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Abstract

Observations of apparent cutoffs in star formation in the disks of galaxies as well as apparent
thresholds in empirical laws of star formation have led many workers in the field to seek out
the drivers and regulators of star formation in galaxies. Although the intricate details of
these drivers are yet to be untangled, one of the main theories put forward is the existence
of a gravitational stability threshold, controlled by the balance between the pressure-forces
and gravity in a galactic disk to determine where gas collapses to form stars. Studies on
this have mainly focused on the radial variation of the gravitational stability parameter
and how it relates to the radial variations in the star formation activity. In this study, we
look at the two dimensional structure of this parameter across the disks of star forming
galaxies and compare it with the two dimensional structure of the star formation activity.
The gravitational stability of the disks was derived using two different models. (i) The thin
gas-disk model (single-fluid disk criterion, @)4) was derived for each galaxy in our sample.
We use atomic gas for the majority of the sample and we use molecular gas whenever
available. (ii) A two-fluid disk criterion which models a galaxy disk with gas and stars as
two distinct fluids each with single-fluid instabilities and together having the combined two-
fluid instabilities (Qr). Both models were compared to maps of star formation rate. Data
from the Westerbork survey of HI in Irregular and SPiral galaxies (WHISP) were used to
trace the properties of the gas disk, while data from the Wide-field Infrared Survey Explorer

(WISE) were used to derive the stellar disk and star formation properties.

In the case of the single-fluid thin gas-disk model, we find that the star forming disks
show typical values of 3 - 15, much higher than the theoretical threshold value of 1. The
high values can be attributed to low HI gas densities (Xy;) in the central regions, although
the general structure in the maps traces the local density enhancements. However, the
structural variations in @, do not correlate with local variations in the surface density of
the star formation rate, except in 25% of the sample, which are late type and have high
gas fractions relative to the rest of the sample. This result confirms previous findings of
1D studies that the single-fluid criterion is better suited for late type galaxies. This is
because the low stellar surface densities coupled with high gas fractions make the thin gas
disk approximation yield a close description of late types. In addition to the above, we
find that the values of Q)4 along the edges of the star forming disks are generally lower

than those inside the disk. In about half the sample, the values on the edges are found



to be roughly constant with an overall average of 4.0, which is four times higher than the
theoretical threshold but in agreement with previous studies of the radial variation of Q.
Incorporating the stellar disk (the two-fluid disk criterion) leads to lower stability for all
the disks in the sample, which is consistent with the increased gravity budget of the disks.
Nevertheless, the two-fluid consideration does not render the disks unstable. In fact, we see
that 80% of the galaxies in the sample have Q7 =~ 2 or higher. The Qr values vary only
slightly, yielding flat maps consistent with previous studies of the azimuthally-averaged Q1
parameter. The overall average value of Qr is 2.5 both inside the star forming disks and at
the edges. This is in agreement with previous studies which showed that the critical value
of the two-fluid disk criterion lies between 2 - 3.

In spite of the mostly flat featureless Q7 disks, four galaxies had some variations in
Q1 across their disks which mapped lower stability values to local regions of enhanced star
formation. It is interesting to note that these galaxies also had lower 4 values matching
the locally enhanced SF regions, although the Q7 maps had lower stability values and more
extended patches. All four galaxies are late types. This confirms previous findings that the
single-fluid disk criterion may be a reliable predictor of star formation in late type galaxies.
This is because the stellar surface density in late types is low, and if coupled with a high
gas fraction as is the case for these four galaxies, the gas-disk predictions will be close to
the predictions for a disk of gas+stars.

Additionally, as part of characterization of our sample, we have also studied the scaling
relations between atomic gas and star formation rate. We found general correlation between
the the star formation rate and HI surface densities on sub-kpc scales, defined by a non-linear

power law relationship with index varying between 1.6 - 3.8.
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Chapter 1

Introduction

1.1 Background

Hydrogen gas is the most abundant element in the universe and provides the raw fuel for
star formation. This fuel is either already existing as bound material within the galaxies
(the interstellar medium, ISM) or is accreted from a galaxy’s environment, which could be
the intergalactic medium between galaxies or simply another galaxy’s gas being stripped
away.

Hydrogen mostly exists in its atomic form. The detection of the 21cm (HI) emission line of
atomic Hydrogen by Ewen & Purcell (1951) and van de Hulst (1951) marked the long over-
due birth of Radio Astronomy. Prior to this, continuum radiation was being detected from
the Milky Way, however, the detection of line emission meant that the distribution and kine-
matics of the atomic Hydrogen gas in the universe could now be mapped. Furthermore, the
HI distribution extends beyond the distribution of stars in a galaxy’s disk (for example see
Figure 1.1) and is instrumental in tracing the gravitational potential of galaxies (e.g. Bosma
1981, Sofue & Rubin 2001, de Blok et al. 2008, Swaters et al. 2009). The molecular form of
Hydrogen gas (Hs) is the most abundant molecule, but its observation poses major chal-
lenges. Due to its lack of a permanent electric dipole moment, the molecule can not radiate
at its rotational frequency, and any emission lines from transitions between its energy levels
are either weak or only possible at temperatures higher than typical temperatures inhabited
by interstellar Hy (Leroy et al. 2009, Bolatto et al. 2013). However, Hy distribution can
be traced indirectly by CO (Lebrun et al. 1983). This opened the way for both the atomic

and molecular components of the ISM to be studied, giving a more complete view of the ISM.

Accurate mapping of the distribution and kinematics of HI in galaxies is done using radio
interferometry. Radio interferometer telescopes consist of arrays of several (N>2) single-dish
telescopes in order to increase the resolution of the telescope. A single dish telescope of di-
ameter d has angular resolution § = \/d, where \ is the wavelength of the light being

observed. Given the long wavelengths of radio waves, the resolution of a radio telescope
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Figure 1.1: Distribution of neutral atomic hydrogen (contours) and stars (image) in the spiral
galaxy NGC4559. Contour levels are 0.03, 0.06, 0.08, 0.12 and 0.14 Jy km/s. The HI gas in
galaxies typically extends well beyond the disk of stars and is used to trace the gravitational
potential of galaxies. The data used to make this image come from the Wide-field Infrared
Survey Explorer 3.4 ym imaging (Wright et al. 2010, Jarrett et al. 2013) and the westerbork
Synthesis Radio Telescope survey of HI in Irregular and SPiral galaxies (Kamphuis et al.
1996, van der Hulst et al. 2001).

is limited by the size of the dish. The largest single-dish radio telescopes are: The Five-
hundred-meter Aperture Spherical Telescope (Nan et al. 2011) and The Arecibo telescope
which have diameters d ~ 500 m and d ~ 300 m respectively. Observing the 21 cm line on
these significantly large dishes yields angular resolutions on the order of arcminutes. In an
interferometer, the effective diameter is equal to the longest baseline (distance D) between
the dishes, thus having the resolution of a single dish with diameter D. For example, the
Westerbork Synthesis Radio Telescope (WSRT), an array of 14 dishes with d = 25 m and a
maximum baseline of D = 3 km, has a native angular resolution on the order of 10”.

The Westerbork survey of HI in Irregular and SPiral galaxies (WHISP, Kamphuis et al.
1996, van der Hulst et al. 2001), was the first homogeneous mapping of HI in a large sample
of galaxies (375) using radio interferometry. WHISP increased the size of homogeneously
reduced HI observational data by an order of magnitude. The HIi Nearby Galaxy Sur-
vey (THINGS, Walter et al. 2008) has so far achieved the highest spatial (6”) and spectral
(< 5.2 km/s) resolutions for HI observations albeit with a much smaller sample of 34 galax-
ies. The Faint Irregular Galaxies GMRT Survey (FIGGS) on the Giant Metrewave Radio

Telescope (Begum et al. 2008) carried out HI observations of the lowest mass and faintest



1.2 Star Formation 3

dwarf galaxies resulting in a sample of 65 dwarf irregular galaxies. Other surveys include
the Westerbork Hydrogen Accretion in LOcal GAlaxies Survey (HALOGAS, Heald et al.
2011) which mapped gas accretion signatures in spiral galaxies and the Local Volume Hi1
Survey (LVHIS, Koribalski et al. 2018) whose long-term aim is to map HI gas in all galaxies
in the Local Volume, within a radius of 10 Mpc about the Local Group. Future surveys on
state-of-the-art telescopes, e.g. the Meer Karoo Array Telescope (MeerKAT, Booth et al.
2009, Booth & Jonas 2012), the Australian Square Kilometre Array Pathfinder (ASKAP,
Johnston et al. 2008) and the APERture Tile In Focus (APERTIF, Verheijen et al. 2008)
system on the WSRT, will enable HI observations in very wide Field of View (FoVs) and com-
bine high resolution with high sensitivity surpassing current Radio telescopes. Such surveys
include the MeerKAT Hi1 Observations of Nearby Galactic Objects - Observing Southern
Emitters (MHONGOOSE, de Blok et al. 2016), the MeerKAT International GHz Tiered Ex-
tragalactic Exploration (MIGHTEE, Taylor & Jarvis 2016), the Widefield ASKAP L-Band
Legacy All-Sky Blind Survey (WALLABY, Koribalski & Staveley-Smith 2009, Duffy et al.
2012), the Evolutionary Map of the Universe survey (EMU, Norris et al. 2011) and the
APERTIF Westerbork Northern Sky Hr Survey (WNSHS, Verheijen et al. 2010).

Surveys of the molecular Hydrogen in the ISM have also been made, most notably, the Five
Colleges Radio Astronomy Observatory (FCRAQO) Extragalactic CO Survey (Young et al.
1995) which covered a sample of 300 galaxies, the Berkeley Illinois Maryland Association
Survey Of Nearby Galaxies (BIMA-SONG, Helfer et al. 2003) which mapped CO in 44
galaxies at 6” resolution. The BIMA-SONG was the first systematic survey of CO with
spatial resolution scales of Giant Molecular Clouds. Most recently, the HEterodyne Re-
ceiver Array CO Line Extragalactic Survey (HERACLES, Leroy et al. 2009) made the first
full-disk mapping of CO across the entire optical disk for 48 galaxies while the ATLAS 3D
project carried out a single dish survey of CO in 260 early type galaxies (Young et al. 2011)
and an interferometric CO survey on 30 galaxies (Alatalo et al. 2013). A major challenge
facing the use of CO as a tracer for Hs is the variability of the CO - Hy conversion factor,
which has been shown to change in different environments depending on metallicity (e.g.
Bolatto et al. 2013).

One of the results of mapping gas in galaxies has been the ability to study scaling relations
between the star formation and ISM properties of galaxies. Such empirical relations provide
critical constraints in models of galaxy evolution (e.g. Davis et al. 1985, Boissier & Prantzos
1999, Firmani & Avila-Reese 2000, Lia et al. 2002, Hatton et al. 2003, Springel et al. 2005,
Klypin et al. 2011, Schaye et al. 2015, Li et al. 2017, Davé et al. 2017).

1.2 Star Formation

The importance of star formation in galaxy evolution can not be overstated and is the driv-
ing force behind a multitude of efforts to study and understand the underlying physics and
properties of star formation in galaxies. Star formation (SF) not only results in the con-

sumption of gas in galaxies, but also to the production of heavy elements and enriching of the
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ISM with these elements. Stellar winds and supernovae also inject energy into the ISM and
strong outflows can result into heavy elements being added into the galaxy’s environment
(e.g. de Blok et al. 2015). In observations, the SF is studied by tracing young hot stars us-
ing observable properties called star formation rate (SFR) indicators. SFR indicators span
the entire electromagnetic spectrum, some more effective than others. A summary of the
most commonly used indicators is given below, based on the reviews of Kennicutt (1998a),
Kennicutt & Evans (2012), and Calzetti (2013).

Direct emission from hot young stars (< 100 Myr) (Hao et al. 2011) is observed in the far
ultraviolet wavelengths (1250 A - 2500 A) For nearby galaxies at redshifts < 0.5, the FUV
indicator is only observable in space (Kennicutt 1998a). Several FUV observations have
been done with space telescopes in the past, for example on the Hubble Space Telescope
(e.g. Meurer et al. 1995, Maoz et al. 1996) and most recently using the Galaxy Evolution
Explorer satellite (GALEX, Martin et al. 2005). At optical wavelengths, the most widely
used indicator is the Hydrogen recombination line at A6563 A (H,) due to excitation of the
Hydrogen atoms by ionizing UV radiation from young stars. Examples of major surveys that
have been done using H,, include the Gassendi H,, survey of SPirals (GHASP, Garrido et al.
2002, Epinat et al. 2008) and the Isaac Newton Telescope Photometric H, Survey of the
Northern Galactic Plane (IPHAS, Drew et al. 2005). The Oxygen emission line [OII] A3727
A and the Hp (4861 A) Hydrogen recombination line also trace SFR but given large related
uncertainties and dust attenuation, they are not as widely used as the H, indicator. Dust
grains surrounding star forming regions absorb UV photons from these regions and re-emit
at infrared wavelengths. Infrared SFR indicators thus trace light that has been re-processed
by dust.

SFR calibration in the IR is done by tracing dust heated by young stellar populations
using either the total infrared luminosity (LTig) across the wavelength range 5 - 1000
um, or monochromatic indicators. Successful missions in monochromatic infrared bands
include the 12 pym, 25 pm, 60 pm and 100 pm bands of the Infrared Astronomical Satel-
lite (Neugebauer et al. 1984), the 7 pm and 15 pym bands of the Infrared Space Observa-
tory (Kessler et al. 2003), the 8 pum, 24 ym and 70 pm bands of the Spitzer Space Tele-
scope (SST, Werner et al. 2004), the Herschel Space Telescope’s 70 pm band (Pilbratt et al.
2010), and the Wide-field Infrared Survey Explorer (WISE) 11.6 pym (W3) and 22.8 ym
(W4) bands (Wright et al. 2010, Jarrett et al. 2013). It has also become common practice
to combine FUV /optical and IR indicators to form the so-called hybrid indicators in or-
der to account for both dust-obscured and unobscured star formation. For example, the
L, +24um (Kennicutt et al. 2007, Calzetti et al. 2007, Bolatto et al. 2011, Jameson et al.
2016) and Lruvio4um (Bigiel et al. 2008, Salmi et al. 2012, Williams et al. 2018). This is
because emission at UV and optical wavelengths is susceptible to attenuation due to dust
absorption, hence they suffer dust-obscuration which is not a limitation for the IR-based
SFR indicators. The ~ 24 um band is widely used because it does not trace stellar contin-

uum, which peaks at shorter IR wavelengths, or dust heated by older stellar populations,
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Figure 1.2: Figure from Cluver et al. (2017) showing the WISE spectral response function
superimposed on the infrared spectral energy distribution of a star-forming late-type spiral
galaxy NGC 337. The yellow curve illustrates the 11.6 pm (W3) band which spans several
emission features namely; PAH emission at 7.7 um and 8.5 um, silicate absorption at 10
pm, PAH emission at 11.3 ym and Neon nebular emission lines 12.8 ym [Ne II] and 15.6 pm
[Ne IIT]. Warm dust continuum was found to be the dominant contributor to W3 flux, over
the PAH and nebular emission lines, with an average contribution of 34% from all PAHs
and specifically 7.5% from the 11.3 ym PAH feature (Cluver et al. 2017).

which peaks at longer wavelengths, (Calzetti 2013, Cluver et al. 2017). The indicator used
in this study is the WISE 11.6 ym band, and we give a brief review of it below based on the
recent work of Cluver et al. (2017).

The WISE 11.6 pm (W3) and 22.8 ym (W4) bands are ISM tracing bands that are well
suited as SFR indicators (Jarrett et al. 2013, Cluver et al. 2017). While the W4 band is dom-
inated by warm dust continuum just like the 24 ym band of the SST, the W3 band (11.6
pm) is wide and canvasses several sources of emission, (See Figure 1.2). Centered on the
Polycyclic Aromatic Hydrocarbon (PAH) emission feature at 11.3 um, W3 also encompasses
PAH features at 7.7 ym and 8.5 ym, nebular emission lines of Neon, [Ne II] and [Ne III] at
12.8 pm and 15.6 pum as well as a silicate absorption feature at 10 ym (Cluver et al. 2017).
However, in spite of all the emission features in the W3, the dominant flux source in this
band is continuum from warm dust grains (Cluver et al. 2017). Furthermore, Cluver et al.
(2017) also showed that the W3 band’s ability to sample a range of excitation sources was
well depicted by the tight correlation between the 11.6 pm luminosity and the total infrared
luminosity (Lrig). The W3 emission may also trace the central HI in some galaxies, as has
been shown for the spiral galaxy M83 (Jarrett et al. 2013) (see Figure 1.3).
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Figure 1.3: This figure from Jarrett et al. (2013) shows the HI distribution of the spiral
galaxy M83 and the WISE 11.6 pm emission which traces star formation (7" resolution).
The left panel shows the HI intensity map, while the right panel shows a grayscale 11.6 pm
map of the central region overlaid with contours of the Hi1 (contour levels 0.1, 0.27, 0.43
and 0.6 Jy/beam km/s) in the same region. The HI1 data were a combination of data from
the Australian Telescope Compact Array (~10" resolution) and the Parkes Observatory 64
m radio telescope. This figure shows the possibility of the 11.6 ym flux to trace the high
column density HI in the central regions of galaxies.

1.2.1 Star Formation Laws

The treatment of star formation rates and efficiencies is critical to models of galaxy evo-
lution. Several models of SF are used in galaxy formation simulations, the most common
of these being the Kennicutt-Schmidt (KS) law (Kennicutt 1989; 1998b). Schmidt (1959)
parametrized the relationship between star formation and interstellar gas in a galaxy as a
power law;

SFR = apy, (1.1)

where p, is the total gas volume-density, a a proportionality constant and n the power law
index (with 1 < n < 2). Given the complexity of measuring the three-dimensional size
scales of galaxies, Kennicutt (1989) proposed a modified Schmidt law based on observable
quantities rather than volume densities. The KS law thus defines a power-law relationship
between the global average surface densities of gas and star formation rate in galaxies, and
is given by

Ssrr = AXY, (1.2)

where Ygpg is the star formation rate surface density (in Mg yr=! kpe™2), ¥, is the gas
surface density (in Mg pc™2) and A is a constant of proportionality. Kennicutt (1989) and
Kennicutt (1998b) found index N = 1.44+0.15. However, over the years, different studies

have found varying values of N. Most notably, it has been shown that the value of N is
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closer to 1.0 when the surface density of molecular Hydrogen gas (as traced by CO) is used
instead of the total gas surface density, especially in molecule-rich ISM conditions such as
the central regions of spiral galaxies or in molecule-rich spiral galaxies (e.g. Wong & Blitz
2002, Bigiel et al. 2008, Leroy et al. 2013, Dessauges-Zavadsky et al. 2014). Studies such as
Boissier et al. (2003), Bigiel et al. (2008), Schruba et al. (2011), Calzetti et al. (2018) have
also shown that there is, at best, a nonlinear power law relationship between X, 45, and
Y.srr with a higher index N ~ 2.0. This is attributed to the weak relationship between
Y and Y gpp because stars form from collapsing clouds of molecular Hydrogen. Still, the
atomic gas does have a connection to the SFR and it has been shown that reduction in
the amount of HI in galactic disks will suppress the SF (Rownd & Young 1999, Bekki et al.
2002, Fumagalli & Gavazzi 2008) because HI is the fundamental fuel for star formation, and
Hs is formed from cold HI clouds. Wang (1990) and Wong & Blitz (2002) suggested that
the KS law may in fact be a combination of two laws, the first governing the conversion
of HI into Hs, and the second defining the collapse of Hs into stars. More recently, there
has also been renewed interest in the volumetric Schmidt-type star formation law which
considers the volume-densities of the gas and SFR (Krumbholz et al. 2012, Evans et al. 2014).
Indeed Krumholz et al. (2012) showed that a simple power law between the volume-densities
of SFR and gas matches observed data from small scale clouds of mass 10°> My to global
scales of galaxies with mass 10'! M. In spite of the complexities involved in deriving three-
dimensional scale measures of galaxies, volume-densities are more physically meaningful and
representative of the conditions averaged over by line-of-sight measurements Bacchini et al.
(2018). However, there is evidence to support that the global average SFR correlates with
the mass of HI in a galaxy’s disk, as has been shown by different studies, e.g. Cluver et al.
2010, Michatowski et al. 2015 and as later shown for WHISP galaxies in this thesis.

In addition to studying the global KS law, authors in the field are also studying the KS
law at resolved scales within individual galaxies (Heyer et al. 2004, Kennicutt et al. 2007,
Bigiel et al. 2008, Liu et al. 2011, Kim et al. 2013, Roychowdhury et al. 2015, Calzetti et al.
2018). In these sub-galactic scale studies, it has been found that the KS law breaks down
at scales of 100 pc, which is about the size of giant molecular clouds (GMCs), the sites
of star formation by gravitational collapse. In fact, Williams et al. (2018) showed that the
index N increases at progressively smaller physical scales until the KS relationship com-
pletely breaks down at GMC scales, regardless of whether atomic gas, molecular gas, or
total gas is considered. Inside the GMC complexes, Hs over-dense sub-regions collapse
under their own gravity until temperatures at the cores are adequate for hydrogen fu-
sion such that protostars are born (Williams et al. 2000). The break down of the KS
law at these scales has been partly attributed to migration of the stellar cores from their
parent GMCs or ionization of the surrounding neutral Hydrogen by UV radiation com-
ing from the young stars. On larger scales (kpc and global) as well, observations have
shown that the KS law becomes steep, implying a possible break down, in Hi-dominated
regions such as the low gas density (<10 My pc—2) environments in the outer radii of spi-

rals and in dwarf galaxies (Kennicutt 1989, Bigiel et al. 2010, Dessauges-Zavadsky et al.
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2014, Lopez-Sanchez et al. 2018). This led studies to actively investigate the theory of SF
thresholds in more depth (Kennicutt 1989, van der Hulst et al. 1993, Hunter et al. 1998,
Martin & Kennicutt Jr. 2001, Boissier et al. 2003, Schaye 2004, de Blok & Walter 2006,
Leroy et al. 2008, Romeo & Falstad 2013, Romeo & Mogotsi 2017, Marchuk 2018).

1.2.2 Star Formation Thresholds

Star formation happens via collapse of dense cores of molecular clouds. The first attempt
to describe the initial conditions preceding the collapse of a gas cloud was done by Jeans
(1902). The Jeans criterion defines the minimum size for a spherical gas cloud of mean

density p to be stable against gravitational collapse (the Jeans length) as;

o2\ "°
e ()" -

where o is the velocity dispersion of the particles inside the cloud and G is the gravitational
constant. The Jeans criterion provided valuable insights into the importance of thermal mo-
tions and gas density in gravitational stability. However, it neglected the role of rotation and
turbulence. Chandrasekhar (1955) and Bel & Schatzman (1958) derived generalizations for
the Jeans criterion to account for rotation, albeit for systems that were ideally infinite along
the axis of rotation. Adaptation of the Jeans criterion to disk-like systems (representative
of a typical galaxy) was first attempted by Safronov (1960).

Following the work of Safronov (1960) on the gravitational stability of thin disk-like
systems, Toomre (1964) defined a criterion for the susceptibility of a thin disk of stars to
large scale gravitational instabilities. The Toomre criterion (also referred to as the single-
fluid disk stability criterion) considers the stabilizing effects of differential rotation and gas
dispersion (see for example Figure 1.5) against changes in the gravitational potential energy

due to radial perturbations in the system, and is defined as

Cik
3.36GX

Q = < 1, (1.4)

where Cs is the sound speed in the disk medium, ¥ the surface density of the disk and
k is the epicyclic frequency, defined thus: When a particle in a circular orbit is displaced
radially, it will move into an elliptical orbit such that its distance from the center of the
orbit oscillates about its original mean orbital distance (see Figure 1.4). The frequency of

these oscillations is the epicyclic frequency and is given by;

vz v, dv,\1%°
o= (e T 9

where V; is the rotational velocity of the particle and r is its mean orbital distance.

The existence of gas density thresholds to star formation in galaxies was first investigated
by Spitzer (1968) and Quirk (1972). Later authors have used the Safronov -Toomre criterion
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Figure 1.4: Tllustration of epicyclic orbits. A particle in a circular orbit about a center of
mass will begin to define elliptical orbits (epicycles) when displaced by a radial force. In
elliptical orbit, the distance of the particle oscillates about its mean unperturbed orbital
distance. The frequency of these oscillations is called the epicyclic frequency (k).

to study the stability of galactic disks in relation with observed star formation thresholds.

The seminal study of Kennicutt (1989) adapted the Toomre criterion to gas disks as

Ogk

TG,

Q = < 1, (1.6)
where o, is the velocity dispersion of the gas, « is the epicyclic frequency and X, is the gas
surface density. In neutral equilibrium the gravitational pull (denominator) is in balance
with the pressure forces (numerator) and Q=1 such that the critical density above which
gravitational instabilities form in the gas disk is defined as;

Ogk

Ec = )
aﬂ'G

(1.7)
where « is a constant that allows for deviation of a real galactic disk from the ideal theoretical
thin gas disk for which @ = 1. From his sample of star-forming galaxies, Kennicutt (1989)
defined o = 1/Q at the observed threshold radius of star formation.
The ability of the simple Toomre Q criterion to predict thresholds for large scale star for-
mation was shown in external galaxies (Kennicutt 1989, van der Hulst et al. 1993, Martin & Kennicutt Jr.
2001) and the Milky Way(Boissier et al. 2003). However, several authors have questioned
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Figure 1.5: [Illustration of the factors at play in the Toomre criterion. The ac-
tion of the velocity dispersion (o) and the rotation which provides shear prevent the
growth of instabilities within the fluid. Short wavelength perturbations are stabi-
lized by the o while long wavelength perturbations are stabilized by the shear. If
the pressure forces are inadequate to stabilize the perturbation, the gas becomes
susceptible to gravitational collapse due to growth of instabilities.  Image Credit:
https://ned.ipac.caltech.edu/level5/March11l/Bournaud /Bournaud2.html

its applicability, for example, citing that instead the star formation thresholds are more
dependent on other instabilities such as due to spiral density waves (Hunter et al. 1998), or
citing the existence of large scale star formation despite the sub-critical gas densities in the
inner disks of some galaxies as proof that the X, > 3. is not a necessary condition for star
formation, (Thornley & Wilson 1995, Wong & Blitz 2002, Leroy et al. 2008).

The single-fluid thin disk consideration assumes that the collapse of gas is solely driven by
instabilities in the gas disk, with no reference to the stars present in a galaxy’s disk (see
Figure 1.6). However, Jog & Solomon (1984a) showed that in fact the existence of two-fluid
instabilities in a galactic disk can cause instabilities in the individual component fluids (i.e.

the stars and gas treated as two different fluids with different velocity dispersions).

Jog & Solomon (1984b) studied the dynamics of a two-fluid system of gas and stars
to determine the response of the system to perturbations that arise from the interaction
between the two component fluids. They found that even when each individual fluid is
stable by itself, the interactions of the two fluids can lead to two-fluid instabilities in the
system. The growth of the perturbations is governed by the fluid dispersion velocities, their
surface densities and the wavenumber of the perturbation. They went on to show that once
the two-fluid instabilities are formed they can induce the formation of single-fluid instabilities
in the gas by amplification of the gas density locally, concluding that the instability of a two-

fluid system can precede star formation in that way. The condition for growth of two-fluid



1.2 Star Formation 11

M 83 (Southern Pinwheel Galaxy)
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Figure 1.6: This composite image of the spiral galaxy M83 from Jarrett et al. (2013) illus-
trates the stellar component of this galaxy. The image is a composite of the inset images
obtained at different windows of the electromagnetic spectrum; the far ultraviolet (FUV),
the near ultraviolet (NUV), the WISE 22.8 ym (W4), WISE 11.6 um (W3) and a combi-
nation of the WISE 3.4 ym and 4.6 pum bands (W1+W2). The first four windows trace the
young stellar population while the W1 and W2 trace the older stellar population. A typical
galaxy disk contains both stars and gas. The approximation of a gas-only disk in studies
of gravitational instability overlooks the contribution of the stars to the gravity budget of a
typical galaxy’s disk.



12 Introduction 1

instabilities in a two-fluid disk was defined as;

2rGkYy o 2rGkYg 0
k2 + k202 k% + k2o

1, (1.8)

where k is the epicyclic frequency of the fluid particles, k is the wavenumber of the fastest
growing (and hence most unstable) perturbation, o., 0, are the velocity dispersions of the
stars and gas respectively, and X, ¥, are their unperturbed surface densities.

Rafikov (2001) studied the gravitational perturbations in multicomponent disks, treating
the stellar component as collisionless and came to similar results as Jog & Solomon (1984b),

reformulating the two-fluid instability criterion as;

1 _ 2 g 2p_ 4
Qr  Q.l1+¢ Qs 1+ ¢%R?

> 1, (1.9)

where @), and @, are the single-fluid Toomre stability parameters for a disk of stars and gas
separately, R = 04/0., and ¢ = ko, /k. The Rafikov formulation of the two-fluid instability
criterion (Equation 1.9) was used to study the star formation thresholds for a chosen sample
of galaxies in this thesis.
A different formulation for the two-fluid instabilities was proposed by Wang & Silk (1994)
as;

1 1 1

such that the critical density for instabilities to form is,

KOg DI !
Se = A1+ 520) (1.11)
g¥*

Owing to its simplicity, the Wang and Silk formulation has been used by several authors to

study disk stability thresholds to star formation (for example Martin & Kennicutt Jr. 2001,
Boissier et al. 2003, Elmegreen 2011, Wong et al. 2016). However, it has also been criticized
for being an over-simplistic approximation of the dynamics in a disk of two interacting flu-
ids (Jog 1996). It was also shown to yield lower values of the two-fluid stability parameter
by Romeo & Wiegert (2011) who improved on it by adding corrections to account for finite
thickness of the disk (which increases the stability of the component fluids) and the combined
effect of the velocity dispersions of the two fluids. We do not use the Wang & Silk formula in

this study, but we do compare our results with results from other studies that made use of it.
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1.3 Thesis Aims

1.3.1 Problem Statement

The fundamental goal of astrophysical studies is a better understanding of the origins and
evolution of our universe. Both theoretical and observational works are geared towards
constructing a solid picture of the processes involved in the formation of cosmic structures.
This involves pursuing accurate m