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Abstract

The aim of this thesis was to study the evolution of spiral galaxies by quantifying
the impact of the ionized outflows in spiral galaxies on the surrounding interstellar
medium. This project was based on optical Fabry-Pérot and long-slit observations
with the instrument RSS (Robert Stobie Spectrograph) at the 10 m Southern African
Large Telescope (SALT). I focussed on two types of nearby spirals, the first of which
is a face-on spiral galaxy (NGC 300) in order to study the kinematics of outflows from
H 11 regions, and their impact on their surroundings as well as the present-day chemical
abundances across these areas. I used the CLOUDY model to compare with my results
in order to quantify the conditions in these areas.

The second object was the Seyfert 2 galaxy NGC 4945, which shows high activity
in the centre (AGN and starburst). I studied the physical properties of the ionized
ejected material, their kinematics and morphology. 1 presented a first kinematic map
for the central area based on Fabry-Pérot observations of Ha and [N II]. The shapes
of emission lines in this area were analysed to estimate the physical conditions in the
areas of interest.

The final chapter shows preliminary results of an on-going optical and radio
survey for a sample of 36 Southern edge-on disc galaxies in order to study the disc—halo
interface by tracing extended ionized extraplanar gas.

My results from the previous three projects show that the outflows from H i1
regions and AGN and/or starburst play an important role in re-shaping the surrounding
ISM by forming filaments or shells. The kinematics of the surrounding gas are affected
by the outflows also. My results suggest that the ionized ejected material from the
centre of NGC 4945 forms a bi-conal structure, and I constructed a model for the

shape of the bi-cone according to my results.
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Chapter 1
Introduction

1.1 Background

The gas in the interstellar medium (ISM) and intergalactic medium (IGM) comprises of
a collection of atoms, ions, free electrons, dust grains, and molecules. These materials
appear with different physical properties, various gas phases and variable morphological
structures due to local influences of different events happening in the disc of the galaxy.
These events could be supernova explosions, star formation regions and active galactic
nuclei. All these vigorous phenomena have mechanical and/or radiative feedback onto
the surrounding ISM.

Galactic winds (GWs) are a common phenomenon in galaxies hosting active
galactic nuclei (AGNs) or star formation (SF) regions. The origin of the GWs and
their feedback on the surroundings have been the subject of numerous studies, however
it is still an open question that requires more investigation. Stellar winds driven by
massive star formation have a huge impact on the baryonic component of the galaxy
in particular as well as the universe in general, through regulating matter and energy
between a galaxy and its environment and contributing to formation and evolution of

galaxies.

1.1.1 Formation and evolution of galaxies

The formation and evolution of galaxies are highly complicated processes, which are
both internally and environmentally driven. These physical processes were fast soon
after the Big Bang, and then became slower with the expansion of the universe (Kor-
mendy & Kennicutt 2004). The classical scenario of the galaxy formation suggests that

fluctuations of non-baryonic matter (dark matter), which was created after the start of



the Big Bang, expanded with the universe, and gravity caused them to grow, separate,
collapse, and as a consequence form galactic halos. The virialised halo attracted bary-
onic gas, which settled into the potential well and experienced shock heating, reaching
the virial temperature. The hot gas, nevertheless, radiated away energy to cool, and
its density confined the timescale required for the cooling process. This cooled gas was
the first seed that formed a disc. Consequently, smaller fragments appeared within the
preliminary disc, creating clouds consisting of molecular hydrogen, and then collapsed
to form stars, planets, and black holes (Toomre 1977; Kauffmann, White & Guiderdoni
1993; Sparre & Springel 2017). The latter were produced after the massive stars died.

Figure 1.1 outlines the major processes of galaxy evolution (Falcon-Barroso &
Knapen 2013). These processes are divided into fast evolution occurring on the free
timescale (see Figure 1.1 in the top two corners); and slow processes that require time
scales of many galactic rotation periods (lower two corners in Figure 1.1). The prior
processes can happen for one galaxy (right side) or group of galaxies (left side). The
processes in the middle have an important role in all types of evolution. The feedback
from radiation, stellar winds, AGNs and supernovae explosions within the galaxy has
a deciding contribution to regulating structures and kinematics of the ISM, and might

cause new events of star formation.
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Figure 1.1: The principal processes that drive to the formation and evolution of galaxies (Falcén-Barroso & Knapen
2013).



1.1.2 Galaxy color—magnitude diagram

The galaxies in the universe fall into one of three categories according to the galaxy
color-magnitude diagram (Bell et al. 2004), blue cloud, red sequence and green valley.
Figure 1.2 shows the correlation between absolute magnitude and luminosity of the
galaxies. The blue cloud category comprises of star-forming, later type and disc domi-
nated galaxies, while the red sequence coprises of elliptical, early type, non-star-forming
and bulge dominated galaxies full in the red sequence. The galaxies in-between blue
cloud and red sequence represent the green valley category. It includes two different
galaxies populations later type galaxies with quenched SF process due to the lack of
gas to maintain SF processes for few billions years. The second population is early
type galaxies; their gas runs out quickly as a result of a high activity of AGN and/or
mergers with other galaxies (Schawinski et al. 2014). Both the Milky way and M31
are located in the green valley because of their low SFR as a result of exhausting gas

(Mutch, Croton & Poole 2011).

»
Red
Green valley
Blue
Low luminosity High luminosity
Figure 1.2: Galaxy color—magnitude diagram, adopted from

(https://www.revolvy.com/page).



1.1.3 Spiral galaxies

Spiral galaxies represent about two thirds of the massive galaxies according to Galaxy
Zoo (Lintott et al. 2008) and have a complex morphology compared to that of ellipticals.
A crucial difference between spirals and ellipticals is that the spirals have active star
formation while the ellipticals are more likely quenched (Kennicutt 1998). Typically,
spirals exhibit a distinctive disc, which contributes about 90% of the total luminosity
of the Galaxy and has a considerable gas content in a rotationally-supported thin disc,
which is occupied by the spiral arms, bar, and bulge. The latter is very prominent
in the earliest types and it is likely very faint or totally absent in the later types.

The level of complexity of the spiral structures is a defining property of their discs.

NormalSpirals

Ellipticals Lenticulars / Iregulars

Barred Spirds

\.
N\

Figure 1.3: Hubble tuning-fork diagram (https://conceptdraw.com/a2353c3/preview).

Disc galaxies occupy the right side of the Hubble tuning-fork diagram, as shown in
Figure 1.3. According to the morphology of the spiral galaxies, they are divided into
two major types, barred and non-barred galaxies depending on the presence or absence

of a bar structure in the central area of the disc (Hubble 1926). Each type is subdivided



into three subclasses: a, b and c¢. Three criteria are taken into account to distinguish
between these subclasses: the size of the central bulge, the pitch angle; and the ratio
of the resolved H1I regions, stars, and dust lanes in the spiral arms. According to
these criteria, Sa galaxies have a prominent bulge, tightly wound arms with faint H 11
regions, whereas galaxies without a bulge, or which display a weak one with pronounced
H11 regions and open arms are classified as Sc galaxies. An additional subclass, d, is
reserved for flocculent discs that lack clearly defined spiral structure but are instead
densely populated by dust and H 11 complexes.

The spiral galaxies have a variety of inclinations (7) in the universe, represent-
ing a great opportunity to study their structures. Face-on systems (i=0) display the
structure of the spiral arms, as well as their components (stars, H1I regions, dust, and
molecular clouds) clearly. On the other hand, the vertical structures (thin, thick disc,
and halo) are best seen in an edge-on system (i = 90°), which presents an opportunity
to study the extraplanar material in isolation without the interfering effect of gas from
the disc. This is why edge-on and face-on galaxies have been selected to be the subject

of this thesis.

1.1.4 Galactic outflows

Galactic wind is a fundamental mechanism by which matter and energy are recycled in
galaxies, so it can play an important role in the formation and evolution processes of
galaxies. Since its first detection in the centre of M82, several scenarios have been ex-
plored to identify the energy sources that are powering these winds, and their feedback
on the ambient ISM.

AGN and/or starbursts are the more widely accepted sources that drive galactic
winds (Heckman, Armus & Miley 1990; Veilleux et al. 2003; Tiillmann et al. 2006; Wild
et al. 2014; Lépez-Cobé et al. 2017). Figure 1.4 shows galactic winds from the centre
of the edge-on spiral galaxy UGC 10043; the image is extracted from an integral field
spectroscopy (CALIFA) survey (Lépez-Coba et al. 2017).

GWs are complex phenomena having diverse phases of gas that move at differ-
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Figure 1.4: Example of bi-polar galactic winds, seen in UGC 100043, from the CALIFA
survey. The white contour shows the limit of the observed [N I1]6584 emission line, and
the white dashed lines present the shape of the bi-conical structure created by ionized
outflows with opening angle ~ 80°. Adopted from Lépez-Cobéa et al. (2017).

ent velocities. The dynamical evolution and morphological structures of superwinds
happening in a disc galaxy were described through a numerical simulation of M82 by
Tomisaka & Ikeuchi (1988). In general, the combined effect of the supernovae ex-
plosions and stellar winds in highly active galaxies (starburst and/or AGN) forms a
partially evacuated bubble in the nuclear regions, having a size of a few hundreds pc
and which is filled with hot ejecta (10® K). Then, the bubble expands at a high speed
on the order of several thousands of km s=!, sweeps up its surrounding ISM, and enters
a radiative phase. This occurs when the radiative cooling time of the shocked material
becomes shorter than the expansion time scale of the wind. A cooled shell is created

at the interface of the interaction; Chevalier & Clegg (1985) suggested that the super-



winds results when the kinetic energy of the ejected material is efficiently thermalized.
The expansion of the bubble is high in the direction towards the halo with its lower
pressure and density. At a certain scale height the cooled shell breaks and allows the

! reaching 1-2 kpc

hot gas to expand freely with velocities of a few hundred km s~
from the midplane in the form of bipolar winds. This will enter blow-out phase form
the transition between bubble and galactic winds (Castor, McCray & Weaver 1975;
Weaver et al. 1977).

Large scale outflows or GWs are commonly observed in nearby spiral galaxies and
even in the high-redshift universe (Frye, Broadhurst & Benitez 2002). The kinematics
and morphology of ionised outflowing gas provide insights into the evolution of spiral
galaxies, which need a mechanism to sustain SF. The galactic fountain likely plays an
important role in recycling gas within the environment of the galaxy. An ionized outflow
of gas could be driven by Active Galactic Nucleus (AGN) activity (King & Pounds 2015;
Hopkins et al. 2008), or powered by starburst-driven winds (Veilleux, Cecil & Bland-
Hawthorn 2005; Heckman, Armus & Miley 1990), resulting in strong feedback onto the
surroundings that could suppress or enhance the SF process in galaxies with low mass
by heating the ISM and reducing the cold gas that is fundamental to the SF process
(Hopkins, Quataert & Murray 2012; Cazzoli et al. 2014).

Warm and hot gas and plasma in the GWs are investigated by tracing lines and
continuum emission in a wide range of the electromagnetic spectrum. The ejected
materials are affected by hot OB stars, which cause them to be excited and will cause
radiative shocks at the interface of the energetic wind and the interstellar matter
of the disc. Emission lines in the optical range, (e.g. [S II], [N II], HS, and Ha),
and their ratios can be powerful tracers to investigate the properties of the GWs, in
particular the excitation by shocks, which represents evidence of the galactic winds
(Martin-Fernandez et al. 2016; Matsubayashi et al. 2009), and a diagnostic to distin-
guish shocked regions by AGN from starburst regions. Essentially, in shocked areas
the forbidden/recombination line ratios are larger than those in H1r regions (Lépez-
Cobé et al. 2016). Electron density (n.) is one of the fundamental conditions that

characterises the ionization state of the ionized gaseous nebulae. A precise estimation



of n. reveals valuable information about the chemical abundances and masses of the
ionized gas (Bae et al. 2017). The powerful method to calculate the n. in an ionized
gaseous nebula is by observing the impact of the collisional de-excitation on forbidden
emission lines for a given nebula, like the ratio of the [S II] doublet which is sensitive
to electron density in the nebula (Osterbrock 1989). In addition, they can uncover
detailed information about the properties of the GWs like the kinetic energies, masses,
and excitation sources (Martin-Fernandez et al. 2016; Matsubayashi et al. 2009).

Optical and X-ray observations usually provide evidence that verifies the exis-
tence of galactic winds, such as morphological evidence of super-winds on large scales
from a few kpc to tens of kpc, which are ejected in the form of a perpendicular cone
onto the stellar disc, and finally kinematic signatures appearing as a double-peak in
the emission line profiles of the ionized gas. Some galaxies have a highly energetic core,
as a result of the existence of a black hole and/or active star formation regions, such
as Seyfert and starburst galaxies. The morphology and kinematics of the ionized gas
that is surrounding these nuclei are the subject of many studies (e.g., M82: Shopbell
& Bland-Hawthorn 1998; NGC 253: Sugai, Davies & Ward 2003; NGC 5728 & NGC
7679: Davies et al. 2016; UGC 10043: Lépez-Coba et al. 2016). Their galactic winds
display asymmetric and complex structures. The nucleus of NGC 4388 shows ionized
gas in the form of two cones extending to a distance of ~ 1.5 kpc or more on either
side of the disc (Corbin, Baldwin & Wilson 1988). Another example is NGC 3079; its
inner central region shows evidence of a super-bubble and outflows. This is confined
within 5.1 kpc above and below the mid-plane (Robitaille et al. 2007).

Face-on galaxies provide a complementary view (to edge-on galaxies) of the distri-
bution of the ionized outflows, by tracing its emission lines across the face of the galaxy.
Massive stars have an additional impact on the surrounding interstellar medium: a high
quantity of outflowing gas could be blown by the winds of these stars. Their strong
radiation-driven winds could reach the halo of the host galaxy, or farther into the in-
tergalactic medium, and that could explain the existence of heavy elements in the halo
(Garnett 2002). Likewise, H1I regions have been used to trace the current chemical

composition of the interstellar medium in different parts of the galaxy (Bresolin et al.
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2009a; Peimbert 1975).

Most external and internal galactic processes that happen in or around a rotat-
ing disc led to the creation of a prominent extraplanar layer. Its extent is confined
by the impacts of these processes. The external processes can be an interaction be-
tween a galaxy and its environment, such as the accretion of cold or hot gases from an
intergalactic medium (Sancisi et al. 2008a; Keres et al. 2005; Oort 1970) or stripped
material from satellite galaxies (Moore, Lake & Katz 1998). Meanwhile internal pro-
cesses like star formation, supernova explosions, and outflows from an AGN have local
impacts, resulting in different forms of extraplanar material such as galactic fountains
(Fraternali & Binney 2006), chimneys, and galactic winds (Breitschwerdt, McKenzie
& Voelk 1991).

Detailed dynamical analysis of these processes and their feedback on the sur-
rounding ISM will uncover locally the origin of the ionization sources of the extended
diffuse ionized gas. This will help to create more optimal models in order to elucidate
the mechanism through which matter, energy and momentum are exchanged between
the disc and halo. In general, the extraplanar gas could be a local phenomenon, which

is directly impacted by star formation activity.

1.2 The interstellar medium

The ISM has different phases of gas (composition is dominated by hydrogen), which
needs a variety of tracers to probe. Depending on the temperature, ionization states,
and densities of the gas, the ISM can be classified into three main categories. These are:
Neutral atomic medium (H1), ionized medium (H11), and molecular gas (Hs) (McKee

& Ostriker 1977; Kulkarni & Heiles 1987; Wolfire 2010).

e Neutral atomic medium: The neutral medium is observed to be either cold
neutral gas or warm neutral gas based on its temperature. It is about 100 K
in cold HT1 clouds , and can be ~ 8000 K in the areas between cold H1 clouds
(Wolfire et al. 2003; Wolfire, Hollenbach & McKee 2010), and an effective tracer
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of this phase is the 21 cm radio emission line. It enables us to investigate a wide
range of galactic processes which include the interaction of disc galaxies and
their halos (Fraternali et al. 2005; Barbieri et al. 2005; Lockman et al. 2008),
the feedback of massive stars on the surrounding ISM (McClure-Griffiths et al.
2002), and the formation of cold clouds (Gibson et al. 2000).

e Molecular gas: This gas is found in the form of giant molecular clouds with a
temperature of 10 K, and a density of > 1000 cm 3. The interstellar molecular
gas is commonly traced by line emission from low rotational levels of CO (Paron

et al. 2017).

e lonized atomic medium: This represents the main medium that is the main
focus of this thesis. The ionized atomic gas has a temperature of about 8000

K, and a density of up to 0.1 cm™3.

Ionized gas is present in the form of
filaments with a complex structure, which extends to a scale height from few
hundreds pc to few kpc away from the midplane of the galaxy. Ionized gas can

be observed for example in Ha emission and in the UV and optical windows.

e Dust: The last essential component of the ISM is the interstellar dust which
consists of solid particles, mainly Fe, Si, C, H,O and ice. The dust particles
have a typical radius of 0.001 gm to 0.1 gm. Two main sources are responsible
for the generation of dust: supernovae explosions (Martinez-Gonzalez, Wiinsch
& Palous 2017; Matsuura et al. 2015) and evolved stars producing stellar winds
(Ferreras 2015; Zhang et al. 2016). It can be observed either by attenuation
(interstellar extinction) or by re-emission of the absorbed energy as infrared

radiation.

Table 1.1 shows the physical properties of the environment of these components in-

cluding: density, temperature, and mass (Lequeux 2005).
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Table 1.1: Physical properties of the different components of the gas in the Galaxy
(Lequeux 2005).

Phase Density Temperature  Total mass Thermal pressure
cm™3 K Mg P/K =nT cm™3 K
Atomic (HI)  Cold ~ 25 ~ 100 1.5 x109 2500
Warm ~ 0.25 ~ 8000 1.5 x10° 2000
Molecular > 1000 < 100 1 x10° 100 000
Tonized Hi region ~1-10% ~ 10 000 5x107 1x10* — 1 x 108
Diffuse ~ 0.03 ~ 8000 1 x10° 240
Hot ~6x1073 ~ 5x10° 1 x108 3000
Stellar mass 6.1 +1 x 1010
Dark matter 102 (Battaglia et al. 2005)

1.2.1 Disc—halo interaction

The disc-halo interactions in disc galaxies play an important role in their evolution.
Part of the outflowing gas is ejected from the disc as winds and can modify halo
structures. This ejected gas creates a fountain that represents a mechanism by which
gas is recycled between the disc and the environment. In addition, the ISM that is
shocked by the ejected gas can enhance cooling of the hot gas of the halo, which then
precipitates back onto the disc under gravity. This layer (between the disc and halo)
can be traced in different spectral windows. In the next paragraphs I will focus on
ionized gas that is the core topic of this thesis.

1.2.1.1 Ionized extraplanar gas

Different wavelength observations of nearby spiral galaxies have uncovered an ionized
extraplanar gas in the multi-phase gaseous halos. These diffuse ionized layers (T >
10* K and n, ~ 0.1 ecm™3) appear in clumpy or filamentary morphologies (Rossa &
Dettmar 2000), and need a photoionization power that coincides with the energy of the
emitted photons from O and B stars in the disc. The presence of ionized extraplanar
gas is positively correlated with active events in the disc, like H1I regions and AGN
(Veilleux et al. 2003). Examination of the rotational velocity profiles indicates that
this layer could be of disc origin (Heald et al. 2007). Strickland et al. (2004) suggested
that the presence of ionized extraplanar gas is always combined with the presence of
X-ray extraplanar emission of similar vertical extent. In recent years, studies have
suggested different scenarios relevant to the origin of the extraplanar gas. One could
be that supernovae and stellar winds swept up ionized gas from the disc in the form
of a fountain, which then falls back to the disc after losing its angular momentum
and cooling down (Fraternali & Binney 2006). Accretion in a hot or cold model from
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the intergalactic medium (IGM) is another possible scenario (Keres et al. 2005), or the
stripping of gas from satellites or nearby galaxies (Sancisi et al. 2008b; Abramson et al.
2011).

In this thesis, the focus will be on tracing this layer for different reasons; it
plays an important role in recycling gas within the environment of the host galaxy,
hence it sustains star formation with gas that is needed for new star-formation events.
This layer transfers metals from the disc by outflows to the halo and even to the IGM,
resulting in a change of the chemical composition of the galaxy. Results of the outflows’
impact onto the surroundings could change the physical properties of the ISM and even
trigger new star formation events. All these processes contribute to the evolution of
spiral galaxies.

1.2.1.2 Extraplanar dust

The outflow energy which is provided by stellar winds from the thin disc in spiral
galaxies does not have the ability to destroy dust grains totally, where two ways are
responsible for destroying dust, grain—grain collisions and particle—grain collisions due
to shocks (Jones, Tielens & Hollenbach 1996; Aoyama et al. 2017). Optical images of
edge-on spiral galaxies show large numbers of dusty clouds which occupy the thick disc
to a height of ~ 2 kpc (Howk & Savage 1999a; Rossa & Dettmar 2003). As well as
this, infrared observation reveals emission from regular grains and PAHs (polycyclic
aromatic hydrocarbons) from those clouds (Lagache et al. 2000). Dusty extraplanar
material is common in spiral galaxies: there is strong evidence that the Milky Way has
extraplanar dust from many studies of the warm gas halo (Sembach & Savage 1996)
and warm ionized halo (Howk & Savage 1999b; Odegard et al. 2007). The properties
of the halo dust can contribute to the understanding the gas’ dynamical history, like
the ejecting mechanism and the correction of the observed colors of objects.

1.2.2 Diffuse nebulae

One of the most prominent areas in the disc of spiral galaxies is H 11 regions, which is an
excellent laboratory to study the impact of the ionized outflows onto the surrounding
ISM from physical and chemical aspects. It uncovers the greatest detail of how stars
create elements by nuclear processes in their centre, as the ionizing stars are mainly
O stars having recently formed. The surrounding ionized gas acts as repository of
the heavy elements that enrich the ISM. As well as this, it considerably affects the
kinematics of the interstellar gas and the physical properties of the environment. So
the outflows from these regions can regulate and recycle each of the matter, energy,
and momentum of the gas into the disc and the environment of the host galaxy.
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Diffuse nebulae (H 11 regions) are one of the main types of gaseous nebulae, which
are formed from the impact of the massive star formation (M> 8 M) on the surround-
ing ISM. This results in the gas being ionized by supersonic winds, ultraviolet radiation,
and supernova explosions. Due to the recent formation of these stars, they have ef-
fective temperatures throughout H1I regions in the range from 3x10* to 5x10* K. In
these regions, the hydrogen is entirely ionized and other elements are, generally, in the
first or second ionization state. The typical density in H1I regions is of the order of
10 to 10* em 2. Noticeably, the hot ionized gas expands outwardly into the cooler
area having neutral gas (H1), hence the density declines as the nebula and the ionized
volume increases. The mass of HII regions is typically in the range of 102-10* M.

H1r regions have approximately a spherical shape around OB stars (see Fig-
ure 1.5). Under steady conditions, the gas in H1I regions is in an equilibrium state
between photoionization! and recombination?. This means that the total number of
photoionizations per unit time (Q,) inside the sphere must be equal to the total num-
ber of recombining hydrogen (electron & proton) per unit time per unit volume (R e.),
where @), is the number of escaped ionizing photons from the star per unit time:

4
Q* = Rrec§7rT3 (11)

The recombination process includes interaction between two particles having relative
velocities v, a particular volume density and a cross section o,.. for the interaction.
Thus, R,.. can be given by the following equation:

Rrec = NpNeOTirecl (12)

where 0,...v= «(T) is the recombination coefficient that can be determined from quan-
tum mechanics.

nynea(T) = a(T)n? = o(T)z*n? (1.3)

x= fraction of photoionized gas.

n,= proton density.

ne.= electron density.

By using equation 1.1 and equation 1.3 and assuming that all hydrogen is ionized
(x= 1), the radius of an H1I region will be:

1/3
Tstrom = ( SQ* ) (14)

dran?

'Hydrogen atoms are ionized by emitted stellar photons with energy higher than 13.6 eV.
2This is the inverse process of photoionization, whereby free electrons are captured by ions.
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Figure 1.5: Ilustration of the assumed configuration of the Stromgren sphere.

This is called the Strémgren radius. Its value is 0.2 pc for H1I regions that have been
created by a main-sequence star (O5V) through case B recombination (temperature
= 10* & n. = 100 cm™3 from Osterbrock 2006). Some examples of HII regions, their
luminosities, @, and star formation rate (SFR) are listed in Table 1.2.



Table 1.2: Examples of Ha luminosities and SFR in some H1I regions.

16

Object L(Ha) (ergs™!) Q(H® (s7')) SFR (Mg yr™1)
NGC 1976 5.0 x 10% 3.7 x 10% 3.9 x 107°
SMC 4.8 x 10 3.5 x 10% 3.8 x 1072
LMC 2.7 x 10 2.0 x 10°2 2.1 x 1071
H237(in M 101) 1.2 x 10 8.8 x 10 9.3 x 1073
NGC 5455 (in M 101) 1.1 x 10 8.0 x 10* 8.3 x 1072
NGC 5461 (in M 101) 2.5 x 10%* 1.8 x 10°2 2.0 x 107!

1.2.3 Mechanisms of heating and cooling

There are different heating mechanisms in the ISM, such as heating via X-rays, low
energy cosmic rays, ejected photoelectric heating (from grains and by the photoioniza-
tion of atoms or molecules), chemical, etc. However, the phase of the gas determines
which mechanism dominates. In H1I regions, the dominant heating mechanism is the
photoionization process as a result of UV emission from the massive stars.

The heating rate in H1I regions represents the rate of energy that is received from
the central ionizing stars. The best way to understand how to estimate this value is
by illustrating an example for a specific case. Consider an O star in the centre of an
H 11 region with an effective temperature of 7, = 20 000 K which produces a blackbody
distribution peak at 4.8 eV. All photons with energy larger than the binding energy
of hydrogen (13.6 eV) can ionize the hydrogen atoms and then are totally absorbed
within the Stromgren sphere. The liberated electrons (photoelectron) will have energy
equal to the difference between the energy of the ionizing photon and the ionization
potential energy that is required to ionize the hydrogen atom (hr —13.6 eV). Then the
total heating rate over the entire Strémgren sphere will be:

Ftot

heating =

(hv — 13.6 eV)

& L,(T =20 000 K
/ ( )dy (1.5)
hv=13.6 eV hv

where L, is luminosity per unit frequency.

When the density of the gas is high enough, the liberated electrons directly
collide with the previously existing particles within the H1r region (electrons, protons
and ions) resulting in the distribution of the kinetic energy of the liberated electrons
through all particles according to the Maxwell—Boltzmann distribution. Most of the
radiation leaves the H1I region without scattering due to the high mean free path
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of the Thomson scattering compared to rg.om. This suggests that the particles are
in thermodynamic equilibrium (following a Maxwell—Boltzmann energy distribution),
while there is no thermal equilibrium between these particles and radiation. Therefore,
the produced radiation from the gas with 10* K will not have a spectrum of a blackbody.
The radiated emission from H1I regions mainly occurs at specific wavelengths. The
recombination process of the hydrogen atom normally ends in the ground state, but
it will be either in one step or passing through some excited level. The last step
usually introduces one emission line of the Lyman series. In each step, the recombining
atom generates emission lines at discrete wavelengths and the difference between the
photoelectron kinetic energy and the binding energy of the atom will radiate as a
continuum. Quantum mechanics will decide the probabilities of the end states of the
recombining or decaying atom.

The process of recombination and decay of the hydrogen atom is repeated con-
tinuously until the original recombined state is divided into many lower energy levels
and one Lyman-a photon. The latter will follow successive absorption and re-emission
until arriving at the boundary of the H 11 region, where it may be absorbed by a dust
grain and then re-emitted from the dust as infrared thermal radiation. This is a cooling
mechanism by which the H1I region loses energy that is gained from the central star
continuously.

The hydrogen line emission resulting from the recombination process is another
cooling mechanism, but the collisionally excited lines of metals (C, N, O, S & Fe)
provide a more efficient cooling mechanism. In general, the excited energy of metals
at relatively low energies is almost equal to the electron kinetic energy (k7" =1 eV
at T, = 10 000 K). Each collision between the electron and metal ion (collisional
excitation) will reduce the kinetic energy of the electron, and the excited ion can decay
radiatively to a lower energy level. In this process, emission line photons will transport
thermal energy away from the H1I region. The probability of another ion reabsorbing
the emitted photon is very low due to the low abundance of the metals in these areas.
Once again, the excited metal ion can collide with another electron and collisional
de-excitation occurs with no emitted photon but the kinetic energy is returned to the
gas.

The observations in this thesis are focused on both recombination and collisionally
excited (metal) emission lines that are present in H1i regions and AGN. Figure 1.6
shows the important emission lines in typical spectra of H1I regions (Vogel 2017).

1.3 Optical emission lines

There are two types of optical emission lines: permitted (recombination lines) and
forbidden lines (collisionally excited lines). They are found in the spectrum of nebulae,
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Figure 1.6: The main recombination and collisionally excited emission lines in the
spectra of H1I regions( adopted from Vogel 2017).

AGN, and the solar corona. The following points summarise the main properties of
the emission lines used throughout this thesis:

e Permitted lines: The main permitted emission lines adopted in this work are
Ha and HB, which are part of the Balmer series. These two lines are produced
as a result of the transitions of an electron from a higher main energy level
(n = 3 for Ha and n = 4 for Hp) to the second main energy level (n = 2).
These two lines are recombination lines, which appear in the energetic regions
like AGN or H1I regions, where electrons are in a continuous process of being
free from and recombined with hydrogen nuclei, and can be created in high
and low density environments.

e Forbidden emission lines: Metal emission lines are common in real nebulae, like
[S IIJAN6716,6732, [O I11]AAN4959,5007 and [N II]AA6548,6583. Their radiation
can escape from the nebulae and cool it. In metals, there are special energy
levels that can be split into fine structure states (metastable states). The
probability of the de-excitation transitions between these levels is very low,
between 10 and 100 sec™!. These metastable states have excitation potentials
of about 1 eV. So, it is possible for the outer bound electrons of the metal ions
to be excited to upper levels after they collide with free electrons produced
from the photoionization of hydrogen atoms, with kinetic energy of ~ 1 eV at
T, = 10 000 K. The excited electron can sit for a relatively long time in the fine
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structure state, thus it can be de-excited simultaneously to emit a forbidden
line photon.

1.3.1 Emission lines from low excitation regions and electron
density

The electron configuration of the first-ionised sulphur S* is 1s? 2s? 2p°® 3s? 3p?, and
their ionization energy is ~ 10.36 eV. St has 5 electrons in the outer shell, 2 electrons
in the 3s sub-shell and 3 electrons in the 3p sub-shell. These three electrons hold three
of the six possible configurations within 3p sub-shells, thus they can move between
them to produce the emission lines of the [S IIJAN6716,6732 doublet. The different
quantum states of [S II] are determined by these three electrons (their positions and
spin). The energy-level diagram of [S I}, and [O IIJ, is shown in Figure 1.7.
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Figure 1.7: The partial energy-level diagram of the 2p® and 3p® ground configuration
of [O II] and [S IIJ.

n. i1s one of the fundamental criteria that characterises the ionization state of
the ionized gaseous nebulae. A precise estimation of n, reveals valuable information
about the chemical abundunces and masses of the ionized gas. A powerful method to
calculate n, in ionized gaseous nebulae is by observing the impact of the collisional
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de-excitation of forbidden emission lines for a given nebula. This can be achieved by
comparing the intensities of two emission lines, which are emitted from different levels,
and having similar excitation energies. Thus, if the radiative transition probabilities
are very different in these two levels, the populations will vary with density.

The best examples in the optical range are the ratios of the two doublets [O
IT1]A3729/A3726 and [S II]A\6716/A6732. Both of them satisfy all the previous conditions,
therefore they appear in similar ionization regions, and yield comparable values of
intensity. There is a critical density for each forbidden transition. At larger values,
the rate of the collisional de-excitation exceeds the rate of the radiative de-excitation
(no emitted photons). However, the lower this value and the higher the low density
limit (1 cm™3) all collisional excitations are followed by the emission of a photon, when
the ratio of [S IIJ]A6716/A6732 is sensitive to the n.. Nevertheless, at higher ionization
regimes (n. ~ 10 cm™!), other density-tracers such as [Cl II]A5517/A5537 and [Ar
IV]A4711/M4740 are more useful than [O II] and [S II], which are suppressed at high
plasma densities.

The density diagnostic ratio of [S II] is used throughout this thesis, so it will be
explained in detail. As mentioned before, at low density regimes, a photon is created
as a result of each collisional excitation, therefore the intensity ratio of [S II] doublet
is determined by comparing the strength of the A6716 and A6732 transition, from the
ground level *S3/, to 2Dj/, and ?Ds)s respectively. Figure 1.8 shows the correlation
between the ratio of the [S II] doublet versus n. (Osterbrock 1974). The values of the
n. can be determine by using equation (1.8) (McCall 1984; Lépez-Coba et al. 2017).

I([S T]A6716) 1+3.77x

o 49— 1.6

I(]S T]A6732) 1+128 (1.6)
z = 10" 7712 (1.7)

where:
x = density parameter.
T = temperature of the electron in units of 10* K.

[O IIT] and [N II] have emission lines that emit from levels with different high
excitation energies, the partial energy-level diagram of these two ions is shown in
Figure 1.9. The [N II]5755 emits from the 'S level, and [N I1]6548 and [N II]6583 emit
from the 'D level. Meanwhile, the line occurs only by an electric-quadruple transition
(3Pp—1D5) and has small transition probability compared to the latter transitions.
The electron temperature determines the excitation ratio of 'S and 'D levels, hence
the relative intensity of these emission lines can be used to measure n..
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Figure 1.8: The intensity of [S II] and [O II] versus n.(10*/T)Y2. Adapted from
Osterbrock (1974).

1.3.2 Dust extinction

Dust grains can remove part of the stellar energy in the optical and ultraviolet and
limit our understanding of how galaxies evolve with time. Dust grains cause extinction
which is due to absorption and scattering. Typically, dust can absorb optical and
ultraviolet, scatter optical and X-ray and emits infra-red radiation. Dust dims and
reddens the emitted light from a galaxy and this leads to biases in the measurements
of the galaxy including stellar populations in local (Bell & de Jong 2001) and high
redshifted galaxies (Glazebrook et al. 1999) and the stellar initial mass function.

The highest reddening happens in the UV and reduces toward longer wavelengths.
The dust correction is determined by using the nebular colour-excess computed from
the Balmer decrement. As mentioned before, in the interstellar medium, the Balmer
emission lines occur from the recombination process and following cascade of electrons
to the second level of the hydrogen atom (n = 2). The simple structure of the hydrogen
atom represents an efficient way to estimate the transition rate and the ratios of the
emission lines as a function of the electron density and temperature of the plasma.
Two common cases are considered when examining the Balmer line emission. The case
A recombination model arises when the photon of the Lyman continuum series faces
an optically thin nebula. While, in case B, the nebula is optically thick to the Lyman
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Figure 1.9: Energy-level diagram of the 2p® ground configuration [O III] and [N IIJ.
The solid lines represent emission in infrared and ultraviolet, and the optical lines are
shown with dashed lines. Adapted from Osterbrock (2006).

continuum and higher series of the hydrogen atom. Generally, case B recombination
is used to calculate the intrinsic line ratio, where the assumed electron density and
temperature are typical for HII regions: 10? em™ and 10 000 K. Osterbrock (1989)
suggested using intrinsic line ratios subject to these conditions of the B model:

(Ho/HR)ime= 2.85
(Hy/Hf)ine= 0.469
(HO/HPB)ins= 0.260

These ratios are highly sensitive to temperature and less sensitive to electron den-
sity. Dopita & Sutherland (2003) found a small variation in Ha/H@ of only 0.05, when
the electron density changes from 10? to 10° cm™3. On the other hand this ratio varies
by 0.29 when the temperature rises from 5000 to 20 000 K. Nevertheless, the effects of
these discrepancies are often negligible. The intrinsic luminosity is given by:

Fiut(A) = Fops(A)10%44 (1.8)

where A= the extinction in unit of magnitude at the specific wavelength \.
The colour excess E(B — V) is given by :
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E(B - V) = E(B - V)obs - E(B - V)mt (19)

where E(B — V)= the difference between the observed and estimated (B — V') colour
without dust attenuation.

The dust extinction in galaxies can be determined by tracing Balmer decrements
F(Ha)/F(HB). The relation between the colour excess of the nebular emission line
and the Balmer decrement can be given by this equation (Dominguez et al. 2013):

FOurs) — k) k(vig) — kOura)

_ E(HB—Ha) 2.5 (Ha/H ) obs
E(B-V)= = logy [(Hoz/Hﬂ)mt

] (1.10)

The colour excess was determined under typical gas conditions in star-forming
galaxies. In other words, the case B recombination model is used in the analysis of this
thesis. Hence:

(1.11)

E(B—V) =197 x log, [%]

2.86

where:
k = the opacity.
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1.4 Case Studies

1.4.1 NGC 4945

NGC 4945 is the third brightest extragalactic source in the IRAS Point Source Catalog,
the third nearest far-infrared galaxy (FIRG) after M82 and NGC 253, and a prominent
hard X-ray source (Done, Madejski & Smith 1996). This galaxy is located in the
Southern hemisphere at a distance of 6.75 Mpc (Whiteoak & Gardner 1977). It is a
member of the Centaurus group, an edge-on spiral galaxy (i= 78°; Ables et al. 1987),
and classified as SB(s)cd or SAB(s)cd (de Vaucouleurs 1964) (see Figure 1.10). The
important parameters of NGC 4945 are listed in Table 1.3.

....-

Figure 1.10: An image of NGC 4945 taken at optical wavelengths
(http://www.astrosurf.com/antilhue/ngc4945rc.htm).



Table 1.3: The main parameters of NGC 4945.

Morphological type SA(s)d  (Corwin, de Vaucouleurs & de Vaucouleurs 1978)
Centre position RA (2000) = 13" 05™ 27°.4

Dec (2000) = —49° 28’ 05"
Inclination angle (degree) 78+3 (Dahlem et al. 1993)
Systemic velocity (km s~1) 555 (Ables et al. 1987)
Distance (Mpc) 6.75 (Whiteoak & Gardner 1977)
Diameter Dasm, 23’3 (Lauberts & Valentijn 1989)
Baryonic mass (stellar plus H1) (Mg) 5.2x10%0 (Bell & de Jong 2001)
SFR (Mg yr—1) 2-8 (Lenc & Tingay 2009a)
Position angle (degree) 43+2 (Dahlem et al. 1993)
Lrr (10'%Lg) 2.49 (McCormick, Veilleux & Rupke 2013)

Table 1.4: Properties of the NGC 300.

Parameter Value Ref.
Morphological type SB(s)d (Gieren et al. 2005a)
Centre position RA (2000) = 00":54™:53°
Dec (2000) = —37°:41:02/6
Inclination angle 39.8° (Westmeier, Braun & Koribalski 2011)
Distance (Mpc) 1.9 (Gieren et al. 2005b)
Diameter Ras 9’8 (5.3 kpc) (Carignan 1985)
Radial velocity (km s—1) 13642 (Westmeier, Braun & Koribalski 2011)
HI mass (Mg) 1.5x10°
Gas mass® (Mg) (1.9£ 0.2) x10° (Westmeier, Braun & Koribalski 2011)
Stellar mass' Mg (1.0+ 0.1) x10° (Westmeier, Braun & Koribalski 2011)

~ 0.02 stellar mass of MW

Total mass? (Mg) (2.9% 0.2) x10°

(Westmeier, Braun & Koribalski 2011)

~ 0.001 x total mass of MW

Metallicity (Ze) 0.5—0.6

(Bresolin et al. 2009b)

T'= across tilted ring area (0.9 < r < 18.4 kpc).
2 = within r < 18.4 kpc.

gc
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The central part of NGC 4945 was imaged with ALMA, and shows a lopsidedness
that is likely similar to what exists in the central molecular area of the Milky Way. As
well as this it displays a thick, bar-like structure extended to 300 pc away from the
centre. Two spiral arms are seen at the West and East tips of the bar, which turn to
the Northeast and Southwest respectively (Henkel et al. 2018).

The nucleus of the NGC 4945 shows a wide range of activity from radio to hard
X-ray wavelengths, representative of both starburst and AGN activity (Roy et al. 2010;
Schurch, Roberts & Warwick 2002; Cunningham & Whiteoak 2005).

The infrared properties of its nucleus coincide with starburst activity: a starburst
ring with 100 pc scale is distinguished by tracing Pa« emission (in infra-red wavelengths
at 1.875 pum). On the other hand, Hy observation detects walls of a conical structure
which is created by supernova-driven winds, while the presence of high and variable
hard X-ray emission could be related to the presence of an AGN (Marconi et al. 2000).

NGC 4945 hosts one of the closest and highly obscured AGN (Sadler et al. 1995;
Pérez-Beaupuits et al. 2011), with a mass ~ 10° M, (Guainazzi et al. 2000; Tully
et al. 2008; Mouhcine et al. 2005). In general, this non-interacting galaxy could be in a
transition stage from starburst to Seyfert galaxy according to speculation by the latter
authors, who adopted the starburst model of Kruegel, Tutukov & Loose (1983). A dense
radio emitter with high temperature produces bright synchrotron emission, which is
another strong indicator of an AGN (Sadler et al. 1995; Tully et al. 2008; Mouhcine
et al. 2005). This galaxy has a central star forming disc (400 pc) (Moorwood & Oliva
1994) with an electron temperature of about 5400+600 K, which is similar to what is
found near the nucleus of the Milky Way, and the derived SFR of this central source
is 4.3540.25 M, yr~! (Bendo et al. 2016).

Even though NGC 4945 has a partially obscured nucleus, its small inclination
and an outflow from the nucleus enable spectroscopic studies to verify morphological
evidence of the mass loss from the active nucleus. A conical structure extends out
of the nucleus in the direction perpendicular to the disc, traced at IR, optical, and
X-ray wavelengths (Nakai 1989a; Heckman, Armus & Miley 1990; Marconi et al. 1994;
Moorwood et al. 1996; Schurch, Roberts & Warwick 2002; Rossa & Dettmar 2003;
McCormick, Veilleux & Rupke 2013). Figure 1.11 shows the outflows from the centre of
NGC 4945 (Moorwood et al. 1996). Optical images reveal a wide cone of radiation that
spreads out from the relatively obscured nucleus. The emergence of a radial filament
is strong evidence of the loss of material from the nucleus in the form of ionized gas
(Nakai 1989b). The origin of the optical outflowing filament may be star formation
(supernovae, stellar winds, and superwinds) (Whiteoak & Gardner 1979), or possibly
non-thermal excitation (AGN) (Moorwood & Glass 1984). Heckman, Armus & Miley
(1990) suggested, that the cone-like structure in Ha+[N II} is produced by a superwind
driven by shock-heated gas, and this bubble in NGC 4945 is limb-brightened on its outer
edges. Furthermore, the same authors studied the kinematics of the emission lines and
detected a split in the lines of Ha and [N II] that appears in a region about 300 pc
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away from the nucleus, and extends to about 500 pc northwest (NW); the velocity

Figure 1.11: The nucleus of NGC 4945. Left and middle panel: Ha+ [N II] and J
continuum images from IRAC2-FP image, the contour represents Hy from IRAC2-FP
image (step = 0.3 x 107* erg em™2 s7! sr™! from 0.4 to 2.8). Right panel: L-band
image (3.5 pm) superimposed by B,., contours from the IRAC2-FP image (step = 0.25
x 107* erg em™2 571 sr! from 0.7 to 2). Adopted from Moorwood et al. (1996).

separation of the split lines is ~ 600 km s~! around the central area, and reduces

to nearly 300 km s~! near the edges of the bubble with full width at half maximum
(FWHM) of each split component ranging from 200 km s~ to 400 km s~!; the strong
component is redshifted relative to the systemic velocity by 50450 km s™!, while the
fainter component is blueshifted from the systemic velocity by 250 km s™! to about 550
km s~!. A study by Lipari, Tsvetanov & Macchetto (1997) added valuable information
regarding the kinematics, extinction, and physical conditions in the active nucleus and
surroundings in NGC 4945. Estimates from optical long-slit observations indicate that
a blue asymmetry arises in the forbidden [N II] and [S II] lines in the nucleus of NGC
4945, and the FWHM of the blueshifted component of these two lines is ~ 700 km s~!
with A ~ 200 km s (Lipari, Tsvetanov & Macchetto 1997). These values (FWHM
and velocity) are different from those suggested by (Heckman, Armus & Miley 1990).
NGC 4945 is a one target in the MAGNUM survey to study feedback from AGN in
Seyfert galaxies and its effect on galaxy evolution: a clear ejected cone emerges from
the central area which was traced by [N II] emission to the NorthEast of the nucleus
(Venturi et al. 2017).

The physical conditions in the circumnuclear region can be detected by tracing
emission line ratios for Ho, Hf, [N II], and [S II] along a distance of ~ 80 arcsec from
the nucleus, with PA= 90°. The ratio of the doublet emission lines of [S II] ranges
from 1.0 to 2.5, and values of [N II]/Ha and [S II]/Ha ratios in the nuclear region are
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1.3 and 0.94 respectively (Lipari, Tsvetanov & Macchetto 1997). This suggests that
the gas has been shocked in this area, thus enhancing the ratio of forbidden lines with
respect to Ha. Furthermore, it has filamentary extraplanar material which is seen in
PAH emission (McCormick, Veilleux & Rupke 2013) (see Figure 1.12). It is clear in all
regions of the galaxy and it follows the same shape of the wide cone that is suggested
by Nakai (1989a) and Heckman, Armus & Miley (1990) in optical emission.

NGC4945

Figure 1.12: TRAC 4.5 ym and 8.0 pum images of NGC 4945 tracing PAH and hot dust
emission. The intensity scalings are inverse hyperbolic sine in both panels. North is
top and East is left (McCormick, Veilleux & Rupke 2013).
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1.4.2 NGC 300

NGC 300 is a member of the Sculptor group at a distance of 1.9 Mpc (Gieren et al.
2005b). This group contains five prominent spiral galaxies (NGC 55, NGC 247, NGC
253, NGC 300, and NGC 7793) and about 20 dwarf galaxies (Coté et al. 1997).
NGC 300 is the nearest neighbour to the Local Group (Jerjen, Freeman & Binggeli
1998).

NGC 300 is a face-on spiral galaxy (see Figure 1.13) of morphological type
SB(s)d (Gieren et al. 2005a). It has low mass and is nearly bulgeless (Westmeier,
Braun & Koribalski 2011). Radio observation using ATCA? (21 cm) reveals a dense
inner H1 disc which is parallel to the optical one and extends with a major axis of
about 1° on the sky (Rogstad, Wright & Lockhart 1976; Wiegert & English 2014),
and the rotation curve derived from those data is shown in Figure 1.14. The mass of
atomic hydrogen is estimated to be ~ 1.5 x 10° Mg, and the stellar mass in the disc
is estimated to be ~ 1 x10° My (Westmeier, Braun & Koribalski 2011). The total
SFR is estimated to be 0.08—0.30 My, yr~—! by utilising various wavelength observations
including: Ho luminosity (Helou et al. 2004), X-ray luminosity (Bernard et al. 2012),
far-UV (Karachentsev & Kaisina 2013), mid-IR emission (Helou et al. 2004).

NGC 300" -

Figure 1.13: Color composite image of NGC 300 from NASA /JPL-Caltech/OCIW
http://www.galex.caltech.edu/media/glx2005-01r_img01.html.

3The Australia Telescope Compact Array.
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The diffuse ionized gas in NGC 300 was investigated by many (Marcelin, Boulesteix
& Georgelin 1985; Hoopes, Walterbos & Greenwalt 1996; Hlavacek-Larrondo et al.
2011) to determine the rotation curve and systemic velocity of the galaxy. The latter
used Ha emission based on Fabry-Pérot observations using the Marseille Telescope (36
cm) in La Silla, Chile, to map ~ 1’3 (7.3 kpc) around the centre of the galaxy. Its dif-
fuse ionized gas extended across the entire H1 disc, with prominent H 11 regions across
the disc; the optical rotation curve was determined and is shown in Figure 1.15. Kang
et al. (2016) suggested that NGC 300 could have experience a fast growth of its disc.
There is less infalling primodial gas onto the disc currently, based on a simple chemical
evolution model for this galaxy.

NGC 300 has prominent H1I regions and was the subject of extensive research.
The first catalogue for H1I regions in NGC 300 was established by Sérsic (1966), and
many of the catalogued H1I regions have been examined through spectrophotometry
(Pagel et al. 1979; D’Odorico, Rosa & Wampler 1983; Webster & Smith 1983).The
direct chemical abundances and electron temperatures were determined in NGC 300 by
tracing emission lines ([O I11]4365, [S I11)6312, and [N I1]5755 from H 11 regions (Bresolin
et al. 2009b). They found that the oxygen abundance has a negative radial gradient
(—0.07740.006 dex kpc™t), which is steeper than has been measured in planetary
nebulae (PNe) (Stasiriska et al. 2013).

Interesting eruptive sources have been discovered recently, such as SN2010da
which represents the eruption of massive stars (10— 12 Mg). SN2010da shows a dusty
and complex circumstellar environment, which probably plays an important role in the
stellar evolution of increased activity and mass loss (Villar et al. 2016).
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Figure 1.14: The rotation curve of NGC 300 from two different works based on ATCA
and VLA observations (Munoz-Mateos et al. 2007).
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Figure 1.15: The optical rotation curve of NGC 300 based on Fabry-Pérot observation

(Munoz-Mateos et al. 2007).
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Aims and outline

The overall aim of this thesis is to search for evidence of disc—halo interaction in spiral
galaxies by tracing ionized outflows from the disc, and to study their influence on the
evolution of disc galaxies by quantifying the impact of the outflows on the surrounding
ISM as well as examining the physical conditions of the areas which have ejected ionized
gas. This is to be achieved by utilising two main sources of ionized outflows (AGN and
H 11 regions) in two late-type spiral galaxies: edge-on galaxy NGC 4945 and face-on
NGC 300. Observations on which this project is based were taken using the two modes
of the RSS (The Robert Stobie Spectrograph): Fabry-Pérot (FP) and long-slit (LS).

Chapter 2: this chapter introduces the principles behind, and overview of, the
instruments used and data reduction adopted in this thesis.

Chapter 3: in this chapter, I chose NGC 300 as an example of a nearby face-on
galaxy to study the ionized outflows by observing emission lines from 18 H11
regions which are distributed across two fields (8') by using the two modes of
the RSS (FP and LS). The goal of this chapter is to examine the physical,
chemical and kinematical properties of selected areas (H1I regions) in order to
quantify the impact of the outflows on ambient ISM.

Chapter 4: in this chapter, I analyse two modes of RSS observations that
trace the ionized outflows from the centre of NGC 4945. This galaxy ejected
material from the centre in the form of a cone that is extended to about 2 kpc
away from the centre and 6 kpc along the disc. The ionized outflows from the
centre of NGC 4945 were mapped to study the morphology and kinematics
using different emission lines.

Chapter 5: this chapter represents an ongoing project (long-term project).
The aim of this chapter is to study the outflows from active regions such
as H1r1 regions or AGN by tracing Balmer recombination emission lines, and
investigate dusty extraplanar gas blown by galactic winds. As a first stage, I
analysed Ha observations for 9 out of 36 edge-on galaxies using FP (LR) mode.

Appendices: in these appendices I show charts of Long-slit observations, spec-
tra of objects of interest in NGC 300, an example of input file used in CLOUDY
model and Tables for the full sample of galaxies included in the optical and
radio survey.
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Chapter 2

Observations and data analysis

This section will introduce the instruments used to achieve the analysed observations
in this thesis, and the analytical methods that are applied.

2.1 SALT

Our observations were obtained with the 10 m Southern African Large Telescope
(SALT) shown in Figure 2.1. SALT is the largest single optical telescope in the world,
and has a hexagonal primary mirror array comprising 91 individual hexagonal mirrors.

Figure 2.1: The Southern African Large Telescope, image taken by the author.
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The primary mirror in SALT is stationary during the time of observation while the
secondary optics unit is moved along the primary mirror’s focal plane to track an ob-
ject, this system is usually different from most of the telescopes in the world. It can
provide 8 arcmin as a field of view.

There is a limitation of SALT telescope observations according to its altitude
(47°—=59°). SALT can observe an object which has Hour Angle and Declination which
are inside the annular region that is shown in the Figure 2.2. The RSS (Robert Sto-
bie Spectrograph) is a prime-focus spectrograph, which is installed on SALT, and can
provide three modes including: long-slit, multi-object, and Fabry-Pérot imaging spec-
troscopy.
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Figure 2.2: The toilet seat diagram of SALT, objects have values of Hour An-
gle and Declination in the annular regions that can be observed by SALT. A
tracker motion range at two different declinations are shown with the hashed regions,
http://pysalt.salt.ac.za/proposal_calls/current /ProposalCall.html.
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2.2 The long-slit spectroscopy

The long-slit spectrograph is an appropriate instrument for observing extended objects
like galaxies. Although its observations are in one dimension, it has the capability for
uncovering the spectrum of the emission and absorption lines from the target. Hence,
many parameters of the line profile can be quantified from this spectrum like systemic
velocity and velocity dispersion as well as the intensity of these lines that can provide
information about abundances of the elements and physical conditions in the observed
areas.

The traditional long-slit spectrograph consists of five important elements (see
Figure 2.3):

e The slit: The slit confines the light which enters the spectrograph. The width
of the slit is set according to the type of observed object and the purpose of
observation, as well as the spectral resolution that is needed.

e The collimator: collects the light from the object and converts it to parallel
beams.

e Grating: It disperses the light beam to produce a spectrum.

e The camera: Its function is usually to focus and project the produced spectrum
onto the detector.

e The detector: A charge-coupled device (CCD) uses to record signals (photons)
which are collected by the optical system of the telescope and converted to
electrons by the photoelectric effect. These electrons then pass through am-
plifier. A computer converts the out-put signal into a two-dimensional digital
image.

The resolving power is the ability to differentiate between two successive wavelengths
separated by A\, and it depends on the slit width and wavelength. It is determined
by:

A

AN

the resolving power can also be derived in terms of AX (in units of A or nm).
https://www.slideshare.net/TianaRuchti/micron-optics-fiber-fabryperot-tunable-filter-
products

R (2.1)
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2.2.1 Long-slit data reduction

When we acquired spectroscopic data from the SALT telescope, a few steps of data
reduction were already done for these long-slit data including: bias-subtraction, dark
frame subtraction and flat fielding (see Figure 2.4). But, the received data required

Figure 2.4: An example of received data of the long-slit from SALT. Notice the curved
telluric emission lines, and the two data gaps between the three CCDs. X-axis repre-
sents observed wavelengths and the y-axis shows the position on the sky.

more important reduction processes. These extra reductions were done by using the
PYSALT SALTSPEC package, PY RAF! and IRAF? (The Image Reduction and
Analysis Facility). The produced raw images via SALT RSS spectroscopy have double
extensions (header of the fitfile) and to reduce these data by the IRAF or PY RAF
PY SALT package, these images are required to be converted to one extension. The

"'Which represents a command language being based on python language that is used to run IRAF
tasks.
2More information about IRAF can be found at http://iraf.noao.edu.
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SALT2IRAF task in SALTRED from PY RAF PYSALT package was used to pro-
duce images with a single extension. The next step was to clean all frames from cosmic
ray events which cause artefacts in images produced by CCD detectors. This work was
done by using the PYSALTSALTSPEC package, by removing all bad pixels that
have unusual shapes or sizes by adopting an algorithm of fluctuation of Laplacian edge
detection. It is important to be sure that the process did not remove any science signal
by comparing the old and the new frame. The cleaned frame is presented in Figure 2.5.
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Figure 2.5: The long slit frame after filtering cosmic ray events.

The more important step of the data reduction procedure was the wavelength
calibration, where the emission lines were identified by using an arc lamp spectrum,
for the red part of the spectra the Ne arc was used and for the blue part the CuAr arc

was used. This step was achieved by adapting different tasks in the noao package from
PY RAF:

e identify to find dispersion functions for spectra of the arc-line calibration
spectra, see Figure 2.6. We need identified spectra for the arc-scan (Figure 2.7)
which was done in the same conditions for the observations (grating station,
filter, articulation angle and grating rotation angle) in order to compare with
the object scan. The identify arc-line calibration spectra is shown in Figure 2.6.
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Figure 2.6: An example of arc lamp calibration that was observed after the object

observation in the same setting.
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Figure 2.7: An example of arc lamp spectrum which was used to identify lines of the arc-line calibration spectra
which were created by PY SALT SALTSPEC package.
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Figure 2.8: The long-slit frame after transforming the identified arc lamp frame so-
lution. Notice the telluric emission lines are now straight, but the CCD gaps have
become curved.

e reident fiy to transfer the dispersion solutions from the identify spectra to the
arc calibration spectra. Each arc calibration has a file which contains a list of
lines and corresponding intensity in PY SALTSALTSPEC package. It is used
to identify the coordinates, and we accepted the wavelength solution when the
RMS has small value nearly 0.02.

e fitcoords to fit user coordinates to the image coordinates.

e transform to transfer the wavelength solution from the arc frame to the science
frame (see Figure 2.8).

The background task of standard PY RAF offers the ability to fit the background
of the sky lines across the observed area, this task is more than sufficient for extended
objects such as galaxies. Figure 2.9 shows the clean frame after removed sky back-
ground. An IDL routine was used to subtract and plot the final spectra.
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Figure 2.9: The final frame after removing sky lines.

2.3 Fabry-Pérot spectral imaging

FP is an observational technique that offers three dimensional information about the
observed target. FP produces data in the form of data cubes. These data cubes
are comprised of two spatial dimensions [x, y] and a wavelength dimension (\) (see
Figure 2.10).

The FP mode of the RSS on SALT covers a wavelength range between 4300 to
8600 A and has three main resolving power modes at 6500 A, low (LR), medium (MR),
and high (HR), their values are 800, 1500, and 8000 respectively.

Firstly, we adopted the MR mode of FP to obtain spectroscopic imaging over
a different range of wavelengths for some observations but, unfortunately, the use of
MR etalon in the SALT telescope was stopped in October 2015, due to technical issues
related to a degradation in the coatings of the etalon.

FP technology has evolved in astronomy since its first use by Fabry himself
(Buisson, Fabry & Bourget 1914) to detect the Orion nebula. Several large telescopes
now use FP mode with different system such as the the Ohio State imaging FP (Pogge
et al. 1995), the Goddard FP imager (Gelderman, Woodgate & Brown 1995), and the
Hawaii imaging FP interferometer (Bland & Tully 1989). The FP technology has been
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Figure 2.10: Representative diagram of a data cube of Fabry-Pérot. The data cube
produces three dimensional information (two spatial, one wavelength), therefore, all
pixels have the same position in the successive scans of the cube, and the emission line
profile.

developed to cover the near infrared range like the UNSWRIF system (Ryder et al.
1998). The spectroscopic imaging yields a spectral cube, and can present kinematical
information of the adopted fields. The important components are shown in Figure 2.11.
In general, the interferometer has main components including: a collimating lens®, a
Fabry-Pérot etalon, and a focusing lens.

The etalon of FP consists of two glass plates, which are designed to be parallel
with each other and perpendicular to the optical axis of the etalon. The inner sur-
faces of the two plates are coated with partially reflective material. Air or nitrogen
is used to fill the gap in between the two plates. The gap separation (d) controls the
adjusted wavelength or by changing the refractive index of the gap medium in this
case the etalon represents a tunable filter (Rangwala et al. 2008). The incident light
on the etalon with angle # will experience multiple reflections between the parallel
plates, resulting in an interference pattern (constructive and destructive interference).

3The convex lens directs the observed light beam onto the first plate of the etalon. The transmitted
beams with required wavelength from the second plate are parallel for each other. Hence, we need to
focus these beams by using another lens before pointing them on the CDD or CDDs.
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The constructive interference happens if the transmitted beams are in phase, and the
destructive interference if the beams are out of phase. Both cases are determined by
different parameters: the wavelength of the reflected light, the angle of the reflected
light through the etalon, the gap of the etalon, and the refractive index of the mate-
rial between the plates. The following relation gives the phase difference between the
multiple reflected beams:

NX =2ndcosf (2.2)

where:

n = refractive index of the material between the plates.

d = gap separation.

N = order of an interference.

0 = the incident angle.

A = wavelength of the reflected light into the gap medium.

where:

Ao
A= — 2.3
- (23)

n = refractive index of the gap medium.
Ao, = wavelength of the reflected light in the vacuum.

The separation between any successive interference orders represents the free
spectral range (F'SR) which informs us of a range of wavelengths that can be observed.
FSR is a function of the gap separation, and is determined by considering the phase
shift between a particular wavelength (A with order N + 1) and A + F'SR with order
N, and apply equation (2.2) for § =0 or 2.

(N + 1)\ = 2nd (2.4)

N(A+ AN) = 2nd (2.5)

The maximum of two wavelengths overlaps:

(N 4+ 1)A = N(A+ AX) Then:

A
AN = — 2.
o (26)
From 2.2 with § =0 or 27: o
n
N="" 2.7
: (2.7
/\2
AN = — 2.8
2nd (2:8)
A \?
FSR=A\N= — (2.9)

N 2nd
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Figure 2.12: The transmission profile of Fabry-Pérot: The red line shows the
FP transmission profile with high finesse (F = 10), and the blue one rep-
resents the FP transmission profile with low finesse (F = 2), adopted from
https://www.slideshare.net/ TianaRuchti/micron-optics-fiber-fabryperot-tunable-
filter-products.

Another important parameter in the etalon is finesse F, which is a criterion of the
interference fringes width (or sharpness), which is only determined by the reflectance
in an ideal etalon (no absorption or scattering 7=1— R), and named reflectivity finesse
(7).

R = reflectivity of the coating plates (0 < R < 1).

T = transmissivity of the coating plates (0 < T < 1).

AN
Fr=— 2.10
3 (2.10)
0\ = wavelength resolution, as illustrated in Figure 2.11.
The resolving power of the FP is given by:
R = A NZF, (2.11)
N " ‘
R=NF. (2.12)

Hence, the resolving power can be improved in two ways, by increasing reflectivity, or
interference order (N o< 2d\).
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The non-flatness of the FP plates increases the defect finesse (Fp) and reduces the
expected finesse and spectral resolution by reducing the transmitted intensity. There
are three major types of defects in practical FP: Roughness and irregularities of the
surface, curvature in the plates, and parallelism of the plates. Hence, to determine
the effective finesse F, the combination of the reflectance and defect finesse should be
taken into account, according to the following equation:

1 1 1 513
o F? (2.13)
Where Fp represents the combination of all types of the defects. More details about
the SALT FP mode can be found in (Rangwala et al. 2008).
The value of F, at the LR in Etalon 1052 for SALT PFIS is approximately 30
at 6500 A with reflector coating 90% + 4 & from 4300 A to 8600 A, which can be
determined from the following equation:

1
T R2
F, = 2.14
R (2.14)
and the defect finesse can be derived from the following equation:
Fp = % (2.15)

m = the plate flatness in waves (A/m).

The defect finesse can be estimated ~ 21 from the finesse in LR mode plot at the Etalon
1052 measurements on salt website for more information see http://astronomers.salt.ac.za
/wp-content /uploads/sites/71/2014/10/Etalon_1052_Report.pdf.
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2.3.1 Fabry-Pérot reduction

Detailed information is illustrated in the following subsection about data reduction of
FP that is used in this project. The first step was to transform SALT images from a
double to a single extension, and to remove cosmic rays which is done in the same way
as for long-slit images. Typically, FP data reduction has some preliminary steps that
are the same as those which are used to reduce CCD images.

2.3.2 Mask

The RSS detector is normally illuminated by the RSS FP system, while in the portion
that is un-illuminated, it records only noise and scattered light in the signal. As a
result, the un-illuminated region is very noisy especially after division by the flat field
so, all FP scans were mask to be zero by using Mask code as add an on program in FP
package that was written by Ted Williams (Mitchell et al. 2018), and this will reduce
time of the cosmic ray detection routines by avoiding dealing with the noise as cosmic
rays. In other words, the masking operation speeds up the processing.

2.3.3 Ghost

Ghost images appear in FP scans as a result of reflection and scattering between optical
components of FP mode, that can reduce the quality of the observations by adding
fake signals (Mitchell et al. 2015). The reflection between the CCD detector and the
FP etalon is the main cause that is responsible for creating ghosts in the image. This
ghost image occurs in focus and shows mirror-symmetry around the optical axis, with
an amplitude of nearly 5-8%. Multiple factors determine the ghost amplitude including;:
the etalon transmission profile, reflection, the transmission curve of the filter, and the
reflectivity and efficiency of the CCD and the source spectrum. As a result of the
complex relation between these factors, the amplitude of the ghost differs throughout
the image as well as the ghost strength dropping linearly with radius about a point
(the ghost amplitude centre). To decide the accurate position of the ghost centre in
the FP scan, the position of 20 bright stars and their ghosts were determined in the
average scan for the successive scans in FP datacube (by using imcombine in IRAF).
The gphot task in the noao package in IRAF was used to determine the photometry
of these stars, in other words, the precise position and magnitude of these stars and
their ghosts.

It is worth mentioning that the CCD used by SALT comprises three chips which
are optimised for spectra, not for imaging, and give a probability movement of the
outer CCDs relative to the central CCD2. Due to these movements the centre of the
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ghost of CCD1 and CCD3 will shift from that of CCD2. To take into account these
shifts, we choose stars in positions that cover the three CCDs. The ghost amplitude
and ghost reflection were determined by fitting the linear relation between the flux
ratio of the star and its corresponding ghost as a function to their position from the
centre of the image. The ghost centre in CCD2, the ghost centre offset in CCD1 and
CCD3 were determined from the position of the 20 stars and their ghost positions.
The penultimate step was to create a ghost image by rotating each FP scan around
the optical axis by 180°, then scaling it by using the main scale factor (M):

N

N LG
M = le NST (2.16)

where:

N = number of FP scans in datacube.
G [ = ghost flux.

Sf = star flux.

The ghost image was subtracted from each corresponding FP image; this step
was done by using the imarith task in PY RAF. Figure 2.13 (right panel) shows some
examples of ghosts, and Figure 2.13 (left panel) shows their deghosted positions in the
FP scan. We can notice this procedure eliminates the galaxy ghosts successfully where
the ghosts could have more an impact on our observation, and some stellar ghosts were
over or under subtracted.
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Figure 2.13: The left panel shows the deghosted frame and the right panel represents
the ghost frame. The green circles show examples of the treated areas.

2.3.4 Flat field

The flat-field correction was done after the ghost process had been done because if it
is done before, it would distort the ghost reflection amplitude pattern. This correction
is important in images that are produced by CCDs due to the response variation of
the CCDs from pixel to pixel. Flat-field correction is carried out by dividing each FP
image by the corresponding flat-field frame. The principle of this process is that areas
which are faintly illuminated in the flat-field frame become highly illuminated and
the brighter areas become dimmer. These corrections are for any vignetting, uneven
illumination, and dust grains effects in the FP image. This step was done by using
the standard PY RAF package imarith task. The SALT optical system is highly
complicated so, the accuracy of flat-field correction is approximately 5 %. We tested
the standard deviation (stddev) across different frames before and after flatfielding in
different position, we found the flat field process reduced the stddev.

2.3.5 Flux calibration and scaling

Flux calibration is required to convert the observation to values in physical units in
order to compare with other physical models. The I RAF package apphot task gphot
was used to make aperture photometry on 20 isolated stars. This technique is useful
to reduce the impact of clouds and the filter transmission on the photometric variation
to normalize the successive scans. In other words, this is putting all the FP scans in
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Table 2.1: An example of the main parameters of the input task gphot used in PY RAF
for Fabry-Pérot scans.

Parameter Definition Value used
cbox The centering box width in pixels 8
annulus The inner radius of sky annulus in pixels 8
dannulus The width of the sky annulus in pixels 7
apertures  The list of photometry apertures 4
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Figure 2.14: The top panel shows the normalised magnitude of the chosen stars in each
FP scan, while the bottom panel displays the scale factors. Scan number 7 was chosen
as reference.

similar conditions before extracting their information. The parameters of the gphot
setting used are shown in Table 2.1 according to the intensity profile of the stars in
question, which was achieved by doing the imexam task in standard PY RAF'.
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One scan was chosen to be the reference for the other scans; the scale factor of
each scan was determined by subtracting the magnitude of its stars (m;) from that in
the reference scan (myer,).

_ (Myef—my)

Fl=10""% (2.17)

2

where: j = the number of the FP scans.
The next step was to find the average scaling factor of all the stars by using:

N
scale’ = N g F (2.18)
i=1

where N is the number of selected stars. Figure 2.14 shows the difference in the
magnitudes of the chosen stars with respect to that in the reference scan, and the
scaling factor as a function of successive scans of FP. All FP scans are divided by the
corresponding scale factor value by using the standard PY RAF package imarith task.
The reference scan was chosen by checking the FWHM of the stars in each scan and
taking the scan with constant FWHM for all the stars in the scan.
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2.3.6 Wavelength calibration

The night-sky emission has an impact on the observed spectrum of stars, galaxies, and
nebulae. However, it has advantages, such as using them for wavelength calibration.
In our range of observations, the sky-lines are from the Meinel rotation vibration band
of OH (Osterbrock et al. 1996), the spectrum of the sky-lines that is used in our work
is shown in Figure 2.15. To identify the recorded night-sky lines in every observed
images, the median* of all FP images was subtracted from each single observed image®,
as presented in Figure 2.16. Two sky-lines were identified in Figure 2.16.

4This step was done by using epar imcombine task in standard PY RAF .
5The imarith task in PY RAF was used to do this process.
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Figure 2.15: The OH sky-lines emission in the range between 6000 A to 6680 A (Osterbrock et al. 1996).
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Figure 2.16: The extraction method of sky-lines.
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Before starting to identify the recorded sky-lines by the extraction method (shown
in the bottom panel in Figure 2.16), it is important to display the shape of the inter-
ference pattern rings which are created by illuminating the etalon with monochromatic
light, as shown in Figure 2.17 (Moiseev 2002). The cosf in Figure 2.17 can be described
by:

f 1

_ 2.19
VPR 1 G 219

cos 6 =

where:

r = distance from the optical axis to the ring in pixel units.

f = camera optics focal length in pixel units.

The condition for constructive interference pattern can be expressed by the equation
2.2:

2
Na—_2dn (2.20)

L+ (57

where:

n = refractive index of the material between the plates.

d = gap separation.

N = order of an interference.

0 = incident angle.

A = wavelength of the reflected light into the gap medium.

It is clear from equation (2.20), that the ring radius is a function of both the wavelength
and the gap separation between the two plates of the etalon.
Four coefficients control the properties of the etalon: A, B, E, and f, as follows:

Mo(z,t) = A+ Bz + Et. (2.21)
Ar(z,t,7r) = Molzt) (2.22)
G

where:

z = controlled parameter expressing the separation between the etalon plates.
t = observation time.

A(r) = wavelength at a distance r (in pixels) from the optical axis in A.

Mo = wavelength at the peak of the sky emission line in A.

f = focal length of the camera optics in pixels.
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Figure 2.17: The geometry of the interference pattern produced via FP étalon from
monochromatic light, shows the relation between the incident angle of the light beam,
the radius of the formed rings and the focal length of the camera (Moiseev 2002).

From equation (2.21), one can see that )¢ is a linear function with z, and E is a
coefficient that represents the stability of the instrument, and has a small fitted value
~ 2 A hr=! (Mitchell et al. 2015). Hence, equation 2.22 becomes less complicated:

Mz, t,7) = A+ Bz (2.23)

L+ (5

A sole FP scan that is illuminated by a monochromatic source with A,, will display a
ring with greatest intensity at the radius r from the optical axis of the etalon. The sky-
lines rings were used to calibrate FP coefficients A, B, F/, and f, and to determine the
wavelength solution with smallest root mean square residuals, shown in Figure 2.18.
I will mention the specific value for each observation with results in the following
chapters.
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Figure 2.18: The fits of the night-sky lines wavelength as a function of r and z.

2.3.7 Sky-lines subtraction

The recorded sky-lines in each FP frame should be removed from the object frame
(shown in Figure 2.19 top left panel). A model frame was created for these sky-lines
by fitting a Lorentzian profile to these sky-lines shown in the top right panel of Fig-
ure 2.19. Then the model sky-lines frame shown in bottom left panel of Figure 2.19 was
subtracted from the corresponding object frame. The bottom right panel of Figure 2.19
shows the final result of the sky-lines subtraction procedure.
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Figure 2.19: Top left: the raw FP image has the object and sky-lines. Top right: the
fitted sky-lines to those recorded in the previous panel, 6580 A corresponds to the
centre of the the FP scan. Bottom left: the model scan of the fitted sky-lines. Bottom
right: the final scan after subtracting the model of sky-lines.

2.3.8 Kinematics map

2.3.8.1 Line profile

The observed profile is a convolution of instrumental and source profiles, and can be
approximately described by a Voigt function (equation 2.24) which is a convolution of
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a Gaussian (source) and Lorentzian (instrumental) profiles.

VN0, 7) = / T GOL o)L 1) (2.24)

where:
o and ~ represent the two width parameters of the Voigt function: Gaussian o and
Lorentzian ~y.

2.3.8.2 Intensity of the line emission, continuum, velocity, velocity disper-
sion maps

We fitted® the spectral line profile at each pixel with a Voigt function to derive:

the wavelength at maximum intensity A, of the emission line and its uncertainty A\,
the line strength at the peak Iy and its uncertainty” Aly (continuum intensity), the
width of the Gaussian profile represents the velocity dispersion of the source. the radial
velocity can be derived from the Doppler equation:

A—Xo
Ao

v = c (2.25)

where:

A = wavelength of peak emission.

Ao = rest wavelength of the emission line, in air (because we use a ground based
instrument).

In order to create reliable maps, we set a signal to noise ratio (S/N) that was
determined from the ratio of Iy/Aly and excluded all values of velocities, velocities
dispersion, and intensity in pixels that have values less than S/N, and we use different
S/N for each cube according to the conditions, such as the intensity of the target in
a specific wavelength. We will mention the specific value of S/N for each observation
with results, as well as an example of emission line profile.

SWe used ./eprofile program in FP package which is provided by Ted Williams.
"The uncertainty in this code was estimated from the line fitting procedure by using y—square test
for the goodness of the fit.
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2.4 CLOUDY model

CLOUDY is a simulation software intended to model the regions of emission line that
fall between intergalactic medium and the Broad Line Regions of Quasars. Among the
strong merits of photoionization analysis is that researcher would get many observables
from the input of few parameters. CLOUDY can predict the intensities of 10 000
emission lines. These results can be achieved from only three characteristics namely,
shape and intensity of the incident continuum, the gas chemical composition and finally
its geometry. As a prerequisite, the shape and intensity of the incident continuum must
be identified. The continuum shape may be described as a fundamental form (e.g.
blackbody emission, thin bremsstrahlung emission or a power law with exponential
cutoff as option), calculated from table points, or in the form of transmitted continuum
based on previous predictions of CLOUDY. The continuum intensity must be identified
also. This may be represented either as energy or photon flux for a specific unit surface
area of cloud or as luminosity in the form of energy or photon emitted by the central
object into 47 sr. These can be specified as a flux of density or photons or as luminosity
where energies are arbitrary or by providing the visual absolute or bolometric value of
the source (Ferland 1996).

2.4.1 Chemical composition

The software can process the 30 lightest elements. It is possible to treat all the stage of
the ionization process and others such as charge exchange, radiative combination and
dielectronic recombination. The ionization mechanisms include photoionization from
both valence and inner shells as well as excited states, collisional ionization and charge
transfer.

2.4.2 Geometry

It is assumed that geometry is spherical but by enlarging the inner radius of the expense
of the cloud thickness it can become plane parallel. The default setting is that gas has
a fixed density and fills its volume completely. Other pressure laws and models can be
calculated with the assumption of partial volume filling “open”.
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2.4.3 Velocity structure

COUDY deals only with lines thermal broadening, assuming the absence of any type
of internal velocity structure and open geometry. These settings can be manipulated
in different ways. The turbulence command can be used to add microturbulence, while
using the“wind”command, it is possible to calculate the large velocity gradient. In
CLOUDY, the spherical nebula is divided into thin concentric shells. The thicknesses
of these slices would be small enough to assume constant physical conditions within
them. The thicknesses are monitored always to keep them within the required range.
The shells are considered as zones and usually between 100-200 zones are counted in
each optically thick model. It is a common practice to print the physical conditions of
the first and last shells.

2.4.4 Overview

The standard notation as used by Mihalas (1978) and Osterbrock (1989) will be adopted
here to define the usual quantities used by the software.

2.4.4.1 Continua

Figure 2.20 is a representation of the many continua used in the calculation of the
software.

e Incident continuum:
The incident continuum is defined as the external continuum generated by the
main central object which intersects the cloud’s illuminated face. Usually it
is defined in the starting calculation commands. The sole source of energy of
the cloud is derived from the absorption of this continuum and it is usually
diminished by extinction.

e Diffuse continuum:
The Diffuse continuum or the diffuse field is that radiation field generated by
gas and grains inside the nebula such as Lyman, Balmer or the two-photon con-
tinua generated by hydrogen. Such fields are semi isotropic and may represent
important sources of radiation in some cases. A major difference in the way
stellar atmosphere and photoionized nebula are calculated is the way diffuse
fields are treated. If the photoionization of the nebula is caused by external
continuum, then this means that the diffuse fields are weaker than the incident
continuum and the expected gas albedo is small. In stellar atmosphere the
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Figure 2.20: shows several of the continua that enter in the calculations of the CLOUDY
model (Ferland 1996).

semi isotropic diffuse field is the main factor controlling its intensity, therefore,
the diffuse fields can be dealt with through lower order approximations in a
nebula and not in a stellar atmospheres.

e Transmitted continuum:
The transmitted continuum is the total continuum emerging from the cloud’s
shielded face. It is composed of the incident and the transferred diffuse con-
tinuum.

e The reflected continuum:
This is the continuum generated from the cloud’s illuminated side facing the
source incident continuum. This type is calculated for open geometry setting
only.

Figure 2.21 represents a cross-plot of the incident and reflected continua for
a case matching the Compton reflector in AGN. This is a cloud with fixed
temperature (T=10° K) with a column density of 10* cm™2 and a density of
10" em=3. The illumination source is the v~! power law represented by dashed
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line and the punch continuum command provided the reflected continuum. The
Compton reflector’s peak can be identified easily in the figure.
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Figure 2.21: Incident (dashed) and reflected (solid) continua produced by the CLOUDY
model (Ferland 1996).
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2.4.4.2 Geometry

It is assumed that geometry is spherical but by enlarging the inner radius of the expense
of the cloud thickness it can become plane parallel. It is also possible to modify the
geometry to become nearly cylindrical and a simple wind can be calculated. The final
summary will state whether the geometry was parallel.

e [lluminated and shielded faces of the cloud:
The illuminated side of the cloud is the side facing the ionizing radiation source,
while the opposite side is called the shielded face. The illuminated face has
higher temperature and is more ionized than the other side.

e Depth and radius:
The two possible geometries are depicted in Figure 2.22 which shows also some
of the most commonly used terms. Radius is the distance from the centre of
symmetry which is normally the centre of the central object. Depth is the
distance between the illuminated face and a certain point within the cloud.

Open Geometry
Closed Geometry

Inner Radius r,

v

Outer Radius

Depth Ar
| 2

Figure 2.22: Representative diagram of the two limiting geometries (open & closed)
that can be considered in the CLOUDY model (Ferland 1996).

e Covering factor:
The covering factor is the part of 47 sr that is covered with gas if viewed from
the source of radiation. It depicted as /47 (Osterbrock 1989) with values
more than 0 and less than 1. It represents the fraction of radiation generated
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by the central object that strikes nebular gas. Luminosity values calculated
from the predicted line are for a shell covering ) sr while the line intensities
are determined per cloud’s unit area. The later has a nearly linear scale with
increasing covering factor. Line intensities depend weakly on it.

Filling factor:

The filling factor indicates the presence of tiny clumps within the region of
emission-line. When setting the filling factor, the hydrogen density is usually
referring to the gas regions and assuming vacant regions around it. Osterbrock
& Flather (1959) provided an account of the distinctive effects of a filling factor.

Radii:
The radii as used here us depicted in Figure 2.22. The inner radius is designated
as rg, the depth as Ar and the current radius as r.

Hydrogen density:
The total hydrogen density (cm™3) is used in CLOUDY model which is given
by:

n(H) =n(H®) +n(HY) +n(H") +2n(Hy) + 2n(Hy ) +3n(Hy)  (2.26)

Column densities:
The hydrogen column density (cm™2) is given by:

N(Hyy) = / n(H®) + n(H*) + n(H") + 20(Hy) + 2n(Hy) + 3n(HH] £ (r)dr

(2.27)
where:
f(r) = filling factor.
n = volume density (cm™3).
N = column density (cm™?).

Open vs. closed geometry:

There are two limiting cases that are essential to define geometry and its impact
on the calculations. These are designated as “open”and “closed” geometries.
Examples of the two types are depicted in Figure 2.22. The best approximation
depends to large extent on the gas covering factor. The selection impacts the
calculation of the diffuse fields mainly.

Open geometry:
Open geometry is achieved when the gas covering factor is small. The total
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radiation moving from the illuminated side toward the source would escape
without further interaction with the gas. This might be the case in the Crab
Nebula either in its broad-line region of active nuclei or the filaments. In such
case, Ly and higher hydrogen lines and H and the H ionizing radiation may
escape from the nebula. This geometry is considered as the default for the
code if the sphere command is not determined.

Closed geometry:

In this type of geometry, emission-line gas would cover 47 sr as seen by the
central star. In the case where the star is small compared to the nebula, then all
those diffuse fields escaping from the illuminated face towards the star would
eventually strike the nebula’s other side. This geometry type is adopted in
most calculations of nebulae and H1r regions. It will be used upon the entry
of the sphere command.

Static vs. expanding:

The “sphere” command has two options: “static” and “expanding” which de-
scribes the way in which line photons coming from either side of the shell would
interact with each other. In the static option, the code will consider the shell is
stationary and hence all lines interact across the nebula. In such cases, hydro-
gen Lyman line interaction must ensure that the case B emissivity is achieved.
In an expanding nebula, if the Q /47 ~ 1 then the diffuse continua would in-
teract across that nebula. However, the shell expansion velocity prevents the
diffuse line photons from doing so. In such cases, the expanding option should
be selected. The second case would be the default if the sphere is selected
but with no options. The open vs closed and static vs expanding options are
important for the predicted emission-line spectrum at the = 10% level. This
is due mainly to the different treatments of the diffuse fields and the optical
depth of lines.

Matter-bound and radiation-bound geometries:

Matter-bound geometry:

If the outer limit to the region of emission-line of the nebula is delineated by the
outer edge of the ionized cloud, then it would be described as matter bounded
and the cloud is thin to the incident continuum. In such cases, the volume and
density of the cloud would determine the intensity of a combination line and
it is not related to the luminosity of the ionizing continuum.

Radiation-bound geometry:

If the outer limit to the emission-line region of the nebula is marked by a
hydrogen ionization front, then the nebula is described as radiation bounded.
In this case, both warm ionized and cold neutral regions may exist together.
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The cloud would be optically thick to the hydrogen ionizing portion of the
continuum and so most of the incident continuum would be absorbed by it. In
this model, the intensity of a recombination line is defined by the luminosity of
the ionizing continuum and may have little dependence on the cloud properties.

Is a starting radius necessary?

CLOUDY should be able to delineate the surface flux of photons at the cloud’s
illuminated side. The incident continuum may be defined either as luminosity
or as intensity. In the luminosity case, it is essential to identify an inner or
starting radius and the emission lines will be considered as luminosities. In
the case of intensity, there is no need to set a starting radius. The lines will
be treated as intensities if the starting radius is not provided. In this second
case, a default radius of 10%° cm will be used. This should generate a nearly
plane-parallel geometry.

2.4.4.3 Application

Some of H1I regions in the nearby galaxy NGC 300 were modelled by using photoniza-
tion code CLOUDY 13.02 (Ferland et al. 2013) to simulate emission lines from these
regions (see Subsection 3.3.5). The physical properties in the model were determined
by using emission line ratios, and compared with the physical environment in the se-
lected H11 regions in NGC 300. As well as this, the temperature in these regions were
determined by using predicted intensities of [N II]5755 which was undetected in the
observations.
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Chapter 3

Outflows from diffuse nebulae in the face-
on spiral galaxy NGC 300

3.1 Introduction

Face-on galaxies provide a complementary view of the distribution of ionized outflows
to edge-ons, by tracing their emission lines across the face of the galaxy. This makes
it possible to examine the physical properties of the outflowing gas and explore their
ionizing and driving sources. The ionizing fluxes of O stars are the most effective
ionizing agent. Massive stars have an impact on the surrounding interstellar medium.
A large amount of outflowing gas could be blown by the winds of these stars. Their
strong radiation driven winds could reach the halo of the host galaxy, or even to the
intergalactic medium, and that could explain the existence of heavy elements in the
halo (Garnett 2002). Otherwise, H 11 regions have been used to trace the current chem-
ical composition of the interstellar medium in different parts of the galaxy (Bresolin
et al. 2009a; Peimbert 1975). The feedback from ionized outflows has played an im-
portant role in quenching or enhancing the star formation process in low mass galaxies
(Hopkins, Quataert & Murray 2012; Cazzoli et al. 2014).

An optical study of H1I regions in the face-on galaxy NGC 300 is presented in this
chapter, based on new SALT observations with Fabry-Pérot and long-slit spectroscopy
modes (see Figure 3.1). The spatial variation in the physical conditions along various
H 11 regions was investigated to quantify the impact of the outflows (galactic winds)
onto the ambient ISM. The Ha and HB Fabry-Pérot cubes were exploited to trace
ionized outflowing gas from the active regions; I discovered interesting kinematics in
specific areas which display splitting of the Ha profile. These signatures could be
interpreted in terms of shock excitation. Concerning the long-slit observation across
these areas, different bright optical emission lines ([S II] & [N II]) originating in low and
high ([O III]AN4959,5007) excitation regions were measured as well as Balmer lines (Ha
& Hp3), to study their profile shapes, kinematics and line ratios. The oxygen abundance
12+41og(O/H) was estimated for the H 11 regions based on the strong line methods, and I
examined these abundances as a function of the distance from the centre of the galaxy.

The adopted distance of the NGC 300 galaxy is 1.88 Mpc (Gieren et al. 2005b),
and the resulting angular scale 2’ corresponds to 1 kpc.
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. Ha(MR)/- g
HB (LR) s 5

Figure 3.1: An image of NGC 300 illustrating the summary of observations used in
this chapter. Two FP fields are located at (RA: 00" 55™ 08°, Dec: —37° 41’ 50")
and (RA: 00" 54™ 45%, Dec: —37° 37’ 0") respectively. Five long-slit positions (LSI,
LS2, LS3, LS4, LS5) were oriented with PA = 44° 155° 119° 111°, 68° respec-
tively. The base image is a combination of visible-light and ultraviolet images, the
red and yellow colours represent visible light observed using the Carnegie Institu-
tion of Washington’s 100-inch telescope at Las Campanas Observatory, and the blue
colour represents ultraviolet observations from NASA’s Galaxy Evolution Explorer.
https://en.wikipedia.org/wiki/NGC_300.

3.2 Fabry-Pérot observations

NGC 300 was observed in FP mode in two fields of view. The centres of these fields
are (RA: 00" 55™ 08°, Dec: —37° 41’ 50”) and (RA: 00" 54™ 45° Dec: —37 37’ (")
respectively. Tables 3.1 and 3.2 give details of the observations of Ha and H3. The
medium resolution (MR; R ~ 1400) of the imaging spectroscopic mode was chosen in
the two fields to span a spectral region of 6561—6581 A and 6561—6577 A in equally
spaced 2 A steps after taking into account the systemic velocity of NGC 300 (144
km s7!). The integration time for the Ha (MR), Ha (LR) and H3 (LR) observations
was 120 seconds, 122 seconds and 480 seconds respectively. The chosen spectral range
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covers the Ha profile and continuum. On the other hand, the HF observation was done
by using low resolution (LR; R &~ 700). A spectral range of 4851.9—4867.6 A was chosen
to sample the Hf profile and some continuum on either side. The integration time for
H was increased in order to obtain sufficient signal, as the intensity of Hf is one third
of the Hav intensity. The reduction of FP data was discussed in detail in chapter 1.5.
The Ha datacube was reduced using the described procedure and the produced mean
square residual for the wavelength solution (\.,s) was 0.096 A, which is equivalent to
4.3km s ', and in the second field the A, was 0.112 A(5 km s ~'). Osterbrock et al.
(1996) state that they did not detect any night sky-lines at wavelengths shorter than
5200 A. Hence, sky-lines cannot be used to calibrate the wavelength in H/3 observations,
and so the emission ring of Xe line measured at the time of observation was used to
check the wavelength calibration A parameter.



Table 3.1: The main parameters of NGC 300 observations of Ha and HB, with Fabry-
Pérot MR and LR mode respectively.

MR LR
Date of observation 9™ June & 1% July 2015 30" Aug. 2017
Telescope SALT SALT
Instrument RSS RSS
Detector E2V CCD 44-82 chips E2V CCD 44-82 chips
Mode Fabry-Pérot (MR) Fabry-Pérot (LR)
Resolving power ~1400 ~700
Filter P106530 P104820
Free spectral range (A) 75 8.64
Steps 11 &9 6
Exposure time/step (seconds) 120 & 124 480
Pixel scale (" pixel™) 0.5068 0.5068
Seeing (") ~2 ~2

&
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Table 3.2: Etalon configuration wavelengths for the FP Ha and HS observations of
NGC 300.

no. Ha (first field) Ha (second field) HfS

MR LR LR
1 6561 6561 4851.9
2 6563 6563 4857.5
3 6565 6565 4859.6
4 6567 6567 4863.5
3 6569 6569 4865.5
6 6571 6571 4867.6
7 6573 6573
8 6575 6575
9 6577 6577
10 6579
11 6581




75

3.2.1 Results of Fabry-Pérot mode

To search for evidence of interaction between the outflowing gas and their surround-
ings, deep Fabry-Pérot observations were analysed in order to identify H 11 regions and
determine the kinematics and excitation conditions. A spectral line profile was fitted
at each pixel with a Voigt function to derive the wavelength at maximum intensity
of the Ha emission, in order to determine the radial velocity at each pixel. The Ha
profile was fitted with five parameters: o (Gaussian width), v (Lorentzian width), .
(the wavelength at the profile’s peak), I (the line strength), Iy (continuum intensity)
and the estimated uncertainty in these parameters. The same procedure was used with
the HG cube.

Figure 3.2 shows the distribution of Ho and Hf emission in the first field. This
was achieved by integrating all intensities (line 4+ continuum) along the wavelength axis
of each cube after reducing its scans. The distribution of Ha emission in the second
field is shown in Figure 3.3. The white edges in each panel (a, ¢) represent CCD
gaps, and the white area in the bottom of (a) represents a guiding probe. 18 objects
were identified in both fields with different size and morphological appearance, across
a region ~8 in diameter for each field. As well as this, bright dots in different positions
are noticed, which represent foreground stars. In the first field, to the northwest, bright
emission appears in the centre (black cross) of the galaxy, which gradually decreases
and extends to ~ 1 kpc around the centre. Three regions were identified and labelled
A, B, C in Figure 3.2, which shows the zoomed-in maps in panels (b) and (d): these
will be discussed in more detail later. In the second field, high emission is obvious
around the centre of the galaxy (a black cross) to the left bottom of Figure 3.3. Its
intensity reduces gradually away from the centre . 12 objects are labelled in Figure 3.3,
and 10 of them were re-observed by long-slit spectroscopy. Four objects (K1, K7, K11,
K12) are the largest objects in the second field. Bright spots are noticed in different
positions across the field, which are foreground stars.
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Figures 3.4 and 3.5 show the maps of these parameters. For Ha maps, a threshold
was set by accepting intensities higher than 1200 (arbitrary units) and only velocities
and velocity dispersions were accepted in pixels above this threshold. In this obser-
vation the signal is low compared with that in HS because of the differences in the
exposure time and resolving power between these two observations despite H3 being
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Figure 3.3: Total intensity map in the observed field (RA: 00":55™:08°, Dec:
—37°:41":50") in NGC 300 showing Ha. The intensity is in arbitrary units, and the
centre of the galaxy is marked with a black cross. The red arrows identify 14 objects
in the field (K1-K14).

about three times fainter than Ha. The S/N threshold was fixed to 4 for the Hj5 ob-
servations, and only velocities and velocity dispersions were accepted in pixels above
this threshold. A large amount of continuum emission is obvious in the area near to
the centre of the galaxy, which is the result of continuum emission from stars whose
spectra dominate in this area. NGC 300 is a starburst galaxy, and young massive stars
as well as older red-giant branch (RGB) stars are thought to be highly concentrated in
this area (see panel (b) in both of Figures 3.4 and 3.5). Figure 3.6 shows Ha emission,
continuum, velocity and velocity dispersion in the second field, and Figure 3.7 is a
zoom of Figures 3.6. The noise level is high near the centre, and the S/N threshold was
fixed to 5. I could not trace any continuum emission in the centre and its surrounding.



Right Ascension (J2000)

Right Ascension (J2000)

a
o" 55™ 0" '
10° |
1 kpe
20° .
-37° 39.5' 0 415
Declination (J2000)
o 55™ 0" ]
10° -
20° -
-37° 39.5 0 415

Declination (J2000)

43.5'

10.00

19.60

9.20
8.80
8.40
8.00
7.60
7.20
6.80

6.40
6.00

log(intensity of Ha)

Ll oL
S o o
S & o

elocity (km/s)

11 | |
I ¥ B )
o0 o O
S o © ©

A/

Right Ascension (J2000)

Right Ascension (J2000)

78

ot 55™ 0° ]
10°
20° 8 i, -
-37° 395 0 415 43.5'
Declination (J2000)
o" 55™ 0"
10°
20°
-37° 395 0 415 435

Declination (J2000)

Figure 3.4: After fitting the data cube of Ha of the first field, from top left to bottom
right: (a) the maximum intensity of the Ha profile, (b) continuum, (c) velocity and
(d) velocity dispersion. The intensity is in arbitrary units.

The morphology and kinematics will be discussed in detail in 3.3.2.3 and 3.3.2.
Complex H11 regions A and B were zoomed-in and mapped in order to investigate, in
detail, the kinematics and distribution of the ionized gas and to quantify the impact
onto the surrounding interstellar matter, as shown in Figures 3.8 and 3.9.
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Figure 3.5: As Figure 3.4, but for Hp.

3.2.2 Long-slit observations

The RSS long-slit spectroscopy mode was used, with the two volume phase holographic
(VPH) gratings PG3000 and PG2300 to cover all interesting lines in the two spectral
ranges 4335—5016 A and 5904—6756 A. The slit width was 17, which offers spectral
resolution of about 0.76 A and 1 A respectively, and a reciprocal dispersion of approxi-
mately 0.268 A pixel™!. The spectra of Ne and CuAr comparison lamps were acquired
for wavelength calibration. Five long slit settings were used in order to cross the re-
gions of interest. Their charts are shown in Appendix A Figures A.1— A.5. All the
important parameters of the long-slit observations are provided in Table 3.3. The data
reduction is detailed in chapter 1.5. The produced spectra display many emission lines,
which can be approximated as a Gaussian profile, therefore my IDL code was used by
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Figure 3.6: As Figure 3.4, but for the second field.

adapting the MPFITEXPR routine. The uncertainty in the maximum intensity, wave-
length at the peak of the emission line profile and o are estimated by determining the
uncertainty in the Gaussian parameters from the MPFITEXPR routine.
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Figure 3.7: zoom into the red rectangular area in Figure 3.6.

3.2.3 Spectral analysis

FP observations show prominent areas with strong ionized emission in both Ha and
Hp. T have examined the shape of the emission line across the objects (A, B and C)
(see Figures 3.4 and 3.5). I noticed that the profile shows signs of broadening and
splitting (see Figure 3.15) in specific positions resulting in interesting kinematics and
morphology. Two long-slit observations (LS1, LS2) were used to re-observe the two
objects A and B. As well as this, prominent areas in the second field of FP were re-
observed with three long-slit settings (LS3, LS4, LS5) to examine 10 objects (K1-K10),
which are shown in Figure 3.3.

Figure 3.10 shows the image of the red and blue sides of the long-slit spectra
with PA = 44° and 155°. Five prominent areas can be discerned in this image: objects
R (no object was found in the literature by Vizier on this position), A, B-1, B-2,
and D; the spectra of each object were calculated by integrating their emission. The
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Table 3.3: Summary of the spectroscopic (long-slit) observations of NGC 300.

Date of observation 231 — 25t Oct. 2016 & 24 Nov. 2017
Telescope SALT
Instrument RSS
Detector E2V CCD 44-82 chips
Mode Long-slit
Grating PG3000 & PG2300
Slit width 1”7

Exposure time

Pixel scale
Reciprocal dispersion
Spectral resolution

300 seconds
0.5068" pixel ™
0.268 A pixel ™

0.76 A

Slit centre of LS1 (PA = 155°)
Slit centre of LS2 (PA = 44°)

Slit centre of LS3 (PA = 119°)
Slit centre of LS4 (PA = 111°)

Slit centre of LS4 (PA = 68°)

00" 55™ 12%
—37° 41’ 20"

2000
2000
2000) = 00" 55™ 13°
2000 —37° 41’ 36"
2000) = 00" 54™ 40°

2000) = 00" 54™ 445
2000) = —37° 40’ 22"
2000) = 00" 54™ 402

2000 —37° 39" 17"

A (2000) =
Dec ( ) =
A (2000) =
Dec ( ) =
A (2000) =
Dec (2000) = —37° 39" 15"
A (2000) =
Dec ( ) =
A (2000) =
Dec ( ) =

same procedure was followed with the spectra of the blue side which has HS and [O
ITI] lines. Another long-slit observation with PA = 155° crosses object A and two
additional objects named E and F. In the next paragraphs, I will introduce more detail
about the results of LS1 and LS2 only, and the spectra of objects from K1 to K10 were
analysed using the same method.
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Figure 3.10: The long-slit frames of the blue and red side of the spectra at PA = 155° (left panel) and PA = 44°
(right panel): the interesting objects and emission lines are marked on the frames.

g8
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The five settings of the long-slit observations cover spectra with wavelength
ranges 4335—5016 A and 5904—6756 A. A total of eight optical emission lines were
found in the final spectra including Balmer lines (Ha & Hf), low excitation lines ([N
IT]AN6549,6583 & [S TI]AAN6716,6732), and high excitation lines ([O III]AA4959,5007).
The Balmer recombination lines occur when the recombining electron results in the
emission of photons that may escape from HII regions, cooling them. These areas
contain sufficient energy from O and B stars to ionize H atoms. In addition, massive
stars eject metals, some of which are produced by the nucleosynthesis in the core of
these stars. Forbidden line emission of metals is commonly seen in HII regions and
PNe, and represent another cooling process of nebula gas: radiative de-excitation. In
addition to strong Ha emission concentrated in H1I regions that are shown in FP ob-
servations, [N II] and [S II] emission was traced in all objects. The [O III] lines appear
in objects which display high photoionization level. The ratio of these emission lines
were examined in these objects, and I found A, F, D, R show higher ratio of [O III|/H/
compared to others, and K6 shows the highest ratio of [S II]/Hc, which indicates that
the ISM experienced a shock in these areas.

These emission lines were fitted with a single Gaussian function to determine the
parameters describing their profiles and thus investigate the kinematic and physical
properties of these objects. Figures B.1 — B.8 show the spectra of the total emission
in object A (PA = 44°), A (PA = 155°), F, E, B-1, B-2, D and R respectively. The
kinematics and the line ratios of the optical emission lines are listed in Tables 3.4
and 3.5. It is important to know that the emission lines in the objects of interest are
very narrow, thus the velocity dispersion was not corrected for the instrumental width.
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Table 3.5: Same as Table 3.4, but now emission line ratios.

Object S 11]/Ha [N ]/Ha [0 1]/Ha Ha/HB _ [S 11]6717/[S 11]6731 _ log(JO MI]/HAB) _ log(IN 11]/Ha) _ log([S ]/Ha)
R (PA=155°)  0.14 £ 0.08 0.12 £ 0.02 _ 0.29 & 0.05 1.5 £ 0.03 1.40 £ 0.03 —0.47 —0.92 —0.86
A (PA=44°) 0.27 £ 0.03  0.15 + 0.02  0.18 & 0.08 5 + 0.02 1.50 + 0.01 —0.06 —0.83 —0.57
B-1 (PA=44°) 0.45 + 0.02  0.23 + 0.03  0.07 + 0.01 4.48 + 0.41 1.51 + 0.03 ~0.52 —0.65 —0.34
B-2 (PA=44°) 0.28 + 0.10  0.20 + 0.03  0.07 % 0.01 5.43 + 0.41 1.42 + 0.05 —0.01 —0.71 —0.56
D (PA=44°) 0.29 + 0.10  0.23 +£ 0.10  0.24 & 0.01 6.10 + 0.08 1.57 £ 0.11 0.15 —0.64 —0.54
A (PA=155°)  0.17 £ 0.02  0.12 + 0.03  0.30 £ 0.01 5.04 + 0.08 1.64 + 0.01 ~0.06 —0.91 —0.78
F (PA=155°)  0.19 £ 0.01 0.13 £ 0.12  0.35 £ 0.04  5.16 £ 0.76 1.52 + 0.06 0.25 —0.88 —0.73
E (PA=155°)  0.23 £ 0.05 0.14 + 0.05  0.06 & 0.02 6.20 + 1.10 1.68 + 0.02 —0.41 —0.87 —0.64
K1 (PA=119°) 0.44 £+ 0.07 0.29 + 0.01  0.02 & 0.11 6.60 + 0.11 1.46 + 0.11 ~0.90 —0.54 —0.36
K2 (PA=119°) 0.21 £0.12 0.06 £ 0.03  0.07 & 0.17  10.80 % 0.20 1.64 + 0.10 ~0.12 —1.24 —0.67
K3 (PA=111°) 0.35 +£0.12 0.34 £ 0.11  0.06 + 0.25  4.20 & 0.11 1.36 + 0.24 —0.57 —0.46 —0.45
K4 (PA=111°) 0.26 £0.08 0.23 £ 0.09 0.05 + 0.15  4.90 + 0.11 1.68 % 0.10 —0.65 —0.64 —0.57
K5 (PA=111°) 0.24 +0.07 0.21 + 0.08 0.03 £ 0.15  11.04 + 0.13 1.68 + 0.10 ~0.50 —0.68 —0.67
K6 (PA=111°) 0.68 £ 0.10 0.15 + 0.16  0.04 & 0.15 8.70 &+ 0.21 1.56 + 0.14 —0.43 —0.81 —0.16
K7 (PA=68°) 0.26 £ 0.07  0.18 + 0.07  0.10 & 0.08 8.62 + 0.08 1.56 % 0.12 —0.04 —0.74 —0.59
K8 (PA=68°) 0.15 + 0.07  0.15 + 0.08  0.09 + 0.14  13.64 + 0.12 1.36 + 0.14 0.08 ~0.82 —0.85
K9 (PA=68°) 0.17 £ 0.06  0.16 + 0.09  0.07 & 0.08  12.84 + 0.08 1.85 £ 0.12 —0.02 —0.79 —0.80
K10 (PA=68°) 0.42 +0.13 0.11 + 0.16  0.03 + 0.21 9.23 + 0.23 1.31 + 0.26 —0.54 —0.98 —0.38
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3.3 Discussion

3.3.1 Archival properties of selected objects

Supporting information about our objects was collected through Vizier (Figures 3.11).
Object A comprises some 25 objects, including 13 Wolf—Rayet stars (Breysacher et al.
1997; Schild et al. 2003). These stars can trace young stellar populations, and their
presence often reflects low metallicity (Schild et al. 2003). Three HII regions were
detected at radio frequencies with spatial resolution ~ 2” and X-ray observations with
an energy range of 0.3—6.0 keV (Payne et al. 2004), and a radio supernova remnant
(SNR) with a ~ —0.4 £ 0.3 (Chomiuk & Wilcots 2009). Five OB associations appear
in this area (Kim, Sung & Lee 2002). Object B has five H1I regions (Deharveng et al.
1988; Roussel et al. 2005), and two SNR candidates in an optical imaging and long-slit
spectroscopic study (Blair & Long 1997). Wolf—Rayet stars and OB associations are
located in this object, too. Object C represents a known HII region (Deharveng et al.
1988). Figure 3.11 shows the different components which appear in objects A and B.

Figure 3.11: The major identified components in objects A and B which were collected
through Vizier. WR* = Wolf—Rayet star, SNR = supernova remnant, V* = Variable
star, As* = association of stars, H1l = star-formation region, CL. = cluster of stars.
The background image taken at optical wavelength.
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3.3.2 Intensity maps and the kinematics of Hao and H/f

The Ha intensity map, which was obtained by the FP observations, and is shown in
Figure 3.2, displays Ha emission in two prominent areas (marked A and B) as well
as a few smaller areas that represent SNRs and classical H1I regions, such as object
C. Object A spans nearly 1 kpc across the sky, which is larger than the most active
star formation regions in the local group, such as 30 Doradus in the LMC (400 pc)
and NGC 604 in M33 (460 pc) (Relano & Kennicutt 2009), and B shows two distinct
areas with annular shells (loops). These prominent areas are also very obvious in Hf
emission.

It is worth focusing on Gaussian parameters to separate the continuum emission
from emission lines to show the impact of these active areas on the surrounding ISM.
The nucleus of NGC 300 and its vicinity are characterised by strong continuum emis-
sion, part of which is obvious in panel (c) of Figures 3.4 and 3.5, because the continuum
light from old red stars dominates in these areas. From a morphological point of view,
different structures can be seen in object A in Ha emission and continuum. These could
be filaments produced by the impact of the ionized outflowing gas and could arise as
a result of the stellar winds of high-mass stars in this area (see Figure 3.8 panel (a)).
The HF map, panel (a) of Figure 3.5, also shows these structures. Likewise, object B
displays clear filaments with Ho emission which extend to make loop structures with
radii of nearly 200 pc, as shown in Figure 3.9 panel (c¢). These loops are less clear
in HG emission, perhaps due to the lower spectral resolution (LR) compared with the
resolution of the Ha observations (MR), as MR can trace fainter features of the spectra
compared to LR (see Figure 3.5 panel (a)). In the following, I will examine different
tracers of the ISM.

3.3.2.1 A comparison of optical observation in different spectral windows

It is instructive to compare the intensity maps of Ha and HF with maps created using
different spectral windows. This will uncover more knowledge about what is going
on in the areas A and B, what kinds of objects are there, what is the impact or
variation in the geometry of the ISM in the vicinity of the H1I regions, and what are
the physical conditions around them. The diffuse ionized gas is extended to about 1
kpc in objects A and B, and these H1I regions supply more than one quarter of the
ionized emission in the observed field from NGC 300. Hoopes, Walterbos & Greenwalt
(1996) suggested that 42% of the Ha emission in NGC 300 originates in the diffuse
ionized gas, concentrated around HII regions, and substantial emission can be noticed
in the vicinity of H1I regions to a distance of about 0.5 to 1 kpc. NGC 300 shows
conspicuous filamentary structures of the diffuse ionized gas (Ha, Hf) in the form of
loops or shells being driven by the impact of OB associations. The loop structures
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are more concentrated and visible near star formation regions (see Figure 3.4 and
Figure 3.5) .

Roussel et al. (2005) investigated the A and B complexes by analysing a com-
bination of maps that were observed with near ultraviolet (NUV.;; = 2267 A), far
ultraviolet (FUV,s; = 1516 A) and optical (UBVRI, Ha, HB) bands. Figures 3.12 and
3.13 show six different maps for each object in that previous study and the present
study. Panel (a) represents the U-band (NUV & FUV) map where bright regions rep-
resent stellar clusters or groups of clusters of massive stars. The massive stars emit
copious UV radiation that can ionize the areas surrounding these stars. In comparison
with (d) Ha and (e) HB maps from my FP observations, the brightest UV emission
in D137a coincides with Ha and HB emission forming a “ceiling” fan shape at (RA:
00" 55™ 13.00°, Dec: —37° 41’ 40”) and extending to 200 pc around this position.
While D137b shows bright UV emission the Ha and Hf3 emission is low in the area
surrounding D137b. This can be interpreted as massive stars re-shaping the ISM by
forming walls on each side of these stars separated by a distance of about 90 pc. Object
A shows bright emission in the 8 um map, broadly coinciding with the Ho and Hf
emission. The mid-infrared emission is mainly from PAHs, which trace star formation
(Wu et al. 2005).

Panel (f) of Figure 3.12 shows radio contours overlaying the DSS2-RED image
for target A. This source possibly represents a compound of supernova remnant em-
bedded within an H1I region or superimposed on an HII region. Only D137a shows a
radio source, coinciding with bright optical (ceiling fan shape), UV and mid-infrared
emission. It is likely that SNRs are highly sensitive to the density of the environment,
as it strengthens the shocks, thus amplifying the magnetic field and heating the gas
giving rise to strong radio synchrotron and X-ray emission.

The object B is shown in Figure 3.13, which presents six spectral windows (U
band, mid-infrared, Ha, Hf, radio), and panels (d) and (e) show my new FP obser-
vations. D118 and D119 show the same morphological structures, in particular in the
UV and HS maps. Both of these H1I regions seem to be formed of expanding bubbles.
The expanding material (shells) are clear in these maps. D118 displays radio emis-
sion, which was observed by Payne et al. (2004), and they suggested that signatures
of both SNR and H1I regions appear in this area. The morphological structures of
H 11 regions in object A and B suggest that D137a and D137b might be younger than
D118 and D119. Both show same morphology, and position onto the boundary of bub-
ble structures; where the expanding gas of stellar winds sweeps up surrounding ISM
in particular cold molecular gas which is comprised and then creates shells with high
density, that might trigger a new star formation episode. D119 appears as a complex
object spanning a larger area than D137, and it would be formed in a typical way
where a dense molecular cloud collapses and triggers star formation regions. Perhaps
these two objects are inclined at a different angle with respect to the observer. In real
H 11 regions which show asymmetry structures, the impacts re-shape the surrounding
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ISM according to the activity and age of the star formation regions (entrained energy
and material by stellar winds). If one takes all these facts into account then one would
expecte to see different shapes at different viewing angles.
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Y-axis represent the RA and Dec respectively. Superposed contours onto the maps represent Ha emission (Roussel
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study). (f) Shows a radio image (Payne et al. 2004).
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3.3.2.2 The dust distribution

Figure 3.14 shows the line ratio map of Ha/Hf3, which can be used to examine the
attenuation by dust. Some areas show high attenuated emission in specific regions,
where a high ratio appears, and some display values very close to the theoretical ratio
of Ha/Hf as expected in unattenuated emission. The presence of dust in HII regions
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Figure 3.14: The ratio of Ha/HfS. Pixels that do not have both Ha and Hf3 emission
are excluded from the map.

is common, as young massive stars are embedded in dust. The impact of the dust
can reduce the detected intensity and redden the continuum. Importantly, internal
reddening cause changes in the emission line profile, by attenuating certain parts that
contribute to the profile more than other parts. The most common method used to
correct the emission-line spectra from extinction is based on the ratio of the lower
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Balmer lines (Ha & Hf); when the observed ratios are compared with those from
theory, their deviations represent the effect of interstellar extinction. The ratio of
Ha/Hp offers an interesting trace of the dust, in front of and within the ionized gas
(Osterbrock & Ferland 2006). In photoionized nebulae with a pure recombination
case B (n, = 10> em™®, T = 10 000 K), the intrinsic value of Ha/H/ is about 2.85
(Osterbrock and Ferland 2006). The collisional excitation of Hoa Balmer lines should be
taken into account in the case of shocks in SNRs and AGN, then the intrinsic value of
the Balmer decrement (Ha/Hf) is likely to be 3.0—3.1. The lower threshold energy of
Ha compared with that of HS makes it more likely to be created by collisions compared
to HB. This explains why often an Ha/Hf ratio of 3.0 is adopted—a value which is
0.15 higher than that of pure recombination only.

The method used to determine the Ha extinction from Balmer decrement is
explained by Caplan & Deharveng (1986) and Relano et al. (2006). Their method
is based on the fact that the Ha and Hf are emitted in thermodynamic equilibrium
environment, and the discrepancy from the theoretical value of Ha/Hf is caused by
extinction of light due to the interstellar dust distribution. The Ha extinction produced
by such environment is given by:

(3.1)

Apte = 5.25 x log ( Ho/Hp )

2.859 17007
Where:

Ha, HB = the observed emission of Ha and HS respectively.
T. = the electron temperature in unit 10* K.

2.859 = the theoretical value of Ha/HJ in case B recombination (T = 10* K, n. = 100
cm™?).

Figure 3.14 displays the Balmer decrement ratio for different H 11 regions in NGC
300. In this map, pixels that do not have both Ha and Hf emission are excluded from
the map. The dust distribution is different over the observed areas. A few positions
show areas without or having little dust, with a ratio around the theoretical value
(2.85), while the dusty environments are widely apparent in the map, in particular
H11 regions and SNRs. High dust column densities appear in SNRs more than in H11
regions. A few dusty filaments appear in object A with Balmer decrement ~ 6 (Ag,
= 3.1) and as much as ~ 8 (Ag, = 3.8) in H1I regions and SNRs. Object A spans
1 kpc on the sky, which comprises different objects such as H1I regions, Wolf—Rayet
stars and SNRs (see Figure 3.11 left panel).

Metals play an important role in the formation of dust grains. The latter are
formed during stellar evolution and SNe, as stellar winds carry out copious amounts of
metals that were produced inside the stars during the nucleosynthesis process. As well
as this, the dust grains can be destroyed by SNe shocks (Lakic¢evié¢ et al. 2015; Temim
et al. 2015). The material swept by the ejecta from stars forms a dense and cold shell
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of material, which is decelerated when the SN passes through the Sedov—Taylor phase
(adiabatic phase). The distribution of the dust in object A also agrees with that shown
in the 8 ym map presented by Roussel et al. (2005) (see panel (c¢) Figure 3.12).

Object B has two H1I regions D118 and D119, which show high Balmer decre-
ments of ~ 8 (Ag, = 3.8) and a lower value ~ 3 (Ay, = 3.1) on the boundary of the
bubbles. D119 shows higher Balmer decrements to the Fast than to the West, and the
position of the highest value does not coincide with the peak of 8 micron emission (see
Figure 3.13), but instead shows values that are about the theoretical zero-extinction
value in D119 and in other locations achieves higher values of about 4. This would
result from losing some values through the data reduction process, when excluding
pixels that do not have both Ha and Hf.

3.3.2.3 The kinematics of Ha and Hj

Figure 3.8 panel (c) shows the kinematic map of the Ha emission line. It was found
that the velocities' of the outflows in object A are about —120 km s~! in the central
area and increase to more than —220 km s~! in the outer regions. Velocity dispersions
(panel d) display a similar behaviour, with a low value in the centre (~90 km s™') and
enhanced in the boundaries to about 200 km s~!. Clear filaments appear with high
velocity dispersion, between 175 to 230 km s~ !, in the Eastern surrounding area of
object A, and filaments with lower velocity dispersion (about 90 km s™') can be seen
in the middle area of object A. The zoomed-in maps (e) and (f) in Figure 3.8 show the
velocity and velocity dispersion in object A with H3 emission. The values follow the
same trends as in the Ha maps, velocities are between —140 to —260 km s™!, while
velocity dispersion ranges from 110 to 200 km s™!.

In the same way, Figure 3.9, shows a zoomed in view of object B. The velocities
(Ha) in object B are between —160 to —180 km s~!. The velocity dispersion in this
object has high values in some specific areas, reaching about 270 km s~!. The loop has
velocity dispersions 200 km s™! in the boundaries and 120 km s™! in the centre. The
Hf kinematic maps of object B are shown in Figure 3.9 (panels e & f). The velocity
measures between —160 to —240 km s~!, and velocity dispersion between 90 to 140
km s~!.

These maps present some interesting structures: the presence of large velocity
dispersion is an indication of kinematic interaction between different components. In
other words, it is possible that this material has possibly been shock heated in colliding
outflows.

Lafter subtracting the Vsys (136 km s~1) of NGC 300.
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3.3.2.4 Signatures of shocks

The profile shape was examined in different pixels to search for any indication of
splitting in these emission lines (Ha & Hf). The object B displays blended Ha profiles
in some areas, as shown in Figure 3.15, but this does not appear in the HS emission.
Perhaps the second component is faint in HG emission and cannot be measured.

As mentioned before, all the emission lines from our objects were fitted with a
single Voigt function. It was noticed that the Ha profile displays a broader shape
in various places (high velocity dispersion). These kinds of signature appear in areas
where the gas experiences shocks due to the interaction among different components
along the line of sight (Heckman, Armus & Miley 1990; Hoopes & Walterbos 2003).
The next step was to examine the observed profile across these areas. Profiles with signs
of line splitting were found in object B, and are shown in Figure 3.15. For instance,
panels 1—10 could have two components with different velocities along the line of sight
and different morphology of ionized gas, hence it suggests an expanding structure or
outflow. The positions of the split coincide with the area of higher velocity dispersion
as well as with the areas with high velocity. Notice that the split appears in both H11
regions with high intensity and its surroundings with low intensity. Figure 3.16 presents
a model fit with two Gaussian components to the average spectrum of 49 pixels, which
are marked by the white box (see Figure 3.15). The fit suggests that there are two
components, the brightest one shows lower velocity ~ —1348 km s™! and lower FWHM
(~1164:20 km s™'), while the fainter one has higher blue-shifted velocity ~ —306+18
km s and higher FWHM (~336+20 km s7!). These two components are clear in
specific areas which are marked with white box in Figure 3.16, as well as showing
high velocity dispersion (see Figure 3.4 panel (d)) ranging from 400 to 640 km s,
these are values from one Gaussian fitting. Surrounding areas with a sign of splitting,
wide profiles were diagnosed, which show a single component that has velocity ranging
between —160 and —240 km s~! and velocity dispersion between 250 and 400 km s~ 1.

In object A, the one component Gaussian fitting is probably the more acceptable
model for Ha emission, and there was no sign of splitting.

As mentioned before in this section, A and B are compound objects with H1I
regions and SNRs (Payne et al. 2004). The morphological structures of D118 and D119,
the presence of circular shells and signatures of splitting in the emission line suggested
that this material has experienced shock-heating, and the high velocity dispersion could
reflect the interaction between different components along the line of sight. I will take
all the previous points into account, and explore these two objects in more detail
with long-slit observations in order to study the physical properties across these large
objects, such as the ionization state, temperatures, abundance and electron density.
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Table 3.6: The kinematic parameters of object B, average spectrum of 49 pixels which
are marked in a white box in Figure 1.5.

V-Ha st —13kms '+ 8
FWHM-Hao'st 316 km s~ + 20
V-Ha?d —306 km s~ ! + 18
FWHM-Hq?d 434 km s~ £ 20

15¢ = first component.
274 — second component.
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3.3.3 The emission line ratios and the diagnostic diagrams

In the previous sub-sections, the main physical properties were investigated for different
objects in NGC 300. In the following, the environment throughout the largest object
(A) is examined. The largest object (A155, A44) possesses a variety of small-scale
structures. To investigate and acquire more information about what is happening in
these kinds of compact regions, I will use several diagnostic diagrams, based on emission
line ratios, to examine each subdivision in the interesting objects. These diagnostic
diagrams can differentiate the photoionized nebulae from shock-excited objects. This
method was used to study sub-structures of planetary nebulae (PNe) and to determine
the excitation mechanism in PNe (Danehkar et al. 2017; Gongalves et al. 2004).

The ionization mechanisms in the expanding area seen in D119 (A155, A44) could
be generated from collisional excitation or photoionization. It is possible to identify
which mechanism presently dominates its excitation by using line ratios [S II]/Ha and
[N II]/Ha in a diagnostic diagram (Sabbadin, Minello & Bianchini 1977; Camps-Farina
et al. 2017). The strength of the lines was determined by measuring the intensity at
peak of the line. Figure 3.10 shows four long-slit frames on the red and blue sides of
the spectra at PA = 44° and 155°. The interesting objects are marked on these frames,
and the spectra of these objects are shown in Figures B.1 — B.8.

Figure 3.17 shows the positions of the objects of interest on the diagnostic di-
agram. The majority of the objects fall near the boundary of the Hir zone in the
diagram. This suggests photoionization is currently dominant in the left-side areas,
which is in contrast to the other regions (right-side) where shocks may be important,
as collisional excitation rather than photoionization dominates (Camps-Farina et al.
2016). The centre of the galaxy (K6) shows ratios of SNR, while K1, K3, K10, and
B-1 display ratios between SNR and H1I regions.

The analysis of the relative intensities of metal line emission to Ha (Table 3.5)
provides the first evidence that the interstellar gas experiences shocks. These are the
major sources of ionization and excitation in the ISM, and can produce high ratios of
forbidden lines with respect to Ha (Mathewson & Clarke 1973). Object F, A155 and
E have high ratios of [N II]/Ha and [S II]/Ha that are comparable to the average value
of H1I regions surrounding numerous massive O stars, where shock waves develop by
stellar winds and leave signature of shock in the spectra of the emission lines of the
shocked gas (Lagrois, Joncas & Drissen 2012). Note also B-1 shows high Ha/H/3 ratio
(4.5) and low [O III]/Ha compared with low ionized line ratios to Ha. Hence, this
target could undergo more than one events.

Figure 3.18 shows three different sets of diagnostic diagram. The top panel shows
that approximately the entire area across object A is located in the shock-excited zones.
These areas display low ratio of highly excited lines such as [O III] to Ha and high
ratios of low excitations lines such as [S II] or [N II] to Ha. The boundary of the
different zones in the diagnostic diagram were originally determined using abundances
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Figure 3.17: Diagnostic diagram to distinguish between H 11 regions, SNRs and plane-
tary nebulae (PNe) derived from the ratios of Ha to forbidden lines [S II] and [N II],
adapted from Camps-Farina et al. (2016).

and shock velocities for young stellar objects. The top panel of Figure 3.18 shows that
78% of the points are located in the shock regions, while 10% of the points show high
ratio of high excited lines to Balmer line that agree with PNe position, and 5% have
high [O III]/Ha where the photoionization is the dominant ionizing source. The two
points near to the shock boundaries (blue ones) (Phillips & Cuesta 1999; Hartigan,
Raymond & Hartmann 1987) in the top panel of Figure 3.18 are the same points that
are outside the H1I regions in the bottom panel. These two points could be areas that
are near the ionizing source of the H1I regions. Their ratios of the [S II] lines are high
(1.27 and 1.4), so the estimated electron densities are low (10—400 cm™3) according to
Osterbrock & Ferland (2006) if the expected temperature of the nebula is 10 000 K.
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3.3.4 Analysis of the largest objects A44 and A155

In this section, the largest object (A44, A155) was chosen to study the trend of the
line ratios and kinematics across this particularly interesting object (see Figure 3.1).
Figure 3.19 shows various line ratios along the slit, which crosses object A with PA=
155°. In the right panel the ratios of [N IIJ/Ha and [S II]/Ha are enhanced more in
the diffuse ionized gas (DIG) than in the H1r regions where Ha emission is strong. The
average value of the ratio of [S II]/Ha in the DIG is about 0.5, and reduces gradually
towards the H I region reaching 0.075 at the area between 240” to 260”. The [N II]/Ha
ratio follows the same trend as [S II]/Ha but with lower values. The minimum ratio in
the H1I region is ~ 0.06, increasing to about 0.3 in the DIG. [O III]/He, on the other
hand, is maximum inside the H1I region.

Comparing emission lines that are close in wavelength is a more accurate method
of examining the ionization level in nebulae. Such ratio will not be affected by extinc-
tion, as these lines will be in the same spectrum and can avoid any calibration issues, so
using [O III]/Hf is more effective than [O III]/Ha (see the left panel). The [O III]/HSA
ratio displays an opposite trend to the previous ratios ([N IIJ/Ha & [S II]/Ha). 1
notice that it reaches nearly 1.8 at area between 235" to 245”. On the other hand,
one can notice the [O III] emission disappears or becomes too weak to be detected in
a few positions. The [O III] needs high energy photons (hv = 35.1 €V) to be ionized.
This is available near to the ionizing centre (OB stars), where the ionization parameter
U? is high and these kinds of high ionization states can be created, while the low-U
environment being away from the ionizing centre will make it difficult or impossible
to ionize [O III]. Therefore, in this environment, lower ionization metals such as [S II]
and [N II] become dominant, as they have lower ionization potential energy compared
with the [O III] line. The Ha/HfS has opposite trend in comparison with [O III}/HfS
and shows lower values around 240” to 250" where Ha/HS ~ 3. This suggests that
the highly ionized region has also cleared most of the dust that affects the surrounding
DIG.

The upper panel of Figure 3.20 represents the ratios of object A but with a
different position angle. The ratios [S II]/Ha and [N II]/Ha behave in the same manner,
but the [O III]/HfS shows approximately the same values in DIG and in the H1I region.
The Ha/HP ratio reaches 7 at 550” and reduces to ~ 4 on both sides of the object.
It suggests that the slit position does not cross a region where O stars have caused
particularly high ionization and cleared the dust.

The left-bottom panel in Figure 3.19 presents the velocity of the ionized gas,
which was determined by adopting different emission lines. It is clear that the velocity
of Hp has a remarkable offset from other lines, while [S II] and [N II] have nearly the

2U represents the ratio of the density of ionizing photons to the density of the gas.
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same velocity. [O III] and Ha show lower values from that of [S II] and [N II] by
approximately 15 km s~!. The left-bottom panel in Figure 3.20 shows the same but
with a different long-slit position (PA = 44°), but no offset of HS is observed. I thus
suspect that the offset seen at PA = 155° is due to a calibration inaccuracy. The error
bar on the [S II] velocity is high, as are some values for the [N II] velocity, because of
the complicated shape of the line profile. Therefore, the estimated velocity may not be
accurate for both [S II] and [N II] emission.

The mean value of all velocities (black solid line) is ~ —30 to —35 km s™*. One
of the plausible explanations for the velocity discrepancy between [O I1I], [S II], [N II]
and Balmer lines is that the emission of each element needs a different environment to
be created. In other words, O*" requires 35.1 eV (high temperature) to be ionized,
while the [S II] and [N II] have lower ionizations potential energy ([S II]~23 eV, [N
I1]~29 eV). The neutral hydrogen needs photons with energies more than 13.6 eV
to be ionized. Hence, each line emitted from different regions could show different
kinematics. The dust ratio in these different environments could also affect the profile
of the emission in different ways from one component to another one. But, the velocity
difference between Ha and H does not appear to change with Ha/H/3 ratio. Moreover,
the Balmer profiles are highly complicated when it is compared with the [O III] line,
and are commonly asymmetric, which could affect the determination of the velocity.

The right-bottom panel of Figure 3.19 shows the velocity dispersion from different
emission lines. All these emission lines display the same velocity dispersion. The higher
value of the mean velocity (black solid line) appears at 255” to reach ~45 km s~*. The
right-bottom panel of Figure 3.20 shows the velocity dispersion across A but with PA
= 44°. The mean value of velocity dispersion (black solid line) reaches ~45 km s~! at
510”, while elsewhere it is between 30 and 35 km s .

Interestingly, the area with low dust and high ionization around 250" also presents
high velocity dispersion compared with other positions. This may be the result of hotter
gas, or an expanding bubble. likewise, around 510" for PA = 44°, the high velocity
dispersion coincides with relatively strong [O III] and weak [S II] and N II], adjacent
to relatively dense gas. The [S II] doublet ratio around 250” from PA = 155° and
510" from PA = 44° shows lower values compared with elsewhere. As well as this, the
velocity dispersion has a high value (o ~45 A) around these two positions. This could
be interpreted in terms of an expanding hot gas and relatively dense areas.

Previously, the velocity and velocity dispersion of A from FP observations were
discussed and shown in Figure 3.8 (¢, d, e & f). The velocity dispersion across A with
PA = 44° shows high values in the position that coincides with high ionization and
high . For PA = 155°, the velocity dispersion shows high velocities reaching 210 km
s~! in the position of suggested expanding hot gas and relatively dense areas.
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Figure 3.20: As Figure 3.19, but now the long-slit was oriented with PA = 44°.

3.3.5 Photoionization modelling

Line ratios of the forbidden lines to the Ha line were examined in some local face-on

galaxies, like M33, Mb51, and M81, by placing a slit across some HII regions.

The

observed features of these H1I regions turned out to reflect different conditions when
compared with the CLOUDY model (Sembach et al. 2000). In order to clarify the
trend of the line ratios in HII regions, it is important to consider that there is no ideal
H 11 region (a Stromgren sphere with uniform density). In other words, the filling factor
would decide the fraction of ionized gas in the H1I region, and this may differ for real

H 11 regions (Osterbrock 19889).
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Figure 3.21: Distribution of 18 objects in diagnostic BPT diagrams compared to the
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Most of the present day knowledge of HII regions is built on the comparison of
models with observations. The photoionization code CLOUDY 13.02 (Ferland et al.
2013) has been applied in this study. A range of information about the nebula must
be specified as input to run CLOUDY. This includes the shape and density of the
continuum radiation from the ionizing source (central star) and the geometry, size,
density, distance, and chemical composition of the nebula. The CLOUDY model has
the ability to simulate emission lines in the nebula. Hence, different models were run to
minimize the discrepancy between the observed emission line ratios and the predicted
ratios from CLOUDY models. Relevant information about the CLOUDY model was
introduced in section 2.4.

The best way to visualise a comparison of the line ratios of the objects is by using
the diagnostic BPT diagram (Baldwin, Phillips & Terlevich 1981) (see Figure 3.21).
Another important demarcation curve was introduced by Kauffmann et al. (2003) to
distinguish between AGN and star-forming regions in the BPT diagram. However the
area between these curves represents a combination of different ionization sources, and
not one of the examined objects fall in this area. In this diagram, the 18 objects
of interest can be categorized into two groups which are located to the left of the
Kewley curve (Kewley et al. 2001). The diagrams in Figure 3.21 connect between
two lines ratio where the wavelengths of these lines are closer to each other, therefore
these ratios are insensitive to reddening. Group-1 shows high ratio of [O III]/HS (high
photoionized regions) and objects with a low ratio of [O III]/HS (group-2) implying
a less photoionized environment compared to group-1. Therefore, it would be more
reliable to create two models that can cover the discrepancies in the line ratio of [O
III]/Hp.

A blackbody spectrum with a temperature of 30 000 K was assumed for the
ionizing stars. This can produce a luminosity ~ 10%" erg s~'. A distance of 1.8 Mpc
and a filling factor of 1.0 were adopted, and a spherical geometry with an expanding
shell was assumed. In other words, this option represents an expanding nebula where
the shell expansion velocity prevents the diffuse line photons (which come from either
side of the shell) from interacting with each other. The assumed hydrogen density was
100 ecm™3. The elemental abundance and dust-to-gas ratio® were the same as seen in
the Orion nebula (Rubin et al. 1991; Osterbrock, Tran & Veilleux 1992) (see Table 3.7).
This model was found to be successful at creating some of the emission line ratios in
the observed spectrum, such as [N 11]6548,6583 and [S 11]6716,6732, which have low
ionization energy. However, the model cannot totally reproduce high ionization lines
such as [O I11]4959,5007.

The spectra of 35 PNe, and compact HI1I regions in NGC 300 display bright
emission of [O 111]4959,5007 compared with [N I1]6548,6583 and [S 11]6716,6732 in

3Dust-to-grain in Orion nebula ~ 4.15 + 0.01x107%2 mag cm? (Chen et al. 2015)
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Table 3.7: Abundance ratio in the Orion nebula (NGC 1976) and Sun.

Ratio NGC 1976 Sun

(Osterbrock, Tran & Veilleux 1992) (Anders & Grevesse 1989)
N/O 1.7 x107! 1.3 x107!
Ne/O 1.3 x107! 1.4 x107!
Ar/O 8.7 x1073 4.3 x1073
Fe/O 8.9 x1073 5.5 x1072 (Chen et al. 2015)
Ni/O 4.6 x10~4 2.1 x1073

both PNe and H1I regions (Stasiniska et al. 2013). Half of the objects (group-1) in this
study show the same trends while the other half display a lower ratio of [O III|/HS.
The H 11 complexes in question span a wide range of physical scales from few hundreds
of parsecs to about 1 kpc, and display a wealth of kinematic complexity from FP and
long-slit observations (on a scale of 9 pc/arcsec), meaning these areas are likely affected
by leaking high-ionizing radiation from the combination of massive stars. Roughly 80%
of the photons escape from the H1I region according to hybrid models for H1I regions
by Morisset et al. (2016).

Bearing these points in mind, I need to increase the number of ionizing photons
by increasing luminosity to &~ 10%° erg s™! for stars with T.;; &~ 40 000 K, and keep all
the other parameters fixed. The model ratio of the [O III] emission lines is comparable
to observed ratios. The low ionization lines [N II] have the same trend as [O III],
but [S II] lines have underestimated ratios. [S 11)6717,6731 forbidden lines are highly
affected by electron density (Osterbrock & Ferland 2006), therefore a filling factor of 0.2
was introduced in the input CLOUDY model. This model can provide an acceptable
representation of the spectrum for selected H1I regions (group-1). This model is marked
with a black asterisk symbol in Figure 3.21.

The second model was run with the same parameters but with lower temperatures
(30 000 K) because group-2 shows lower intensity of high ionization lines: I expect lower
temperatures of the ionizing stars. The model predicted [O III] lines but with low
intensity, which is less than what appears in group-2. The filling factor was increased
to 0.3 because the number of ionizing photons used was increased, so I suspected that
the filling factor needed to be higher. The predicted ratios from the model (red asterisk
symbol in Figure 3.21) show good agreement with the [O III]/HfS and [S II]/Ha ratio
while [N II]/He is slightly overestimated.

Intensities reproduced by the model are all relative to HG. The observed and

reproduced intensities are shown in Table 3.8.
Figure 3.21 shows log([O III]/H/) versus log([S II]/Ha) and log(|N II]/He) di-
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agnostic diagrams for objects of interest and the predicted models. In Figure 3.21 the
model (black asterisks) is analogous to objects D, A155, A44, B-2, while object F shows
a higher ratio of log([O III]/Hf3) (~0.16) compared with others. However, it is still in
the boundary of the HI1I regions area, and could be interpreted in terms of the effect
of binary interaction in the centre of this object. Xiao, Stanway & Eldridge (2018)
produced a numerical model of H1I regions in spiral galaxies and compared with 254
H 11 regions of low redshift spiral galaxies. Two types of ionizing sources were adopted
in these models: single stars and binary stars with various ages. [N II], [S II], [O III]
and [O I] lines were strongly affected by binary interaction through the evolution of
binary stars due to the appearance of hot Wolf—Rayet and helium stars in the later
stages of evolution, when a high [O III]/Hf ratio can be produced. Single-star models
rapidly reduce ionization strength.

On the other hand, objects of group-2 could have a different environment with a
low ionizing source, resulting in the lowest ratio of [O III]/H compared with group-1,
in particular F. In conclusion, four of these objects of group-1 (A155, A44, B-2 & D)
display similar physical conditions to the black model, while the others have different
conditions that can be related to the activity of the ionizing source (temperatures) and
the local conditions.

The temperature of nebulae can be measured from emission lines, such as [O
III} and [N II] (Osterbrock & Ferland 2006). The auroral lines [O III]4363 and [N
115755 were undetected in my observations. Unfortunately, [O II1]4363 is weak and
close to Hy4358. The [O I11]4363 line was not reproduced in the model, so I adopted
the relative intensity of [N II]5755/HfA (0.01) from the CLOUDY model to estimate
the temperature of the nebulae. From the ratio of [S I1]6716/[S 116732 (see Table 3.5),
the n. can be estimated as 1 cm™® in these objects. Osterbrock & Ferland (2006)
introduced an equation to estimate the temperature of nebulae in the low density limit
using [N II] lines, as follows:

D658 + Iress3 _ 7.35 exp (M)
I)\5755 1+27x%x10°3

(3.2)

T1/2

It is more accurate to use emission line ratios of the [N II] doublet relative to Ha
to avoid any flux calibration and data reduction issues. So, I used [N II]6548 /Ha and [N
1116583 /Ha from my observations and used a predicted value of [N II)5755/Ha from the
two models (Black and Red) to determine the temperatures of the objects of interest.
Numerical methods were used to determine each object’s temperature, and the results
are shown in Table 3.8 for both models. These objects have temperatures between
6500 and 10 000 K. The error in the temperature was estimated from differences in the
intensity of the [N II]6548, 6583 lines between the observations and model.

The higher temperature of ~ 16 200+ 1200 K appears in K2, which falls within
the group having a higher ratio of [O III]/H. Meanwhile, a lower value appears in K3
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(~7800 + 200 K), which is in the group of lower [O III]/H ratios. Most of the objects
showing a lower photoionization environment have lower temperatures (excluding K10,
R & E) while most higher photoionized objects display higher temperatures (excluding
D).



Table 3.8: The estimated temperature and observed line ratios in 18 objects in NGC 300 and as predicted from the
models.

Object [O TIA\5007/HB [N I1]\6548/H/3 Ho/HB [N I\6584/HB  [S IN6716/HB  [S 1[]A6732/HB T (Black model) T (Red model)
K K

R 0.34 £ 0.01 0.32 £ 0.04 2,50 £ 0.03 0.98 £ 0.02 T.12 £ 0.10 0.64 £ 0.05 12400 £ 900 11400 £ 800

Ad4 0.88 + 0.02 0.27 + 0.08 5.00 + 0.02 0.74 £ 0.01 0.81 + 0.10 0.54 + 0.01 11400 + 700 10500 + 600

B-1 0.30 + 0.03 0.37 + 0.01 4.48 + 0.41 1.01 + 0.03 1.21 4 0.10 0.80 + 0.01 9600 + 300 8900 =+ 300

B-2 0.97 + 0.03 0.36 + 0.01 5.43 + 0.41 1.07 4 0.05 0.88 + 0.02 0.62 + 0.02 10200 + 500 9500 =+ 400

D 1.43 £ 0.10 0.47 + 0.01 6.10 + 0.08 1.38 4 0.11 1.07 4 0.06 0.68 + 0.04 9600 + 400 9000 =+ 300

E 0.39 + 0.02 0.35 + 0.01 6.20 + 1.10 0.83 + 0.15 0.89 + 0.03 0.53 + 0.01 12900 + 1300 11800 + 1100
A155 0.88 + 0.03 0.17 + 0.01 5.04 + 0.08 0.62 + 0.01 0.52 + 0.01 0.32 + 0.02 12500 + 1300 11500 + 1200
F 0.18 4 0.01 1.80 + 0.12 0.18 + 0.04 5.16 + 0.76 0.68 + 0.02 0.57 + 0.03 11700 + 700 10800 + 600

K1 0.12 4 0.01 0.46 + 0.11 6.61 + 0.38 1.89 + 0.03 1.71 4 0.04 1.17 + 0.02 9000 + 400 8500 =+ 400

K2 0.75 + 0.02 0.89 + 0.10  10.79 + 0.72 1.33 4 0.09 1.43 4+ 0.15 0.86 + 0.07 16200 + 1200 14200 + 1000
K3 0.26 + 0.04 0.48 =+ 0.08 4.18 + 0.17 1.44 4 0.01 0.85 + 0.01 0.62 + 0.06 8300 + 200 7800 =+ 200

K4 0.22 + 0.01 0.33 =+ 0.04 4.88 £ 0.14 1.11 4 0.03 0.81 + 0.02 0.48 + 0.01 9700 + 400 9100 =+ 400

K5 0.31 + 0.01 0.74 £ 0.06  11.04 + 0.82 2.31 + 0.12 1.67 4 0.09 0.99 + 0.04 10000 + 500 9300 =+ 400

K6 0.37 + 0.02 1.07 4 0.01 8.69 + 0.95 1.32 4 0.06 3.63 + 0.40 2.32 + 0.14 10000 + 200 9300 =+ 200

K7 0.90 + 0.01 0.60 + 0.04  8.621 + 0.24 1.54 4 0.02 1.35 4 0.01 0.86 + 0.01 10400 + 500 9600 =+ 400

K8 1.21 4 0.02 0.76 + 0.07  13.64 + 1.34 2.08 + 0.07 1.11 4 0.04 0.82 + 0.01 11300 + 600 10400 + 600

K9 0.95 + 0.02 0.82 + 0.16  12.84 + 0.81 2.07 + 0.02 1.31 4 0.02 0.70 + 0.02 12200 + 2800 12000 + 2700
K10 0.28 + 0.01 0.41 + 0.05 9.23 + 1.27 0.97 + 0.06 2.18 + 0.15 1.66 & 0.01 13300 + 1000 12100 + 900

CLOUDY model (black) 1.27 0.30 3.21 0.88 0.21 0.16

CLOUDY model (red) 0.22 0.38 3.22 1.13 0.26 0.2

EIT
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3.3.6 Calculation of abundance from the ratios of emission
lines

As mentioned before, the auroral lines [O II1]4363 and [N II]5755 were undetected
during the present work, so it was not possible to use the direct method of electron
temperatures (Kewley & Ellison 2008) to determine oxygen abundance. However, the
strong line methods can be used to calculate the oxygen abundance by employing two
strong line diagnostics. Alloin et al. (1979) suggested this method to determine an
O3N2 index by the following formula:

OTIA5007 ~ Ha
Hp3 [NTI]A6583

O3N2 = log ( (3.3)

There are different empirical calibrations for the diagnostic of O3N2 in the liter-
ature, which involve adopting a large number of H1I regions that have oxygen abun-
dances determined by using the direct method. In this study the calibration by Marino
et al. (2013) was used to determine O3N2, covering the O3N2 index over the range of
—1.1 to 1.7. The linear fitting of the calibration leads to:

O
12 + log (ﬁ) = 8533 — 0.214 x O3N2 (3.4)

The oxygen abundance can also be calculated by using the strong line diagnostic N2 =
log ([N I1]6583/Ha) (Storchi-Bergmann, Calzetti & Kinney 1994; Denicold, Terlevich &
Terlevich 2002; Pérez-Montero & Contini 2009). The linear fitting, which is suggested
by Marino et al. (2013), leads to a correlation between the N2 index and oxygen
abundance for N2 values ranging from —1.6 to —0.2, which is described by:

O
12 + log (ﬁ) = 8.743 + 0.462 x N2 (3.5)

Another parameter, log(N/O) can be estimated from the calibration that was
introduced by Pérez-Montero & Contini (2009):

log (g) =1.26 x N252 — 0.86 (3.6)
Where N2S2 can be determined through log([N 11]6583/[S 11]6716,6732). The metal-
licities of the objects are shown in Table 3.9.

The two methods produce comparable values of 124+log(O/H), as shown in Fig-
ure 3.22, which includes the line fit for the resulting values. The y—square test statistic
x? = 0.011 for the values from these two methods. However, it would be more accurate
to use the second method (using N2 index), which uses two lines in the same scan to
avoid any observation or data reduction issues.
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Figure 3.22: A comparison between the two methods used to determine the
124+1og(O/H); the red line is a linear fit to the results. The green line represents
one-to-one correlation.

Table 3.9: The metallicities of the objects in NGC 300.

Object O3N2 __ 12+log(O/H) N2 12+log(O/H) N252  log(N/O)
AT55 1.080 8.302  —0.911 8.322  —0.134 —1.028
A44 0.773 8.367  —0.827 8.360  —0.259 —1.187
B-1 0.773 8.470  —0.705 8.410  —0.148 —1.047
B-2 0.124 8.506  —0.647 8.440  —0.254 —1.180
D 0.800 8.361  —0.645 8.444  —0.102 —0.988
R 0.353 8.457  —0.823 8.362  —0.102 —1.180
F 1.135 8.289  —0.879 8.336  —0.146 —1.044
E 0.462 8.434  —0.873 8.341  —0.235 —1.156
K1 —0.362 8.610  —0.904 8.492  —0.181 —1.088
K2 0.788 8.364  —0.121 8.322  —0.238 —1.160
K3 —0.112 8.557  —0.575 8.529  —0.007 —0.868
K4 —0.008 8.534  —0.649 8.446  —0.065 —0.942
K5 0.173 8.495  —0.505 8.429  —0.062 —0.939
K6 0.385 8.450  —0.429 8.366  —0.652 —1.681
K7 0.700 8.383  —0.045 8.398  —0.156 —1.057
K8 0.898 8.340 0.083 8.366 0.033 —0.818
K9 0.773 8.367  —0.018 8.376 0.011 —0.845
K9 0.438 8.439  —0.539 8.291  —0.597 —1.613

The relation between the ratio of log(N/O) and the oxygen abundances in star
forming regions has been a subject of intense observational and modelling studies (Vin-
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Figure 3.23: Trends of log(N/O) with oxygen abundance. The black dashed line rep-
resents the solar values.

cenzo et al. 2016; Amorin, Pérez-Montero & Vilchez 2010; Koppen & Hensler 2005;
Wolfire, Hollenbach & McKee 2010). Stars with H and He can produce nitrogen as a
primary origin while nitrogen already present in stars having metals besides H and He is
of secondary origin. This relation can be used to trace the origin of nitrogen in different
metallicity systems. Izotov & Thuan (1999) introduced theories for production of ni-
trogen in three metallicity ranges (low, intermediate, high metallicities). The primary
origin of nitrogen in low metallicity systems (12+log(O/H) < 7.6) is thought to come
from massive stars only. In the intermediate metallicity ranges (7.6 < 12+log(O/H) <
8.3), the nitrogen is primarily produced by massive and intermediate-mass stars?. But
in high metallicity ranges (12+log(O/H) > 8.3), the origin of the nitrogen is thought
to be secondary.

I have examined the relation between the ratio of log(N/O) and the oxygen
abundance for the 18 H1I regions in NGC 300. All objects of interest show values of
12+1log(O/H) higher than 8.3, which fall in the high metallicity range (Izotov & Thuan
1999). The values of log(N/O) are consistent with those determined by Stasiniska

4Through hydrogen burning via the CNO cycle.
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et al. (2013). For high metallicity H 11 regions in the Milky Way (12+log(O/H) > 8.3),
log(N/O) rises linearly with log(O/H), referring to that, in this metallicity system, N is
primarily a secondary production (Henry & Worthey 1999). In the sample of interest
in NGC 300 the trend of log(N/O) is not clear, but with increasing the sample of the
study it may become clearer. However, an average of log(N/O) of the selected H11
regions is about solar value, therefore I conclude that what happens in the disc of the
Milky Way are also happening in the disc of NGC 300.

It can be noticed that the sample of the objects cluster in two groups with the
same oxygen abundance, but with a high ratio of log(N/O) in the first group and about
solar value in the second group. A few scattered objects with an intermediate value of
log(N/O) also appear in the plot. A part of the first group falls in the second field of
FP observation and all of the second group fall in the first field. This would suggest
issues with the measurements, however only four objects from the second field show
high log(N/O) while six objects show values which are comparable to the solar value.
Perhaps different types of HII regions (physical properties, ages and morphological
structures) were selected in the two different fields.
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Figure 3.24: Upper panel: Observed trends of oxygen abundance as a function of the
normalized galactocentric radius (R/Rg;). The continuous green line represents the
linear fitting of the H 11 regions sample from Stasiniska et al. (2013), and the black line
shows the linear fitting of the sample of interest. Lower panel: Trends of log(N/O)
with the normalized galactocentric radius (R/Ra5). The black dashed line represents
the solar values. The labels are as in Figure 3.23.

The first group includes K2, K7, K8, and K9, which display a high velocity
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dispersion (~350 km s71) (see Figure 3.6) compared to the second group (E, F, A44,
D, B-2, B-1, A155, R) (see Figure 3.4) which displays a velocity dispersion less than
120 km s7!, excluding D which has high velocity dispersion ~600 km s™'. The two
groups show similar ratios of [O III]/HB, 0.3—0.9 (excluding K8 and D ~1.3), while
the mean value of [N II]/Ha (0.14) appears to be not very different compared to the
second group (0.17). This could indicate that the high N abundance is somehow related
to the local impact of the outflows (winds). The first group is thought to either be
experiencing outflow (winds) from massive stars (M > 8Mg) such as Wolf—Rayet stars
with overabundances of nitrogen, or the group is embedded with supernova remnants
or PNe, as PNe show higher N/O than HII regions, as seen in a number of galaxies:
Milky Way (Henry, Kwitter & Bates 2000), Magellanic Clouds (Leisy & Dennefeld
2006), M33 (Bresolin et al. 2010).

The trend that log(N/O) displays with respect to metallicity is not clear. K2,
K7, K8, B-1, B-2 and D show higher ratios compared to the others, and they show
strong ionized outflows in FP observation (see Figure 3.4) with high velocity dispersion.
Therefore, I expect the enhanced ratio could be a result of local chemical pollution,
which is due to the impact of stellar winds from massive stars, in particular Wolf—Rayet
stars. The latter are very common in these areas (see Figure 3.11).

Bresolin et al. (2009b) did not find the value of log(N/O) to be more than the
solar value in a sample of 28 H1I regions covering a radius of ~ Ry in NGC 300.
Stasiniska et al. (2013) analyzed 35 objects (H1I regions and PNe in NGC 300): in H1t
regions log(N/O) is no more than — 0.3, while in PNe it can reach 0.5.

The most noticeable heavy element that was observed in the optical window
is oxygen. Therefore, it is used to approximate the total metallicity. The oxygen
abundance ratio was used as a function of the fractional galactocentric distance R/Rg5°
(Vila-Costas & Edmunds 1992a) after correcting for the inclination effect. The upper
panel of Figure 3.24 shows the metallicity (oxygen abundances) as a function of the
fractional galactocentric distance for my sample.

The oxygen abundances (12+log(O/H)) of the 18 H 11 regions in NGC 300 are in
good agreement with those of giant HII regions in the samples studied by Stasinska
et al. (2013). Values of the oxygen abundances in the examined HII regions are in
the range of 8.3—8.6 across distances of (0.2—0.5)Ros with a mean value of 8.4140.08.
Three of the H1r regions (K1, K3 & K4) show oxygen abundances above the fitted
line® of Stasiniska et al. (2013), 14 of them (A155, A44, B-1, B-2, R, F, E, K2, K4,
K5, K6, K7, K8, K9, K10) successfully follow the fit, and D is below the line. The
standard deviation of the differences between the values of 12+log(O/H) in my sample

5The isophotal radius is the radius of the galaxy at which the surface brightness falls to 25 B—mag
arcsec™2 (Ros of NGC 300 ~5.4 (Westmeier, Braun & Koribalski 2011).

6The fitted line is represented by this equation: y = A + B x (R/Rgs), A = 8.480 + 0.034 and B
= —0.361 £ 0.049.
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of H1I regions and the fitted line is 0.075. The black solid line in the upper panel of
Figure 3.23 represents the linear fitting (A= 8.496, B= —0.332) from the 18 objects
of interest, which shows a negative gradient, and is consistent with the green fit from
Stasiniska et al. (2013). In the fitting process, I take into account the error on the
abundance ratio, and discard the uncertainties in the radial distance.

The radial distribution of nitrogen abundance as a function of the normalized
galactocentric radius is shown in Figure 3.24. There is no clear trend for the behaviour
of log(N/O) with respect to the radius; a negative trend has been seen in NGC 300
with different H1I regions (Bresolin et al. 2009b; Stasinska et al. 2013).

Star forming regions in dwarf galaxies show an anti-correlation between the metal-
licity and the star formation rate. This anti-correlation is thought to appear in star
formation regions that are fuelled by external low metallicity gas, or which, through
stellar winds and SNe, transport most of the heavy elements out of the regions (Séanchez
Almeida et al. 2018). The star formation rate in H1I regions can be expressed in terms
of the intensity of Ha emission, and the index N2 (log([N II] /Ha) can reflect the metal-
licity of these regions. Figure 3.25 shows the correlation between the index N2 and
the normalized Ha intensity (the normalized values were determined by dividing the
values of Ha intensity by the maximum value of Har intensity). Figure 3.25 does not
show a clear anti-correlation, though there is a hint of a trend in the same sense as the
model (linear fit)”. Three areas (R, E & K2) show a high deviation from the model.
They show lower metallicity compared to the others, although they fall in the expected
range of Ha intensity. The estimated mean value coincides with the value measured at
0.4 x Rgs (8.41) in a spectrophotometric study of 28 H11 regions up to Rgs (Bresolin
et al. 2009b). Six of these H1I regions are included in this study (K2, K4, K7, K8, K9
& K10). The H11 regions in the sample of the study are in the high metallicity regime
(12+log(O/H) > 8.3), and their values range from 8.30—8.61, which is comparable to
the oxygen abundance near the Sun of 12 + log(O/H) = 8.54 4+ 0.02 (Oliveira et al.
2005). The negative gradient is common in spiral galaxies, such as M33, M101, and
Mb51 (Vila-Costas & Edmunds 1992b; Searle 1971; Shields 1974) and is qualitatively
comparable to the one in the Milky Way (Shaver et al. 1983; Afflerbach, Church-
well & Werner 1997). The gradient of the oxygen abundance inferred in this study is
—0.03340.015 dex kpc!. M31 is the largest nearby spiral galaxy showing negative
trends (slope = —0.02340.002 dex kpc™!), which is shallower than that of NGC 300,
and has a range in metallicity of 8.71—8.91 (Zurita & Bresolin 2012). Meanwhile the
Milky Way oxygen abundance gradient is —0.0640.01 and 12+log(O/H) = 8.67+0.04.

"The fitted line is represented by this equation: y = A + B x logyo(normalized Ha intensity).
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Figure 3.25: The relation between the intensity of Ha and the index N2 (log([N II}/Ha).
The red line represents the fitted model.

3.3.7 The centre of NGC 300

The observed spectrum of NGC 300 centre is shown in Figure 3.26, and the observed
emission lines are marked. Only 8 lines were found in the spectra. There is no split in
the emission lines of the centre. It shows oxygen abundance higher than solar value,
and shows ~ the mean value of the oxygen abundance of the 18 H1I regions. In the
BPT diagram Figure 3.21, K6 positions area with low [O III]/Hf (see upper panel of
Figure 3.21 which suggests a low photonization area, but shows a higher ratio of [S
I1]/Ha compared to other objects of interest. It would suggest that shocks in this area
play more important role to enhance forbidden to recombination emission.

3.4 Conclusions

An analysis of 18 H1I regions in terms of line ratios and abundances, as well as kinemat-
ics of the ionized outflowing gas has been presented, based on optical Fabry-Pérot and
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Figure 3.26: The upper panel displays the blue side and the bottom one shows the red
side of the spectra of the centre of NGC 300. The observed lines are marked. The
spectra was extracted from LS3.

long-slit observations with the instrument RSSQSALT. The aim of this chapter was to
study the disc—halo interaction by quantifying the impact of the ionized outflows in
face-on galaxies on the surrounding ISM.

Morphological and kinematical maps of two fields of view across NGC 300 were
constructed with Ha and H observations, to trace ionized outflows from some selected
H 11 regions. The average velocity of the ionized outflowing gas from these areas was
estimated to be ~ —200 km s7!, and the velocity dispersion shows a wide range of
values (100—700 km s™!). The high values of velocity dispersion are evidence of the
presence of shock-heated collisions between the outflows and surrounding ISM. In some
positions across object B, a double-peaked profile is traced, revealing two components
with different velocities: —13 km s™! and 306 km s~! with high velocity dispersion (~
km s71). Different filaments and shells, which relate to HII regions, are clear in Ho
and HF emission.

The current chemical abundances across the observed fields, in particular in the
selected H 11 regions, have been determined. They show a readily negative gradient
w.r.t. the centre.
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The physical properties across the selected H 11 regions were examined and showed
in diagnostic PBT diagram. The photoionization model (CLOUDY) was used to es-
timate regions in order to compare their physical properties with the selected regions
from the observations. Each model explains half of the sample of H1r regions. The
Temperature of these HII regions was estimated by using [N II| emission lines from
observation and models, and show values between 7800 and 1600 K.

From the previous results, I can conclude that the impact of the ionized outflowing
gas onto the surroundings plays an important role in the evolution of spiral galaxies in
different ways: re-shaping the surrounding ISM by forming knots, filaments and shells
that introduce a mechanism by which gas is recycled between the disc and halo in
galaxies showing high SFR. These outflows change the metallicity of the ambient ISM
by providing heavy elements. The ionized outflows compress and shock the ambient
ISM, which may trigger new SF events or may quench current SF.
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Chapter 4

The kinematics of the gas surrounding the
active nucleus of NGC 4945

4.1 Introduction

Galactic winds (GWs) driven by an amalgamation of stellar winds from massive stars
in the starburst and/or AGN have been suggested as an operating mechanism in the
formation and evolution of galaxies. Galactic winds may enrich the surrounding ISM
with metals, as well as re-shape the gas and dust distribution in the host galaxy. Edge-
on galaxies are ideal objects to investigate the outflowing gas (GWs) from the nucleus
of the galaxy. NGC 4945, a nearby spiral galaxy, shows an ejected cone from the
nucleus which displays both the properties of starbursts and weak AGN. The partially
obscured nucleus and its surroundings make NGC 4945 a more challenging object to
investigate, particularly its outflows in the optical range. Furthermore, few studies have
been carried out in the optical range to study the physical conditions and kinematics
of the emerged material from the starburst and/or AGN to the North-West of this
galaxy. Therefore, this ionized cone needs additional optical observations to uncover
more physical, morphological, and kinematic properties. In this study, the GWs from
the central area of NGC 4945 were observed by using Fabry-Pérot (LR) and the long-
slit spectroscopy modes to quantify the mass of the ionized outflows and construct
kinematic maps, as well as to investigate the impact of the GWs in re-shaping the
surrounding ISM. Figure 4.1 shows the summary of the observations that were analyzed
in this chapter.



125

. NGC'4945 -

“Longsslit o

. spectroscopy <
.‘F’abry-'Pe'rdt." :
. HOL
CHBC |~
[Suy | %

Figure 4.1: An image of NGC 4945 illustrating the summary of observations used in
this chapter. The FP field is located at (RA: 13" 27™ 300, Dec: —49° 28’ 4”5. Four
long-slit positions are labelled L.S1, .S2, .S3 and L.S4. The base image is a combination
of images taken in five bands (B, V, R, Ha and [S II]) with the 2.2-metre MPG/ESO
telescope at La Silla. http://www.eso.org/public/images/eso0931a/.

4.2 Observations

The RSS (Robert Stobie Spectrograph) Fabry-Pérot single etalon was used to detect
different emission lines. On the night of 10* January 2018, the Ho was measured from
the area around the nucleus of NGC 4945. The field was located at RA: 13" 05™ 27430
and Dec: —49° 28 4”5 and covered 8. The low-resolution (R~700) of the imaging
spectroscopic mode was chosen to cover a spectral region of 6548—6600 A in equally
spaced 4 A steps. This range was chosen after the speed of NGC 4945 (563.7 km s~)
was taken into account, with an integration time of 169 seconds for each step. The
total time of the observations including integration, readout, and acquisition time was
3723 seconds. The CCD detector provided an image scale of 075068 pixel™! after a
binning by 4.
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The data reduction of the FP instrument was discussed in detail in Chapter 1.5.
The Ha datacube was reduced using the previous procedure and the produced mean
square residual for the wavelength solution (Ams) was 0.329 A, which is equivalent to
15 km s ~'. The [S II] forbidden emission line from the centre was observed on 15%
April 2016, for the same field of view. A low resolution of R~700 was used. We chose
a spectral range of 6720—6753 A after taking into account the velocity of the object.
Twelve steps were used to cover the adopted range, and the exposure time of each
step was 90.2 seconds. The total observation took 3365 seconds including the exposure
of two cycles, readout, and acquisition time. Unfortunately, [S II] observations were
done in bad weather and the flux calibration and scaling process was not sufficient to
produce clear features of the [S II] profiles. In other words, it was impossible to avoid
the negative impact of the cloudy weather. Therefore, this part of the observation has
been re-proposed again to SALT, but in the period of observation for NGC 4945 the
use of FP (LR) was stopped due to technical issues. Hence, these observations will
not reveal any kinematical information, or give a line ratio map but will be limited to
morphological information.

The red line of [N I1]6583 was observed on 23" February 2017 from the nucleus
of NGC 4945, with low resolution (R~700). The centre of the field was located at RA
= 13" 05™ 27230 and Dec = —49° 28 04”0. The covered range was 6584—6620 A,
in equally spaced 4 A steps. The exposure time for each step was 90 seconds. The
total observation time was 1612 seconds including one cycle, readout, and acquisition
time. The Hf emission was observed from the central area and surroundings with
low resolution (R~700). The covered range was 4857—4886 A with six steps, each one
with exposure time 95.2 seconds, and the total observation time was 1238 seconds. The
H@ observation did not reveal any kinematics because of the limited exposure time,
which did not provide sufficient signal. Therefore, only the distribution of H3 will be
discussed in this chapter. The observation details are summarized in Tables 4.1 & 4.2.



Table 4.1: The main parameters of NGC 4945 observations with Fabry-Pérot mode (LR).

The emission line Ha [SII] [N II] Hp
Date of observation 10’ January 2018 15" April 2016 6" June 2016 24" February 2017
Telescope SALT SALT SALT SALT
Instrument RSS RSS RSS RSS
Detector E2V CCD 44-82 chips E2V CCD 44-82 chips E2V CCD 44-82 chips E2V CCD 44-82 chips
Mode Fabry-Pérot Fabry-Pérot Fabry-Pérot Fabry-Pérot

Etalon separation
Resolving power

Free spectral range A
Range A

Filter

Steps

Exposure time seconds/step
Pixel scale

Seeing

0.6 nm

700

8.64

6548 —6600
PI06530

14

169

075068
N2//

0.6 nm

700

8.64
6720—6753
PI06765

12

90.2
0!5068
N2//

0.6 nm

700

8.64
6540—6588
PI106645

10

90

075068
~2//

0.6 nm

700

8.64
48574886
P104820

6

95.2
075068
N2//

el
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Table 4.2: Etalon configuration wavelengths for the Fabry-Pérot Ha, HS, [N II], and

[S II] observations of NGC 4945.

no. Ha HB [NII [SII]
LR LR LR LR
1 6548 4857 6584 6720
2 6552 4866 6588 6723
3 6556 4870 6592 6726
4 6560 4872 6596 6729
5 6564 4876 6600 6732
6 6568 4886 6604 6735
7 6572 6608 6738
8 6576 6612 6741
9 6580 6616 6744
10 6584 6620 6747
11 6588 6750
12 6592 6753
13 6596
14 6600

4.3 Flux calibration for Fabry-Pérot observations

The normalization step of the FP data reduction was done by using stellar photometry
for one standard image (scan). Vizier and Aladin were used to identify a few stars, as
calibrators, which have accurate BVRI photometry. The aperture photometry of these
selected stars was determined from the standard image to find the net counts (NC). In
the adopted FP image, the calibrator star is LTT2415.

From Hamuy et al. (1994) and Hamuy et al. (1992), the spectrophotometric
standard stars have colours similar to that of the chosen stars. The next step is to

calculate the spectral flux density (f,) from:

Mag = —2 log f, — 48.59

Mg = the monochromatic AB magnitude in units of erg s™* Hz~! cm™
It can be expressed in terms of flux per unit wavelength f,.

(4.1)
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and then using the R magnitude difference to calculate f) for the chosen star in the
FP image.

The FP line profile was approximated as a Lorentzian, and its FWHM was cal-
culated from the calibration arc image. The equivalent width of the Lorentzian profile
was determined by the following equation:

FWHM
2

To find the total equivalent width (eqwi.) of the passbands of the FP which passed
through the filter its was needed to take into account the transmission of each passband
(t;) and the transmission of the passband at the FP wavelength (¢,), as follows:

2t (4.4)

to

(4.3)

equw =T

Ner =

So the eqwyy is given by:
EqWiot = Mot X €U (4.5)

Then the total flux of the star can be calculated by:

frot = €qWior X [ (4.6)

Finally, the flux calibration of the FP image can be determined by multiplying the FP
image by f) and dividing by NC.
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4.4 Results of Fabry-Pérot observations

The distribution of the total intensity (continuum plus Ha emission) around the nucleus
of NGC 4945 (8), is presented in Figure 4.2. The total intensity was obtained by
integrating all intensities along the wavelength axis of the cube. Bright emission is
seen near to the nucleus, in the form of a cone structure. A few filaments and other
sub-structures related to the cone are also noticed. In order to examine the morphology
of these structures, the integrated intensity map was zoomed in and shown in panel
(b) of Figure 4.2. The same procedure was done for the [N IT] cube and shown in panel
(d) of Figure 4.2. The integrated intensity of [S II] and Hf emission were mapped too,
and are shown in Figure 4.3; the central area was zoomed in and shown in panels (c)
and (d) for the [S II] and H/ lines respectively. Prominent spots with high intensity
spread across the field of view represent foreground stars. The white stripes in panels
(a, b) in Figures 4.2 and 4.3 represent CCD gaps, and the white area represents a
guiding probe. The white patch near the middle in Figure 4.2 (c¢) appears after sky
lines subtraction was done as part of the data reduction process. I expect that the sky
line fit is overestimated in this area, resulting in the subtraction of some real emission
of the galaxy.
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Figure 4.2: Total intensity maps of the observed field (RA: 13" 05™ 27530 and Dec:
—49° 28" 04”5) in NGC 4945, showing Ha (upper panels). Lower panels show the
intensity maps of [N I1)6583. The centre of the galaxy is marked with a black cross
symbol in panels (b) and (d), and the intensity is in arbitrary units. The North and
East of the galaxy are marked to the top left corner in (a) and (c), and the black bar

represents 1 kpc.
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Figure 4.3: Total intensity maps of the observed field (RA: 13" 05™ 27”3 and Dec:
—49° 28" 0470) in NGC 4945, showing [S II] (upper panels). Lower panels show the
intensity maps of H3. The centre of the galaxy is marked with a black cross symbol
in panels (b) and (d), the intensity is in arbitrary units, and the black bar represents

1 kpc.

The spectral line profile (Ha)) was fitted at each pixel with a Voigt function to
derive the wavelength at maximum intensity of the emission line, in order to determine
the radial velocity, FWHM, maximum intensity and continuum intensity at each pixel.
These parameters were mapped in Figure 4.4. The [N II] cube was analyzed in the

same way, and shown in Figure 4.5.

log(Intensity of the [S II])

log(Intensity of the HB)
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Figure 4.4: After fitting the data cube of Ha, from top left to bottom right: (a) the
continuum, (b) maximum intensity of the Ha profile, (c¢) velocity dispersion and (d)
velocity in the centre of NGC 4945 and its surroundings. The cross represents the
centre of the galaxy in all panels, and the N and E represent the North and East. The
accepted values of the fitting parameters have intensities with a S/N > 5.
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Figure 4.5: After fitting [N I1]6583, from top left to bottom right: (a) the continuum,
(b) maximum intensity of the Ha profile, (c) velocity dispersion and (d) velocity in
the centre of NGC 4945 and its surroundings. The cross represents the centre of the
galaxy in all panels, and the N and E represent the North and East. The accepted
values of the fitting parameters have intensities with a S/N is > 8.
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4.4.1 Ionized gas distribution in the nucleus

Figures 4.2 and 4.3 show a clear cone at a distance of ~ 200 pc to the North-East (NE)
of the centre of NGC 4945. Two prominent areas appear with high intensity, one in the
head of the cone with a nearly triangular shape, the second almost like an arch (~400
pc). Two clear filaments are extended from the end of the arch to the North-West
(NW) by 400—500 pc in Hae and [N II], and ~ 200 pc in [S II], while it is not clear in
HG. A few filaments with lower intensities are visible with different shapes and lengths.
The more prominent one is extended to more than 2 kpc along the disc, and it is clear
in all four of the maps. The cone in the HF map is faint. Two areas in the cone have no
H{ emission: one is located in the area between the triangle-shape and the arch, and
the other one in the middle of the cone. To the E area from the centre of NGC 4945
there is some bright matter in the form of filaments, which appears in He, [N II], [S
I1] and HB. This could represent areas from the second part (far-side) of the bi-conal
structure. The light from this bright matter could be less affected by the dust than in
other parts of the cone, or may represent H 11 regions that were created in the interface
layer between ejected material and the surrounding ISM. Therefore, the bright matter
in the suggested far-side of the cone needs more examination to understand its nature
and origin. In order to do this, the area was re-observed with long-slit mode, to extract
the physical properties (see subsection 4.7.3).

4.4.1.1 Houo emission

Panel (b) of Figure 4.2 shows the nuclear region of NGC 4945 that is highly obscured
in optical emission (Ha). A prominent dust lane is clear to the SE of the nucleus, and
crossing it, but there is some radially extended Ha-emitting material to the NW of
the nucleus. This material forms a one-side conical shape that is in a perpendicular
direction to the stellar disc, and with an opening angle of ~130° between both its edges
to the NE and SW of the nucleus. It can be deducted that: (1) The outflowing gas
extends to about 1.4 kpc away from the midplane and extends to about 4 kpc along
the disc. (2) The intensity of the cone reduces radially away from the centre, with
complex micro structures in the form of filaments and knots of bright matter which are
clearly ruptured and extended in different directions.

The logarithmic intensity of the continuum emission in the area of interest is
shown in panel (a) of Figure 4.4. Two prominent filaments share the same base and
make a V shape with an opening angle of about 80° between both filaments. Therefore,
these filaments presumably emerged from the same area and have the same origin.
Also, in panel (b) these filaments are clear in Ha emission. Interestingly, the interior
of the V-shaped structure is faint in continuum but bright in Ha emission, whereas,
the opposite is true of the regions immediately exterior to the V-shaped structure. The
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V-shaped filament also displays some interesting kinematics as shown in panels (c) and
(d). The velocity dispersion is maximum along the V-shaped filament, where it reaches
about 680 km s7!, i.e. ~ 200—600 km s~! redshifted w.r.t. the disc motion near the
nucleus. The velocities of the gas in these filaments have higher values (~780 km s™!)
in the same area with higher intensity and velocity dispersion. The velocity across the
V-shape filament ranges between 400—780 + 15 km s~ 1.

The shape of the emission profile was examined in different positions across the
area of interest, and it was found that the profile does not show clear signatures of
splitting in these filaments (V-shape), but it becomes wider.

4.4.1.2 [N II] emission

The fitting parameters of the [N II] profile were mapped and are shown in Figure 4.5.
The cone is also clear in [N II] emission (see panel (b) of Figure 4.5), and it shows the
familiar V-shaped filaments. This time, the interior seems brighter in continuum emis-
sion and relatively faint in [N II] emission. The V-shape has high velocity dispersion
~340 & 15 km s~!. The mean velocity of the V-shape filaments is ~ 400 km s~!, about
100 km s~! redshifted w.r.t. the disc motion near the nucleus. The highest velocity (>
600 km s™1) appears in the NE side of the cone, where the high intensity of Ha and
[N II] are noticed. This area does not show high Ha velocity, as shown in panel (d) of
Figure 4.4.

4.4.1.3 The Ratio of [N II|/Ha

In order to understand the variation in the line ratio of [N II]/Ha across the FP field,
one part of the diagnostic diagram (BPT) was used and is shown in Figure 4.6. In this
map, pixels that do not have both Ha and [N II] emission are excluded from the map.
The values of [N II]/Ha are enhanced along the V-shape, and have the highest value
in the base of the V-shape (~0.3). At a distance of 1200 pc from the midplane to the
NW of the centre, the ratio shows a range of values (—0.25 to 0.03) along the extended
filament. According to the BPT diagram, a ratio of more than 0.2 normally appears
in areas having higher ionizing source than H1I regions, such as AGN. So the base of
the cone (red area) is thought to be ionized by a hard ionizing source (AGN), and
the V-shape is likely to be ionized by shocks or photo-excitation from a lower ionizing
source (HII regions).

The V-shape also shows a high velocity dispersion in Ha and [N II] emission
(see panel (c) of Figures 4.4 and 4.5). The velocity dispersion of Ha reaches 600 km
s~! along this shape while it is ~ 300 km s~! in the [N II] tracer. It may be that
the radiation is emitted from spatially distinct regions of the nebula. Perhaps the
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Figure 4.6: The ratio of [N II]/Ha. Pixels that do not have both [N II] and Ha emission
are excluded from the map. The centre of the galaxy is marked with a red cross symbol.

large velocity dispersion of Ha is due to a large range of projected outflow velocities
compared to [N II], or maybe the turbulence in the V-shaped structure which was
traced by Ha is larger than that which was traced by [N II]. The inner part of the
V-shaped structure shows a low ratio of ~ —0.3, which may be reflecting the physical
conditions of the cone, which appears in some areas and disappears in the white patches
that are due to the loss of signal from pixels having high noise, which is excluded from
the presented map. I expect the V-shaped structure is filled with ionized gas and it is
more observable through the rim than in the front and back of the cone.

4.4.1.4 The estimated mass of the ionized energetic outflows

The mass of the ionized outflow can be estimated from the following equation (Bae
et al. 2017; Nesvadba et al. 2006):

Ly
Mo st = (9.73 x 10°My) X Lgaus X 1710 (4.7)

Mg,s = T
VHa aHa

where:
Lia.43 = luminosity of Ha in units of 10 erg s~
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h = Plank constant in units of m? kg s~

vpo = Ha frequency in units of Hz.
m, = proton mass.
Ne100 = mean value of the electron density in units of 100 cm™2.

oS = recombination coefficient of hydrogen in units of cm=2 s71.

Case B conditions with a temperature of 10* K (Osterbrock & Ferland 2006) were
assumed to calculate the mean value of n, ~ 150 & 20 cm™® (from long-slit observar-
tion) which is in agreement with earlier studies (Lipari, Tsvetanov & Macchetto 1997;
Moorwood & Oliva 1994). The cone extends to ~ 1.4 kpc. The estimated mass of
the ionized gas for the visible side of the cone is 2.5x10% M. The kinetic energy of
the ionized outflowing gas (Eqyt) represents the bulk energy (Ep,y) and the turbulence
energy (Eqyp), and can be determined from

1
FEowt = Epuk + Eyup = éMgas (U;as + O-gQas) (48)

where:

v = velocity of the gas in units of km s

o = velocity dispersion of the gas in units of km s7!.
If T assume the velocity of the ionized outflows (v) is equal t0 Vgys (650 km s71,

then the rate of the outflow of mass (Mout) of a conical geometry! can be given by

(Maiolino et al. 2012)

. M,
Moy =3 x v=22 = 4.9
’ ! Rout Tdyn ( )

where:

Tdyn = dynamical timescale.

R+ = radius of the biconical outflows.

The energy injection rate and the momentum flux can be determined by, respectively:

. 1.
Eout - éMout U2 (410)

Pout - Mout v (411)

The integrated M,y is ~0.34 My yr~! which is consistent with the estimated mass
outflows rate (0.1—10) My, year—! in nearby Seyferts with black hole mass ~ 10° —107
Mg that are derived from optical observations (Veilleux, Cecil & Bland-Hawthorn
2005). The kinematic energy of the ionized outflows F,y in the AGN of NGC 4945
is ~1.8 x 10° erg. This value is comparable to that in starburst-driven winds. The

Lwhich is uniformly filled with outflowing gas.
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Table 4.3: The physical properties of the outflows from the centre of NGC 4945.

LHa Mgass Eout Mout Eout pout
Lo Mg erg Mg yrt erg s ! dyne
Ix10% 25 x 10° 1.8 x 10% 0.34 4.3 x 10 7.1 x 10%

dynamical time taken for the ionized outflows to reach 1.4 kpc with v (650 km s71) is
~7.3 x 10° yr, which was determined by using the second part of Equation 4.9. The
kinematic outflow rate (energy injection rate) and momentum flux in this dynamical
timescale are ~4.3x10% erg s7! and 7.1 x 10%? dyne respectively. The integrated
physical properties of the ionized outflow of NGC 4945 are summarised in Table 4.3.

4.5 Long-slit observation and reduction

The RSS long-slit spectroscopy mode was used in this study; more information about
the long-slit properties was introduced in the previous chapter. Four different long-
slit positions are used to study the cone’s structure which emerges from the centre of
the edge-on galaxy NGC 4945. The maximum dispersion error in the four long-slit
positions is ~0.028 A pixel™!, which would result in a velocity error of 3 km s for
the Ha line. This was included as an instrumental error in the velocity calculations.

One long-slit position crossed the cone structures in a perpendicular direction to
the disc through the nucleus (hereafter LS1) as shown in Figure 4.7, and two positions
crossed the cone structures parallel to the disc, with two different offsets: 0'23 (hereafter
LS2) and 0’4 (hereafter LS3) respectively (see Figure 4.8). The observations were done
in October 2016. Another long-slit setting (L.S4) was done on 18 Jan. 2017 to cross
the cone to the NW of the centre, as shown in Figure 4.1. Charts of these four long-slit
observations are shown in appendix A in Figures A.6 to A.9.
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Figure 4.7: Two images of NGC 4945: (left panel) the long-slit position (LS1) in a
perpendicular direction to the disc through the nucleus, and (right panel) zoom into
the black rectangular area (0.53" x 0.5"). The black cross symbol represents the centre
of the galaxy.

All important parameters of the observations are shown in Table 4.4. The data
reduction was described in detail in chapter 1.5.
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Figure 4.8: Two images of NGC 4945: (left panel) two different long-slit positions
crossed the cone structures parallel to the disc, with two different offsets: 0°23 (LS2)
and 0°4 (LS3) respectively, and (right panel) zoom into the black rectangular area. The
black cross symbol represents the centre of the galaxy.

4.6 Results and data analysis

The observed spectra show several permitted and forbidden emission lines, such as
Balmer lines (Ha & Hf), low excitation lines ([N II]AN6549,6583 & [S IIJAN6716,6732),
and high excitation lines ([O III]AN4959,5007). The emission line characteristics (max-
imum intensities, FWHMs, central wavelengths) were determined by fitting a Gaussian
function. These lines were fitted by one or two Gaussian functions according to the
shape of their profiles.

4.6.1 The kinematics and physical properties along the cone

A kinematic map of the [N 11]6549,6583 and Ha emission was created by mapping the
positions of the slit relative to the central galaxy position and the heliocentric velocity
(see left panel of Figure 4.9). This map covers 2'8 in the perpendicular direction to the
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Table 4.4: Summary of the spectroscopic (long-slit) observations of NGC 4945.

Dates of observation 23" —25™ Oct. 2016 & 18™ Jan. 2017
Telescope SALT
Instrument RSS
Detector E2V CCD 44-82 chips
Mode Long-slit
Grating PG3000 & PG2300
Slit width 1"
Spectral resolution 0.76 & 1 A
Exposure time 300 seconds
Pixel scale 075068
Reciprocal dispersion 0.268 A pixel ™!
Slit centre of LS1 (PA = —45°) A (2000) = 13" 05™ 17¢

Dec (2000) = —49° 28" 4”4
Slit centre of LS2 (PA = 45°) A (2000) = 13" 05™ 26°

Dec (2000) = —49° 27" 40"
Slit centre of LS3 (PA = 45°) A (2000) = 13" 05™ 26°

Dec (2000) = —49° 27" 54"
Slit centre of LS4 (PA = 49°) A (2000) = 13" 05™ 34°

Dec (2000) = —49° 25’ 59”

disc and crosses the centre of the galaxy. In the left panel of Figure 4.7, the position
of the slit (LS1) is shown. The long-slit crosses different morphological structures
along the cone. The kinematic maps for [S II] and Hf lines were constructed for the
same area and presented in the middle and right panels of Figure 4.9 respectively. The
crossed structures are clear in Ha and [N 116583 emission, and there are 7 areas showing
extreme kinematics. The most prominent one is at 0'1, and clear split components lie at
0733 to the NW of the nucleus. Another three separate areas in the same direction w.r.t.
the nucleus are seen at 0’5, 0763 and 0.74 respectively. To the SE, two distinguishable
areas lie at —0/1 and —0’4, which show clear emission in H/.
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Across the long-slit (LS1), one of the most striking results is that there are no
high ionization lines such as [O III], but perhaps they are too faint to be observed.
The [O TITJAN4959,5007 lines are common in HII regions or AGN spectra, where the
emitted photons from massive stars, or active nuclei can provide the required energy
(35.1 eV) to ionize oxygen atoms to O**.

The nucleus of NGC 4945 does not show any emission in Hey, [N II], HS and [S
I1], but in areas just above or below that along the slit, strong emission is observed in
various separated regions. In the FP observations, (see Figures 4.2 and 4.3) I showed
that there is no point source in the maps from Hey, [N II], Hf3 and [S I1] that corresponds
to the position of the nucleus. NGC 4945 has a heavily obscured Seyfert nucleus in the
optical range and below 10 keV (Iwasawa et al. 1993). It has a powerful radio continuum
source which emits 2 Jy at 6 GHz (Whiteoak & Wilson 1990). The overall structures of
the ionized gas in the nucleus and its surroundings are clumpy, having various free—free
optical depths (6-23) (Lenc & Tingay 2009b). The 2—3 GHz images taken with VLBI?
show a radio source with a one-sided jet-like structure near the position of the AGN.
The counter-jet would be free—free absorbed, as has been detected in gaseous discs in
some Seyfert galaxies (Gallimore et al. 1999).

To the NW of the centre at ~ 0’1 (see Figure 4.9 left panel) lies the most spec-
tacular feature, which is bright in [N II], and positioned near to the base of the cone. It
shows a broadened profile with bulk motion ranging between —500 and 500 km s™!. Tt
can be fitted as two components, as will be discussed later on. The splitting becomes
clearer at a distance of 0'3 — 0’4 to the NW, and the blueshifted feature (~300 km
s71) is dominated by [N II] emission. [S I1]6716,6732 and H@3 show broad underlying
emission, but the high noise level precludes reliable fitting at this position on LS1.

This observed side of the cone was investigated by Heckman, Armus & Miley
(1990) by using medium resolution long-slit spectroscopy with two different positions.
They found a split in the [N II] and He, and the obtained velocity blueshifted compo-
nent had velocity —250 km s~! while the velocity of the redshifted component was ~
50 km s~!. Each component had a FWHM of 200—400 km s—!. As well as this, Lipari,
Tsvetanov & Macchetto (1997) identified a split in the [N II] and [S II] lines by using
long-slit spectroscopy with a resolution ~ 4 A, and found the velocity of blueshifted
component to be ~ —200 km s~ with a FWHM ~ 700 km s~!, while the Ha did not
show any sign of splitting. These discrepancies could be understood in terms of the dif-
ferent resolution, slit positions and orientations. Structures with similar properties to
those in the right panel of Figure 4.9 have been found by Moorwood et al. (1996) with
long-slit observations. They suggested a broad (FWHM ~ 600 km s™!) and complex
dynamics at about 0'1 (= 240 pc)? to the NW of the centre.

2Very long baseline interferometry
3The used angular scale was (1” = 19 pc.)
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The asymmetry in profile shape in Figure 4.11 could be an indication of galactic
winds (GWs). The presence of the clear split in [N II] and Ha at 0’33 from the centre
can be interpreted in terms of GWs, according to the outflow scenario along the surface
of the bicone-structure that emerges from the nucleus of disc galaxies by Tomisaka &
Ikeuchi (1988). The front surface of the cone (near cone to the observer) produces
a strong, blueshifted component, and the back side produces a component around
the systemic velocity (or redshifted, depending on the inclination). This is consistent
with the FWHM of the blueshifted component being larger than that of the other
components, due to a change in the range of projected velocities.

Five H1I regions are identified along LS1, three to the NW and two to the SE of
the nucleus. I would suggest that they are located within the spiral arms of the disc,
the He line in these H1I regions show FWHM ~ 70 km s~! and the average velocity in
the H1I regions in the NW and SE is ~ 60 km s and ~ —25 km s~! respectively. A
velocity asymmetry is seen between the two groups of HII regions, and the difference
between the two is ~90 km s~! due to the (projected) rotation of the disc.

There is no Hf emission in the area spanning about 350 pc to the NW (between
0’0 to 0°5) of the centre. However, there are a few bright areas with H3, as shown in
the right panel of Figure 4.9. These areas lie along the minor axis of the galaxy which
has outflows with Hey, [N II] and [S II] emission. The radii of these areas are > 140 pc,
meaning they are giant H1I regions (Heckman, Armus & Miley 1990). The H/ profile
shows no split signatures after being examined using the SPLOT task in IRAF, where
there is measurable emission along the slit. HII regions to the SE show broader HS
profiles (in particular the outer on ~ 130 km s7!) than are located in the NW. This
suggests that the broadening in H3 profile may result from interaction with another
bulk motion. Surprisingly, this does not occur with Ha profiles in these HII regions.

The interesting part of the slit was subdivided into 11 parts with each part
covering one specific feature. The spectrum of each subdivision was calculated by
averaging the spectra of all the pixels in these regions. The resulting spectra are
displayed in Figure 4.10.
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The highest intensity in Ha and [N II] is at —0’2. The broadening and blue
asymmetry are obvious in Ha and both lines of [N II] at a distance of 0'07 from the
centre, and the splitting becomes clearer in these lines at the position of 0.33". At 0.46/,
the splitting is seen in [N II)6583, but is not obvious in other lines.

In order to investigate these two regions at 0’07 and 0’33, the spectra of these
two particular regions were Gaussian fitted to study the shape and parameters of these
lines in detail (see Figure 4.11). The left and middle panels in Figure 4.11 show the
fitting of the [N II], Ha and [S II] lines at the distance of 0°07, and the right panel
shows only the fitting of Ha and [N II] lines at the distance of 0’33 because there is
no [S II] emission at 0'33. The line ratios, velocities, and FWHMs of these lines are
listed in Table 4.5. A noticeable difference between the velocities and FWHMs of the
[N I1]*, Ha'!' and [S II]' would be interpreted in terms of a strong and broad component
of [N II] that appears in this region, which represents the bipolar wind that is more
obvious in [N II] than other lines according to the double-component super wind model
for NGC 7714 (Taniguchi et al. 1988).

The [N II)6583 line shows a wide wing at the red-end of the spectra. The Gaussian
fit did not identify the red-side of the profile. This wing may be the result from the
wind’s interaction with the existing gas. Another component could contribute to form
the observed profile. Consequently, the real centroid velocity will be shifted from the
value that was determined from the fit.

The two fitted components of [N II] and Ha show high ratios of [N II]/He,
suggesting that the gas is shock-heated in this part of the cone. At position 007, ratios
of the two fitted components show different physical properties. The first component
displays log([N II]/Ha) ~0.22 and log([S II]/Ha) ~ —0.18, which is consistent with
conditions in H 11 regions. Meanwhile, the second component shows high value in both
log([N II]/Hear) and log([S II]/Ha) ~ 0.4 and 0.03 respectively, which appears in the
areas with a high ionization power, such as AGN.

At 0’33 to the NW, the first component (blueshifted) shows a higher ratio of
log(|N IT]/Ha) ~0.4 than that in the second component (~ —1.3). Also, the gas in this
area is suggested to be shock-heated resulting from the impact of an AGN, which may
be the ionizing source for this component. The second component could be ionized by
a softer source, such as in H1I regions.

The first component at the latter position shows a high ratio observed along LS1,
and the second component at 0'07 shows a comparable value. It seems that they are
either created from different clouds and are not related to each other, or the dust plays
different roles at these two positions. H/3 emission is clear at this position (0'33) while
at 0707 there is no HS emission that can be measured. Therefore, the dust may have
affected the faint component. In other words, it could be suggested that the impact of
the outflows differs locally according to the type of ionizing source and the presence of
the dust.
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Table 4.5: Emission line ratios, velocities and FWHMSs at a distance of 0’07 and 0'33 from the centre of NGC 4945.
Note that the [N II] line used is the red one (6583 A).

Lines Position 0707 Position 0.33

v (kms™') FWHM (kms™) | v (kms ') FWHM (km s™!)
[N H]l —219 + 14 429 + 14 —356 £ 14 240 + 14
[N 11]2 —83 + 14 322 + 14 56 + 14 215 + 14
Hatl —13 £ 13 172 + 13 =375 £ 13 176 + 13
Ha? 125 + 13 107 + 13 16 £ 13 168 + 13
S 11! ~160 + 11 105 + 14
S 112 18 £ 11 137 + 14

ratio ratio

N I]'/Ha' | 1.66 + 0.20 2.46 + 0.26
N I?/Ha? | 2.50 + 0.21 1.05 £ 0.10
INTI1/[S T | 2.50 + 0.30 < 0.40
N TI2/[S T2 | 2.30 + 0.21
S H]I/Hoz1 0.66 £ 0.16 < 0.25
S 112 /Ha? 1.09 + 0.27

1 = first component.
2 = second component.
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The second interesting region is at 0’33 to the NW of the nucleus. The spectra of
this object (see Figure 4.11 right panel) show [N II] and Ha lines , while [S II] and Hj
are unmeasurable in this area, as shocks become weaker. The blueshifted components
in both lines ([N II], Ha) show nearly the same high velocity (—356 + 14 km s, —375
+ 13 km s7!), and the FWHM in [N II] (240 km s™') is comparable to that of Ha (176
km s~1). Hence, the shocks/AGN have become unimportant in the downwinds part of
the outflow.

4.6.2 The kinematics and physical properties across the cone
LS2

Figure 4.8 shows the position of LS2 (PA = 45°). Along the slit, different emission lines
were measured and kinematic maps were created for these lines: [N II| doublet and He
are shown in Figure 4.12 panel (a), [S II] lines in (b), and the ratio map of [S II}6716/[S
1116732 in (c). The ratios of [N II]/Ha and [N II]/[S II] are displayed in panels (e) and
(f) respectively. After testing various positions along the slit to examine emission line
profiles, three different areas were chosen to study in detail. The extracted spectra
from the marked areas (centre (red rectangle), area-1 and area-2) in (a) are plotted in
Figure 4.13. The emission lines in the central area and its immediate surrounding (red
rectangle) (78 pixels, 40”) are extracted and mapped (see (d) panel of Figure 4.12).
The [N IIJA6583 comprises different components which make the [N II] profile blue-
asymmetric in shape, and so the profile was fit using two Gaussian components as
shown in the upper panels of Figure 4.13.
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Table 4.6: Emission line ratios, velocities and FWHMSs of three objects (red rectangle

LS2 in NGC 4945.

centre, area-1, area-2) along

Lines Centre Area-1 Area-2
v (kms 1) FWHM (kms 1) v (kms ') FWHM (kms 1) v (kms 1) FWHM (kms 1)
N —37 4+ 1 429 + 2 39 £ 6 80 + 4 63+ 5 84 + 10
[N 11)2 119 £ 7 240 + 8 142 £ 1 62+ 6 98 + 4 204 + 10
Hal 56 4 1 162 + 2 33+ 1 54 4 4 —56 4 2 75 4+ 4
Ha? 125 + 1 54 + 4 —170 + 1 107 + 4
[s 1t 42 + 2 233 4 4 -2+ 3 63 + 4 —20 4+ 3 84 + 3
[S 11)2 87 + 3 63 + 4 192 + 7 7445

ratio ratio ratio

[N 1]} /Ha = 0.94 + 0.16 N 1]} /Ha! = 0.37 £ 0.05 [N I]/Ha! = 0.30 £ 0.04

[N I1)2/Ha = 1.16 £ 0.23 [N I1)2/Ha? = 0.32 £ 0.23 [N II)/Ha? = 0.82 £ 0.10

[N ]} /[S I1] = 1.16 + 0.11 IN 1]t /(s 1]t = 2.00 + 0.12 [N IIJ/[S II] = 1.5 4 0.02

[N I1)2/[S II] = 1.43 + 0.03 [N 11)2/[S 1] = 1.20 + 0.21
[S 11! /Ha! = 0.19 4+ 0.05 [S 11]/Hat! = 0.20 + 0.03
[S 1] /Ha = 0.81 + 0.03 [S 11]2/Ha? = 0.23 4+ 0.08 [S 1]/Ha? = 0.50 + 0.03

1 = first component.
2 = second component.
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At the centre of LS2, to the North of the nucleus, a prominent area showing a
wide range of velocities £550 km s™! is seen, as shown in panel (a) of Figure 4.12
(red rectangle), and in more detail in panel (d). The spectra of this area are shown
in Figure 4.13. There is no HB and [O III] emission in the blue spectrum along LS2.
I fitted the [N II] lines, which display a blue asymmetry, using two components. The
broader and fainter one has —37 + 2 km s™! and FWHM ~ 430 + 2 km s~* (highest
observed FWHM) while the strong component shows velocity ~ 120 4 7 km s~! and
FWHM ~ 240 4+ 8 km s~!. These values may have been slightly exaggerated as the
profile clearly has a blue wing which is not accurately fit with a Gaussian. The Ha was
fitted with one Gaussian, and the determined velocity ~ 60 km s™! and FWHM ~ 160
km s~'. However, the profile does look split. The forbidden [S II] emission profile is
chaotic and does not have a clear asymmetry, and therefore a single Gaussian fit is most
appropriate. The determined velocity from [S IT] is 42 4+ 2 km s~! and the FWHMs are
233 4+ 4 km s~!. However, this centroid and width suggests, we may have measured
the blend of two components. This area (panel (d) of Figure 4.12) falls on the more
prominent part of the cone, where we expect the impact of the AGN and starburst
activity occur, this can be confirmed by tracing the different component that appears
in this area and the asymmetry profile of the emission lines, which show a complicated
kinematics with different intensities to the red and to the blue of the profiles. This
area does not show any Hf emission, as well as all the areas that position along LS2
do not show Hf emission.

Area-1 and area-2 represent HII regions in the disc of NGC 4945 which are a
little redshifted while another two HII regions are positioned at 1’4 and 1’9 to the
SW of the centre and are also a little redshifted, and the velocity asymmetry between
the two sides of the disc is ~ 100 km s™!, reflecting the (projected) galaxy rotation.
There is an obvious splitting in the emission lines in area-1, and both components of
the emission lines have approximately identical intensities. In area-2, two components
are noticed in three emission lines ([N II], He, and [S II]), which have considerably
different intensities. Low ratios of [N II]/Ha and [S II]/Ha appear in the two regions,
which reflects the physical properties of H1I regions as was expected.

If one steps through the panels of Figure 4.13 from top to bottom, clear progres-
sion in the shape of the emission profiles is noticeable, as well as in their intensities. In
the area near the vertex (upper panels), broad, double lines are obvious in both [N II]
lines, and a broad, single line in both Ha and [S II]. Only the upper panel shows high
[N I1]6583 intensity compared with Ha. This area displays ratios of [N I1]?/Ha? (1.16
+ 0.23) and [S II]/Ha? (0.81 £ 0.03)* that suggests shocked gas dominates this region
near the nucleus as a result of interaction with outflowing gas. In the lower panels,
there is asymmetry in the red-base of the profile which would be a second component

4[S II] doublet does not show a clear split, so this value is for one Gaussian fitting.
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with low intensity. Only the [S II]/Ha ratio is enhanced in this area to a value of 0.5
a level about the lower limit of shocked gas.

LS3

Figure 4.8 shows the position of LS3 (PA = 45°, and offset is 0’4 (~ 470 pc) to the
NW of the centre of NGC 4945). The same procedure as before was carried out with
LLS3 data, and the results were transformed in terms of kinematic and spatial maps for
the emission lines. Figure 4.14 shows the kinematic maps of [N II] and Ha in panel (a)
and [S II] in (b). The ratio of [S II] lines, [N II]/Ha and [S II]/[N II] were constructed
in panels (¢), (e) and (f) respectively. Panel (d) displays the zoomed-in kinematic map
for the [N II] (the red-rectangular area in (a)). Different regions are marked which
show strong emission. The red and blue parts of the spectra for these interesting areas
(area-3, area-4 and area-5) are shown in Figures 4.15. The velocities and FWHMs of
these lines are listed in Table 4.7.

The ratio map of [S I1]6716/[S 11]6732 in panel (c) shows extreme values at the
edges (red on the left and blue on the right). It is suggested that the two [S II] lines
were not perfectly aligned in velocity before calculating their ratio. Therefore, the
values in between represent the true values.

The three chosen areas (area-3, area-4 and area-5) present the high photoion-
ization emission line [O III], which was not observed in any other position along LS1
and LS2. Emission lines in area-3 and area-4 display about the same velocities and
FWHMSs. On the other hand, area-5 shows a higher (blueshifted) velocity to that which
appeared in the previous areas, and comparable FWHMs. Ouly in panel (d) I detect
velocities between —600 and 200 km s~!. Meanwhile, area-3, area-4 and area-5 have
no indication of splitting, as is clear in Figure 4.15. Area-3 and area-4 show nearly
the same velocities (~ 35 km s~! and FWHM ~ 70 km s™!) for He, [N II] and Ha,
and double the value of velocity for [S II] with the same value of FWHM. Area-5 has
a higher velocity more than 100 km s~ and FWHM ~ 84 km s~ .

Panel (d) in Figure 4.12 focuses on the area of interest (red rectangle) shown
in panel (a). Extreme morphological structures are seen in [N II| emission, and a
blueshifted component (~ —400 km s™') is clear to the top of the map, as well as a faint,
redshifted component (~ 4400 km s™!) in the right-centre of the map. Furthermore,
this component shows high ratios of [N II]/Ha (~2), as shown in panel (e). These
ratios give an indication of fast outflows from the centre of NGC 4945, possibly further
accelerated w.r.t. positions closer to the nucleus (cf. LS1 and LS2). Area-5 shows
higher values of Ha/Hf (13.6), [S II]/Ha (0.34), [N 1I]/Ha and [O III]/HSB (0.53) than

area-3. Hence, area-5 could represent a massive star-forming region.
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Table 4.7: Emission line ratios, velocities and FWHMSs for three objects (area-3, area-4 and area-5) along LS3 in

NGC 4945.

Lines area-3 area-4 area-5
v (kms ') FWHM (kms 1) v (kms ') FWHM (kms 1) v(kms ') FWHM (kms 1)
[N 1II] —36 £ 3 73 £ 2 36 + 3 80 £ 6 —117 £ 5 81+ 6
Ha —33+3 70 £ 2 —33+3 88 + 4 —103 + 4 86 + 4
[S I1] —67 £ 4 66 + 2 —61 + 4 91 £+ 2 —141 + 4 84 + 3
ratio ratio ratio
[N II]/He 0.11 4+ 0.10 0.33 + 0.06 0.30 = 0.10
[N II]/[S 1I] 1.39 £ 0.10 1.19 £ 0.02 1.10 £ 0.20
[S 1I] /Ha 0.22 + 0.01 0.28 + 0.02 0.34 + 0.03
[O 1I1)/HB 0.25 + 0.10 0.35 + 0.06 0.53 + 0.03
[s I1]6716/[S 11]6732 1.39 £ 0.14 1.27 £ 0.01 1.67 £ 0.02
Ha/HB 0.00 + 1.80 11.38 £+ 2.20 3.60 + 1.92

8GI
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4.7 Discussion

In general, substantially ionized matter appears in various areas along the three slit
positions. This material could be a shock-heated shell, after it has been swept out
by an expanding hot bubble (Tomisaka & Ikeuchi 1988). As mentioned earlier, this
extended material is the result of the collective effects of the stellar winds and super-
novae (Chevalier & Clegg 1985). It is important to look for observational indications
of superwinds across the observed area. Heckman, Armus & Miley (1990) summa-
rized important evidence for the existence of GWs in three aspects: morphological,
kinematical and physical. My discussion will be based on these three aspects.

4.7.1 Morphological and kinematical evidence

Figure 4.16 shows three different areas (panels (a), (b) & (d)) along the vertex of the
cone at different distances from the centre. The area around the vertex at 270 pc from
the centre of NGC 4945 (panel (d)) shows interesting kinematics and morphology. The
[N II] emission peaks in three areas, although the upper and the lower one are equivalent
to each other around the vertex. There are filaments that connect between two of these
regions and extend away from the centre of the galaxy. The three bright regions may
have been one object that was ruptured by winds. The connected filaments could be
what remains from the interaction process.

The corresponding region on the vertex at 470 pc is less intense compared with
the panel (d) and the region reveals blueshifted emission (brown arrow) with centroid
velocity ~ —350 km s™! (Av= —50 to —650 km s'), and low intensity redshifted
components appear (red arrows) with velocity ~ 300 km s™' (Av= 70—390 km s™!).
There is noticeable, faint, diffuse emission to the bottom left of the map where a
broadened area with blue-asymmetry appears with velocities between —350 to —100
km s7!.

By comparing the distribution of the bright matter along LS2 and LS3 (see
Figures 4.12 and 4.14) on both sides of the vertex, I conclude that nearly identical
features were formed in the two halves of the cone within 0’4 from the centre. However,
differences in intensity between these structures and their counterparts would be related
to the orientation of the cone with respect to the line of sight. In other words, a longer
line of sight through the cone, includes more matter.

Panels (e) and (f) represent the cone structure of Ho and [N II]6583 respectively.
(see Figures 4.4 and 4.5). The appearence of emission in the area between filaments
of the V-shaped structure is that of a split in their spectrum (see Figures 4.10 panels
at 0’2 and 0'33). If one takes into account all the previous points, it can be concluded
that the bright material represents a part of the wall of the ejected cone (front/back
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side), where the GWs (AGN wind) interact with the ambient ISM.
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4.7.2 Physical evidence

The [N IIJ/Ha ratio varies widely among nine areas of interest that cover different
positions on the cone, and ranges between 0.1 and 2.5. To interpret the variations in the
ratio of [N II]/Ha and [S II]/Ha, the BPT diagrams will be used. Kewley et al. (2001)
introduced a photonization model by taking into consideration the effect of the stellar
population and nitrogen enrichment, and determined a theoretical maximum limit for
starburst models on the diagnostic BPT diagram. Kauffmann et al. (2003) suggested
another curve to distinguish between objects that show low [N II]/Ha ratio such as
H1r regions, based on observational data. Dopita & Sutherland (1995) introduced a
shock model, that can reproduce a high ratio of [N II]/Ha ~1.55 in solar abundance
interstellar gas with magnetic parameter (B/n?) ~ pG cm®? and shock velocity of
500 km s™!. The [N II]/Ha ratios determined for the interesting objects are shown in
the BPT diagram Figure 4.17. As mentioned before, only three objects show the [O
I11]5007 line in their spectra (area-1, area-2 and area-3), so the other objects are placed
at log([O III]/HB) = 0 and shown with high error bars on the [O III]/H/ ratios.

The [N II]/Ha ratio shows high values near the vertex of the cone in all compo-
nents of the [N II] line, while [N II]/Ha dramatically reduces in areas away from the
vertex or away from the midplane to reach < 0.33.
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The splitting was identified at 0707 from the centre to the NW, and the Ha and
[N II] were fitted as two components. The ratio of [N II]/Ha for each component is
1.36 + 0.20 and 1.13 =+ 0.21 respectively. Hence, the physical conditions in this area
suggest that the gas has experienced shock-heating. As mentioned previously, [S II]
lines were fitted with one Gaussian component, the intensity of which was used to
estimate the ratio of [S II]/Ha for the two components of Ha (0.741 £+ 0.16, 1.04 +
0.27). These values are consistent with the typical ratios derived for Seyfert-2 nuclei and
low ionization nuclear emission line regions (LINERs) (Veilleux & Osterbrock 1987). In
the second region (at 0’33 ~ 760 pc to the NW from the centre), the ratio of [N II]/Ha
for both components is also consistent with what was determined in Seyfert-2 nuclei
and LINERs. The line ratio of [N II]/Ha in the red rectangular area (see Figure 4.12)
shows values which similer to in Seyfert-2 nuclei and LINERs, and displays a high
value near the centre of the cone. Higher values (~3) are shown in the filamentary
structures, which gradually reduce to 0.9 moving away from the vertex. Figure 4.18
shows the second part of the diagnostic BPT diagrams by comparing with the ratio
of [S II]/Ha.. Second components show ratios of [S II]/Ha that position them at the
AGN boundary; this is consistent with the ratio of [N IIJ/Ha (see Figure 4.17). It
can be concluded that the areas that show extreme kinematics and line ratios that are
consistent with what is typical of an AGN environment.

The electron density was estimated in different parts of the cone. The electron
density is high (~ 2000 cm™?) in areas with a high ratio of [N II]/ Ha. Meanwhile,
areas with lower [N IT]/Ha have an electron density of 10—100 cm™3. Area-1 has n, ~
1200 cm~? in the outer parts, while the central part displays low electron density n, ~
(1-10) em™3. Area-2 has n, ~ 1000 cm™3. The average n, in the red rectangular area
is ~ 800 cm™ and is comparable to the value that was determined by Moorwood et al.
(1996) in the same position. Note that the n. in specific positions (boundaries) has n,
> 1200 cm~? while the inner positions have low n, (100 cm~3). These differences may
be related to the impact of the outflows onto the surrounding ISM. In other words,
the effect of collisional de-excitation plays an important role in this environment, as
the relative excitation rate depends only on the ratio of collision strengths, and this is
highly sensitive to the density (relative population of the two levels having almost the
same excitation level and emitted from different energy levels).

4.7.3 Signatures of the second part of the bi-cone

He, [N 11]6583 and [S II] emission maps (see Figures 4.2 and 4.3) show bright regions
to the E of the nucleus of NGC 4945, at ~ 470 pc. As mentioned before, NGC 4945
shows a dusty environment in the central part and in the area to the SE of the centre.
Therefore the material ejected from the active centre of the galaxy towards the SE is
obsecured by the approaching part of the disc which is in the line of sight is partially
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obsecured (second part of the bi-cone). The observed outflows are in front of the
receding part of the disc, extending away from the midplane. Therefore, I expect the
bright emission in areas to the E of the centre represents extended outflows from the
centre.

To investigate these bright areas, new spectroscopic observations using LS were
analysed. The emission lines [N I1)6583 and Ha were mapped and are shown in Fig-
ure 4.19. Panel a shows the LS5 position and b represents a zoom into the black
rectangular area. S1, S2, S3 and S4 represent different positions on the bright regions.
The Ha line shows a second redshifted component which is obvious in all four positions.
Likewise, [N II] shows a redshifted component in the four regions, which is clearer in
S2 for both [N II] and Ha. These components would represent winds from the galaxy.
To explore the properties of these areas, I use the BPT diagram to determine the ratio
of forbidden line emission to the recombination line emission. Two parts of the BPT
diagram are shown in Figure 4.19 panel d, S2 displays a ratio that is comparable to
the ratio at the positions 0°07 and 0’33, which is on the observed part of the cone. S2
shows high ratio of log([N II]/He) and log([S II]/Ha) that falls in the area of AGN.
S1 falls in the area between soft ionizing sources and higher ionizing sources (AGN,
shocks, ionization by post-AGB stars and planetary nebulae). S3 and S4 show values
close to the Kauffmann curve (Kauffmann et al. 2003). Thus the emission line ratios
of the examined regions suggest that the gas in this areas is undergoing a shock-heated
as a result of the outflows from the active centre of NGC 4945 (AGN and starburest).
According to the previous discussion, the expected shape of the ionized outflows from
the centre of NGC 4845 shows a bi-conal structure, as shown in Figure 4.20.
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Figure 4.20: A simple model of NGC 4945 showing the emerging cone from the centre
of the galaxy with inclination 80° w.r.t. the line of sight, and opening angle = 140°.
The V-shaped structured which is suggested to be filled with gas, is shown with a
yellow cone having opening angle = 80°. The unobserved part of the bi-cone is shown
in the model, which has the same dimensions and structures of the observed part.

4.8 Conclusions

I have presented a spectroscopic study (spectral resolution 0.75, 1 /:\) using long-slit
observations with the instrument RSS@QSALT. The aim of this chapter was to investi-
gate the physical properties and kinematics of the ejected optical cone from the nuclear
region in the edge-on NGC 4945 galaxy, to quantitatively examine its origin. The ob-
serving setup of the long-slit allows us to examine different positions along the optical
cone. The spectra of the emission lines show interesting signatures of GWs including:
a split in different emission profiles in different position on the cone; outflows with
high velocity and FWHMSs reaching to —350 km s™! and 400 km s™! respectively. The
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ejected cone shows physical properties of various environments. The outflows in the
central area originate from AGN and starburst sources. The line ratios across the cone
show environments of both AGN and starburst.
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Chapter 5

The disc—halo interaction in edge-on galax-
ies

5.1 Introduction

In this chapter I will introduce a long-term project that needs more observations to
complete; 9 nearby (redshift (z) < 0.02) galaxies will be introduced, from a survey
comprising a sample of 36 Southern edge-on disc galaxies'. This sample was selected
by Stanchev, Nedialkov & Georgiev (2004), to calibrate the Tully—Fisher relation. This
is a relation between the (distance-independent) rotational velocity and the (distance-
independent) absolute magnitude of spiral (i.e. rotationally-supported as opposed to
pressure-supported) galaxies. Stanchev et al. used the width of the 21-cm H1 line profile
to determine the rotational velocity, but this would be dependent on the inclination
of the rotating disc of the galaxy. To minimise the uncertainties arising from the
inclination effect, and to maximise the observed line width, they chose a sample of
galaxies that are viewed (nearly) edge on. The main objective of our survey is to study
outflows from H 11 regions or AGN by tracing Balmer recombination emission lines, as
well as to study dusty extraplanar gas blown by galactic winds.

Edge-on galaxies offer an excellent opportunity to separate the disc, ionized ex-
traplanar and halo components. The attenuation by interstellar dust can be mapped
for both disc and extraplanar regions by using the Balmer decrement ratio (Ha/Hp).
The selected galaxies cover a wide range of morphological types, from SO through Sa
to Sd. The variety of morphological types will offer a good opportunity to examine the
above diagnostics as a function of morphological type. The same sample was observed
by me and the supervisor with the Parkes radio telescope? to trace the hydrogen radio
recombination lines emission near 8 GHz. The radio recombination lines arise from
transitions between energy levels with large value of n. In this study the traced recom-
bination lines are H91a,, H92aw and H93«. The number represents the lower energy level
of the transition and the Greek letter, «, represents A n =1. Both surveys will offer
complementary information that will enable us to estimate the total ionized gas mass
within spiral edge-on galaxies. It will also be possible to introduce necessary correc-
tions for optical emission lines to derive star formation rates in high redshift galaxies,

1See Appendix Table E.1 for the full sample.
2The radio observations were carried out from 7—13 Oct. 2016 for 72 hours.
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and thus determine the history of cosmic star formation and study the evolution of
spiral galaxies along the Hubble sequence.



Table 5.1: Basic information about the nine edge-on galaxies from the sample, observed in the first stage of the
survey, the position angle (PA) is measured from the North.

Name Morphological type Radial velocity Distance Inclination PA  Absolute magnitude

km s7! Mpc degrees degrees mag
NGC 4672 Sa 3289 39.9 7 —85.9 —22.03
ESO 202-G35 Sc 1601 23.5 80 85.2 —20.79
ESO 575-G61 Sc 1588 27.0 —116.8 —18.40
ESO 505-G03 Sc 1497 15.9 —112.3 —19.10
ESO 506-G02 Sb 5729 78.8 —110.4 —22.40
ESO 321-G10 Sb 2988 30.7 —93.7 —21.72
ESO 33-G22 Sc 4346 50.5 85.7 —20.40
ESO 311-G12 Sa 1128 5.3 93.7 —20.18
IC 1963 Sab 1638 27.0 189.7 —19.52

cll
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5.2 Observation and data reduction

The observations were made with the RSS (Robert Stobie Spectrograph) Fabry-Pérot
single etalon with low-resolution (LR; R ~700). These galaxies are nearby and extend
1" —4 along their major axes, so one FP field of view perfectly covers each of them. The
systemic velocity was taken into account to determine the wavelength steps required
to cover the Doppler-shifted profile in each galaxy. The goal of this chapter is to
study the distribution of the ionized emission as a function of height above/below the
midplane, so the Doppler-shifted peak would not need to be traced. Therefore, four
wavelength steps (scan — 2, scan — 3, scan — 4 and scan —5) were chosen spanning the
emission profile, and in order to subtract continuum emission that originates from the
background galaxy and stars within the galaxy or foreground stars, two scans (scan—1,
scan — 6) were taken in the continuum range on the blue and red side of the profile as
shown in Figure 5.1. Details of the observations are summarized in Tables 5.2 and 5.3.
The data reduction for the FP instrument was discussed in detail in chapter 1.5.

Because the continuum scans are not at the same distance on either side as
they were chosen to avoid spectral features, we found the best way to determine the
continuum emission was by interpolating the continuum in the right wavelength by
using the following formula:

A=\
Ae — M1

scan. = scan — ( ) X (scang — scany) (5.1)

where:
scan, = subtracted continuum scan.
A = wavelength of each scan.

The direction of the rotation in these galaxies can be determined by comparing
the observed intensity through the continuum-subtracted scan —2 (tracing blue-shifted
emission (B)) and that from the continuum-subtracted scan — 5 (tracing red-shifted
emission (R)). Figure 5.5 shows the ratio of B/R in the sample of the galaxies. The
side of the nucleus showing a high ratio of B/R will represent the approaching side of
the galaxy while a lower ratio will appear in the receding part of the galaxy.
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Figure 5.1: A schematic diagram showing the positions (wavelengths) of the scans of
FP covering the emission profile and continuum in ESO 575-G61. Scans — 2 to —5
span the emission line and scan — 1 and scan — 6 are used to determine the continuum.
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Table 5.2: The main parameters of the Ha observations, using the Fabry-Pérot LR

mode.

Galaxy Date of observation
NGC 4672 25" February 2017
ESO 202—-G35 26" February 2017
ESO 575—-G61 25" February 2017
ESO 505—-G03 25" February 2017
ESO 506—G02 25" February 2017
ESO 321-G10 25" February 2017
ESO 33-G22 9" January 2018
ESO 311-G12 9" January 2018
IC 1963 8" January 2018
Telescope SALT
Instrument RSS
Detector E2V CCD 44-82 chips
Mode Fabry-Pérot

Etalon separation
Resolving power

Free spectral range (A)
Filter

Steps

Exposure time (seconds/step)

Pixel scale
Seeing

0.6 nm
700

8.64
PI106645
6

100.2
075068

N2/l




Table 5.3: Etalon configuration wavelength for the Fabry-Pérot Ha observations of the sample of galaxies with LR.

Galaxy

NGC 4672

ESO 202-G35

ESO 575-G61 ESO 505-G03 ESO 506-G02 ESO 321-G10 ESO 33-G22 ESO 311-G12 1C 1963
No. of scan ‘Wavelength (&)
1 6606.85 6576.10 6571.39 6573.80 6621.70 6603.00 6610.87 6630.02 6570.62
2 6630.40 6599.65 6594.95 6597.35 6645.25 6626.00 6653.67 6653.58 6594.18
3 6634.80 6604.05 6599.35 6601.75 6649.65 6631.00 6657.98 6657.89 6598.78
4 6639.20 6608.45 6603.75 6606.15 6654.05 6635.65 6662.29 6662.49 6603.10
5 6643.60 6612.85 6608.15 6610.54 6658.45 6640.05 6666.90 6666.78 6607.40
6 6673.05 6642.30 6637.60 6640.00 6687.90 6669.50 6696.20 6696.11 6637.00

9.1
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5.3 Results

Maps of Ha intensity for nine nearby edge-on galaxies in the sample were constructed
and are shown in Figures 5.2 to 5.4. The Ha intensity was determined by integrat-
ing the four scans which cover the emission line profile, after subtracting continuum
emission from each scan.

All the disc galaxies in the sample show signs of an ionized extraplanar (IEP)
layer that extends away from the midplane. The IEP layer takes different forms, such
as outflows from star formation regions, filament structures, or extended emission from
the central area, as shown in the left panels of Figures 5.2 to 5.4; more discussion will
be provided later on.

The continuum emission from stars within each galaxy or in the foreground was
mapped and is shown in the middle panels of Figures 5.2 to 5.4. The continuum
emission is remarkably intense in the disc, in particular in the central and surrounding
regions, and reduces gradually away from the midplane. The ratio of Ha to continuum
(Ha/C) was constructed and is shown in the right panels of Figures 5.2 to 5.4. There
is very little information in the literature about these galaxies. Therefore, in the next
subsections, the morphology of each galaxy will be discussed in detail.
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5.3.1 Morphological structures of the ionized emission

In order to emphasize some worthy details of the extraplanar diffuse ionized gas, a
comparison with other observations was done, where these observations were accessible
from the literature.

5.3.1.1 NGC 4672

The early-type spiral galaxy NGC 4672 (see Figure 5.2) shows a distinguished bulge
and asymmetric Ha emission across the midplane. The ionized gas extends to more
than 1.4 kpe (corrected for inclination, ¢ = 75°) away from the midplane and form a
clear disc along the midplane and this does not happen with the continuum emission.
The Ha emission shows high values in the centre of the galaxy and in an area to the
NE of the centre which represents a giant H1I region in the spiral arm of the galaxy,
while the bright area to the SE of the centre could be cluster stars but not H1I regions?.
The ratio of Ha/C is high along the bright ionized spiral arm and low in the rest of
the disc. The bright area that was mentioned before displays a higher Ha/C while the
second one shows a ratio that is comparable to that elsewhere in the disc.

NGC 4672 shows a distinguished bulge which sticks out perpendicularly from the
plane of the disc (Sarzi et al. 2000), however it was not obvious in Ha (Figure 5.2).
It shows a complicated dust pattern which crosses the bulge near its centre (Bertola
& Corsini 2000), and the stellar velocity field of NGC 4672 includes a central zero-
velocity plateau along the major axis of the galaxy. Meanwhile the velocity has a
steep gradient along the minor axis. In other words, the inner regions of the bulge
are rotating perpendicularly to the disc (Sarzi et al. 2000). The NE side of the galaxy
represents the approaching side, as the B/R is more intense to the E of the nucleus
(see Figure 5.5).

5.3.1.2 ESO 202-G35

Considerably pronounced is the distribution of strong H 11 regions and knots which are
seen all over the disc (see Figure 5.2 middle panels). The ionized gas is extended over ~
1 kpc from the midplane, while the faint IEP extends to about 2 kpc above and below
the midplane, as this galaxy has inclination angle ~80°. The continuum dominates in
the inner disc while there is no Ha emission in the centre of the galaxy. Hence, this
galaxy does not show any nuclear activity.

31 did not find supporting information about this area through using Vizier.



183

ESO 202-G35 exhibits a warped disc in the optical, but it does not show any
signatures of a warp in the near-infrared (Guijarro et al. 2010).

Some of the nearby edge-on galaxies show IEP resulting from bright star forma-
tion regions as nodes and filaments which represent a disc—halo interaction layer. Such
as, in NGC 55, the IEP extends between 1.1 kpc and 2.2 kpc (Rueff et al. 2013) and in
NGC 4013 extends to ~ 860 pc (Rueff et al. 2013). The extended ionized gas in ESO
202-G35 would be the result of high star formation in the disc of this galaxy:.

5.3.1.3 ESO 575-G61

This galaxy (Figure 5.2 bottom panels) shows IEP that is extended to more than 1.6 kpc
above and below the midplane (the inclination angle of this galaxy is not determined
but looks to be high). In the area that is near to the midplane a prominent structure
with bright Ha emission is seen, which turns and splits from the original disc to reach
~ 700 pc. On the other side of the galaxy there are less intense areas which represent
H1 regions. and less extended towards the opposite side of the disc (see Figure 5.2
bottom panels).

The continuum emission from the stellar disc, emitted by stars, is less extended
compared to Ha emission. The former has a higher value in the central area of the
midplane and reduces gradually. The ratio of Ha/C of this galaxy shows highly ionized
gas in specific areas which reveal distinct regions where star formation takes place.
Overall, star formation appears to be concentrated in the inner disc, but without a
central enhancement. The approaching side of the galaxy is not clear in the B/R map
(see the bottom left panel of Figure 5.5).

5.3.1.4 ESO 505-G03

Vertically extended ionized gas is shown in this edge-on galaxy (see Figure 5.3 upper
panels), which appears to be boxy in shape and extends to ~ 1 kpc away from the
midplane. The Ha forms a distinguished ionized disc whose intensity declines away
from the midplane. The emission peaks in a few areas, including the centre of the
galaxy and H 11 complexes along the disc. The continuum is highly concentrated in the
central area and reduces gradually outward from the centre in the four directions (N,
E, S and W). The Ha/C is low in the central area which probably shows a tentative
sign of nuclear activity, while the Ha/C in H1l regions is high. Figure 5.5 (middle left
panel) shows the B/R ratio in this galaxy; the SE side of the galaxy represents the
approaching side of the galaxy.
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5.3.1.5 ESO 506-G02

This galaxy shows high Ha emission in different regions (see Figure 5.3 middle panels);
two to the NE from the centre and the centre itself shows high Ha emission, as well
as this in the opposite side of the disc another bright area appears. The centre is
dominated by the continuum and shows an asymmetrical distribution which is more
extended to the NE than to the SW side of the bulge. The ratio of Ha emission to the
continuum is shown in Figure 5.3 too. The highest emission is concentrated in areas
with a high star formation rate (the centre and HII regions). The two bright objects
to the N and S of the disc represent foreground stars. The Ha/C is high in specific
areas which maybe represent H1I regions in the disc, and the centre has a lower ratio.
The map of B/R does not help to determine the approaching part of the galaxy.

5.3.1.6 ESO 321-G10

This galaxy has a bright nucleus with thin IEP up to 700 pc, as well as a few ionized
patches on either side of the disc. The extended, ionized gas is obvious around bright
H 11 regions and does not show a continuous distribution along the disc. ESO 321-
G10 may be undergoing low star forming activity, because the extraplanar emission
occurs only in a few locations where the star-formation is locally high. The continuum
emission appears more extended than Ha emission in the centre (see Figure 5.3). The
Ha/C is not clear in this galaxy (see Figure 5.3 bottom right panel). The approaching
side of the galaxy is not clear in the B/R map (see middle bottom panel of Figure 5.5).

5.3.1.7 ESO 033-G22

ESO 33-G22 displays clumpy ionized emission (see Figure 5.4 upper panels). It is
remarkably asymmetric w.r.t. the central bulge, extending to ~ 1.2 kpc to the South
of the nucleus. Meanwhile, to the N side it reduces to a few hundreds of pc. The bulge
itself is not conspicuous in Ha but prominent in stellar light. The ratio of Ha emission
to the stellar light is high to the SW where H 11 complexes appear, and there is no sign
of nuclear activity in this galaxy. The approaching side of the galaxy is obvious in the
B/R map (see upper right panel of Figure 5.5).

5.3.1.8 ESO 311-G12

ESO 311-G12 shows smooth, extended ionized emission that is symmetrical and extends
to above and below the midplane (Figure 5.4). The Ha emission appears to trace the
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stellar continuum light. It is not clear which is the approaching side of the galaxy in
the B/R map, I suggest that results from low rotation of the galaxy (see middle right
panel of Figure 5.5). It appears to show a two-component structure: a mid-plane with
a low value of log(B/R) and an extended layer with a high value of log(B/R), which
could represent a sign of extraplanar emission (Ha emission) which does not follow the
rotating pattern of the disc.

5.3.1.9 IC 1963

The Ha emission shows magnificent morphology which has a smooth density distribu-
tion that decreases away from the midplane. The areas above and below the centre of
the galaxy shows high Ha emission compared to the areas to the N and S of the centre.
The continuum map (middle panel of Figure 5.4) shows higher values in the central
area with two peaks and declines to the N, S, E, and W. The ratio of Ha/C shows low
values in the central part of the disc and higher values in the boundaries of the disc.
Perhaps the ionized gas enhances away from the central area because there are more
H 11 regions in the outer parts of the disc. The approaching part of the galaxy is not
clear in the bottom right panel in Figure 5.5, that may be due to the low rotation of
the galaxy. This galaxy shows two components (midplane and extended layer). The
latter one would be an extended IEP, as Ha emission is more vertically extended than
the continuum. As well as this, the map of log(B/R) has a high value in the second
component which suggests high emission that is not affected by the rotating disc.

5.4 Discussion

All galaxies in this study show clear signatures of ongoing disc—halo interaction by
displaying an obvious ionized, gaseous layer which is extended above the outer disc,
akin to the Reynolds layer in the Milky Way (Reynolds 1990). Typically, this layer
appears as a result of internal or external processes, such as AGN, starburst, high SFR.
In this sample of spirals, the disc—halo interactions are most likely caused by internal
processes. There are no clear signs of companions for these galaxies to act as sources
of accretion or merging material, or other processes. In general, these galaxies show
different morphologies in the extraplanar material, from clumpy to smooth intensity
distributions.

A large fraction of nearby edge-ons display thick extraplanar material composed
of gas and dust with sub-to several kiloparsecs thickness, which can represent transition
layers that separate the thin disc from the hot halo (Bizyaev et al. 2017). Observations
of individual spiral galaxies (such as NGC 3628, NGC 4522 and NGC 4013) show
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strong indication for recycling matter between the disc and halo. The edge-on galaxies:
ESO 311-G12 and IC 1963 show extraplanar HII regions at a projected distance range
from 900 pc to 3 kpc from the midplane. The low-metallicity gas in these H 11 regions
compared to the gas close to the midplane indicates that they would have formed in the
disc, or may have come from the disc material through recent fountain-driven processes
(Howk et al. 2018; Stein et al. 2017). The presence of the ionized extraplanar layer is
usually due to strong SF activity in the galaxy discs (Rand 1996; Rossa et al. 2008;
Arribas et al. 2014), or a high activity in the centre of the galaxy such as starburst
or AGN, which is usually regarded as another source of outflows such as bi-cone or
bubble structures (Heckman, Armus & Miley 1990). Different theoretical scenarios
were suggested to explain the method in which the gas transports from the disc into
the halo, such as chimneys (Norman & Ikeuchi 1989), galactic fountains (Shapiro &
Field 1976), or superwinds (Heckman, Armus & Miley 1990). Jo et al. (2018) found a
correlation between the scale height of the IEP emission and dusty extraplanar layer
normalized to the galaxy size and SFR.

Only 40% of an Ha imaging survey of 74 nearby edge-on galaxies shows that the
extraplanar diffuse emission is extended to a mean distance of 1—2 kpc above and below
the midplane, and isolated filaments can be detected at |z| < 6 kpc in a few galaxies
(Rossa & Dettmar 2003). This confirms the idea that the star formation activity in the
underlying disc plays an important role in creating the diffuse extraplanar emission.
Disc—halo interaction is not a general phenomenon in all normal spiral galaxies, as the
presence of diffuse extraplanar gas is correlated with the activity of the star formation
in the disc, as galaxies with low SF activity would not show any outflows. As well as
this, not all later-type galaxies (Sa—Sb) show strong evidence of disc—halo interaction,
such as IC 4351 (Rossa & Dettmar 2000). Emission lines such as Ha, HS, [O II], [O
111}, [N II], and [S II] have been traced to about 4 kpc above and below the midplane
by analysing the stacked spectra of 49 later-type spiral galaxies (MaNGA IFU survey),
and 9 of these galaxies show extended extraplanar gas to about 9 kpc from the midplane
(Jones et al. 2017). It is suggested that the properties of the extraplanar medium are
determined by different parameters including star formation activity, stellar mass, and
the bulge-to-disc ratio.

Because of the limited information in the literature about the sample of galaxies
in this study, as well as incomplete observations of this survey, it would be more useful
to compare observed galaxies with galaxies showing comparable morphological type
and morphological structures when it is possible.

ESO 0321-G10 shows similar morphological structure to IC 1963 (Sc). The latter
has extended ionized gas to 0.5—0.6 kpc on average from a few bright HII regions,
which is similar to what is traced in ESO 321-G10. IC 1963 has a low star formation
activity rate (0.05 Mg yr—!). Therefore, the thin extraplanar layer in ESO 321-G10
would be related to low SF activity in the underlying disc.

ESO 505-G03 shows similar morphological structure to that traced in NGC 4672



187

(Sbe), which displays several of the same separated emission complexes in the disc as
ESO 505-G03. These complexes are grouped mainly into three regions including the
centre of the galaxy and two regions within the disc, and some smaller and fainter
regions also appear along the disc (Rossa & Dettmar 2003). As mentioned before ESO
505-G03 shows extended filaments, which could be interpreted as chimneys according
to the chimney theoretical model (Norman & Ikeuchi 1989).

The extraplanar gas is seen as a rotating component, when the outflowing ma-
terial is suggested to entrain part of the rotating material of the disc. The rotation
velocity of the TEP layer shows a vertical gradient (e.g. NGC 5775: Rand 2000). Con-
sequently, it is expected that there would be a complex gas circulation in this layer.
The rotation of the gas in the sample of galaxies was mapped by tracing the ratio of
the blue-shifted emission to the red-shifted emission, and it shows that the gas in the
IEP also follows the rotation model of the disc. Two galaxies in the sample (ESO 311
-G12 and IC 1963) deviate from the rotation of the disc, which presents two compo-
nents. The extended component shows high emission in both sides (approaching and
receding) of the galaxy.
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Figure 5.6: shows the correlation between the average of Ha/C against the morpho-
logical type in the sample of galaxies.
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The continuum emission is more focussed in the centre of the galaxies and along
the disc. It has a smooth density distribution in all of the edge-ons in the sample (see
Figures 5.2 to 5.4), in contrast to the strong filamentary morphologies of the ionized
emission of Ha (see Figures 5.2 to 5.4). This is expected for emission coming from
stellar populations of a range of ages.

The intensity ratio of the emission of Ha to the continuum (Ha/C) was mapped
in a logarithmic scale in order to cover small values that would be difficult to show
using a linear scale, and this is shown in Figures 5.2 to 5.4. The filament structures
that appear with high Ha emission show a lower ratio of Ha/C, and this could reflect
the activity of the star formation in these galaxies. The average value of Ha/C was
determined in each galaxy and plotted against morphological type (see Figure 5.6).
There is no clear trend in Ha/C w.r.t. the morphological type but we expect that with
an increasing sample size, the trend will become clearer.
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Chapter 6

Conclusion and future work

In this thesis I focussed on ionized outflows from two different types of sources in specific
nearby galaxies (face-on NGC 300 and edge-on NGC 4945), as well as searching for
[EP in a sample of edge-on galaxies. The first source is H1I regions in NGC 300 and
the other is the active centre (AGN and starburst) of NGC 4945. Observing ionized
outflows is an effective method of tracing the evolution of spiral galaxies by quantifying
the impact of the outflows on the ambient ISM. In other words, tracing the role of the
internal energetic (active) processes, which are occurring in the disc of the galaxy, on
the evolution of disc galaxies in terms of morphological structures, kinematics of the
gas and physical properties in theses active areas and their surroundings.

6.1 Outflows from H1I regions in NGC 300

The following paragraphs summarise the main results from the analysis of 18 objects
(H11 regions) that show clear ionized outflows, different morphology and physical prop-
erties:

e [ have presented intensity and velocity-resolved maps of a few H1I regions in
NGC 300 in order to study the kinematics of the outflowing gas from these
areas, as an important source of Ho and H3 emission. From these maps I esti-
mated that the average velocity of the ionized outflowing gas ~ —200 km s~!,
with a wide range of velocity dispersions. In object B, the velocity dispersion
displays high values and in some areas reaches 700 km s~!. The morphological
structure of B as a bubble in shape is more evidence for the presence of shock-
heated collisions with outflows. Some positions have profiles with double peaks
that could be caused by interaction between different components along the
line of sight. This appears in different positions on B, in particular, in the areas
showing high velocity dispersions. The double-peaked model reveals two com-
ponents with velocities ~ — 13 km s™! and — 306 km s~!. These components
still show a high velocity dispersions > 310 km s~! compared with elsewhere.
Ha maps of NGC 300 show irregular patches containing a large amount of
ionized emission, and the distribution of the ionized gas shows many filaments
and shells that relate to the H1I regions. These structures are clear near giant
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objects (A & B) and reflect the morphological impact of the outflows from
H 11 regions by re-shaping the surrounding ISM. Furthermore, the areas with
strong outflows show dusty and clumpy environments. Both the wind-blown
cavities and clumpy structure will have implications for the escape fraction of
hydrogen-ionizing photons.

If one compares A (D137) and B (D118-D119) as complex H1I regions, one
can see some differences. For example, one can see different morphological
structures, outflows and dust, as well as some differences in the values of the
velocity and velocity dispersion due to the local physical circumstances sur-
rounding these objects. Object B could be in the later stages of star forming
regions, from both morphological and kinematic points of view; clear loops are
surrounding this object (expanding hot gas), as well as signatures of shock-
heated areas indicated by the high values of the velocity dispersion in this
object.

The present-day chemical abundances across a few H 11 regions with long-slit
observations have been examined, which show a negative gradient with respect
to the radius as it is observed in nearby spiral galaxies. The radial distribution
of log(N/O) is compatible with a negative trend with respect to the radius.
Because the distribution of the matter in spiral galaxies tends to be in the
form of an exponential disc, and the activity of star formation is sensitive to
local density, more metals produced in the denser locations might explain the
negative gradient of the metallicity.

Outflows were clearly traced in H 11 regions covering a wide range of sizes, ages,
morphological structures and different positions with respect to the centre of
the galaxy. Outflows from H1I regions and SNe are regarded as a supply of
metals and energy to the environment. In this study, the impact of the outflows
can be noticed from different abundances for some H1I regions located at the
same distance from the centre. For example, K10, K9, K7, E, B-2 are located
at Rgs ~ 0.2 and show range of abundances (8.3—8.5). This can be interpreted
in terms of the local impact according to the properties of the outflows that
would be affected by the type of the central stars, the form of the H1I region
(if it is a pure H1I region or a compact one) and how many events (SNe) have
occurred to produce the observed outflows.

The emission line ratios of these interesting regions were examined in order
to investigate their physical properties and identify their position in the diag-
nostic diagram. The CLOUDY model was used to reproduce a model of H11
regions in order to compare their properties with that seen in the observations.
The models’ positions in the diagnostic diagram explain more than half of the
sample of H1I regions. The temperatures of these objects were determined by
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using nitrogen line ratios, and ranged between 7800 and 13 300 K. The distri-
bution of the objects span an area having log([S II]/Ha) between —0.1 and —1
and log([N II]/Ha) is between —0.4 and —0.9. Hence, they have different phys-
ical properties as a result of different responses to the influence of the outflows
(stellar winds). It can be concluded that outflows from H 11 regions have locally
different impacts on the surroundings, and the differences could be related to
their ionizing source, velocity, energy, mass and temperature. So, there is no
comprehensive model that can explain the observed regions. I would suggest
that these regions should be studied as groups according to their conditions,
in order to explain what is going on in these areas.

From the previous points, I can suggest that the evolution of spiral galaxies is
affected by the impact of the ionized outflows onto the surrounding ISM in differ-
ent aspects. Morphologically, they are affected by re-shaping the surrounding ISM
by creating knots, filaments and shells that represent a mechanism in which the gas
can transport from the disc to the halo only in galaxies with high SFR. Chemically,
these outflows change the metallicity of the ambient ISM by supplying heavy elements.
Kinematically, they compress and shock the surrounding ISM, which may trigger new
star formation events or may quench current star formation.

6.2 Outflows from the centre of NGC 4945

The ejected material from the centre of NGC 4945 is more prominent in continuum
emission, which forms a cone structure with an opening angle ~ 140° (the head of the
cone coincides with the centre of the galaxy). Interestingly, the V-shaped structure is
clear and spread more towards the outer region compared to the Ha emission. This
could represent scattered starlight on the rim of the V-shape, as the projection effect
plays an important role to see the inclined cone. The V-shape could emerge near to
the obscured centre of the galaxy, as a result of the impact of both AGN and starburst
activity. This shape would be more collimated at the beginning near to the centre and
then spread outward from the centre. Unfortunately, because of the high extinction in
this area E of the centre, the inner portion of the cone is not visible. The two edges of
the V-shape are asymmetric; the Southern edge shows different filaments that extend to
the S, W and N from the tip of the edge. I can not confirm this with [N II] observation
because of the high noise in this area. However, the two edges are more symmetrical
with Ha emission and there is Ha in the area between them. Consequently, I suggest
that the V-shaped structure is filled with ionized gas, as this also appears with [N II]
emission. I found areas at 0’07 and 0’33 from the centre which show physical properties
of shock-heated gas, and clear asymmetry in their emission profiles.
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The V-shaped structure seems to be narrower in [N II] than Ho emission. The
continuum emission shows strong continuum in the outer areas to the E (Figure 4.5 a)
while this does not happen in [N II] (see Figure 4.4 a).

To the SE of the nucleus, some patches are prominent with [N II] emission and
show the same velocity as the emerged cone. As well as this, its ratios of [S II]/Ha and
[N II]/He indicate signs of shock-heated gas by a hard ionizing source (AGN). Hence,
this could be the second part of the bi-cone structure that falls in an area with less
obscuration. Therefore, the expected shape of the ejected material from the centre of
NGC 4945 forms a bi-conal structure, as shown in Figure 4.20.
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6.3 The distribution of ionized gas in edge-on disc
galaxies

Ha maps of 9 edge-on galaxies show that the distribution of the ionized gas in edge-on
galaxies are not identical, but show different forms such as outflows from H11 regions,
extended material from the centre of the galaxy or a smooth distribution along the
disc. However, the continuum emission from stars in the disc is concentrated in the
midplane and the centre of the galaxy. The ratio of the ionized gas to the continuum
show different values among these galaxies, so I can not suggest any correlation between
this ratio and the morphological type. To estimate this correlation, I need to expand
the sample of study and it would be more accurate if I could correct for dust extinction.
This will be possible with upcoming observations. Two galaxies show signs of ionized
extraplanar gas (ESO 311-G12 and IC 1963) that extend away from the midplane.

6.4 General conclusion

The main topic of this work is to uncover the contribution of the energetic events that
take place in the disc of the galaxy and their role in the evolution of disc galaxies.
Analysis of the spectra of two different energetic events in two nearby galaxies with
different inclinations, reveal a clearer view about the morphology, kinematics, and
physical conditions of the ionized gas.

The analysis of optical spectroscopy and FP imaging of H1I regions and the
ejected cone from an active nucleus show that the ionized outflows have enhanced
ratios of the forbidden lines to the recombination lines, in particular [S II}/Ha and [N
I1]/Ha. This trend indicates that the gas has been shock-heated by hot expanding gas.
In addition, the ejected material from energetic events contribute to the enhancement
of the metallicity of the galaxy by providing metals. 1 found different areas that
show splitting or broadened profiles that indicate the presence of extreme kinematics
resulting from interaction between different components. I noticed this in the spectra
of large H1I regions (object B in NGC 300) and in the ejected cone in NGC 4945, in
particular at the rim of the cone. As well as this, the ejected material forms different
morphological structures, such as extended filaments, loops, bi-cone, bubble, etc.

It is important now to highlight the role of outflows which result from different
events. For soft ionizing source (HII regions) it seems that their impact is local. In
some cases, such as objects A and B, I expect that the influence of outflows span a wide
area because they are created from different events (multiple supernovae and stellar
winds), maybe successive SF episodes which are accompanied with multiple SNe. This
would be more complicated and would be an asymmetry and wide distribution of the
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ionized gas.

NGC 4945 shows a vertically and horizontally extended hot gaseous outflows
w.r.t. the disc. This represents a mechanism of recycling gas within the environment
of the host galaxy. The total mass of the ejected ionized gas by the active centre of
NGC 4945 is ~ 2.5 x 10° M, from one side of the galaxy and the rate of the outflows
~ 0.34 My yr~!. Therefore the centre needs 7 x 10° yr to produce the traced gas. If
[ assume the outflows are symmetrical on both sides of the galaxy, as shown in the
model of NGC 4945 (see Figure 4.20), then the galaxy in this time supplies 5 x 10° M
gas for this bi-cone. In the same time the galaxy needs to sustain a required amount of
gas for SF events. I suggest that the ejected cone would follow the role of the bubble
structure in each side of the cone (approaching and receding) and break to create a
fountain in which the hot gas will cool and condense and then fall back onto the disc
under gravity. In other words, the shocked ISM by outflows could induce cooling of the
hot halo, which then precipitates back onto the disc. The expected escape velocity of
the gas in the interesting area is ~ 7 km s™! for a mass ~ 10° M, and is less than the
outflow velocity, as the outflow velocity is ~ 600 km s™!. As the gas moves outward,
more of the galaxy’s mass starts contributing to pulling it back; the escape velocity
for the galaxy as a whole is within a few hundred km s~!, so is of similar order of the
observed outflow speed.

It can be concluded that the impact of ionized outflows is confined by two im-
portant factors: the ionizing sources which create the energetic events and the physical
properties of the surrounding ISM. The first factor will decide the mass and energy of
the ionized ejected material and the second factor will control the distribution of the
outflows. In other words, the density of the ambient ISM will determine the extent and
direction of the ejected material. This is obvious in the centre of NGC 4945, the ejected
material forms a bi-conal structure which represents a mechanism by which the gas is
exchanged between the disc and halo. Meanwhile, the impact of the outflows from H 11
regions is generally confined by the disc of the galaxy, but in giant H1I regions it could
play different roles and extend their effect to reach the halo. It would be useful to
confirm this idea by observing H 11 regions in edge-on galaxies because face-on galaxies
show what happens in the base of the fountain and edge-on galaxies show the vertical
distribution of the outflows.

The galaxies (NGC 300 & NGC 4945) studied in chapters 3 and 4 are typical
of 0.15 L, and 0.6 L, late-type galaxies, so are arguably reasonably representative of
galaxy populations that dominate the luminosity density of the local Universe. I have
found that these galaxies have the following evidence for feedback processes: re-shaping
the surrounding ISM by creating filaments and shells and bi-conal structure that is
extended more than 1 kpc away from the midplane, changing the kinematics of the
gas that surround the active areas (H11 regions and AGN), and changing the chemical
properties of the ambient gas. The question is then how common these processes are
in the galaxy population in the local Universe. My results in chapter 5 are an early
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attempt to determine this, and my observed subset of 9 is a random sparse sample of
the full sample. This full sample had been selected for calibration of the Tully—Fisher
relation to determine galaxy distances. This implies that the following types of galaxies
would be missing from this sample low surface brightness (LSB) galaxies, irregulars,
ellipticals. The absolute magnitudes of 6 galaxies in chapter 5 show comparable values
to that of NGC 300 and NGC 4945 while the other observed 3 galaxies show lower
luminosity. Hence, the prior 6 galaxies would contribute to the local luminosity. The
fraction of galaxies in chapter 5 with morphological evidence for outflows is high (67%),
implying such processes are common. This could be compared to the fraction of local
galaxies that have starbursts, based on the outliers to the Kennicutt—Schmidt relation
and the stellar mass versus star formation rate relation (Silk & Mamon 2012; Wuyts
et al. 2011). Also the fraction of present-day galaxies that have active nuclei is low
(Osterbrock 2006). Therefore the feedback processes in chapters 3 and 4 are uncommon
which is not to say that they are unimportant. Their transient nature could mean most
galaxies do experience phases of activity, and these could leave lasting effects on the
galaxy. Nevertheless there are very good reasons for believing that feedback created a
strong coupling between stellar mass assembly and supermassive black hole growth at
least at higher redshifts (Merritt & Ferrarese 2001). Indeed there is evidence for more
violent outflows in higher redshift galaxies (George et al. 2014; Bayliss et al. 2014)
during an epoch in which ultraluminous star formation was more common (Floc’h &
Cosmos Collaboration 2011; Gruppioni et al. 2013). However these processes cannot be
examined in detail, except in some rare cases of strong gravitational lensing (Tamura
et al. 2015; George et al. 2014). Therefore the study of local galaxy feedback processes
in this thesis is one of the very few ways of unpicking the physical processes that
happened in the (cosmic noon) of peak activity of cosmic star formation and feedback.

6.5 Future work

What would be important to focus on, and address next? The next step in my research
will be to complete the gaps in my main project about NGC 4945 and then focus on
the optical survey.

6.5.1 Upcoming observations for the cone structure in NGC
4945

With the upcoming observation of the [S II] doublet and Hf for the central area of
NGC 4945 by using the FP mode, I will construct an electron density map for the



196

cone structure in the central part of the galaxy. This will complete the observations
needed to study the emerging cone by BPT diagnostic diagrams, such as a map of [S
II]/Ha and [N II]/[S II]. The Balmer decrement (Ha/H3) map can determine the dust
distribution, and this can be used to correct the Ha emission to determine the total
ionized emission from the centre of the galaxy without the effect of the extinction.
These maps can confirm the long-slit results, and reveal a complete view of the ejected
material from the centre. Ha and HfF images are also being obtained at the New
Technology Telescope at ESO, La Silla, in July, to aid in constructing the reddening
map.

6.5.2 Upcoming observations for the optical and radio survey

With upcoming observations, I will have a larger sample having different morphological
types which will offer a more effective way of comparing the morphology of the extra-
planar layer in different galaxies. As well as this, a larger sample will span different
morphological structures of IEP layers.

Future planned observations in H3Z will be useful to study the dust distribution
in these galaxies and search for dusty IEP layers. As well as this, these observations of
galaxies covering a wide range of morphological types can provide a clearer idea about
the appearance of the dusty IEP in a variety of morphological types. Problems of dust
obscuration are avoided by tracing recombination lines . Hence, the total ionized mass
and its kinematic extent can be estimated more accurately than using Ha and Hf
observations.

Finally, analyses of the radio observations will provide complementary informa-
tion to the optical survey that will allow us to determine the total ionized gas mass
within these galaxies and thus estimate an important correction to optical emission
lines for integrating star formation rates in redshift galaxies. All these studies will help
us to understand the evolution of spiral galaxies along the Hubble sequence.
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The charts of the observed targets in Chapters 3 and 4 are shown in this appendix.

NGC300 (2016-2-5CI-004; Al-Sadooni)
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Figure A.1: A chart showing the long-slit position on NGC 300 oriented with PA =
155° and with the centre of the slit (LS1 in Figure 3.1) at (RA: 00" 55™ 12, Dec: —37°

417 20").
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NGC300 (2016-2-5CI1-004; Al-Sadooni)
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Figure A.2: As Figure A.1, but for PA = 44° and the centre of the slit (LS2 in Figure
3.1) at (RA: 00" 55™ 13°%, Dec: —37° 41’ 36").
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Figure A.3: As Figure A.1, but for PA = 111° and the centre of the slit (LS3 in Figure

3.1) at (RA: 00" 54™ 445 Dec: —37° 40’ 22").
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NGC300 (2017-1-5CI1-013; Al-Sadooni)
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Figure A.4: As Figure A.1, but for PA = 68° and the centre of the slit (LS4 in Figure
3.1) at (RA: 00" 54™ 40°, Dec: —37° 39" 17").
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ngc300 (2017-2-SCI-006; Al-Sadooni)

T T T T T T T T T T T T T T
- = .\ 3

L] #

P

-37°36'00.0"}

=)
=]
=]
I
=
(9
@
(a]
40'00.0"
42'00.0"
>
44'00.0" iE e, e P |
55m00.00s 50.00s 40.00s 30.00s 0h54m20.00s
POSS2/UKSTU Red RA (J2000) PA =119.0

Figure A.5: As Figure A.1, but for PA = 119° and the centre of the slit (LS5 in Figure
3.1) at (RA: 00" 54™ 40°, Dec: —37° 39" 15").
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NGc4945 (2017-1-SCI-013; Al-Sadooni)
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Figure A.6: A chart showing the long-slit position on NGC 4945 oriented with PA =
—45° and with the centre of the slit (LS1 in Figure 4.1) at (RA: 13" 5™ 17%, Dec: —49°
28’ 4"4).
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ngc4945 (2017-1-SCI-013; Al-Sadooni)
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Figure A.7: As Figure A.6, but for PA = 45° and the centre of the slit (LS2 in Figure
4.1) at (RA: 13" 5™ 26, Dec: —49° 27’ 4074).
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ngc4945 (2017-1-SCI-013; Al-Sadooni)
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Figure A.8: As Figure A.6, but for PA = 45° and with the centre of the slit (LS3 in
Figure 4.1) at (RA: 13" 5™ 26°, Dec: —49° 27" 54”4).
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NGC4945 (2016-2-SCI-004; Al-Sadooni)
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Figure A.9: As Figure A.6, but for PA = 49° and the centre of the slit (LS4 in Figure
4.1) at (RA: 13" 5™ 345, Dec: —49° 25' 5974).
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B Spectra of different objects in NGC 300

Examples spectra of different observed objects in NGC 300 are shown in the following
Figures.
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Figure B.1: Optical emission lines from object A. The left panel displays H3 and forbid-
den [O IIT]AN4959,5007; the middle panel covers Ha and forbidden [N ITJAA6549,6583;
the right panel shows forbidden [S II]AX6717,6731 lines. The resolution is 0.75 A and
the long-slit was oriented with PA = 44°.
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Figure B.2: As Figure B.1, but now the long-slit was oriented with PA = 155°.
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Figure B.5: Optical emission lines from object B-1.
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Figure B.6: As Figure B.5, but for object B-2.
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C Profiles were marked onto the object B
in Figure 3.15.

The extracted profiles of Ha from the labelled areas in Figure 3.15.

Intensity
&0

560 wses €70 w575 335 =) =) 70 ©7s

Wavelength (A)
H
8
H

g z
g c
z 2

g

H

— = =

3

8
. z
£ 58 7]
2 37 s
-} s
£

g

8

w5 = =

¥

]
2 Eg >
= 0§ =
g 2
2 ] 2
E F =

8

= = ==

Wavelength (A) Wavelength (A)

Figure C.1: The Ha profiles in various regions in object B, which are marked onto the
map in the bottom right panel in Figure 3.15.
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D An example of input file used in CLOUDY model

The following Table shows the input file used with the CLOUDY code showing the commands that used for the
predicted model in Chapter 3.

Table D.1: An example of an input file used in Chapter 2.4.4.3.

input comment
Blackbody, temp = 20000 K specifies spectrum of illuminating star, and temp if BB
Luminosity total 35.08 log luminosity of illuminating star, in erg s™!

Distance 1.9 linear Mpc
Print line flux at Earth

Abundances H 11 there is an inbuilt H 11 abundance list in CLOUDY so you
should specify (note the space) abundances H11 region

Radius 14.3 log radius of emitting gas, in cm
Hden 3.0 log H density, in cm™
[terate 6 number of iterations
Print line sort wavelength [range 4000 Ato 7300 A] restricts the output of lines to the range specified
Print line column linear linear, rather than log, fluxes
print last this specifies that CLOUDY just outputs the last
last iteration only (rather than all 6 of them)

Sphere specifies geometry of emitting gas

vic
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E Table for the full sample of galaxies in-
cluded in the optical and radio survey

The following punTable lists basic information of 36 galaxies selected in the optical
and radio survey presented in chapter 5.

Table E.1: Basic information for 36 disc galaxies included in the optical and radio
survey.

Name RA (J2000) Dec (J2000) Morphological type Radial velocity
hms °rr km s~
ESO 416-G25 02 48 41 —-31 3211 Scd 4782
IC 1963 03 35 31 —34 26 50 Sab 1638
NGC 1381 03 36 32 —35 17 43 S0
ESO 201-G22 04 09 00 —48 43 37 Sc 3799
IC 2058 04 17 54 —55 55 58 Sc
ESO 202-G35 04 32 16 —49 40 33 Sc 1601
NGC 1886 05 21 48 —23 48 37 Sb
ESO 33-G22 05 31 41 —73 45 05 Sc 4080
ESO 311-G12 07 47 34 —41 27 08 Sa 893
ESO 564-G27 09 11 55 —20 07 01 Sd
ESO 435-G14 09 57 48 —28 30 24 Sc 2505
IC 2531 09 59 56 —29 37 04 Sc
ESO 435-G50 10 10 50 —30 25 26 Sc 2553
ESO 263-G15 10 12 20 —47 17 42 Sc 2302
NGC 3390 10 48 04 —31 32 00 S0a
ESO 377-G7 11 06 26 —36 41 48 Sc 2579
ESO 505-G3 12 01 07 —24 34 05 Sc 1497
ESO 321-G10 12 11 43 —38 32 56 Sb 2988
ESO 506-G2 12 20 10 —26 04 00 Sb 3896
NGC 4672 12 46 16 —41 42 21 Sa 3289
ESO 322-G87 12 48 03 —40 49 07 Sb 3429
ESO 269-G15 12 57 13 —46 22 29 Sc 3211
ESO 575-G61 13 08 16 —21 00 08 Sc 1588

ESO 444-G21 13 23 31 —30 06 51 Sc 4166
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Table E.2: Continuation to Table E.1.

Name RA (J2000) Dec (J2000) Morphological type Radial velocity
hms o km s~

ESO 383-Gb5 13 29 24 —34 16 17 S 3485

ESO 446-G18 14 08 38 —29 34 19 Sc 4684

IC 4393 14 17 49 —31 20 57 Sc

IC 4484 14 47 44 —73 18 21 Sc

ESO 138-G14 17 07 00 —62 05 04 Sc 1298

IC 4819 19 07 07 —59 28 01 Sc

IC 4871 19 35 42 —57 31 09 Sc

ESO 460-G31 19 44 22 —27 24 25 Sb 5729

ESO 340-G8 20 17 12 —40 55 25 Sd 2697

ESO 340-G9 20 17 20 —38 40 25 Sc/Ir 2460

ESO 531-G22 21 40 29 —26 31 41 Sc 3300

ESO 240-G11 23 37 50 —47 43 39 Sc 2656
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