
one can easily exclude real emission regions from parts of the sky. For more information about
the cleaning algorithm used in GILDAS, please see the GILDAS software guide®.

An example of a cleaned data cube is given in Fig. 4.4. After subtracting the continuum, the data
will be saved into a file on its own. This continuum file is also imaged and cleaned (see Fig. 4.5).
For some of the data cubes, the data reduction -especially the continuum subtraction- proved to
be difficult due to low signal-to-noise ratios, or to the absence of emission lines. In order to solve
this issue, the sources in the data were divided into regions (see Figure 5.1). From each region,
the brightest spatial position (0.66” x 0.66”) in the 87.1 GHz frequency tuning was chosen to
perform further spectral analysis (the frequency tuning of 87.1 GHz is chosen because it is the
tuning where the regions are brightest and best defined). This method allowed the extraction
of lines that might have been otherwise buried in the noise, or dominated by the continuum
emission.

After the continuum subtraction and the cleaning of the data cube, one can extract individual
lines from the initial map. This allows to visualise the emission of each line, and image their
flux, velocity, and width distribution. As an example, the imaging of the HCN(1-0) line at
88.632 GHz and its moments are presented in Fig. 4.6.

7 Assuming that the sky brightness distribution is a collection of point sources, the search for these sources is
iterative: Each source is subtracted from the residual map and added to the list of clean components. The number
of iteration describes the maximum number of clean components in the map. The typical value for iteration is 500.

8http://www.iram.fr/IRAMFR/GILDAS/
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Figure 4.4: Top Panel: (left) Dirty data cube of M 82 at 87.1 GHz with no continuum emission.
The polygon defines the support region for the cleaning process. The bright region outside the
polygon are the side lobes associated with the clean component. (right) The spectrum of the
dirty image with no continuum emission. Bottom Panel: (left) The clean image of the obser-
vation after implementing the cleaning algorithm, where the region inside the polygon shows
the observed galaxies, and the side lobes are gone. (right) The clean spectrum of the observed
galaxy at 87.1 GHz
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Figure 4.5: Left: Dirty continuum image of M 82 at 87.1 GHz. Right: Clean continuum image
of M 82 at 87.1 GHz.
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Figure 4.6: HCN (1-0) at 88.632 GHz in M 82 .Top left: line image with its spectrum. Top right:
line flux distribution (moment zero) in M 82 (contour levels from 0.5 t0 6.5 Jy beam ! km s~! by
steps of 0.5 Jy beam ™! km s™!). Bottom left: line velocity distribution (moment one) (contour
levels from 20 to 400kms~! by steps of 20). Bottom right: line width distribution (moment
two) in M 82 (contour levels from 20 to 300 km s~! by steps of 20).
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Figure 4.7: The spectrum of M 82 at 87.1 GHz, plotted by CLASS, at an offset position of +14.2”
and +1.6” from the right ascension and declination respectively, relative to the centre of M 82.
The bottom x-axis shows the frequency in MHz and top x-axis shows the velocity in kms™,
where the frequency at 87.1 GHz is set at 0kms™!. The y-axis shows the flux density in Jy.
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For the extraction of the spectra from the map images, the Continuum and Line Analysis Single-
dish Software (CLASS)’ was used. This software only shows the calibrated, cleaned spectra,
from which the continuum has been subtracted (see Fig. 4.7).

4.3 Missing Flux Calculation

It is important to check how much flux is actually missing from data obtained with an interfer-
ometer, which is not sensitive to low spatial frequencies due to the lack of the smallest baselines.
For that purpose, the results of the data from this study have been compared with the results of
single dish data published in Aladro et al. (2011b, 2015). Due to the difference in resolution
between the interferometer and single dish data, the first step was to smooth the beam of the in-
terferometric data to match the resolution of the single dish telescope. The data used in Aladro
et al. (2011b, 2015) were collected using the IRAM 30-m telescope in Pico Veleta Spain'®. The
resolution of the IRAM 30-m telescope depends on the frequency that one is observing and it is
given by'!:

2460
v
where 6 is the half power beam width, HPBW, given in arcseconds, and v is the frequency
in GHz. Moreover, the results (main beam brightness temperature) presented in Aladro et al.
(2011b, 2015) are given in units of K. In order to compare them with the results in this work that
are presented in Jy, one has to convert from Kelvin to Jy through:

6//

4.1)

2.65 TH"”
where S is the flux density given in Jy, T is the brightness temperature in K, # is the beam size
in arcminute, and A is the wavelength in cm (Wilson et al. 2012, Chapter 8, Section 2.2, page

180). The conversion factor a from Jy to K is then given as:

)\2
T(K) = ——— S(J
(K) = 3652 SUY) 43)
A2 '
¢ 96507
Given that the speed of light c is given as ¢ = 299792458 ms™! = A\, X vp,, the wavelength in
cm can be written as Ao, = %. Furthermore, one arcminute contains 60 arcseconds, giving
then, ¢/ = g—g. By substituting these values in equations 4.2 and 4.3, one gets the following
equations:
y29”2
S(Jy) = ———T(K 4.4
1.21 x 108
T(K) = ——z— SUy)
V29 4.5)
1.21 x 108
a= V26)//2

“https://www.iram.fr/IRAMFR/GILDAS/doc/pdf/class.pdf
1Ohttp://www.iram-institute.org/EN/30-meter-telescope.php
http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies
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In the work of Aladro et al. (2015), the region observed toward M 82 was around 12" or 204
pc centred around 9"55™515.9 and 69°40'47", with an offset position of 413" and +7.5" re-
spectively. For a successful comparison, the HPBW beam of the interferometric data has been
smoothed from 2.9” to 29”,27", 26” and 22" for M 82 (depending on the observed frequency).
As for IC 342, the results from Aladro et al. (2011b) were used, where the observed region was
10.6” or 170 pc, centred around RA (J2 000) 3"46™48°.5 and DEC (J 2000) 68°05'46". The syn-
thesised beam in this study has been smoothed from 2.7” to 28”,26”, 25" and 23" depending
on the observed frequency. After doing so, the spectra have been extracted and analysed. The
conversion factors are presented in Table. 4.3, while the integrated areas of the lines A and their
peak main beam temperature Ty have been compared and presented in Table. 4.3. Aladro et al.
(2015) kindly provided the spectra of M 82 used in their study, in order to plot and compare the
results of single-dish observations with those of interferometric observations. However, no such
spectra were provided for IC 342 by Aladro et al. (2011b). Results referring to the missing flux
are illustrated in Figure 4.8. Since Aladro et al. (2015) has only single pointing, the distribution
of the missing flux could not be recovered.

From the given results, the interferometric data suffer from flux loss of about 50%. However,
this loss does not affect the results of this work and their interpretation. Due to the differences in
scales, Aladro et al. (2011b, 2015) are observing the sources on scales ranging from 400 to 500
pc, with a resolution of 23”-28", while in this work, the observed sources have scales around
50-100 pc, with a resolution of 2.9”, the data observed in Aladro et al. (2011b, 2015) can also
be picking up outflows and winds from these galaxies. The interferometric data from this work
is not sensitive enough to pick up the emission from such outflows. An interferometer is only
sensitive to emission with an angular scale of:

A <0< A
Bmax Bmin

(4.6)

where )\ is the observed wavelength, in this case 3 mm, or 0.003 m, B,,;, and By, are the
minimum and the maximum baseline separations respectively. From Table. 4.3, the value of
Buin is 24 m and B, is 427 m. This then yields a sensitivity on angular scales between 1.44"
and 25”. Therefore, the angular scale for which the interferometer is sensitive, is smaller than
the angular resolution 29”.

Table 4.4: Conversion factor and resolution for M 82 and IC 342, using results from Aladro et al.
2011b and Aladro et al. 2015. a is the conversion factor from Jy to K, as in eq. 4.5.

Source Line Frequency in GHz 6" a Reference
M82 CCH (1-0) 83.317 29 0.20 Aladro et al. 2015
M82 HCN (1-0) 88.632 29 0.18 Aladro et al. 2015
M 82 HCO™ (1-0) 89.189 29 0.18 Aladro et al. 2015
M82 CS (2-1) 97.981 27 0.17 Aladro et al. 2015
M 82 CN (19,1-00,1) 113.191 22 020 Aladro et al. 2015
M 82 CN (19,2-00,1) 113.491 22 0.19 Aladro etal. 2015
M82 CS (2-1) 97.981 26 0.17 Aladroetal. 2011b
M82  CH3CCH (6-5k) 102.548 22 024 Aladro etal. 2011b

IC342 CS (2-1) 97.981 26 0.19 Aladroetal.2011b

IC 342 HC3N (10-9) 90.978 28 0.19 Aladroetal. 2011b

IC 342 HC3N (11-10) 100.076 25 0.19 Aladroetal. 2011b

IC 342 HC3N (12-11) 109.174 23 0.19 Aladroetal. 2011b
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Table 4.5: Recovered flux results for M 82 and IC 342, using results from Aladro et al. 2011b and Aladro et al. 2015.

Frequency J Tar B do from this work J Tar g do from Aladro et al. 2015 Tyg from this work Typ from Aladro et al. 2015
Source Line Recovered value Recovered value
GHz Kkms™ 1! Kkms™1! K K
M2 CCH (1-0) 83.317 5.18 20.61 25% 0.04 0.08 50%
M2 HCN (1-0) 88.632 7.60 23.56 32.25% 0.07 0.18 36.67%
M 82 HCO+ (1-0) 89.189 11.93 33.74 35.36% 0.10 0.24 43.33%
M 82 CS (2-1) 97.981 3.69 9.97 36.96% 0.04 0.08 50%
M2 CN (19,1-09,1) 113.191 423 14.34 29.49% 0.02 0.07 32.80%
M2 CN (19 2-0,1) 113.491 11.99 28.63 41.87% 0.09 0.19 47.36%
Frequency [ T g dv from this work J T g dv from Aladro et al. 2011b Typ from this work Tymp from Aladro et al. 2011b
Source Line Recovered value Recovered value
GHz Kkms~?! Kkms~! K K
M2 CS (2-1) 97.981 3.69 9.4 39.20% 0.04 0.09 46.50%
M2 CH3CCH (6-5k) 102.548 0.47 3.70 12.70% 0.02 0.03 66.67%
1C 342 CS (2-1) 97.981 1.85 5.00 37% 0.04 0.09 44.44%
1C 342 HC3N (10-9) 90.978 0.037 0.7 5.28% 0.0027 0.015 18%
IC 342 HC3N (11-10) 100.076 0.06 0.70 8.57% 0.0048 0.012 40%
IC 342 HC3N (12-11) 109.174 0.072 0.7 10.28% 0.0064 0.012 53.33%
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Figure 4.8: Flux comparison for M 82 using results from Aladro et al. 2015. Top left: CCH (1-0)
at 87.317 GHz. Top right: HCN (1-0) at 88.632 GHz. Middle left: HCO+ (1-0) at 89.189 GHz.
Middle right: CS (2-1) at 97.981 GHz. Bottom left: CN (1 -0y ;) at 113.191 GHz. Bottom
right: CN (192-0p,1) at 113.491 GHz. The red lines are the spectra from Aladro et al. 2015, the
black lines are the spectra from this work, after smoothing the beam to the resolution used by
Aladro et al. 2015. The bottom x-axis shows the frequency in MHz and the top x-axis shows the
velocity in kms™!. The y-axis is the main beam temperature given in K.
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4.4 Spectral Analysis (with MADCUBA)

For the spectroscopic analysis of the extracted spectra and line identification, the MAdrid Data
CUBe Analysis (MADCUBA)'? programme has been used. The detailed description of the soft-
ware, its computation and calculations can be found in Martin et al. (in prep). In the following, a
short description of the software will be presented. One of the many useful extensions of MAD-
CUBA is the Spectral Line and Identification and Modelling (SLIM). This is a spectroscopic
analysis tool. SLIM is equipped with several spectroscopic databases, that are used to find and
identify emission or absorption lines:

e Cologne Database for Molecular Spectroscopy'® (CDMS) (Miiller et al. 2001 and Miiller
et al. 2005)

e Jet Propulsion Laboratory (JPL) (Pickett et al. 1998)

e Spectral Line Atlas of Interstellar Molecules (SLAIM)'* (F. J. Lovas, priv. comm., Remi-
jan et al. 2007)

e Recommended Rest Frequencies for Observed Interstellar Molecular Microwave Transi-
tions, 1991 revision (Lovas 1992)

e Recommended Rest Frequencies for Observed Interstellar Molecular Microwave Transi-
tions, 2002 revision (Lovas 2004)

The CDMS, and the JPL catalogues enclose spectroscopic parameters that are necessary for the
simulation or fitting of the lines. The software is also able to provide a synthetic spectrum with
parameters similar to the observed spectral parameters. This synthetic spectrum can be either
over plotted or fitted to the observed spectra, to thus derive the best spectroscopic parameters
that describe the observed lines. The synthetic spectra and their spectroscopic parameters are
calculated by assuming a Gaussian line profile and by varying the physical parameters of a line,
such as the column density (/V), the excitation temperature (7,) given in K, the velocity of the
line (v) given in kms™!, the source size (it is a fixed parameter) and finally, the full width at half
maximum (FWHM) of the emission line (Av) in kms™. By changing these parameters in the
interactive window, the user can find the best set of parameters that describe all the observed
transitions of a molecule and fit the synthetic or the simulated line to the observed one. The
automatic fitting is done by performing a non-linear least-squares fitting of the molecular line
emission or absorption. The errors in the fitted parameters are given by the standard deviations
of those parameters. Therefore, all transitions of a molecule considered for the fit are taken into
account when calculating the errors. For the time being, SLIM only models lines for molecular
species.

In the following, a brief explanation of SLIM and its calculations will be presented. This expla-
nation is based on the detailed work of Martin et al. (2019a). The main process of SLIM is to
solve the radiative transfer equation, assuming local thermodynamical equilibrium (LTE), and
an isothermal object in one dimension. Under the LTE assumption, the intensity of the source,
noted as I, is described with the Planck Function, B, (7T5) (eq. 2.5) where T is the brightness
temperature, so that the intensity of the source can be written as:

http://cab.inta-csic.es/madcuba/MADCUBA_IMAGEJ/Image]Madcuba.html
Bhttps://www.astro.uni-koeln.de/cdms/catalog
14 Available at http://www.splatalogue.net
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2h1? 2kv?
I, =B,(Tg) = T = —J.(TB) 4.7)
c(e*s — 1) ¢
The intensity in temperature units is then J,(7") = ( By 5 Under these definitions, the radi-
k(ekT —1

ation temperature is then defined as T = J,(T5). Thus, the source intensity is then described
as:

2k1? 2kv?

1, = =5 0(Ts) ~ =T (4.8)

Under the Rayleigh-Jeans approximation, one can assume that J(7') ~ 7. However, this as-
sumption breaks down for high frequencies and regions of low temperatures. Therefore, instead
of using the Rayleigh-Jeans approximation, SLIM solves the radiative transfer equation assum-
ing a gas with an uniform temperature and density. Given the Cosmic Microwave Background
(CMB) with a brightness temperature 7, (by default, 7, = 2.73 K), a background continuum
source with a temperature of 7, a gas of a given molecular species with an excitation tempera-
ture 7., and an optical depth of 7, the solution to the radiative transfer equation can be written
as:

Tp=J,(Thg)e ™ +cs o (Te)e™™ + J,(Te) (L — e ™) (4.9)

where c; is the covering factor that accounts for continuum absorption by a foreground medium.
However, only the line temperature 77, is of importance here, and it is calculated by removing the
continuum contribution from the background source (¢,.J, (T..), and fixing ¢, = 1, for simplicity
reasons) and the CMB (J,(13,)). Thus the line temperature is given as:

Ty, = (Jl/(Teaz) - JV<TC) - Ju(Tbg))<1 - eiﬂl) (4.10)

The calculation of the line temperature (eq. 4.10) can be simplified depending on the optical
depth. If the medium is optically thin (7, < 1), then the line temperature can be written as
J(T) = (J(Tew) — J(T:) — Ju(Thy))7,. For the case of an optically thick medium with
7, > 1, the line temperature will be estimated as .J,(11) = (J,(Tez) — J, (1) — J,(Thy)). The
flux density (in units of Jy) and the main beam brightness temperature 7,5 (in units of K) of
a line are calculated from the line temperature, the solid angle of the source (), and the source
convolved with the beam (,,;:

£,

Temperature in K : T = 9 T,
sxb
(4.11)
2k1?
Flux Density in Jy : S = 1023—2]/95*1)71
c

with 1 Jy = 107 ®ergs™' ecm ™2 Hz~!. The factor of 10% is then the factor of conversion from a
Jy unit to cgs units. The source solid angle is given in units of steradians, and it is a function
of the source’s or the beam’s FWHM in the major and minor axis (2 = 1.1330,.450rOminor)
under the assumption that both the source and the telescope beam are described by Gaussian
profiles. For simplicity reasons, SLIM assumes that 0,,,,0r = Ominor- Therefore, in practice, the
main beam brightness temperature is calculated as a function of the convolution of the Gaussian
FWHM of the source 05 and of the beam 6, (0, = \/0:qj0or0minor), Where the convolution is
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given as /62 + 67. Moreover, one can write the convolved solid angle as a function of 6, and
0y (Qsp = 1.133(0% + 67)). Thus, the main beam brightness temperature is actually calculated
as:

92
Temperature in K : Tyvp = [J(Tex) — J(T0) — Ju(Thy) (1 —e7™) (m)
s b
(4.12)
- 23 2k 2 -
Flux Density in Jy : S =10 71.13303 ([J(Tew) — J(T2) — Jo(Thg)] (1 — e7™))

For extended sources, 03 becomes much larger than 95. In this case, the beam filling factor
f= (%) tends to 1. SLIM works under the assumption that the velocity distribution of
s b

the molecules follows a Maxwellian distribution, and therefore the opacity will have a Gaussian

_ ('Uf'un)2
shape. For an opacity 7, at the central velocity v,, the opacity is described as 7, = 7,e Hn2 TR

where Av is the FWHM. In this case, the main beam brightness temperature will have a Gaussian
shape for low opacities. For high opacities, the profile will be saturated, leading to a more flat-
topped line shape.

The total column density of the observed line V is given as a function of the column density in
the upper level N, the partition function Z, the energy in the upper level £, and the degeneracy
(g.) (see eq. 2.15 in Chapter 2, Section 2.2). The opacity at central velocity 7y, or the maximum
value of the optical depth for a given transition, is given as a function of N, g,,, Z, the Einstein
coefficient for spontaneous emission A,;, the FWHM, the excitation temperature 7.,, and the
energies at lower and upper levels E;, and E,,:

Ngu Aul ¢’ S — L
— kTex — kTex 413
TR AvZ v (e ‘ > 19

From the peak temperature of the spectral line 77 (temperature of the line at 7 = 79), one can
derive the area of the line or the integrated line intensity:

+oo
A= / Trov = (V2m)oT) = 1.06 AvTY 4.14)

[e.e]

where o2 is the variance of the Gaussian, and Av can be written as: Av = 2v/2In2 0 = 2.350.
For more details about the computation and the calculation used in SLIM and MADCUBA, refer
to Martin et al. (2019a).
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Figure 4.9: Screenshot of MADCUBA. In this image, one can see on the left the lines that have been chosen from the JPL catalogue, and the physical
terms that one can change in order to fit the line. In the top middle panel is the table that shows the values of the fit and its errors. In the bottom
middle panel, the red line is the synthetic or simulated line, while the black line is the observed emission line. Finally, on the right panel, one can
see the spectrum used for the analysis and the blue line shows the transitions of the emission line that is fitted.
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Chapter 5

Results

After having outlined the details of the data analysis in Chapter 4, the results from the data
analysis of the high resolution 3-mm survey targeting M 82 and IC 342 are presented here. First,
the results of the galaxy imaging after the cleaning processes and the continuum subtraction are
presented, where four main emission regions are identified in M 82 and three regions in IC 342.
This is followed by a spectral analysis of the extracted spectra. From this spectral analysis, lines
were fitted to get quantitative values for the flux density, flux, line width, radial velocity, and
column densities. From these values, abundance ratios were derived. The distribution of line
flux, velocities, and widths (respectively moment zero, one, and two) are shown and compared.
Finally, results from a principal component analysis (PCA, see Chapter 2, Section 2.5) are pre-
sented, showing correlations and differences between the emission lines observed in the two
galaxies.

5.1 Imaging and Spectral analysis

The imaging of the data cubes has been performed using the MAPPING Package in GILDAS.
The details of the procedure are explained in Chapter 4, Section 4.2. Despite lower signal-to-
noise ratios in some frequency tunings (for example, 98.4 GHz, 102 GHz), the quality of the
data is generally good, and offers reliable results.

In Figure 5.1, the galaxies M 82 and IC 342 are shown. The line maps (with the continuum re-
moved) are centred at a frequency of 87.1 GHz and have a bandwidth of 3.6 GHz. M 82 shows
four distinct line emission regions (A, B, C, and D) (molecular line emission from H*CN, CCH,
HCN, and HCO™), while IC 342 shows three line emission regions (A, B, and C) (molecular line
emission from H'>CN, H!3CO™, SiO, H'*NC, CCH, HNCO, HCN, and HCO™"). The molecular
emission seen in both M 82 and IC 342 at 87.1 GHz is representative of the molecular distribu-
tion in these galaxies at different frequencies. The dynamical centre of M 82 (right ascension
RA (J2000): 09'55™52.7% and declination DE (J2000): +69°40'46”, see the NASA/IPAC Ex-
tragalactic Database (NED, http://ned.ipac.caltech.edu)) is thought to be between the regions
B and C, as marked in Fig. 5.1. On the other hand, the centre of IC 342 (right ascension RA
(J2000): 03"46™48.5%, a declination DE (J2000): +68°05'46", see Crosthwaite et al. 2000) is
located at the eastern edge of region C, as depicted in Fig. 5.1. The coordinates of the different
regions are presented in Table. 5.1. Figure 5.2 presents the continuum emission in M 82 and
IC 342 at 91.2 and 105.6 GHz. This shows that for both M 82 and IC 342, the continuum slightly
changes across the 3-mm range (see Table. 5.3). The continuum flux densities in M 82 fluctuate
significantly with frequency, whereas one would expect a fairly constant flux density across the
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3-mm spectrum. The reason behind these fluctuations is unclear. These differences could be
partly due to differences in signal-to-noise ratios at different frequency tunings, as well as to the
difference in observation configurations, and number of observations carried at each frequency
(see Tables 4.2, and 4.3), calibration error in the data, or to missing flux due to interferometric
observations. However, fluctuations in the continuum flux densities in M 82 were also reported
in single dish observations, where the continuum flux density dropped by 38% between 105 and
109 GHz observations (Aladro, priv. Comm.). The continuum images at all frequency tunings
for both galaxies are presented in Appendix A.

From each of these regions (Regions A, B, C, and D in M 82 and Regions A, B, and C in IC 342),
the brightest 0.66” x 0.66” pixel (called hereafter Position) at 87.1 GHz, has been selected.
These Positions -now called Position A, Position B, Position C, and Position D (corresponding
to Region A, B, C, and D respectively)- are used to perform the analysis, in order to optimise
the signal-to-noise ratios. The same positions will be used for the analysis at other frequencies,
to conserve spatial consistency. The coordinates of the positions selected for the analysis are
presented in Table. 5.2.

59°4.1'00"

£0°40' 30"

o"55M55° 50° 3748M50° 45°
Absolute coordinates Abselute coordinates

Figure 5.1: Left: The image shows the line emission of M 82 imaged at 87.1 GHz frequency
tuning, with four distinct regions denoted as A, B, C, and D (the continuum emission at 87.1 GHz
is subtracted). The "x" shows the centre of M 82 (RA (J2000): 09"55™52.7°% and a declination
DE (J2000): +69°40'46"), on the 87.1 GHz frequency tuning. Right: The image shows the
line emissions of IC 342 imaged at 87.1 GHz, with the three distinct regions A, B, and C (the
continuum emission at 87.1 GHz is subtracted). The "x" shows the centre of IC 342 (RA (J2000):
03"46™m48.5%, a declination DE (J2000): +68°05'46"), on the 87.1 GHz frequency tuning. The
colour-coded flux density is given in units of Jy/beam.

Table 5.1: Coordinates of the main emission regions in M 82 and IC 342

M 82 (RA(J2000) and DEC(2000)) IC 342 (RA(J2000) and DEC(2000))

West East South North West East South North

Regions — gussmy  (ghssmy  (69°400)  (69°40') | (3b46™) (3b46™) (68°05)) (68°05))
RegionA 538  55°.7 38" 577 | 494 481 46" 58"
Region B 52°.3 535 41 50 | 478 4903 4178 46"
RegionC  50°6 524 37" 51" AT 482 3T 50"

RegionD  47.3 50%.5 35" 46" - - , B}
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From each of the selected positions, spectra at different frequencies have been extracted, as seen
in Fig. 5.3. From these spectra, one notices significant changes in the line intensities between
the different regions in the same galaxy. Moreover, in IC 342 there are more emission lines
than in M 82. Furthermore, one notices a difference in the overall flux densities of the lines
between M 82 and IC 342. In fact, such differences in the spectra are seen in all regions of the
two galaxies. These differences are quantified by the Gaussian fits to the lines. Spectra and
Gaussian fit of the brightest positions in the different regions of both galaxies are presented in
Appendix B. There is a 600 MHz gap between the frequency tunings at 87.1 and 91.2 GHz that
is not covered by either bands. This gap is seen the spectra of both M 82 and IC 342 (see Figs.
5.3 and 5.4). In this gap, HOC™ (1-0) emission line at 89.4874 GHz could have been detected.

69°41'00" 69°41'00"

0.0

69°40'30" 69°40'30"

68°06'00" 68°06'00"

0.0

68°05'50" 0.055“05‘50”

0.0

68°05'40" 68°05'40"

3"46™50° 48° 46° 3"46™50° 48° 46°

Figure 5.2: Continuum image of M 82 at 91.2 GHz (top left) (contour levels from -4 to
14mJy beam ™ km s~! by steps of 2mJy beam ™! km s~!), and 105.6 GHz (top right) (contour
levels from -8 to 24 mJy beam ! kms~! by steps of 2mJy beam ™! kms~!). Continuum im-
age of IC 342 at 91.2 GHz (bottom left) (contour levels from -0.4 to 1.8 mJy beam = kms~! by
steps of 0.2mJy beam ! kms~!), and at 105.6 GHz (bottom right) (contour levels from -0.8 to
3mJybeam ™! kms~! by steps of 0.2 mJy beam ' kms™1).

Table 5.2: Positions central coordinates in M 82 and IC 342.

M82 1C 342
Positions  (RA(J2000) DEC(2000)) | (RAJ2000) DEC(2000))
Position A 9"55™54%.70  69°40'50”.54 | 3"46™49%.12 68°05'50”.90
Position B 9"55™53%.17  69°40/46".50 | 3"46™48°%.53 68°05'43".00
Position C  9"55™51%.40 69°40/45".10 | 3"46™475.82 68°05'46".00
Position D 9"55™49%.75  69°40/43".10 - -
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Table 5.3: Total continuum flux densities in M 82 and IC 342, not accounting for missing flux.
The bandwidth of each frequency band is 3.6 GHz.

M 82 IC 342
Frequency | Flux Density Noise | Flux Density Noise
GHz mly mly mly mly
87.1 437 1.12 19.3 0.05
91.2 151 0.48 10.5 0.05
94.8 184 0.23 14.2 0.05
98.4 514 0.55 16.1 0.06
102 455 0.54 19 0.05
105.6 489 0.87 20.2 0.07
109.2 39 0.24 14.2 0.07
112.8 212 0.61 21.3 0.08
6, — 50000
0.1 | M 82 - Position A n
e.as — —
oL I.‘ J — ‘ FJ. ) : ‘ e " ‘m J!q#. - Ir..hm |. el “ - lw
g90aQao0o 1Qoogo 11Q0c00
Rest Freguency (MHz)
> M 82 — Position B N
.05 .
i L : N

Rest Fregquency (MHz)

Figure 5.3: The combined spectrum of the brightest position from Region A in M 82 (top pan-
nel), and from Region B in M 82 (bottom pannel). These spectra cover frequencies from 86 to
114 GHz. The bottom x-axis shows the frequency in MHz and the top x-axis shows the velocity
in kms!, where the frequency at 87.1 GHz is set at 0kms™'. The y-axis shows the flux density
in Jy.
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Figure 5.4: The combined spectrum of the brightest position from Region A in IC 342 (top
pannel), and from Region B in IC 342 (bottom pannel). These spectra cover frequencies from
86 to 114 GHz. The bottom x-axis shows the frequency in MHz and the top x-axis shows the
velocity in kms!, where the frequency at 87.1 GHz is set at 0kms™!. The y-axis shows the flux
density in Jy.

5.2 Line Parameters

After analysing the spectra of the brightest positions in each region, the molecular emission has
been summarised in Tables 5.4, 5.5, 5.6, 5.7, 5.8, 5.9, and 5.10.

The spectral analysis was performed using both GILDAS CLASS and MADCUBA_1J. The de-
tails of the analysis procedure can be found in Chapter 4, Section 4.2, and Section 4.4. As a
sanity check, the results from the two analysis tools were compared and found to be consistent
with each other. Figure 5.5 shows the Gaussian fits of two different molecules (CCH and CN) in
Position A in M 82 and IC 342. The fit results of all emission lines found in the different posi-
tions of M 82 and IC 342 can be found in Appendix D. The fitting analysis provides quantitative
measurements of the flux (in Jy kms™!), the local standard of rest velocity, Vigg in kms™?,
the width of the line in km s™!, and the flux density of the line in Jy. Moreover, from the anal-
ysis done with MADCUBA, one gets the column density of the line in cm 2. The analysis is
performed on the spectra obtained from the different positions of the galaxies.
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Figure 5.5: Gaussian fits to spectral lines using GILDAS CLASS. Top panel: CCH (1-0) at
87.316 GHz including hyperfine components (left) and CN (19 — 0g 1) at 113.490 GHz (right)
in position A of M 82 (Offset of 14.2” and 1.6” from the galaxy’s centre). Bottom Panel: CCH
(1-0) at 87.316 GHz including hyperfine components (left) and CN (152 — 0p 1) at 113.490 GHz
(right) in position A of IC 324 (Offset of 8.3” and 2.9” from galaxy’s centre). The black box
indicates the window in which the lines are to be found, the red line is the baseline at zero level,
and the green line is the best fit for the respective features. The top x-axis shows the frequency
in MHz and the bottom x-axis shows the velocity in kms™!, where the rest frequency of the line
(87.317 GHz and 113.49 GHz for CCH (15 — 01;) and CN (192 — 0p 1) respectively) is set at

Okms!. The y-axis shows the flux density in Jy.



5.2. Line Parameters

83

Table 5.4: Fit results of the spectrum from the Position A in M 82

Line Rest Frequency Flux VLSR Width Flux Density(a) Column Density
GHz Jy kms— ! kms ! kms— ! mJy 10 cm—2
H'3cot (1-0) 86.75 0.2940.02 325384174  58.8143.87 4.69 (0.107-£0.003)
CCH (12,1 — 01,1) 87.28 0.1940.07 330394449  63.8846.71 278 (39.5-0.5)
CCH (12,2 — 01,1) 87.32 3.3240.07 310434671  823446.71 37.90 (39.5:£0.5)
CCH (11,1 — 01,1) 87.40 1.56£0.07 315344082  72.2946.71 2030 (39.550.5)
CCH (11,1 — 01,0) 87.45 5.59 x 107240.07 341374670  39.5446.71 133 (39.5+0.5)
HCN (1 — 0) 88.63 4.6740.03 316224021 65414047 67.00 (1.1740.01)
HCO™t (1 —0) 89.19 7.3140.04 323.0140.19  62.9640.43 110.00 (2.1640.02)
HNC (1 — 0) 90.66 2.55+0.04 317334050  63.1941.14 37.90 (1.1340.02)
HC3N (10 — 9) 90.98 0.3840.02 32676157  60.41+3.82 5.87 (2.860.18)
H4la 92.03 0.1440.02 339.674+4.37  63.4849.65 1.98 -
NoHT (1 —0) 93.17 0.2940.01 313944155  63.5343.56 434 (0.02634-0.0024)
cl4s(2-1) 96.41 8.16 x 107240.01  327.90+4.84  68.34412.65 112 (0.0195-£0.0021)
cs(2-1) 97.98 4.06+0.03 308.0340.12  43.7940.35 87.20 (3.7340.12)
H40c 99.02 0.22+0.05 319.134+7.78  53.72+12.20 3.82 -
SO (21 — 32) 99.30 0.1940.01 314444270 73534555 2.44 (0.189+0.032)
HC3N (11 — 10) 100.08 0.6140.02 323364087  61.2241.95 9.31 (2.8640.18)
CH3CCH (6 — 5i) 102.55 1.64+0.03 336.9440.62  68.6441.46 22.40 (14.04£0.3)
H39a 106.74 0.1940.02 332164251  48.0446.64 3.68 -
HC3N (12 — 11) 109.17 0.15+0.01 336914134  42.1842.67 328 (2.860.18)
cl80 (1 -0) 109.78 7.21 X 10724001 346524049  13.474+1.09 5.03 (14.141.0)
cl80 (1 -0) 109.78 3.94 x 10724001 320.12+0.85 13.11£1.65 2.82 (3.79+1.09)
13co (1 -0) 110.20 1.1040.02 345.6040.32  39.0540.78 26.40 (18248)
CN (19,1 — 00,1) 113.19 3.4040.04 381914087  150.9741.77 21.10 (11.74£0.2)
ON (10,2 — 00,1) 113.49 9.24+0.06 312964022  75.8440.51 110.00 (11.7£0.2)

(a) The peak flux density of the fitted Gaussian has not been used for determining the column densities. It is a by-product of the GILDAS fits
but the results are only indicative, since the fitted lines do not have a perfect Gaussian shape in all cases. This is why no errors are provided.
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Table 5.5: Gaussian Fit of the spectrum from Position B in M 82

Line Rest Frequency Flux VLSR Width Flux Density(a> Column Density
GHz Jykm371 kms ! kms— ! mJy 10 cm—2
H'3cot (1-0) 86.75 0.144£0.01 254.71£1.11 28.744-2.40 4.50 (0.05£0.003)
CCH (12,1 — 01,1) 87.28 1.66 x 10~240.05 256.67+£1.52 56.6446.71 0.28 (15.6+0.2)
CCH (1272 —01,1) 87.32 1.9740.05 244.68+6.71 59.3346.71 31.20 (15.640.2)
CCH (11,1 — 01,1) 87.40 0.8040.05 253.0240.53  39.6946.71 19.00 (15.620.2)
CCH (11,1 — 01,0) 87.45 0.12£0.05 265.78£6.70 72.8446.71 1.58 (15.6£0.2)
HCN (1 — 0) 88.63 3.86+0.03 258.37+0.18 50.584-0.42 71.80 (1.6510.04)
HCcOt (1-0) 89.19 5.4440.13 259.7240.56 46.57+1.24 110.00 (1.3740.03)
HNC (1 — 0) 90.66 1.6640.02 253.31+£0.25 38.0840.61 40.90 (0.5824-0.040)
HC3N (10 — 9) 90.98 0.1610.01 255.33+1.15 32.4242.85 4.76 (0.1554:0.091)
H4la 92.03 8.30 x 107 240.02 260.09+£3.96 43.38+12.87 1.79 -
N2HJr (1-0) 93.17 0.1740.01 259.84+1.07 31.6542.67 5.06 (0.0439+0.0249)
c34s (2-1) 96.41 1.78 x 10~240.01 261.16+£2.17 15.71£5.39 1.06 (0.0305£0.004)
CsS(2—-1) 97.98 1.624-0.02 254.714£0.20 35.8940.51 42.40 (1.89+0.11)
H40« 99.02 0.144+0.04 271.18+8.68 67.22422.97 1.96 -
SO (21 — 32) 99.30 7.06 x 10724001 247.84+4.07 46.67+9.33 1.42 (0.045240.011)
HC3N (11 — 10) 100.08 0.2140.01 256.84+1.13 36.6742.78 5.30 (0.1554-0.091)
CH3CCH (6 — 5k) 102.55 0.73£0.03 265.26+0.76 47.404+2.17 14.50 (15.6+1.8)
H39« 106.74 0.18+0.02 262.64+3.62 59.5349.27 2.77 -
HC3N (12 — 11) 109.17 1.32 x 10~240.001 263.56+0.59 5.361+13.769 2.31 (0.1554-0.091)
cl8o(1-0) 109.7 9.01 x 10724001  254.65£2.13  44.0614.08 3.00 (6.55+1.13)
13co (1 -0) 110.20 0.56£0.02 253.35+0.40 34.944-0.98 15.00 (91.8+8.2)
cl’o (1-0) 112.36 8.32 x 10724001 260.61£3.69 45.82+10.44 2.90 (8.321+1.39)
CN (19,1 — 00,1) 113.14 0.66+0.04 256.25+1.32 48.524+3.34 12.80 (12.440.2)
CN (19,1 — 00,1) 113.17 0.9240.03 252.4440.55 36.3541.61 23.80 (12.440.2)
CN (10,1 — 00,1) 113.19 0.7240.03 253.85+0.65 32.85+1.42 20.60 (12.440.2)
CN (19,2 — 00,1) 113.49 6.84+0.05 248.7240.21 56.9040.51 110.00 (12.4+£0.2)

(a) The peak flux density of the fitted Gaussian has not been used for determining the column densities. It is a by-product of the GILDAS fits
but the results are only indicative, since the fitted lines do not have a perfect Gaussian shape in all cases. This is why no errors are provided.
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Table 5.6: Gaussian Fit of the spectrum from Position C in M 82

Line Rest Frequency Flux VLsSR Width Flux Density(a) Column Density
GHz Jykm371 kms— ! kms—?! mJy 10 cm—2
H'3cot (1-0) 86.75 0.26£0.02 154.40+4.52 101.29+8.31 242 (0.06£0.002)
CCH (1 —0) 87.32 2.65+0.04 139.31£0.70 100.79+£1.51 24.70 (25.840.5)
CCH (1 — 0) 87.40 1.1440.04 144.71£1.35 98.3243.55 10.90 (25.840.5)
HCN (1 — 0) 88.63 5.084+0.08 149.33+0.73 96.58+1.65 49.40 (2.2940.05)
HCO™ (1 —0) 89.19 7.51£0.14 154.5440.90 96.3412.06 73.20 (2.36£0.04)
HNC (1 — 0) 90.66 2.40£0.06 142.15£1.13 95.724+2.33 23.60 (0.67£0.02)
HC3N (10 — 9) 90.98 0.25+0.02 131.20+3.63 90.96+7.45 2.54 (0.01740.01)
H4la 92.03 0.48+0.02 119.10£2.31 110.25+5.25 4.05 -
NQH+ (1-0) 93.17 0.184+0.02 139.36+5.71 98.624+12.93 1.76 (0.03140.005)
cl4s(2-1) 96.41 3.48 x 10724001 168334491  37.15£10.26 0.88 (0.01540.004)
Cs(2—-1) 97.98 0.5610.04 302.85+5.98 23.4445.98 2230 (0.58+0.013)
CS(2—-1) 97.98 1.4440.04 146.76+£5.98 95.38+5.98 14.20 (0.58+0.013)
H40« 99.02 0.4610.01 124.76+1.17 85.33+2.44 5.09 -
SO (21 — 32) 99.30 0.1140.02 335.85+5.85 63.72415.01 1.62 (0.01340.01)
HC3N (11 — 10) 100.08 0.374£0.01 138.76£1.00 91.89+5.38 3.85 (0.17£0.08)
CH3CCH (6 — 5x) 102.55 0.46£0.03 180.26£1.46 43.161+3.24 10.00 (4.66£0.34)
H39« 106.74 0.57£0.03 124.23+£1.77 82.354+4.61 6.54 -
HC3N (12 — 11) 109.17 0.10+0.01 138.99+4.14 76.99+8.16 1.22 (0.174+0.08)
cl®8o (1-0) 109.78 0.1340.01 137.04+0.85 25.58+2.40 4.63 (29.94+1.7)
13co (1 -0) 110.20 0.93£0.02 134.3440.23 53.2441.24 24.00 (50.6+4.5)
CN (10,1 — 00,1) 113.19 3.70£0.05 178.47£0.78 121.05£1.84 28.70 (20.5+1.1)
CN (19,2 — 00,1) 113.19 6.89+£0.22 300.33+5.16 75.691+5.16 85.50 (20.5+1.1)
CN (19,2 — 00,1) 113.49 9.32+£0.22 132.62+£5.16 94.40+5.16 92.80 (20.5+1.1)

(a) The peak flux density of the fitted Gaussian has not been used for determining the column densities. It is a by-product of the GILDAS fits
but the results are only indicative, since the fitted lines do not have a perfect Gaussian shape in all cases. This is why no errors are provided.
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Table 5.7: Gaussian Fit of the spectrum from Position D in M 82

Line Rest Frequency Flux VLSR Width Flux Density(a) Column Density
GHz Jykm571 kms—?! kms—?! mJy 10" cm—2
H'3cot (1-0) 86.75 0.21£0.02 104.58+2.03 47.48+6.13 4.15 (0.03640.002)
CCH (12,2 — 01,1) 87.32 2.83£0.03 101.75+0.38 73.81+0.97 36.00 (23.31+0.5)
CCH (1171 —01,1) 87.40 1.3240.03 110.284+0.57 65.234+1.60 19.00 (23.340.5)
CCH (11,1 —01,0) 87.45 0.154+0.03 110.0243.03 46.49410.22 3.10 (23.340.5)
HCN (1 —0) 88.63 5.27£0.05 113.50£0.33 74.6410.70 66.30 (0.85£0.03)
HCO™t (1-0) 89.19 7.71£0.14 118.09£0.66 75.394+1.50 96.10 (1.742£0.04)
HNC (1 — 0) 90.66 1.8740.02 107.75+£0.27 49.4810.64 35.40 (0.61+0.04)
HC3N (10 — 9) 90.98 0.1340.01 96.1140.86 24.8342.68 4.83 (0.4240.05)
H4lo 92.034 0.234+0.02 93.5742.13 65.0845.04 3.37 -
NoHT (1 —0) 93.17 0.2440.01 97.54+1.19 43.27+£3.01 5.16 (0.04440.002)
c345(2-1) 96.41 0.1040.01 118.2142.91 58.27+6.01 1.67 (0.08740.001)
Cs(2—-1) 97.98 2.17+0.02 111.7740.21 58.261+0.47 34.90 (2.1010.06)
H40« 99.02 0.2340.01 111.65+2.30 84.924+4.26 2.56 -
SO (21 — 32) 99.30 7.01 x 1024001 107.06+£1.42 21.4644.02 3.06 (0.16+0.04)
HC3N (11 — 10) 100.08 0.21£0.02 107.90+2.42 58.9615.075 4.85 (0.424£0.05)
CH3CCH (6} — 5y) 102.55 0.6140.03 107524090  44.18+2.63 12.90 (10.0240.6)
H39« 106.74 0.47+£0.02 103.15+2.03 87.9944.63 4.98 -
cl®o (1-0) 109.17 0.18+0.01 107.25+0.94 40.524+2.56 5.90 (5.084+0.52)
13co (1-0) 110.20 1.184+0.01 106.48+0.21 41.8140.50 26.60 (219412)
c'’o0 (1-0) 112.36 0.1240.01 116.34+4.08 71.4746.57 2.11 (8.2410.10)
CN (10,1 — 00,1) 113.14 0.35+0.03 95.6410.69 27.8942.86 11.90 (8.89£0.19)
CN (10,1 — 00,1) 113.17 1.2240.06 148.86£1.05 51.73+2.94 22.20 (8.89£0.19)
CN (19,1 — 00,1) 113.19 0.62+0.05 98.801+090 30.4041.90 19.10 (8.89+0.19)
CN (19,2 — 00,1) 113.49 5.1640.21 99.2241.34 70.5043.35 68.70 (8.89+0.19)

(a) The peak flux density of the fitted Gaussian has not been used for determining the column densities. It is a by-product of the GILDAS fits
but the results are only indicative, since the fitted lines do not have a perfect Gaussian shape in all cases. This is why no errors are provided.
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Table 5.8: Gaussian Fit of the spectrum from Position A in IC 342

Line Rest Frequency Flux VLSR Width Flux Density(a) Column Density
GHz Jykm571 kms ! kms—?! mJy 10 cm—2
H13CN(1 —0) 86.34 0.21£0.01 45.48+1.11 42944253 4.55 (0.0461-0.002)
H'3cot (1-0) 86.75 8.25 x 10~ 2+0.01 41.394+1.87 31.474+4.32 2.39 (0.0274:0.002)
SiO (2 — 1) 86.85 0.26+0.01 43.1740.83 44.1941.92 553 (0.1440.01)
HN13C(1 —0) 87.09 5.91 x 107 240.01 40.614+2.99 63.774+10.15 1.51 (0.0264-0.003)
CCH (12,1 — 01,1) 87.28 4.41 x 10724001 44.82+£1.97 21.9444.35 1.88 (6.00£0.10)
CCH (12,2 — 01,1) 87.32 0.6740.02 34.9946.71 62.95+6.71 10.02 (6.00+£0.10)
CCH (12,1 — 01,1) 87.40 0.2840.02 39.3940.70 41.72+1.53 6.21 (6.00£0.10)
CCH (11,1 — 01,0) 87.45 8.11 x 107240.02 52.9942.41 40.4445.57 1.88 (6.0010.10)
HNCO (40,4 — 30,3) 87.93 0.544+0.01 45.8140.17 29.124£0.42 17.30 (2.5140.13)
HCN (1 —0) 88.63 2.8940.01 48.60£0.09 52.8610.19 51.30 (1.7740.03)
HCO™T (1-0) 89.19 2.012£0.001 49.16+0.09 49.2940.17 38.40 (0.8610.014)
HNC (1 — 0) 90.66 0.76£0.01 45.084+0.20 37.2040.47 19.20 (0.3940.001)
HC3N (10 — 9) 90.98 0.26+0.01 43.5040.51 31.65+1.16 7.80 (2.561+0.32)
CH3CN (55, — 4) 91.99 5.90 x 107 240.01 62.6443.48 47.554+7.69 1.17 (0.0518+0.01)
NoHT (1 —0) 93.17 0.27£0.01 44.5240.41 35.2340.87 7.20 (0.0951+£0.003)
c345(2-1) 96.41 0.1340.01 50494102  27.7942.11 425 (0.1940.02)
CH3OH (2 — 1y) 96.74 0.80£0.01 58.4840.27 34.4340.65 21.90 (6.19£0.20)
CsS(2—-1) 97.98 1.1740.01 22.2040.19 37.104+0.44 29.70 (3.084+0.02)
SO (21 — 32) 99.30 0.194+0.01 44.014+1.32 37.21£3.85 4.82 (0.4940.03)
HC3N (11 — 10) 100.08 0.3140.01 45.54+0.53 27.95+1.31 10.50 (2.56+0.32)
CH3CCH (6) — 5y) 102.55 7.99 X 10724001  50.19+424  57.46+11.38 1.31 (1.7320.10)
13¢N (1-0) 108.78 3.58 x 10~ 2+0.01 33.2043.72 28.2247.62 1.19 (0.0394-0.007)
CH3OH (0p —1_1) 108.89 0.2740.01 47.871+0.47 23.59+1.09 10.80 (6.19+£.020)
HC3N (12 — 11) 109.17 0.40+0.01 46.731+0.29 27.2440.71 13.60 (2.561+0.32)
cl®o (1-0) 109.78 1.094£0.02 47.93+0.21 27.5940.47 37.10 (635+31)
HNCO (50,5 — 40,4) 109.91 0.8310.01 46.12£0.12 25.2340.27 30.90 (2.51£0.13)
13co (1-0) 110.20 4.9040.07 47.26+0.21 31.5440.46 150.00 (1870=£100)
CH3CN (6 — 5) 110.38 8.75 x 10~ 2+0.02 44.77+3.51 42.761+10.16 1.92 (0.05240.01)
CH3CN (6 — 5) 110.38 6.69 x 10724001 471£1.74 23.1643.35 2.70 (0.05240.01)
cl7’o (1-0) 112.36 0.10+0.01 44.754+0.87 22.67+2.17 432 (242+1.1)
CN (10,1 — 00,1) 113.12 0.214:0.03 39.144+2.25 37.561+7.14 5.20 (7.94£0.18)
CN (19,1 — 00,1) 113.14 0.20£0.02 44.62+1.00 25.1843.03 732 (7.94+£0.18)
CN (19,1 — 00,1) 113.17 0.6140.02 48.984+0.63 38.6241.65 14.50 (7.94+£0.18)
CN (19,1 — 00,1) 113.19 0.49+0.02 46.3010.73 34.35+1.60 13.40 (7.9440.18)
CN (19,2 — 090,1) 113.49 3.0140.03 38.7240.34 79.0840.80 38.20 (7.9440.18)

(a) The peak flux density of the fitted Gaussian has not been used for determining the column densities. It is a by-product of the GILDAS fits
but the results are only indicative, since the fitted lines do not have a perfect Gaussian shape in all cases. This is why no errors are provided.
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Table 5.9: Gaussian Fit of the spectrum from Position B in IC 342

Line Rest Frequency Flux VLSR Width Flux Density(a) Column Density
GHz .]ykm571 kms—?! kms—?! mJy 10" cm—2
H13CN(1 —0) 86.34 0.16£0.01 21.82+£1.15 37.2043.004 4.10 (0.05940.004)
H3cot (1-0) 86.75 0.11£0.01 21.06£1.21 30.07£2.89 3.52 (0.025+£0.003)
SiO (2 — 1) 86.85 9.73 x 10~2+0.01 17.62+1.08 31.831+£2.43 2.87 (0.20240.008)
HN'3C(1 - 0) 87.09 4.59 x 10724001 16.9342.37 24.2246.54 1.78 (0.0244-0.004)
CCH (12,1 — 01,1) 87.28 5.42 x 10724001 26.69+3.12 36.91£6.40 1.38 (25.940.4)
CCH (12,2 — 01,1) 87.32 0.4740.01 19.9240.37 32.95+1.02 13.40 (25.940.4)
CCH (12,1 — 01,1) 87.40 0.31£0.01 20.72£0.62 41.2941.69 6.91 (25.940.4)
CCH (1171 —01,0) 87.45 7.41 x 10~ 240,01 26.6743.78 53.1949.93 1.31 (25.940.4)
HNCO (4074 —30,3) 87.93 0.3110.01 35.18+0.75 53.2641.48 5.49 (1.5310.12)
HCN (1 — 0) 88.63 2.9140.01 23.80+0.08 49.0140.19 55.70 (3.13+0.04)
HCcOt (1-0) 89.19 2.3240.01 25.01£0.10 42.4440.24 51.20 (0.810.01)
HNC (1 — 0) 90.66 1.054+0.01 20.13£0.13 28.9040.30 34.10 (0.3840.007)
HC3N (10 — 9) 90.98 0.142£0.01 17.98+0.57 21.3041.38 5.99 (0.3940.01)
CH3CN (55 — 4g) 91.99 3.70 x 10~ 2+0.004 32.85+1.56 25.1443.33 1.38 (0.02540.004)
N2HJr (1-0) 93.17 0.3740.01 18.7740.20 25.814+0.45 13.50 (0.09640.003)
c345(2-1) 96.41 9.94 x 10 2+0.01 23.204:1.92 32.0543.91 2.910 (0.3840.03)
CH3OH (2 — 1y) 96.74 0.37£0.02 28.36+0.61 24.0941.28 13.10 (5.3510.45)
Cs(2—-1) 97.98 1.004:0.01 -1.6440.17 34.59+0.41 27.10 (1.5940.02)
SO (21 — 32) 99.30 9.73 x 10~ 2+0.01 18.474£0.91 27.4942.18 3.32 (0.4810.04)
HC3N (11 — 10) 100.08 0.1440.01 19.264-0.69 22.8641.62 5.82 (0.391+0.01)
CH3CCH (6) — 5i) 102.55 7.57 X 10724001 27.50442.56  38.88+5.48 1.83 (0.470.09)
13¢cN (1-0) 108.78 3.08 x 10~ 240.001 30.31£1.64 22.47+£3.00 1.29 (0.04.510.009)
CH3OH (0p —1_1) 108.89 8.42 x 10724001 25.81£1.48 24.7743.73 3.19 (5.351+0.45)
HC3N (12 — 11) 109.17 0.1110.01 22.02+0.77 21.254+1.89 4.95 (0.3940.01)
c'®8o (1-0) 109.78 0.7410.01 28.83+0.26 28.6540.55 24.30 497+17)
HNCO (50,5 — 40,4) 109.91 0.2740.01 23724050  27.41+131 9.09 (1.5340.12)
13¢co (1-0) 110.20 3.7440.01 28.4240.04 30.16£0.08 120.00 (4430£130)
CH3CN (6 — 5) 110.38 8.79 x 10724001 -1.014+3.28 53.1747.52 1.55 (0.025£0.004)
cl’0 (1-0) 112.36 0.1440.01 25.27+1.68 31.44+3.45 4.05 (52.042.1)
CN (10,1 — 00,1) 113.12 0.151+0.03 22.25+5.18 24.8145.18 5.78 (8.551+0.21)
CN (10,1 — 00,1) 113.14 0.40£0.02 24.44+0.64 30.40£1.57 12.00 (8.55+0.21)
CN (19,1 — 00,1) 113.17 0.82+0.02 24.1240.33 30.95+0.80 25.10 (8.55+0.21)
CN (19,1 — 00,1) 113.19 0.62+0.02 22.0240.43 30.92+1.00 18.80 (8.551+0.21)
CN (19,2 — 00,1) 113.49 2.5440.05 24.3340.34 40.7940.63 58.40 (8.551+0.21)

(a) The peak flux density of the fitted Gaussian has not been used for determining the column densities. It is a by-product of the GILDAS fits
but the results are only indicative, since the fitted lines do not have a perfect Gaussian shape in all cases. This is why no errors are provided.
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Table 5.10: Gaussian Fit of the spectrum from Position C in IC 342

Line Rest Frequency Flux VLsSR Width Flux Density(a) Column Density
GHz Jykm571 kms— ! kms—?! Jy 10" cm—2
H'3CN(1 — 0) 86.34 0.124:0.01 24.094-0.89 28.1142.21 3.85 (0.3540.02)
H'3cot (1-0) 86.75 0.124:0.01 24.6441.22 30.5042.60 3.70 (0.2340.02)
SiO (2 — 1) 86.85 2.79 x 10724001 21.0843.36  21.09-£10.21 1.24 (0.224:0.008)
HN'3C(1 - 0) 87.09 6.64 x 10~ 2+0.01 22.44+1.66 28.02+4.33 223 (0.0340.004)
CCH (12,1 — 01,1) 87.28 7.76 x 107 240.02 25.46+6.71 57.6646.71 1.30 (7.8340.14)
CCH (12,2 — 01,1) 87.32 0.4840.01 20.7540.23 30.5540.94 14.7 (7.8340.14)
CCH (12,1 — 01,1) 87.40 0.334:0.01 19.394:0.57 40.4241.34 7.75 (7.8340.14)
CCH (11,1 — 01,0) 87.45 3.05 x 10724001 19.49+2.41 20.1244.77 1.42 (7.8340.14)
HNCO (40,4 — 30,3) 87.93 0.2540.01 30.85+0.83 58.98+1.74 3.95 (123£1.1)
HCN (1 — 0) 88.63 2.9140.01 25.5740.08 43.4140.20 63.00 (3.4540.05)
HCO™ (1 —0) 89.19 2.4540.02 26.1240.11 38.504-0.28 59.70 (1.5240.02)
HNC (1 — 0) 90.66 0.7240.01 23.7240.14 27.2040.34 24.90 (0.2940.005)
HCO3N (10 — 9) 90.98 4.69 x 10724001 21774121 20.39+2.55 2.16 (0.540.012)
CH3CN (55, — 43) 91.99 1.63 X 107240.004  3545£1.73 14.0143.66 1.09 (0.2240.018)
NoHT (1 —0) 93.17 8.02 x 107 2+0.01 20.69+0.73 20.2741.47 3.72 (0.5340.018)
c34s(2-1) 96.41 3.31 x 107 240,01 33.4241.49 12.5643.38 2.49 (0.4540.038)
CH3OH (2 — 1y) 96.74 7.84 x 10724001 29.4340.98 16.62+1.94 4.43 (5.4040.15)
Ccs(2-1) 97.98 0.654-0.01 -0.9040.28 29.0140.63 21.20 (2.7440.02)
SO (21 — 32) 99.30 5.88 X 10724001 14644898  76.53424.57 0.72 (0.954-0.065)
HC3N (11 — 10) 100.08 3.40 x 107 2+0.01 20.8742.80 21.7145.47 147 (0.5044-0.012)
CH3CCH (6) — 5x) 102.55 6.00 x 10~ 2+0.01 32.6142.23 28.1744.66 2.00 (6.0040.23)
13CN (1 —0) 108.78 2.80 x 107 2+40.01 21264327  23.3945.26 1.12 (0.1240.021)
CH3O0H (0g — 1_1) 108.89 7.04 x 1024001 17.30£1.19 22.78+2.31 2.90 (5.4040.15)
HCO3N (12 — 11) 109.17 5.45 x 1024001 21.904:2.16 24.074+5.87 2.12 (0.5044:0.012)
cl80 (1 -0) 109.78 0.8340.02 21.1040.24 27.4640.56 28.20 (386+13)
HNCO (50,5 — 40,4) 109.91 0.2140.02 15.0140.97 27.2442.15 7.39 (123%1.1)
13co (1 -0) 110.20 4.53+0.02 22.7440.07 33.1440.17 130.00 (1560450)
CH3CN (6 — 5) 110.38 5.31 x 10~ 240,01 28.5243.87 45814673 1.09 (0.2240.018)
cl’0(1-0) 112.36 0.144-0.02 16.54+1.85 31.2845.93 4.07 (1.0244)
CN (19,1 — 09,1) 113.12 0.1640.02 21.6841.45 29.7245.82 5.09 (9.2740.23)
CN (19,1 — 09,1) 113.14 0.3940.03 23.5740.69 32.0043.38 11.40 (9.2740.23)
CN (19,1 — 00,1) 113.17 0.7140.03 27.2745.17 29.1441.28 23.00 (9.2740.23)
CN (19,1 — 09,1) 113.19 0.594-0.03 22.8440.78 34.1741.97 16.20 (9.2740.23)
CN (19,2 — 09,1) 113.49 3.0140.03 24.6645.16 39.0245.16 72.50 (9.2740.23)

(a) The peak flux density of the fitted Gaussian has not been used for determining the column densities. It is a by-product of the GILDAS fits
but the results are only indicative, since the fitted lines do not have a perfect Gaussian shape in all cases. This is why no errors are provided.

From these tables, one notices a certain homogeneity in the integrated intensity, peak inten-
sity, and the abundances for some molecules (HCN, SO, CN (151 — 0p 1), ...) towards different
positions, in the two galaxies. For other molecules (CN (10,2 — 00,1), HGC;N, HNCO, ...), the
difference in peak intensities and abundances is more pronounced. However, one notices con-
siderable differences in the velocity of the molecular lines between the different positions in M 82
and IC 342, ranging around 300, 250, 150, and 100 km ™! for positions A, B, C, and D in M 82
respectively, and around 45, 25, and 20 km s™!, for positions A, B, and C in IC 342 respectively.
Moreover, one notices differences in the detected lines between M 82 and IC 342. For instance,
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three H, radio recombination lines were observed in M 82 but not in IC342. On the other
hand, CH3OH, SiO and HNCO molecules were detected in IC 342, but not in M 82. Methanol
(CH30H) has been observed in regions A, B, and C in IC 342, but the estimated abundances
should be considered with caution as they might be overestimated due to the low signal-to-
noise ratio for this molecule. Other molecules such as H'*CN, HN'C, and CH3;CN remain
undetected in M 82 in this study. This could be due to their low abundances in M 82, and/or the
low sensitivity and low signal-to-noise ratios of some frequency tunings. The column densities
of the different molecules in each of the positions in the two galaxies are presented in Table. 5.13.
The column densities were calculated in MADCUBA_1J, assuming an excitation temperature 7,
of 15 K for both M 82 and IC 342. The peak flux densities are presented in Table. 5.11, and the
flux is presented in Table. 5.12.

Table 5.11: Total Flux Densities (mJy): Comparison between M 82 and IC 342

M82 IC342
Line

Position A Position B Position C ~ Position D  Position A Position B Position C
H!3CN - - - - 4.55 4.10 3.85
H3CO* 4.69 4.50 4.00 4.15 2.39 3.52 3.70
Sio - - - - 5.53 2.87 1.24
HN13C - - - - 1.51 1.78 223
CCH 62.30 52.10 35.60 58.10 33.10 28.80 31.70
HNCO - - - - 48.10 14.60 11.30
HCN 67.00 71.80 49.40 66.30 51.30 55.70 63.00
HCO* 110.00 110.00 73.20 96.10 38.40 51.20 59.70
HNC 37.90 40.90 23.60 35.40 19.20 34.10 24.90
HC3N 18.50 12.40 19.90 12.20 31.90 16.80 5.75
CH3CN - - - - 5.80 2.93 2.18
H4la 1.98 1.79 4.05 3.37 - - -
NoH+ 434 5.06 1.76 5.16 7.20 13.50 372
C348 1.12 1.06 0.88 1.67 425 291 2.49
CH30H - - - - 32.70 16.3 733
Cs 87.20 42.40 36.50 34.90 29.70 27.10 21.20
H40a 3.82 1.96 5.09 2.56 - - -
SO 2.44 1.42 1.62 3.06 4.82 3.32 0.72
CH3CCH 22.40 14.50 10.00 12.90 1.30 1.77 2.00
H39a 3.68 2.77 6.54 498 - - -
13CN - - - - 1.19 1.29 1.12
C180 7.85 3.00 4.63 5.90 37.10 24.30 28.20
13Co 26.4 15.00 30.40 26.60 0.15 0.12 0.13
Cl70 - 2.90 - 2.90 432 4.05 4.50

CN 131.00 167.00 207.00 122.00 98.00 150.00 157.00
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Table 5.12: Total Flux (Jy kms~!): Comparison between M 82 and IC 342

M82 IC 342
Line

Position A Position B Position C ~ Position D Position A Position B Position C
H13CN 0.07) 0.02) (0.03) (0.03) 0.20 0.16 0.12
H3CcO* 0.29 0.14 0.16 0.21 0.08 0.11 0.12
Sio 0.07) 0.02) (0.03) (0.02) 0.26 0.09 0.03
HN13C 0.07) (0.02) (0.03) (0.03) 0.06 0.05 0.07
CCH 5.13 2.90 3.79 4.30 1.06 1.06 1.05
HNCO 0.07) (0.09) (0.03) (0.03) 1.37 0.58 0.46
HCN 4.67 3.86 5.08 5.27 2.89 2.91 291
HCO™* 7.31 5.44 7.51 771 2.01 2.32 245
HNC 2.55 1.66 2.40 1.87 0.76 1.05 0.72
HC3N 1.14 0.21 0.75 0.35 0.97 0.39 0.14
CH3CN 0.07) (0.03) (0.04) (0.03) 0.21 0.12 0.07
H4la 0.14 0.08 0.48 0.23 - - -
NoHt 0.29 0.17 0.18 0.24 0.27 0.37 0.08
C34s 0.08 0.02 0.03 0.10 0.13 0.1 0.03
CH30H (0.06) (0.03) (0.02) (0.02) 1.07 0.45 0.15
Cs 4.06 1.62 2.00 2.17 1.17 1.00 0.65
H40a 0.22 0.14 0.46 0.23 - - -
SO 0.19 0.07 0.11 0.07 0.19 0.09 0.06
CH3CCH 1.64 0.73 0.46 0.61 0.08 0.07 0.06
H39a 0.19 0.18 0.57 0.47 - - -
13CN 0.02) 0.02) (0.01) (0.01) 0.03 0.03 0.03
C80 0.11 0.09 0.13 0.18 1.09 0.74 0.83
13co 1.10 0.56 1.02 1.18 4.90 3.74 4.53
Ccl70 (0.04) 0.08 (0.02) 0.12 0.10 0.14 0.14
CN 12.64 9.14 19.91 735 4.40 5.94 7.08

Values in boldface are upper limit estimates. For more details, please check the text.
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Table 5.13: Total Column Densities (cm~2): Comparison between M 82 and IC 342.
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M 82 IC 342
Line
Position A Position B Position C Position D Position A Position B Position C
HI3CN 4.05x1012) (1.35x1012) (1.74x 1012) (1.52x1012) (1214£0.08)x 1013 (8.854+0.60)x 1012 (6.0440.37)x 1012
H3cot (8.91£028)x 102 (4.0840.16)x 1012 (6.9840.53)x 1012 (4.584+0.34)x 1012 (3.04+020)x10'2  (3.60+0.16)x 1012 (3.70+0.15)x 1012
Sio (3.82x1012) (1.13x1012) (1.72x10%2) (129%1012) (1.4440.06)x 103 (5.1840.26)x 1012 (2.31+031)x 1012
HN13C (3.99x1012) 9.68x1011) (1.63x1012) (1.57x1012) (4.04+042)x10'2  (2.84+038)x10'2  (4.0240.34)x 102
CCH (333+£0.04)x10'°  (1.9240.02)x10'®  (2.5740.05)x 105 (2.854+0.06)x 105  (7.57+£0.12)x 10 (7.45+£0.11)x10'*  (8.07+0.09)x 10
HNCO (6.99%x1012) (8.55x1012) (2.82x1012) (243x x1012) (145+0.02)x101%  (5274027)x 103  (3.5840.23)x 1013
HCN (1.9940.03)x10%%  (1.6740.03)x10*%  (2.11£0.05)x 10 (2.334£007)x 10 (1.444£0.03)x 101 (1.474£0.02)x10%%  (1.48+0.02)x 1014
HCOT (1.854£0.09)x 10 (1.404£0.07)x10'%  (1.83+0.04)x 1014 (1.9840.08)x10'*  (5.814£0.10)x 1013 (6.78+0.13)x 103 (7.3040.11)x 10%3
HNC (9.574£0.18)x 1013 (6.15+0.07)x 1013 (8.9340.40)x 1013 (6.9240.32)x 1013 (3.2940.06)x 1013 (4.5940.06)x 1013 (3.15+0.06)x 1013
HC3N (3.124023)x 103 (1.03+0.11)x 103 (1.834+0.16)x 103 (7.26+131)x 102 (3.16£0.12)x 1013 (1.24+0.04)x 103  (420+0.41)x 102
CH3CN (1.24x1012) (5.84x1011) 6.73x1011) 443x1011) (3.74+032)x 1012 (2.194022)x 102 (9.6242.15)x 101
NoHT (7.284048)x 1012 (4.51£027)x 1012 (2.044036)x 1012  (7.434+039)x 1012  (8414+032)x10'2  (1.14+0.04)x10'3  (2.36+0.21)x 102
c34s (5304£0.90)x 102 (1.594030)x 1012 (1.244052)x 1012 (7.2841.12)x10%2  (1.274£0.09)x 1013 (9274098)x 1012 (2.9940.57)x10*2
CH3O0H (351x1012) (2.11x1012) (1.40x1012) (1.02x1012) (5.70+£0.15)x 1013 (2.14+0.10)x10**  (6.2140.70)x 103
CSs (324+0.13)x10'%  (1.26+0.03)x 10 (1.2340.06)x 10  (1.69£0.05)x 10 (1.05+£0.01)x 10" (8.97+£0.17)x10'3  (5.86+0.15)x 103
SO (3574032)x 103 (8.89+222)x 1012 (9.4443.18)x 1012 (1.324029)x 103 (3.84+£035)x 1013 (2.00+£021)x 103 (1.52+0.27)x 1013
CH3CCH  (147£0.03)x10%5  (1.14+£0.09)x10'%  (42040.70)x10'*  (5224036)x10'*  (8.05+0.84)x 1012 (7.10£0.74)x 103 (6.47+-0.86)x 1013
13¢eN (6.53%x1012) (4.90x1012) (3.53x1012) (218x1012) (8.71£1.56)x 102 (1.10+£0.13)x 1013 (1.91+1.25)x 1012
cl8o (1.324024)x10%°  (1.274020)x10'°  (1.814+0.12)x101°  (2594024)x10°  (1.7440.05)x 1016 (1.2140.05)x10'®  (1.3340.04)x 106
13co (1.58+0.07)x 106 (7.93+0.53)x10*®  (1.254+0.11)x 100 (1.614£0.09)x 100 (8.15+£0.24)x 106 (6.24+0.18)x10'6  (7.55+0.10)x 106
cl’0 (323x x101%) (7.59+0.15)x 1014 (1.36x101%) (951+274)x10*%  (1.56+0.06)x 105 (2.0840.16)x 105 (2.07£0.16)x 1015
CN (14£0.02)x 101° 9.64+1.53)x101%  (1.04+0.06)x10'%  (5.8940.12)x10%%  (3.57£0.10)x10%%  (4.7440.14)x 10**  (5.204£0.09)x 1014

Values in boldface are upper limit estimates. For more details, please check the text.
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The values in boldface in Table. 5.12 and 5.13 are upper limit estimates with 3o significance.
The upper limits for the flux were obtained from the rms of the channels where the line would
be if it were detected and the supposed width of the line, usually estimated from lines with
similar frequency. The upper limits of the column densities were estimated by assuming that the
conversion factor from flux to column density of these lines are the same in IC 342 and M 82.

From the column density presented in Table 5.13, one can calculate relevant column densities
ratios (abundances ratios) for each region in the two galaxies (For more information about how
the column densities are calculated, see Chapter 4, Section 4.4). These abundance ratios are
presented in Table 5.14. These ratios were selected as they might give more insights about the
chemical and physical properties of the emission regions in the galaxies. More details about
these ratios, their implications, and their interpretation will be discussed at length in Chapter 6.

Table 5.14: Column Density Ratios: Comparison between M 82 and IC 342

M82 IC 342
Ratio

Position A Position B Position C Position D Position A Position B Position C
%ﬁ(i’é) 2076 3431 26.22 4323 19.11 18.83 19.73
#1(;0)0) B - - - 11.90 16.61 24.50
%ﬁ:g; 132 - 272 11.15 5.82 6.43
% 1.90 227 2.04 2.86 175 147 233
% 0.93 0.84 0.87 085 0.40 0.46 0.49
% 048 037 042 030 023 031 023
% 5.03 455 493 2.53 248 322 3.51
% 1.63 075 058 073 073 0.61 0.40
oo, . - i ; 138 0.64 0.61
% 0.03 0.01 0.02 0.01 0.08 0.03 0.01
% 0.1 0.07 0.07 0.08 037 022 026
Cs(2-1) 61.13 79.25 99.19 2321 8.27 9.68 19.60

c345(2—1)




94 5. Results

5.3 Relative Abundances

In order to make molecular abundances comparison possible, one usually uses the fractional
abundance of a molecular species relative to Hy (see eq. 2.16 in Chapter 2 Section2.2). The
column densities of Hy in M 82 and IC 342 have values of ~ 10?2 cm~? (e.g. Meier and Turner
2005 and Martin et al. 2010). However, these values are averaged values over the central regions
of the galaxies, covering ~ 250 pc and ~ 80 pc in M 82 and IC 342 respectively. In this study,
the observed regions (positions) have a size of ~ 30 pc. Therefore, one cannot use the column
densities of H, estimated in previous studies. However, one can use the column densities of
C!80 obtained from this study. The column density of C'80 is often used to estimate the column
density of H,, as its transitions are optically thin (Wilson et al. 2012). Therefore, in this study,
the fractional abundances of the molecular species relative to C'®0 (see Table. 5.15) will be
used to compare the abundances of these molecules between M 82 and IC 342. The boldface
values in Table. 5.15 are upper limit estimates.

Table 5.15: Comparison of M 82 and IC 342 fractional abundances relative to C**O

M82 1C 342

Line

Position A Position B Position C Position D Position A Position B Position C

H13CN 3.07x1073)  (1.06x1073) (9.61x10~%) (5.87x10~%) 6.95x10~% 7.31x10~% 4.54x10~%
H3COt 6.75x10~3 3.21x10~3 3.86x10~3 1.77x10~3 1.75%10~%  298x10~* 2.78x10~*

SiO (2.89x1073)  (8.90x1073) (9.50x10~%) (4.98x10~%) 8.28x10~% 4.28x10~% 1.74x10~%
HN3C (3.02x1073)  (7.62x10™%)  (9.01x107%) (6.06x10~%) 2.32x107* 235x10% 3.02x10*
CCH 2.52 1.51 1.42 1.10 435x1072  6.16x1072  6.07x10~2
HNCO (5.30x1073)  (6.73x1073) (1.56x1073%) (9.38x10~%) 8.33x1073 436x1073 2.69x103
HCN 1.51x10~1 1.31x1071 1.17x1071 9.0x10~2 8.28x1073 1.21x1072 1.11x1072
HCO+ 1.40x10~1 1.10x10~1 1.017x10~1  7.64x1072  334x1073 560x1073 549x10~3
HNC 7.25%x1072 4.84x1072 4.93%x1072 267x1072  1.89x1073 3.79x10~3 2.37x1073
HC3N 236x1072 8.11x1073 1.01x10~2 2.80x1073  1.82x1073  1.02x1073  3.16x10~%
CH3CN (9.39x107%)  (4.60x10~%) (3.72x107%) (L71x10~%) 2.15x107* 1.81x10~* 7.23x107°
NoH* 5.52x1073 3.55x1073 1.13x1073 2.87x1073  4.83x10~* 942x10~* 1.77x10~*%
C348 4.02x1073 1.25x1073 6.85x10~4 281x1073  730x107% 7.66x10~% 2.25x10~4
CH30H (2.66x1073)  (1.66x1073) (7.73x10~%) (3.94x10~%) 3.28x1073 1.77x1072 4.67x1073
CS 245%x1071 9.92x1072 6.80x 1072 6.53x1072  6.03x1073  7.41x1073  441x1073
SO 2.70x1072 7.00x1073 5.22x1073 5101073 221x1073  1.65x1073  1.14x1073
CH3CCH 111 8.98x10~1! 2.32x1071 2.02x10~71  4.63x107* 587x1073  4.86x1073
13CN 4.95x1073)  (3.86x1073) (1.95x1073) (842x10~%) 5.01x10™% 9.12x10™% 1.44x10~%
C80 1 1 1 1 1 1 1
13co 12.0 6.24 6.91 6.22 4.68 5.16 5.68
C70 (245x107 1Y) 598x10~1  (1.78x1071)  3.67x107!  897x1072 1.72x107"!  1.56x10~!
CN 7.58x1071 7.59%101 5.75%x1071 327x1071  2.05x1072  3.92x1072 3.91x10~2

Values in boldface are upper limit estimates. For more details, please check the text.
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Figure 5.6: Top panel: Comparison of the fractional abundances relative to C'*0 in M 82. The
the fractional abundances relative to C'®0 in IC 342



96 5. Results

| mEE MB82 - Average
I 1C342 - Average

|
-
L

10910 [Nmor / Nc3g]
I N N A B
I N
I N
I
I R R

, 7 7
) ’ 7, /] s 7
7 ¥ 7 7 7
) e / 7 /] 7
181120 , . 7
S AR 11 E ,4
A0 Z Z 7
7 s B 7 7 v g
) v B /) 7 7 7
Z A 7 Z 7 7
v ’ 7 7 7 Y
s
=z + @) + Z =Z2 + wnu I 0 T =
S o 282 53880 258z cd8 3335372 8
50 z O z T Q9 T ¥ £ 2O P 2 2 U
T =z L T - O O T
T (@]

Figure 5.7: Comparison of the average fractional abundances relative to C!*0 in M 82 and
IC 342. The hashed lines are upper limit estimates with 30 significance level.

5.4 Comparison with Chemical Models

The column densities obtained for each zone in M 82 and IC 342 were compared with the chem-
ical models presented in Viti (2017). These chemical models cover broad range of gas densities
(10%- 10° cm—3), temperatures (50 - 200 K), with the cosmic ray ionisation field ¢ varying be-
tween 1 and 10° (, ({; = 5 x 10717 s ! is the standard local value for the cosmic ray ionisation
field), a radiation field y ranging between 1 and 500 y (xo = 2.74 x 1073 ergs~! cm 2 is the
standard local value for the radiation field), and a visual extinction A, ranging between 1 and
50 mag. The models were produced using the publicly available UCL_CHEM gas-grain time
dependent chemical code' (see Holdship et al. 2017). The code assumes a large velocity gradient
and non-LTE radiative transfer. Some initial parameters were given: the H, formation rate was
setat 10716 ¢cm? s™1, the abundance of C relative to H was set to % = 1.8 x 107%, the abundance
of O was set to % = 3 x 107*, that of Mg was set at % = 5.1 x 107°, and finally the abundance
of electrons was set at H‘:m = 7.5 x 1072 (Viti, priv. comm.).

The parameters used for the chemical modelling were selected based on their influence on the
column density of molecular species. For instance, the visual extinction is directly correlated to
the column density of hydrogen, while the radiation and the cosmic-ray ionisation fields affect the
chemistry of the molecular cloud, and differ in starburst galaxies from those in AGN-dominated
environments. The model starts from a diffuse and atomic gas with a density of 10 cm~—3, and

The code can be downloaded at https://uclchem.github.io/
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shows the evolution of the molecular abundances as a function of time.

The time-dependency of the model offers an important insight on the chemical evolution of the
molecular cloud with respect to time, as such time-dependent evolution is difficult to observe
(Viti 2017). In some models, chemical equilibrium was reached within a million years, while
in others, changes in the chemistry between 10° and 107 years were noticeable. For instance,
in models with high cosmic ray ionisation rates, the chemical equilibrium was reached in early
times. However, in models with high radiation fields and with the visual extinction values con-
sidered for the models, chemical equilibrium was not reached. Therefore, the column densities
of some molecular line species (for example, HCN, and CS) are highly time dependent. Some
species such as CH3OH and HNCO were destroyed before the chemical equilibrium was reached.
Viti (2017) presents 67 models. In some of these models (models 65, 66, and 67), shocks with a
velocity of 40 km s~! are simulated. Viti (2017) also compared the survey results of M 82 using
the IRAM 30-m telescope presented by Aladro et al. (2011a) to the chemical models and stated
that no single model was able to explain the column densities, intensities, or line ratios for all
the molecular species observed. Considering that the spatial resolution obtained by Aladro et al.
(2011a) was 150-350 kpc, the small-scale components and substructures of the molecular gas of
M 82 remained unresolved. Viti (2017) concludes that a single chemical model cannot describe
the chemistry of a large-scale molecular gas, especially if it includes substructures with different
chemistries, and that single-dish observations with low spatial resolutions are not optimal for a
comparison with chemical models.

In this interferometric study, the integrated intensities, column densities and abundance ratios
of different molecular species in each individual zone of M 82 and IC 342 are compared with
the online available tables published by Viti (2017). In the online-available tables, Viti (2017)
presented the integrated intensities, column densities of nine molecules: HCN, HNC, HCO™,
CS, CO, SO, SiO, HNCO, and CH30H, and the abundance ratios of HHccﬁ. The comparison
was made for these molecules, except for CO, which is not observed in this study. A match is
considered when the difference between the observed and predicted values for each molecular
species is within a 25 % margin of the predicted value. The models with the highest number of
matches are then the models that best describe the observed data.

The column densities of the molecular species observed in this study are similar across the
different zones of each galaxy, showing thus a lack of strong chemical diversity between the
different zones. This is why the same model can be a match for all the zones of a galaxy. The
comparison showed that the chemistry in the different zones of M 82 and IC 342 is best described
by models 13, 19, 36, and 39 of Viti (2017). The parameters of these models are presented in
Table. 5.16.

Table 5.16: The parameters of the chemical models as presented in Viti 2017
Model (@ x® T(K) ng(cm™3) A, (mag)

13 10 1 100 10° 10

19 1 10 100 10* 50

36 5000 1 100 10* 50

39 10° 1 100 10° 50
(a) ¢ is given as a factor of (o = 5 x 107171

b)  is given as a factor of Yo = 2.74 x 103 ergs— ! cm~2
(b) xisg X g

In order to take a deeper look into these models and find the best match out of these four models,
Viti (priv. comm.) provided the estimated fractional abundances relative to hydrogen for each
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matched model. In each model, the fractional abundances of around 250 molecules and atoms
were estimated, at a time t = 107 years. The fractional abundances in the models of Viti (2017)
are calculated relative to H. In this study, the fractional abundances were calculated relative to
C'80. Therefore a comparison of fractional abundances might be erroneous. It is then better
to compare the column densities of the models with the column densities derived in this work.
In order to obtain the column densities predicted by the model, the fractional abundance was
multiplied by 2 x 10%! em™2 x A, (52 = 2 x 10*' cm ™ mag ™!, Zhu et al. 2017).

From the 250 molecular and atomic species in the models, only 14 molecules were observed in
this study: CCH, CN, HCN, HNC, HCO™", No,H", CH30H, CH3CCH, CH;3CN, CS, SiO, SO,
HC;3N, and HNCO. In Figs. 5.8 - 5.11, the column densities of the 14 molecules observed in
this study are compared to their predicted column densities in the models (toward M 82, only
upper limits of CH;0OH, CH3CN, SiO, and HNCO are shown). As seen in the figures below, a
single model does not match the column densities of all molecular species. The best matched
molecular species are HCN, HNC, HCO™, and N,H™, and to a lesser extent, CS, and CN.

In M 82, where 10 molecular species (out of the 250 species presented in the chemical model
of Viti 2017) were observed (CCH, CN, HCN, HNC, HCO™, N,H", CH;CCH, CS, SO, and
HC;3N), the best matched model is Model 36, where the column densities of 8 out of 10 molecular
species were a match. For the CH30H, CH3CN, SiO, and HNCO only the upper limits were
estimated. For CH;OH, CH3CN, and HNCO, the upper limits are higher than the predicted
column densities of the model. Therefore, it could not be determined, for those species, if they
match the prediction of the chemical models. However, for SiO, the upper limits are lower than
the values predicted by the model, and thus a match can be ruled out. In IC 342, only 9 out of
the 14 observed molecular species were a match in Model 36.

Table 5.17 shows the molecular species whose column densities matched the predicted value
of the model. One can see that Model 36 is the best match for both M 82 and IC342. The
second best match is Model 39. These models are characterised by a high cosmic-ray ionisation
rate (5000(, for Model 36, and 10°(, for Model 39). This would indicate that both M 82 and
IC 342 have a strong cosmic-ray ionisation rate, ranging between ¢ = 2.5 x 10713571 (Model
36) and ¢ = 5 x 1072571 (Model 39). The radiation field is similar to that in the Milky Way
(x = 2.74 x 1073 ergs~! cm~?) (Model 36 and 39), a temperature of 100 K (Model 36 and 39),
a gas density between 10* (Model 36) and 10° cm?® (Model 39), and finally a visual extinction of
50 mag (Model 36 and 39).

Table 5.17: Molecular species and chemical models matches

Model M 82 Matches M 82 total (@) IC 342 Matches IC 342 total ()
13 HCN, HNC, HCOt, NoHT, CS 5 HCN, HNC, HCO™T, NoH™, CS 5
19 HCN, HNC, HCOt, NoHt 4 HCN, HNC, HCOt, NoHt 4
36 CCH, CN, HCN, HNC, HCO™, NoH™, CS, SO 8 CCH, CN, HCN, HNC, HCOt, NoH, CS, SiO, SO 9
39 CN, HCN, HNC, HCOt, NyHt, CS, SO 7 CCH, CN, HCN, HNC, HCO*, NoH™, SiO, SO 8

(a) Match out of the 10 molecular species observed in M 82: CCH, CN, HCN, HNC, HCO*, NoH*, CH3CCH, CS, SiO, SO, and HC3N. For
CH30OH, CH3CN, and HNCO a match could not be confirmed.

(b) Match out of the 14 molecular species observed in IC 342: CCH, CN, HCN, HNC, HCO*, NoH*, CH30H, CH3CCH, CH3CN, CS, SiO,
SO, HC3N, and HNCO.
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Figure 5.8: Column Densities of the 14 molecular species in M 82 compared with the chemical
model 13 and 19. The hashed lines are upper limit estimates of the observed column densities

with 30 significance level.
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Figure 5.9: Column Densities of the 14 molecular species in M 82 compared with the chemical
model 36 and 39. The hashed lines are upper limit estimates of the observed column densities

with 30 significance level.
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Figure 5.10: Column Densities of the 14 molecular species in IC 342 compared with the chem-

ical model 13 and 19.
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Figure 5.11: Column Densities of the 14 molecular species in IC 342 compared with the chem-

ical model 36 and 39.
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5.5 Comparison of spatial and velocity distribution

After finalising the inventory of the emission lines detected in this survey, one images the lines,
and their moments. The imaging of the lines, and their different moments are presented in
Appendix C. An example of these images was presented in Chapter 4, Section 4.2, in Figure
4.6.
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Figure 5.12: Top panel: Line distribution of HCN(1 —0) at 88.632 GHz in M 82. Middle panel:
HCN(1 —0) at 88.632 GHz in M 82, showing that the emission region responsible for the lower
velocity peak is the western region of the galaxy. Bottom panel: HCN(1 — 0) at 88.632 GHz in
M 82, showing that the emission region responsible for the higher velocity peak is the eastern
region of the galaxy. The regions seen in the left panel correspond to the velocity range seen in
yellow in the right panel.



104 5. Results

Many of the line emission spectra showed a double peak feature when averaged over the en-
tire CMZ. In some cases, this double peak feature is simply due to velocity components. The
spectrum of HCN for instance, exhibits a double peak emission as seen in Fig. 5.12 showing
two velocity components. The top panel of the figure presents the line emission of HCN (1-0) at
88.632 GHz across the galaxy to the left, with the spectrum of the line emission to the right. This
double peak feature is caused by the radial velocity distribution of the inclined galaxy M 82. The
left peak of the emission line is emitted from the eastern region of the galaxy, while the right
peak is coming from the western part of the M 82. The large velocity gradient that is observed in
M 82, going from 0 to 200 km s in one region, and from 200 to 400 km s in another, will cause
such a feature in the emission line (bottom panel of Fig. 5.12). This feature is not observed in
the HCN emission line in IC 342, where the velocity gradients are much smaller than in M 82,
since it is seen face on (see Fig. 5.13).
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Figure 5.13: Top panel: Line flux distribution of HCN(1 — 0) at 88.632 GHz (left) and its line
spectrum (right) in IC 342. Bottom panel: Line flux distribution of *CO(1 —0) at 110.201 GHz
(left) and its line spectrum (right) in IC 342.

5.5.1 Flux Distribution

From the line imaging in Section 5.5, one can image the flux, velocity, and line width distribution,
as described in Chapter 4, Section 4.2. Figures 5.14, 5.15, and 5.16 show the flux distribution
(moment zero) of the different emission lines detected in M 82. The flux distributions of some
lines such as, CCH (1-0), HCN (1-0), HCO* (1-0), HNC (1-0), CH3;CCH (6;, — 5;), *CO (1-0),
and CN (1-0) cover all four emission regions of M 82, despite noticeable changes in the emission
flux from region to region, and from line to line, with extended emission that is connecting the
four regions. However, some lines seem to be emitted from only a few regions within M 82.
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For instance, CS shows a strong emission from region A but a much weaker emission in regions
B, C, and D. The weak emission of N,H" originates mainly from regions A, B, and D. Other
weaker lines, such as HC3N (12-11) at 109.174 GHz, are mainly emitted in region A with some
contribution from region C. In general, region A seems to be the most prominent molecular line
emission region in M 82.
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Figure 5.14: M 82: Flux distribution map of H**CO™(1 — 0) at 86.754 GHz (top left) (contour
levels from 0.05 to 0.55 Jy beam™' kms™' by steps of 0.05Jy beam™kms™'), CoH(1 — 0)
at 87.317GHz (top right) (contour levels from 0.5 to 7.5 Jybeam~!'kms~! by steps of
0.5 Jy beam™!kms~1), HCN(1 — 0) at 88.632 GHz (middle left) (contour levels from 0.5 to
6.5 Jy beam~! kms™! by steps of 0.5 Jy beam ™! kms™!), HCO™(1 — 0) at 89.189 GHz (mid-
dle right) (contour levels from 1 to 11Jybeam ' kms™! by steps of 1Jybeam ! kms™1),
HNC(1 — 0) at 90.664 GHz (bottom left) (contour levels from 0.2 to 3.8 Jy beam ! km s™! by
steps of 0.2 Jy beam ™! km s™1), and HC3N(10 — 9) at 90.979 GHz (bottom right) (contour lev-
els from 0.05 to 0.7 Jy beam ! km s~! by steps of 0.05 Jy beam ! kms™1)
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Figure 5.16: M 82: Flux distribution map of HC3N(12 — 11) at 109.174 GHz (top left) (contour
levels from 0.05 to 0.5 Jy beam ™' kms™! by steps of 0.05 Jy beam~!kms™'), C¥0(1 — 0)
at 109.782 GHz (top right) (contour levels from 0.02 to 0.36 Jy beam ' kms™! by steps of
0.02 Jy beam ™! kms™1), 3CO(1 — 0) at 110.201 GHz (middle left) (contour levels from 0.2 to
3 Jy beam ™! km s~ by steps of 0.2 Jy beam ™' kms™1), CN(1g; — 0p 1) at 113.191 GHz (mid-
dle right) (contour levels from 0.5 to 5 Jy beam ! km s~ by steps of 0.5 Jy beam ! km s~!), and
CN(1g2 — 09 1) at 113.491 GHz (bottom left) (contour levels from 2 to 22 Jy beam ™ km s~ by
steps of 2 Jy beam ! kms™1)

However, in IC 342, all three emission regions seem to be contributing significantly to the flux of
most of the emission lines, with the exception of C**S, SO, and HC3;N (11-10) at 100.076 GHz,
that seem to be emitted mainly from regions A and B, and C!”O, that is mostly originating from
regions A and C. The flux distributions of the lines observed in IC 342 are presented in Fig.
5.17,5.18, 5.19, 5.20, and 5.21. Even though most of the line emissions are originating from the
three regions of IC 342, some lines exhibit a more continuous and extended distribution such as
CCH, HNCO, HCN, HCO*, CS, C'®0, 3C0, and CN, while others show a more concentrated
and local emission regions such as HN'3C, HC3;N, SO, CH;0H, and C'70O.
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Figure 5.17: 1C342: Flux distribution map of H¥CN(1 —0) at 86.340GHz (top left)
(contour levels from 0.02 to 0.32Jybeam 'kms~! by steps of 0.02Jybeam ! kms™1),
H3CO™* (1 — 0) at 86.754 GHz (top right) (contour levels from 0.05 to 0.5 Jy beam ' kms™!
by steps of 0.05 Jy beam ™! kms™!), SiO(2 — 1) at 86.846 GHz (middle left), HN'*C(1 — 0)

at 87.090 GHz (middle right) (contour levels from 0.05 to 0.5 Jy beam ™! kms~! by steps of

0.05 Jy beam ! kms™t), CoH(1 — 0) at 87.284 GHz (bottom left) (contour levels from 0.1 to
1.3 Jy beam ™! km s~ by steps of 0.1 Jy beam™! km s™!), and CoH(1 — 0) at 87.402 GHz (bot-
tom right) (contour levels from 0.1 to 1.6 Jy beam ! km s~! by steps of 0.1 Jy beam ' kms1).
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Figure 5.18: IC 342: Flux distribution map of HNCO(4¢ 4 — 3¢ 3) at 87.925 GHz (top left) (con-
tour levels from 0.1 to 0.9 Jy beam ™! kms~! by steps of 0.1 Jy beam ! kms~1), HCN(1 — 0)
at 88.631 GHz (top right) (contour levels from 0.5 to 4.5Jybeam 'kms™! by steps of
0.5 Jy beam ™! kms™!), HCO™(1 — 0) at 89.188 GHz (middle left) (contour levels from 0.2 to
3.6 Jybeam ! kms™! by steps of 0.2 Jy beam™'kms™!), HNC(1 — 0) at 90.663 GHz (mid-
dle right) (contour levels from 0.2 to 1.8 Jy beam ™! km s~ by steps of 0.2 Jy beam ! kms™1),
HC3N(10 — 9) at 90.978 GHz (bottom left), NoH*(1—0) at 93.173 GHz (bottom right) (contour
levels from 0.05 to 0.55 Jy beam ! km s~! by steps of 0.05 Jy beam ! kms™!)
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Figure 5.19: 1C342: Flux distribution map of C3'S(2 —1) at 96.413GHz (top left)
(contour levels from 0.02 to 0.22 Jybeam 'kms~! by steps of 0.02Jybeam ! kms™1),
CH30H(2;, — 1) at 96.744 GHz (top right) (contour levels from 0.1 to 1.6 Jy beam ™! km s™!
by steps of 0.1Jybeam 'kms™!), CS(2 — 1) at 97.973GHz (middle left) (contour lev-
els from 0.2 to 2Jybeam ' kms™! by steps of 0.2Jybeam *kms™t), SO(2; — 3,) at
99.299 GHz (middle right) (contour levels from 0.02 to 0.32 Jybeam *kms~! by steps of
0.02 Jy beam ™! kms~t), HC3N(11—10) at 100.076 GHz (bottom left) (contour levels from 0.05
to 0.65 Jy beam ! km s~ by steps of 0.05 Jy beam ™! kms~1), $3CN at 108.780 GHz (bottom
right) (contour levels from 0.05 to 0.5 Jy beam ! km s™! by steps of 0.05 Jy beam ™! kms™1)
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Figure 5.20: IC342: Flux distribution map of , CH30H(0p,1_;) at 108.894 GHz (top
left) (contour levels from 0.05 to 0.5 Jy beam ! kms~ by steps of 0.05 Jy beam~! kms™!),
HC3N (12 — 11) at 109.173 GHz (top right) (contour levels from 0.1 to 0.8 Jy beam ! kms™!
by steps of 0.1 Jybeam~'kms™), C¥O(1 — 0) at 109.782 GHz (middle left) (contour lev-
els from 0.1 to 1.8 Jy beam™! kms™! by steps of 0.1 Jy beam™! kms™!), HNCO(505 — 4.4)
at 109.905 GHz (middle right) (contour levels from 0.1 to 1.5 Jy beam ! kms™! by steps of
0.1 Jybeam ™! kms™1), 1¥CO(1 — 0) at 110.201 GHz (bottom left) (contour levels from 0.5 to
7.5 Jy beam ™! km s~ by steps of 0.5 Jy beam™! km s™1), C17O(1 — 0) at 112.358 GHz (bottom
right) (contour levels from 0.01 to 0.11 Jy beam ! km s~! by steps of 0.01 Jy beam ! kms~1)
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Figure 5.21: IC342: Flux distribution map of CN(1p; —0p;) at 113.190 GHz (left) (con-
tour levels from 0.2 to 3 Jy beam ™' km s~ by steps of 0.2 Jy beam ™ kms™), CN(1p5 — 0o1)

at 113.490GHz (right) (contour levels from 0.5 to 6Jybeam ‘kms~' by steps of
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5.5.2 Distribution of Radial Velocity and Line Width
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Figure 5.22: Top panel, M 82: Radial velocity distribution maps of HCN(1 — 0) at 88.632 GHz
(top left) (contour levels from 200 to 600 km s~ by steps of 100 km s~1), and of 13CO(1 — 0) at
110.201 GHz (top right) (contour levels from -50 to 550 km s~! by steps of 50 km s~!), Bottom
panel, IC 342: Velocity distribution map of HCN(1 — 0) at 88.632 GHz (bottom left) (contour
levels from 20 to 340 km s ™! by steps of 20 km s7!), and of "*CO(1—0) at 110.201 GHz (bottom
right) (contour levels from 5 to 75 km s~! by steps of 5kms™!)
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Moments one and two depict the radial velocity and width distributions of emission lines, re-
spectively. In Fig. 5.22, the moment one of two lines (HCN, and '*CO) is shown for both M 82
and IC 342. In M 82, there is a strong velocity gradient, where the radial velocity of the line in the
eastern part of the galaxy is around 300 km !, while on the western side is around 100 kms'.
This gradient is not as pronounced in IC 342, which is seen face-on, where the velocity ranges
between 30 and 40kms™!. The line width, and velocity distributions of each molecular line
observed in M 82 and IC 342 are presented in Appendix C'.
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Figure 5.23: Top panel, M 82: Width distribution map of HCN(1 — 0) at 88.632 GHz (top left)
(contour levels from 20 to 300 km s ™! by steps of 20 km s™!), and of "*CO(7—0) at 110.201 GHz
(top right) (contour levels from 50 to 550 km s~ by steps of 50 km s~1). Bottom panel, IC 342:
Line width distribution map of HCN(1 — 0) at 88.632 GHz (bottom left) (contour levels from
20 to 180km s~ by steps of 10kms™'), and of *CO(7 — 0) at 110.201 GHz (bottom right)
(contour levels from 10 to 120 km s™! by steps of 10kms™1)

5.5.3 Flux Distribution Comparison

From the intensity distributions maps, one can compare the different distributions of the lines by
plotting the flux distribution of a line over that of another. For this purpose, the flux distribution
of HCN (1-0) has been used as a reference, since it is a line of strong and extended emission
with a distribution that covers all regions of the two studied galaxies.

Figures 5.24, and 5.25 show the results of the flux distribution comparison for emission lines in
M 82. From these figures, one can see that some lines, such as CCH, HCO*, and CN follow the
distribution of HCN very closely, with an extended emission similar to that of HCN. Other lines,
such as HNC, CS, H40a , and '*CO, even though they follow the HCN distribution to a certain
extent, they exhibit differences in their distribution.
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Figure 5.24: The flux distribution of different molecules (in colours) compared with the flux
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For instance, the flux peaks of '*CO seem to be slightly shifted from the flux peaks of HCN.
Lines such as N,H*, C'80, H41a , H40a and H39« have a more localised emission that does
not extend across the galaxy. This localised emission originates from certain regions of the
galaxy only.

On the other hand, Fig. 5.26, and 5.27 show the results of the comparison of the flux distributions
for emission lines in IC 342. Similarly to the results in M 82, some lines follow the distribution
of HCN very closely, such as SiO, CCH, HCO*, C'30, '*CO, and CN. However, even though
these lines follow the HCN distribution, they still show slight shifts in the location of the peak
emission. Other lines show even more significant shifts with respect to the location of the peak
emission compared to HCN, such as HNCO, N,H*, and CH;OH. Other lines such HNC, and CS
show weaker and less extended emission than HCN, albeit similar distributions.

There are important differences in the distributions of some lines between the two galaxies. For
instance, while N,H* and C'80 have a localised and relatively weak emission in M 82, their
emission is well extended and strong in IC 342. On the other hand, while HNC and CS follow
the HCN distribution with a similar extent and flux in M 82, they have a much weaker and less
extended emission compared to HCN in IC 342.
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Figure 5.25: Same as in Fig. 5.24.
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Figure 5.26: The flux distribution of different molecules (in colours) compared with the flux
distribution of HCN(1-0) at 88.632 GHz (in contours of 0.5 to 4.5 Jy beam ™! km s~! by steps of
0.5Jybeam ™t kms™!) in IC 342
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Figure 5.27: Same as in Fig. 5.26

5.6 PCA Results

5.6.1 MS82

For the PCA application on the data obtained for M 82, seven lines have been chosen, namely:
CCH (1-0), HCN(1-0), HCO™(1-0), HNC(1-0), CS(2-1), *CO(1-0), and CN(14 -0 ;). The
lines have been selected based on their flux density (a low signal-to-noise ratio can cause prob-
lems in the application of PCA), distributions, and the characteristic gas they trace. For instance,
HCN, HCO", and HNC have been characterised as tracers of dense cold gas (Aalto et al. 2002;
Meier and Turner 2005), while CS, CN and CCH are often described as tracers of UV-dominated
regions (Aalto et al. 2002).

A correlation matrix has been produced, to quantify the correlations between the difference
molecules. In Table 5.18, one can see that HCN and HCO* have the strongest correlation, fol-
lowed by HCN and CCH. On the other hand, *CO shows relatively weak correlations with all
the other molecules, while HNC is strongly correlated with all of them.

The seven lines used for the analysis can be described by seven components. Table 5.19 presents
the loadings and variance of each component. These values are better represented by plotting
the loadings of each component against those of another as seen in Fig. 5.28. The first plot
at the top left in the figure shows the loadings of the first principal component plotted against
the loadings of the second principal component. All the molecules have positive principal com-
ponent loadings, indicating a correlation between the molecules at least at first approximation.
Nevertheless, 13CO shows already a significantly lower correlation than all the others with HCN.

1
46°
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However, *CO and CN have positive second PC loadings, while the other have negative loadings,
indicating slight differences in emission regions between '*CO and CN, and the other molecules.
The variances of the PCs give an indicator to how different the components are from each other.
One notices that the biggest difference is between the first and the second PC, where the first PC
has a variance of around 75%, while the second PC has a variance of around 10%. The other
PCs show similar variances ranging from around 0.5 to 6%, which indicates minimal differences
to their contributions to the flux.

Table 5.18: Correlation matrix for M 82
CCH CN CS HCN HCOt HNC 13Co

CCH 1
CN 0.82 1
CS 075 073 1
HCN | 092 0.86 0.69 1
HCO* | 0.82 0.77 0.61 0.93 1
HNC | 0.88 0.77 0.73 0.83 0.73 1
13CO | 049 0.58 043 052 048 046 1

Table 5.19: Loadings of PCA on M 82
Variance of PC CCH CN CS HCN HCO+ HNC 13CO

PC 1 75.73% 041 040 035 042 039 039 0.27
PC2 9.78% -0.18 0.08 -0.14 -0.11 -0.10 -0.19 0.94
PC3 6.36% 003 -0.04 -078 032 052 -0.12 -0.04
PC4 3.57% -0.27 036 035 0.09 034 -073 -0.13
PC5 2.66% 007 -0.82 035 004 040 -0.11 0.16
PC6 1.43% -0.74 0.08 0.06 -021 039 049 -0.02
PC7 0.48% 041 0.16 -0.06 -0.81 038 -0.04 -0.01

For a better understanding of the principal component analysis, one needs to interpret the prin-
cipal component loading plots hand in hand with the maps of the principal components. The
maps represent the scores of the principal components in a manner that visualises the contri-
bution of these scores to the total emission of the lines. Figure 5.29 shows the maps of the
different components from M 82. The map of the first PC (the scores of the PCs are plotted,
showing the distribution of the variables against the principal components) at the left of Figure
5.29, resembles strongly the flux map of M 82. This indicates that the correlation between the
molecules seen in the loadings of the first PC is due to the fact that all selected molecular lines
are being emitted from similar regions in M 82, with most of the emission originating from the
four “red” regions seen in the first PC map. However, the map of the second PC shows mainly
two different regions, highlighting differences in the emission morphology of some molecules.
From the scores of the second PC (bottom plot in Fig. 5.28), one can see that the '*CO and CN
emission lines have positive scores. Therefore, one can conclude that they are mainly emitted
from the two “red” regions seen in the map of the second PC, while the other molecules are
mainly emitted from the “blue” regions where the PC scores are negative.
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Figure 5.28: Left: Variance of the principal components of IC 342. Right: Plot of the principal
component loadings for M 82.
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Figure 5.29: Maps of the first principal component of M 82 (top), and the second principal
component (bottom).

5.6.2 1IC342

For the PC application to the data collected for IC 342, five lines were selected, namely: HCN(1-
0), HCO*(1-0), C'®*0(1-0), HNCO(5¢ 5-40.4), and 13CO(1-0). These lines have been chosen
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based on their flux and distribution. Specifically, HNCO has been chosen because it is a good
shock tracer (Martin et al. 2009), while C'®O has been used as H, column density tracer (Dahmen
et al. 1998).

The correlation matrix 5.20 obtained from the PC analysis shows a strong correlation between
HCN and HCO*(HCN and HCO™ have the strongest correlation coefficient with 0.99), as well
as between 3CO and C'80 (with a correlation coefficient of 0.92). Moreover, *CO and C'0O
correlate well with all molecules, with the weakest correlation being with HNCO (correlation
coefficient of 0.60 with '*CO and of 0.72 with C'®0). The weakest correlation is between HNCO
and HCN (0.45), and HCO™ (0.42).

Table 5.20: Correlation matrix for IC 342
13CO HNCO HCN HCOt cC'0

3co 1

HNCO | 0.60 1

HCN | 0.85 045 1

HCO™ | 0.85 042 099 1

C®0 | 092 072 0.83 083 1

Table 5.21: Loadings of PCA on IC 342

Variance of PC HCN HCO+ 13CO HNCO C180
PC1 80.62% 047 046 047 0.34 0.48

PC2 14.67% -036 -0.39 -0.02 0.83 0.16
PC3 3.37% -040 -033 071 -0.37 0.29
PC4 1.25% -0.08 -0.05 -0.52 -023 0.8l
PC5 0.08% 070 -0.72 0.02 -0.04 0.03

From the five lines used as input, one gets five components. The loadings and the variance of
each component are presented in Table 5.21. Most of the variance is contained in the first PC,
which shows a variance of around 81%, while the second PC has a variance of around 15%,
showing a strong difference between the first and the second component. The other PCs have
variabilities ranging from 0.08% up to 3%, suggesting that the contribution of these components
to the flux is minimal.
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Figure 5.30: Left: Variance of the principal components of IC 342. Right: Plot of the principal
component loadings for IC 342.
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Figure 5.31: Maps of the first principal component of IC 342 (top), and the second principal
component (bottom).

In the left plot of Figure 5.30, the loadings of the first PC are plotted against the loadings of
the second PC. This plot shows that the loadings of the first PC for all selected molecules are
positive, indicating a positive correlation between all the molecules. This correlation is due to
the fact that all the molecules were emitted from the same regions, with concentrations in the
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“red” regions seen in the top plot of Figure 5.31 (in this figure, the scores of the first PC are
plotted, showing the distribution of the variables against that principal component). However,
one can see that HCN, HCO*, and '*CO have negative loadings for the second PC, while the other
two molecules show positive loadings for the second PC. This highlights a difference between
HCN, HCO* and 3CO, with respect to the other molecules. This difference is clearly seen in
the right plot of Fig. 5.30 and in the bottom plot of Fig. 5.31 (this figure maps the scores of the
second PC), where one clearly sees that HCN, and HCO™" behave differently than HNCO.



Chapter 6

Discussion

The results of the analyses performed on the data are discussed in this chapter and interpreted in
the context of the chemical evolution of the sources. Furthermore, the results from this work are
related to previous studies. The chemical composition of the central molecular zones (CMZs) in
M 82 and IC 342 will be discussed, as well as the distribution of the different molecules in those
galaxies, and their abundances relative to C'*0O. Unless mentioned otherwise, all molecular lines
are assumed to be optically thin. Spatial correlations among molecules will be discussed and
related to possible chemical properties in the respective regions of the galaxies. The discussion
will address the gas distribution, known tracers of PDRs, XDRs, shocks, as well as dense, cold,
and warm gas. The conditions under which certain complex molecules can form will be investi-
gated. Column density ratios (abundance ratios) will be used as a tool to shed light on the state
of the chemical evolution of the galaxies. Finally, the significant differences in the star formation
rate in the two galaxies will be discussed, taking into account their chemical properties.

6.1 Chemical Modelling

The column densities obtained in this study were compared with the chemical models presented
by Viti (2017). The details of the models and the comparison are explained in Chapter 5 Section
5.4. The chemistry in M 82 and IC 342 can be best described by Model 36 of Viti (2017) (see
Table 5.16), which predicts a cosmic-ray ionisation rate of ¢ = 2.5 x 1073 s7!, a radiation field
is similar to that in the Milky Way (y = 2.74 x 1073 ergs~! cm~?2), a temperature of 100K, a
gas density of 10* cm?, and finally a visual extinction in the clouds of 50 mag.

For M 82, the cosmic-ray ionisation rate has been previously estimated to be (ygo ~ 5 x 107 57!
in a region of 15” or ~ 290 pc (van der Tak et al. 2008) and (g ~ 5 X 107° from obser-
vations at 100 MeV (Paglione and Abrahams 2012), and the density of the molecular gas in
M 82 was estimated to be between 10? and 10° cm ™ (Loenen et al. 2010), which is consistent
with the model’s prediction. The radiation field in M 82 was however estimated to be between
Ymsg2 = 1.6 x 107 tergs™tem™2 and 8.9 x 10~ ergs~! em =2 (Loenen et al. 2010), which is
two orders of magnitude higher than the value estimated in the model. Since M 82 is a known
starburst galaxy, it is expected to have a stronger UV-radiation field than that in the Milky Way,
however, the higher radiation rate can be diminished by high extinction. Kamenetzky et al.
(2012) found evidence of two gas components with a region of 3 kpc x 3 kpc one with a temper-
ature of 30 K, and the other with a temperature of 500 K, traced by high .J—transitions of CO.
Therefore, it is plausible that the temperature predicted by the chemical model might described a
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warm gas component found within the central few hundred pc of M 82. Moreover, the visual ex-
tinction in multiple clouds in M 82 was estimated to be >20 mag, based on the observed column
density of NoH™, with some clouds having a visual extinction > 50 mag (Ginard et al. 2015). In
general terms, Model 36 seems to be a good match for the properties of M 82.

Meier and Turner (2005) stated that the bright emission of NoH™ in the nucleus of IC 342 can be
explained by cosmic-ray ionisation rate higher than the standard local values, (jc 342 > 1077571,
This is consistent with the prediction of the model of Viti (2017), but it is unclear if the cosmic-
ray ionisation rate of IC 342 is in fact three orders of magnitude stronger than in the Milky
Way. From NHj observations, kinetic temperatures between ~ 30 K and 500 K were estimated
(Mauersberger et al. 2003; Lebron et al. 2011). Moreover, Bayet et al. (2006) estimated a radi-
ation field Y1c340 = 23 erg s~ cm ™2 which is much higher than the model’s prediction, and the
estimated value for M 82. The gas density of IC 342 was estimated to be 1.5 x 10° cm~2 (Bayet
et al. 2006), and it is one order of magnitude larger than the model’s prediction. In this work, the
column density of C**O is estimated. From these values, one can estimate the column density of
H, by assuming that % = 2.5 x 10° (Dahmen et al. 1998). Therefore, the column densities
of H, estimated from the column densities of C'®O in this work are N (Hy) ~ 3.5 x 10?2 cm 2.
This corresponds to a visual extinction of A, ~ 35mag (assuming that N (Hy) = 10* cm™2
corresponds to a visual extinction A, = 0.1 mag, Wilson et al. 2012). Therefore, Model 36 is a
good description of the physical properties of the molecular clouds in IC 342.

A single model did not match the column density of all molecular species in both M 82 and
IC324. As seen in in Chapter 5 Section 5.4, the best matched molecules are HCN, HNC,
HCO™, and NoH*, while CH;CCH, CH30H and HNCO were significantly underestimated by
all the matched models for both galaxies. There are two main reasons why these molecules
could be underestimated. Either the chemical equations used for the formation and destruction
of these molecules cannot, on their own, determine the abundances of these molecules. Or, these
molecules are destroyed before chemical equilibrium is reached, as is the case for CH3;OH and
HNCO (Viti 2017). In other words, the abundances of these molecules are better described at
a time before or after chemical equilibrium is reached. This points to the fact that molecular
species can be tracing different chemical conditions that co-exist in the same molecular cloud.
While the chemical models assume large velocity gradients and non-LTE conditions, in this
study, the calculations of the column densities were done under LTE-assumptions. Moreover,
the models have predicted the abundances of around 250 molecules, out of which only 14 were
observed in this study and compared with the predictions. Therefore, caution is required when
comparing the results of this study with the predictions of the chemical models, and one needs
a wider range of molecular species observed at the same spatial resolution (Viti 2017).

6.2 Chemical Composition Of The CMZs of M 82 and IC 342

6.2.1 The Hoa Recombination Lines

The spectral analysis shows, despite the many similarities in the chemical composition and phys-
ical conditions of M 82 and IC 342, many significant differences. For instance, in M 82, three
Ha radio recombination lines were detected in this work (H41«, H40«, H39«), while more Ho
radio recombination lines were detected in Aladro et al. (2011a, 2015). However, no such Ho
recombination lines were detected in IC 342. The Ha recombination lines are tracers of ionised
hydrogen, as these lines are emitted when a free electron recombines with a proton to form a
neutral hydrogen atom (for more details check Chapter 2.1.1). HII regions have typical electron
temperatures of almost 10* K (Draine 2011). Such high temperatures are due to UV-radiation
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from young hot massive stars, and supernova explosions. Massive stars emit strong enough UV
radiation and winds, to ionise the regions around it. Therefore, Ha recombination lines are
tracing the regions of recent massive star formation. The Ha recombination lines show a weak
emission in regions A and B of M 82, but a strong peak and extended emission in regions C, and
D (see Fig. 5.15, and 5.25). Compared with molecular emission over M 82, the Ha recombina-
tion lines show a clustered emission in the south-western part of the M 82, while PDR and dense
gas tracers such as CH3CCH (see Section 6.2.5) and CN (see Section 6.2.8) are spread over the
four emission regions A, B, C, and D of the galaxy. The high density PDR tracer CS (see Sec-
tion 6.2.10) shows an emission peak in region A, with a weaker emission in regions B, C, and
D. This indicates that, while dense gas and PDRs are present in all regions (A, B, C, and D) of
the galaxy, younger massive stars (traced by the Ha recombination lines) seem to be clustered
around certain regions, particularly at the south-western part of the galaxy (regions C and D).
Such clusters were also found by O’Connell and Mangano (1978); Barker et al. (2008); Divakara
Mayya and Carrasco (2009). This confirms that M 82 is dominated by starburst activity, while
no such activity is seen in IC 342.

6.2.2 HNCO and SiO

On the other hand, in this work, a number of molecules such as HNCO, and SiO were observed in
1C 342 but not in M 82. Studies such as Hiittemeister et al. (1997) and Martin et al. (2006a) show
that while HNCO is abundant in IC 342, it is not in M 82. Similarly Aladro et al. (2015) detected
(with a 23" — 28” beam) only faint emission of HNCO, and SiO in M 82 (with abundances
relative to C'80 if 1073 and 1.7 x 10~*, respectively). The presence of HNCO (see Table. 5.13)
in IC 342 as detected in the study presented here, indicates that the molecular gas in IC 342 is
dominated by shock, that allow such molecules to form. For instance, HNCO is formed on the
grain mantles through low velocity shocks (shock velocity ~ 10 km s~!, Holdship et al. 2017)
and is enhanced in high-velocity gas (Zinchenko et al. 2000; Martin et al. 2009). These shocks
can also prevent efficient star formation from taking place (e.g. Huettemeister et al. 1998; Dekel
and Birnboim 2006). The faint emission of shock tracers in M 82 detected by some studies (e.g.
Martin et al. 2006a, 2009; Aladro et al. 2011a, 2015) can be relics from the interaction with M 81
(Yun et al. 1993, 1994) that triggered the burst of star formation by introducing new material
and gas into the ISM of M 82, allowing for a large reservoir of gas for the ongoing starburst (de
Grijs et al. 2001, 2005). However, an alternative explanation (which may be the more likely
one) is, that the strong UV-radiation due to massive stars in M 82 is dissociating such complex
molecules, and therefore, the hot gas in M 82 is destroying molecules such as HNCO (Martin
et al. 2009). HNCO is formed through a two-step process in which NCO is first formed from
reactions between CN and O, then NCO and H, can react to form HNCO (Turner et al. 1999).
It is suggested, that if O, is destroyed by strong UV radiation and powerful shocks (shocks with
velocity > 30 km s~!), then HNCO would also be destroyed by PDR regions and strong shocks
(Zinchenko et al. 2000). The line emission of HNCO as observed in the study presented here
covers all the regions of IC 342 indicating an extended emission. This suggests the presence of
mild shocks (shock velocity ~ 10 km s™!, Holdship et al. 2017) across all the different regions
of IC 342.

SiO is the only silicon-bearing molecule detected in this study. It is observed in IC 342

((2.31 — 14.4) x 10" cm™2, see Table. 5.13), with an abundance of (1.7-8.3)x10~* relative
to C'®0 (see Table. 5.15), but not in M 82. Aladro et al. (2015) detected faint SiO emission
(4.4 x 10'2cm~2, and an abundance of 1.7 x 10~ relative to C'*0) in M 82 using the IRAM
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30-m telescope. Formation conditions for SiO are still unclear. However, one possible formation
process is through silicon reactions with OH or O,, even though these temperature-dependent
reactions are not sufficient to explain the SiO abundances observed in galaxies (Turner 1998a).
An alternative explanation is that SiO is formed due to the destruction of grains in violent shocks
and in high-temperature gas (Ziurys et al. 1989). SiO is, therefore, a signpost of violent, shocked
gas (shocks with velocity > 30 km s~!, Mauersberger and Henkel 1991). In IC 342, SiO abun-
dances then trace shocked gas, and its absence (or faint emission) in M 82 is indicative of a more
quiescent gas in the galaxy, where violent shocks are absent.

6.2.3 CH3;OH

Similarly, Mauersberger and Henkel (1993) and Martin et al. (2006a) reported low abundances
of CH3OH in M 82. Methanol (CH30H) is formed through one of the following two processes.
The first is through a photo-dissociative recombination of CH3OHS, that is formed through a ra-
diative association of CH3 with water molecules (H,O) (Turner 1998b). However, this process
is thought to be too slow to allow for the observed abundances of methanol (Meier and Turner
2005, and references therein). The second process involves the hydrogenation of CO on grain
surfaces, which requires high temperatures (~ 90 K) (Meier and Turner 2005). This and subse-
quent evaporation (e.g. as a consequence of mild shocks) make methanol a warm molecular gas
tracer (Meier and Turner 2005). In this study, methanol was detected in IC 342 but not in M 82.
CH3OH in IC 342 is mainly detected towards the peaks of the emission regions (A, B, and C)
with very little extended emission. These column densities indicate the presence of warm dense
gas and mild shocks, concentrated in the different emission regions of IC 342. Mild shocks dis-
rupt the grain mantles, allowing for the formation of methanol without destroying the molecules
(Bergin et al. 1998; Meier and Turner 2005), while shocks from massive stellar outflows are
not strong enough to influence the chemistry of the surrounding ISM in IC 342, and therefore,
large-scale shocks, such as orbital shocks and cloud-cloud collisions, may be responsible for the
methanol abundance in IC 342 (Meier and Turner 2005).

6.24 CH3;CN

CH3CN traces hot gas in star-forming regions, but is observed as well in cold dark clouds in cool
quiescent objects (Turner et al. 1999). In M 82, the source-averaged CH3CN column densities
determined by Mauersberger et al. (1991) and Aladro et al. (2015) are significantly lower than the
column densities of other molecules detected in these studies. Chemical modelling shows that
the abundance of CH3CN depends on the abundance ratio of € where the CH3CN abundance
increases significantly when C and O have similar abundances (this is also the case for many
other molecules such as HCN, HNC, HC3;N, CCH, and CH3CCH) (Turner et al. 1999). CH;CN
is frequently observed in hot cores (eg. Zhang et al. 1998; Remijan et al. 2004; Mendoza et al.
2018). Its detection in IC 342 indicates the presence of a hot dense gas component in the galaxy.
There are some indications that CH3CN can be produced from CH30H (Mendoza et al. 2018),
suggesting that the hot gas in IC 342 has been present for a long enough time to allow for the
production of CH3CN from CH3OH that traces colder gas.
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6.2.5 CH3;CCH

CH3CCH is the only complex organic molecule with high abundance relative to C**0 in M 82
and it is even largely more abundant (relatively to C**O) in M 82 than it is in IC 342. This is simi-
lar to the results of the single dish observation of M 82 and IC 342 done by Aladro et al. (2011b).
The formation processes for CH3CCH are still unclear. Complex molecules may be formed on
dust grains, and dissociated in the gas phase by UV-radiation. Therefore, complex molecules
show low abundances in starburst galaxies and photo-dissociation regions (PDRs) where, in
general, dust evaporation is important. However, CH3CCH is very abundant in starburst galax-
ies, and observed to be boosted in PDR regions (eg. Aladro et al. 2011b, 2013 and Aladro
et al. 2015). The high relative abundance of CH3CCH (compared to the relative abundance of
other complex molecules) observed in M 82 and other starburst galaxies (eg. M 83, NGC 253,
and Arp 220 (Aladro et al. 2015)) suggests that CH3CCH is formed through gas phase neutral-
neutral and ion-neutral reactions, rather than from ice grain mantles (Aladro et al. 2011b). Since
CH3CCH is, most likely, not formed on dust grains but rather in the gas phase, it will not be de-
stroyed by UV-radiation that is causing dust evaporation. The question of how CH3CCH escapes
UV-dissociation in the gas phase, is still open. Moreover, since other complex molecules that
are formed on dust grains are dissociated in the gas phase, they provide seed ions and molecules,
that allow the formation of CH3CCH in the gas phase, from neutral-neutral and ion-neutral re-
actions. Therefore, the abundance of CH3CCH is strongly correlated with the abundance of
ions (Herbst and Leung 1989). In galaxies such as M 82, where the strong UV radiation would
dissociate complex molecules, CH3CCH could be formed through ions and molecules resulting
from the dissociation, and CH;CCH would then escape destruction through photo-dissociation
in M 82 (Aladro et al. 2011b). More chemical modelling and studies are needed to shed more
light on the formation of CH3CCH.

The high column density of CH3CCH (see Table. 5.13) detected toward M 82 in this study, is
consistent with previous results from Aladro et al. (2015). Since M 82 is dominated by strong
UV radiation as indicated by the Ho recombination lines and the different PDR tracers (HCN,
HCOT, ...), this strong UV field will dissociate enough complex molecules to allow for the high
abundance of CH3CCH relative to C**O. This high abundance suggests than that the complex
molecules in M 82, such as HNCO, CH;CN, and CH3;OH are not destroyed through shocks, but
rather through the strong UV-field from young massive stars and the photo-dissociation regions
in M 82. Therefore, the high abundance of CH3CCH in M 82 could be another indicator of a
PDR-dominated gas.

6.2.6 HCN and HNC

In thermodynamical equilibrium, HCN formation is favoured over that of HNC (Meier and
Turner 2005). This is due to the fact that C has four valence electrons while N has five. Thus,
the charge distribution and electronegativity is different between C and N, and therefore, their
binding with hydrogen is also different. In order to form HCN, carbon will form a triple bond
with nitrogen and a simple bond with hydrogen. Bonding its four electrons with four bonds, it
has thus a formal charge of 0, while nitrogen bonds three of its electrons with three electrons
of carbon, leaving two electrons on its outer electron orbit. On the other hand, in order to form
HNC, nitrogen will bond one electron with hydrogen and three with carbon. Thus nitrogen has
bonded four out of its five electrons, and now has a formal charge of +1, while carbon now has
five electrons, bonding three of them with nitrogen, and thus carbon now has a formal charge of
-1 (Fig. 6.1). Since the formal charges of the atoms in HNC are different from zero, HNC is less
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stable than HCN, whose atoms all have a formal charge of zero.

However, in dark clouds, the abundance ratio of ETNSI is relatively high (close to 1 Harju 1989),
with the ratio reaching 3 in some cold dark clouds in the Milky Way (Hirota et al. 1998). Even in
hot regions where HCN is significantly more abundant, HNC is still detected (eg. Schilke et al.
1992; Turner et al. 1997). Baan et al. (2008) proposed that an abundance ratio of HXC > 1 is

HON
indicative of an X-ray dominated region, while IN¢ < 1 is tracing a PDR. Theoretical and chem-

ical modelling suggest that HNC is as likely toH gg formed as HCN under a variety of different
conditions (Lee et al. 1996). Schilke et al. (1992) suggested that the abundances of both HCN
and HNC are density and temperature dependent: at low densities and low temperatures, HCN
and HNC have the same probability of forming. Since the results of this study show that HCN
is more abundant than HNC, the gas in M 82 and in IC 342 is assumed to be, at least partially,
dense and warm, where HCN is more likely to form than HNC (Schilke et al. 1992).

The dependence of the abundance ratio of ETNSI on temperature is still in question, however. Since
HCN is found to be more abundant in warm regions, it is proposed that HNC molecules are
destroyed in a high temperature environment (Meier and Turner 2005; Baan et al. 2008). HCN
is collisionally excited, and is used to trace dense (density>10* — 10° cm ™) molecular gas (eg.
Solomon et al. 1992; Helfer and Blitz 1993; Curran et al. 2000; Aalto et al. 2002). However, if
HNC is originating from a gas with such densities, it can still have significant abundances even in
a warm molecular medium, since reactions with HCNH™ will form HCN and HNC with equal
probabilities (Aalto et al. 2002). It has also been proposed that HCN is enhanced in regions
with strong X-ray emission (Lepp and Dalgarno 1996; Kohno et al. 1996, 2001; Imanishi et al.
2004, 2007). HNC bright sources are mostly AGN, however, in some Seyfert galaxies, the HNC
emission is faint (Aalto et al. 2002).
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Figure 6.1: Lewis Dots Structure of HCN and HNC
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Downes et al. (1992) suggested that the morphology of HNC follows closely the morphology
of HCN . This similarity between the morphologies of HCN and HNC are also observed in this
work as seen in Fig. 5.25 and 5.27. Aalto et al. (2002) challenged the assumption that HNC is a
reliable cold gas tracer, but suggested that it can trace a fraction of the cold gas. Furthermore, the
ETNI(\JI ratio between 0.30 and 0.48 in M 82 and between 0.23 and 0.31 in IC 342 (as seen in Table.
5.14) suggests that HCN and HNC are tracing warm environments in these galaxies (Irvine et al.
1987).

The abundance of HNC in M 82 relative to C'8O is on average one order of magnitude lower than
the abundance of HCN relative to C'80 and that of HCO™ (see Table. 5.15), which is typical
for star forming regions (Hiittemeister et al. 1995). HNC is more abundant in M 82 than it is in
IC 342 (see Table. 5.15). This slight difference in abundance can be due to shocks destroying
HNC in IC 342 (Schilke et al. 1992), but favouring SiO formation (see Section 6.2.2).
Moreover, Meier and Turner (2005) found an abundance ratio of ETNSI ~ 0.45 — 0.8 in IC 342,
which could be interpreted as an indication for a dense cold gas. However, they found that HCN
and HNC distributions follow closely the distribution of CO that traces warm gas, leading to the
conclusion that the EICLS ratio can be temperature independent (Meier and Turner 2005). Fig-
ures 5.17, 5.19, and 5.20 show that HNC is characterised by a similar distribution as those of
HC3N, NoH™, and HNCO, indicating a possible correlation between HNC and nitrogen abun-

dances. Similar results, with similar distributions of NH3 were found in Meier and Turner (2005).

6.2.7 HCO™

The molecule HCO™, i.e. protonated CO, is thought to be a good tracer of cosmic ray and UV
dominated regions in dense gas (eg. Hiittemeister et al. 1995). Moreover, HCO™ is thought
to be enhanced in regions with young supernova remnants, massive star formation regions, and
shocked and dense environments, even though HCN may be a more reliable dense gas tracer
than HCO™ (Dickinson et al. 1980; Wootten 1981; Baan et al. 2008). The abundance ratio of
HHCC?\I+ is often used as a tracer for X-ray dominated regions (XDR) (Baan et al. 2008), and/or
for AGN activity (Kohno et al. 2001; Imanishi et al. 2004, 2007). Baan et al. (2008) suggests

‘[}11122;) ihe ratios of 560" < 1 and HEOT < 1 are tygiccoai of PDR regions, while 2¢O~ > 1 and

o~ > 1 are tracing XDRs. However, a ratio of 55 < 0.5 is suggestive of AGN activity if
this AGN is dominating the galaxy, and indeed, many AGNs have been observed with such a
low ratio (Kohno et al. 2001; Imanishi et al. 2004, 2007; Krips et al. 2008).
Nevertheless, the dichotomies are strongly debated: It has been suggested that, the variations
in the abundances ratio of % and HHCNOJ depend strongly on the variation in densities (the
ratio would decrease for higher densities), and not on the variations in the UV-field radiation or
the cosmic-ray ionisation rate (Loenen et al. 2008 and Bayet et al. 2009). ALMA observations
showed aratio of % ~ (.77 in the nuclear torus of NGC 1068, a galaxy with an AGN (Garcia-
Burillo et al. 2014; Viti et al. 2014). This ratio also seems to be strongly time dependent in
dense gas and XDRs (Bayet et al. 2008; Meijerink et al. 2013). Results from Martin et al. (2015)
could not corroborate the suggestion that HCN is enhanced in XDRs, and thus cast doubt on
the effectiveness of using the abundance ratio of HHCC% to identify AGNs. Moreover, HCO™ is
found to be enhanced in XDRs and cosmic-ray dominated regions, as well as in star forming
regions, making HCO™ a tracer for massive star formation (Meijerink and Spaans 2005; Bayet
et al. 2008, 2011; Martin et al. 2015). Viti (2017) performed chemical modelling of the ISM,
and showed that a ratio of HHCC?\I+ < 0.5 is not unique to AGN dominated galaxies, but can also
be found in starburst dominated galaxies.

In the study presented here, the abundance of HCO™ relative to C*®O in IC 342 is lower than its
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abundance in M 82 (see Table. 5.15), compatible with strong massive star formation in M 82, but
not in IC 342. Moreover, the HHCC% ratio is found to be ~ 0.9 in M 82, but between 0.4 and 0.5 in
IC 342 (Table. 5.14). This might be indicative of a strong PDR in M 82, and an AGN activity in
IC 342. However, one must proceed with caution with this interpretation, because, even though
the PDR dominance is confirmed in M 82, there are no clear indications of AGN activity in
IC 342 despite the existence of multi-wavelength data studies (eg. Mak et al. 2008; Rigopoulou
etal. 2013; Nakajima et al. 2018). Another explanation for the HHCCON+ ratio, is that M 82 is a small
galaxy with sub-solar metallicities (Nagao et al. 2011), where nitrogen is likely under-abundant,
thus reducing the abundance of HCN. Furthermore, dust may also be under-abundant, therefore,

radiation can better penetrate the dense gas and create HCO™ in larger volumes.

6.2.8 CN

The PDR and dense gas tracer CN is observed to be one order to magnitude more abundant in
M 82 than it is in IC 342 (see Table. 5.15). Iﬁj—NN abundances ratios are between 2.5 and 5.0
toward the four regions with strong emission in M 82 (see Fig. 5.1 and Table. 5.14). This is
consistent with the ratio found by Fuente et al. (2005), and is indicative of strong and dense
PDR regions in M 82 (Fuente et al. 2005). However, in IC 342, the ratio is between 2.5 and
3.5, suggesting a less dominant PDR presence in this galaxy. Baan et al. (2008) suggested that
if IfCNN > 1,then the environment is most likely an X-ray dominated region (XDR). The ratios
found in this study, albeit being greater than one, are not large enough to indicate such an XDR.
However, results from Aalto et al. (2002) where CN emission was not detected in many galaxies
known to contain an AGN where the X-ray ionisation rate is high, cast doubt on the assumption
that CN is enhanced in X-ray dominated regions (Krolik and Kallman 1983; Baan et al. 2008).
Many models indicate that CN is a product of photo-dissociated HCN, and is also enhanced in
strong UV fields through reactions of Cy and N, or CH and N, to form CN (Greaves and Church
1996; Rodriguez-Franco et al. 1998; Aalto et al. 2002). Aalto et al. (2002) also indicated that
CN has greater abundances than HCN in many starbursts that they observed, suggesting that
the % abundance ratio can be used as a PDR tracer. From this ratio, the results of this study
confirms that M 82 is a strong starburst galaxy, while IC 342, is dominated by a more quiescent

molecular interstellar medium.

6.29 CCH

Another difference in the chemical compositions between M 82 and IC 342 highlighted by this
work, is the abundance of CCH. Ethynyl (CCH) is formed either through the photodissociation
of C,H,, or through the dissociative recombination of C,;H,* or C;H3* with an electron (Meier
and Turner 2005 and references therein). Therefore, CCH traces diffuse PDR regions, where C*
and UV-photons are abundant. However, CCH is also destroyed in strong UV fields (Li et al.
2012). Therefore, it has been suggested that CCH can trace star formation in deeply embedded
environments, as well as different stages of starbursts (Li et al. 2012; Martin et al. 2015). CCH
is detected in extended and diffuse gas where the UV radiation is just strong enough to enhance
it (Li et al. 2012; Martin et al. 2015). It is important to study CCH closely, as its optical depth
declines in more evolved starbursts as it gets destroyed by strong UV-radiation, and by detect-
ing this molecule and comparing the intensities of its different hyperfine structure components
that one observes in the 3-mm range, one can precisely calculate its optical depth and therefore
determine the starburst stage (Li et al. 2012). Moreover, the intensity of CCH correlates well
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with the intensities of HC3N and HNC in regions of massive star formation, with CCH tracing,
extended diffuse gas.

CCH is two orders of magnitude more abundant in M 82 than it is in IC 342 (see Table. 5.15),
indicating once more the presence of strong PDRs in M 82 with an extended component, and
weaker, less intense PDRs in IC 342.

6.2.10 CS and C34S

In regions dominated by UV-radiation, CS is formed through dissociative recombination of
HCS* (HCS* +¢& — CS + H), and it would be destroyed by “photodissociation and charge
transfer with H"”” (Goicoechea et al. 2006). If the gas is shielded from UV-radiation, CS will then
be formed through dissociative recombination of OCS™ (OCS™ + & — CS + 0), and through
reactions between C and SO (Goicoechea et al. 2006). In such a shielded gas, ion-molecular
reactions with HCO™ and with H3O™ will destroy CS, but will form HCS™ , which in turn can
form CS (Goicoechea et al. 2006). CS is mainly seen as a probe of high density PDRs (eg.
Martin et al. 2009, 2015).

The high density (ng, > 10%cm™3) tracer CS is found to have a higher abundance in M 82 (by an
order of magnitude) than in IC 342 (see Table. 5.15) in this study. However, the column density
of CS in IC 342 is still substantial.

The abundances of CS (relative to C'80) in this study indicate the existence of high density
gas in both M 82 and IC 342. In order to determine whether a region is dominated by photo-
dissociation or by shocks, Martin et al. (2009) proposed comparing the column density of CS
to that of HNCO to distinguish between PDRs and shock dominated regions, since HNCO is
formed though shocks and is destroyed in PDRs, while CS is enhanced in PDR through reactions
with ST. If the column density ratio Hlégo > 1, it indicates that, since HNCO is more abundant
than CS, the region is dominated by shocks, and if on the other hand, Hlégo < 1, then CS is
more abundant than HNCO, and therefore, the region is dominated by photo-dissociation. Since
HNCO is not detected in M 82 in this work, the high abundance of CS is suggestive of strong
PDRs. In IC 342 however, the abundance ratio of Hggo is between 0.61 and 1.38 (Table. 5.14),
indicating the presence of both PDRs and shock dominated regions. Izumi et al. (2013) proposed
the use of —=¢ HCN to distinguish between AGN and starburst dominated galaxies, suggesting that
this ratio would be lower in AGNs and higher in PDRs. These differences can be due to a strong
enhancement of CS in high density PDRs, while it would be underproduced in AGNs (Aladro
et al. 2011b; Martin et al. 2015). In this study, the abundance ratio =< HCN is between 0.6 and 1.6
for M 82 and between 0.4 and 0.7 in IC 342 (Table. 5.14). Even though the HCN abundance
ratio is lower in IC 342 than it is in M 82, the differences are not large enough to conclude that
IC 342 is dominated by an AGN, for which there exists also otherwise no clear evidence. The
conservative conclusion would be that photo-dissociation by radiation is stronger in M 82 than
they are in IC 342.

The isotopic ratio of . 34 can be used to put limits on the isotopic ratlo of 23 %4s 5 (eg. Mauersberger
and Henkel 1989; Chin et al. 1996). In this study, IC 342 shows a 034s abundance ratio between
8 and 20 (Table. 5.14), which is similar to the results from previous interferometric observations
targeting IC 342 (Meier and Turner 2005). On the other hand, M 82 shows a ratio between 23
and 100 (Table. 5.14), suggesting a strong under-abundance of C31S relative to its isotope CS
in the galaxy. Aladro et al. (2015) presented an abundance ratio of c34s ~ 17 toward M 82.
This strong difference in the abundance ratios could be due to different amount of missing flux
between CS and C3*S, which were observed in different configurations. In both galaxies, CS is
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more abundant (relative to C**O) than C3S (see Table. 5.15 and Fig. 5.6, and 5.7). This over-
abundance of CS compared to C3S reflects on one hand the elemental i—g ratio, but could also
be enhanced through the presence of strong PDRs, followed by isotopologue selective photo-
dissociation (less shielding of C3'S against UV-photons) that are selectively dissociating C3'S
in M 82. Note that Wang et al. (2004) and Martin et al. (2005) proposed % ratios between 8 and
13 for some starburst galaxies. However, IC 342 is not a starburst galaxy, and the significantly
higher ratios in M 82 are more suggestive of a strong PDR dominated interstellar medium. In
the Galactic Centre of the Milky Way, an intensity ratio of % ~ 12 has been determined
(Lis et al. 2001). However, since it is not entirely clear whether the main isotopic CS line is
optically thin or thick, this ratio is then only a lower limit for the abundance ratio of -5 in the

oo
Milky Way.

6.2.11 SO

The sulfur-bearing molecule SO is formed through neutral-neutral reactions between S and OH,
and is considered chemically a late-time species (Meier and Turner 2005). In early times, C
is more abundant as it has not been turned to CO yet, and thus SO is more likely to turn into
CS, since it is destroyed through reactions with C* and C in environments where C and C* are
abundant (Meier and Turner 2005). Therefore, the abundance ratio % can be used to determine
the evolutionary stage of a molecular cloud, where a ratio % < 1 indicates early-times where
atomic C is highly abundant compared to O, and a ratio of %—S > 1 indicates late-time chemistry
(eg. Bergin et al. 1997; Nilsson et al. 2000). This would imply that, since column density ratios
are between 0.07 and 0.11 for M 82 and between 0.01 and 0.08 in IC 342 (Table. 5.14), early-
chemistry is dominant in both M 82 and IC 342. Both CS and SO are more abundant in M 82
than they are in IC 342 (see Table. 5.15). The low % ratios are due to a relative under-abundance
of SO compared to CS in both galaxies. The under-abundance of SO can be explained in terms
of its destruction in favour of CS in C rich environments in both galaxies, and it is clearly not due
to early-stage chemistry in M 82, but due to the presence of strong PDRs that are dissociating
complex molecules, providing the dense gas with enough C and C* atoms to favour the formation
of CS.

6.2.12 N,H"

The nitrogen-rich molecule NoH™ is a dense quiescent gas tracer in the Milky Way and it is
found to be more abundant in regions with high cosmic-ray ionisation rate, and with high No,
while it is less abundant in hot cores, outflows, and PDR regions (Meier and Turner 2005 and
references therein). NoH™ is only formed through the reaction between N, and H; and therefore
it is a tracer of No (Womack et al. 1992; Turner 1995a; Benson et al. 1998; Meier and Turner
2005). In diffuse gas, NoH™ is destroyed through dissociative recombination with electrons, and
in dark clouds through ion-neutral reactions with CO and O (Meier and Turner 2005).

In this study, NoH™ is one order of magnitude more abundant in M 82 than it is in IC 342 (see
Table. 5.15). Meier and Turner 2005 explained the NoH™ column density in IC 342 through
a high cosmic-ray ionisation rate that they estimated to be (o340 > 10~'"s~!. This could be
consistent with the values of cosmic ray ionisation rates found for the two galaxies in this work,
based on the models of Viti (2017), where the estimated model for IC 342 predicts a cosmic ray
ionisation rate of around ¢ = 2.5 x 10713571 (see Section 6.1). Another explanation could be
the rich variety of nitrogen-bearing molecules in IC 342 that is corroborated by the presence of
HC3N, HNCO, and NH3 (NHj3 is mainly observed at A ~ 1.3 ¢cm and is thus not part of this
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work) that have been detected in IC 342 in this work and in previous studies (eg. Meier and
Turner 2005).

The column density of NoH™ estimated in this work, when compared with the chemical models
of Viti (2017), point to a model where the cosmic ray ionisation rate in M 82 is ( = 2.5 X
101351, which is compatible with the observations that estimates a cosmic-ray ionisation rate
that vary between (yrso ~ 10717 and 1072 s~! (Farquhar et al. 1994; Seaquist and Frayer 2000;
van der Tak et al. 2008 and Paglione and Abrahams 2012).

In M 82, the abundances of NoH™ cannot be explained through strong cosmic-ray ionisation
rates alone, but possibly through a combination of UV-radiations and cosmic-ray ionisation (Gi-
nard et al. 2015). However, there is a strong correlation between the abundance of NoH™ and
the visual extinction of clouds in the V-band (A, ), where the abundance of NoH™ is negligible
in clouds with A, < 10 mag, but increases significantly in clouds where A, > 20 mag (Ginard
et al. 2015). The chemical models estimated a visual extinction of ~ 50 mag in the M 82, which
can also explain the column densities of NoH™ observed in this work. This correlation indicates
that dense gas with high column densities is present in M 82 clouds, providing a strong gas reser-
voir that could fuel future star formation (Ginard et al. 2015). This assumption is corroborated
by the high CS abundance relative to SO in M 82. N,H™ is also used as tracer of quiescent gas
(Mauersberger and Henkel 1991). Its presence in IC 342 with abundances similar to that of SiO
(see Table. 5.15) is indicative of the co-existence of quiescent and shocked gas in IC 342, as it
is the case with NGC 253 and in the Milky Way (Mauersberger and Henkel 1991).

6.2.13 HC;3N

The formation of HC3N (a typical species of early chemistry) is still unclear. However, the most
likely formation process is through neutral-neutral reaction between CoH, and CN, and it is
destroyed in PDR dominated regions and through reactions with C* (Turner et al. 1998; Meier
and Turner 2005 and references therein). Therefore, one expects that the morphology of HC3N
follows the morphology of CCH and CN. This is generally the case for IC 342 in this study, even
though CCH and CN are more extended in the galaxy than HC3N, that seems to be concentrated
in regions A, B, and C with no extended emission (see Figs. 5.18, 5.19, and 5.20). This less
extended morphology could be attributed to the existence of PDRs in IC 342 that might destroy
HCsN. It could also be, that HCsN has a weaker emission than other molecules, and therefore
only the peaks of the emission is detected in this study. This is more relevant in M 82 where
the distribution of HC3N is concentrated in small regions across the galaxy with no extended
emission (see Fig. 5.14, and 5.16), despite the fact that the abundance HC;N relative to C**O is
one order of magnitude higher in M 82 than it is in IC 342 (see Table. 5.15).

Aladro et al. (2011b) assumed that CS and HC3N have similar excitation temperatures and are
therefore tracing the same dense gas in M 82 and IC 342. Mauersberger et al. (1990) suggested
that HC3N is a good dense gas tracer. Rodriguez-Franco et al. (1998) and Aalto et al. (2002)
observed that HC3N shows low abundances in PDRs with an abundance ratio of Hgf(lN ~ 1073,
but high abundances in hot and dense cores. In this study, the column density ratio of HcclfIN
is around 1072 for both M 82 (the value is consistent with the results of Aladro et al. 2015)
and 1C 342 (Table. 5.14). The value of this ratio might differ from the typical PDR value of
HC:N 1073 (Aalto et al. 2002). However, this does not exclude the possibility of PDRs in

CN
M 82 and IC 342.
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6.2.14 C'70 and C!80

The relative abundances of C!7O and C¥0 gives insight on the 12—8 ratio, and hence, on the
dominant mass of stars forming in a given galaxy. During the helium-burning phase in massive
stars, the isotope 90 is produced from 2C, and *®O is produced from N (which is synthesised
from 2C in the CN-cycle and from 'O in the ON-cycle), while 7O is produced in intermediate-
mass stars during the hydrogen-burning phase in the ON-cycle (Heikkila et al. 1998). Hence, the
abundance of 10 is dependent on the abundance of 12C and the abundance of 1”O depends on the
abundance of 0. A low ratio would indicate that massive stars did not influence the metalhcity
of the surrounding ISM as much (Heikkila et al. 1998). In the study presented here, the 1 75 O ratio
is between 12 and 25 for IC 342, Wthh 1s consistent with the limit given by Sage et al. (1991)

which states that the ratio should be 170 O > 5. The Solar System value of the 170 ratio is 5.5
(Muller et al. 2006), and the typical value for an ISM in the Milky Way is 3-5 (eg.Wouterloot
et al. 2005). The values of the ﬁ—g ratio found in this study toward IC 342, are similar to the value
of 12 found toward PKS 1830-211, a relatively young galaxy with a redshlft of z = 0.89, with a
population of young massive stars (Muller et al. 2006). Toward M 82, the 1 5 9 ratio in this study
presented here, is between 1 and 3, which is much lower than the value of 8. 3 =+ 1.3 estimated by
Sage et al. (1991) and the value of 16.31 found by Aladro et al. (2015). The values found toward
M 82 in this study, are similar to the value of 1.6 found toward the Large Magellanic Cloud
(LMC) (Heikkila et al. 1998). The discrepancy between the values found in this work, and those
found in previous studies can be attributed to the low signal-to-noise, and/or low sensitivity of
the single-dish data. Martin et al. (2019b) reported similar discrepancies between the values
of the abundance 1?—8 obtained from single-dish data, and those obtained from interferometric
observations toward NGC 253.

In M 82, C!7O has slightly higher abundances relative to C**O than in IC 342 (see Table. 5.15).
This would indicate that massive stars are effective in influencing the ISM in both IC 342 and
M 82. An explanation for the under-abundance of C'7O relative to C!80, is that C*7O (that
has a lower optical depth than C*®0) is selectively photo-dissociated by UV-radiation, in favour
of C0 that is better self-shielded from that radiation at high H, column densities, making it
more overabundant relative to C!7O (the column density of H, would have to be 3 to 4 times
higher in order to shield C'7O, Ladd 2004). However C**O self-shielding is significant at high
H, column densities (> 10%' cm~2), and high A, > 13 mag (Wouterloot et al. 2005). At such
conditions, UV-radiation would not be able to affect the 1?—8, as C'70 would also be shielded
(Wouterloot et al. 2005). Another, more plausible, explanation, is that, since 80 is formed in
massive stars (that evolve faster than low mass stars) will be released into the ISM faster than 7O
that are mainly produced in low- and intermediate-mass stars (Martin et al. 2019b). The under-
abundance of C'70 relative to C'¥0 in M 82 and IC 342 (see Table. 5.15) can be explained by
the strong formation of massive stars in this galaxy.

6.2.15 13CO and Other 3C-bearing Molecules

The isotopologue *CO is detected in both M 82 and IC 342 with high abundances relative to
C!80 (see Table. 5.15). The '3C isotope is a secondary product from *2C which is produced
during the helium burning of massive stars (Meyer 1994; Wilson and Rood 1994). Specifically,
both '3C and !0 are mainly produced in low-metallicity fast-rotating massive and intermediate-
mass stars (Martin et al. 2019b and reference therein). Therefore, the high abundances of *CO
relative to C'80 observed in this study are the result of high abundances of '2C produced in
massive stars, that are formed in both M 82 and IC 342 (In this study, *CO is assumed to be

optically thin). The abundance ratio of S 130 is then an important diagnostic tool that determines
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the contribution of massive stars to the ISM, as '2C is produced during the nucleosynthesis of
massive stars, and 3C is produced in the CNO burning of intermediate-mass stars. Sage et al.
(1991) predicted a relation between the i—g ratio and the 3—8 ratio, where if the former is low, so is
the latter. In this study, two 3C- bearmg molecules were detected in M 82, namely H'3*CO™ and
13CO. The abundance ratio of 01(878 has a value of 6.22 — 12.0in M 82, and 4.7 — 5.7 in IC 342
(see Table. 5.15). These results are consistent with the values presented in Sage et al. (1991), and
previous single-dish observations of Aladro et al. (2015). However, in IC 342, five '3C-bearing
molecules were detected: H*CN, HB¥CO* HN*C, BCO, and 3CN, with ¥*CO having the
highest abundance of the five molecules relative to C'#0, while the others have relatively low
abundances relative to C'30 (see Table. 5.15). The carbon isotope ratio is E c >> 20 in starburst

dominated galaxies (Martin et al. 2010). In this study, the abundance ratio of = is derived from

13C
the disosr coo — column density ratio for M 82, and from Hlisgo - and isos in IC 342, assuming that
the main isotope lines are optically thin. In M 82, the abundance ratio is between 21 and 43.
However, since the optical depth of HCO™ is unknown, the ratio derived for M 82 is a lower
limit. In IC 342 is between 12 and 20, with one ratio reaching 25. These ratios corroborate once
again, that M 82 is dominated by a starburst involving the formation of massive stars, while the

stellar population in the centre of IC 342 have been produced in a much more quiescent stage.

6.3 Chemical Distribution and Correlations

The chemical compositions of M 82 and IC 342 has been extensively studied (eg. Mauersberger
and Henkel 1991; Sage et al. 1991; Mauersberger et al. 2003; Aladro et al. 2011b, 2015; Ginard
et al. 2015). However, few studies have focused on the distributions of the molecules detected
in these galaxies (eg. Meier and Turner 2005 fr IC342). Spatially resolving the chemistry
of a galaxy gives insight on the different mechanisms and physical processes that take place,
as it reveals the regions where each process is taking place. In order to study the chemical
distribution of these galaxies, the intensity distribution of the lines have been plotted (see Chapter
5 Section).5). Moreover, a Principal Component Analysis (PCA) has been applied on selected
lines in order to reveal possible correlations between the molecules, and to uncover differences
in the chemistry of distinct regions (see Chapter 5 Section).6).

6.3.1 Line Intensity Distribution
M 82

In M 82, four distinct emission regions were identified, where most of the line emission orig-
inates (see Fig. 5.1). The emission extends to cover 175x350pc (10" x 20”) in M 82. The
four emission regions and the selected positions for this study are presented in Table. 5.1, and
Table. 5.2. With the exception of a few molecules, the intensity of most molecular lines (CCH,
HCN, HCO™, HNC, 3CO, and CN) covers all four regions, and includes extended emission also
between these regions (see Figs. 5.14, 5.15, and 5.16). These lines indicate the presence of a
dense warm gas, with a particularly extended component traced by CCH. However, the intensity
distribution of CS, for instance, seems to be concentrated in the north-eastern region (Region A)
of M 82, revealing a high density PDR in this region. The isotopologue H'*CO™ is distributed
across the four regions, but shows a more concentrated distribution in the inner parts of these
regions, without any extension beyond the four distinct separate regions. This morphology could
be due to the fact, that only the peak emission of the weak H*CO™ is detected in this study, due
to the limited sensitivity of the interferometer. The flux distribution of CH3;CCH hints at the
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regions where the photo-dissociation is most effective. This distribution extends over the four
regions, but is mostly concentrated in the northeastern region of the galaxy (Region A). The
flux distributions of C'*Q (Region A, B, C, and D), and the Ha recombination lines (mostly in
Region C and D) reveal the formation regions of massive stars that are influencing significantly
the chemistry of the ISM. On the other hand, the concentrated distribution of NHJ hints at the
regions where cosmic-ray ionisation rate is influencing the chemistry, and where the molecular
column densities are exceptionally large. These regions traced by NH; host quiescent gas, that
can act like a reservoir for future star formation. In general, the molecular gas in M 82 seems to
be mostly chemically homogeneous showing little diversity, with some regions highlighted due
to strong PDRs, and/or cosmic-ray affecting the chemistry. This homogeneity is due to a strong
PDR presence across the four different regions from the late-type starburst galaxy.

IC 342

Despite differences in the chemical composition between M 82 and IC 342, the distribution of
the various molecular species seem to extend over all main regions of the galaxies. The emission
extends to cover 80x480 pc (5” x 30”) in IC 342. The three emission regions and the selected
positions for this study are presented in Table. 5.1, and Table. 5.2. In IC 342, CCH, HNCO,
HCN, HCO™, HNC, CS, C*0, 3CO, and CN show an extended and strong emission across the
three main emission regions (see Figs. 5.17, 5.18, 5.19, 5.20, and 5.21). These molecules are
tracing dense gas, with an extended component and are highlighting the regions where massive
stars have contributed to the ISM. The HNCO intensity is extended over the three main emission
regions in IC 342, and indicates a dominant shock chemistry across the galaxy. This distribution
is much more extended than the distribution of other shock tracers such as SiO, HNCO and
CH3OH that cover Region A, and parts of Region B and C of the galaxy, possibly highlighting the
regions where shocks are more pronounced. The distributions of HC3N, HNC, HNCO, and NHéF
are similar, highlighting regions with high nitrogen abundance. HC3N is tracing dense gas in the
galaxy, while NHJ highlights regions with strong stellar feedback, a gas reservoir for future star
formation, and regions affected by cosmic-rays. The main difference in the intensity distribution
between the two galaxies is highlighted by the intensity distribution of C*®Q, which is extended
across the emission regions of IC 342 and concentrated in small regions across M 82. Since
C'80 is a column density tracer, this difference in the distribution indicates that the molecular
gas in M 82 resides in well shielded pockets, while in IC 342 such gas is more extended.

6.3.2 Principal Component Analysis

Now that the intensity distribution of the molecular lines has been analysed and the chemistry
assigned to physical regions, one can check for correlations or differences between the detected
molecules. For this purpose, a Principal Component Analysis (PCA) has been applied, and the
results are presented in Chapter 5 Section5.6.

M 82

Seven molecular lines (CCH, HCN, HCO*, HNC, CS, '3CO, and CN) were selected for the PCA
application in M 82. The correlation matrix (see Table 5.18) shows a strong correlation between
all molecules except 1*CO. The highest correlation coefficient is 0.93 between HCN and HCO™,
followed by a correlation coefficient of 0.92 between HCN and CCH. This correlation indicates
that the dense gas tracers HCN, HCO*, HNC, CS, and CN are very well correlated with CCH, a
PDR tracer of extended gas, and thus, that the dense gas and the extended gas co-exist in M 82.
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However, the weak correlation between *CO and the other dense gas tracer molecules, indicates
the presence of a lower density molecular gas component that has not been dissociated yet by
the strong radiation field in M 82.

The scores of the principal components were plotted in Fig. 5.28, with the tomographs plotted in
Fig. 5.29. From the score plots, all molecules have positive scores projected on the first principal
component (PC). This is also seen in the map of the first PC. The first PC map looks very similar
to the intensity distribution of the molecules tracing the dense gas. This indicates, that on larger
scales, the gas in M 82 is mostly homogeneous, where the dense and the extended components
of the gas co-exist. However, the second PC scores of BCO and CN are positive, while the
scores of the other molecules are negative. This highlights slight differences between the two
groups of molecules. This is reflected in the map of the second PC, in the regions depicted in red
and yellow (}3CO, and CN), and the blue regions correspond to molecules with negative scores
(CCH, HCN, HCO™, HNC, and CS). These differences highlight regions where each group of
molecules is more dominant: **CO and CN (persumably representing less dense environments)
are more dominant in the red and yellow regions (coinciding with Region A and C), while CCH,
HCN, HCO*, HNC, and CS are more dominant in the blue regions. The other PCs (3, 4, 5, 6,
and 7) are highlighting further differences in the chemistry of M 82. However, due to their low
variance (see Table 5.19), these differences are negligible.

IC342

For the PCA application in IC 342, five lines were selected (HCN, HCO™, C*®O, HNCO, and
13C0O). As seen in the correlation matrix (Table. 5.20), all molecules (with the exception of
HNCO) are well correlated with each other. The highest correlation coeflicient is 0.99 corre-
lating HCN and HCO™. The second highest correlation coefficient is 0.92 between *CO and
C!80. HNCO is well correlated with C*®O (0.72) showing that shocks are present across IC 342.
This correlation is seen again between *CO and HNCO (0.60). These correlations might imply
that the shocks are caused by winds from massive stellar outflows.

In Fig. 5.30, the scores of the PCs are plotted, and the tomographs are presented in Fig. 5.31.
The scores of the first PCs are all positive for all molecules, indicating a first-order correlation
between all molecular lines. The map of the first PC shows similarities with the intensity distri-
bution of HCN and most other gas dense tracers. However, the strong differences in the second
PC scores show significant differences in the chemistry in the galaxy. The scores of the sec-
ond PC of HCN, HCO™, and ¥*CO are negative, while they are positive for HNCO, and C*?0O.
These scores are reflected in the map of the second PC where the blue region in the centre of
IC 342 corresponds to HCN, HCO™, and *CO, while the red and yellow regions surrounding
the centre correspond to HNCO, and C*®O. This shows that the dense hot gas, traced by HCN
and HCO™ is concentrated in the centre of IC 342, while the shocks, and the regions affected
by massive stars are mostly distributed at the edge of the galaxy. This result is consistent with
the interferometric results presented by Meier and Turner (2005), who also applied PCA, and
found a significant correlation between HNCO and C'®O, and argued that the shock regions are
related to the spiral arms of the galaxy. The data presented here has better angular resolution
than the data used by Meier and Turner (2005), allowing for a better spatial distribution imaging
and analysis.






Chapter 7

Summary and Outlook

This study focuses on the central molecular zones of two nearby galaxies, M 82 and IC 342.
Using data from the Plateau de Bure Interferometer (PdBI) (now known as NOrthern Extended
Millimetre Array (NOEMA)) with six antennas in different configurations, the innermost 50 to
200 pc of M 82 and IC 342 were targeted, with a resolution of 2.9” and 2.7”, respectively, cover-
ing the 3-mm range from 85.7 to 115.1 GHz. The molecular survey was performed, with the goal
to create an unbiased spatially resolved inventory of the molecular content in the CMZ of these
two galaxies, and to assign chemical properties to physical regions within these galaxies. An-
other objective of this thesis is to relate the chemistries to the strong difference in star formation
rate between M 82 and IC 342, despite the fact that these galaxies share many similarities.

Four main emission regions were identified in M 82 (Region A, B, C, and D), and three were
identified in IC 342 (Region A, B, and C). Images of the molecular line emission, the distribu-
tion of their flux density, velocity and width, and the emission spectra from different regions in
the galaxy are presented. The obtained spectra were identified, and physical properties such as
flux density and column density were extracted. The estimated column densities were compared
with the column densities predicted by chemical models. Finally, a principal component anal-
ysis (PCA) has been applied on the data in order to uncover correlation between the different
molecules, as well as highlight the differences in their spatial distribution.

The results of these analyses can be summarised as follow:

e In M 82, 15 molecular species with different transitions, in addition to three radio Ho
recombination lines have been identified, while 22 molecular species have been identified
in IC342.

e The detection of H41a, H40«, and H39« radio recombination lines in M 82, indicates
the presence of hot ionised gas in the CMZs of the galaxy (with temperature reaching
~ 10*K), and traces regions of massive star formation. These lines were not detected
in IC342. They were mainly detected in the south-western regions (C, and D) in M 82,
while other PDRs and dense gas tracers where detected in all regions (A, B, C, and D)
in the galaxy. This indicates that while star formation is taking place in all regions of the
galaxy (as traced by CCH, CH3CCH, and CN), the young massive stars are mostly formed
in regions C and D.

e In M 82, as well as in IC 342, the abundances of the molecules relative to C'80 are fairly
similar within the different regions of each galaxy, indicating a certain homogeneity in the
chemical composition in each galaxy.

139
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e A number of molecules were detected in both galaxies: HCN, HNC, HCO™, CN, CCH,
H'3CO™, HC3N, N,H*, CS, CH3CCH, C'#0, C!70, 3CO.

e However, despite the many similarities in the chemical composition of these two galaxies,
there are many differences:

— Shock tracers like SiO, HNCO, and CH30H were detected in IC 342, with an ex-
tended flux distribution covering the different regions in the galaxy. This indicates
that the gas in IC 342 is heated through mild shocks (traced by HNCO) and violent
shocks (traced by SiO). Complex molecules such as CH;OH, and CH3CN detected
in IC 342 indicate the presence of hot gas. The absence of shock tracers and com-
plex molecules in M 82 is indicative of a strong photo-dissociation radiation which
destroys complex molecules.

— The abundance of CCH relative to C'®0 in M 82 is two orders of magnitude higher
than in IC 342. Its presence in M 82 indicates the presence of strong PDRs with an
extended diffuse component of the ISM gas in the galaxy. The lower abundances of
CCH suggest the existence of weak and less intense PDRs in IC 342.

— The high abundance of CH3CCH and the absence of other complex molecules in
M 82 suggest that the chemistry of CH3CCH is fundamentally different from that of
e.g. CH3CN, and CH3OH, and possibly related to strong UV-radiation from PDRs.
More observations and chemical modelling are required to shed more light on the
formation and destruction of CH3;CCH. The much lower abundance of this molecule
in IC 342 may be due to the absence of strong photo-dissociation radiation the galaxy.
This conclusion is corroborated by the abundance of HNCO and the low abundance
of CCH in IC 342, as HNCO is destroyed in the presence of PDRs.

— The isotopic ratio 1?—8 derived from C'®O and C'7O is between 1 and 3 toward M 82,
and between 12 and 25 toward IC 342 (the standard value in the Galactic ISM is 3-5).
The abundances of C7O and the strong presence of C'*O in both galaxies indicate
that young massive and intermediate-mass stars have greatly influenced the ISM in
this galaxy.

— The isotopic ratio 12—8 derived from '3C-bearing molecules highlighted once more
the presence of strong starburst and massive stars in M 82. The ratios found toward
IC 342 indicated the presence of intermediate-mass stars.

e Chemical modelling showed that the Model 36 of Viti (2017) best describes the chemistry
in M 82 and IC342. This model indicates that the cosmic-ray ionisation rate in those
two galaxies is significantly stronger than it is in the Milky Way, and that the UV-radiation
field in these galaxies is very similar to that in the Galaxy. However, a strong UV-radiation
field can be diminished by a high visual extinction. The model also showed that M 82 and
IC 342 has a dense hot gas with a strong visual extinction (A4, ~ 50 mag).

e The molecular flux distribution showed that in M 82, the chemistry is mostly homoge-
neous, showing little diversity between the different regions. Regions traced by the Ho
recombination lines highlighted the regions where massive stars are greatly influencing
the ISM, and NHj traces regions where ISM is influenced by comic rays, and quiescent
dense gas, that can act as fuel for future star formation. Tracers of dense gas are detected
toward all regions of M 82.
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e The molecular flux distributions in IC 342 also show a homogeneous chemistry in the dif-
ferent regions of the galaxy. The similar intensity distribution of SiO and HNCO indicated
the dominance of shocks across the different regions observed in this galaxy. CH30OH ex-
hibits a more concentrated distribution highlighting the regions where shocks are more
pronounced. The similar distributions of NH;, HCsN, HNC, and HNCO highlighted the
regions where nitrogen is efficiently transformed into molecules.

e The PCA showed strong correlation between tracers of dense gas (HCN, HCO™, HNC,
CS, CN) and tracers of extended diffuse gas (CCH) in M 82. This correlation suggests
that the dense component and the extended component of the ISM in M 82 co-exist, even
at a high angular resolution. The weak correlation between 3CO and the other molecules
can be explained if *CO traces a diffuse molecular component with a low density while
the other molecules trace mainly denser gas.

e The application of PCA in IC 342 shows a strong correlation between the shock tracer
HNCO and both C'®0 and '*CO. These strong correlations indicate that shocks are dom-
inating and are spread across IC 342, and that these shocks are most likely due to winds
from massive stars. Moreover, the second PC scores showed a concentration of dense and
warm gas (traced by HCN, and HCO™) in the centre of IC 342, while shocks (traced by
HNCO) are mostly dominating the outer regions of the galaxy.

In conclusion, the gas in M 82 is dominated by strong PDRs, heating the dense gas that is still
present in the galaxy. This dense gas can act as fuel for future star formation. However, this
new generation of star formation can be halted, if the dense gas is continuously being heated by
massive stars and PDR regions. On the other hand, the dense gas in IC 342 that is mostly con-
centrated in the central regions, is heated through mild and violent shocks, possibly preventing
an efficient star formation.

Despite the high spatial resolution of the data, molecular lines such as SiO, and HNCO have
escaped detection in M 82 due to their low abundance in the central molecular zones of this
galaxy, and the limited sensitivity of the PdBI interferometer data used in this study. Molecular
surveys targeting the CMZs in M 82 and IC 342 with higher spatial resolution and better sensi-
tivity would offer more details on the molecular line intensity distribution, and the correlation
between these molecules. Performing a molecular survey similar to the one presented in this
study towards known AGN such as IC 5063 and 4C 12.50. In these two galaxies, the AGN activ-
ity seems to influence the surrounding ISM within few kpc of the nucleus (Dasyra et al. 2015,
2016; Oosterloo et al. 2017; Fotopoulou et al. 2019). Such a molecular survey can shed light
on the influence of the AGN activity on the chemical composition of the surrounding molecular
gas.
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Appendix A

Continuum Images
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Figure A.1: MZ82 continuum at 87.1 GHz (top left) (contour levels from -10 to
26 mJy beam ™! km s~! by steps of 2 mJy beam ! km s~!), at 91.2 GHz (top right) (contour lev-
els from-1.5 to 14 mJy beam ! km s~! by steps of 2 mJy beam ! km s~1), at 94.8 GHz (bottom
left) (contour levels from -1.5 to 12mJybeam ™' kms~! by steps of 1 mJybeam ' kms=1),
at 98.4 GHz (bottom right) (contour levels from -3.5 to 18 mJy beam ™' kms~! by steps of

2mJybeam ' kms™!)
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Figure A.2: MS82 continuum at 102GHz (top left) (contour levels from -4 to
16 mJy beam ' kms™! by steps of 2mJy beam ™! kms™!), at 105.6 GHz (top right) (contour
levels from -3 to 24 mJy beam ! km s~ by steps of 2mJy beam ! km s~!), at 109.2 GHz (bot-
tom left) (contour levels from -0.5 to 7 mJy beam ™! km s~! by steps of 1 mJy beam ™! km s™!),
and at 112.8 GHz (bottom right) (contour levels from -1.5 to 20 mJy beam ! kms~! by steps
of 2mJy beam ™! kms1)
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A2 1IC342
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Figure A.3: 1C342 continuum at 87.1 GHz (top left) (contour levels from -0.6 to
2.6mJy beam ' kms~! by steps of 0.2mJy beam™~!kms™!), at 91.2 GHz (top right) (con-
tour levels from -0.01 to 1.8mJybeam 'kms™' by steps of 0.2mJybeam ! kms™1),
at 94.8 GHz (middle left) (contour levels from -0.6 to 2.6mJybeam 'kms™' by steps
of 0.2mJybeam *kms™!), at 98.4GHz (middle right) (contour levels from -0.4 to
2mJybeam~tkms~! by steps of 0.2mJybeam~!kms™!), at 102 GHz (bottom left) (con-
tour levels from -0.6 to 2.2mJybeam ™' kms™! by steps of 0.2mJybeam~'kms™'), and
at 105.6 GHz (bottom right) (contour levels from -0.8 to 3mJy beam ™' kms~! by steps of
0.2mJy beam tkms1t)
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Figure A.4: 1C342 continuum at 109.2GHz (left) (contour levels from -0.8 to
2.2mJybeam 'kms™! by steps of 0.2mJybeam 'kms~!), and at 112.8 GHz (right)
(contour levels from -0.6 to 2.8 mJy beam ™! km s™! by steps of 0.2 mJy beam ' kms™!)
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Spectra

B.1 MS82

B.1.1 Complete M 82 spectra
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Figure B.1: M 82 complete spectrum from 85.7 to 115.1 GHz. The bottom x-axis shows the

frequency in MHz and the top x-axis shows the velocity in kms™. The y-axis shows the flux
density in Jy.
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Figure B.2: M 82 spectrum at 87.1, 91.2, 94.8, 98.4, 102, 105.6,

axes are the same as in Fig. B.1.
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B.1.2 M 82 spectra in Position A
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Figure B.3: M 82 complete spectrum in Position A. The axes are the same as in Fig. B.1.

1;1 M82 87100 UNKNOWN 0:17—-MAY—2017 R:17-MAY—-2017 2;1 M82 91200 UNKNOWN 0:17—MAY—-2017 R:17-MAY—2017
RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az. 0.0° Offs: +14.2 +1.6 RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az. 0.0° Dffs: +14.4 +1.6
Unknown  tau: 0.000 Tsys: 0. Time: Q.0sec El: 0.0 Unknown tau:  0.000 Tsys: 0. Time: 0.0sec El 0.0
N: 1843 I0: 666.300 va:  250.0 Dv: —6.723 LSR N: 1843 I0: 666.300 va:  0.000 Dv: —6.420 LSR
FO:  87100.0000 Df: 1.953 Fis N/A FO:  91200.0000 Df:  1.953 Fir N/A
0 -5000 a —5000
! ' o.04 | i i ]
0.1 | s o ae
M 82 — Position A M 82 — Position A
87.1 GHz 91.2 GHz
0.05 |- B
& M A I
| I I I | | | |
88000 87000 88000 89000 90000 91000 92000 93000
Rest Frequency (MHz) Rest Freguency (MHz)
31 M82 04800 UNKNOWN 0:17—MAY—2017 R:17—MAY-2017 4;1 M82 98400 UNKNOWN 0:17—MAY =2017 R:17-MAY—2017
RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az. 0.0° Offs: +14.3 +1.5 RA: 09:55:51.90 DEC: 63:40:47.1 Eq 2000.0 Az. 0.0° Offs: +14.4 +1.5
Unknown  tau: 0.000 Tsys: 0. Time: Q.0sec El: Q.0 Unknown  tau:  0.000 Tsys: 0. Time: 0.0sec El: 0.0
N: 1843 10: ©666.300 VO: 0.000 Dve: =878 LSR N: 1843 10: 666.300 vo 0.000 e —B.9581 LSR
FO:  94800.0000 Df:  1.953 Fi: N/A FO:  98400.0000 Df:  1.953 Fi: N/A
0 -5000 a —-5000
T T T T
0.002 - spe
M 82 — Position A o
M 82 - Position A
94.8 GHz
D109 f 98.4 GHz
1} 0.05 - g
Iy
o
—-0.001 -
0 i - S . J perdodiy
—-0.002 -
94000 95000 96000 97000 98000 99000 100000

Rest Frequency (MHz)

Figure B.4: M 82 spectrum at 87.1, 91.2,
B.1.
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Figure B.5: M 82 spectrum at 102, 105.6, 109.2, and 112.8 GHz. The axes are the same as in

Fig. B.1.
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Figure B.6: M 82 complete spectrum in Position B. The axes are the same as in Fig. B.1.
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Figure B.8: M 82 complete spectrum in Position C. The axes are the same as in Fig. B.1.
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Figure B.9: M 82 spectrum at 87.1, 91.2, 94.8, and 98.4 GHz. The axes are the same as in Fig.

B.1.
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Figure B.10: M 82 spectrum at 102, 105.6,
Fig. B.1.
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Figure B.11: M 82 complete spectrum in Position D. The axes are the same as

in Fig. B.1.
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Figure B.12: M 82 spectrum at 87.1, 91.2, 94.8, 98.4, 102, 105.6, 109.2, and 112.8 GHz. The
axes are the same as in Fig. B.1.
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Figure B.13: IC 342 complete spectrum. The axes are the same as in Fig. B.1.
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Figure B.14: IC 342 spectrum at 87.1, 91.2, 94.8, 98.4, 102, 105.6, 109.2, and 112.8 GHz.

axes are the same as in Fig. B.1.
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B.2.2 1C 342 spectra in Position A
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Figure B.15: IC 342 complete spectrum in Position A. The axes are the same as in Fig. B.1.
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Figure B.16: 1C 342 spectrum at 87.1, 91.2, 94.8, and 98.4 GHz (right). The axes are the same
as in Fig. B.1.
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Figure B.17: IC 342 spectrum at 102, 105.6, 109.2, and 112.8 GHz. The axes are the same as in
Fig. B.1.
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Figure B.18: IC 342 complete spectrum in Position B. The axes are the same as in Fig. B.1.
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Figure B.19: 1C 342 spectrum at 87.1, 91.2,
are the same as in Fig. B.1.
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B.2.4 1C 342 spectra in Position C
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Figure B.20: IC 342 complete spectrum in Position C. The axes are the same as in Fig. 5.1.
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Figure B.21: IC 342 spectrum at 87.1, 91.2, 94.8, and 98.4 GHz. The axes are the same as in
Fig. B.1.
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Figure B.22:
Fig. B.1.
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Figure C.1: H'3CO™ at 86.754 GHz in M 82. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.55 Jy beam ™' kms~! by steps of
0.05 Jy beam~! kms~1). Bottom left: line velocity distribution (contour levels from -200 to
600km s~! by steps of 100). Bottom left: line width distribution (contour levels from 100 to
900 km s~! by steps of 100).
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Figure C.2: CCH at 87.317GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.5 to 7.5 Jy beam !'kms™! by steps of
0.5 Jybeam~!kms™!). Bottom left: line velocity distribution (contour levels from -200 to
600km s~! by steps of 100). Bottom right: line width distribution (contour levels from 100
to 900 km s~! by steps of 100).
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Figure C.3: HCN (1-0) at 88.632 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.5 to 6.5 Jy beam~!'kms~' by steps of
0.5Jybeam~!kms™!). Bottom left: line velocity distribution (contour levels from 20 to
400km s~! by steps of 20). Bottom right: line width distribution (contour levels from 20 to
300km s~! by steps of 20).
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Figure C.4: HCO™ at 89.189 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 1 to 11 Jybeam!'kms™' by steps of
1 Jybeam 'kms~!). Bottom left: line velocity distribution (contour levels from -250 to
350kms~! by steps of 50). Bottom right: line width distribution (contour levels from 50 to
450 km s~! by steps of 50).
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Figure C.5: HNC at 90.664 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.2 to 3.8 Jybeam ! kms™! by steps of
0.2 Jybeam~!kms~!). Bottom left: line velocity distribution (contour levels from -300 to
600km s~! by steps of 100). Bottom right: line width distribution (contour levels from 50 to
450 km s~! by steps of 50).
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Figure C.6: HC3N at 90.978 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.7 Jy beam ' kms™! by steps of
0.05 Jy beam ™! kms™1). Bottom left: line velocity distribution (contour levels from -200 to
600km s~! by steps of 100). Bottom right: line width distribution (contour levels from 50 to
600 km s~! by steps of 50).
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Figure C.7: H4la at 92.034 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.4 Jybeam 'kms~! by steps of
0.05Jy beam~!kms~1). Bottom left: line velocity distribution (contour levels from 20 to
340kms~! by steps of 20). Bottom right: line width distribution (contour levels from 10 to
130km s™! by steps of 10).
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Figure C.8: NoH™ at 93.174 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.45 Jy beam ™' kms™! by steps of
0.05 Jy beam ™! kms™1). Bottom left: line velocity distribution (contour levels from -200 to
600km s~! by steps of 100). Bottom right: line width distribution (contour levels from 5 to
55kms~! by steps of 5).
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Figure C.9: C34S at 96.413GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.01 to 0.11 Jy beam ' kms~! by steps of
0.01 Jy beam~!kms~1). Bottom left: line velocity distribution (contour levels from -200 to
600km s~! by steps of 100). Bottom right: line width distribution (contour levels from 100 to
800 km s~! by steps of 100).
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Figure C.10: CS at 97.981 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.5 to 6.0 Jy beam~!'kms™! by steps of
0.5 Jybeam~!kms™!). Bottom left: line velocity distribution (contour levels from -300 to
700kms~! by steps of 100). Bottom right: line width distribution (contour levels from 100
to 1000 km s~ by steps of 100).
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Figure C.11: H40« at 99.023 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.8 Jy beam 'kms~! by steps of
0.05 Jy beam ™! kms~1). Bottom left: line velocity distribution (contour levels from -200 to
700 km s~! by steps of 100). Bottom right: line width distribution (contour levels from 100 to
1000 km s~! by steps of 100).
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Figure C.12: CH3CCH at 102.548 GHz in M 82 .Top left: line image with its spectrum.
Top right: line flux distribution (contour levels from 0.2 to 3.2 Jy beam~!kms~! by steps
of 0.2 Jy beam ™! kms™!). Bottom left: line velocity distribution (contour levels from 50 to
650kms~! by steps of 50). Bottom right: line width distribution (contour levels from 20 to

300km s~! by steps of 20).
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Figure C.13: H39« at 106.737 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.6 Jy beam 'kms~! by steps of
0.05 Jy beam~! kms~1). Bottom left: line velocity distribution (contour levels from -100 to
400kms~! by steps of 50). Bottom right: line width distribution (contour levels from 5 to

70km s~! by steps of 3).
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Figure C.14: HC3N at 109.174 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.5 Jy beam 'kms™! by steps of
0.05 Jy beam ™! kms™1). Bottom left: line velocity distribution (contour levels from -200 to
600kms~! by steps of 20). Bottom right: line width distribution (contour levels from 2 to
38 kms! by steps of 2).
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Figure C.15: C'¥0 at 109.782 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.02 to 0.36 Jy beam *kms~! by steps of
0.02 Jy beam ™! kms~!). Bottom left: line velocity distribution (contour levels from -200 to

600km s~! by steps of 100). Bottom right: line width distribution (contour levels from 10 to
130km s™! by steps of 10).
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Figure C.16: '3CO at 110.201 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.2 to 3 Jybeam 'kms™' by steps of
0.2 Jybeam!'kms™!). Bottom left: line velocity distribution (contour levels from -50 to
550kms~! by steps of 50). Bottom right: line width distribution (contour levels from 50 to
550km s~! by steps of 50).
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Figure C.17: CN at 113.191 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.5 to 5Jybeam ‘kms™' by steps of
0.5 Jybeam ! kms~!). Bottom left: line velocity distribution (contour levels from -250 to
500kms~! by steps of 50). Bottom right: line width distribution (contour levels from 50 to
550km s~! by steps of 50).
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Figure C.18: CN at 113.491 GHz in M 82 .Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 2 to 22 Jybeam 'kms™' by steps of
2Jybeam 'kms™1). Bottom left: line velocity distribution (contour levels from 50 to
650km s~! by steps of 50). Bottom right: line width distribution (contour levels from 20 to
280km s~! by steps of 20).
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Figure C.19: H!*CN at 86.754 GHz in IC 342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.02 to 0.32 Jy beam ' kms~! by steps of
0.02 Jy beam ™! kms™!). Bottom left: line velocity distribution (contour levels from -200 to

400 km s~! by steps of 50). Bottom right: line width distribution in (contour levels from 50 to
400 km s~! by steps of 50).
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Figure C.20: H¥*CO™ at 86.754 GHz in IC 342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.5 Jy beam™'kms™! by steps of
0.05 Jy beam ™! kms™1). Bottom left: line velocity distribution (contour levels from -350 to
400km s~! by steps of 50). Bottom right: line width distribution (contour levels from 50 to
750 km s~! by steps of 50).

68°06'00" F

0.4

68°05'50" -

T T
0.724 (dykm/s)

°
B
)

T
I

o

o

68°06'00" [h o =

68°05'40" -

68°05'30" (=

Area (Jy/bearmn.km/s)

g |

L

| a

&

2

Sntegrated Flux (Jy
o

3'46™50% —-200 3} 200 400 L
Absolute coordinates Velocity (km.s ') 3"46M50° 48° 46°

68°06'00" [ ; ; ; 68°06'00" [
20¢
40¢
68°05'50"" - 68°05'50"" -
0
20¢
68°05'40"" - 68°05'40"" - -
g
-
-2
. . . .
3"46M50° 48° 46° 3"46M50° 48° 46°

Figure C.21: SiO at 86.754 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.5 Jy beam 'kms~! by steps of
0.05 Jy beam ™! kms~1). Bottom left: line velocity distribution (contour levels from -300 to
350kms~! by steps of 50). Bottom right: line width distribution (contour levels from 50 to
550km s~! by steps of 50).
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Figure C.22: HN'3C at 86.754 GHz in IC 342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.01 to 0.08 Jy beam ™! kms~! by steps of
0.01 Jy beam ™! kms~1). Bottom left: line velocity distribution (contour levels from -350 to
500kms~! by steps of 50). Bottom right: line width distribution (contour levels from 50 to
400 km s~! by steps of 50).
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Figure C.23: CCH at 87.317 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.1 to 1.38 Jybeam *kms~! by steps of
0.1 Jybeam~!kms™!). Bottom left: line velocity distribution (contour levels from -180 to
100km s~ by steps of 20). Bottom right: line width distribution (contour levels from 10 to
170 km s~! by steps of 10) (The velocity distribution and width distribution were plotted for the
line at 87.402 GHz with a range of -200 to 200 km s™1).
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Figure C.24: HNCO at 87.925 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.1 to 0.9 Jy beam™!'kms™! by steps of
0.1 Jybeam~'kms™!). Bottom left: line velocity distribution (contour levels from 10 to
100km s~ by steps of 10). Bottom right: line width distribution (contour levels from 10 to
180 km s~! by steps of 50).
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Figure C.25: HCN at 88.631 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.5 to 4.5 Jybeam~!'kms~! by steps of
0.5Jybeam ! kms™!). Bottom left: line velocity distribution (contour levels from 20 to
340kms~! by steps of 20). Bottom right: line width distribution (contour levels from 20 to
180 km s~! by steps of 20).
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Figure C.26: HCO™ at 89.188 GHz in IC 342. Top left: line image with its spectrum.

Top

right: line flux distribution (contour levels from 0.2 to 3.6 Jy beam 'kms™! by steps of
0.2 Jybeam~'kms™!). Bottom left: line velocity distribution (contour levels from 10 to
110kms~" by steps of 10). Bottom right: line width distribution (contour levels from 5 to

75kms~! by steps of 5).
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Figure C.27: HNC at 90.663 GHz in IC342. Top left: line image with its spectrum.

Top

right: line flux distribution (contour levels from 0.2 to 1.8 Jybeam 'kms™! by steps of
0.2 Jybeam~!kms~!). Bottom left: line velocity distribution (contour levels from -300 to
400kms~! by steps of 50). Bottom right: line width distribution (contour levels from 50 to

450 km s~! by steps of 50).
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Figure C.28: HC3N at 90.978 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.55 Jy beam™'kms™! by steps of
0.05 Jy beam ™! kms™1). Bottom left: line velocity distribution (contour levels from -350 to
350kms~! by steps of 50). Bottom right: line width distribution (contour levels from 50 to

500km s~! by steps of 50).
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Figure C.29: NoH™ at 93.173 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.7 Jy beam 'kms~! by steps of
0.05 Jy beam ™! kms~1). Bottom left: line velocity distribution (contour levels from -340 to
60kms~! by steps of 20). Bottom right: line width distribution (contour levels from 20 to

320km s~! by steps of 20).
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Figure C.30: C3'S at 96.413 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.02 to 0.22 Jy beam ™' kms™! by steps of
0.02 Jy beam ™! kms™1). Bottom left: line velocity distribution (contour levels from -350 to
100kms~! by steps of 50). Bottom right: line width distribution (contour levels from 2 to
18 km s~! by steps of 20).
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Figure C.31: CH3OH at 86.754 GHz in IC342. Top left: line image with its spectrum.
Top right: line flux distribution (contour levels from 0.1 to 1.6 Jy beam~'km s~ by steps of
0.1 Jybeam~!kms~!). Bottom left: line velocity distribution (contour levels from -220 to

80kms~! by steps of 20). Bottom right: line width distribution (contour levels from 10 to
170 km s~! by steps of 10).
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Figure C.32: CS at 97.973 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.2 to 2Jybeam 'kms™! by steps of
0.2 Jybeam~!'kms™!). Bottom left: line velocity distribution (contour levels from -80 to
260kms~! by steps of 20). Bottom right: line width distribution (contour levels from 20 to
320kms~! by steps of 20).
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Figure C.33: SO at 99.299 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.02 to 0.32 Jy beam *kms~! by steps of
0.02 Jy beam~!kms~1). Bottom left: line velocity distribution (contour levels from -60 to
50kms~! by steps of 10). Bottom right: line width distribution (contour levels from 20 to
340km s~! by steps of 20).
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Figure C.34: HC3N at 100.076 GHz in 1C 342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.65 Jy beam ™' kms™! by steps of
0.05 Jy beam ™! kms™1). Bottom left: line velocity distribution (contour levels from -250 to
400kms~! by steps of 50). Bottom right: line width distribution (contour levels from 2 to
26 kms~! by steps of 2).
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Figure C.35: CH3OH at 108.894 GHz in IC 342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.05 to 0.5 Jybeam *kms~! by steps of
0.05 Jy beam~! kms~1). Bottom left: line velocity distribution (contour levels from -200 to
350kms~! by steps of 50). Bottom right: line width distribution (contour levels from 2 to

22kms™! by steps of 2).
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Figure C.36: HC3N at 109.173 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.1 to 0.8 Jy beam~!'kms™! by steps of
0.1 Jybeam~!kms™!). Bottom left: line velocity distribution (contour levels from -150 to
350kms~! by steps of 50). Bottom right: line width distribution (contour levels from 10 to
110km s~! by steps of 50).
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Figure C.37: C!%0 at 109.782GHz in IC342. Top left: line image with its spectrum.
Top right: line flux distribution (contour levels from 0.1 to 1.8 Jy beam ™! kms™! by steps
of 0.1 Jybeam~!kms™!). Bottom left: line velocity distribution (contour levels from 5 to

60kms~! by steps of 5). Bottom right: line width distribution (contour levels from 5 to
65 km s~! by steps of 5).
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Figure C.38: HNCO at 109.905GHz in IC342. Top left: line image with its spectrum.
Top right: line flux distribution (contour levels from 0.1 to 1.5 Jy beam ™' kms~! by steps
of 0.1 Jy beam ' kms™!). Bottom left: line velocity distribution (contour levels from -40 to
60kms~! by steps of 10). Bottom right: line width distribution (contour levels from 2 to
32kms~! by steps of 2).
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Figure C.39: 3CO at 110.201 GHz in IC342. Top left: line image with its spectrum.
Top right: line flux distribution (contour levels from 0.5 to 7.5 Jy beam ™! kms™! by steps
of 0.5Jybeam ' kms~!). Bottom left: line velocity distribution (contour levels from 5 to
75kms~! by steps of 5). Bottom right: line width distribution (contour levels from 10 to
120km s~ by steps of 10).
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Figure C.40: C!7O at 112.358 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.01 to 0.11 Jy beam™'kms~! by steps of
0.01 Jybeam~!'kms™1). Bottom left: line velocity distribution (contour levels from 5 to
45kms~! by steps of 5). Bottom right: line width distribution (contour levels from 0.5 to
6 km s~! by steps of 0.5).
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Figure C.41: CN at 113.191 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.2 to 3 Jybeam ‘kms~' by steps of
0.2 Jybeam ! kms~!). Bottom left: line velocity distribution (contour levels from -300 to
100km s~! by steps of 50). Bottom right: line width distribution (contour levels from 10 to
140 km s~! by steps of 10).
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Figure C.42: CN at 113.491 GHz in IC342. Top left: line image with its spectrum. Top
right: line flux distribution (contour levels from 0.5 to 6 Jybeam *kms~! by steps of
0.5Jybeam ! kms~!). Bottom left: line velocity distribution (contour levels from -80 to
100 km s~! by steps of 20). Bottom right: line width distribution (contour levels from 20 to
340km s~! by steps of 20).



Appendix D
Gaussian Fitting with GILDAS

D.1 M2

D.1.1 Position A

1;1 M82 86754 UNKNOWN 0:17-MAY-2017 R:17-MAY-2017 1;1 M82 87317 UNKNOWN 0:17-MAY=2017 R:17-MAY-2017
RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az. 0.0° Offs: +14.2 +1.6 RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az. 0.0° Offs: +14.2 +1.6
Unknown  tau: 0.000 Tsys: 0. Time: 0.0sec El: 0.0 Unknown  tau: 0.000 Tsys: 0. Time: 0.0sec El: 0.0
N: 1843 10: 489.148 VO:  250.0 Dv: —6.749 LSR N: 1843 10: 777.404 VO:  250.0 Dv: -6.706 LSR

FO:  86754.0000 Df:  1.953 Fi: N/A FO:  87317.0000 Df:  1.953 Fi: N/A
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Figure D.1: M 82: Spectra and Gaussian fit of H*CO™(1—0) at 86.754 GHz, CCH(1—0) with 4
components at a central frequency of 87.317 GHz, HCN(1—0) at 88.630 GHz, and HCO™ (1—0)
at 89.188 GHz. The top x-axis shows the frequency in MHz and the bottom x-axis shows the
velocity in kms™!. The y-axis shows the flux density in Jy. The central frequency is shown in

the header.
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D. Gaussian Fitting with GILDAS

2,1 M82
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Figure D.2: M 82: Spectra and Gaussian fit of HNC(1 — 0) at 90.663 GHz, HC3N(10 — 9) at
90.979 GHz, H41a at 92.034 GHz, NoH* (1 — 0) at 93.171 GHz, C3*S(2 — 1) at 96.413 GHz,
CS(2 — 1) at 97.981 GHz, and H40« at 99.023 GHz, SO(2 — 3) at 99.299 GHz. The axes are

the same as in Fig. D.1.1
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Figure D.3: M 82: Spectra and Gaussian fit of HC3N(11 — 10) at 100.076 GHz, CH;CCH(6 —
5)at 102.548 GHz, H39a at 106.737 GHz, HC;N(12 — 11)at 109.173 GHz, C'3O(1 — 0) with 2
components at a central frequency of 109.782 GHz, *CO(1—0)at 110.201 GHz, CN (101 —00,1)
at 113.190 GHz, CN(1p 5 — 0p,1) at 113.490 GHz. The axes are the same as in Fig. D.1.1



206

D. Gaussian Fitting with GILDAS

D.1.2 Position B

1;1 M82 86754 UNKNOWN

0. Time:
250.0
1.953

Unknown  tau: 0.000 Tsys:
N: 1843 10: 489.148 Vo:
FD: 86754.0000 Df:

86800 86750

Dv: -6.749

0:17-MAY-2017 R:17-MAY-2017
RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az. 0.0° Offs: +8.6 —2.6

0.0
LSR

0.0sec El:

F
H

0.002 [J
d
il W

S}

nlle A ﬂwﬂwﬂuﬂ

M 82 — Pasition B
Hco* (1-0)

o] 100 300
Ve\oc'\(y (km/s)

1;1 M82 88630 UNKNOWN
RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az.
Unknown  tau: 0.000 Tsys: 0. Time:
N: 1843 10: 1449.66 VOo:  250.0
FD:  88630.0000 Df:  1.953

88700 88650
T

400 500

0:17-MAY-2017 R:17-MAY-2017

0.0° Offs: +8.6 —2.6
0.0sec El: 0.0
Dv: —6.606 LSR
Fi: N/A

88600

h

M 82 — Position B
HCN (1-0)

Q 100
Ve\oc\ty (km/s)
2;1 M82 90663 UNKNOWN 0:17-MAY—=2017 R:17—-MAY-2017
RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az. 0.0° Offs: +8.6 —2.6
Unknown  tau: 0.000 Tsys: 0. Time: 0.0sec El: 0.0
N: 1843 10: 391.356 VQ0:  0.000 Dv: —6.458 LSR
FO: 90663.0000 Df:  1.953 Fi: N/A
90650 90600 90550
T
0.04 - n —
IVL‘ M 82 — Position B
| HNC (1-0)
0.03 - { {

S o

B =S Py, I
S

a 100 200 300
Velocity (km/s)

500

0:17-MAY-2017 R:17-MAY-2017

1;1 M82 87317 UNKNOWN
RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az. 0.0° Offs: +8.6 —2.6
Unknown  tau: 0.000 Tsys: 0. Time: 0.0sec El 0.0
N: 1843 10: 777.404 V0:  250.0 Dv: -6.706 LSR
FO: 87317.0000 Df:  1.953 Fi: N/A
87500 87400 87300
T T T
0.03 L (82 — Position B
CCH (1-0)
0.02 - B
Jﬂﬁ H
I
Q.01 [ —
I
[ 1
Py
ol P ; O
tr e T~ SRR =T
I I I I
—400 —200 o] 400
Velocity (km/s)
1;1 M82 89188 UNKNOWN 0:17-MAY—2017 R:17-MAY-2017
RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az. 0.0° Offs: +8.6 —2.6
Unknown  tau: 0.000 Tsys: 0. Time: 0.0sec El: 0.0
N: 1843 10: 1735.36 VO:  250.0 Dv: —6.585 LSR
FO: 89188.0000 Df:  1.953 Fi: N/A
89250 89200 89150
0.1
M 82 — Pasition B
’J | HCO™ (1-0)
’J L‘
0.05 - J —
o)) S _
I
[} 100 200 300 400 500
Velocity (km/s)
2;1 M82 90979 UNKNOWN 0:17-MAY—=2017 R:17—-MAY-2017
RA: 09:55:51.90 DEC: 69:40:47.1 Eq 2000.0 Az. 0.0° Offs: +8.6 —2.6
Unknown  tau: 0.000 Tsys: 0. Time: 0.0sec El: 0.0
N: 1843 10: 553.148 V0:  0.000 Dv: —6.436 LSR
FO:  90979.0000 Df:  1.953 Fi: N/A
90850 90900 90850
T T T
FL M 82 — Position B
0.004 | {J W HCSN (10-9)
0.002 —

Nl

MML

MW

ﬂﬂﬂﬁj
I RERER

0

100 200 300
Velocity (km/s)

400 500

Figure D.4: M 82: Spectra and Gaussian fit of H**CO™ (1 —0) at 86.754 GHz, CCH(1 — 0) with
4 components at a central frequency of 87.317 GHz, HCN(1 — 0) at 88.630 GHz, HCO* (1 —0)
at 89.188 GHz, HNC(1 — 0) at 90.663 GHz, and HC3N (10 — 9) at 90.979 GHz. The axes are

the same as in Fig. D.1.1
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Figure D.5: M 82: Spectra and Gaussian fit of H41a at 92.034 GHz, NoH' (1—0) at 93.171 GHz,
C3S(2 — 1) at 96.413 GHz, CS(2 — 1) at 97.980 GHz, H40« at 99.023 GHz, SO(2 — 3) at
99.299 GHz, HC3N(11 — 10) at 100.076 GHz, and CH3CCH(6 — 5) at 102.548 GHz. The axes

are the same as in Fig. D.1.1
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Figure D.6: M 82: Spectra and Gaussian fit of H39« at 106.737 GHz, HC3N(12
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Figure D.7: M 82: Spectra and Gaussian fit of H**CO™ (1 —0) at 86.754 GHz, CCH(1 —0) with
2 components at a central frequency of 87.317 GHz, HCN(1 — 0) at 88.630 GHz, HCO™ (1 —0)
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the same as in Fig. D.1.1
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Figure D.8: M 82: Spectra and Gaussian fit of H41a at 92.034 GHz, NoH' (1—0) at 93.171 GHz,
C3S(2—1) at 96.413 GHz, CS(2 — 1) with 2 components at a central frequency of 97.980 GHz,
H40a at 99.023 GHz, SO(2 — 3) at 99.299 GHz, HC3;N(11 — 10) at 100.076 GHz, and
CH3CCH(6 — 5) at 102.548 GHz. The axes are the same as in Fig. D.1.1
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Figure D.9: M 82: Spectra and Gaussian fit of H39« at 106.737 GHz, HC3N(12
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Figure D.10: M 82: Spectra and Gaussian fit of H'*CO™(1—0) at 86.754 GHz, CCH(1—0) with
3 components at a central frequency of 87.317 GHz, HCN(1 — 0) at 88.630 GHz, HCO* (1 —0)
at 89.188 GHz, HNC(1 — 0) at 90.663 GHz, and HC3N (10 — 9) at 90.979 GHz. The axes are

the same as in Fig. D.1.1
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Figure D.12: M82: Spectra and Gaussian fit of H39a at 106.737 GHz, C'80(1
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Figure D.13: 1C 342: Spectra and Gaussian fit of H'*CN(1 — 0) at 86.340 GHz, H*CO™* (1 —0)
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axes are the same as in Fig. D.1.1
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Figure D.16:
BCO(1

IC342: Spectra and Gaussian fit of HNCO(5 5
— 0) at 110.201 GHz, CH;CN(6;, — 5;) at 110.384 GHz, C170O(1
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Figure D.17: 1C 342: Spectra and Gaussian fit of H*CN(1 — 0) at 86.340 GHz, H*CO™* (1 —0)
at 86.754 GHz, SiO(2 — 1) at 86.846 GHz, HN'3C(1 — 0) at 87.090 GHz, CoH(1 — 0) with 4

components at a central frequency of 87.317 GHz, and HNCO (4 4 — 303) at 87.925 GHz. The
axes are the same as in Fig. D.1.1
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D. Gaussian Fitting with GILDAS
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Figure D.18: IC 342: Spectra and Gaussian fit of HCN(1 — 0) at 88.631 GHz, HCO* (1 — 0) at
89.188 GHz, HNC(1 — 0) at 90.663 GHz, HC5N(10 — 9) at 90.978 GHz, CH;CN (5, — 4,) at
91.987 GHz, N,H*(1 — 0) at 90.978 GHz, C*S(2 — 1) at 96.413 GHz, and CH;OH(2; — 1;)
at 96.744 GHz. The axes are the same as in Fig. D.1.1
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Figure D.19: IC342: Spectra and Gaussian fit of CS(2
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D. Gaussian Fitting with GILDAS
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Figure D.20: IC342: Spectra and Gaussian fit of HNCO(505; — 404) at 109.905 GHz,
1BCO(1—0) at 110.201 GHz, CH3CN(6, — 5;) at 110.384 GHz, C*"O(1 — 0) at 112.358 GHz,
CN(1p;1 — 0p,1) with 4 components at a central frequency of 113.190 GHz, and CN(15 — 0 1)
at 113.490 GHz. The axes are the same as in Fig. D.1.1
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Figure D.21: IC 342: Spectra and Gaussian fit of H'*CN(1 — 0) at 86.340 GHz, H*CO™* (1 —0)
at 86.754 GHz, SiO(2 — 1) at 86.846 GHz, HN'3C(1 — 0) at 87.090 GHz, CoH(1 — 0) with 4
components at a central frequency of 87.317 GHz, and HNCO (4 4 — 303) at 87.925 GHz. The
axes are the same as in Fig. D.1.1
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D. Gaussian Fitting with GILDAS
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Figure D.22: IC 342: Spectra and Gaussian fit of HCN(1 — 0) at 88.631 GHz, HCO* (1 — 0) at
89.188 GHz, HNC(1 — 0) at 90.663 GHz, HC5N(10 — 9) at 90.978 GHz, CH;CN (5, — 4,) at
91.987 GHz, N,H*(1 — 0) at 90.978 GHz, C*S(2 — 1) at 96.413 GHz, and CH;OH(2; — 1;)
at 96.744 GHz. The axes are the same as in Fig. D.1.1



D.2.1C 342

225

4;11C342 97973 UNKNOWN
RA: 03:46:48.00 DEC: 68:05:46.0 Eq 2000.0

0:27-FEB-2018 R:27-FEB-2018

Az. 0.0° Offs: +0.9 —2.2

Unknown  tau: 0.000 Tsys: 0. Time: 0.0sec El: 0.0
N: 1843 10: 447.676 V0:  0.000 Dv: -5.976 LSR
FO:  97973.0000 Df:  1.953 Fi: N/A
98000 97950
T T
0.02 - B
IC 342 — Position C
cs (2-1)
0.015 J —
0.01 " \‘ —
b
0.005 ’V —
J
G i el N T
I I I
—200 —100 o) 100 200
Velocity (km/s)
4;1 16342 100076 UNKNOWN 0:27-FEB—2018 R:27—FEB-2018

RA: 03:46:48.00 DEC: 68:05:46.0 Eq 2000.0 Az. 0.0° Offs: +0.9 —2.2

Unknown  tau: 0.000 Tsys: 0. Time: 0.0sec El: 0.0
N: 1843 10: 1524.41 VO:  0.000 Dv: —5.851 LSR
FO:  100076.000 Df:  1.953 Fi: N/A

100100
T

f
|
0.001 ’7—|—‘

G

‘

100050
T

IC 342 — Position C
HCsN (11-10)

I
—200 —100

o}
Velocity (km/s)

7;11C342 108780 UNKNOWN

100 200

0:27-FEB-2018 R:27-FEB—-2018

RA: 03:46:48.00 DEC: 68:05:46.0 Eq 2000.0 Az. 0.0° Offs: +1.1 —-2.0

Unknown  tou: 0.000 Tsys:

N: 1843 10: 451.260 VO:  0.000

0. Time:

0.0sec El: 0.0
Dv: —5.383 LSR

FO:  108780.000 Df:  1.953 Fi: N/A
108850 108800 108750
0.002 . T
IC 342 — Position C
eN (1-0)
0.001 - B

o
-
o
IES
=
—

10 N L e LIS 5 g
| St
]
-0.001 L L L
—200 —100 0 100 200
Velocity (km/s)
7:11C342 109173 UNKNOWN 0:27-FEB-2018 R:27—-FEB—2018
RA: 03:46:48.00 DEC: 68:05:46.0 Eq 2000.0 Az. 0.0° Offs: +1.1 —2.0
Unknown  tau: 0.000 Tsys: 0. Time: 0.0sec El: 0.0
N: 1843 10: 652.476 VO:  0.000 Dv: —5.363 LSR
FO:  109173.000 Df:  1.953 Fi: N/A
109200 109150
T T
0.003 IC 342 — Position C ]
HCSN (12-11)
0.002 g

L LN
M

—0.001 L

o

ﬂﬂﬁ

-200 —100 0
Velocity (km/s)

Figure D.23: IC342: Spectra and Gaussian fit of CS(2
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D. Gaussian Fitting with GILDAS
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Figure D.24:
BCO(1

IC342: Spectra and Gaussian fit of HNCO(5 5
— 0) at 110.201 GHz, CH;CN(6;, — 5;) at 110.384 GHz, C170O(1
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