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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, Qg) 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 (QT ). 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 (ΣHi) in the central regions, although
the general structure in the maps traces the local density enhancements. However, the
structural variations in Qg 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 Qg 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 Qg.
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 QT ≈ 2 or higher. The QT values vary only
slightly, yielding flat maps consistent with previous studies of the azimuthally-averaged QT

parameter. The overall average value of QT 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 QT disks, four galaxies had some variations in
QT 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 Qg values matching
the locally enhanced SF regions, although the QT 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 (H2) 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 H2 (Leroy et al. 2009, Bolatto et al. 2013). However, H2 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 θ ≈ λ/d, where λ is the wavelength of the light being
observed. Given the long wavelengths of radio waves, the resolution of a radio telescope

1



2 Introduction 1

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 µm 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 Hi 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
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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 Hi

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 Hi 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 Hi 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 (FCRAO) 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 H2 is the variability of the CO - H2 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 Å - 2500 Å). 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 λ6563 Å (Hα) due to excitation of the
Hydrogen atoms by ionizing UV radiation from young stars. Examples of major surveys that
have been done using Hα include the Gassendi Hα survey of SPirals (GHASP, Garrido et al.
2002, Epinat et al. 2008) and the Isaac Newton Telescope Photometric Hα Survey of the
Northern Galactic Plane (IPHAS, Drew et al. 2005). The Oxygen emission line [OII] λ3727
Å and the Hβ(4861 Å) Hydrogen recombination line also trace SFR but given large related
uncertainties and dust attenuation, they are not as widely used as the Hα 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 (LTIR) across the wavelength range 5 - 1000
µm, or monochromatic indicators. Successful missions in monochromatic infrared bands
include the 12 µm, 25 µm, 60 µm and 100 µm bands of the Infrared Astronomical Satel-
lite (Neugebauer et al. 1984), the 7 µm and 15 µm bands of the Infrared Space Observa-
tory (Kessler et al. 2003), the 8 µm, 24 µm and 70 µm bands of the Spitzer Space Tele-
scope (SST, Werner et al. 2004), the Herschel Space Telescope’s 70 µm band (Pilbratt et al.
2010), and the Wide-field Infrared Survey Explorer (WISE) 11.6 µm (W3) and 22.8 µm

(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
LHα+24µm (Kennicutt et al. 2007, Calzetti et al. 2007, Bolatto et al. 2011, Jameson et al.
2016) and LFUV+24µm (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 µm 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 µm (W3) band which spans several
emission features namely; PAH emission at 7.7 µm and 8.5 µm, silicate absorption at 10
µm, PAH emission at 11.3 µm and Neon nebular emission lines 12.8 µm [Ne II] and 15.6 µm
[Ne III]. 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 µm 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 µm band, and we give a brief review of it below based on the
recent work of Cluver et al. (2017).
The WISE 11.6 µm (W3) and 22.8 µm (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 µm band of the SST, the W3 band (11.6
µm) is wide and canvasses several sources of emission, (See Figure 1.2). Centered on the
Polycyclic Aromatic Hydrocarbon (PAH) emission feature at 11.3 µm, W3 also encompasses
PAH features at 7.7 µm and 8.5 µm, nebular emission lines of Neon, [Ne II] and [Ne III] at
12.8 µm and 15.6 µm as well as a silicate absorption feature at 10 µm (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 µm luminosity and the total infrared
luminosity (LTIR). 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 µm emission which traces star formation (7′′ resolution).
The left panel shows the Hi intensity map, while the right panel shows a grayscale 11.6 µm
map of the central region overlaid with contours of the Hi (contour levels 0.1, 0.27, 0.43
and 0.6 Jy/beam km/s) in the same region. The Hi 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 µm 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 = aρng , (1.1)

where ρg 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

ΣSFR = AΣN
g , (1.2)

where ΣSFR is the star formation rate surface density (in M⊙ yr−1 kpc−2), Σg is the gas
surface density (in M⊙ pc−2) and A is a constant of proportionality. Kennicutt (1989) and
Kennicutt (1998b) found index N = 1.4±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 ΣHi+H2

and
ΣSFR with a higher index N ≈ 2.0. This is attributed to the weak relationship between
ΣHi and ΣSFR 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
H2 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 H2, and the second defining the collapse of H2 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 (Krumholz 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 103 M⊙ to global
scales of galaxies with mass 1011 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, Michałowski 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, H2 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 M⊙ 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, López-Sánchez 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 ρ to be stable against gravitational collapse (the Jeans length) as;

λJ =

(

πσ2

Gρ

)0.5

, (1.3)

where σ 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

Q =
Csκ

3.36GΣ
< 1, (1.4)

where Cs is the sound speed in the disk medium, Σ the surface density of the disk and
κ 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;

κ =

[

2

(

V2
r

r2
+

Vr

r

dVr

dr

)]0.5

, (1.5)

where Vr 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: Illustration 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 (κ).

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

Q =
σgκ

πGΣg
< 1, (1.6)

where σg is the velocity dispersion of the gas, κ is the epicyclic frequency and Σg 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;

Σc = α
σgκ

πG
, (1.7)

where α is a constant that allows for deviation of a real galactic disk from the ideal theoretical
thin gas disk for which α = 1. From his sample of star-forming galaxies, Kennicutt (1989)
defined α = 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 (σ) and the rotation which provides shear prevent the
growth of instabilities within the fluid. Short wavelength perturbations are stabi-
lized by the σ 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/March11/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 Σg > Σc 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
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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 µm (W4), WISE 11.6 µm (W3) and a combi-
nation of the WISE 3.4 µm and 4.6 µm 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.
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instabilities in a two-fluid disk was defined as;

2πGkΣ∗,o

κ2 + k2σ2
∗

+
2πGkΣg,o

κ2 + k2σ2
g

> 1, (1.8)

where κ is the epicyclic frequency of the fluid particles, k is the wavenumber of the fastest
growing (and hence most unstable) perturbation, σ∗,σg are the velocity dispersions of the
stars and gas respectively, and Σ∗,Σg 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

QT
=

2

Q∗

q

1 + q2
+

2

Qg
R

q

1 + q2R2
> 1, (1.9)

where Q∗ and Qg are the single-fluid Toomre stability parameters for a disk of stars and gas
separately, R = σg/σ∗, and q = kσ∗ /κ. 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

QWS
=

1

Q∗
+

1

Qg
> 1, (1.10)

such that the critical density for instabilities to form is,

Σc =
κσg

πG

(

1 +
Σ∗σg

Σgσ∗

)−1

. (1.11)

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 models of galaxy formation and evolution. Galaxy evolution
itself is hinged on the process of star fomation which results in the consumption of gas and
chemical enrichment of the ISM (Boissier & Prantzos 1999), therefore both chemical and
physical evolution models are governed by the scaling relations and properties of SF in
galaxies (e.g. Boissier & Prantzos 1999, Lia et al. 2002, Davé et al. 2017).

The standard model of the universe is the lambda cold dark matter (ΛCDM) framework,
in which the universe is made up of 70.1% dark energy, 25.1% dark matter, and only 4.8%
visible matter (DES Collaboration et al. 2017). Within this framework, dark matter clumps
in the early universe form halos which attract baryons into their potential wells, creating
the stage for formation of galaxies in these halos. A major success of this construction
is its ability to account for the large scale structure distribution of galaxies (Davis et al.
1985, Somerville & Davé 2015, Bullock & Boylan-Kolchin 2017). However, the model faces
challenges at smaller scales such as over-estimation of the number of low-mass galaxies and
dwarf satellite galaxies (Bullock & Boylan-Kolchin 2017), under-estimation of the number of
dwarf ellipticals in dense environments (Kroupa et al. 2010), the ‘missing baryons problem’
where the fraction of baryons in the universe is observed to be less than what is predicted,
and the famous ‘cusp-core problem’ where ΛCDM predicts a steep rise in the central density
of dark matter halos (cusp) contrary to observations which show a constant density (core)
(Flores & Primack 1994, Navarro et al. 1996). Energy feedback into the ISM is usually
invoked to reconcile models with observations (Davé et al. 2017). However, critical factors
such as ISM structure, SF and feedback (e.g. from stellar winds, supernovae and Active
Galactic nuclei) are not resolved in cosmological simulations and are hence modeled using
sub-grid recipes (Springel et al. 2005, Somerville & Davé 2015), the parameters of which
may be adjusted to match a given observation.

Therefore, despite its importance, SF is one of the least understood processes in galaxy
evolution owing to several reasons, not least of which is that the processes that regulate SF
vary from small scales (collapse of self-gravitating gas clumps) to large galaxy-wide scales
(gas accretion or expulsion) and may interact with each other in ways that are not yet
fully understood (Kennicutt & Evans 2012). The Toomre gravitational stability criterion
has been used extensively to predict collapse of gas preceding SF. Since the basic Toomre
criterion only considers a single-fluid (gas) disk, other studies have attempted to study a
modified stability criterion which accounts for the co-existence of the gaseous and stellar
components within a real galactic disk - hence the two-fluid disk criterion. The formulation
of Wang & Silk (1994) (Equation 1.10) is the most commonly used two-fluid disk criterion
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because of its simplicity, although as described above, it oversimplifies the interaction be-
tween the stellar and gaseous disks. The Rafikov (2001) formulation (Equation 1.9) is less
often used because it requires derivation of the wavenumber of perturbations in the two-fluid
system. However, it has a more robust description of the kinematics of a two-fluid system
(Leroy et al. 2008, Marchuk 2018).
Two facts stand out from the literature:
1. A majority of the studies, for both the single-fluid and two-fluid approximations, have in-
vestigated the radial variation of the stability parameters (e.g. Kennicutt 1989, Thornley & Wilson
1995, Wong & Blitz 2002, Martin & Kennicutt Jr. 2001, Boissier et al. 2003, Leroy et al.
2008), and only a few have considered the two-dimensional variation (e.g. Marchuk 2018).
Studies of the radial variations of the parameters have not come to a consensus on whether
or not the single-fluid disk criterion is applicable to large scale SF, but there is a general
understanding that it ought to apply in dwarf galaxies where the gas fractions are high. On
the other hand, studies of the radial variation of the two-fluid parameter generally agree
that it presents a sufficient but not necessary threshold for the onset of star formation. On
studying the two-dimensional variation of the two-fluid disk stability parameter, Marchuk
(2018) found that it adequately predicts the location of star forming regions in NGC 628.
Furthermore, they showed that azimuthal averaging (use of radial profiles) returns stable
disks and they hence advocate for the use of 2D maps in such analyses due to the clumpy
nature of star forming gas.
2. With exception to Leroy et al. (2008) and Marchuk (2018), most of the studies that in-
vestigate the two-fluid parameter have preferred the Wang & Silk (1994) formulation.
The motivation for this thesis is, therefore, borne out of the need to contribute to the study

of the 2D variation of gravitational stability parameters, and the use of the Rafikov (2001)

formulation in derivations of two-fluid disk instabilities in galaxies. The gas distribution as

traced by Hi will be compared to the distribution of star formation as traced by the MIR

emission.

1.3.2 Goal

The goal of this thesis is to study the gravitational stability of star forming

disks and compare how well the Toomre stability parameter and the two-fluid

stability parameter predict the MIR emission from star forming regions.

1.3.3 Strategy

To achieve the goal of this thesis, five measurable objectives were pursued;

1. Use data from the WHISP survey to derive Hi data products with as minimum noise
as possible. Carried out on the WSRT, WHISP presents a state of the art data-set
with good spatial resolution (30′′) and sensitivity (100 mJy) that is suitable for studies
of star formation, and large enough for statistics.
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2. Use the derived Hi data products and available IR derived properties to study scaling
relations between the global Hi properties and star forming properties of the galax-
ies. Additionally, investigate the relationship between the surface densities of star
formation rate and Hi gas on both global and resolved scales.

3. Define a sub-sample suitable for a resolved study of the individual disks and derive
the Toomre stability parameter of the atomic gas disk for this sub-sample using the
surface density, velocity dispersion and rotation curve of Hi. CO are available for only
three galaxies in our sample, and so their Toomre parameters are derived using their
total gas surface densities (ΣHi+H2

).

4. Derive the two-fluid stability parameter for a disk of gas+stars, utilizing the atomic gas
surface density, ΣHi (or total gas ΣHi+H2

where applicable) and stellar surface density
(Σ∗) derived from WISE 3.4 µm imaging of the stellar disks for the same sample of
galaxies.

5. Generate maps of the star formation rate surface density using the WISE 11.6 µm

imaging, and investigate how well the gravitational stability parameter and measured
gas surface density can predict the star formation rate. Some open questions that
are tackled include: (a) How well does the Toomre parameter for an atomic gas disk
predict the location of the SF as traced by the mid-infrared emission? (b) What is
the difference between a Toomre parameter based on ΣHi and one based on ΣHi+H2

?
(b) How well does the two-fluid-disk stability parameter predict star formation in
galaxy disks, both on large scales and locally? (d) Do the predictions of the Toomre
parameter echo the predictions of the two-fluid parameter on resolved scales? (e) Are
the gravitational stability criteria necessary conditions for occurrence of star formation
in galactic disks?

1.4 Thesis Outline

Chapter 2 presents descriptions of the WHISP and WISE data that were used in this study,
and detailed descriptions of how Hi data products were derived. An atlas of the generated
data products is given in Appendix A. The global properties of the Hi disks, their star
formation properties and scaling relations are presented in Chapter 3 and compared to
similar samples in the literature. In Chapter 4, we describe the derivation of the gravitational
stability models and star formation rate surface densities. In the same chapter, we present
an analysis and discussion of the results in line with the guiding questions stated above.
Note that the WISE data and CO data had to first be fit to the resolution and astrometric
grid of the WHISP data; Details of this process for the CO data are given in Chapter 4
while the details for the WISE data are given in Appendix B. Chapter 5 presents a summary
of the discussions, concluding remarks and an outline of possible future work.
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Chapter 2

Data and Measurements

This study makes use of Hi line observations to trace the gas component of the galaxies and
uses infrared imaging to study the stellar mass as well as star formation properties. The
data are obtained from two main surveys, namely the WHISP survey and the WISE survey.

2.1 The WHISP survey

The Westerbork survey of Hi in Irregular and Spiral galaxies (WHISP, Kamphuis et al.
(1996), van der Hulst et al. (2001)) was a project carried out using the Westerbork Synthe-
sis Radio Telescope (WSRT) to map the distribution and kinematics of atomic Hydrogen in
a large sample of nearby galaxies. A synthesis telescope utilizes the technique of interfer-
ometry by combining signals from several individual telescopes to produce images of high
angular resolution equivalent to that of a single dish telescope with an aperture equal in
diameter to the maximum baseline between the antennas. The first survey of its size on a
synthesis telescope, WHISP imaged a total of 400 galaxies thus availing a rich sample of
uniformly reduced data that spans a wide range of morphologies (lenticulars to early-type
and late-type spirals as well as late-type dwarfs, see Figure 2.1), masses and environments
(van der Hulst et al. 2001, Swaters 1999, hereafter S99). It hence presents researchers with
a database that is well-suited for detailed studies of individual galaxies as well as statistical
studies of galaxy properties such as the distribution, dynamics and kinematics of Hi.

The WHISP sample was derived from the Uppsala General Catalogue (Nilson 1973) for
all galaxies whose optical B band diameters are larger than 1.5′ , dec > 20◦, and Hi flux
densities higher than 100 mJy in the Third Reference catalogue of Bright Galaxies (RC3,
de Vaucouleurs et al. 1991). These were mainly observed in 12 hour observations at the
WSRT full resolution of 14" x 14"/sin δ (Swaters et al. 2002) and velocity resolutions of
2.1 km s−1 (with 127 channels), 4.1 km s−1 (with 127 channels), or 16 km s−1 (with 63
channels) depending on whether the known global profile width at W20 (20% the maximum
intensity) was less than 100 km s−1, between 100 km s−1 and 300 km s−1 or greater than

17
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Figure 2.1: Distribution by morphology of the WHISP sample. The main sample used in this
study (shaded area, 228 galaxies) fairly represents the entire WHISP sample (background
unshaded histogram). The morphologies were obtained from the Third Reference of Bright
Galaxies (RC3.9, de Vaucouleurs et al. 1991) via the NASA/IPAC Extragalactic Database
(NED)∗.

300 km s−1 respectively.
The WHISP reduction pipeline, detailed by Swaters et al. (2002), yields Hi data cubes and
moment maps at three resolutions; 14" x 14"/sin δ, 30"x 30" and at 60"x 60". A natural
weighting taper type that uses all available data points was employed to Fourier transform
the UV data to the image plane (Noordermeer et al. 2005). The Hi intensity and velocity
field maps of the spiral galaxy UGC7766 at the three WHISP resolutions are shown in Fig-
ures 2.2 and 2.3. These data are publicly available through the WHISP database.

http://wow.astron.nl/
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(a) (b) (c)

Figure 2.2: Three sets of data at three resolutions are provided via the WHISP database. Shown
here, UGC7766 at the full resolution 14" x 14" /sin δ (a), 30′′ (b), and 60′′ (c). Filled circles in
the lower left corner of each panel show the corresponding beam sizes.

(a) (b) (c)

Figure 2.3: WHISP Velocity field maps of UGC7766 at the three WHISP resolutions as in Figure
2.2 above. The iso-velocity contours are spaced by 25 km s−1, and the black contour marks the
systemic velocity at 806.2 km s−1.

2.2 The WISE Survey

The Wide-field Infrared Survey Explorer was a NASA funded mission that mapped point
sources in the entire sky sensitive to point sources above 0.08, 0.11, 1 and 6 mJy in four
infrared bands at 3.4µm„ 4.6µm, 11.6µm and 22.8µm (Wright et al. 2010). The four WISE
bands are referred to as W1, W2, W3 and W4. The W1 and W2 bands trace the stellar
component of galaxies while the W3 and W4 bands pick up line and continuum emission
from the Polycyclic Aromatic Hydrocarbons and warm dust.

The WISE All-Sky Data release atlas (Cutri & et al. 2012) may be used for accessing
WISE images and photometry. The WISE survey was targeted at point sources and hence
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the calibration of the data was optimized for the detection of point sources. This involved
interpolation and co-adding of multiple single exposure images which is not ideal for ex-
tended sources as the images get smeared out (Jarrett et al. 2012).
Jarrett et al. (2012; 2013) hence developed the WISE Enhanced Resolution Galaxy Atlas
(WERGA), by enhancing the resolution of the All-sky Data Atlas from 8.4′′, 9.2′′, 11.4′′ and
18.6′′ to the WISE native resolution of 5.9′′, 6.5′′, 7.0′′ and 12.4′′ in the respective WISE
bands.

The WERGA lists extended sources in the WISE field (which is all-Sky) thus enabling
resolved studies of nearby galaxies in four infrared bands. Figure 2.4 illustrates the galaxy
UGC7766 in all the four WISE bands, showing the sensitivity of the WISE bands to different
galaxy components. We use W1 and W3 data in this thesis to investigate the star formation
properties of WHISP galaxies. The W3 band was chosen over W4 because of its higher
sensitivity (Cluver et al. 2014; 2017, see Table 2.7 here).

WISE data that include imaging, photometric measurements and derived properties,
such as global star formation rates and stellar masses for all the galaxies were supplied by
Jarrett et al. (2017).
Notable photometric parameters that are used in this thesis are;

1. Riso, the semi major axis of a 1σ isophote in the W1 image.

2. b/a, the axial ratio of this isophote.

3. pa, the position angle and,

4. ∆mag1, ∆mag3, the magnitude errors in the W1 and W3 bands.

The first three parameters are used in chapter 4 to define an elliptical region that demarcates
the stellar disk, in which calculations of the enclosed stellar mass and star formation rates
are made, while the magnitude errors are used to determine the signal to noise ratio of the
observations (SNR = 1.0856/∆mag). Conversion from magnitudes to flux is done using the
flux zero points as below;

fν(Jy) = fo × 10−Wν/2.5, (2.1)

where Wν is the magnitude in a given WISE band, and fo is the flux zero point in that band.
The zero points are shown in Table 2.1 while Table 2.6, obtained from Jarrett et al. (2017),
is a summary of the WISE properties of the sample.
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(a) (b)

(c) (d)

Figure 2.4: WISE images of UGC7766 in W1, W2, W3 and W4. Note that the sensitivity is
different in each band, and each panel has been displayed using a different color scale. W1 and
W2 trace the stellar disk component while W3 and W4 trace the star formation. The color-bar
units (D.U. - Data Unit) are intensity units in the figures.

Table 2.1: WISE flux zero points (Wright et al. 2010).

Band λ fo
µm Jy

W1 3.6 306.681
W2 4.6 170.663
W3 11.6 29.045
W4 22.8 8.284
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2.3 Neutral Hydrogen Data products and Measurements

The WHISP survey provides both data cubes and moment maps. However, new moment
maps are generated here in order to foster more robust measurements of the global properties,
and Hi density maps which are used to generate the gas stability models in Chapter 4. In
this section, I describe the sample selection and the methods that were employed to derive
the Hi data products.

2.3.1 The Sample

The sample used in this study was chosen from the WHISP 30′′ resolution data which have
higher sensitivity to low Hi column density structures than the full resolution (14" x 14"
/sin δ) data. Also, given the distance range 5 Mpc - 30 Mpc, where 70% of the sample
falls (see Figure 2.5), the angular resolution of 30′′ enables investigation of physical scales
∼1 kpc. Such spatial resolution enables us to study the physics of star forming disks without
going down to sub-GMC scales where the Kennicutt-Schmidt star formation law is likely to
break down due to offsets between the ionized gas tracing young stars and the neutral or
molecular Hydrogen tracing the ISM (see for example Sheth et al. 2002, Bigiel et al. 2008,
Onodera et al. 2010, Liu et al. 2011, Kim et al. 2013).

Figure 2.5: Distance distribution of the main sample used in this study. For these 228
galaxies, new data products have been generated (current chapter) and global Hi properties
derived (Chapter 3.1).

The cubes are generally centered on a main galaxy and any other galaxies within the
field of view are included in the same data cube. These other galaxies that populate the field
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of view, some of which may be satellite galaxies, are generally small and faint. Therefore,
for the main sample of this study, only central galaxies in the cubes or ‘included-galaxies’
which are comparable in spatial extent to the central galaxy are chosen. Galaxies in close
interactions (close enough for the interaction to be seen in the infrared images) or mergers
were excluded. Poor data and non-detections were also excluded. These data were checked
by eye to ensure there was no disturbance on the target’s IR flux by bright foreground
stars. Wherever the masking or subtraction of these stars adversely compromised the disk
of the galaxy, that target was dropped from the sample. Figure 2.6 illustrates how this was
achieved.

(a) (b)

(c) (d)

Figure 2.6: Top panels - WISE W1 images with foreground stars; Galaxies where the image flux
was dominated by a foreground star (a) were dropped from the sample, unlike images where a
bright foreground star did not dominate the flux (b). Bottom panels - W1 images of interacting
galaxies. Black contours trace the Hi distribution at levels of 0.032 Jy km s−1, 0.081 Jy km s−1

, 0.16 Jy km s−1 and 0.24 Jy km s−1; Wherever the interaction was close enough to be picked
up in the infrared, such targets were dropped from the sample. Panel (c) shows one such exam-
ple (UGC6621/UGC6623), while panel (d) shows a case where the infrared stellar disks are well
separated (UGC1256/UGC1249).
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Imposing these criteria resulted in a sample of 228 galaxies which are used as the main
sample in this thesis. Since the resultant sample of galaxies was determined purely by data-
related conditions, it is not biased by morphology and can be taken as a fair representation
of the original sample. The morphological properties of this sample are plotted in Figure
2.5 against the properties of the complete WHISP sample presented by van der Hulst et al.
(2001). Table 2.4 lists the WHISP observational properties of the data in this sample while
Table 2.6 lists the WISE photometry.

To study the global star formation properties, every galaxy that was detected in the
W3 band was chosen. This yielded a sub-sample of 180 galaxies. The Kennicutt-Schmidt
relation was investigated on galaxy scales and a "resolved" study was done where pixel by
pixel comparisons were made between the Hi gas density and the IR star formation rates
for a few well resolved galaxies. Details of this study are shown in Chapter 3. Table 2.7 lists
the detection properties of this sample in W1, W2 and W3.

A significant portion of this study was dedicated to investigating the star formation
threshold and thus requires good spatial resolution. A sub-sample of 35 galaxies was hence
derived for the study of star formation thresholds. The 35 were taken from the above sample
of 180 for galaxies having Hi major axis greater than 10 beams, physical pixel size less than
1 kpc and inclinations between 35◦-70◦ in order to obtain robust rotation curves (Begeman
1987, Spekkens & Sellwood 2007). The size and inclination properties of these galaxies are
shown in Table 2.8.

2.3.2 Hi intensity maps

CLEANed 30′′ resolution data cubes were obtained from the public database of the WHISP∗

survey. Each data cube consists of several RA-DEC images of a galaxy at consecutive
velocities that cover the entire velocity range of that galaxy. These cubes were corrected for
primary beam attenuation using the MIRIAD† task linmos. Further processing was done
to remove low level noise as well as high noise peaks found at the same position as a galaxy,
but at a different frequency. A description of this process is given below.

First, the cubes were smoothed to twice their resolution using a Gaussian kernel whose
size is determined by the input and desired output beam size. The beam was assumed
to be Gaussian; The convolution of a Gaussian function with a Gaussian kernel (standard
deviations σ1 and σ2, respectively) results in a Gaussian function with a standard deviation
of σ3 =

√

σ2
1 + σ2

2 . Hence, the kernel size that was required to smooth the 30′′ cubes down
to 60′′ was obtained by,

∗https://www.astro.rug.nl/∼whisp/
†http://www.atnf.csiro.au/computing/software/miriad/

http://wow.astron.nl/
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σ2 =
√

(σ2
3 − σ2

1), (2.2)

which, for σ3 = 2σ1, gives
σ2 =

√

3× σ2
1 . (2.3)

The noise in the original cubes followed a Gaussian distribution, and after smoothing,
it remained Gaussian in all cases. The standard deviation, σ was calculated, and a noise
clip applied to the smoothed cubes such that all pixel values below 2σ were masked with
zeros and those above this threshold were masked with ones. This mask was then applied
to the original 30′′ cube. The importance of making a mask from the smoothed cubes is
that the smoothing procedure increases the signal to noise ratio such that the low level
emission, especially at the galaxy edges, is not clipped as noise. Figure 2.7 illustrates the
result of this sigma-clipping process on the data cube of UGC1913. The top and middle
panels show channel maps from the original data cube and the Gaussian - smoothed data
cube, respectively. The bottom panels show the same channel maps after application of the
sigma-clipped mask to the original data cube.

The sigma-clipping rids the data of faint noise. However, there are high noise pixels that
survived the 2σ noise clip in the smoothed data cube which can result in exaggeration of the
flux in individual line profiles. To remove this noise, a further step (the multi-channel peak
criterion) was taken where line profiles through each pixel position were inspected. Any peak
that was detected in three or more channels was considered to be galaxy flux, otherwise it
was flagged as noise and masked out. Figure 2.8 shows examples of line profiles (also from
the data cube of UGC1913) showing this process. From the resulting cube, the Hi intensity
map was obtained by summing up the intensities from all the channels containing emission.
This same cube was used in deriving the global profiles.
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Figure 2.7: Three channel maps from UGC1913 illustrating the sigma-clipping process. The top
panels are the channel maps from the original 30′′ data cube, while the middle panels show the
corresponding maps from the smoothed cube. The contours in the middle panels show the 2σ level.
A 2σ noise clip was applied on the smoothed cube and the resulting mask laid on the original cube.
The bottom panels show these channel maps after masking the noise. This step cleaned out most
of the low level noise.
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Figure 2.8: Line profiles at different pixel positions, drawn from the data cube of UGC1913, to
illustrate the multi-channel-peak criterion. The black shows profiles from the original cube. The
blue shows profiles from the sigma clipped cube which survived the 2σ clipping. The percentage
contribution of the blue noise peaks to the total profile flux is shown in the upper right corner of
each panel. These were removed by using the multi-channel-peak criterion whose resulting profiles
are shown in red.
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This multi-channel peak criterion is very strict and may lead to the masking of real galaxy
emission. To check its efficiency, the procedure was carried out on three model galaxies with
different noise levels. The models were generated using the galmod task in the Gronin-
gen Image Processing System (GIPSY) ∗ (van der Hulst et al. 1992, Vogelaar & Terlouw
2001). Rotation curves and orientation parameters of actual galaxies were used to model
the kinematics of these three synthetic galaxies. The actual galaxies used were; UGC5918
(for Target X1) - a dwarf galaxy with a rising rotation curve, UGC4305 (for Target X2) -
a dwarf galaxy with a flat outer rotation curve, and UGC7766 (for Target X3) - a spiral
galaxy with a flat outer rotation curve. In galmod, the models were chosen to have different
surface densities, representative of the range of surface densities in the sample with a mean
of 3.6±1.1 M⊙ pc−2 such that in their order they had surface densities 2.5 M⊙ pc−2, 3.6
M⊙ pc−2 and 4.7 M⊙ pc−2. The parameters used are listed in Table 2.2. The GIPSY task
smooth was used to smooth the model cubes to a resolution of 30′′ x 30′′ to match the resolu-
tion of the sample. The total ‘pure’ flux in each cube was recorded. Noise was added to the
model cubes using the noise statistics of the sample where the average noise across all cubes
is 0.68±0.39 W.U. (Westerbork Units). So the noise added to targets X1, X2 and X3 was
0.68 W.U., 1.08 W.U., and 1.47 W.U. respectively, to cover two standard deviations from
the average noise. Since 1 W.U. = 5 mJy/beam, that is , 3.5 mJy/beam, 5.5 mJy/beam
and 7.5 mJy/beam. The total flux in each cube at this stage was also recorded. The added
noise was meant to mimic the typical noise found in the cubes, and at this stage the 2σ
noise clipping and multi-channel-peak criterion were applied in order to retrieve the galaxy
flux. Note that when removing noise, we attempt to remove as much noise as possible, and
to lose as little real emission as possible in the cube, keeping in mind that the real emission
is the flux in the model cubes before noise was added. So it is possible that some real galaxy
emission is flagged as noise and some noise retained as real flux (Noordermeer et al. 2005).
After the noise removal, the total flux in each cube was again recorded. The global profiles
of the cubes before and after addition of noise, after sigma clipping, and after the peak
removal are shown for all three models in Figures 2.9 - 2.11 while the summed total fluxes
are listed in Table 2.3. We see that indeed some galaxy emission, especially at the low and
high velocity end, is lost but also that most of the noise that was retained in the sigma
clipped cube is removed. In the three model cubes the flux retained in the final product
is 101% (implying that some noise is retained) for X1, 98% for X2 and 101% for X3 (also
indicating retained noise). In the first model, the lost galaxy emission at the edges of the
global profile is more than compensated for by retained noise while in the third case the
galaxy emission is retained as well as some noise. From these three examples, we see that
the multi-channel-peak criterion, indeed may flag some true galaxy flux as noise, but is also
robust at removing a lot of the noise that is left by the sigma clipping while retaining a
decent amount of the galaxy flux, as is well illustrated by the global profiles for target X1,
(which had the lowest Hi surface density). Figure 2.12 shows intensity maps for UGC1913,
with and without using the multi-channel-peak criterion.

∗https://www.astro.rug.nl/ gipsy/
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Figure 2.9: Global profiles of a model galaxy (Target X1, see parameters in Table 2.2). From
top left to bottom right: Initial synthetic galaxy with no noise added, same galaxy with
Gaussian noise added to it, profile after sigma clipping, and finally after removing spurious
peaks. The numbers in the upper right show the total flux in the emission containing
channels. The negative noise in the upper right panel was not added to the total flux
calculation.

Figure 2.10: Global profiles of model galaxy, target X2 (see parameters in Table 2.2). From
top left to bottom right: Initial synthetic galaxy with no noise added, same galaxy with
Gaussian noise added to it, profile after sigma clipping, and finally after removing spurious
peaks. The numbers in the upper right show the total flux in the emission containing
channels. The negative noise in the upper right panel was not added to the total flux
calculation.
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Table 2.2: Parameters for the model galaxies: These three models were generated
using the galmod task in GIPSY. The rotation curves and orientation parameters were
drawn from three actual galaxies which are indicated in column (7) of the table. The
Hi surface densities were chosen to represent the average surface density in the sample,
3.6±1.1 M⊙ pc−2. Column densities were derived from the surface densities (1 M⊙ pc−2

= 1.248× 1020 cm−2, Brinks (2006)). Description: Col (1) - Name of the model galaxy.
Col (2) - Average Hi surface density. Col (3) - Column density. Cols (4)-(6) - Systemic
velocity, inclination and position angle, all adapted from actual galaxies in column (7). The
position angle is measured anti-clockwise from north to the receeding side of the the major
axis (de Blok et al. 2008). The literature source of the rotation curves is shown in column
(8), with vE11 for van Eymeren et al. (2011) and S99 for Swaters (1999).

Target ΣHi NHi Vsys inc PA Kinematics Source
M⊙ pc−2 ×1020 cm−2 kms−1 deg deg

(1) (2) (3) (4) (5) (6) (7) (8)
X1 2.5 3.12 338 46 239 UGC5918 S99
X2 3.6 4.49 142 40 172 UGC4305 S99
X3 4.7 5.86 806 67 323 UGC7766 vE11

Table 2.3: Total flux in the model galaxy cubes: This table lists the total flux in each
model cube at different stages. Col (1) - Name of the model galaxy. Col (2) - True emission
from the galaxy. This was calculated before adding noise to the cube. This is the true flux
that the noise removal procedures are trying to recover. Col (3) - Total flux in the noisy
cube after adding noise to the channels. Note that in this column, only the positive noise
was considered when summing up the flux. Col (4) - Total flux after noise-clipping at the
2σ level. The sigma-clipped fluxes are too high by several Jy because of noise peaks that
are missed by the sigma clipping. Col (5) - Total flux in the final cube, after removal of the
high noise peaks using the multi-channel-peak criterion. Note that the peak-clipped fluxes
are still too high by a few mJy, due to added flux from a few remaining noise peaks.

Target Pure flux Noise added flux Sigma clipped flux Peak clipped flux
Jy Jy Jy Jy

(1) (2) (3) (4) (5)
X1 4.04 89.12 7.15 4.09
X2 43.64 152.18 46.77 42.72
X3 135.25 317.06 140.92 136.49
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Figure 2.11: Global profiles of model galaxy, target X3 (see parameters in Table 2.2). From
top left to bottom right: Initial synthetic galaxy with no noise added, same galaxy with
Gaussian noise added to it, profile after sigma clipping, and finally after removing spurious
peaks. The numbers in the upper right show the total flux in the emission containing
channels. The negative noise in the upper right panel was not added to the total flux
calculation.

(a) (b)

Figure 2.12: Hi intensity maps of the late type spiral galaxy UGC1913. Panel (a) shows the
result of adding up the emission in the sigma clipped cube, while (b) shows the result when
the same cube is further processed using the multi-peak criterion described in text. The
extra step gets rid of sharp noise peaks which may be spatially coincident with the galaxy
but separated in velocity space. The flux in the region enclosed by the black ellipse is shown
in the upper right corner of each image. The beam size (∼ 30′′× ∼ 30′′) is shown in the
lower left corner of each panel. An atlas of integrated Hi distribution maps for the entire
sample is given in Appendix A.1.
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2.3.3 Hi global profiles

Global profiles were extracted from the noise-free 30′′ cubes using the mbspect task in
MIRIAD. Figure 2.13 shows the global profile of a late type galaxy UGC6840. Global
profiles show the distribution of the Hi flux within a galaxy as a function of radial velocity.
To obtain the width of the profile, the peak flux was obtained and the 50% level of that
peak calculated. This 50% level was then located on either side of the global profile and the
separation between the two points measured. This is the W50 linewidth. Likewise, the W20

linewidth was obtained. For both linewidths, the central velocity midway between the two
points on either side of the global profile was obtained. The magenta and black horizontal
lines in Figure 2.13 indicate the 20% and 50% peak flux levels for UGC6840 while the ver-
tical lines mark the corresponding midpoints. These two midpoints were used to calculate
the systemic velocity as below,

Vsys = 0.5× (C50 +C20), (2.4)

where C50 and C20 are the midpoints of the profile at the 50% and 20% peak flux levels.

Figure 2.13: Hi global profile of UGC1913. The horizontal lines indicate the 20%(magenta)
and 50%(black) levels of the peak flux. The vertical lines are the corresponding profile
centers based on these levels. The systemic velocity was derived as the average of these two
points.

The Hi linewidths were corrected for instrumental broadening following the method of
(Verheijen 1997)(hereafter V97). The method of V97 assumes that the two edges of a global
profile form a Gaussian (which they called the true Gaussian distribution of the profile) with
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a dispersion σo defined as

σo =
W20o

√

8 ln(5)
=

W50o
√

8 ln(2)
, (2.5)

where W20o and W50o are the full widths of the Gaussian at 20% and 50% maximum intensity.
This intrinsic profile is broadened by a near-Gaussian function of dispersion σR and whose
full width at half maximum is the instrumental resolution, R, such that

σR =
R

√

8 ln(2)
. (2.6)

This would then result in the observed Gaussian being a convolution of the two functions,
with a dispersion

σc =
√

σ2
o + σ2

R. (2.7)

As in Equation 2.5, the full width at 20% maximum of this observed Gaussian is given by

W20c =
√

8 ln(5)
√

σ2
o + σ2

R

W20c =
√

8 ln(5)
√

σ2
o +

R2

8 ln(2) ,

(2.8)

hence the broadening factor is the difference between the observed (2.8) and true widths
(2.5),

δW20 = W20c − W20o =
√

8 ln(5)

√

σ2
o +

R2

8 ln(2)
− σo

√

8 ln(5). (2.9)

Likewise for the full width at 50% maximum,

W50c =
√

8 ln(2)
√

σ2
o + σ2

R

W50c =
√

8 ln(2)
√

σ2
o + R2

8 ln(2)

δW50 =
√

8 ln(2)
√

σ2
o +

R2

8 ln(2) − σo

√

8 ln(2).

(2.10)

V97 took the dispersion of the true Gaussian (σo) to be entirely due to random motions in
the gas with dispersion velocity of 10 km/s. The factors σo

√

8 ln(5) and σo

√

8 ln(2) then
reduce to 35.8 km/s and 23.5 km/s. To correct the line widths for instrumental broadening,
the broadening factor is subtracted from the observed width as,

W′
20 = W20 − 35.8

[

√

1 +
(

R
23.5

)2 − 1

]

W′
50 = W50 − 23.5

[

√

1 +
(

R
23.5

)2 − 1

]

,

(2.11)

where R is the instrumental resolution in units of km/s, W20 and W50 are the observed
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linewidths, while W′
20 and W′

50 are the corrected linewidths which are essentially W20o and
W50o from Equation 2.5.

2.3.4 Hi mass

The total Hi flux was obtained by summing up all the flux in the global profile. The total
flux was used to calculate the Hi mass as,

MHi(M⊙) = (1 + z) 2.36× 105 ×D2(Mpc) ×
∫

Sν dv (Jykm s−1), (2.12)

where D is the distance, and
∫

Sν dv is the total Hi flux integrated over the global profile.
The factor of (1+z) in this equation reduces to unity at low redshifts. Figure 2.14 shows
comparisons of the masses derived in this study with masses derived by two other studies
that used WHISP data. These are Swaters (1999)(hereafter S99) and Noordermeer et al.
(2005)(hereafter N05), with whom we had 60 and 52 galaxies in common, respectively. The
masses were compared after synchronizing the distances across the samples (see Table 2.5
for adopted distances). The masses in this study are systematically lower than those of S99,
which is expected because they did not carry out the extra noise handling by the multi-
channel-peak criterion hence having higher fluxes, while N05 employed the multi-channel-
peak criterion when generating their data products which explains why their mass estimates
are in general agreement with those here. The total flux and mass as well as linewidths and
systemic velocities for all galaxies in the sample are listed in Table 2.5.

Distances

The distances used in this study were obtained from two sources: the Cosmic Flows cata-
log (CF2) (Tully et al. 2013) via the Extragalactic Distance Database (EDD)∗ (Tully et al.
2009) and the NASA/IPAC Extragalactic Database (NED)†. The NED distances are es-
timates from redshift-derived radial velocities (V = cz) corrected for peculiar flows due
to the influence of the Virgo cluster, the Great Attractor and the Shapley supercluster
(Mould et al. 2000). The distances on the EDD are based on different surveys, namely,
The 2Micron All Sky Survey Extended Source Catalog (2MASX, Jarrett et al. 2000), The
Catalog of Neigbouring Galaxies (Karachentsev et al. 2004), and the 2MASS V8k cata-
log (Huchra et al. 2005), as well as independent distance derivations from archival data
by Tully et al. (2009).These sources had varying methods of deriving their distances, and
hence the EDD distances are weighted averages of several methods; the Cepheid period-
luminosity relation (C), Tip of the Red Giant Branch method (TRGB), Supernovae type 1a
(SNIa), Tully-Fisher relation (TFR) method and the Fundamental plane (FP) method. The
Cepheids method and FP method get the highest and lowest weights respectively. When

∗http://edd.ifa.hawaii.edu/
†https://ned.ipac.caltech.edu/
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(a) (b)

Figure 2.14: Comparison of mass estimates from the literature with this study. S99 ((a),
horizontal axis) retrieved higher fluxes from the WHISP cubes because they did not carry
out the multi-peak criterion noise removal, which N05 ((b), horizontal axis) carried out and
hence their fluxes are in agreement with ours. Note that the masses of both S99 and N05
were re-derived from their fluxes using the distance estimates adopted here. In both plots,
the y axis represents mass estimates from the current study. There were 52 and 60 galaxies
in common with N05 and S99 respectively.

obtaining distances from the EDD, we took only distances with estimates from the first four
methods. Those galaxies that were not listed on EDD or had only FP-based estimates were
obtained from the NED Mould flow estimates. Since the distance estimates given in the
EDD are scaled by a value of H0=74.4 ± 3.0 km s−1Mpc−1, the Mould flow parameters
were set to match the same cosmological parameters (H0=74.4 ± 5.0 km s−1Mpc−1, with
Ωm=0.27 and ΩΛ=0.73). Table 2.5 lists the adopted distances while Figure 2.5 shows the
distance distribution of the sample. A sanity check was done to look for any systematic
differences between the two databases. There were 116 galaxies for which we could get
both CF2 and NED distance estimates. The differences between the two sets of distance
estimates were plotted as a function of the CF2 distances. Figure 2.15 below illustrates
our findings. Overall we see no systematic offsets, but rather evenly distributed differences,
with a standard deviation of 4 Mpc and 9 outliers (labelled on plot) which were not used in
calculation of the standard deviation.
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Figure 2.15: A comparison of distances from the CF2 and NED databases. On the verti-
cal axis, the residuals between NED distance and CF2 distance, while the horizontal axis
shows the CF2 distance. The residuals do not show any systematic offsets, but are evenly
distributed about zero, with a few outliers as is expected of any realistic distribution.

2.3.5 Radial profiles

Surface density maps of Hi were calculated from the total intensity maps via standard
conversions. The Hi column density was first derived:

NHi(cm
−2) = 1.823× 1018 ×

∑

ν Sν
1.65× 10−3 ×∆α∆δ

×∆V, (2.13)

(Brinks 2006), where ∆α and ∆δ are the major and minor axes of the synthesized beam,
∆V is the velocity resolution in km s−1, and

∑

ν Sν is the integrated Hi in mJy/beam. The
factor in the denominator converts the intensity map into a brightness temperature map.
A linear conversion was applied to the column density map to obtain surface density,

ΣHi(M⊙ pc−2) =
NHi

1.248× 1020
, (2.14)

(Brinks 2006). To get radial profiles, the MIRIAD task ellint was used. For each galaxy, a
map of the Hi surface density was used as input and the task divides the image into elliptical
annuli, returning the average Hi density in each annulus. This results in an average density
for each radius bin. The size of the width of the annuli was left at the default 10′′ of ellint

which for the data used here is the width of a pixel. This width, in spite of being very
narrow and leading to a smoothing out of the radial profiles due to beam smearing, will
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(a) (b)

Figure 2.16: Radial profiles of Hi surface density for UGC10445 (a) and UGC1913 (b),
generated using the task ellint in MIRIAD.

still yield profiles that are a general representation of the radial extent and shape of the Hi

distribution in the disks. The NIR-derived PA and axial ratio (for inclination) in Table 2.6
were used as orientation parameters for the annuli. The centers of the annuli were set to the
galaxy RA and DEC (J2000) in the data cube headers. Figure 2.16 shows radial profiles for
UGC10445 and UGC1913. The rest of the radial profiles are shown in Appendix A.1 (lower
left panels).

2.3.6 Velocity fields

Velocity field maps were obtained by fitting third order Gauss-Hermite polynomials to the
line of sight profiles in the original data cubes. Note that the noise corrected cubes were
not used here because the noise properties were needed for the purpose of making robust
fits. However, the Hi intensity maps derived in Section 2.3.2 were used as masks so as not
to include the low signal to noise pixels in the final velocity maps.
Gauss-Hermite polynomials were first used by van der Marel & Franx (1993) who showed
that the line profiles of elliptical galaxies could be described by breaking down the profile
into orthogonal functions to account for both symmetric and asymmetric deviations from
a pure Gaussian profile. This was done by summing the Gauss-Hermite polynomials up to
the fourth term;

φ(x) = ae−y2/2

[

1 +
h3√
3
(2y3 − 3y) +

h4√
24

(4y4 − 12y2 + 3)

]

, (2.15)

where y = (x− µ)/c. The terms h3 and h4 are measures of skewness and flatness of the
distribution, while the first term represents a pure Gaussian distribution of amplitude a,
mean µ and dispersion c.
The choice of the third order sum was due to its robustness in fitting both high and low signal
to noise peaks as pointed out by de Blok et al. (2008). Also, several authors have found that
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fitting the third order polynomial is sufficient to recover the typical radial velocity in a profile
(e.g. Noordermeer et al. 2005, de Blok et al. 2008, Ianjamasimanana et al. 2012).
To do the fitting, one needs reasonable initial estimates to the parameters in Equation 2.15.
For h3, an initial value of 0.4 was used, while the estimates for the Gaussian terms (a, µ and
c) were obtained by deriving maps of the peak intensity and the first and second moments
respectively at each pixel position. The moment maps were derived from the data cube
using the standard centroid method as

µ1 =

∑

i (Si Vi)
∑

i Si
(2.16)

µ2 =

√

∑

i [Si (Vi − µ1)2]
∑

i Si
, (2.17)

where µ1 is the first moment of the profile, Si and Vi are the integrated intensity and velocity
of the ith channel in the data cube respectively.
Figure 2.17 illustrates the h3 fit on profiles from an early type galaxy UGC10445 showing
that the function is able to fit both symmetric and asymmetric profiles which are prevalent
in the central regions. The velocity map of UGC10445 is shown in Figure 2.18 along with
that of UGC1913. The maps for the rest of the sample are shown in Appendix A.1 (upper
right panels).
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Figure 2.17: Line of sight velocity profiles from UGC10445 at positions:
(α, δ)=a(16h33m46s.8, 28◦59′16′′.9), b(16h33m50s.6, 28◦58′56′′.9), c(16h33m48s.3, 29◦00′26′′.9)
and d(16h33m50s.6, 28◦59′6′′.9). The line profile is shown by the black line while the blue
line is the Gauss-Hermite h3 fit to the profile. The shapes of line profiles varies, with some
skewed and others close to Gaussian, but the h3 fits were found to adequately fit both cases.
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(a) (b)

Figure 2.18: Gauss-Hermite velocity fields for UGC10445 (a) and UGC1913 (b). The WHISP
beam of ∼ 30′′× ∼ 30′′ is shown in the lower left corner of each panel. For some cubes,
the beam was elliptical with a major axis greater than 30′′ as seen in (a). The maps were
obtained by fitting third order Gauss-Hermite polynomials to the line profiles. Quality filters
were applied to the fits to flag profiles with SNR less than 4, and profiles with width less
than the velocity resolution of the cube.
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2.4 Tables

Table 2.4: Observational parameters of Hi data from the WHISP survey. Notes
on columns: col (2,3): RA(2000) and Dec(2000), cols (4-6):Beam resolution (major and
minor axis) and position angle. This study makes use of the WHISP data at resolution
30" x 30". Where the header information does not include exact resolution we use ex-
actly 30".x30" and position angle 0. col (7):Average noise in cubes before primary beam
correction. col (8): Number of velocity channels, dependent on the WHISP flux density
category(< 100mJy, 100mJy− 300mJy, > 300mJy). col (9): Velocity resolution of the cube.

Name R.A. Dec Bmaj Bmin BPA Noise Channels ∆V

deg deg ′′ ′′ deg mJy beam−1 km s−1

(1) (2) (3) (4) (5) (6) (7) (8) (9)
UGC89 2.4725 25.9238 35.91 23.91 0 0.72 127 8.4

UGC192 5.0723 59.3038 30.81 30.48 90 7.14 127 2.1

UGC232 6.1612 33.2562 40.66 30.93 0 0.88 127 8.4

UGC485 11.7845 30.3409 28.48 24.01 0 1.75 63 16.8

UGC528 13.018 47.5505 30.0 30.0 0 4.26 127 4.1

UGC624 15.1517 30.669 43.84 32.93 0 0.63 127 8.4

UGC625 15.2309 47.682 28.33 28.32 0 1.96 63 16.6

UGC655 16.0052 41.8429 31.87 26.08 0 4.15 127 4.1

UGC690 16.8865 39.4001 29.98 25.17 0 1.79 63 16.8

UGC731 17.6833 49.6022 30.0 30.0 0 4.3 127 4.1

UGC798 18.7995 30.1948 29.07 26.69 0 0.84 115 8.4

UGC1013 21.5907 34.703 30.35 23.93 0 1.72 63 16.8

UGC1256 26.9772 27.4328 30.0 30.0 0 2.15 63 16.5

UGC1281 27.3833 32.5897 30.0 30.0 0 4.79 127 4.1

UGC1437 29.4258 35.9161 30.54 23.88 0 2.04 63 16.8

UGC1501 30.3205 28.8373 34.89 26.61 0 3.6 127 4.1

UGC1541 30.8664 38.1169 41.49 33.26 0 0.84 127 8.4

UGC1633 32.1855 38.7772 32.34 24.29 0 1.7 63 16.7

UGC1810 35.3696 39.3757 29.93 25.32 0 1.6 63 16.9

UGC1856 36.1316 31.6153 26.14 23.25 0 4.19 127 4.2

UGC1886 36.502 39.4709 29.55 24.51 0 1.66 63 16.8

UGC1913 36.8203 33.5792 31.75 26.82 0 2.25 127 4.1

UGC2023 38.3258 33.4911 30.0 30.0 0 5.67 127 2.1

UGC2034 38.429 40.5281 30.0 30.0 0 5.6 127 2.1

UGC2045 38.5558 29.3113 44.86 32.99 0 0.78 127 8.3

UGC2053 38.6221 29.7498 30.0 30.0 0 5.36 127 2.1

UGC2080 39.1162 38.9699 30.0 30.0 0 4.11 127 4.1

UGC2082 39.0673 25.4238 26.99 25.42 0 4.27 127 4.1

UGC2141 39.8121 30.1514 37.5 19.91 0 4.2 127 4.1
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Table 2.4 – Continued from previous page

Name R.A. Dec Bmaj Bmin BPA Noise Channels ∆V

deg deg ′′ ′′ deg mJy beam−1 km s−1

(1) (2) (3) (4) (5) (6) (7) (8) (9)

UGC2183 40.7013 28.5742 42.18 30.07 0 0.82 127 8.3

UGC2193 40.875 37.3413 27.18 24.18 0 6.9 127 2.1

UGC2455 44.9263 25.2378 30.0 30.0 0 5.84 127 2.1

UGC2459 45.1532 49.044 29.18 28.25 90 2.15 63 16.6

UGC2487 45.4265 35.2058 44.26 34.27 0 0.99 127 8.4

UGC2503 45.8948 46.3864 29.11 25.87 0 2.23 63 16.6

UGC2800 55.0102 71.4059 27.09 26.97 0 4.3 127 4.1

UGC2855 57.0864 70.1329 30.0 30.0 0 1.87 63 16.6

UGC2916 60.6411 71.7059 36.1 25.27 0 0.65 127 8.4

UGC2941 60.9333 22.1591 51.39 31.51 0 1.58 127 4.2

UGC3013 65.8629 75.2956 33.15 23.56 0 1.88 63 16.6

UGC3137 71.5708 76.4189 30.0 30.0 0 4.21 127 4.1

UGC3205 74.062 30.0524 35.96 26.4 0 0.57 127 8.3

UGC3326 84.9046 77.3125 29.7 23.01 0 1.56 63 16.7

UGC3334 85.5194 69.3784 29.27 29.27 90 1.65 63 16.7

UGC3354 86.8259 56.1124 36.18 33.96 0 0.64 127 8.3

UGC3371 89.1608 75.3161 30.0 30.0 0 4.33 127 4.1

UGC3382 89.9489 62.158 30.24 29.33 0 0.81 127 4.2

UGC3384 90.4042 73.1167 34.53 32.62 0 8.0 127 2.1

UGC3407 92.2837 42.0852 29.15 28.51 90 0.64 115 8.3

UGC3546 102.5361 60.8458 35.59 32.48 0 0.65 127 8.3

UGC3574 103.2935 57.1778 30.0 30.0 0 4.2 127 4.1

UGC3580 103.8786 69.5631 27.13 26.9 0 3.39 127 4.1

UGC3642 106.0846 64.0203 30.05 25.65 0 0.82 127 8.4

UGC3698 107.3281 44.3801 27.96 24.93 0 3.21 127 4.1

UGC3711 107.5566 44.4573 30.0 30.0 0 4.02 127 4.1

UGC3734 108.1194 47.1667 27.19 26.83 0 4.09 127 4.1

UGC3740 111.8098 85.7546 30.0 30.0 0 4.93 127 4.2

UGC3759 109.0154 64.7089 28.57 28.56 0 1.73 63 16.7

UGC3817 110.6853 45.1085 30.0 30.0 0 5.69 127 2.1

UGC3826 111.1162 61.6939 32.46 26.2 0 5.76 127 2.1

UGC3965 115.3254 34.2322 31.6 25.09 0 2.13 127 2.1

UGC3966 115.3583 40.1122 30.0 30.0 0 7.39 127 2.1

UGC3993 118.9332 84.9264 30.67 30.44 0 0.94 127 4.2

UGC4036 117.9781 73.0157 28.61 28.41 0 3.96 127 4.2

UGC4165 120.4717 50.7371 28.43 28.19 0 3.97 127 4.1

UGC4173 121.8004 80.125 30.0 30.0 0 7.55 127 2.1
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Name R.A. Dec Bmaj Bmin BPA Noise Channels ∆V

deg deg ′′ ′′ deg mJy beam−1 km s−1

(1) (2) (3) (4) (5) (6) (7) (8) (9)

UGC4256 122.5632 33.9566 32.95 19.6 0 3.61 127 4.2

UGC4273 123.2413 36.2546 32.2 25.24 0 2.41 63 16.6

UGC4278 123.4955 45.7421 29.67 29.67 90 4.66 127 4.1

UGC4284 123.6672 49.0617 28.98 28.98 0 2.56 127 4.1

UGC4305 124.7708 70.72 30.0 30.0 0 7.48 127 2.1

UGC4325 124.8355 50.0096 30.0 30.0 0 4.26 127 4.1

UGC4458 128.0471 22.5606 41.71 23.87 0 0.72 127 8.4

UGC4483 129.2625 69.7753 35.48 29.78 90 7.47 127 2.1

UGC4499 129.4228 51.6524 30.0 30.0 0 4.32 127 4.1

UGC4543 130.841 45.736 28.82 28.33 67 6.3 127 2.1

UGC4605 132.2995 60.2211 32.23 28.48 0 0.74 127 8.3

UGC4666 133.8946 58.7344 26.6 26.2 0 0.77 115 8.3

UGC4806 137.3905 33.1235 35.74 30.09 0 1.94 63 16.6

UGC4838 138.0605 44.9548 28.02 27.74 0 4.38 127 4.2

UGC5060 142.5707 29.54 42.36 32.63 0 0.93 127 4.1

UGC5079 143.0421 21.5008 27.25 25.98 0 1.87 127 4.1

UGC5251 147.1502 33.4215 31.52 24.15 0 5.08 127 4.1

UGC5253 147.5926 72.2786 30.0 30.0 0 1.74 63 16.6

UGC5272 147.5933 31.4878 30.0 30.0 0 6.77 127 2.1

UGC5351 149.5878 32.3699 31.82 30.66 0 0.81 115 8.3

UGC5414 150.989 40.7569 30.0 30.0 0 6.33 127 2.1

UGC5452 151.7981 33.0274 28.6 26.99 0 3.3 127 4.1

UGC5459 152.042 53.0835 30.07 29.56 0 5.0 127 4.1

UGC5532 154.2235 73.4008 27.97 26.94 0 1.97 63 16.7

UGC5557 154.5702 41.4241 27.37 24.69 0 4.69 127 4.1

UGC5589 155.4483 56.9304 28.17 28.13 0 4.45 127 4.1

UGC5685 157.3331 29.4918 28.3 26.8 0 2.12 63 16.6

UGC5717 158.1452 65.0411 30.98 28.93 0 5.33 127 4.1

UGC5721 158.072 27.6688 38.79 29.05 19 5.62 127 4.1

UGC5786 159.6911 53.5034 30.71 29.85 0 1.6 63 16.6

UGC5789 159.7894 41.6867 29.13 29.12 0 3.99 127 4.1

UGC5829 160.6746 34.4489 30.0 30.0 0 7.77 127 2.1

UGC5840 160.8798 24.9222 27.84 26.34 0 3.14 127 4.1

UGC5846 161.1229 60.3678 30.0 30.0 0 5.77 127 2.1

UGC5906 162.0507 28.6018 36.16 26.14 0 1.22 127 4.1

UGC5909 162.1034 34.7114 30.94 26.99 0 4.49 127 4.1

UGC5918 162.4021 65.5306 31.97 29.67 90 5.96 127 2.1
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Name R.A. Dec Bmaj Bmin BPA Noise Channels ∆V

deg deg ′′ ′′ deg mJy beam−1 km s−1

(1) (2) (3) (4) (5) (6) (7) (8) (9)

UGC5960 162.8364 32.7664 34.11 24.68 0 1.35 127 4.1

UGC5997 163.4786 73.6904 32.05 31.81 0 4.59 127 4.1

UGC6001 163.2838 33.9104 31.41 24.92 0 0.99 127 4.1

UGC6118 165.7967 27.9725 35.92 26.28 0 0.78 127 8.3

UGC6126 165.9307 28.8872 36.29 30.34 0 3.34 127 4.1

UGC6161 166.705 43.7233 32.8 31.97 0 3.3 127 4.1

UGC6225 167.879 55.6741 29.85 26.49 0 2.03 63 16.5

UGC6251 168.3589 53.5951 29.69 29.26 0 6.67 127 2.1

UGC6263 168.5454 48.3185 28.39 28.38 0 1.82 63 16.6

UGC6283 168.9667 41.591 29.77 29.63 90 3.93 127 4.1

UGC6446 171.6686 53.7467 29.67 29.67 90 4.17 127 4.1

UGC6537 173.338 47.0292 30.0 30.0 0 4.23 127 4.1

UGC6713 176.104 48.8352 28.93 28.84 0 2.45 127 4.1

UGC6742 176.4858 50.1998 33.14 28.94 0 0.77 127 4.1

UGC6778 177.1591 48.7108 30.0 30.0 0 4.21 127 4.1

UGC6786 177.2894 27.022 44.37 31.51 0 0.81 127 8.3

UGC6787 177.314 56.0844 31.87 29.67 0 0.68 127 8.3

UGC6813 177.6623 55.3539 27.09 26.94 0 6.63 127 2.1

UGC6817 177.7208 38.8803 28.13 26.04 0 6.65 127 2.1

UGC6833 177.9417 38.0151 30.1 26.95 0 4.39 127 4.1

UGC6840 178.0292 52.108 27.01 27.01 0 1.75 127 4.1

UGC6884 178.7446 58.4936 29.69 29.21 0 3.99 127 4.2

UGC6921 179.1755 48.3339 24.98 24.1 0 2.22 127 4.1

UGC6930 179.3223 49.2831 29.63 27.37 0 2.6 127 4.1

UGC6964 179.6579 47.2615 28.46 28.21 0 2.41 127 4.1

UGC7030 180.79 44.5313 29.54 29.03 0 3.12 127 4.1

UGC7047 181.0033 52.5883 30.0 30.0 0 5.62 127 2.1

UGC7075 181.3446 50.3529 29.7 29.69 0 3.47 127 4.1

UGC7089 181.4906 43.1433 32.15 30.71 0 4.17 127 4.1

UGC7095 181.5352 49.5827 27.78 27.67 0 1.71 63 16.6

UGC7125 182.1764 36.8028 29.7 28.3 0 4.65 127 4.1

UGC7151 182.4942 46.4572 31.29 30.23 0 4.7 127 4.1

UGC7166 182.6358 39.4057 32.39 27.99 0 3.64 127 4.1

UGC7183 182.7682 50.4847 35.43 24.92 0 1.96 63 16.5

UGC7199 183.0382 36.1692 31.7 30.92 0 6.76 127 2.1

UGC7204 183.0894 29.2071 29.35 23.65 0 4.11 127 4.1

UGC7222 183.3203 43.6986 24.81 24.53 0 2.67 127 4.1
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Name R.A. Dec Bmaj Bmin BPA Noise Channels ∆V

deg deg ′′ ′′ deg mJy beam−1 km s−1

(1) (2) (3) (4) (5) (6) (7) (8) (9)

UGC7232 183.4365 36.634 32.07 28.94 0 6.31 127 2.1

UGC7256 183.7711 33.1973 42.55 31.58 0 1.92 127 4.1

UGC7261 183.8102 20.6586 32.82 29.89 0 4.9 127 4.1

UGC7321 184.3917 22.5401 29.16 25.7 0 4.76 127 4.1

UGC7323 184.3758 45.6193 30.85 30.83 0 4.39 127 4.1

UGC7399 185.1588 46.2917 32.27 31.14 0 4.53 127 4.1

UGC7408 185.3125 45.8113 32.34 31.17 0 7.47 127 2.1

UGC7483 186.0465 31.5219 29.94 26.39 0 4.51 127 4.1

UGC7489 186.1508 39.383 32.9 24.93 0 5.09 127 4.1

UGC7490 186.1054 70.3336 30.0 30.0 0 5.64 127 2.1

UGC7506 186.2999 54.5062 36.53 35.98 90 1.02 127 4.2

UGC7524 186.4536 33.5469 30.79 28.3 0 3.06 127 4.1

UGC7559 186.7715 37.1426 33.77 28.74 0 6.07 127 2.1

UGC7592 187.0462 44.0936 30.0 30.0 0 4.5 127 4.1

UGC7603 187.1838 22.8204 33.44 29.14 0 4.89 127 4.1

UGC7690 188.112 42.7041 32.04 31.21 0 6.21 127 2.1

UGC7704 188.2783 32.0916 49.93 29.78 0 1.03 127 4.1

UGC7766 188.9902 27.96 35.19 24.5 0 2.33 127 4.1

UGC7831 189.9974 61.6092 34.14 25.05 0 4.64 127 4.1

UGC7853 190.3869 41.1508 33.81 30.2 0 3.55 127 4.1

UGC7866 190.5629 38.5033 29.79 26.65 0 5.77 127 2.1

UGC7971 192.0953 51.1647 30.0 30.0 0 7.07 127 2.1

UGC7989 192.6107 25.5008 28.36 25.46 0 1.32 63 16.6

UGC8146 195.5337 58.7013 28.98 28.52 0 4.15 127 4.1

UGC8188 196.4564 37.6049 30.0 30.0 0 6.17 127 2.1

UGC8201 196.6035 67.7069 31.91 31.51 0 6.75 127 2.1

UGC8246 197.5185 34.1812 31.15 27.68 0 4.14 127 4.1

UGC8271 197.8801 36.2821 44.9 30.88 0 0.82 127 4.1

UGC8286 198.0525 44.0412 28.44 27.28 90 2.94 127 4.1

UGC8331 198.8763 47.4989 31.81 31.45 0 5.09 127 2.1

UGC8396 200.3528 38.5376 31.57 28.66 0 4.19 127 4.1

UGC8490 202.4021 58.4187 30.0 30.0 0 2.96 127 4.1

UGC8508 202.685 54.91 30.11 29.43 0 7.05 127 2.1

UGC8550 203.5118 47.9154 32.65 31.24 0 5.69 127 4.1

UGC8651 204.9743 40.7391 32.75 27.94 0 6.92 127 2.1

UGC8683 205.6355 39.6585 30.0 30.0 0 5.57 127 2.1

UGC8709 206.5986 43.8723 29.89 28.15 90 1.9 63 16.6
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Name R.A. Dec Bmaj Bmin BPA Noise Channels ∆V

deg deg ′′ ′′ deg mJy beam−1 km s−1

(1) (2) (3) (4) (5) (6) (7) (8) (9)

UGC8711 206.6028 46.1071 28.43 27.96 90 1.87 63 16.6

UGC8805 208.3243 33.4908 35.14 25.88 0 5.44 127 4.2

UGC8837 208.6907 53.9008 30.0 30.0 0 3.24 127 2.1

UGC8863 209.0695 47.2357 33.24 28.74 0 0.7 127 8.3

UGC9018 211.3887 54.4611 31.43 28.32 0 4.7 127 2.1

UGC9128 213.9855 23.0553 52.92 33.19 0 7.4 127 2.1

UGC9211 215.634 45.3839 30.0 30.0 0 4.2 127 4.1

UGC9242 216.3376 39.5396 29.74 24.98 0 4.04 127 4.1

UGC9366 218.1952 49.4579 30.94 25.78 0 1.84 63 16.6

UGC9431 219.548 46.6382 28.47 28.21 0 1.82 63 16.6

UGC9644 224.893 27.1163 35.98 26.06 0 1.26 127 4.2

UGC9649 224.4405 71.6823 28.99 28.99 0 4.51 127 4.1

UGC9753 227.4447 57.0002 30.0 30.0 0 4.18 127 4.1

UGC9797 228.8472 55.5174 30.0 30.0 0 2.23 63 16.7

UGC9805 229.1801 55.4093 29.16 28.95 0 1.58 63 16.7

UGC9858 231.6728 40.5645 32.57 26.23 0 2.26 63 16.6

UGC9969 234.9045 59.3319 27.78 27.59 90 1.91 63 16.6

UGC9992 235.4494 67.2542 29.75 29.57 0 7.15 127 2.1

UGC10310 244.0765 47.0464 30.0 30.0 0 4.12 127 4.1

UGC10359 245.2423 65.3906 30.0 30.0 0 4.26 127 4.1

UGC10445 248.4484 28.9848 27.09 22.94 0 5.93 127 4.1

UGC10470 248.1633 78.1982 34.49 34.14 0 4.37 127 4.1

UGC10564 251.5916 70.3588 30.0 30.0 0 4.25 127 4.1

UGC11124 271.8646 35.5633 30.24 23.79 0 4.25 127 4.1

UGC11218 274.9434 74.5684 30.7 25.28 0 2.02 63 16.6

UGC11269 277.6658 67.987 34.82 31.36 0 0.69 127 8.3

UGC11283 278.469 49.2786 27.17 26.96 0 4.39 127 4.2

UGC11429 290.2392 43.1325 29.12 29.11 0 1.62 63 16.8

UGC11466 295.7448 45.2982 31.39 28.02 0 4.87 127 4.1

UGC11496 298.2585 67.665 28.42 28.22 0 4.42 127 4.2

UGC11670 315.8899 29.8975 37.34 23.64 0 0.79 127 8.3

UGC11852 328.9971 27.8984 36.23 26.56 0 0.88 127 8.4

UGC11861 329.1 73.2607 30.0 30.0 0 4.39 127 4.1

UGC11864 329.4782 42.3062 35.7 28.49 0 2.71 127 4.2

UGC11891 330.8912 43.7492 30.0 30.0 0 4.25 127 4.1

UGC11909 331.5674 47.2512 31.1 30.75 0 4.7 127 4.1

UGC11914 331.9683 31.3593 36.59 21.36 0 0.77 127 8.3
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Name R.A. Dec Bmaj Bmin BPA Noise Channels ∆V

deg deg ′′ ′′ deg mJy beam−1 km s−1

(1) (2) (3) (4) (5) (6) (7) (8) (9)

UGC11951 333.1255 45.3285 26.98 26.98 0 4.11 127 4.1

UGC11994 335.2213 33.2953 30.21 23.87 0 1.7 63 16.8

UGC12043 336.9605 29.096 37.82 24.55 0 1.28 127 4.1

UGC12060 337.6416 33.8197 30.0 30.0 0 3.94 127 4.1

UGC12082 338.5451 32.8605 29.03 28.52 0 5.56 127 2.1

UGC12212 342.6264 29.1384 31.37 23.94 0 5.56 127 2.1

UGC12276 344.6356 35.8024 33.1 26.83 0 0.88 127 4.2

UGC12554 350.5274 40.8454 29.35 28.98 90 2.67 127 2.1

UGC12632 352.4945 40.9902 28.46 26.93 0 4.02 127 4.1

UGC12693 353.9318 32.3851 31.77 23.74 0 3.99 127 4.2

UGC12713 354.5614 30.7092 31.87 24.8 0 1.13 127 4.1

UGC12732 355.1661 26.2364 30.0 30.0 0 4.21 127 4.1

UGC12754 355.9765 26.0756 30.0 30.0 0 4.32 127 4.1

UGC12808 357.7665 20.1504 55.96 31.9 0 0.81 127 8.4

Table 2.5: Hi global properties. Col 2: Systemic velocity. Col 3-4: Global profile
linewidths at the 20% and 50% levels. Col 5: Hi radius measured at 1M⊙pc−2. Col 6-7:
Integrated Hi flux and total Hi mass. Col 8: Relative log uncertainty on mass. Col 9-10:
Distance in Mpc and associated uncertainty. Col 11: The literature source of the distances,
with NED for Mould flow model estimates from the NED database and CF2 for Cosmic flow
database.

Name Vsys W20 W50 RHi

∫

Sdv MHi e(MHi) D e(D) Ref
km s−1 km s−1 km s−1 ′′ Jy km s−1 log(M⊙) Mpc Mpc

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

UGC89 4509.8 425.2 371.9 82 6.8 9.66 0.17 53.7 10.7 CF2
UGC192 −366.4 69.7 52.1 403 241.0 7.49 0.05 0.7 0.0 CF2
UGC232 4779.1 272.8 252.4 100 8.3 9.91 0.06 64.2 4.5 NED
UGC485 5167.4 370.0 349.5 105 14.8 10.22 0.06 69.2 4.8 NED
UGC528 661.7 129.2 82.2 100 13.7 8.6 0.06 11.1 0.8 NED
UGC624 4709.6 543.4 509.1 121 21.8 10.5 0.17 78.3 15.7 CF2
UGC625 2630.7 348.0 328.6 174 37.3 9.93 0.17 31.2 6.2 CF2
UGC655 801.3 127.3 115.5 155 20.1 8.92 0.06 13.2 0.9 NED
UGC690 5788.5 315.3 297.7 69 3.6 9.71 0.06 77.6 5.4 NED
UGC731 618.7 143.4 129.6 188 44.4 9.12 0.06 11.3 0.8 NED
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Name Vsys W20 W50 RHi

∫

Sdv MHi e(MHi) D e(D) Ref
km s−1 km s−1 km s−1 ′′ Jy km s−1 log(M⊙) Mpc Mpc

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

UGC798 4833.2 212.2 192.5 67 3.0 9.46 0.06 64.4 4.5 NED
UGC1013 5121.4 521.9 487.0 102 4.7 9.64 0.17 62.5 12.5 CF2
UGC1256 351.0 267.2 117.1 520 242.6 9.47 0.09 7.2 0.7 CF2
UGC1281 129.3 133.0 120.4 197 32.7 8.33 0.09 5.3 0.5 CF2
UGC1437 4832.1 333.9 303.9 107 13.8 10.13 0.06 64.5 4.5 NED
UGC1501 224.5 119.7 99.5 237 63.7 8.6 0.08 5.2 0.5 CF2
UGC1541 5559.7 429.9 358.8 100 9.9 10.11 0.06 74.4 5.2 NED
UGC1633 4191.1 451.8 438.9 106 12.3 9.99 0.17 58.1 11.6 CF2
UGC1810 7535.0 411.5 304.1 97 6.3 10.17 0.06 99.6 7.0 NED
UGC1856 4737.0 269.7 253.7 129 24.8 10.36 0.06 62.9 4.4 NED
UGC1886 4788.4 485.3 466.0 132 14.8 10.16 0.06 64.1 4.5 NED
UGC1913 567.5 221.3 204.4 393 264.6 9.7 0.06 8.9 0.6 CF2
UGC2023 574.1 46.1 32.3 127 12.8 8.43 0.06 9.5 0.7 NED
UGC2034 550.9 46.9 34.7 172 29.5 8.82 0.06 9.7 0.7 NED
UGC2045 1497.4 333.4 288.3 129 27.6 9.21 0.17 15.8 3.2 CF2
UGC2053 995.3 69.3 53.5 112 11.3 8.76 0.06 14.7 1.0 NED
UGC2080 876.3 130.8 116.6 369 115.4 9.7 0.06 13.6 1.0 NED
UGC2082 732.9 203.3 190.0 190 35.1 9.17 0.17 13.4 2.7 CF2
UGC2141 1009.8 232.2 195.1 128 29.4 9.15 0.06 14.2 1.0 NED
UGC2183 1531.6 287.4 262.5 185 46.5 10.02 0.17 30.9 6.2 CF2
UGC2193 490.7 36.1 25.8 237 32.2 8.77 0.06 8.8 0.6 NED
UGC2455 400.8 103.3 63.6 176 51.4 8.7 0.06 6.4 0.4 NED
UGC2459 2474.4 329.8 313.8 164 34.8 10.08 0.17 38.2 7.6 CF2
UGC2487 4921.2 454.5 428.6 187 24.1 10.38 0.06 65.0 4.5 NED
UGC2503 2397.0 459.1 438.0 179 22.9 9.78 0.17 33.6 6.7 CF2
UGC2800 1191.2 219.3 208.4 172 24.5 9.32 0.17 19.0 3.8 CF2
UGC2855 1199.6 423.7 382.0 198 73.5 9.56 0.17 14.4 2.9 CF2
UGC2916 4491.1 352.0 329.7 112 24.2 10.34 0.06 62.2 4.4 NED
UGC2941 6169.5 152.0 117.5 99 14.5 10.36 0.06 82.1 5.8 NED
UGC3013 2444.2 331.4 309.5 206 27.9 9.44 0.17 20.4 4.1 CF2
UGC3137 978.8 239.3 228.3 213 47.9 9.75 0.17 22.4 4.5 CF2
UGC3205 3566.5 426.3 411.3 127 17.0 9.97 0.06 48.0 3.4 NED
UGC3326 4060.5 516.5 498.0 110 8.1 10.06 0.17 77.6 15.5 CF2
UGC3334 3921.7 671.0 615.9 183 59.2 10.62 0.06 54.9 3.8 NED
UGC3354 3060.0 413.7 392.1 132 23.6 10.19 0.17 52.5 10.5 CF2
UGC3371 796.9 139.1 128.4 181 26.7 9.16 0.06 15.1 1.1 NED
UGC3382 4461.4 201.8 191.1 79 4.5 9.61 0.06 62.0 4.3 NED
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Name Vsys W20 W50 RHi

∫

Sdv MHi e(MHi) D e(D) Ref
km s−1 km s−1 km s−1 ′′ Jy km s−1 log(M⊙) Mpc Mpc

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

UGC3384 1074.6 77.4 70.3 127 20.7 9.23 0.06 18.6 1.3 NED
UGC3407 3580.1 299.5 284.4 53 1.9 9.04 0.06 49.6 3.5 NED
UGC3546 1825.6 359.3 340.6 146 16.7 9.49 0.06 28.0 2.0 NED
UGC3574 1437.9 157.5 141.1 172 38.6 9.56 0.17 20.0 4.0 CF2
UGC3580 1203.3 236.8 220.9 176 30.0 9.46 0.06 20.2 1.4 NED
UGC3642 4483.6 458.6 435.1 169 25.5 10.37 0.06 62.7 4.4 NED
UGC3698 429.2 44.4 35.3 64 3.1 7.97 0.09 11.3 1.1 CF2
UGC3711 423.6 162.0 144.6 135 28.1 8.97 0.09 11.8 1.2 CF2
UGC3734 982.3 154.1 141.4 136 14.1 8.95 0.06 16.3 1.1 NED
UGC3740 2386.0 156.2 97.9 99 14.8 9.67 0.06 36.4 2.6 NED
UGC3759 4378.6 432.2 417.3 77 6.2 10.06 0.17 88.3 17.7 CF2
UGC3817 420.9 44.1 32.1 99 8.3 8.11 0.06 8.1 0.6 NED
UGC3826 1716.4 53.0 48.1 114 3.3 8.76 0.06 27.0 1.9 NED
UGC3965 4656.1 88.5 69.8 112 10.0 10.0 0.06 65.0 4.5 NED
UGC3966 353.9 80.7 71.5 92 8.2 8.32 0.09 10.4 1.0 CF2
UGC3993 4325.5 200.6 189.0 87 6.0 9.74 0.06 61.8 4.3 NED
UGC4036 3439.5 121.5 110.1 84 5.2 9.39 0.07 44.7 3.6 CF2
UGC4165 503.6 115.0 101.2 138 27.0 8.77 0.06 9.6 0.7 NED
UGC4173 844.8 77.3 61.4 259 33.7 9.32 0.06 16.3 1.1 NED
UGC4256 5197.1 179.9 158.3 78 6.7 9.93 0.06 73.3 5.1 NED
UGC4273 2477.6 315.6 296.0 125 16.9 9.67 0.17 34.2 6.8 CF2
UGC4278 551.3 191.2 170.7 202 45.4 9.23 0.17 12.6 2.5 CF2
UGC4284 539.5 213.8 193.1 334 147.6 9.67 0.08 11.5 1.0 CF2
UGC4305 141.6 66.6 53.4 423 271.3 8.84 0.05 3.3 0.2 CF2
UGC4325 517.3 141.8 131.7 152 27.4 8.83 0.17 10.2 2.0 CF2
UGC4458 4723.8 273.0 230.9 120 11.4 10.08 0.06 67.1 4.7 NED
UGC4483 151.0 46.8 30.4 132 13.1 7.58 0.07 3.5 0.3 CF2
UGC4499 680.6 127.8 116.3 162 25.8 9.0 0.06 12.9 0.9 NED
UGC4543 1942.5 119.3 107.5 146 20.6 9.66 0.06 30.6 2.1 NED
UGC4605 1369.8 421.7 383.3 271 58.4 10.15 0.17 31.9 6.4 CF2
UGC4666 867.3 301.0 284.6 160 21.7 9.13 0.06 16.3 1.1 NED
UGC4806 1969.5 350.2 326.1 158 40.4 9.78 0.17 25.0 5.0 CF2
UGC4838 2605.3 186.1 167.8 147 26.3 9.99 0.06 39.8 2.8 NED
UGC5060 1716.4 153.9 66.6 81 5.9 9.03 0.06 27.7 1.9 NED
UGC5079 535.7 383.9 365.8 451 178.8 9.58 0.17 9.5 1.9 CF2
UGC5251 1460.9 290.6 265.4 244 73.6 9.82 0.17 19.6 3.9 CF2
UGC5253 1313.7 318.1 300.2 270 71.1 9.94 0.06 22.9 1.6 NED
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Name Vsys W20 W50 RHi

∫

Sdv MHi e(MHi) D e(D) Ref
km s−1 km s−1 km s−1 ′′ Jy km s−1 log(M⊙) Mpc Mpc

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

UGC5272 512.5 92.5 76.7 106 14.5 8.26 0.06 7.3 0.5 NED
UGC5351 1489.6 275.2 159.9 70 5.9 8.95 0.06 25.2 1.8 NED
UGC5414 602.8 113.8 99.0 141 23.9 8.76 0.06 10.1 0.7 NED
UGC5452 1365.4 221.7 204.2 112 17.5 9.55 0.17 29.2 5.8 CF2
UGC5459 1109.0 277.7 262.0 172 45.4 9.65 0.06 20.3 1.4 NED
UGC5532 2789.3 406.1 380.1 138 16.8 9.79 0.08 39.3 3.5 CF2
UGC5557 583.4 135.1 124.4 267 67.2 9.19 0.06 9.9 0.7 NED
UGC5589 1171.1 180.0 146.1 138 24.9 9.28 0.17 18.1 3.6 CF2
UGC5685 1348.2 411.4 396.8 185 35.2 9.9 0.17 30.8 6.2 CF2
UGC5717 1674.9 243.5 226.4 187 31.3 9.95 0.17 34.8 7.0 CF2
UGC5721 546.1 171.1 154.6 190 68.2 8.85 0.06 6.6 0.5 NED
UGC5786 998.5 223.3 166.3 191 62.4 9.72 0.06 18.8 1.3 NED
UGC5789 726.2 213.1 193.9 259 76.7 9.49 0.08 13.0 1.2 CF2
UGC5829 636.2 86.6 68.7 218 49.0 9.0 0.06 9.3 0.6 NED
UGC5840 613.9 170.8 154.1 327 127.6 9.46 0.09 9.8 1.0 CF2
UGC5846 1011.4 57.7 45.2 119 13.2 9.06 0.06 19.3 1.4 NED
UGC5906 1606.8 118.0 110.6 49 1.7 8.51 0.06 28.0 2.0 NED
UGC5909 1648.3 132.4 57.9 163 43.2 9.91 0.06 28.3 2.0 NED
UGC5918 336.6 75.0 61.7 132 16.3 8.38 0.06 7.9 0.6 NED
UGC5960 660.2 177.3 152.9 113 24.2 9.15 0.12 15.8 2.2 CF2
UGC5997 1274.0 295.2 282.5 207 52.9 9.96 0.17 26.9 5.4 CF2
UGC6001 1724.9 139.9 119.3 48 2.4 8.71 0.06 29.7 2.1 NED
UGC6118 1553.4 206.0 188.0 95 7.1 9.1 0.06 27.3 1.9 NED
UGC6126 722.7 199.0 181.9 198 58.9 9.59 0.17 16.7 3.3 CF2
UGC6161 772.0 132.6 104.7 152 26.7 8.93 0.17 11.7 2.3 CF2
UGC6225 711.7 325.9 303.0 283 142.3 9.53 0.17 10.0 2.0 CF2
UGC6251 942.2 54.7 44.4 98 9.4 8.86 0.06 18.0 1.3 NED
UGC6263 2125.5 349.7 321.6 135 21.9 9.8 0.06 35.0 2.5 NED
UGC6283 734.8 208.7 196.6 187 47.6 9.24 0.06 12.4 0.9 NED
UGC6446 632.3 144.2 130.0 173 34.5 9.12 0.06 12.7 0.9 NED
UGC6537 842.3 278.9 255.1 231 79.0 9.52 0.17 13.4 2.7 CF2
UGC6713 909.5 104.0 89.1 129 14.7 9.03 0.06 17.6 1.2 NED
UGC6742 764.6 131.1 90.4 69 5.6 8.26 0.17 11.8 2.4 CF2
UGC6778 949.9 307.5 269.1 245 73.2 9.79 0.06 19.0 1.3 NED
UGC6786 1799.6 429.4 414.8 164 35.4 10.06 0.17 37.2 7.4 CF2
UGC6787 1183.6 479.1 466.3 252 47.4 9.75 0.06 22.3 1.6 NED
UGC6813 951.8 42.7 37.7 102 6.6 8.74 0.06 18.8 1.3 NED
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Name Vsys W20 W50 RHi

∫

Sdv MHi e(MHi) D e(D) Ref
km s−1 km s−1 km s−1 ′′ Jy km s−1 log(M⊙) Mpc Mpc

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

UGC6817 248.7 43.9 27.1 171 19.6 7.5 0.07 2.6 0.2 CF2
UGC6833 938.1 160.8 151.0 156 24.8 8.96 0.17 12.4 2.5 CF2
UGC6840 1032.3 201.3 139.1 209 55.9 9.74 0.06 20.4 1.4 NED
UGC6884 3174.6 133.3 108.6 109 14.0 9.89 0.06 48.7 3.4 NED
UGC6921 960.5 197.4 134.7 67 5.7 8.58 0.17 16.8 3.4 CF2
UGC6930 779.7 134.6 118.6 179 40.3 9.34 0.06 15.2 1.1 NED
UGC6964 904.9 281.5 266.5 162 36.6 9.5 0.17 19.0 3.8 CF2
UGC7030 694.6 261.7 238.4 155 33.5 8.98 0.17 11.0 2.2 CF2
UGC7047 194.5 75.0 54.6 159 30.7 8.15 0.09 4.4 0.4 CF2
UGC7075 732.1 279.5 265.2 112 16.6 9.23 0.17 20.8 4.2 CF2
UGC7089 767.0 153.7 57.6 120 18.1 8.76 0.17 11.7 2.3 CF2
UGC7095 1056.2 391.4 372.2 205 33.9 9.52 0.17 20.3 4.1 CF2
UGC7125 1074.8 158.1 139.8 172 40.3 9.64 0.06 21.3 1.5 NED
UGC7151 265.9 169.4 157.1 199 51.4 8.75 0.08 6.8 0.6 CF2
UGC7166 1012.7 133.0 113.7 333 55.5 9.7 0.06 19.6 1.4 NED
UGC7183 769.9 415.9 386.1 278 102.5 9.89 0.17 18.0 3.6 CF2
UGC7199 166.5 35.1 22.1 69 4.4 6.96 0.07 3.0 0.2 CF2
UGC7204 1101.4 172.0 154.4 187 32.9 9.09 0.17 12.5 2.5 CF2
UGC7222 940.5 256.8 232.4 177 40.1 9.41 0.17 16.4 3.3 CF2
UGC7232 231.2 73.6 51.2 114 17.3 7.51 0.09 2.8 0.3 CF2
UGC7256 1098.7 312.5 226.0 241 57.2 9.5 0.12 15.3 2.1 CF2
UGC7261 861.8 95.1 81.4 175 31.4 9.16 0.06 13.9 1.0 NED
UGC7321 423.0 231.0 217.2 205 35.2 9.61 0.17 22.2 4.4 CF2
UGC7323 514.3 135.3 120.1 178 42.2 8.47 0.17 5.4 1.1 CF2
UGC7399 533.9 187.5 163.1 156 38.0 8.87 0.06 9.1 0.6 NED
UGC7408 462.0 26.2 18.2 83 4.5 7.75 0.09 7.3 0.7 CF2
UGC7483 1270.4 207.2 193.8 117 17.2 9.42 0.06 25.5 1.8 NED
UGC7489 1036.0 72.5 40.4 40 1.6 8.23 0.06 20.9 1.5 NED
UGC7490 462.1 64.4 59.3 108 9.7 8.43 0.06 10.9 0.8 NED
UGC7506 2523.8 159.9 103.7 60 3.7 8.57 0.17 20.7 4.1 CF2
UGC7524 338.2 131.7 115.9 486 295.6 9.2 0.09 4.8 0.5 CF2
UGC7559 216.6 74.7 61.8 170 28.5 8.22 0.09 5.0 0.5 CF2
UGC7592 196.4 135.5 95.9 407 280.1 9.08 0.09 4.3 0.4 CF2
UGC7603 647.2 144.0 130.0 179 39.1 8.64 0.17 6.8 1.4 CF2
UGC7690 531.9 96.0 84.0 126 20.7 8.57 0.06 8.7 0.6 NED
UGC7704 947.2 89.1 59.5 77 9.5 8.82 0.06 17.2 1.2 NED
UGC7766 806.1 251.8 239.4 497 298.5 9.58 0.17 7.3 1.5 CF2
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Name Vsys W20 W50 RHi

∫

Sdv MHi e(MHi) D e(D) Ref
km s−1 km s−1 km s−1 ′′ Jy km s−1 log(M⊙) Mpc Mpc

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

UGC7831 153.3 173.8 141.5 129 33.0 8.38 0.09 5.6 0.6 CF2
UGC7853 571.5 147.5 107.6 230 94.9 9.22 0.06 8.6 0.6 NED
UGC7866 352.2 57.8 46.8 145 16.9 7.92 0.09 4.6 0.5 CF2
UGC7971 470.3 69.3 53.9 110 15.5 8.19 0.09 6.5 0.6 CF2
UGC7989 1204.8 407.2 382.4 361 85.6 9.51 0.07 12.6 1.0 CF2
UGC8146 676.9 174.2 160.3 169 29.6 9.46 0.17 20.3 4.1 CF2
UGC8188 298.1 47.7 33.8 188 44.7 8.31 0.05 4.4 0.3 CF2
UGC8201 21.3 53.9 38.3 155 23.7 8.12 0.09 4.8 0.5 CF2
UGC8246 821.9 148.7 132.7 124 12.5 8.82 0.17 14.9 3.0 CF2
UGC8271 1145.8 165.5 78.2 108 14.9 8.36 0.17 8.1 1.6 CF2
UGC8286 423.0 189.2 177.9 230 50.3 8.73 0.08 6.7 0.6 CF2
UGC8331 271.6 61.0 42.3 102 12.7 7.76 0.09 4.4 0.4 CF2
UGC8396 962.8 166.8 146.6 89 11.3 8.99 0.06 19.1 1.3 NED
UGC8490 204.3 129.1 113.2 335 129.5 8.84 0.08 4.8 0.4 CF2
UGC8508 70.2 61.8 50.0 88 11.8 7.29 0.07 2.6 0.2 CF2
UGC8550 375.0 136.1 121.8 167 26.3 8.51 0.06 7.2 0.5 NED
UGC8651 220.2 52.4 42.4 118 10.9 7.4 0.07 3.1 0.2 CF2
UGC8683 638.6 34.9 26.8 89 6.0 8.32 0.06 12.1 0.8 NED
UGC8709 2409.4 409.5 385.8 195 46.7 10.24 0.06 39.9 2.8 NED
UGC8711 1518.0 326.2 305.9 147 32.7 9.56 0.17 21.6 4.3 CF2
UGC8805 2392.8 123.7 89.8 51 3.7 9.13 0.06 39.2 2.8 NED
UGC8837 144.5 110.1 65.9 152 23.0 8.45 0.09 7.2 0.7 CF2
UGC8863 1798.1 383.0 358.6 164 13.6 9.29 0.17 24.7 4.9 CF2
UGC9018 311.4 66.4 55.0 121 17.8 8.28 0.09 6.8 0.7 CF2
UGC9128 175.4 47.5 33.6 120 24.3 7.47 0.07 2.3 0.2 CF2
UGC9211 695.7 108.0 98.4 170 24.1 9.08 0.06 14.5 1.0 NED
UGC9242 1449.9 209.3 192.9 152 19.5 9.49 0.17 25.9 5.2 CF2
UGC9366 2124.9 456.4 430.3 135 24.9 9.85 0.17 34.7 6.9 CF2
UGC9431 2241.9 345.4 329.8 144 20.9 9.87 0.17 38.7 7.8 CF2
UGC9644 6612.1 124.7 111.5 61 3.1 9.85 0.06 97.8 6.8 NED
UGC9649 448.7 166.0 154.2 180 30.6 8.96 0.06 11.2 0.8 NED
UGC9753 758.0 281.2 269.5 155 23.6 9.23 0.17 17.4 3.5 CF2
UGC9797 3362.7 353.9 334.1 200 40.1 10.31 0.17 46.6 9.3 CF2
UGC9805 3300.5 660.2 626.6 97 14.2 9.94 0.06 51.1 3.6 NED
UGC9858 2617.4 378.6 351.0 181 41.7 10.18 0.17 39.3 7.8 CF2
UGC9969 2515.2 539.1 513.0 183 22.4 10.13 0.17 50.4 10.1 CF2
UGC9992 430.6 46.6 36.5 103 8.0 8.38 0.09 11.3 1.1 CF2
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Name Vsys W20 W50 RHi

∫

Sdv MHi e(MHi) D e(D) Ref
km s−1 km s−1 km s−1 ′′ Jy km s−1 log(M⊙) Mpc Mpc

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

UGC10310 726.6 99.8 88.4 140 18.2 9.05 0.06 16.1 1.1 NED
UGC10359 907.9 218.7 201.6 288 92.5 9.88 0.06 18.6 1.3 NED
UGC10445 979.7 153.6 128.3 136 21.1 9.7 0.17 31.6 6.3 CF2
UGC10470 1353.3 194.1 168.1 246 66.3 9.95 0.06 23.9 1.7 NED
UGC10564 1129.0 168.8 153.2 174 34.6 9.66 0.17 23.8 4.8 CF2
UGC11124 1599.8 156.8 137.2 115 14.4 9.43 0.06 28.2 2.0 NED
UGC11218 1483.7 345.3 324.1 143 28.8 9.49 0.17 21.3 4.3 CF2
UGC11269 2566.1 406.8 332.7 161 36.6 10.24 0.17 44.9 9.0 CF2
UGC11283 1946.9 198.2 161.2 89 12.1 9.47 0.06 32.1 2.2 NED
UGC11429 4599.0 514.0 497.0 101 9.1 10.0 0.17 68.2 13.6 CF2
UGC11466 818.5 244.9 182.0 119 29.9 9.23 0.17 15.6 3.1 CF2
UGC11496 2107.9 128.7 118.3 74 4.5 9.06 0.06 33.1 2.3 NED
UGC11670 756.0 335.4 318.2 168 25.6 9.12 0.06 14.8 1.0 NED
UGC11852 5766.5 315.1 288.4 144 19.6 10.47 0.06 79.8 5.6 NED
UGC11861 1468.2 256.7 235.3 177 39.8 9.74 0.06 24.1 1.7 NED
UGC11864 4296.4 161.4 149.7 108 13.4 10.05 0.06 59.9 4.2 NED
UGC11891 447.0 149.0 130.6 256 79.4 9.05 0.17 7.7 1.5 CF2
UGC11909 1094.1 243.5 225.3 203 61.3 9.34 0.17 12.3 2.5 CF2
UGC11914 945.2 315.8 304.8 109 10.6 8.81 0.06 16.1 1.1 NED
UGC11951 1095.7 214.2 201.0 109 18.3 8.94 0.17 14.2 2.8 CF2
UGC11994 4828.2 423.3 410.3 82 5.3 9.73 0.17 65.8 13.2 CF2
UGC12043 989.8 187.5 176.1 145 19.9 9.11 0.06 16.5 1.2 NED
UGC12060 869.9 121.3 109.2 171 23.1 9.1 0.06 15.1 1.1 NED
UGC12082 789.9 80.1 68.8 171 22.7 9.01 0.06 13.9 1.0 NED
UGC12212 911.2 107.3 96.7 120 12.1 8.79 0.06 14.7 1.0 NED
UGC12276 5587.9 128.1 104.3 69 3.5 9.68 0.06 76.3 5.3 NED
UGC12554 368.8 250.5 236.2 456 290.8 9.69 0.09 8.4 0.8 CF2
UGC12632 402.0 120.4 107.1 291 57.3 9.04 0.06 9.0 0.6 NED
UGC12693 4899.5 234.5 220.4 103 8.8 9.88 0.17 60.5 12.1 CF2
UGC12713 270.7 144.4 102.2 85 7.5 7.94 0.06 7.0 0.5 NED
UGC12732 728.5 129.8 115.9 290 73.2 9.41 0.06 12.2 0.9 NED
UGC12754 776.1 203.9 188.6 155 40.8 9.25 0.17 13.6 2.7 CF2
UGC12808 4157.1 360.7 313.8 82 12.3 9.96 0.06 56.1 3.9 NED
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Table 2.6: Photometric parameters of Infrared data from WISE

Note: Cols (2-3) - Axial ratio and position angle of the stellar disk, measured in the W1 band. Col (4) - Semi major axis of the 1σ isophote
in W1. Cols (5-10) W1, W3 and W4 Vega magnitudes, with corresponding magnitude errors which were used to calculate the signal to noise
ratio in the respective bands. The SNR in W3 was used to define a sample threshold for sample B described in text. Cols (11-12) - W1-W2
and W2-W3 color indices. Col (13) - Morphologies

Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC89 0.65 169.3 100.03 8.568 0.011 4.807 0.012 2.366 0.012 0.132 3.63 Sa
UGC192 0.87 125.8 440.03 5.113 0.011 2.321 0.012 −0.322 0.012 0.08 2.712 Im
UGC232 0.62 10.3 58.55 10.479 0.012 7.076 0.013 4.341 0.015 0.101 3.338 Sa
UGC485 0.23 179.3 84.1 10.505 0.012 7.574 0.016 6.158 0.056 0.072 2.883 Scd
UGC528 0.97 173.2 122.95 7.437 0.011 3.419 0.011 1.412 0.012 0.179 3.839 Sb
UGC624 0.52 109.2 109.12 8.942 0.011 5.431 0.012 3.778 0.015 0.1 3.445 Sab
UGC625 0.33 152.3 134.55 9.111 0.011 5.505 0.012 3.752 0.018 0.124 3.482 Sbc
UGC655 0.82 130.4 58.62 11.461 0.014 10.988 0.092 10.125 0.776 0.015 0.569 Sm
UGC690 0.72 93.9 69.02 10.218 0.012 7.026 0.014 5.401 0.034 0.073 3.146 Scd
UGC731 0.56 68.5 88.97 11.613 0.015 13.404 0.228 11.628 1.539 0.117 null Im
UGC798 0.66 39.9 55.16 10.774 0.012 7.772 0.016 5.91 0.038 0.061 2.976 Sa
UGC1013 0.35 59.4 134.92 9.002 0.011 6.862 0.016 5.515 0.059 0.021 2.141 Sb
UGC1256 0.35 71.0 271.91 8.283 0.011 5.687 0.012 3.625 0.018 0.053 2.628 Scd
UGC1281 0.18 41.0 155.75 10.776 0.012 10.06 0.202 7.166 0.191 0.119 0.666 Sdm
UGC1437 0.69 120.8 98.87 8.959 0.011 5.113 0.012 3.295 0.014 0.181 3.683 Sbc
UGC1501 0.24 179.9 219.91 9.618 0.012 9.146 0.147 6.059 0.112 0.026 0.589 Sdm
UGC1541 0.69 69.4 89.11 9.437 0.011 7.36 0.016 6.008 0.06 0.013 2.101 Sa
UGC1633 0.46 111.1 94.11 9.09 0.011 5.609 0.012 3.909 0.024 0.094 3.387 Sc
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Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC1810 0.65 54.3 94.51 9.634 0.012 7.171 0.02 5.624 0.085 0.013 2.494 Sb
UGC1856 0.2 120.6 97.34 11.394 0.015 8.161 0.029 5.94 0.089 −0.188 3.421 Sd
UGC1886 0.54 40.0 111.57 9.302 0.012 7.219 0.025 5.666 0.102 0.011 2.104 Sbc
UGC1913 0.5 110.1 311.71 7.57 0.011 4.386 0.013 2.453 0.021 0.053 3.131 Sd
UGC2023 0.76 153.8 91.19 11.029 0.013 13.784 0.628 9.52 0.489 0.132 null Im
UGC2034 0.94 129.1 67.55 11.157 0.014 17.651 51.405 9.441 0.495 −0.002 null Im
UGC2045 0.54 149.1 183.07 7.415 0.011 3.169 0.011 1.05 0.012 0.222 4.049 Sab
UGC2053 0.46 33.9 54.0 12.963 0.021 16.563 6.367 10.097 0.656 0.276 null Im
UGC2080 0.9 126.5 185.42 8.158 0.011 5.272 0.014 3.877 0.034 0.014 2.903 Scd
UGC2082 0.22 133.0 147.81 9.858 0.012 7.583 0.023 5.992 0.112 0.024 2.289 Scd
UGC2141 0.44 19.7 123.66 9.109 0.011 5.733 0.013 3.354 0.017 0.134 3.274 S0/a
UGC2183 0.59 157.9 113.78 8.737 0.011 5.201 0.012 3.16 0.015 0.109 3.461 Sa
UGC2193 0.96 73.1 138.38 8.497 0.011 5.261 0.013 3.527 0.022 0.056 3.256 Sc
UGC2455 0.8 48.6 124.68 8.792 0.011 5.65 0.016 2.873 0.017 0.156 3.013 Im
UGC2459 0.32 60.9 100.17 9.701 0.012 6.796 0.037 4.978 0.034 0.15 2.784 Sdm
UGC2487 0.84 62.7 128.77 8.357 0.011 6.798 0.048 5.845 0.156 −0.024 1.628 S0
UGC2503 0.69 28.7 156.41 7.583 0.011 5.788 0.038 3.966 0.033 −0.006 1.82 Sb
UGC2800 0.4 106.2 93.38 10.37 0.012 11.932 0.672 7.017 0.092 0.051 null Im
UGC2855 0.49 106.6 180.56 6.861 0.011 2.846 0.013 0.727 0.012 0.214 3.802 Sc
UGC2916 0.94 114.9 63.29 9.674 0.012 6.4 0.023 4.644 0.023 0.105 3.186 Sab
UGC2941 0.91 37.6 67.93 9.228 0.012 5.655 0.017 3.16 0.014 0.149 3.444 Sab
UGC3013 0.64 26.4 192.02 7.816 0.011 4.547 0.016 2.195 0.012 0.1 3.202 Sb
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Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC3137 0.22 75.2 140.53 10.307 0.012 7.983 0.231 5.744 0.068 0.074 2.304 Sb
UGC3205 0.46 45.1 80.12 9.324 0.012 7.251 0.052 5.587 0.045 0.054 2.031 Sab
UGC3326 0.19 65.7 150.79 9.223 0.011 6.541 0.039 4.688 0.026 0.127 2.575 Scd
UGC3334 0.77 79.6 207.9 7.425 0.011 4.123 0.028 2.472 0.017 0.085 3.248 Sc
UGC3354 0.35 164.8 121.33 9.014 0.011 5.681 0.022 3.785 0.022 0.18 3.175 Sab
UGC3371 0.71 144.2 95.46 11.431 0.015 14.921 7.83 10.912 1.282 −0.062 null Im
UGC3382 0.94 178.4 58.38 9.646 0.012 7.618 0.037 6.419 0.074 0.005 2.04 Sa
UGC3384 0.9 139.2 29.29 12.926 0.021 null null 12.265 7.053 −0.049 null Sm
UGC3407 0.74 176.5 49.39 9.845 0.012 7.37 0.02 4.201 0.015 0.038 2.456 Sa
UGC3546 0.62 50.3 131.24 8.143 0.011 4.712 0.012 2.031 0.012 0.303 3.136 Sa
UGC3574 0.88 45.3 123.7 9.735 0.012 7.049 0.02 5.22 0.057 −0.077 3.034 Scd
UGC3580 0.51 5.9 113.89 9.702 0.012 6.389 0.138 4.478 0.1 0.066 3.309 pec
UGC3642 0.78 158.0 120.9 9.08 0.011 7.35 0.025 5.935 0.188 −0.029 1.835 S0
UGC3698 0.6 1.6 38.65 12.648 0.018 19.96 null null null −0.081 null Im
UGC3711 0.66 105.8 87.37 9.913 0.012 7.184 0.015 4.247 0.017 0.113 2.664 Im
UGC3734 0.89 156.5 124.26 8.867 0.012 6.568 0.019 5.158 0.08 −0.023 2.394 Sc
UGC3740 1.0 17.9 148.76 8.194 0.011 4.044 0.014 1.831 0.012 0.224 3.994 Sc
UGC3759 0.61 7.1 81.65 9.197 0.011 5.909 0.012 4.247 0.019 0.062 3.253 Sb
UGC3817 0.89 176.0 27.74 13.888 0.038 null null null null null null Im
UGC3826 0.82 160.5 113.0 10.171 0.012 7.58 0.032 5.828 0.115 −0.082 2.835 Sd
UGC3965 0.77 161.6 47.36 10.437 0.012 7.549 0.018 5.793 0.049 0.03 2.898 Sab
UGC3966 1.0 5.1 27.15 13.784 0.041 14.82 2.046 12.853 12.371 null null Im
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Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC3993 0.87 17.6 64.61 10.078 0.012 9.022 0.074 7.903 0.176 −0.022 1.105 S0
UGC4036 0.9 50.6 76.31 9.363 0.011 6.296 0.014 4.608 0.033 0.034 3.059 Sb
UGC4165 0.91 140.9 128.57 8.947 0.075 5.995 0.013 4.084 0.025 0.129 2.847 Sd
UGC4173 0.44 131.6 64.65 12.894 0.019 14.182 0.56 10.457 0.61 0.009 null Im
UGC4256 0.81 7.1 68.32 9.271 0.011 5.063 0.012 2.891 0.014 0.195 4.013 Sc
UGC4273 0.48 46.1 100.83 9.173 0.011 5.766 0.013 3.748 0.02 0.08 3.347 Sb
UGC4278 0.14 172.3 168.85 10.443 0.012 8.447 0.044 6.156 0.096 −0.008 2.087 Sd
UGC4284 0.55 167.2 172.97 9.231 0.012 6.778 0.016 4.406 0.028 −0.048 2.61 Scd
UGC4305 0.71 33.3 183.47 9.446 0.012 7.479 0.065 4.144 0.059 0.175 1.793 Im
UGC4325 0.56 52.5 123.03 10.127 0.012 13.367 0.396 9.723 0.465 −0.058 null Sm
UGC4458 0.92 137.7 100.49 9.023 0.012 6.377 0.018 4.884 0.067 0.04 2.653 Sa
UGC4483 0.39 173.9 42.29 13.585 0.028 11.742 0.366 8.293 0.299 0.073 2.071 Im
UGC4499 0.59 167.8 80.37 11.246 0.014 11.409 0.133 9.369 0.384 0.033 null Sdm
UGC4543 0.59 0.6 66.93 11.655 0.015 11.806 0.157 9.764 0.487 −0.108 0.421 Sdm
UGC4605 0.24 64.1 162.1 8.347 0.011 6.901 0.017 5.469 0.064 0.002 1.455 Sab
UGC4666 0.68 47.1 127.55 8.221 0.011 5.863 0.014 4.748 0.057 0.035 2.33 pec
UGC4806 0.29 146.6 135.72 9.169 0.011 5.846 0.013 4.043 0.024 0.108 3.235 Sc
UGC4838 0.99 85.1 105.25 8.788 0.011 5.056 0.012 3.367 0.015 0.053 3.732 Sc
UGC5060 0.81 159.3 50.2 9.989 0.012 6.089 0.013 3.134 0.014 0.102 3.798 S0/a
UGC5079 0.49 21.5 388.99 5.671 0.011 2.065 0.011 0.094 0.012 0.091 3.515 Sbc
UGC5251 0.29 78.1 177.05 9.123 0.012 5.464 0.012 3.418 0.017 0.139 3.572 Sbc
UGC5253 0.78 7.1 270.71 7.094 0.011 4.083 0.012 2.549 0.016 0.05 3.016 Sab
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Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC5272 0.37 109.6 55.74 12.648 0.021 10.524 0.213 7.593 0.259 0.238 1.968 Im
UGC5351 0.54 101.9 87.15 8.608 0.011 4.584 0.012 2.48 0.013 0.188 3.836 Sab
UGC5414 0.53 25.5 117.68 10.796 0.013 14.535 0.946 9.61 0.353 −0.073 null Im
UGC5452 0.39 40.5 66.18 11.219 0.013 8.518 0.033 6.274 0.074 −0.007 2.828 Sbc
UGC5459 0.33 132.1 140.18 9.371 0.012 6.043 0.013 3.969 0.021 0.132 3.215 Sc
UGC5532 0.84 158.9 214.54 7.095 0.011 3.869 0.011 2.188 0.013 0.09 3.165 Sbc
UGC5557 0.93 106.7 227.06 6.987 0.011 3.563 0.012 1.845 0.014 0.076 3.38 Scd
UGC5589 0.52 30.5 99.31 10.277 0.012 7.525 0.023 5.188 0.046 −0.001 2.836 Scd
UGC5685 0.3 45.1 158.05 8.769 0.011 6.303 0.016 4.812 0.057 −0.022 2.488 Sbc
UGC5717 0.56 19.2 92.22 9.86 0.012 6.454 0.012 4.791 0.023 0.041 3.423 Sbc
UGC5721 0.64 95.1 64.66 10.573 0.012 8.233 0.023 5.524 0.038 0.101 2.282 Sd
UGC5786 0.66 157.8 151.89 8.033 0.011 3.529 0.011 0.577 0.012 0.267 4.237 pec
UGC5789 0.58 39.8 198.05 9.041 0.012 7.12 0.018 5.436 0.055 0.016 2.003 Scd
UGC5829 0.79 25.2 87.46 11.445 0.016 11.727 0.661 13.283 28.354 −0.116 0.851 Im
UGC5840 0.89 1.4 238.54 7.07 0.011 3.825 0.012 2.061 0.014 0.058 3.235 Sbc
UGC5846 0.67 108.1 44.67 13.36 0.03 13.688 0.503 9.894 0.554 0.013 null Im
UGC5906 0.95 29.2 63.75 9.651 0.012 7.205 0.014 5.485 0.034 0.014 2.455 Sa
UGC5909 0.86 54.3 73.12 9.881 0.012 6.293 0.014 4.43 0.03 0.047 3.577 Sd
UGC5918 1.0 17.6 27.73 14.087 0.038 15.987 4.204 11.532 1.353 −0.131 null Im
UGC5960 0.55 2.8 67.78 10.366 0.012 7.659 0.021 5.156 0.035 0.034 2.722 S0
UGC5997 0.4 74.1 126.47 9.406 0.011 6.164 0.013 4.529 0.025 0.043 3.237 Sbc
UGC6001 0.91 45.2 35.17 10.572 0.012 6.39 0.013 4.411 0.02 0.18 4.002 Sa
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Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC6118 0.86 157.9 121.67 7.868 0.011 3.79 0.011 0.999 0.012 0.284 3.794 Sab
UGC6126 0.2 162.9 129.62 10.571 0.012 8.063 0.023 5.747 0.045 0.074 2.519 Sm
UGC6161 0.44 53.1 78.44 11.683 0.015 10.884 0.093 8.18 0.151 0.042 0.943 Sdm
UGC6225 0.35 79.9 302.67 6.677 0.011 2.844 0.011 0.756 0.012 0.17 3.663 Scd
UGC6251 0.85 62.1 33.44 13.114 0.022 14.751 1.296 10.011 0.617 −0.062 null Sm
UGC6263 0.77 122.0 105.14 8.187 0.011 4.524 0.012 2.657 0.014 0.1 3.563 Sb
UGC6283 0.5 5.5 90.55 9.974 0.012 7.068 0.016 4.559 0.024 0.078 2.886 Sa
UGC6446 0.72 30.4 78.22 11.317 0.014 13.418 0.386 null null −0.044 null Sd
UGC6537 0.63 19.1 217.01 7.519 0.011 4.221 0.012 2.473 0.014 0.087 3.227 Sc
UGC6713 0.94 69.6 49.24 11.994 0.015 12.577 0.204 null null 0.119 null Sm
UGC6742 0.68 21.9 54.54 10.482 0.012 7.231 0.014 4.877 0.022 0.079 3.21 S0
UGC6778 0.64 170.3 194.62 7.565 0.011 3.575 0.011 1.777 0.012 0.164 3.85 Sc
UGC6786 0.56 2.2 146.04 8.47 0.011 6.276 0.015 4.893 0.056 0.006 2.225 S0
UGC6787 0.64 108.6 231.06 7.484 0.011 5.889 0.016 4.725 0.074 −0.004 1.641 Sab
UGC6813 0.8 68.1 98.58 10.204 0.012 7.233 0.021 5.392 0.065 −0.024 3.124 Sd
UGC6817 0.6 31.9 83.81 12.011 0.019 10.246 0.345 7.618 0.597 0.107 1.658 Im
UGC6833 0.69 33.6 128.33 9.647 0.012 7.408 0.03 5.662 0.106 −0.129 2.531 Sc
UGC6840 0.36 83.3 88.11 11.863 0.015 10.16 0.051 8.31 0.172 0.05 1.943 Sm
UGC6884 0.94 0.7 93.14 8.991 0.011 5.474 0.012 3.796 0.019 0.09 3.449 Sbc
UGC6921 0.81 63.4 69.17 9.835 0.011 6.437 0.012 4.563 0.019 0.083 3.344 Sm
UGC6930 0.73 31.3 137.96 9.584 0.012 6.631 0.015 4.864 0.039 −0.032 3.077 Sd
UGC6964 0.19 64.8 176.13 9.102 0.011 5.716 0.012 3.843 0.02 0.109 3.277 Sd
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Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC7030 0.88 115.3 200.82 7.199 0.011 3.399 0.011 1.349 0.012 0.357 3.462 Sbc
UGC7047 0.66 34.6 105.47 10.217 0.012 9.087 0.074 6.61 0.143 −0.133 1.483 Im
UGC7075 0.33 75.2 103.06 8.826 0.011 4.867 0.011 2.902 0.012 0.173 3.787 Sc
UGC7089 0.24 35.1 130.48 10.682 0.012 9.194 0.038 7.415 0.135 −0.031 1.574 Sdm
UGC7095 0.35 167.4 194.39 7.719 0.011 4.31 0.011 2.368 0.012 0.093 3.327 Sbc
UGC7125 0.33 82.7 102.58 11.386 0.014 13.682 0.463 10.627 0.895 0.064 null Sm
UGC7151 0.24 102.4 224.55 9.081 0.012 7.179 0.016 5.009 0.03 0.058 1.905 Scd
UGC7166 0.68 142.6 295.35 6.681 0.011 3.091 0.011 0.552 0.011 null 2.845 Sab
UGC7183 0.21 66.5 298.81 7.087 0.011 3.34 0.011 1.619 0.012 0.162 3.584 Sb
UGC7199 0.77 16.4 77.16 10.785 0.012 9.742 0.129 8.069 0.519 −0.086 1.292 Im
UGC7204 0.22 135.6 128.1 10.998 0.012 9.781 0.124 7.244 0.231 0.108 1.227 Sd
UGC7222 0.2 165.9 167.29 9.533 0.012 6.766 0.014 5.078 0.033 0.075 2.746 Scd
UGC7232 0.66 33.1 89.39 10.604 0.012 9.518 0.111 7.023 0.213 −0.015 1.256 Im
UGC7256 0.9 2.0 161.59 7.274 0.011 6.332 0.013 5.15 0.045 −0.011 0.972 S0
UGC7261 0.56 127.1 137.08 10.189 0.012 7.212 0.04 4.556 0.063 0.047 2.93 Sdm
UGC7321 0.12 81.6 169.26 10.5 0.012 8.113 0.034 6.35 0.119 0.06 2.376 Sd
UGC7323 0.82 11.9 221.79 8.538 0.012 6.35 0.02 4.678 0.069 0.044 2.289 Sdm
UGC7399 0.85 146.6 68.73 10.452 0.012 7.528 0.019 5.407 0.044 0.075 2.918 Sdm
UGC7408 0.79 106.3 72.26 11.528 0.015 11.66 0.724 8.184 0.568 0.082 null Im
UGC7483 0.24 105.0 167.69 10.083 0.012 7.615 0.016 6.018 0.051 0.095 2.476 Sc
UGC7489 0.99 171.0 93.8 8.646 0.011 5.201 0.012 2.855 0.012 0.099 3.366 Sa
UGC7490 0.92 140.3 98.97 10.418 0.012 12.755 0.242 11.774 2.833 −0.062 null Sm
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Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC7506 0.85 87.1 48.07 10.278 0.012 6.282 0.012 4.07 0.015 0.155 3.841 Sa
UGC7524 0.81 126.5 414.72 7.731 0.012 5.485 0.03 3.019 0.056 −0.044 2.291 Sm
UGC7559 0.54 160.7 72.21 12.383 0.019 10.86 0.239 7.994 0.327 0.206 1.792 Im
UGC7592 0.62 63.4 280.65 7.003 0.011 3.438 0.011 0.962 0.012 0.15 3.446 Im
UGC7603 0.39 16.2 100.02 10.41 0.012 8.605 0.054 6.213 0.111 −0.027 1.91 Sd
UGC7690 0.81 0.5 71.64 10.618 0.012 8.697 0.054 6.328 0.114 0.034 1.962 Im
UGC7704 1.0 7.9 28.32 12.033 0.013 8.709 0.037 5.307 0.031 0.18 3.144 Im
UGC7766 0.38 149.5 297.59 7.389 0.011 4.097 0.012 2.171 0.016 0.154 3.138 Scd
UGC7831 0.53 117.3 243.31 7.421 0.011 4.196 0.011 2.215 0.012 0.111 3.141 Sc
UGC7853 0.68 8.9 169.24 8.219 0.011 5.138 0.012 3.284 0.02 0.086 3.027 Sm
UGC7866 0.55 155.8 83.8 11.773 0.016 10.442 0.204 7.643 0.293 0.136 1.547 Im
UGC7971 0.75 41.9 77.47 11.543 0.014 10.728 0.245 8.105 0.42 0.016 1.114 Sm
UGC7989 0.63 40.0 386.33 6.086 0.011 3.991 0.012 2.615 0.023 −0.02 2.156 Sab
UGC8146 0.22 30.9 107.17 11.445 0.012 9.493 0.058 7.477 0.172 −0.04 2.09 Sd
UGC8188 0.94 109.3 184.24 9.32 0.012 7.691 0.052 5.565 0.138 0.035 1.832 Sm
UGC8201 0.52 98.2 114.65 11.125 0.014 15.413 22.258 8.729 1.558 −0.018 null Im
UGC8246 0.22 88.0 88.74 11.841 0.014 10.437 0.068 8.021 0.138 0.103 1.424 Scd
UGC8271 0.49 103.3 65.24 9.844 0.012 6.343 0.012 4.116 0.015 0.136 3.384 S0/a
UGC8286 0.16 27.0 208.07 9.644 0.012 7.799 0.025 5.669 0.062 −0.012 1.954 Scd
UGC8331 0.39 133.9 78.02 12.324 0.016 10.409 0.153 8.091 0.351 0.174 1.983 Im
UGC8396 0.5 130.6 70.88 10.957 0.012 8.478 0.021 5.422 0.035 0.126 2.437 Sd
UGC8490 0.62 174.4 159.39 9.169 0.012 6.623 0.019 4.209 0.033 0.077 2.528 Sm
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Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC8508 0.69 110.1 60.3 11.828 0.014 10.408 0.171 9.263 1.161 0.033 1.498 Im
UGC8550 0.26 168.2 100.68 11.132 0.012 9.453 0.067 7.134 0.153 0.047 1.7 Sd
UGC8651 0.52 65.6 75.87 12.299 0.017 11.671 0.425 8.847 0.6 0.1 0.766 Im
UGC8683 0.63 131.4 58.75 12.569 0.019 14.589 0.922 10.783 0.983 −0.016 null Im
UGC8709 0.36 146.1 164.92 8.654 0.011 5.45 0.012 3.733 0.017 0.081 3.159 Sc
UGC8711 0.24 151.7 175.57 8.668 0.011 5.372 0.012 3.656 0.016 0.114 3.196 Sbc
UGC8805 0.82 123.9 84.25 9.24 0.011 5.071 0.012 2.429 0.012 0.594 3.576 Sab
UGC8837 0.3 22.7 161.32 10.931 0.013 15.454 1.789 11.591 1.678 −0.04 null Im
UGC8863 0.54 25.9 187.57 8.064 0.011 6.569 0.013 5.186 0.036 0.002 1.515 Sa
UGC9018 0.88 77.1 49.52 11.941 0.014 10.042 0.106 7.095 0.137 0.078 1.917 Sm
UGC9128 0.48 67.6 55.84 12.907 0.022 12.137 0.556 null null −0.093 1.173 Im
UGC9211 0.7 154.1 39.86 12.446 0.015 13.679 0.419 null null 0.163 null Im
UGC9242 0.1 71.2 167.03 11.251 0.012 9.181 0.045 7.087 0.124 0.001 2.16 Sd
UGC9366 0.52 44.6 153.69 7.703 0.011 3.818 0.011 1.892 0.012 0.156 3.729 Sbc
UGC9431 0.27 82.3 107.16 9.641 0.011 6.356 0.012 4.701 0.023 0.105 3.193 Scd
UGC9644 0.99 40.0 42.71 10.945 0.012 7.758 0.016 5.179 0.022 0.077 3.131 Sab
UGC9649 0.62 46.1 119.81 9.627 0.012 7.33 0.024 5.806 0.102 −0.021 2.318 Sb
UGC9753 0.4 4.1 152.27 8.465 0.011 5.116 0.012 3.334 0.015 0.076 3.272 Sbc
UGC9797 0.83 132.2 138.15 8.818 0.011 5.357 0.012 3.351 0.017 0.048 3.412 Sb
UGC9805 0.69 157.5 120.45 7.937 0.011 4.792 0.012 3.087 0.014 0.141 3.004 Sb
UGC9858 0.29 72.9 168.06 9.527 0.011 6.525 0.012 4.774 0.019 0.059 3.01 Sbc
UGC9969 0.5 15.4 176.69 7.997 0.011 5.209 0.012 3.591 0.018 0.045 2.751 Sb
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Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC9992 0.58 153.7 57.62 12.585 0.016 13.068 0.219 12.047 1.983 0.124 null Im
UGC10310 0.6 22.1 87.42 11.349 0.013 9.571 0.06 7.119 0.121 0.036 1.911 Sm
UGC10359 0.83 80.1 168.71 9.079 0.012 6.116 0.013 4.295 0.022 0.126 2.925 Scd
UGC10445 0.79 136.6 74.98 10.789 0.012 8.259 0.1 6.145 0.107 0.036 2.568 Scd
UGC10470 0.75 159.0 147.17 8.254 0.011 4.273 0.011 1.635 0.012 0.175 3.806 Sbc
UGC10564 0.4 152.3 91.58 11.32 0.012 9.276 0.055 7.024 0.134 0.026 2.072 Sd
UGC11124 0.93 155.1 77.41 10.347 0.012 11.266 0.51 5.75 0.056 0.051 null Scd
UGC11218 0.57 37.7 154.73 7.756 0.011 3.9 0.012 1.985 0.012 0.162 3.701 Sc
UGC11269 0.67 94.0 154.52 8.885 0.011 5.922 0.011 3.716 0.012 0.091 2.891 pec
UGC11283 0.67 179.5 69.5 10.806 0.012 7.645 0.015 5.237 0.023 0.099 3.13 Sdm
UGC11429 0.57 26.7 102.83 8.806 0.011 6.007 0.012 4.424 0.025 0.041 2.776 Sb
UGC11466 0.67 32.3 80.06 8.983 0.011 5.069 0.011 2.724 0.012 0.214 3.699 Sm
UGC11496 1.0 162.6 48.59 11.298 0.015 9.708 0.034 8.039 0.132 0.075 1.549 Sm
UGC11670 0.34 164.6 216.71 7.468 0.136 5.467 0.013 4.119 0.036 0.034 2.004 Sa
UGC11852 0.65 8.3 52.5 10.395 0.012 7.151 0.014 4.777 0.021 0.112 3.153 Sa
UGC11861 0.63 37.9 147.14 8.557 0.011 4.851 0.012 3.079 0.016 0.132 3.574 Sdm
UGC11864 0.65 164.0 71.79 10.667 0.013 7.54 0.019 5.646 0.052 0.056 3.125 Sdm
UGC11891 0.6 115.0 139.03 9.52 0.012 6.861 0.022 4.584 0.044 0.104 2.597 Im
UGC11909 0.24 0.5 107.15 9.303 0.012 5.812 0.012 3.746 0.015 0.122 3.368 pec
UGC11914 0.89 104.2 280.06 6.463 0.011 4.358 0.012 2.864 0.014 0.003 2.13 Sab
UGC11951 0.45 83.4 74.65 9.665 0.012 6.244 0.013 3.853 0.017 0.151 3.27 Sa
UGC11994 0.17 119.9 83.9 9.852 0.011 6.724 0.013 5.096 0.026 0.111 3.017 Sbc
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Name b/a pa R1iso mag1 ∆mag1 mag3 ∆mag3 mag4 ∆mag4 W1W2 W2W3 Morph
deg ′′ mag mag mag mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC12043 0.45 99.4 60.0 10.713 0.012 8.574 0.023 6.414 0.059 0.039 2.127 S0/a
UGC12060 0.37 149.5 104.91 11.448 0.015 10.345 0.198 7.753 0.352 −0.054 1.446 Im
UGC12082 0.6 9.4 88.59 11.485 0.015 13.452 0.369 10.063 0.564 0.058 null Sm
UGC12212 0.61 117.3 46.57 12.702 0.02 13.719 0.536 10.321 0.845 0.02 null Sm
UGC12276 0.68 88.8 59.79 10.262 0.012 7.831 0.021 6.44 0.091 −0.001 2.456 Sa
UGC12554 0.28 167.8 263.81 8.274 0.011 5.386 0.013 3.401 0.023 0.064 2.88 Sc
UGC12632 0.37 20.8 165.13 10.918 0.014 15.118 1.173 12.693 3.933 0.13 null Sm
UGC12693 0.26 4.0 45.01 12.851 0.016 10.808 0.081 8.447 0.195 0.107 2.032 Scd
UGC12713 0.6 63.9 42.16 12.074 0.015 13.897 0.569 10.123 0.642 0.093 null S0/a
UGC12732 0.76 39.6 84.97 11.026 0.014 9.526 0.211 7.25 0.502 0.226 1.274 Sm
UGC12754 0.66 172.3 171.15 8.622 0.012 5.601 0.014 3.7 0.03 0.138 2.912 Scd
UGC12808 0.95 144.7 90.84 8.626 0.011 5.12 0.012 2.979 0.013 0.111 3.416 Sb
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Table 2.7: Derived properties of the WISE data (Jarrett et al. 2017)
Note: Cols( 2-4) - The signal to noise ratios in the W1, W3 and W4 bands. Cols (5-7) - Fluxes in the W1, W3 and W4. The W1 fluxes were
corrected for non stellar sources of radiation and the W3 and W4 fluxes corrected for the stellar continuum by Cluver et al. (2017). Cols(8-9)
- Stellar masses and associated (relative logarithmic) errors. Cols (10-13) - Star formation rates from the respective bands and corresponding
errors.

Name SNRW1 SNRW3 SNRW4 W1 W3 W4 log(M∗) e(M∗) log(SFRW3) e(SFRW3) log(SFRW4) e(SFRW4)

mJy mJy mJy M⊙ M⊙ M⊙ yr−1 M⊙ yr−1 M⊙ yr−1 M⊙ yr−1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC89 98.7 90.5 90.5 110.4 327.7 904.1 10.78 0.1 1.03 0.15 1.17 0.17

UGC192 98.7 90.5 90.5 2790.7 3110.0 10 600.7 8.6 0.1 −1.4 0.15 −1.26 0.17

UGC232 90.5 83.5 83.5 18.7 40.8 149.9 10.26 0.1 0.37 0.15 0.6 0.17

UGC485 90.5 67.8 67.8 18.4 25.9 32.5 10.41 0.1 0.25 0.15 0.05 0.17

UGC528 98.7 98.7 98.7 320.3 1202.3 2128.3 9.77 0.1 0.32 0.15 0.26 0.17

UGC624 98.7 90.5 90.5 76.6 186.6 261.9 11.05 0.1 1.1 0.15 0.97 0.17

UGC625 98.7 90.5 90.5 67.8 174.3 256.6 10.13 0.1 0.37 0.15 0.24 0.17

UGC690 90.5 77.5 77.5 23.7 41.7 58.6 10.62 0.1 0.52 0.15 0.37 0.17

UGC798 90.5 67.8 67.8 14.4 21.6 36.2 10.27 0.1 0.13 0.15 0.04 0.17

UGC1013 98.7 67.8 67.8 73.8 41.8 52.3 11.07 0.1 0.36 0.15 0.16 0.17

UGC1256 98.7 90.5 90.5 146.5 158.4 305.8 9.38 0.1 −0.79 0.15 −0.86 0.17

UGC1437 98.7 90.5 90.5 76.4 245.1 374.8 10.67 0.1 1.06 0.15 0.96 0.17

UGC1541 98.7 67.8 67.8 48.9 27.2 36.7 11.06 0.1 0.33 0.15 0.16 0.17

UGC1633 98.7 90.5 90.5 67.9 152.9 216.0 10.75 0.1 0.8 0.15 0.66 0.17

UGC1810 90.5 54.3 54.3 39.7 36.3 57.3 11.21 0.1 0.66 0.15 0.56 0.17

UGC1856 72.4 37.4 37.4 8.1 16.1 41.1 10.27 0.12 0.0 0.15 0.07 0.17

UGC1886 90.5 43.4 43.4 55.7 33.7 40.0 11.0 0.1 0.29 0.15 0.07 0.17

UGC1913 98.7 83.5 83.5 283.6 469.1 790.0 9.73 0.1 −0.21 0.15 −0.31 0.17
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Name SNRW1 SNRW3 SNRW4 W1 W3 W4 log(M∗) e(M∗) log(SFRW3) e(SFRW3) log(SFRW4) e(SFRW4)

mJy mJy mJy M⊙ M⊙ M⊙ yr−1 M⊙ yr−1 M⊙ yr−1 M⊙ yr−1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC2045 98.7 98.7 98.7 327.9 1549.3 3152.2 10.04 0.1 0.68 0.15 0.69 0.17

UGC2080 98.7 77.5 77.5 165.2 254.4 272.0 10.09 0.1 −0.12 0.15 −0.4 0.17

UGC2082 90.5 47.2 47.2 34.5 25.2 30.1 9.37 0.1 −1.01 0.15 −1.28 0.17

UGC2141 98.7 83.5 83.5 68.3 141.2 372.5 9.41 0.1 −0.31 0.15 −0.24 0.17

UGC2183 98.7 90.5 90.5 95.9 232.5 437.8 10.32 0.1 0.47 0.15 0.44 0.17

UGC2193 98.7 83.5 83.5 120.3 226.5 330.4 9.46 0.1 −0.49 0.15 −0.66 0.17

UGC2455 98.7 67.8 67.8 91.6 154.6 575.8 8.81 0.1 −0.88 0.15 −0.7 0.17

UGC2459 90.5 29.3 29.3 39.4 53.4 87.9 10.02 0.1 0.07 0.15 −0.03 0.17

UGC2487 98.7 22.6 22.6 133.5 44.1 34.0 11.48 0.1 0.41 0.15 0.02 0.17

UGC2503 98.7 28.6 28.6 277.4 112.2 187.1 11.16 0.1 0.26 0.15 0.17 0.17

UGC2855 98.7 83.5 83.5 544.6 2154.4 4025.4 10.18 0.1 0.74 0.15 0.71 0.17

UGC2916 90.5 47.2 47.2 39.8 75.4 116.5 10.57 0.1 0.58 0.15 0.47 0.17

UGC2941 90.5 63.9 63.9 58.9 148.5 451.2 10.84 0.1 1.05 0.15 1.23 0.17

UGC3013 98.7 67.8 67.8 226.6 691.3 1149.0 10.36 0.1 0.57 0.15 0.5 0.17

UGC3137 90.5 4.7 4.7 22.8 15.5 40.4 9.51 0.1 −0.8 0.17 −0.76 0.19

UGC3205 90.5 20.9 20.9 55.2 30.4 54.6 10.62 0.1 0.03 0.15 −0.03 0.17

UGC3326 98.7 27.8 27.8 59.5 68.9 111.1 10.89 0.1 0.71 0.15 0.63 0.17

UGC3334 98.7 38.8 38.8 314.2 678.5 829.0 11.38 0.1 1.32 0.15 1.15 0.17

UGC3354 98.7 49.4 49.4 72.3 144.7 245.7 10.43 0.1 0.7 0.15 0.63 0.17

UGC3382 90.5 29.3 29.3 40.8 37.1 18.6 10.84 0.1 0.3 0.16 −0.26 0.18

UGC3407 90.5 54.3 54.3 34.2 28.3 165.4 10.47 0.1 0.03 0.15 0.43 0.17

UGC3546 98.7 90.5 90.5 166.5 354.9 1224.0 10.24 0.1 0.56 0.15 0.77 0.17
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Name SNRW1 SNRW3 SNRW4 W1 W3 W4 log(M∗) e(M∗) log(SFRW3) e(SFRW3) log(SFRW4) e(SFRW4)

mJy mJy mJy M⊙ M⊙ M⊙ yr−1 M⊙ yr−1 M⊙ yr−1 M⊙ yr−1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC3574 90.5 54.3 54.3 38.9 45.9 85.7 9.96 0.1 −0.48 0.15 −0.55 0.17

UGC3580 90.5 7.9 7.9 39.8 87.7 138.2 9.68 0.1 −0.22 0.16 −0.35 0.18

UGC3642 98.7 43.4 43.4 68.8 63.6 33.2 11.16 0.1 0.52 0.15 −0.02 0.17

UGC3711 90.5 72.4 72.4 32.8 37.2 171.2 9.01 0.1 −0.96 0.15 −0.69 0.17

UGC3734 90.5 57.1 57.1 86.1 65.9 77.5 10.06 0.1 −0.49 0.15 −0.75 0.17

UGC3740 98.7 77.5 77.5 157.9 687.8 1528.5 10.45 0.1 1.01 0.15 1.07 0.17

UGC3759 98.7 90.5 90.5 59.9 112.8 161.2 11.16 0.1 1.0 0.15 0.88 0.17

UGC3826 90.5 33.9 33.9 26.0 34.0 43.3 10.04 0.1 −0.36 0.15 −0.58 0.17

UGC3965 90.5 60.3 60.3 19.7 27.0 44.1 10.49 0.1 0.22 0.15 0.12 0.17

UGC3993 90.5 14.7 14.7 27.4 4.3 4.8 10.74 0.1 −0.52 0.16 −0.8 0.18

UGC4036 98.7 77.5 77.5 53.5 82.9 127.3 10.59 0.1 0.36 0.15 0.24 0.17

UGC4165 14.5 83.5 83.5 79.6 141.1 207.3 9.18 0.34 −0.61 0.15 −0.78 0.17

UGC4256 98.7 90.5 90.5 56.9 260.5 565.3 10.61 0.1 1.18 0.15 1.23 0.17

UGC4273 98.7 83.5 83.5 63.5 138.2 261.6 10.26 0.1 0.35 0.15 0.32 0.17

UGC4278 90.5 24.7 24.7 20.1 12.7 30.5 9.16 0.1 −1.32 0.15 −1.33 0.18

UGC4284 90.5 67.8 67.8 61.5 64.7 188.3 9.67 0.1 −0.77 0.15 −0.67 0.17

UGC4305 90.5 16.7 16.7 51.6 21.5 170.3 7.93 0.1 −2.15 0.12 −1.72 0.18

UGC4458 90.5 60.3 60.3 72.3 74.5 94.8 11.08 0.1 0.63 0.15 0.45 0.17

UGC4543 72.4 6.9 6.9 6.5 1.7 nan 9.55 0.12 −1.41 0.17 nf nan
UGC4605 98.7 63.9 63.9 137.3 31.7 53.3 10.79 0.1 −0.26 0.15 −0.37 0.17

UGC4666 98.7 77.5 77.5 156.3 120.2 108.8 10.17 0.1 −0.26 0.15 −0.62 0.17

UGC4806 98.7 83.5 83.5 64.5 126.8 203.3 9.97 0.1 0.08 0.15 −0.03 0.17
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Name SNRW1 SNRW3 SNRW4 W1 W3 W4 log(M∗) e(M∗) log(SFRW3) e(SFRW3) log(SFRW4) e(SFRW4)

mJy mJy mJy M⊙ M⊙ M⊙ yr−1 M⊙ yr−1 M⊙ yr−1 M⊙ yr−1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC4838 98.7 90.5 90.5 91.3 283.9 356.7 10.65 0.1 0.74 0.15 0.56 0.17

UGC5060 90.5 83.5 83.5 30.3 103.5 441.5 9.74 0.1 0.08 0.15 0.36 0.17

UGC5079 98.7 98.7 98.7 1625.8 4125.9 7247.9 10.57 0.1 0.67 0.15 0.62 0.17

UGC5251 90.5 90.5 90.5 68.1 193.1 359.9 9.7 0.1 0.06 0.15 0.0 0.17

UGC5253 98.7 90.5 90.5 440.7 653.4 787.7 10.87 0.1 0.64 0.15 0.44 0.17

UGC5351 98.7 90.5 90.5 108.4 406.6 811.0 10.0 0.1 0.53 0.15 0.52 0.17

UGC5452 83.5 32.9 32.9 9.8 11.5 27.9 9.58 0.1 −0.72 0.15 −0.69 0.17

UGC5459 90.5 83.5 83.5 54.0 107.7 213.4 9.64 0.1 −0.14 0.15 −0.18 0.17

UGC5532 98.7 98.7 98.7 434.0 765.3 1069.9 11.24 0.1 1.11 0.15 0.99 0.17

UGC5557 98.7 90.5 90.5 484.3 1040.5 1479.2 10.13 0.1 0.18 0.15 0.02 0.17

UGC5589 90.5 47.2 47.2 23.3 29.3 81.8 9.5 0.1 −0.73 0.15 −0.65 0.17

UGC5685 98.7 67.8 67.8 93.3 79.6 109.5 10.65 0.1 0.06 0.15 −0.11 0.17

UGC5717 90.5 90.5 90.5 34.0 73.2 101.2 10.14 0.1 0.12 0.15 −0.04 0.17

UGC5721 90.5 47.2 47.2 17.8 18.0 55.0 8.28 0.1 −1.68 0.14 −1.6 0.17

UGC5786 98.7 98.7 98.7 185.4 1103.3 4628.9 9.94 0.1 0.69 0.15 0.98 0.17

UGC5789 90.5 60.3 60.3 73.3 73.2 135.9 9.69 0.1 −0.63 0.15 −0.71 0.17

UGC5840 98.7 90.5 90.5 448.2 867.0 1283.1 10.12 0.1 0.1 0.15 −0.04 0.17

UGC5906 90.5 77.5 77.5 41.3 33.8 56.7 10.11 0.1 −0.34 0.15 −0.45 0.17

UGC5909 90.5 77.5 77.5 33.4 87.3 138.5 9.94 0.1 0.03 0.15 −0.08 0.17

UGC5960 90.5 51.7 51.7 21.6 24.1 78.1 9.28 0.1 −0.91 0.15 −0.77 0.17

UGC5997 98.7 83.5 83.5 51.9 94.5 126.5 10.1 0.1 0.03 0.15 −0.16 0.17

UGC6001 90.5 83.5 83.5 17.7 78.6 139.7 9.34 0.1 0.03 0.15 −0.04 0.17
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Name SNRW1 SNRW3 SNRW4 W1 W3 W4 log(M∗) e(M∗) log(SFRW3) e(SFRW3) log(SFRW4) e(SFRW4)

mJy mJy mJy M⊙ M⊙ M⊙ yr−1 M⊙ yr−1 M⊙ yr−1 M⊙ yr−1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC6118 98.7 98.7 98.7 213.8 863.5 3157.4 10.33 0.1 0.88 0.15 1.13 0.17

UGC6126 90.5 47.2 47.2 18.0 18.0 49.9 9.15 0.1 −0.97 0.15 −0.91 0.17

UGC6161 72.4 11.7 11.7 6.4 2.3 5.5 8.48 0.12 −2.05 0.14 −2.05 0.19

UGC6225 98.7 98.7 98.7 634.9 2034.2 3965.0 10.0 0.1 0.44 0.15 0.42 0.17

UGC6263 98.7 90.5 90.5 158.6 428.2 692.8 10.66 0.1 0.8 0.15 0.72 0.17

UGC6283 90.5 67.8 67.8 31.0 41.7 116.8 9.11 0.1 −0.88 0.15 −0.8 0.17

UGC6537 98.7 90.5 90.5 297.6 581.5 826.2 10.14 0.1 0.19 0.15 0.03 0.17

UGC6713 72.4 5.3 5.3 4.8 0.3 nan 8.51 0.12 −2.52 0.14 nf nan
UGC6742 90.5 77.5 77.5 19.3 36.8 86.8 8.84 0.1 −0.97 0.15 −0.96 0.17

UGC6778 98.7 98.7 98.7 289.3 1068.0 1531.8 10.25 0.1 0.69 0.15 0.55 0.17

UGC6786 98.7 72.4 72.4 122.3 76.6 96.3 10.87 0.1 0.19 0.15 −0.01 0.17

UGC6787 98.7 67.8 67.8 307.7 94.9 103.8 10.84 0.1 −0.12 0.15 −0.39 0.17

UGC6813 90.5 51.7 51.7 26.2 38.6 65.9 9.64 0.1 −0.59 0.15 −0.7 0.17

UGC6833 90.5 36.2 36.2 42.0 28.8 46.4 9.57 0.1 −1.02 0.15 −1.17 0.17

UGC6840 72.4 21.3 21.3 5.4 4.2 4.5 8.87 0.12 −1.38 0.15 −1.7 0.17

UGC6884 98.7 90.5 90.5 74.8 177.7 251.0 10.65 0.1 0.72 0.15 0.58 0.17

UGC6921 98.7 90.5 90.5 35.2 75.1 116.7 9.42 0.1 −0.42 0.15 −0.57 0.17

UGC6930 90.5 72.4 72.4 43.7 61.9 92.6 9.66 0.1 −0.57 0.15 −0.74 0.17

UGC6964 98.7 90.5 90.5 70.1 142.9 238.0 9.77 0.1 −0.08 0.15 −0.18 0.17

UGC7030 98.7 98.7 98.7 400.4 1251.1 2328.8 9.81 0.1 0.33 0.15 0.29 0.17

UGC7047 90.5 14.7 14.7 15.2 4.6 23.0 8.23 0.11 −2.52 0.14 −2.3 0.17

UGC7075 98.7 98.7 98.7 88.8 319.8 544.5 9.76 0.1 0.29 0.15 0.22 0.17
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Name SNRW1 SNRW3 SNRW4 W1 W3 W4 log(M∗) e(M∗) log(SFRW3) e(SFRW3) log(SFRW4) e(SFRW4)

mJy mJy mJy M⊙ M⊙ M⊙ yr−1 M⊙ yr−1 M⊙ yr−1 M⊙ yr−1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC7089 90.5 28.6 28.6 16.1 3.7 7.9 9.06 0.1 −1.85 0.16 −1.92 0.18

UGC7095 98.7 98.7 98.7 247.3 539.6 872.8 10.41 0.1 0.48 0.15 0.38 0.17

UGC7151 90.5 67.8 67.8 70.2 35.0 92.6 9.0 0.1 −1.41 0.16 −1.38 0.18

UGC7166 98.7 98.7 98.7 648.6 1605.6 4838.6 10.52 0.1 0.86 0.15 1.03 0.17

UGC7183 98.7 98.7 98.7 443.5 1287.5 1788.5 10.38 0.1 0.71 0.15 0.57 0.17

UGC7204 90.5 8.8 8.8 12.1 2.0 10.2 8.64 0.1 −2.05 0.14 −1.77 0.18

UGC7222 90.5 77.5 77.5 46.5 58.7 82.8 9.54 0.1 −0.53 0.15 −0.72 0.17

UGC7232 90.5 9.8 9.8 17.8 2.4 13.0 7.83 0.1 −3.0 0.0 −3.0 0.43

UGC7256 98.7 83.5 83.5 373.3 40.8 45.6 10.61 0.1 −0.73 0.15 −1.01 0.17

UGC7261 90.5 27.1 27.1 25.3 38.8 132.2 9.19 0.11 −0.82 0.15 −0.67 0.17

UGC7321 90.5 31.9 31.9 19.3 16.7 27.1 9.45 0.1 −0.79 0.15 −0.92 0.17

UGC7323 90.5 54.3 54.3 115.7 82.9 111.3 9.06 0.1 −1.24 0.15 −1.47 0.17

UGC7399 90.5 57.1 57.1 19.9 29.0 63.4 8.65 0.1 −1.25 0.15 −1.29 0.17

UGC7483 90.5 67.8 67.8 28.0 28.1 40.2 9.71 0.1 −0.48 0.15 −0.66 0.17

UGC7489 98.7 90.5 90.5 105.6 228.5 579.2 10.05 0.1 0.17 0.15 0.24 0.17

UGC7506 90.5 90.5 90.5 23.4 85.8 188.3 9.23 0.1 −0.21 0.15 −0.21 0.17

UGC7524 90.5 36.2 36.2 243.8 161.4 480.9 9.49 0.1 −1.09 0.16 −1.0 0.17

UGC7592 98.7 98.7 98.7 489.5 1206.0 3372.3 9.2 0.1 −0.41 0.15 −0.32 0.17

UGC7603 90.5 20.1 20.1 20.6 10.8 24.2 8.69 0.1 −1.85 0.16 −1.89 0.17

UGC7690 90.5 20.1 20.1 17.1 9.1 29.2 8.67 0.1 −1.72 0.16 −1.64 0.17

UGC7704 83.5 29.3 29.3 4.7 9.5 61.4 8.31 0.11 −1.19 0.15 −0.8 0.17

UGC7766 98.7 90.5 90.5 334.1 634.1 1130.4 9.5 0.1 −0.24 0.15 −0.33 0.17
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Name SNRW1 SNRW3 SNRW4 W1 W3 W4 log(M∗) e(M∗) log(SFRW3) e(SFRW3) log(SFRW4) e(SFRW4)

mJy mJy mJy M⊙ M⊙ M⊙ yr−1 M⊙ yr−1 M⊙ yr−1 M⊙ yr−1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC7831 98.7 98.7 98.7 324.4 571.8 1035.5 9.36 0.1 −0.49 0.15 −0.58 0.17

UGC7853 98.7 90.5 90.5 155.4 246.7 403.0 9.48 0.1 −0.48 0.15 −0.6 0.17

UGC7989 98.7 90.5 90.5 1113.9 614.6 676.2 10.94 0.1 0.16 0.15 −0.1 0.17

UGC8146 90.5 18.7 18.7 8.2 3.8 10.8 9.28 0.1 −1.41 0.16 −1.36 0.18

UGC8188 90.5 20.9 20.9 56.4 20.7 53.5 8.59 0.1 −1.92 0.14 −1.92 0.18

UGC8246 77.5 16.0 16.0 5.6 3.1 12.7 8.47 0.11 −1.72 0.16 −1.54 0.18

UGC8271 90.5 90.5 90.5 34.8 80.4 179.7 8.64 0.1 −0.95 0.15 −0.97 0.17

UGC8286 90.5 43.4 43.4 41.8 19.0 50.9 8.94 0.1 −1.64 0.15 −1.62 0.16

UGC8396 90.5 51.7 51.7 12.6 14.2 59.0 8.98 0.1 −0.96 0.15 −0.73 0.17

UGC8490 90.5 57.1 57.1 64.8 63.5 185.8 8.61 0.1 −1.44 0.14 −1.38 0.18

UGC8550 90.5 16.2 16.2 10.6 4.1 10.8 8.25 0.1 −2.15 0.12 −2.15 0.19

UGC8709 98.7 90.5 90.5 103.2 181.7 269.9 10.65 0.1 0.58 0.15 0.45 0.17

UGC8711 98.7 90.5 90.5 103.3 195.1 284.5 10.03 0.1 0.13 0.15 −0.01 0.17

UGC8805 98.7 90.5 90.5 60.5 266.9 857.3 10.1 0.1 0.71 0.15 0.9 0.17

UGC8863 98.7 83.5 83.5 178.7 59.4 67.1 10.68 0.1 −0.22 0.15 −0.48 0.17

UGC9018 77.5 10.2 10.2 5.0 3.2 13.3 7.8 0.11 −2.3 0.17 −2.15 0.19

UGC9242 90.5 24.1 24.1 9.5 5.2 13.0 9.45 0.1 −1.11 0.15 −1.09 0.17

UGC9366 98.7 98.7 98.7 247.6 818.7 1402.2 10.69 0.1 1.04 0.15 0.99 0.17

UGC9431 98.7 90.5 90.5 41.6 77.9 109.5 10.17 0.1 0.23 0.15 0.07 0.17

UGC9644 90.5 67.8 67.8 11.9 21.2 70.4 10.5 0.1 0.44 0.15 0.63 0.17

UGC9649 90.5 45.2 45.2 42.6 30.3 34.4 9.42 0.1 −1.08 0.15 −1.37 0.17

UGC9753 98.7 90.5 90.5 124.8 241.6 363.1 10.02 0.1 0.05 0.15 −0.09 0.17
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Name SNRW1 SNRW3 SNRW4 W1 W3 W4 log(M∗) e(M∗) log(SFRW3) e(SFRW3) log(SFRW4) e(SFRW4)

mJy mJy mJy M⊙ M⊙ M⊙ yr−1 M⊙ yr−1 M⊙ yr−1 M⊙ yr−1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC9797 98.7 90.5 90.5 86.9 201.6 371.4 10.73 0.1 0.73 0.15 0.7 0.17

UGC9805 98.7 90.5 90.5 198.2 317.9 456.2 10.99 0.1 0.98 0.15 0.86 0.17

UGC9858 98.7 90.5 90.5 46.2 66.4 101.2 10.34 0.1 0.18 0.15 0.05 0.17

UGC9969 98.7 90.5 90.5 187.1 218.0 301.5 11.21 0.1 0.82 0.15 0.68 0.17

UGC10310 83.5 18.1 18.1 8.8 3.6 12.4 8.9 0.11 −1.62 0.14 −1.49 0.18

UGC10359 90.5 83.5 83.5 70.8 109.5 162.2 9.71 0.1 −0.2 0.15 −0.35 0.17

UGC10445 90.5 10.9 10.9 14.5 12.7 28.6 9.71 0.1 −0.62 0.15 −0.62 0.17

UGC10470 98.7 98.7 98.7 149.8 545.6 1751.0 10.12 0.1 0.6 0.15 0.79 0.17

UGC10564 90.5 19.7 19.7 8.9 5.1 12.3 9.27 0.1 −1.18 0.16 −1.18 0.17

UGC11218 98.7 90.5 90.5 238.5 776.5 1301.0 10.24 0.1 0.65 0.15 0.58 0.17

UGC11269 98.7 98.7 98.7 82.4 115.4 264.3 10.63 0.1 0.49 0.15 0.54 0.17

UGC11283 90.5 72.4 72.4 14.4 25.0 69.8 9.56 0.1 −0.35 0.15 −0.26 0.17

UGC11429 98.7 90.5 90.5 87.8 100.1 138.7 11.16 0.1 0.76 0.15 0.61 0.17

UGC11466 98.7 98.7 98.7 77.4 260.6 640.6 9.4 0.1 −0.01 0.15 0.05 0.17

UGC11496 72.4 31.9 31.9 9.1 3.9 8.3 9.45 0.11 −1.04 0.15 −1.08 0.17

UGC11670 8.0 83.5 83.5 73.1 201.5 200.3 9.72 0.11 −0.14 0.15 −0.45 0.17

UGC11852 90.5 77.5 77.5 19.8 37.1 102.6 10.36 0.1 0.5 0.15 0.62 0.17

UGC11861 98.7 90.5 90.5 113.4 346.5 519.8 10.12 0.1 0.44 0.15 0.31 0.17

UGC11864 83.5 57.1 57.1 15.7 29.1 52.8 10.17 0.1 0.19 0.15 0.13 0.17

UGC11891 90.5 49.4 49.4 46.9 45.6 114.4 8.81 0.1 −1.21 0.15 −1.19 0.17

UGC11909 90.5 90.5 90.5 57.5 135.9 262.0 9.26 0.1 −0.43 0.15 −0.49 0.17

UGC11914 98.7 90.5 90.5 793.0 468.5 525.2 10.95 0.1 0.24 0.15 0.0 0.17
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Name SNRW1 SNRW3 SNRW4 W1 W3 W4 log(M∗) e(M∗) log(SFRW3) e(SFRW3) log(SFRW4) e(SFRW4)

mJy mJy mJy M⊙ M⊙ M⊙ yr−1 M⊙ yr−1 M⊙ yr−1 M⊙ yr−1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

UGC11951 90.5 83.5 83.5 41.3 87.5 229.4 9.18 0.1 −0.49 0.15 −0.43 0.17

UGC11994 98.7 83.5 83.5 33.5 53.6 78.2 10.53 0.1 0.49 0.15 0.36 0.17

UGC12043 90.5 47.2 47.2 15.7 9.6 25.4 9.17 0.1 −1.22 0.15 −1.18 0.17

UGC12276 90.5 51.7 51.7 22.8 18.4 19.5 10.78 0.1 0.2 0.15 −0.08 0.17

UGC12554 98.7 83.5 83.5 147.7 203.7 390.4 9.49 0.1 −0.57 0.15 −0.63 0.17

UGC12693 67.8 13.4 13.4 2.1 2.8 3.0 9.26 0.12 −0.69 0.16 −1.0 0.18

UGC12754 90.5 77.5 77.5 105.5 158.7 253.3 9.63 0.1 −0.3 0.15 −0.43 0.17

UGC12808 98.7 90.5 90.5 105.2 240.0 521.5 10.9 0.1 0.94 0.15 0.98 0.17
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Table 2.8: Properties of sub sample used to study star formation thresholds.
Note: Col (2-3)-Inclination based on the WISE photometry and associated error (a 5%
relative error was assumed on the inclinations), col (4)- Number of beams across the Hi

diameter at 1M⊙pc−2, col (5) Spatial resolution per 10′′ pixel in the Hi data, col (6)-
Morphology.

Name Incl e(incl) Beams Res Morph
deg deg pc

(1) (2) (3) (4) (5) (6)
UGC1256 62.2 3.1 35.0 348 Scd
UGC1913 49.4 2.5 26.0 431 Sd
UGC2455 37.2 1.9 12.0 310 Im
UGC2855 60.4 3.0 13.0 697 Sc
UGC4284 49.1 2.5 22.0 558 Scd
UGC4666 47.9 2.4 11.0 790 pec
UGC5079 60.7 3.0 30.0 458 Sbc
UGC5459 68.8 3.4 11.0 984 Sc
UGC5721 50.2 2.5 13.0 322 Sd
UGC5786 48.7 2.4 13.0 911 pec
UGC5789 63.6 3.2 17.0 630 Scd
UGC6161 63.6 3.2 10.0 566 Sdm
UGC6225 69.6 3.5 19.0 484 Scd
UGC6283 58.1 2.9 12.0 603 Sa
UGC6537 51.2 2.6 15.0 648 Sc
UGC6778 49.6 2.5 16.0 921 Sc
UGC6833 46.2 2.3 10.0 602 Sc
UGC7047 48.7 2.4 11.0 212 Im
UGC7095 69.5 3.5 14.0 985 Sbc
UGC7166 50.7 2.5 22.0 950 Sab
UGC7261 55.2 2.8 12.0 673 Sdm
UGC7323 44.2 2.2 12.0 264 Sdm
UGC7524 35.9 1.8 32.0 230 Sm
UGC7592 51.8 2.6 27.0 207 Im
UGC7603 67.2 3.4 12.0 332 Sd
UGC7766 68.4 3.4 33.0 354 Scd
UGC7853 47.2 2.4 15.0 417 Sm
UGC7989 53.8 2.7 24.0 610 Sab
UGC8490 51.1 2.6 22.0 230 Sm
UGC9649 52.7 2.6 12.0 544 Sb
UGC9753 66.3 3.3 10.0 842 Sbc
UGC11670 70.0 3.5 11.0 717 Sa
UGC11891 52.0 2.6 17.0 372 Im
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Chapter 3

Global Properties

As detailed in Chapter 2, the sample in this study was derived from the WHISP survey
sample. A total of 228 galaxies was obtained following the criteria outlined that chapter.
The first objective of this study was to derive new Hi data products such Hi intensity maps
and velocity fields for all 228 (see Chapter 2). Two sub-samples were subsequently drawn
from this main sample to pursue the other two objectives of this study, namely, (i) to study
the relationship between atomic gas and star formation rate as traced by NIR emission and
(ii) to investigate how well the gravitational stability of disks predicts the NIR - derived star
formation properties on resolved, kpc scales.

In this chapter I present the global properties for both Hi emission line data (WHISP)
and infrared (WISE) data of the galaxies in the sample and place them in the context of
properties of the more complete samples of Verheijen & Sancisi (2001) and Cluver et al.
(2017). The chapter is divided into two main sections: (1) The global Hi properties section,
which presents the structural properties and distribution of the Hi as well as the sample
distributions of gas mass and the mass-to-light ratio as functions of the 3.6µm stellar lu-
minosity. (2) The star formation properties section, which presents a sub sample of the
main sample consisting of galaxies that are detected in W3 (11.6 µm) which is sensitive to
the heating of the interstellar medium by star formation. This second section examines the
galaxy main sequence relation and the Kennicutt-Schmidt relation in light of several studies
in the literature.

3.1 Global Hi Properties

The global Hi properties were derived for the full sample of 228 galaxies in this study. In
particular, we examined the Hi mass-size relation and the Hi mass-luminosity relation.
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3.1.1 Hi mass - size relation

The Hi masses of galaxies and their Hi diameters are known to be tightly correlated. We de-
fined Hi diameters from the surface density profiles at the radius where the density equals 1
M⊙ pc−2 (in keeping with literature), while the Hi masses were obtained by integrating the
global profiles. In one galaxy, UGC3826, the surface density was ≤ 1 M⊙ pc−2 at all radii,
and so this galaxy was not used when deriving the mass-size relation. This relation has been
found by several observers to hold across three and five orders of magnitude in diameter
and mass respectively (Wang et al. 2016), for morphologies ranging from early-type spi-
rals to dwarfs and irregulars (Broeils & Rhee 1997, Verheijen & Sancisi 2001, Swaters et al.
2002, Noordermeer et al. 2005, Martinsson 2011, Wang et al. 2014, Ponomareva et al. 2016).
The relations found by the different authors have slopes of 1.84±0.12 in log space. Such
a power law relates the approximate square of the diameter against the mass, giving an
estimated average surface density for Hi across galaxy disks. That this relation is found
consistent for samples across all morphologies and in different environments implies that
the Hi disks regulate themselves to a constant average surface density (Verheijen & Sancisi
2001, Noordermeer et al. 2005). Swaters et al. (2002) and Noordermeer et al. (2005) derived
this relation for 73 dwarf irregulars and 68 early-type spirals respectively in the WHISP sam-
ple. Here we present this relation for 228 WHISP galaxies, spanning from early-type spirals
to dwarf irregulars and find the relation to be in agreement with previous studies within the
errors. We find the tight relation below:

logMHi = (1.95± 0.03) logDHi + (6.5± 0.04), (3.1)

which has a dex error of 3% on the slope, 4% on the intercept and a vertical scatter of 0.14
about the best-fit line. The relation for our sample is in particularly good agreement with
the relations of Broeils & Rhee (1997) and Wang et al. (2016) who had slopes of 1.96±0.04
and 1.98±0.01 respectively, and whose samples were complete comprising of all morpho-
logical types from early-type spirals to dwarfs as did our sample. Our slope is steeper
than other studies by Verheijen & Sancisi (2001), Swaters et al. (2002), Noordermeer et al.
(2005), Ponomareva et al. (2016) mostly because their samples were less complete, consist-
ing only of either spirals or dwarfs. Note that the Wang et al. (2016) study included 100
WHISP galaxies in their sample of 549.
The average Hi surface density can be calculated from the disk surface area and Hi mass as

⟨σHi⟩ = MHi

πR2

Hi

,

⇒ ⟨σHi⟩ =
4MHi

πD2
Hi

,
(3.2)

where πR2
Hi is the surface area of the disk and DHi = 2RHi. From Equation 3.1, we have,

logMHi ∼ 2 logDHi + 6.5,

⇒ MHi

D2

Hi

≃ 106.5.
(3.3)
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Combining Equations 3.2 and 3.3 for our sample gives ⟨σHi⟩ = 3.6 M⊙ pc−2. This is a
characteristic surface density within the Hi radius and is consistent with the mean density of
the Hi calculated within the stellar disk, 3.57± 1.06 M⊙ pc−2. However, σHi is not equivalent
to the global average surface density (Wang et al. 2016) because the Hi diameter, DHi, is
a definition of the diameter within which most of the Hi flux lies but does not enclose the
entire Hi disk (Cayatte et al. 1994, Broeils & Rhee 1997, Wang et al. 2016). Figure 3.1 is a
plot of the data, overlaid with the relations of Broeils & Rhee (1997), Verheijen & Sancisi
(2001) and Wang et al. (2016). Late-type dwarfs such as UGC192 (IC10) populate the low
mass end of the relation while early-type spirals such as UGC9797 (NGC5905) are found
at the high mass end. Exceptions exist such as an early-type at the low mass end which is
the case for UGC12713, a dwarf spheroidal. However, this is in keeping with the correlation
that the smaller Hi disks contain lower Hi masses regardless of morphological type.

Figure 3.1: Hi mass versus Hi diameter for all galaxies in our sample. The data points
are color coded by the morphology of the galaxies such that the blue represents early-type
spirals, cyan represents late-type spirals (Sc - Sm) and the red are the late-type dwarfs. A fit
to the data is shown by the black solid line. The relations of Broeils & Rhee (1997) (BR97),
Verheijen & Sancisi (2001) (VS01) and Wang et al. (2016) (W16) are shown as solid, dotted
and dashed red lines. For clarity, the BR97 and W16 relations were given vertical offsets of
-0.1 dex and -0.2 dex respectively. The Hi diameters were defined at the 1 M⊙ pc−2 level of
the radial profiles while Hi masses were determined from the total flux in the global profiles.
The mass-size relation of Hi disks is an indicator of a constant average Hi surface density.

Because it holds for all morphologies, several orders of Hi mass and diameter, and in both
cluster and field environments, this relation provides useful constraints on models of galaxy
formation since it implies that all galaxies regulate their Hi disks at a constant average
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surface density regardless of whether gas is accreted externally, consumed during the star
formation process or removed via gas stripping or quenching (Wang et al. 2016)

3.1.2 Hi mass vs Luminosity

The relationships between the Hi mass and stellar disk properties of luminosity and surface
brightness represent the scaling relations between the ISM which is a reservoir of fuel for
star formation and the galaxy’s underlying baryonic mass in the form of the old stellar
population. The Hi mass derived here is the mass enclosed within the stellar disk, defined
by a 1σ isophote in the W1 image (Jarrett et al. 2013). This gives us a direct comparison
between the atomic gas reservoir for star formation spatially co-located with the stellar disk.

Figure 3.2 illustrates the relationships between the Hi mass and stellar disk magnitude
and surface brightness. The plots are also color-coded according to morphological type
such that blue points show early-type spirals, cyan shows late-type spirals while red points
show late-type dwarfs and irregulars. The color-coding pattern follows from the infrared
color index (W1-W2) of the different morphological types, in that the early-types have
‘bluer’ colors while the late-types have ‘redder’ colors (Cluver et al. 2014). The ‘r’ labels
in the plots are the correlation coefficients while ‘σ’ denotes the vertical scatter about the
least squares fits to the data (solid line). All the plots show strong correlation coefficients
between the properties. This is in agreement with the complete (although smaller) sample
of Verheijen & Sancisi (2001), as well as the sample of Ponomareva et al. (2016), although
the Ponomareva et al. (2016) study found a weaker correlation (0.64) between the MHi

and stellar luminosity. Note that our relations derived for the atomic gas enclosed within
the stellar disk follow the same trend as those from previous studies that used integrated
properties over the entire Hi disk. However, there is clearly less scatter in the relation
between MHi and MW1, as would be expected, because we are comparing spatially co-
located properties in the stellar disk (See Figure 3.3 for comparison with plots where the Hi

is integrated over the entire disk) . From a morphological point of view, the late-type dwarfs
have lower luminosities (intrinsically fainter) and higher surface brightness than the earlier
type spirals. The intrinsic brightness decreases across the Hubble sequence from early-type
spirals to late-type dwarfs.We also see that the enclosed Hi mass decreases from early-types
towards late-types while on the other hand the gas-star fraction increases towards the late-
types. Indicated in each plot are the locations of four galaxies mentioned in the previous
section. Right away we see that UGC192 (IC10, a blue compact dwarf) is behaving like an
outlier. In the bottom panels, it shows much lower gas fraction (MHi/M∗) than the rest
of the dwarfs and is tending toward the spiral regime in luminosity and surface brightness.
This is because (i) the quantities presented here are calculated within the W1 stellar disk,
while this galaxy has been shown to have a significant amount of its Hi gas in an extended
stream beyond the main disk (Wilcots & Miller 1998) and (ii) this galaxy is a star burst
dwarf irregular galaxy exhibiting high star formation rates like the spirals and producing
more energy than a regular dwarf, hence its high infrared luminosity. On the other hand we
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Figure 3.2: Plots of Hi mass (upper panels) and Hi mass-to-light ratio (lower panels) versus
3.4 µm absolute magnitude (left panels) and surface brightness (right panels). Note that
these are ‘enclosed quantities’ measured within the stellar disks.The plots are color-coded
according to morphological type, with the red points showing dwarfs, and the blue and cyan
showing early and late-type spirals respectively. The correlation coefficient (r) for each plot
and the vertical scatter (σ) about the fitted line are shown in the upper left/right corners
of the plots. For most points, the errors on the x axes are smaller than the data points.

have UGC12713 a dwarf spheroidal in a zone populated by late-type dwarfs. This shows that
the apparent scaling of these quantities with morphology is not a cause but rather an effect
of the underlying scaling relations amongst the quantities themselves and processes such as
star formation. We find that galaxies with higher gas factions are intrinsically fainter in W1,
i.e. they have lower stellar luminosity, than those with low gas fractions. Roberts (1969)
posited that in log-log space, the gas fraction is in fact a color index scale such that smaller
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gas fractions indicate bluer color indices, which indeed shows in the lower panels of Figure
3.2 where the early-type spirals, which have bluer color index, populate the low gas fraction
part of the plots. The mass luminosity scaling relations in our sample are in agreement with
those of Verheijen & Sancisi (2001) taken from the Ursa major galaxy cluster.

In summary, we see that the global Hi properties of our galaxy sample are in agreement
with other smaller samples and scale as expected. This means that our large sample is a
balanced representation of the general galaxy population in terms of the Hi content and
stellar luminosity.

Figure 3.3: This is a plot showing the relations in Figure 3.2 derived for MHi integrated over
the entire Hi disk. All the labels and colors are the same as in Figure 3.2. Note that when
we use the Hi enclosed within the stellar disk, we get a tighter correlation between the mass
and luminosity because we are comparing spatially co-located properties.
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3.2 Star formation properties

The W3 data were used to study the star formation properties of the sample due to its
superior sensitivity (1 mJy) over the W4 band (6 mJy). In addition, Cluver et al. (2017)
found that W3 is a better tracer of the total infrared luminosity than W4. Of the 228
galaxies in the main sample, 180 galaxies are detected in W3 and their W3 luminosities
range from 105.2 L⊙ to 1010.2 L⊙. None of the 48 undetected galaxies had detections in W4
either. These 180 formed a subsample which was used to study the relations between galaxy
star formation rate (SFR) and properties of stellar mass, Hi mass and Hi surface density.
All the quantities used in this section were measured within the W1 stellar disk, defined by
a 1σ isophote in the W1 image (Jarrett et al. 2013). We hence refer to enclosed masses and
‘global’ averaged SFR inside this disk. Therefore the relations discussed here are relations of
enclosed quantities. The measurements of SFR and galaxy stellar masses were provided by
Jarrett et al. (2017) having corrected for the stellar contribution to the W3 flux according
to the correction factor of Cluver et al. (2017). The Hi masses and surface density were
derived from the Hi data products derived in Chapter 2.

3.2.1 The star formation main sequence

The correlation between star formation rate and stellar mass, known as the star formation
main sequence (SFMS), is a well established scaling relation in galaxies (Brinchmann et al.
2004, Noeske et al. 2007, Daddi et al. 2007, Rodighiero et al. 2010, Wuyts et al. 2011) with
a remarkably tight scatter of 0.2 dex that has been shown to hold over all redshifts up to z=6
(Speagle et al. 2014). The SFMS is an important constraint on the mass assembly histories of
galaxies and is widely applied in models of galaxy formation and evolution (e.g., Peng et al.
2010, Leitner 2012, Behroozi et al. 2013, Henriques et al. 2015, Sparre et al. 2015). This
relation defines the rate at which galaxies build their mass, with the more massive galaxies
assembling their mass earlier on in cosmic history. It thus depicts the star forming histories
(SFH) of galaxies in the universe since it compares the instantaneous star formation to past
star formation. The scatter in the relation has, in the past, been observed to increase at the
high mass end, a feature attributed to the more widely varying SFH among massive galaxies.

We present, in Figure 3.4, the main sequence relation for our sub sample of 180 galaxies.
Unlike in the previous section, the plots are now color-coded by the W2-W3 color which is
an indicator of morphological type and dust content, such that the galaxies with little to no
star formation have bluer (small) W2-W3 colors while actively star forming galaxies have
redder colors (Wright et al. 2010, Cluver et al. 2017). In our plot, the specific color-code is
as follows; Blue for W2-W3 < 2 which are mainly low star forming lenticulars and dwarf
spheroidals (Cluver et al. 2017), cyan for W2-W3< 3.0 which are early-type spirals, orange
for W2-W3 < 3.5 which are intermediate spirals, and red for W2-W3 > 3.5 which are late-
type disk dominated spirals with higher SFR’s.
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We see that the galaxies follow a well defined main sequence with a scatter of 0.4 dex.
There is an increase in scatter at the high mass end, in agreement with previous studies
(e.g Guo et al. 2015, Ilbert et al. 2015, Jarrett et al. 2017, Cluver et al. 2017). Noeske et al.
(2007) suggest that this large scatter is partly due to gas exhaustion being more prevalent
in high mass systems. Passive evolution as well as processes such as mergers, quenching
or gas stripping lead to declining SFRs, eventually leading the affected galaxy to migrate
from the main sequence or its current star formation rate being decoupled from its past
SFR (Ilbert et al. 2015, Jarrett et al. 2017). On the other hand, having decomposed their
sample galaxies into disks and bulges, Guo et al. (2015) suggest that the increased variations
in the star formation histories of massive galaxies, which caused the large scatter, are due
to the prevalence of central dense structures such as bars and bulges in massive systems.
A bulge that is not star forming contributes to the total stellar mass of a galaxy but not
to the total star formation, yielding a specific star formation rate (sSFR = SFR/M∗)
that is lower than that for a disk dominated system of similar mass. The varying masses of
the bulges affect the derived sSFR to different extents hence we see scatter in the relation,
leaving the disk dominated systems to have more similar SFHs and hence a tighter main
sequence relation. This may well be the reason for the clear segregation seen between the
different morphological types in Figure 3.4, suggesting different SF main sequences for the
different galaxy types. The slope of our SFMS relation (1.11±0.04) agrees with the slope of
Cluver et al. (2017) (1.049±0.089, Priv. Comm). The slight offset in SFR is likely because
they calculated it for only the disks in their sample, which have higher SFR than dwarfs,
resulting in a positive vertical offset. We also compare our relation to the SFMS relation of
Parkash et al. (2018). Their stellar-mass-selected sample comprises mostly high stellar-mass
(M∗ ≥ 109 M⊙) spirals and tends towards the turnover at high-mass, resulting in a shallower
relation, whereas our sample extends to lower masses where the relation is steeper.

The sSFR normalizes the SFR by the mass of the galaxies and is plotted against the
stellar mass in Figure 3.5. We see that the relation is flat, but turns downward, tending to a
negative slope, for the high mass galaxies. This trend, which was also found by Jarrett et al.
(2017) and Cluver et al. (2017), shows that even though the low mass galaxies have lower
SFRs than the high mass systems, the former are still in an active stage of building their disks
while the latter are progressing toward passive or quiescent star forming states (Jarrett et al.
2017). For example UGC7256 (NGC4203) is a lenticular galaxy with ongoing SFR but given
its stellar disk of ∼ 1010.6 M⊙, it has a low sSFR and is no longer actively building its disk.
This is also the case for UGC3993 and UGC2487 (NGC1167). These three also have low
gas fractions (≤ 0.04). On the other hand UGC3334 (NGC1961) has a considerable bulge
to total disk ratio, has one of the highest stellar masses in the sample but also is dusty
(W2-W3 = 3.25) with a higher gas fraction (0.15) and relatively higher sSFR. It is possible
that even among the high mass systems there can be cases of enhanced star formation even
after the galaxy has assembled its mass, for example in the case of merger events. We
find, as did Cluver et al. (2017), that it is the more dusty systems (large W2-W3 colors)
that have the highest sSFR. UGC5786 (NGC3310) and UGC 6001 (NGC3442) have the
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highest sSFR and highest dust content, (W2−W3 ≥ 4). We have plotted the sSFR-M∗

relation of Grootes et al. (2013) in Figure 3.5. Their sample-selection was based on NUV
detection which is more sensitive to low SFR systems than to dusty systems with high SFRs
(Jarrett et al. 2017). Their flatter relation may thus be an indicator that galaxies with
similar gas contents have similar sSFRs.

Note that there are few late-type dwarfs in our SFMS sub sample because most of them
have a low dust content and lie below the W3 detection threshold. The W1 band is very
sensitive and well able to detect these dwarfs, but this is not the case for W3. The histogram
in Figure 3.6 shows the stellar mass distribution of these undetected galaxies. Table 3.1 lists
specific properties of the galaxies labelled in Figures 3.1 - 3.8 for reference with the plots.

Figure 3.4: Relation between SFR and stellar mass for 180 galaxies detected in W3. The
plot is color coded by the W2-W3 color where blue, cyan, orange and red represent W2-W3
≤ 2, ≤ 3.0, ≤ 3.5 and, ≥ 3.5 respectively. The W2-W3 is an indicator of the dust content
but also follows the morphologies such that low star forming early-types have bluer colors
while the high star forming intermediate spirals have redder colors (Cluver et al. 2017). The
solid black line is a maximum likelihood fit to the data. For a given mass range, the main
sequence line marks a separation between early-types and late-types.
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Figure 3.5: Relation between the specific SFR (sSFR = SFR/M∗) and stellar mass. The
plot is color coded by the W2-W3 color where blue, cyan, orange and red represent W2-W3
≤ 2, ≤ 3.0, ≤ 3.5 and, ≥ 3.5 respectively. The black dashed diagonal lines represent lines
of constant SFR (0.01, 0.1, 1, and 10 M⊙yr−1). The dashed magenta line is the relation of
Grootes et al. (2013) whose sample of spirals had logM∗ ≥ 9.6.

Figure 3.6: A histogram of galaxies in the main sample that were not detected in W3 and
are thus not included in the analysis of star formation properties. These galaxies also did
not have detections in the W4 band. The majority of them are dwarf galaxies and relatively
dust-free, with very low MIR emission that lies below the detection threshold.
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Table 3.1: Specific properties of galaxies labelled in Figure 3.4: (1) - Name. (2) -
stellar mass. (3) - Atomic Hydrogen mass. (4) - Star formation rate as measured from W3
flux calibration. Note that the SFR is integrated over the stellar disk. (5) - Specific star
formation rate. (6) - W2 −W3 color index. (7) - Gas fraction, that is, the ratio of Hi mass
to the stellar mass, both quantities summed up inside the stellar disk. (8) - Morphology.

Name log(M∗) log(MHi) log(SFR) log(sSFR) W2-W3 MHi

M∗

Morph
M⊙ M⊙ M⊙yr−1 yr−1 mag

(1) (2) (3) (4) (5) (6) (7) (8)
UGC192 8.6 7.45 −1.4 −10.0 2.75 0.07 Im
UGC2487 11.48 10.08 0.41 −11.07 1.83 0.04 S0
UGC3334 11.38 10.56 1.32 −10.06 3.39 0.15 Sc
UGC3993 10.74 9.25 −0.52 −11.26 1.35 0.03 S0
UGC5786 9.94 9.61 0.69 −9.25 4.26 0.47 pec
UGC6001 9.34 8.57 0.03 −9.31 4.03 0.17 Sa
UGC6161 8.48 8.42 −2.05 −10.53 1.8 0.88 Sdm
UGC7256 10.61 9.16 −0.73 −11.34 1.15 0.04 S0
UGC7704 8.31 8.35 −1.19 −9.5 3.25 1.09 Im
UGC9797 10.73 10.1 0.73 −10.0 3.48 0.23 Sb
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3.2.2 Star Formation Rate versus Atomic Hydrogen

The Kennicutt-Schmidt relation describes a power law relation between the surface densities
of star formation rate and total gas in galaxies with a slope of 1.40±0.15 (Kennicutt 1998b).
It has been highlighted by later studies that the apparent correlation between SFR and total
gas surface density is very likely due to the tight correlation between ΣSFR and ΣH2

and
only a loose correlation, if any, with the ΣHi (Wong & Blitz 2002, Fumagalli & Gavazzi
2008, Bigiel et al. 2008, Krumholz et al. 2009b, Schruba et al. 2011, Bolatto et al. 2011,
Leroy et al. 2013). In fact it would be expected for SFR to be more strongly correlated with
the H2 content than the Hi content because cold Hi condenses into H2 (Krumholz et al.
2009a), and it is this molecular gas that is more directly linked to the SF process because
stars form out of collapsing molecular clouds (Kennicutt & Evans 2012). Recent work has
highlighted the existence of a volumetric star formation law, wherein the SFR and total gas
are related via their volume-densities by a power law, for scales ranging from molecular clouds
to starburst galaxies (Krumholz et al. 2012, Evans et al. 2014, Sofue 2017, Bacchini et al.
2018). However, in this subsection we focus our investigation on Hi gas due to the limitation
of having only Hi imaging for all our sample. It is important to note that Bacchini et al.

(2018) found ‘an unexpected and tight’ correlation between the volume densities of SFR and

atomic gas, highlighting the important role of the Hi gas, especially in low-density and low-

metallicity environments. The role of molecular gas in the equation of SF is self-evident.
However, we attempt to learn more about the relationship between SFR and atomic gas.
The SFR is correlated with the total atomic gas content, the quenching of which leads, in
the long run, to suppression of star formation because the atomic gas is needed to cool and
form molecular clouds (Fumagalli & Gavazzi 2008, Elmegreen & Hunter 2015).

Figure 3.7 shows the SFR as a function of the atomic gas mass enclosed within the stel-
lar disk. The plot is also color coded by the W2-W3 color. The red points are the most
dusty systems (with W2−W3 ≥ 4), while the blue dots are the least dusty systems with
W2−W3 ≤ 2, and they represent mostly late-type dwarfs and lenticular galaxies in the
sample. Cyan and orange points represent intermediate star forming galaxies. From Figure
3.5 we saw that the more dusty systems have higher sSFR and that less dusty systems have
lower sSFR (Cluver et al. 2017). We see a gradual separation in the SFR - MHI plane be-
tween the low and the high dust content systems such that the former lie closer to the low
gas mass - low SFR end of the relation while the latter tend to dominate the high gas mass -
high SFR end. This follows from the availability of molecular gas as fuel for star formation,
such that higher gas contents are coupled with high SFRs. Therefore, since dust is associ-
ated with active SF (Cluver et al. 2017), it is expected that high gas content systems are
equivalent to high dust content systems. Note, however, that there are some high gas mass
systems that have low dust contents and low sSFR but relatively high SFR. For example,
UGC2487 (NGC1167) has W2-W3 = 1.83 (low dust content), a relatively high SFR (0.41
M⊙yr−1) but, despite its high Hi mass of ∼ 1010.1 M⊙, it has a very low gas fraction (0.04)
and low sSFR (∼ 10−11.1 yr−1) due to the high stellar mass of ∼ 1011.5 M⊙.
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Overlaid on the data in Figure 3.7 are, a best fit line (maximum likelihood fit using
the Hyperfit∗ package), as well as the relations of Cluver et al. (2010) for galaxies in the
Spitzer Infrared Nearby Galaxies survey (SINGS†) and Michałowski et al. (2015). These two
relations have considerably shallower slopes than the data here which on closer inspection
appears to become flatter at log SFR ≥ −1. The sample of Cluver et al. (2010) is dominated
by systems with log SFR ≥ −1.5 and it may be that they pick up the flatter end of the rela-
tion in their study. Michałowski et al. (2015), on the other hand, have a much wider range
spanning five orders of magnitude in both SFR and Hi mass, albeit with a higher concentra-
tion of systems at the high SFR end. The difference in our sample is that while Cluver et al.
(2010) and Michałowski et al. (2015) measure the total Hi mass, here we measure the Hi

mass enclosed within the stellar disk, and thus we are comparing spatially co-located gas
and stars.

Figure 3.8 shows, however, that there is no correlation between the surface densities
of the two quantities. This is likely due to the limited range of Hi surface densities (one
magnitude) spanned by our sample. This limitation may partly arise from the tight mass-
size relation of spiral galaxies (see Section 3.1.1) whose consistent slope of ∼ 2 for a wide
variety of samples (Wang et al. 2016) implies a roughly constant characteristic average Hi

surface density for all star forming galaxies (Verheijen & Sancisi 2001, Noordermeer et al.
2005, Martinsson 2011). The SFR, on the other hand, is not regulated by disk size (or
projected surface area) so the ΣSFR spans a wider range of three orders of magnitude.

Note, also, that the entire sample lies either at or below the density threshold at which
the SF - gas relation steepens for low gas surface densities (Bigiel et al. 2008). The ΣSFR -
ΣHi relation of Bigiel et al. (2008) is shown in Figure 3.9 below showing a steep decline in
ΣSFR at Hi surface densities below 10 M⊙ pc−2. The global average gas surface densities
for all our galaxies fall under this regime.
Several authors have observed a cutoff of the Hi surface density signalling a saturation den-
sity where the atomic gas converts to molecular gas. For example, Wong & Blitz (2002),
Bigiel et al. (2008), and Liu et al. (2011) found a maximum Hi surface density of 10
M⊙ pc−2 while Kennicutt et al. (2007), and Liu et al. (2015) found a cut-off of 25 M⊙ pc−2.
Using theoretical models, Krumholz et al. (2009a), found that Hi surface densities of 10
M⊙ pc−2 are sufficient to shield molecular regions against photo-dissociation hence forming
a physical boundary for the atomic-molecular conversion to occur. It is above these densities
that the H2 regime takes over and forms giant molecular clouds, which are the regions of
SF. Therefore, with all our global estimates for ΣHi being below 10 M⊙ pc−2, we can not
see a well defined correlation between the globally-averaged surface densities of atomic gas
and star formation rate. In the discussion below, we attempt to look for a correlation at
local scales in individual galaxies.

∗http://hyperfit.icrar.org/
†http://irsa.ipac.caltech.edu/data/SPITZER/SINGS/
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Figure 3.7: Star formation rate versus atomic gas mass for a sub sample of 180 galaxies
with a W3 detection. The Hi masses were integrated over the stellar disk defined by the
1σ isophote in the W1 images. The plot is color coded by the W2-W3 color where blue,
cyan, orange and red represent W2-W3 ≤ 2, ≤ 3.0, ≤ 3.5 and, ≥ 3.5. Our best fit line was
obtained using the Hyperfit package which does a maximum likelihood estimation.

In Figures 3.10 and 3.11, the ΣSFR is plotted as a function of ΣHi for individual pixels in
33 galaxies with spatial resolution higher than ∼1 kpc per pixel. The galaxies have varying
spatial resolutions. The upside of this is that it enables one to see the relation at different
physical scales.
This “resolved Kennicutt-Schmidt” relation has been studied by several authors for individual
galaxies as well as in samples of galaxies, (for example Wong & Blitz 2002, Kennicutt et al.
2007, Bigiel et al. 2008, Onodera et al. 2010, Liu et al. 2011, Yim & van der Hulst 2016).
The plots in Figures 3.10 and 3.11 are presented as 2D histograms, such that regions of
overlapping data points are given higher intensity and a redder color. We find that a trend
between ΣSFR and ΣHi emerges at these kpc to sub kpc scales in about 30% of the subsam-
ple. We attempt to fit power laws to the plots which visually appear to have a correlation
and find that, in agreement with Bigiel et al. (2008), the relationship is typically non-linear
and the indices range between 1.6 to 3.8. Note, however, that even though a majority of the
plots (90%) have ΣHi ≤ 10 M⊙ pc−2, the saturation point observed for Hi by Bigiel et al.
(2008) and Wong & Blitz (2002), they still show a trend between these low gas surface den-
sities and the ΣSFR. Only three galaxies (UGC1913, UGC7592, UGC8490) have data points
with densities higher than 10 M⊙ pc−2.

Onodera et al. (2010) used CO data to study the molecular KS relation and concluded
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Figure 3.8: Mean star formation rate surface density versus Hi surface density for the sub
sample. The surface densities were averaged over the stellar disk defined by the 1σ isophote
in the W1 images. The plot is color coded by the W2-W3 color where blue, cyan, orange
and red represent W2-W3 ≤ 2, ≤ 3.0, ≤ 3.5 and, ≥ 3.5. There is no correlation observed
between the ΣHi and ΣSFR at these global scales, contrary to the global Kennicutt-Schmidt
law (Kennicutt 1998b).

that it only holds at kpc sales and has a scatter that increases with resolution, eventually
breaking down at GMC scales. The study of Williams et al. (2018) also showed that the
molecular KS law was approximatley linear at 2 kpc scales with an index N = 1.07±0.16
but becomes non linear at 100 pc (GMC scales) indicating a break down. This is said
to be a result of migration of the young stellar cores away from their parent gas cores
(Leisawitz et al. 1989, Sheth et al. 2002, Louie et al. 2013) and the different stages of GMC
evolution that are traced in highly resolved observations (Miura et al. 2010, Egusa et al.
2011). Williams et al. (2018) also found no linear relationship for the ΣHi and ΣSFR at either
kpc or sub-kpc scales as did Wong & Blitz (2002) and Bigiel et al. (2008) who concluded
that the correlation observed for total gas (ΣHi+H2

) by Kennicutt (1998b) was due to the
stronger underlying correlation between ΣH2

and ΣSFR. However, we see here that there
may be systems in which the atomic KS relation holds at resolved scales. In fact Wyder et al.
(2009) found a strong correlation between ΣHi and ΣSFR in low surface brightness galaxies,
while Yim & van der Hulst (2016) found a tight correlation between ΣHi and ΣSFR in the
outer regions of quiescent, accreting and interacting galaxies alike. Krumholz (2012) has,
analytically, shown that in low metallicity systems, stars may form from the collapse of
cool atomic clouds due to the inefficient conversion of Hi to H2 such that atomic Hydrogen
clouds cool down to temperatures that are adequate for star formation to occur before they
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(a) (b)

Figure 3.9: Plots from Bigiel et al. (2008) showing ΣSFR vs ΣHi (left panel) and ΣSFR vs
ΣH2

(right panel) for seven spiral galaxies. The plots are density contours corresponding to
the number of independent data points plotted, i.e. green, orange, red and magenta for 1,2,5
and 10 independent data points. In the plot of ΣHi , a cut off was seen by Bigiel et al. (2008)
at 10 M⊙ pc−2, shown by the vertical dotted line and a steep decline in ΣSFR indicating a
break down or change in star formation law at these low surface densities. It is in this region
0.25 - 10 M⊙ pc−2 that all the average Hi surface densities in our sample fall, hence the
observed lack of correlation in our sample. The horizontal lines indicate sensitivity limits of
the SFR tracer while diagonal lines are lines of constant star formation efficiency.

are converted into molecular clouds. Although metallicities were not derived in this study,
this observation points to interesting research deeper into the realm of a possible ‘Atomic
Kennicutt-Schmidt law’. Such a relation may never be as tight as that for molecular gas
surface density, but can prove useful in high density spiral arms where there is photo-
dissociation of H2 into Hi by ultraviolet radiation from star forming regions (as in the case
of M83 - Tilanus & Allen 1993, or M33 - Heyer et al. 2004) and the Hi could be used to
trace star formation. Figure 1.3 illustrates the case of M83 using WISE 11.6 µm emission
and Hi imaging (Jarrett et al. 2013).
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Figure 3.10: Plots of the ‘resolved Kennicutt-Schmidt law’ for 33 galaxies in our sample of 180
which had spatial resolutions higher than 1 kpc per pixel. Each data point represents a pixel in
the 2D maps of ΣSFR and ΣHi.The resolution (in parsec) per pixel and the fitted power-law index
are shown in the lower right corner of each plot. The density contours are such that the regions
with the most overlapping points have the highest density (red). In some galaxies, there are not
many data points to make a density plot, so we use a regular scatter plot. The horizontal dashed
lines mark the noise level in W3 for the respective galaxies, while the vertical dashed lines mark
the level ΣHi = 1 M⊙ pc−2which was used as a constant noise level for all the galaxies. These plots
show that there is a possible relationship between the surface densities of SFR and atomic gas at
sub-kpc scales, in spite of no correlation seen at global scales. The plots are in order of increasing
dust content (W2-W3 color).
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Figure 3.11: Same as Figure 3.10 for the rest of the resolved galaxies. Labels and colors remain
the same.
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3.3 Summary

In this chapter, we have studied the global properties of Hi and star formation in our sample
galaxies. The Hi global properties were studied for the entire sample of 228 galaxies, while
star formation scaling relations were studied for a sub-sample of 180 galaxies which were
detected in the WISE 11.6 µm band.
We have found all galaxies to fall on the Hi mass-size relation with a slope of 1.95±0.03,
and have derived a characteristic mean Hi surface density of 3.6 M⊙ pc−2, both in agree-
ment with the literature on studies of other samples. Correlations between the Hi mass
with stellar luminosity and stellar surface brightness also hold for the entire sample. The
Hi mass is negatively correlated with the stellar luminosity and stellar surface brightness
while the mass-to-light ratio is positively correlated with the same. But the correlations
with luminosity are tighter than those with stellar surface brightness. Also, the early-type
spiral galaxies are found to have higher stellar luminosities and higher Hi masses but lower
mass-to-light ratios (MHi/L) than late-types. Note that the Hi masses and mass-to-light
ratios in our study were derived inside the stellar disk. The trends in our relations are the
same as in other studies which use integrated properties over the entire Hi disk, although
we have less scatter in our relations, especially the relation between Hi mass and stellar
luminosity.

From our main sample of 228, a sub-sample of 180 galaxies with W3 detections was
derived to investigate the scaling relations of star formation rate with stellar mass (the
star formation main sequence) and atomic Hydrogen (the Kennicutt-Schmidt relation). Our
sample defines a main sequence with a slope of 1.1, and an apparent segregation is seen
between the higher SFR galaxies (with high dust content) above the main sequence and the
low star forming galaxies below the main sequence.
We have found no correlation between the global average surface densities of SFR and
atomic gas, and we observe a cut-off in global average ΣHi at 10 M⊙ pc−2, in agreement
with previous studies. For 33 resolved galaxies (resolutions ≤ 10′′/pixel), a pixel-by-pixel
analysis of the ΣSFR vs ΣHi relation was done, and we found that 30% of them exhibited
power-law relation with indices ranging from 1.6 to 3.8. From the pixel-by-pixel analysis, we
find a trend that suggests a possible relationship between the atomic gas and star formation
rate surface densities. In the next chapter, we investigate the relationship between star
formation rates and disk gravitational stability on resolved scales.
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Chapter 4

Disk Stability and Star Formation

Thresholds

A study of the physical factors controlling star formation thresholds is crucial to under-
standing the process of star formation and hence evolution of galaxies (Kennicutt 1998b).
The star formation rate is highly dependent on the amount of gas present in a galaxy’s
disk (Michałowski et al. 2015), because cold atomic gas provides the fuel for star formation
(Cluver et al. 2010). However, the stability of the gaseous disk against collapse greatly im-
pacts the onset (and regulation) of star formation on both global and local scales. For a
purely gaseous galactic disk (an idealized case) without stars, the condition for stability is
set by the balance between the self gravity and the rotational and dispersive motions of the
gas (Toomre 1964). For such a disk to be stable against gravitational collapse, the Toomre
stability parameter, Qg,

Qg =
σgκ

πGΣ
(4.1)

must exceed 1, where σg, κ, and Σ are the gas velocity dispersion, epicyclic frequency (a
function of the gradient of the rotation curve) and the gas surface density respectively.
Equation 4.1 implies that for any region of the disk to undergo star formation, the gas
density must be higher than a certain critical value, Σc which can be obtained by re-writing
Equation 4.1 as

Σc = α
σκ

πG
, (4.2)

where α is a constant that allows for deviation of a real galactic disk from the theoretical
thin gas disk defined by Kennicutt (1989) as 1/Qg at the edge of the star forming disk and
found α = 0.63. The relationship between disk stability and star formation is explored in
this chapter.

For the gas density, we mainly use atomic gas data from the WHISP survey (see Chapter
2). Molecular gas data were available from the HERACLES survey ∗ for three galaxies in our

∗http://www.cv.nrao.edu/ aleroy/HERACLES/Overview.html
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sample (UGC1913, UGC7766, UGC7989). For these three, total gas density measurements
(ΣHi+H2

) were used. This presents an opportunity to compare total Hydrogen and atomic
Hydrogen gas stability thresholds for star formation. Measurements of Star formation were
obtained from WISE W3 (11.6 µm) imaging. The W3 band is an excellent tracer of the
Polycyclic Aromatic Hydrocarbons which are excited by UV radiation from star forming
regions and re-emit at 11.6 µm (Wu et al. 2005, Tielens 2008, Cluver et al. 2014). Conversion
into the respective units was done based on the calibrations by Cluver et al. (2017). The
galaxy disks were probed for trends in the stability parameter and a single-fluid stability
threshold for star formation discussed in Section 4.2. After studying this single-fluid disk
stability model, we also study the stability for a two-fluid disk model that accounts for the
co-existence of both stellar and gaseous disks within a galaxy (a more realistic case). In
this model the stability of the galaxy disk is determined by the gravity and motions of both
the stars and the gas as well as their impact on the dynamics of each other. We use the
formulation of Rafikov (2001) to derive the two-fluid disk stability criterion,

1

QT
=

2

Q∗

q

1 + q2
+

2

Qg
R

q

1 + q2R2
> 1, (4.3)

where Qg is the single-fluid stability condition for a gas disk, R = σg/σ∗, σ∗ being the stellar
velocity dispersion, q = kσ∗ /κ with k denoting the wavelength of maximum perturbation,
and Q∗ is the single-fluid stability parameter for a purely stellar disk, defined as in Equation
4.1, but with the stellar surface density, Σ∗ and stellar dispersion in the place of Σg and σg.
The analysis of the two-fluid disk model is presented in Section 4.3.

The study presented in this chapter is an analysis of spatially resolved disks; As such, a
subsample of suitable WHISP galaxies was defined using the following criteria. Intermediate
inclination of the disk (35◦ − 70◦, for reliable rotation curves), a large Hi disk size (>10
beams along the major axis) to maximize the physical area probed and a physical pixel
scale of 1 kpc. Since the WHISP beam is 3 pixels (30′′) across, and with the galaxies in this
sample having pixel scales ranging from ∼200 pc to ∼700 pc, we are looking at resolution
elements ranging from ∼600 pc - ∼2.1 kpc.Note that the inclinations used in these criteria
were derived from infrared photometry which may be different from those estimated by tilted
ring models. A final condition, to remain within the scope of the study, was the availability
of rotation curves, preferably from the same data set. A sample of 20 galaxies was thus
defined, with WHISP rotation curves (Swaters 1999, van Eymeren et al. 2011) availed by
R. Swaters (priv. communication) and J.v. Eymeren (priv. communication). Both authors
derived their rotation curves using the GIPSY task rotcur. The properties of the sample
are presented in Table 4.1, which also indicates the literature source for each rotation curve.
Note that no attempt was made to smooth all the disks to a common spatial resolution.
Instead, contrasts were drawn across the different resolution scales.
Hence we present an analysis of gravitational stability thresholds for a sample of 20 galax-
ies using WISE mid- infrared imaging and WHISP atomic gas mapping supplemented by
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molecular gas measurements from the HERACLES survey where available. First, we derived
maps of star formation rate from the W3 maps and then derived maps of the gravitational
stability parameters.

4.1 Star formation rate maps

The single-fluid stability maps were studied together with maps of the W3 SFR surface
density. In this subsection, I describe how the SFR maps were derived. The WISE W3
and W4 bands trace PAH molecules and warm dust (respectively) which absorb light from
young stars and re-emit it at mid infrared wavelengths (Jarrett et al. 2012; 2013). Since the
W3 band is more sensitive than W4, (Jarrett et al. 2013), W3 was used for the derivation of
SFR maps in this study. The WISE images have a resolution of ∼ 7′′ and a re-sampled pixel
scale of 1′′ per pixel. Therefore, they were first smoothed to the beam resolution (∼ 30′′)
and astrometric grid (10′′ per pixel) of the WHISP data. The details of this process, as well
as accompanying image atlases, are given in Appendix B. The calibration of W3 imaging
into SFR for resolved galaxies (Cluver et al. 2017) is given by ;

log(SFR) = (−7.76± 0.15) + (0.889± 0.018) log(νLν) (4.4)

where νLν is the spectral luminosity in L⊙.
To arrive at the spectral luminosity, the W3 magnitude was converted into flux (fν) using
the W3 flux zero point. The equations used were;

W3 = Zp3 − 2.5 log(DU), (4.5)

fν(Wm−2Hz−1) = fo × 10−W3/2.5 × 10−26, (4.6)

νLν(L⊙) =
νw3 × 4πD2 × fν

3.846 × 1026
(4.7)

where DU is the W3 image in data units, W3 is the W3 magnitude in the Vega system,
Zp3 is the instrumental zeropoint of the W3 band, while fo = 29.0448Jy is the W3 flux
zeropoint (Wright et al. 2010), νw3 the mid-band frequency of the W3 band, and D is the
distance in meters.

Maps of the SFR surface density (see Figures 4.2 and 4.3) were obtained by dividing the
SFR maps by the physical pixel area in units of kpc2. The pixel area is defined as

A = [θ ×D(kpc)]2, (4.8)

where θ is the pixel scale in radians.

All analyses were carried out within the star forming disk. The edge of this disk was
defined as the isophote at 18.8 mag/arcsec2 (8.7714× 10−4mJy) which roughly corresponds
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to the 5σ noise level in the W3 maps (See Table 4.2). Five of the 20 galaxies did not fit into
this range and an isophote of 17.5 mag/arcsec2 (2.2033× 10−3mJy) was used which also
corresponds to the 5σ level. One galaxy (UGC2855) was much brighter than the rest and its
own 5σ level at 16.5 mag/arcsec2 (5.0474× 10−3mJy) was used to define the star forming
disk. The isophote is shown as a black contour on all the maps of SFR and gravitational
stability parameter in this chapter.

To crosscheck the reliability of the SFR maps, global SFRs were calculated from the to-
tal flux from fν in Equation 4.6 and compared with global values from Jarrett et al. (2017)
(Figure 4.1). Note that the W3 band suffers contamination by emission from evolved stars,
(Cluver et al. 2014), and the SFR calibration relation has considerable scatter because of
this (Jarrett et al. 2013). The W4 band does not suffer from these contaminants, but the
superior sensitivity of the W3 band and the fact that it traces the interstellar medium (ISM)
make it a more reliable calibrator of mid-infrared SFRs than W4 (Cluver et al. 2014; 2017).

Figure 4.1: Comparison of star formation rates. Global average SFRs from the method
described in Section 4.1 above (method B on the y axis) were compared to global average
values (A) provided by Jarrett et al. (2017) who used native resolution and 1′′ pixel imaging
for photometric measurements. In both cases, summation of total flux was within the
stellar disk, defined by the W1 1σ isophote. Also note that SFR values were obtained only
for galaxies that had a detection in the W3 band. The measurements on both axes used the
same distances. There is good agreement with a few outliers, implying that the SFR maps
derived above were reliable.
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Figure 4.2: Maps of the SFR surface density (log ΣSFR [M⊙ yr−1 kpc−2]). These were derived
from the WISE W3 images which were first matched to the resolution (30′′) and astrometric grid
(10′′ per pixel) of the WHISP Hi imaging. The smoothing and re-gridding process is detailed in
Appendix B . Black contours mark the edge of the ’star forming disk’ defined by an isophote in
surface brightness which roughly matches the 5σ (in most cases, ∼ 18.8mag arcsec−2 ) level in
the W3 maps (see Column 2 of Table 4.2). The SF in UGC11891 is patchy, hence the scattered
contours.
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Figure 4.3: Maps of the SFR surface density (log ΣSFR [M⊙ yr−1 kpc−2]). These were derived
from the WISE W3 images which were first matched to the resolution (30′′) and astrometric grid
(10′′ per pixel) of the WHISP Hi imaging. The smoothing and re-gridding process is detailed in
Appendix B . Black contours mark the edge of the ’star forming disk’ defined by an isophote in
surface brightness which roughly matches the 5σ (in most cases, ∼ 18.8mag arcsec−2 ) level in the
W3 maps (see Column 2 of Table 4.2).
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4.2 The Single-fluid stability criterion

In this section, we examine the relationship between the Single-fluid stability parameter and
the MIR emission. First, details are given (in Section 4.2.1) for the methods of derivation
of the gas velocity dispersion, rotation curves (and epicyclic frequency) and the gas surface
densities, whose maps are used to derive the maps of Qg for the different galaxies according
to Equation 4.1. The following investigations were then carried out:

i) Is there an atomic gas threshold for star formation in this sample of galaxies? First,
the Qg maps were probed for apparent thresholds. Constant Qg values at the edges
of the star forming disks Qg ≤ 1 in regions of high SFR can indicate thresholds,
while constant Qg values in the disks are evidence for self-regulated star formation
(Silk 1997).

ii) Is the Qg a necessary condition for the onset of star formation? The existence of high
star formation rates in regions with high Qg (i.e. stable against collapse) would show
that Qg does not predict or determine SF. However a relationship between these two
properties can be sought since each of them is closely related to the gas surface density.
The results and discussion for these two analyses are presented in Section 4.2.2.

4.2.1 Methodology

To carry out this analysis, 2D maps of the variables in Equation 4.1 were derived and used
to obtain a map of the Qg for each galaxy.

Gas surface density

Gas surface density represents the self gravity of the gas in Equation 4.1. The data used
in this study were taken from the WHISP survey. Now, it is known that the gas most
closely linked to the star forming process is the molecular gas (e.g. Wong & Blitz 2002,
Bigiel et al. 2008). However, we would like to find out how to harness the immense Hi data
available from surveys to study star formation in the absence of data from molecular gas
surveys. Nonetheless, three of the galaxies in the subsample studied in this chapter have
been observed in CO by the HERACLES survey (Leroy et al. 2009), and their H2 surface
densities were combined with Hi surface densities to obtain a total gas surface density.

Hi surface density: Surface density maps of Hi were calculated from the total intensity
maps via standard conversions. The Hi column density is derived as,

NHi(cm
−2) = 1.823× 1018 ×

∑

ν Sν
1.65× 10−3 ×∆α∆δ

×∆V, (4.9)

where ∆α and ∆δ are the major and minor axes of the telescope beam, ∆V is the velocity
resolution in km s−1, and

∑

ν Sν is the Hi intensity map in mJy/beam. The factor in the
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denominator converts the intensity map into a brightness temperature map.
A linear conversion is applied to the column density map to obtain surface density,

ΣHi(M⊙ pc−2) =
NHi

1.248× 1020
cos i . (4.10)

Most of the galaxies studied in this chapter did not have CO data, so ΣHi was used as the
gas surface density. A factor of 1.36 was applied to the Hi surface densities to account for
the presence of Helium (Leroy et al. 2008).

H2 surface density: For three galaxies, CO data were available in the public database
of the HERACLES survey. The BIMA SONG survey was also considered, although no
cross matches were found beyond these three. Data were not sourced from other surveys
because this would introduce inhomogeneities that would add complexity to a comparative
study. Also, the HERACLES was favored over other surveys due to the advantages it had,
namely, sampling of the full optical disk, and a combination of high sensitivity with high
spatial resolution (Leroy et al. 2009). The CO maps have a resolution of 13′′ with a 2′′/pixel
sampling.
These maps were degraded to the Hi resolution and fit onto the astrometric grid of the Hi

data (30” and 10” per pixel, respectively) before conversion to H2 surface densities.
We follow the method of Leroy et al. (2008) who, for their HERACLES data, use a CO -
H2 conversion factor XCO = 2× 1020cm−2 and a line ratio ICO(2 → 1) = 0.8ICO(1 → 0).
This gives the surface density of H2 as,

ΣH2
(M⊙pc

−2) = 5.5 cos i ICO(2 → 1)(K km s−1), (4.11)

where ICO is the CO surface brightness and cos i corrects for inclination. This conversion
also includes a factor of 1.36 to correct for the presence of Helium molecules.
After deriving the ΣH2

, the total gas surface density maps were obtained by adding the Hi

and H2 surface densities. For the rest of the sample galaxies, Σg implies ΣHi.

Note: The CO - H2 conversion factor, XCO, has been shown to vary with differ-
ent aspects of a galaxy such as metallicity, radiation field and molecular gas content (e.g.
Leroy et al. 2008, Bolatto et al. 2013). The variation of XCO is such that it can also vary
radially within the same galaxy (e.g. ?). Attempts at calibrating XCO in other galaxies
besides the Milky way (e.g. Bolatto et al. 2013) return values similar to the Milky way
value (2× 1020cm−2) but with large scatter. As such, the CO - H2 conversion factor is a
considerable source of systematic uncertainty in studies involving ΣH2

.

Velocity Dispersion

The derivation of the gas velocity dispersion in galaxies is not a straightforward process.
Second moment maps maybe used but these cease to be meaningful measures of dispersions
when the line profiles deviate from pure Gaussian profiles (de Blok & Walter 2006). Sev-

https://www.cv.nrao.edu/~aleroy/HERACLES/Data.html
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eral factors, such as radial inflows (Romeo & Mogotsi 2017), mixture of cold and warm
phases of Hi (de Blok & Walter 2006, Ianjamasimanana et al. 2012) and projection ef-
fects in highly inclined galaxies (Voigtländer et al. 2013), contribute to the exaggeration
of linewidths as well as asymmetries and other non-Gaussian behavior in the velocity dis-
tribution. To disentangle the two Hi phases, high velocity resolution is required (e.g. 2.6
km s−1 Ianjamasimanana et al. 2012), which is not the case for 90% of the galaxies studied
in this chapter (4.13 km s−1) and hence we could not separate the cold from the warm com-
ponent. However, the Hi dispersion has been seen to remain uniform over the Hi dominated
regions of disk galaxies. For instance Leroy et al. (2008) (hereafter L08) and Tamburro et al.
(2009) derived velocity dispersions of 11±3 km s−1 and 10±2 km s−1 in the outer regions
of disks in their respective samples. In this study, we derived an ‘observationally motivated’
(Romeo & Mogotsi 2017) value of the gas velocity dispersion, 12± 3 kms−1, following the
methodology of L08, as described below.

Third-order Gauss-Hermite polynomials were first fit to the line of sight (LOS) velocity
profiles in the data cubes to produce 2D maps. Note that this is a map of the totality of
all the random motions along a line of sight. A cut-off in amplitude was applied to the
line profiles such that only profiles of amplitude greater than 4 times the root mean square
noise in the data cube were considered. Furthermore, a cut-off in velocity dispersion was
also used such that only those profiles with widths greater than the velocity resolution for
the corresponding cube were considered ∗. The fitted width of the line profile was taken
as the velocity dispersion along that LOS. Any dispersions above 35 km s−1 were flagged,
although these were few and mostly in the centers of highly inclined galaxies (see Figure
4.4). Much as the GH3 does fit for the skeweness of a profile (see Chapter 3), the width of
the fitted profile is very close to the width from a Gaussian fit. And indeed for lines that are
minimally skewed, especially lines beyond the central region where large radial motions are
prevalent, the profiles are well approximated by Gaussians. Figure 4.4 shows the dispersion
maps of UGC7766 and UGC1913, while the rest of the maps for the sample are shown in
Appendix C.1
Taking the W1 half-light radius as the effective radius, for each dispersion map, all radii
within the effective radius were masked out to avoid the bulge where radial motions and pro-
jection effects are most pronounced. The median of dispersions at the larger radii was taken
as the representative dispersion for that particular galaxy. The mean of all the median values
from the different galaxies (12± 3 km s−1) was adopted as the average gas velocity disper-
sion across the disks of all the galaxies studied in this chapter. L08 considered outer disk
radii 0.5− 1r25 and obtained an average dispersion of 11± 3 kms−1. A plot of our median
velocity dispersions versus inclination, like their Figure 21, was made and no dependence on
inclination was found (see Figure 4.5).

∗Note: The galaxies studied in this chapter, had velocity resolutions of 2.1, 4.1, 8.3, and 16.5 kms−1.
Four of them had 16.5 kms−1 resolution and were left out when calculating the average velocity dispersion.
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(a) (b)

Figure 4.4: Velocity dispersion maps for UGC7766 (a) and UGC1913. Dispersions were
derived by fitting third order Gauss Hermite polynomials to the line profiles (See Chapter
3). The black ellipse marks the effective radius (the radius encompassing half the galaxy’s
light). Within this region, the dispersions are generally higher than elsewhere in the disk,
which is due to various factors such as high velocity clouds, radial inflows in bars and bulges
and feedback from star forming regions. The high central velocities are more pronounced in
highly inclined galaxies due to projection effects. When determining the average dispersion,
values at radii within the effective radius were masked out. Dispersion maps for the rest of
the sample are shown in Appendix C.1.

Epicyclic frequency

The epicyclic frequency, κ is the frequency of oscillation of a particle about its orbit, and is
related to the orbital angular velocity Ω as,

κ = 4Ω2 + r
dΩ2

dr
. (4.12)

Since Ω = Vr/r, we have,

κ =

[

2

(

V2
r

r2
+

Vr

r

dVr

dr

)]0.5

, (4.13)

where r, Vr and dVr

dr are 2D maps of galactocentric radius, the rotation velocity and the
derivative of the rotation curve respectively. Since all these variables are functions of the
radius, we first generated maps of the galactocentric radius for all the sample as detailed
below.
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Figure 4.5: Median values of the velocity dispersion maps for the subsample of galaxies that
was used to study the star formation thresholds. Error bars show the standard deviation of
values within each dispersion map. Radii within the effective radius were masked for each
galaxy when calculating these average values. The gray band depicts the 1σ range of the
average of the plotted values, 12.6± 2.6kms−1. Magenta points show spiral galaxies (Sa-Sd),
while blue points are late type irregular galaxies (Sm-Im).

Calculation of the galactocentric radius: The surface of a galaxy is assumed to be
intrinsically spherical and that, due to inclination effects, it takes on an elliptical shape with
an orientation determined by the position angle. This implies that the projected distance
of a pixel from the center may not represent its true galactocentric radius. To calculate
the true radii, the pixel distances (in arcseconds, where pixel scale = 10′′ per pixel) were
de-projected through the inclination angle. Taking the y axis as the major axis, the true
distance (r) of a pixel (xi, yi) from the center (xo, yo) is defined by

r =
√

((∆x)2 + (∆y)2)/ cos(i), (4.14)

where, (4.15)

∆y = yi − yo, (4.16)

∆x = ( xi − xo) cos(i), (4.17)

(4.18)

Using the above formalism, a 2D map of the galactocentric radii was produced for each
galaxy and then rotated through the position angle using the Scipy Rotate ∗ function. The
inclination and position angle used to generate the galactocentric radius maps are kinematic

∗https://docs.scipy.org/doc/scipy-0.16.1/reference/generated/scipy.ndimage.interpolation.rotate.html
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orientation parameters obtained from the work of Swaters (1999) and van Eymeren et al.
(2011).
Rotation curves for the respective papers were provided by R. Swaters (priv.communication)
and J.v. Eymeren (priv.communication).

Generating maps of rotational velocity: To obtain two-dimensional maps of the ro-
tational velocity, Vr, the rotation curves were parametrized using a functional form and the
fitted parameters used to generate a Vr value for every pixel in the galactocentric radius
map. The sample comprises an array of rotation curves, some galaxies having rising outer
rotation curves, some declining, while others are flat in the outer radii (see Figure 4.6).
Because of the various types of rotation curves, the functional form used was the so-called
"polyex model" (Giovanelli & Haynes 2002);

Vr = Vo

(

1 − e−r/l
)(

1 +
αr

l

)

, (4.19)

where Vo is the amplitude of the rotation curve, l is the scale length of the inner rise and α

defines the slope of the outer part of the rotation curve. This model can fit for flat, rising
or declining outer rotation curves, and is thus well suited to the variety of rotation curves
in our sample. As stated by Giovanelli & Haynes (2002), this is an analytic function with
parameters that do not have a physical basis in the dynamics of a galactic disk. As such,
the parameters returned from the fitting process are sometimes unphysical. The unphysical
parameters in turn yield negative κ2 values. To avoid this, we placed constraints on the
fitting process to only return physically reasonable parameters with respect to the rotation
curves. This is the reason for the high χ2 values on the affected fits, (see for example
UGC1913, UGC2855 and UGC6225 in Table 4.1). Figure 4.6 shows the literature rotation
curves (black) and fitted functional form (red) for all galaxies in the sample, while the fitted
parameters and corresponding goodness of fit measures are shown in Table 4.1.

From the rotation velocity function, the maps for the derivative of the rotation curves
were derived as

dVr

dr
=

αVo

l

(

1 − e−r/l
)

+
Voe−r/l

l

(

1 +
αr

l

)

(4.20)

The derived maps of epicyclic frequency, gas surface density together with the constant
velocity dispersion were used in Equation 4.1 to obtain a map of Qg for each galaxy. In
order to have a dimensionless Q parameter, units of km s−1 pc−1 were used for the epicyclic
frequency and pc M−1

⊙ km2 s−2 for the gravitational constant G. Figure 4.7 shows maps
of the variables derived for UGC1913. The maps for the rest of the sample are shown in
Appendix C.
Note: In using the tilted-ring rotation curves to derive κ, we implicitly used the assumption
that κ(θ, r) = κ(r), where θ is the position angle in the plane of the galaxy with respect to
the major axis. The derivation of V (θ, r) becomes uncertain beyond a small angular range
about the major axis (Begeman 1989), and as pointed out by de Blok & Walter (2006), use
of the two-dimensional Hi distribution compensates for the limitations of the κ(θ, r) = κ(r)



4.2 The Single-fluid stability criterion 109

Figure 4.6: The black points are the observed rotation velocities, obtained from Swaters (1999) and
van Eymeren et al. (2011) (see Table 4.1). The polyex model functional form (red curve, Equation
4.19, Giovanelli & Haynes 2002) was fit to the observed points in order to derive a 2D map of the
galaxy’s rotation. The reduced χ2 value is shown for each fit in the lower left corner of the panels.

assumption because azimuthal variations in the rotation velocity are much smaller than
azimuthal variations in the surface density map.



110 Disk Stability and Star Formation Thresholds 4

Figure 4.7: Maps from the Single-Fluid methodology for UGC1913. Top panels - Galacto-
centric radius (left), Rotation velocity (middle) and Derivative of the rotation curve (right).
Bottom panels - Epicyclic frequency (left), Gas surface density (middle) and the Toomre
Q parameter (right). The gas surface density map used here is that of total gas (ΣHi+H2

).
Note that instead of SI units, the units used for the epicyclic frequency were so chosen to
return a dimensionless Q parameter.
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Table 4.1: Parameters of sub sample

Name incl pa beams res Vo l α χ2 source q
◦ ◦ pc km s−1 kpc

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

UGC1256 71.59 69.44 35 348 129.92 4.37 0.01 3.62 vE 1
UGC1913 53.65 286.63 26 431 133.13 4.43 −0.03 18.09 vE 4
UGC2455 51.0 263.0 12 310 15.00 0.30 0.22 0.66 Sw 2
UGC2855 61.49 111.19 13 697 213.08 2.94 0.00 7.84 vE 3
UGC4284 61.67 169.77 22 558 137.79 3.65 −0.07 2.43 vE 5
UGC5721 61.0 279.0 13 322 82.49 0.74 −0.01 0.31 Sw 2
UGC5789 62.49 35.56 17 630 115.15 4.48 0.00 4.13 vE 1
UGC6225 75.87 256.19 19 484 187.94 5.54 −0.02 11.43 vE 4
UGC6537 49.47 195.65 15 648 190.29 2.85 −0.04 3.92 vE 5
UGC7047 46.0 34.0 11 212 5.80 0.01 0.03 0.01 Sw 2
UGC7261 30.0 262.0 12 673 63.26 0.78 0.02 0.02 Sw 2
UGC7323 47.0 38.0 12 264 33.12 0.50 0.21 0.47 Sw 1
UGC7524 46.0 327.0 32 230 70.30 2.32 0.04 0.42 Sw 1
UGC7603 78.0 197.0 12 332 75.05 1.64 −0.04 0.26 Sw 1
UGC7766 67.31 323.31 33 354 131.26 2.78 −0.01 7.34 vE 5
UGC7989 44.19 32.45 24 610 314.18 3.48 −0.04 2.95 vE 4
UGC8490 50.0 175.0 22 230 79.34 0.66 0.00 0.19 Sw 1
UGC9649 56.56 228.21 12 544 77.52 0.82 0.02 1.76 vE 1
UGC11670 67.34 335.63 11 717 217.13 2.68 −0.05 4.73 vE 2
UGC11891 46.26 115.49 17 372 125.64 2.95 −0.10 2.99 vE 5

Note: (1) - Name. (2-3) - Inclination and position angle (anticlockwise from North to the receding
side of the major axis) adapted from the literature for the rotation curves shown in column 10.
These orientation parameters were used when constructing the 2-dimensional maps of galactocen-
tric radius in Section 4.2.1. (4) - Number of beams across the Hi disk. (5) - Spatial resolution
per 10′′ pixel in the Hi data. The resolution element is 3 pixels across. (6-8) - Parametrization of
the rotation curve according to Equation 4.19. (9) - The χ2 value. The fits were done using the
kmpfit module of the Kapteyna package. The polyex model tends to return optimal parameters
that are unphysical, resulting in undefined values of the epicyclic frequency. Therefore, the fitting
process was constrained to produce physically reasonable parameters, which resulted in high χ2

values for some galaxies. (10) - Literature reference for the rotation curves: Sw - Swaters (1999),
vE - van Eymeren et al. (2011). Note that the actual data were provided by the respective first
authors of the two studies. (11) - Quality of the literature rotation curve as determined by the
authors, where q=1 is good quality. Note that the definition of q is slightly different betwen Sw
and vE. In the former, q depends on the signal to noise ratio of the Hi profile, presence of non
circular motions and deviation from axial symmetry while the definition of vE is solely dependent
on the symmetry between the approaching and receding sides at inner and outer radii.

ahttps://www.astro.rug.nl/software/kapteyn/index.html
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4.2.2 The Single-fluid disk MIR Star formation threshold

Figures 4.8 and 4.9 are maps of the Toomre Q parameter while the W3-derived ΣSFR maps
are shown in Figures 4.2 and 4.3. High central values of Qg seen in several galaxies are a
result of the central Hi depressions in spiral galaxies. The black contours mark the edge
of the star forming disk as defined in 4.2.1. Table 4.2 lists the average values of Qg within
the star forming disk and along its edge. The quoted uncertainties represent the standard
deviation about the mean value. Right away, it is clear that all of the disks are Toomre-
stable, generally having Qg much higher than 1. Moreover this is in spite of clear existence
of star formation in these disks as seen in the ΣSFR maps. Also, from the maps and table,
we can see that in side the disks Qg has large variations by as much as 60% and higher
(e.g. see columns 5 and 6 of Table 4.2 for UGC1913, UGC2855, UGC6537, UGC7261). In
about half the sample, Qg varies by less than 30% at the edge of the SF disk. Taking all
the galaxies that have constant Qg (varying by less than 30%)at the threshold, we get an
overall average of 4.0.
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Figure 4.8: Maps of the single-fluid Toomre Q parameter. Black contours mark the edge of the
star forming disk defined by an isophote in W3 surface brightness (see Table 4.2). The labels Qe

and Qd indicate the average values of Qg along and inside this black contour respectively. White
contours mark regions of QT ≤ 1. The Toomre Q parameter maps were derived for a thin gas disk
using Hi surface densities for the majority of the sample. CO intensity maps were available for
three galaxies (UGC1913, UGC7766, UGC7989) from the HERACLES survey, so their H2 and Hi

surface densities were combined to obtain the total gas surface density.
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Figure 4.9: same as Figure 4.8. See Section 4.3.2 for comments on the map of UGC6225.

A value of Qg = 4.0 at the SF threshold is more than twice as high as the results of
Kennicutt (1989) who found an average value of Σc/Σg = 1.5 for 15 star forming disks, while
Martin & Kennicutt Jr. (2001) obtained 1.4 for a sample of 32 galaxies. However our result
is in agreement with the results of Hunter et al. (1998), Boissier et al. (2003), Elson et al.
(2012) who also found Qg to be two to three times higher than the Kennicutt (1989) value.
The higher values in our study are mainly because the gas velocity dispersion (σg) we used
is twice as high as the one used by Kennicutt (1989). As can be seen in Equation 4.1, a
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Table 4.2: Observed single-fluid threshold properties.

Name SB5σ ⟨Qg⟩e ∆⟨Qg⟩e ⟨Qg⟩d ∆⟨Qg⟩d res ⟨Σg⟩
mag/asec2 pc M⊙pc−2

(1) (2) (3) (4) (5) (6) (7) (8)
UGC7047 18.8 5.0 1.3 4.0 1.6 212 5.8
UGC7524 18.8 3.5 2.1 3.4 2.0 230 4.7
UGC8490 18.8 4.9 1.0 6.6 2.6 230 6.6
UGC7323 18.8 8.6 8.6 6.7 3.8 264 3.8
UGC2455 17.5 2.0 0.1 2.2 0.7 310 8.3
UGC5721 18.8 2.9 0.5 3.7 1.6 322 15.2
UGC7603 18.8 3.1 0.9 3.2 0.7 332 6.8
UGC1256 18.8 2.9 0.7 2.1 1.1 348 5.3
UGC7766 17.5 3.2 0.7 3.9 1.1 354 7.7
UGC11891 17.5 4.3 1.4 5.5 2.3 372 6.4
UGC1913 18.8 1.8 0.6 2.0 1.5 431 10.1
UGC6225 18.8 10.5 8.7 6.0 5.0 484 4.9
UGC9649 18.8 4.4 1.0 7.4 5.4 544 3.9
UGC4284 18.8 2.0 0.5 2.6 0.9 558 7.1
UGC7989 17.5 11.4 5.8 15.1 17.5 610 3.2
UGC5789 18.8 2.9 1.0 3.6 1.2 630 4.5
UGC6537 18.8 6.8 7.3 4.7 4.6 648 4.9
UGC7261 18.8 4.3 1.7 6.7 4.5 673 3.5
UGC2855 16.5 15.9 8.1 4.4 2.8 697 6.4
UGC11670 17.5 9.8 2.6 13.4 6.5 717 1.5

Note: (1) - Name, (2) - W3 surface brightness at the edge of the star forming disk. This
surface brightness corresponds roughly to the 5σ level in the W3 image, (3-6) - Value of the
stability parameter and corresponding uncertainty at the SF threshold and inside the SF
disk, (7) - Physical pixel size. The resolution element is 3 pixels across. (8) - Average gas
surface density across the entire stellar disk.
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constant σg linearly scales Qg up or down but does not affect the structure in the stability
map. Leroy et al. (2008), who used a similar gas dispersion (11 km/s), did not find any
evidence in their results for a Q threshold on star formation. Likewise, Thornley & Wilson
(1995) failed to determine a Q threshold, although their study did not use a constant σg. An
implication of the Single-fluid criterion is that the onset of large scale star formation (the
SF disk’s edge) should be predicted by the Qg parameter. However, the maps and statistics
above do not offer any concrete evidence that connects Qg to large scale star formation.

On the relevance of Qg in the SF disks, the results do not conclusively show whether
the Q = 1 is a necessary condition for SF to occur. All the disks are subcritical (stable)
inspite of having star formation occurring in their disks. Even when the gas dispersion
value is halved, only four disks in our sample (namely UGC1256, UGC1913, UGC2455 and
UGC4284) would be borderline critical (hence only marginally unstable), while the rest
remain stable. Sub-critical values of Qg have been observed by other studies in the disks
of star forming galaxies, ranging from irregulars (e.g. Hunter et al. 1998) to dwarfs (e.g.
Elson et al. 2012) and spirals (e.g. Leroy et al. 2008). If we considered the K89 threshold
value of Qg = 1.5, then, with a lower gas dispersion (σg = 6km s−1), the four disks above
would be Qg -unstable, six others would be marginally stable, and the remaining 10 galaxies
would still have disks that are stable against collapse. Note, the disk averages of Qg are also
hiked by the central high values resulting from the Hi depression, so it is tempting to say
that the average values at the SF threshold might be lower than the disk averages. However,
looking at the SF thresholds (edges of the SF disks), all the galaxies show stable values of
Qg according to the Q = 1 criterion, but when the criterion is changed to Q = 1.5 and lower
gas dispersion are considered, the statistics remain similar to those inside the disks, with
five unstable, four marginally stable and 11 stable against collapse.
In a few cases, where the resolution allows us to see some local enhancements in the structure
of the SF maps, we can study the local relevance of Qg to SF. In five galaxies, the values
of Qg happen to be lower for localized regions of high ΣSFR. These are UGC7047 (South
West), UGC7524 (South East of the nucleus) , UGC1913 (West), UGC5789 (South West)
and UGC7261 (South East). Note that UGC1913 is one of the galaxies for which CO data
were available hence a more complete map of the gas surface density (Σg = ΣHi +ΣH2

) was
used. The other two for which CO data were available (UGC7766 and UGC7989) do not
show any local Qg - ΣSFR correlations inside the SF disk.
In three other galaxies (UGC7323, UGC1256, UGC6537) where some structure is resolved,
there is no such correlation between Qg and ΣSFR. This, with the generally stable values
in the disks shown above, goes to show that the single-fluid criterion is not a necessary
condition for SF and thus not applicable to large scale star formation (Thornley & Wilson
1995, Wong & Blitz 2002, Boissier et al. 2003, Leroy et al. 2008). Note, however, that four
of the five galaxies mentioned above, (in which the lowest Q values match local high SFR
regions), are all late types, two of them being dwarfs (UGC7047, UGC7261) and these have
the highest gas fractions in the sample. This observation is in line with the conclusion of
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de Blok & Walter (2006) that the single-fluid Q is applicable to dwarfs, although the same
result is challenged by the observation that the other dwarfs in our sample do not exhibit
similar behaviour. Moreover, we also see low Qgvalues in the outer regions of UGC7989
(M∗ = 1010.76 M⊙) well beyond the SF disk and the CO disk. On closer inspection of the
SFR density map (Figure 4.3), there appears to be low level star formation in that part of
the disk, and the stellar disk encompasses this region. This implies that the Qg parameter
may be able to predict SF even in massive spirals.

From this analysis, we see that the single-fluid model does not define a Toomre Q thresh-

old that predicts the outer edge of the star forming disk (atleast for 50% of the sample).
Therefore, it can not be applied to large scale star formation. This stability criterion also
fails to predict the actual unstable regions, since we see high (stable) Qg values even where
the SF is locally enhanced. The main limitation of this model is that it does not represent
typical galaxy disks which consist of both stars and gas. In the next section, we study
the two-fluid disk model which accounts for the impact of the stellar disk’s gravity on the
stability of the gas disk.

4.3 The Two-Fluid stability criterion

In this section, we study the two-fluid disk stability criterion which attempts to account for
the existence of both the stellar and gaseous components of a galaxy’s disk. We derive the
stability parameter QT using the formulation of Rafikov (2001) in Section 4.3.1 and analyse
the results in 4.3.2.

4.3.1 Methodology

Stellar mass and Stellar surface density

The WISE 3.4µm (W1) band is a reliable measure for the stellar mass of galaxies be-
cause it traces the evolved stars, which comprise the bulk of the baryonic mass in galaxies
(Meidt et al. 2014). Galaxy stellar masses can be directly obtained from the stellar luminos-
ity using the mass-to-light ratios (Υ∗). This is a simple approach and avoids uncertainties
which arise from modelling, for example uncertainties in stellar population synthesis models,
uncertainty in the stellar initial mass function, and variations in galaxy star formation his-
tories (McGaugh & Schombert 2014). Bell & de Jong (2001) and Bell et al. (2003) studied
the color-Υ∗ relation and found that in the Near Infrared, Υ∗ varies only slightly with color.
Moreover, the Υ∗ has a tighter relation with color than with other galaxy properties such
as gas fraction and surface brightness. Meidt et al. (2014) also found that a single value for
Υ∗ can be used to derive stellar masses from the NIR flux corrected for non-stellar contam-
ination. McGaugh & Schombert (2014) tested the population synthesis model of Bell et al.
(2003) on a sample of spiral galaxies and found a constant NIR Υ∗ produced self consistent
results when calculating stellar masses even for optical wavelength bands. Using the linear
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conversion of Oh et al. (2008) between NIR Υ∗ and MIR Υ∗, McGaugh & Schombert (2014)
obtained a NIR (3.6µm) Υ∗ of 0.47 M⊙/L⊙, and they further argue that the assumption
of a constant Υ∗ in the NIR is necessary for consistency when deriving stellar masses from
optical and NIR observations.

In this study, a value of 0.5 M⊙/L⊙ was adopted for the 3.4µm images from WISE to
avoid the complexities involved in trying to model the Υ∗ from colors as discussed above.
Note that as in the case for the SFR maps, the W1 images were matched to the resolution
(∼ 30′′) and astrometric grid (10′′ per pixel) of the WHISP data before deriving the stellar
mass maps. The details of this process are given in Appendix B.
Standard equations were used to convert W1 flux into luminosity as shown below:

m = Zp1 − 2.5 log(DU) (4.21)

M = m − 5 log(D) + 5 (4.22)

L(L⊙) = 10−0.4(M − Msun) (4.23)

M⋆(M⊙) = Υ[3.4]
∗ × L (4.24)

where m and M are the apparent and absolute magnitudes in the W1 band, DU is the raw
W1 image, Zp1 is the instrument zero point in the W1 band, D is the distance in parsec, L
is the in-band luminosity, Msun = 3.24, the absolute magnitude of the sun in the W1 band
(Oh et al. 2008, Jarrett et al. 2013) and Υ[3.4]

∗ = 0.5 M⊙/L⊙.

A direct calculation for stellar surface densities was done by dividing through the stellar
mass maps by the physical area of a pixel in units of pc2 after deprojecting the map through
the inclination angle i;

Σ∗[M⊙pc
−2] = (M∗ × cos(i))/A, (4.25)

where A = [θ ×D(pc)]2 and θ is the pixel scale in radians. The W1 band is sensitive to
light from warm dust, AGB stars and PAH molecules (at 3.3µm), all of which can exaggerate
the W1 flux (Meidt et al. 2012). This implies that the stellar masses and surface densities
quoted here should be taken as upper boundaries.

Stellar velocity dispersion

The radial stellar velocity dispersions, σ∗,r were derived following the methods and assump-
tions of Leroy et al. (2008) which were based on results from previous studies. Assuming
hydrostatic equilibrium, van der Kruit (1988) calculated the vertical stellar dispersion for a
disk with an isothermal vertical profile as;

σ∗,z =
√

2πGΣ∗h∗. (4.26)

The stellar scale height, hz was assumed to remain constant at all radii (as observed by
van der Kruit & Searle (1981) in edge-on spirals) and approximated from the average flat-
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Figure 4.10: Comparison of stellar mass estimates derived from the WISE W1 band. Es-
timates (A) on the x axis are total stellar mass estimates by Jarrett et al. (2017) who
calculated their masses from total W1 flux and the W1−W2 color which tracks the M/L
ratio (Cluver et al. 2014). I obtained estimates (B) on the y axis by deriving maps of stellar
mass and then summing up the total mass. In both cases, summation of total flux and total
mass were done within the stellar disk, defined by the W1 1σ isophote. The dotted line is a
y=x line. The two sets of estimates largely agree, with few outliers which could be because
a single M/L ratio is adopted here while Jarrett et al. (2017) use a variable M/L based on
WISE colors.

tening ratio of the disk l∗/h∗ = 7.3 ± 2.2 (Kregel et al. 2002). Measurements of l∗ were
obtained from WISE data provided by Jarrett et al. 2017 (priv. communication). Taking
after the Leroy et al. (2008) assumption that σ∗,z = 0.6σ∗,r, this yields,

σ∗,r = 1.67×
√

2πGΣ∗l∗
7.3

. (4.27)

Perturbation wavenumber

The stability of a two-fluid system against axisymmetric perturbations depends on the wave-
length of the perturbation, λ = 2π/k, where k is the wavenumber (see Equation 4.3).
Griv & Gedalin (2012) showed that in spiral galaxies, the fastest growing (hence most un-
stable) perturbations have wavelength scales of 1 - 4 kpc, while Leroy et al. (2008) found 2
- 5 kpc for their sample of spiral and dwarf galaxies. Jog & Solomon (1984a) analytically
showed that two-fluid instabilities in a disk of stars and gas have scales between 2-3 kpc.
To find an appropriate wavelength scale for the galaxies in the sample studied here, a range
of scales between 0.5 - 5 kpc (wavenumbers k = 4π, 3π, 2π, 1.5π,π, 0.8π, 0.6π, 0.5π, 0.4π)
were considered and used to derive maps for the corresponding two-fluid instabilities (Equa-
tion 4.3). Figure 4.11 shows these maps for a late type (Sd) spiral galaxy UGC1913 (similar
plots for the rest of the sample are shown in Appendix C.3.2). For each galaxy, these maps
were azimuthally averaged (using the GIPSY task ellint) in order to identify the one with
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the lowest QT values overall (See Figure 4.12). The 2 kpc scale was found to more closely
represent the most unstable scale for all the sample, hence it was chosen as the adequate
scale to investigate two-fluid instabilities in our study.

Figure 4.11: Maps of QT for a range of wavelength scales to determine the scale of the
maximum instability (fastest growing perturbation) for UGC1913. The black contour marks
QT = 1.0, while the magenta contour is at QT = 2.0. The white contours mark the edge of
the SF disk as defined in Section 4.1. Note that for UGC1913 we made use of the total gas
density (ΣHi+H2

). The wavenumbers in the plots 4π, 3π, 2π, 1.5π, 1π, 0.8π, 0.6π, 0.5π and
0.4π correspond to wavelength scales of 0.5 kpc, 0.66 kpc, 1 kpc, 1.3 kpc, 2 kpc, 2.5 kpc, 3
kpc, 4 kpc and 5 kpc respectively.
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Figure 4.12: Radial profiles of QT for varying perturbation wavelength scales. The GIPSY

ellint task was used to generate these profiles, and we used data within 60◦ of the major axis
to minimize sensitivity to projection effects along the minor axis. The radial profiles were
used to determine the scale which yielded the lowest overall QT disk for each galaxy. The 2
kpc scale (k = 1π) most closely represented the least stable scale for the entire sample, and
was used to investigate the two-fluid instabilities in this study.

4.3.2 The Two-fluid disk MIR Star formation threshold

Figures 4.13 and 4.14 are maps of the two-fluid instability model for our galaxy sample. The
questions below guided the analyses carried out on the QT maps.

i) Are the disks unstable according to the two-fluid disk criterion (Equation 4.3)? What
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Figure 4.13: Maps of the two-fluid instability parameter (QT ) derived from the Rafikov (2001)
formulation. The sources are listed in order of their spatial resolutions (see Table 4.2). Axes are
labeled in units of the effective radius, which is the radius encompassing half of the W1 light. The
black contours mark the edge of the star forming disk, as defined in Section 4.1. The labels Qe

and Qd indicate the average values of QT along and inside this black contour respectively. White
contours mark regions of QT ≤ 1.
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Figure 4.14: Same as Figure 4.13. See Section 4.3.2 for comments on the map of UGC6225.
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are the similarities, if any, among the unstable disks and the stable disks, in terms of
morphology, mass and gas content? What conclusions can be derived from these?

ii) What are typical values of QT in the disks? It has been found by some studies
that generally, disks have QT above unity and mostly flat (e.g. Leroy et al. 2008,
Romeo & Mogotsi 2017), and furthermore that the critical value of QT in fact lies
around 2- 3 for spirals (Elmegreen 2011) .

iii) Do any local enhancements of SFR correlate spatially with lower values of QT ? Do
the regions of low QT match the low Qg regions? If this is the case, it may mean that
Qg is also a reliable indicator of star forming regions, with a different critical value
other than 1.

We see right away that inclusion of the stellar component lowers the gravitational stability
of the disks. All galaxies show lower QT values than Qg. This is because of the significant
contribution of the stars to the gravity budget of a galaxy disk. However, much as the
gravitational stability is considerably lowered, the two-fluid disk model does not necessarily
render all the disks unstable because we can see that none of the galaxies have QT disks
below 1, the theoretical threshold for two-fluid instabilities.

Our results are in agreement with the results of Leroy et al. (2008) who also found that
despite lowering the stability of the disks, the two-fluid model did not return unstable disks.
Boissier et al. (2003) studied the two-fluid stability criterion for a sample of 16 disk galaxies,
and found 14 of them to be unstable, and the other two galaxies were only marginally stable,
unlike our results and those of Leroy et al. (2008). The difference arises from the fact that
they used the two-fluid disk model of Wang & Silk (1994), whereas this study used the
Rafikov (2001) model. The Wang and Silk model has been found to yield lower values of QT

(Romeo & Wiegert 2011), because it does not account for the effects of the dynamics and
kinematics of each individual component (stellar or gaseous) on the stability of the other
(Jog 1996).

An isophote in surface brightness (18.8 mag/arcsec2) defined to correspond to the 5σ
level in the W3 images (see Section 4.1 for full description of this isophote) was used to
demarcate the edge of the star forming disk (SF disk). Table 4.3 lists the average values
of QT inside this disk and along its edge. Also shown in the table are the stellar surface
density and global average ΣSFR.
The values of QT are generally lower inside the SF disk than at the outer radii, showing
a correlation between the disk stability and star formation properties, because SFRs are
highest inside the SF disk. For some galaxies (for example UGC9649, UGC6537), nuclear
values of QT are higher than elsewhere in the SF disk, which is due to a combination of low
Hi densities and high stellar velocity dispersions in the nuclei. Since the stability decreases
inside the SF disk without dropping below 1 in all disks, it shows that the value of 1 is
not the true QT threshold for the onset of large scale SF. Majority of the disks have ⟨QT ⟩
values lying between 1.5 and 3.5. We also see that the QT is mostly flat and featureless,
in agreement with findings from previous studies that two-fluid stability varies weakly and
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lies above unity (e.g. Leroy et al. 2008, Elmegreen 2011, Elson et al. 2012, Griv & Gedalin
2012, Romeo & Mogotsi 2017). In fact Elmegreen (2011) and Griv & Gedalin (2012) assert
that the critical value of QT is no less than 2. Indeed we see in column 3 of Table 4.3 that
for the majority of the sample, QT at the edge of the SF disk lies around ∼ 2. The overall
average of QT at the edges is 2.5±0.9, while the overall disk average QT (inside the SF disk)
is 2.5±0.8.

Table 4.3: Properties of the two-fluid stability maps

Name SB5σ ⟨QT ⟩e ∆⟨QT ⟩e ⟨QT ⟩d ∆⟨QT ⟩d ⟨Σ∗⟩ ΣSFR

mag/asec2 M⊙pc−2 M⊙yr−1kpc−2

(1) (2) (3) (4) (5) (6) (7) (8)
UGC7047 18.8 1.4 0.1 1.4 0.2 9.7 −3.54
UGC7524 18.8 2.3 0.8 2.2 0.8 6.3 −3.47
UGC8490 18.8 2.6 0.3 2.8 0.8 11.0 −3.1
UGC7323 18.8 2.8 0.8 2.4 0.5 9.3 −3.29
UGC2455 17.5 1.2 0.0 1.2 0.2 25.1 −2.59
UGC5721 18.8 2.4 0.7 3.2 1.7 17.9 −2.86
UGC7603 18.8 1.9 0.4 1.9 0.8 8.9 −3.41
UGC1256 18.8 1.5 0.6 1.5 0.4 10.3 −3.16
UGC7766 17.5 1.9 0.2 2.1 0.3 16.2 −2.8
UGC11891 17.5 2.5 0.5 2.8 0.6 9.2 −3.01
UGC1913 18.8 1.8 0.5 1.8 0.8 16.0 −2.85
UGC6225 18.8 4.8 1.5 3.0 1.4 30.6 −2.38
UGC9649 18.8 2.9 0.4 3.6 1.3 11.8 −3.21
UGC4284 18.8 1.8 0.3 2.0 0.5 10.9 −3.1
UGC7989 17.5 3.0 0.4 3.0 0.6 30.0 −3.05
UGC5789 18.8 2.6 0.8 2.7 0.5 6.0 −3.35
UGC6537 18.8 3.7 1.7 2.6 1.0 27.4 −2.6
UGC7261 18.8 2.4 0.5 2.8 0.9 6.1 −3.24
UGC2855 16.5 3.2 0.6 1.9 0.4 71.8 −1.99
UGC11670 17.5 4.2 0.5 4.6 0.8 32.7 −2.97

Note: (1) - Name, (2) - W3 surface brightness at the edge of the star forming disk. This
surface brightness corresponds roughly to a level of 5σ in the W3 image, (3-6)- Mean value
of the stability parameter and corresponding uncertainty at the edge and inside of the SF
disk, (7) - Average stellar surface density, (8) - Average star formation rate surface density,
(9) - Wavenumber of the perturbation.

In some galaxies (UGC7524, UGC1913, UGC5789, UGC7261), QT shows some structure,
with lower QT values matching regions where the local SFR is higher than the rest of the disk.
All four galaxies are late types and have Hi masses ranging between 109.1 M⊙ and 109.7 M⊙.
We are mindful of the uncertainty introduced into these maps by the sensitivity of the W1
band to the 3.3µm PAH emission from star forming regions. This should be most prevalent in
high SFR disks (e.g. nuclear star bursts) such that the SF contribution to the W1 luminosity
is significant. The four galaxies mentioned above do not exhibit significantly high SFRs, in
fact we see disks with even higher SFRs (e.g. UGC2455, UGC2855, UGC6225, UGC6532,
UGC7766) that do not show any similar structure. It can thus be taken that the structure
of QT in these galaxies is not biased by this limitation on the W1 luminosity. From the
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above observations, it is clear that QT is consistent with local star forming regions. Note
that all of the galaxies with low QT structures also had lower Qg values for some of the same
regions of SF (see Section 4.2.2 above). Much as the QT model yields lower values than Qg,
these results show that Qg may also be just as capable of predicting local SF in late types.
A net effect of the stellar component thus appears to be a general lowering and flattening
(hence a normalization) of the disk stability following the distribution of the stellar surface
density.

In future work, the multicomponent disk model of Romeo & Falstad (2013) will be used
to treat the cold atomic gas (σg = 6 km s−1, Ianjamasimanana et al. (2012)) and warm
atomic gas (σg = 12 km s−1, Mogotsi et al. (2016)) separately so as to get a more refined
picture of the disk stability parameter. Note that the galaxies with total gas measurement
(ΣHi+H2

) do not show any special features in the QT consideration. This is very likely
due to the dominance of the stellar disk contribution in the two-fluid instability model
(Romeo & Mogotsi 2017), although we do not rule out the possibility that they may simply
not have a significantly high central CO concentration.

Comments on individual galaxies

There are some galaxies that exhibit special features in this analysis. They are presented
here with more detailed discussion.

UGC1256 is an interacting galaxy with a companion (UGC1249) to the Southwest. In
the Qg map, the gas in the Southwest is part of the bridge between the two interacting
galaxies. Star formation is known to be enhanced in interacting galaxies (Lambas et al.
2003, Di Matteo et al. 2007, Ellison et al. 2013), but UGC1256 does not exhibit SFRs that
are much higher than the rest of the sample. This is because UGC1256 is more massive
than UGC1249 (van Eymeren et al. 2011) and hence the minor merger process does not
significantly affect it. However, the lower Qg values in the adjoining bridge and in UGC1249
reflect enhanced SF there. In the rest of the (UGC1256) disk, the stability parameter appears
to trace the gas density, with high stability(Qg ≥ 10) in the outskirts. On the other hand,
the Two-fluid stability parameter appears to mostly trace the stellar surface density. The
bridge between the galaxies does not exhibit lower QT values. This is expected if QT is
dominated by the stellar component, because stripped gas is the main component of the
bridge.

UGC1913 is a late type spiral galaxy (Sd). For this galaxy, we used the total gas surface
density (ΣHi+H2

) when deriving the stability parameters. Inside its disk, we see lower
stability values along the arms in both the single-fluid model and the two-fluid model. This
galaxy is an example of a Hi dominated galaxy (Leroy et al. 2008), and the single-fluid
instabilities are not solely driven by the molecular gas. This can be seen in the minimal
difference between the Qg model derived using ΣHi alone and the model where ΣHi and ΣH2
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are combined (see Figure 4.15). The other two galaxies with CO measurements (UGC7766
and UGC7989) do not show any special features inside their star forming disks.

Figure 4.15: Top panels : Single-fluid disk stability maps of UGC1913. In (a), only ΣHi

was used, while in (b) the total gas surface density (ΣHi+H2
) was used. Bottom panels :

Two-fluid disk stability maps of the same galaxy with (c) and without (d) ΣH2
. There is

little difference between the maps where ΣHi is used and those with ΣHi+H2
because the gas

disk is dominated by Hi (Leroy et al. 2008).

UGC7989 is an Sab type galaxy and has one of the highest average stellar surface densities
in the sample. It however has a significant central Hi depression (see global profile in
Appendix A.1). The QT map shows relatively low values in a significant portion of the star
forming disk despite a conspicuous deficiency in Hi. We also see beyond the defined star
forming disk that both the Qg and QT maps have lower values for the outer spiral arm (well
beyond the molecular ring) which also has some low-level SF. This galaxy is a good example
of the dominance of the stellar component in disk stability. The existence of high SFRs in
the Hi - deficient nuclear region indicates the presence of star forming molecular gas. A
CO map for this galaxy was available, and hence the total gas density was used to derive
the stability parameters, however, the Qg map does not show lower central values, which is
likely due to a low level detection of the CO. This is one example of a galaxy where high
SNR observations of the molecular gas will be critical for deriving a clearer picture of the
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disk stability.

UGC7524 is a magellanic type spiral (Sm). Its spiral structure is seen in both the Qg and
QT maps as well as in the SFR map. Radial flows may be present in this galaxy, as shown
by kinks in the isovelocity contours in the kinematic map (see Appendix A). This galaxy
has some of the lowest Qg values in the entire sample. However, Qg is high in the nuclear
region where SF is highest (See Figures 4.2 and 4.8) due to relatively lower Hi intensity
(and hence low gas density) in that region (see global profile in Appendix A.1). Generally,
the lowest Qg values inside the disk of UGC7524 are found along the spiral arms which are
regions of active star formation. The QT map also shows structure with low values along the
spiral arms,and is lowest (and mostly flat) inside the star forming disk where SF is highest.
However, note that much as the QT disk is generally flatter, the spiral arm values are not
necessarily lower than in the Qg map; In fact, within the spiral arms these two models agree
in their predictions. In their study of gravitational instabilities in the large magellanic cloud,
Yang et al. (2007) found that the single-fluid model did predict local star forming regions
with a ∼ 60% accuracy. Our result confirms the findings of Yang et al. (2007) that the
single-fluid model can accurately predict star forming regions in magellanic type spirals.

UGC8490 is also a magellanic type spiral with a strong warp in the Hi disk (65◦ in PA
and 20◦ in inclination, Sicotte & Carignan 1997, Swaters 1999). A rotation curve for this
galaxy was obtained from Swaters (1999) who used tilted ring analysis. Like UGC7524
above, UGC8490 has lower Qg and QT in the spiral arms. In the case of UGC8490, the
spiral arms are further out from the center than UGC7524. This result is also in agreement
with the result of Yang et al. (2007).

UGC6225 is an Scd type galaxy with the highest inclination in the sample. It has a
thick dust lane and is one of the three galaxies with the highest stellar surface density in
the sample. The noise in the W3 image of this galaxy is so low (SNR = 98.7) that the
contour marking the approximate edge of the star forming disk at 18.8 mag/arcsec2 (which
is approximately the 5σ noise level) clearly lies beyond the region of high SF. However, for
consistency with the rest of the sample, the same contour level was used for UGC6225. This
results in high Qg and QT values at the edge and inside the star forming disk, but this
galaxy has some of the lowest stability levels in both the single-fluid and two-fluid models.

UGC11670 is an SO/a galaxy. This galaxy has persistently high (stable) values of Qg

and QT within and outside the star forming disk. This is due to low gas surface density
across its disk. Past studies (e.g. Knapp et al. 1984, Abramova 2012) have suggested that
its low gas mass and low surface density which is uncommon to standard lenticulars may be
an indicator that this galaxy was previously a late-type spiral that has now exhausted its
gas reservoir, resulting in very low levels of star formation.
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4.4 Summary

In this chapter, we have investigated the relationship between disk stability and the MIR
emission from star forming regions using 2D maps of the two properties. We have found
that the single-fluid disk stability model yields values of the stability parameter that are
much higher than 1, with typical disk Qg values ranging between 3 and 15. This is mainly
due to the high central Qg values which are a result of the low Hi surface density in the
centers. We do find, however, that for the majority (70%) of the sample, Qg values vary less
along the edge than inside of the star forming disk. Half the sample exhibits an apparent
threshold for large scale SF, with roughly constant Qg (varying by less than 30%) along
the disk edge. In these galaxies, the overall average Qg value along the SF disk edge is
4.0 ± 2.2. We also found that, locally, Qg does not trace the regions of enhanced star
formation, as only five galaxies (UGC1913, UGC5789, UGC7047, UGC7261 and UGC7524
) show lower Qg values for a few regions with locally enhanced SFRs inside the SF disk,
while UGC7989 shows low Qg values for low level SF in outer spiral arms outside the disk.
This is either a result of self regulation of the Qg disks or our working resolution at which
we could not resolve all the regions of enhanced SF. Note that of the three galaxies with
CO (and hence ΣHi+H2

)measurements, only one (UGC1913) is among the galaxies with the
lowest Qg disks. In the case of UGC7989, for which we also used ΣHi+H2

, the regions of low
Qg lie well outside the CO disk.

In the two-fluid disk model, we find that the stability of the disks is greatly lowered but
the model does not render the disks unstable. It is also clear that QT is a better predictor
of SF thresholds as majority of the galaxies have roughly constant QT values (varying by
less than 25%) at the edge of the SF disk (see Table 4.3). This shows that the two-fluid
model is applicable to large scale star formation. We also find that the theoretical value QT

= 1.0 does not determine the SF threshold, but rather our galaxies have QT = 2.5±0.9 at
the edge of the star forming disk and QT = 2.5±0.8 inside the disk. In several galaxies (e.g.
UGC5789, UGC7524, UGC7989), we have low values of QT occurring beyond the SF disk.
This is probably because the W3-defined SF disk does not trace all the SF in the galaxy
disks. This highlights the need to investigate other SF tracers that are more extended than
the 11.6 µm tracer and to obtain high SNR CO data for the entire sample (see Chapter 5).
This will enable us to mark the edge of the CO disks in all the galaxies and to account for
the SF in regions beyond this radius.
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Chapter 5

Conclusions

We have studied disk stability in a sub-sample of galaxies from the Westerbork survey
of Hi in Irregular and SPiral galaxies (WHISP, Kamphuis et al. 1996, van der Hulst et al.
2001), with the aim of assessing the connection to star formation thresholds in the mid-
infrared (MIR). This study has made use of Hi 21cm line emission imaging from WHISP
and NIR/MIR imaging (3.4 µm, 11.6 µm) from the Wide-field Infrared Survey Explorer
(WISE, Wright et al. 2010), combining two datasets that are well-suited to such a study in
terms of uniformity, resolution and sensitivity. New Hi data products (intensity maps, ve-
locity maps, global profiles and radial surface density profiles) for 230 WHISP galaxies were
derived with minimal noise (Chapter 2) and are presented in Appendix A. The global Hi

properties of mass, size and mass-to-light scaling relations were also studied and presented
in Chapter 3. Note that all the relations studied were for gas and stars within the stellar
disk. In that same chapter, star forming properties were studied for a sub-sample of 180
galaxies which had detections in the WISE MIR 11.6 µm band. We investigated the star
formation main sequence and the SFR-atomic gas relation at both global and local scales.
These scaling relations were also derived within the stellar disk. We have found the following
properties to hold in our sample:

• Our sample follows an Hi mass-size relation with a slope of 1.95 and an intercept of
6.5 giving a characteristic mean Hi surface density of 3.6 M⊙ pc−2. Our result is
consistent with earlier results of the Hi mass-size relation.

• There exists strong correlations between the stellar luminosity (measured in the WISE
3.4 µm band) and the Hi mass as well as the Hi mass-to-light ratio (MHi/L3.4µm).

• Our sample galaxies define a star forming main sequence of slope 1.1, with a clear
separation between the high and low star forming galaxies.

• There is a correlation between the SFR and Hi mass enclosed within the stellar disk,
with a slope of 1.6.
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• On global scales, there is no correlation between the surface densities of SFR and Hi

averaged inside the stellar disk, and the ΣHi exhibits a cut-off at 10 M⊙ pc−2.

• On sub-kpc scales, a pixel-by-pixel analysis reveals a trend between ΣSFR and ΣHi

which, in 30% of the resolved galaxies, follows a power law relationship with index
ranging from 1.6 - 3.8. This suggests a possible underlying relationship between atomic
gas and SFR at small scales which may be due to the relationship between their small-
scale volume densities.

The ultimate goal of this work was to study resolved maps of the gravitational stability
parameter and determine how well this predicts the MIR emission from star forming regions
in galaxies. This was done for a sub-sample of 20 resolved galaxies. Two models of the
gravitational stability parameter were used. First, we constructed stability parameter maps
using the single-fluid thin disk model of Toomre (1964). Two-dimensional kinematic maps
were generated from the rotation curves of Swaters (1999) and van Eymeren et al. (2011).
The Hi surface density maps were derived from the Hi intensity maps. The second model we
derived was the two-fluid disk model which combines a thin gas disk and a thin stellar disk,
following the formulation of Rafikov (2001). This involved derivation of the stellar surface
density maps from the WISE NIR 3.4 µm images as well as radial stellar velocity dispersions
which were inferred from the disk scale lengths and vertical stellar velocity dispersions
(van der Kruit 1988, Kregel et al. 2002, Leroy et al. 2008). WISE 11.6 µm surface brightness
maps were used to define the edge of the star forming disk at ∼ 18.8 mag arcsec−2 which
corresponds to a ∼ 5σ noise level. This method is similar to that of Kennicutt (1989) who
used the sharp cut-off in the radial star formation rate profile to define the star formation
threshold. Our analyses were carried out along the edge and inside of this disk, and we have
discussed how well the two stability parameters predict this threshold and local star forming
regions within the enclosed disk.

We have found that the single-fluid disk criterion is unable to predict the threshold for
large scale SF in spirals and any apparent threshold predictions in dwarfs are not applicable
to all the dwarfs in our sample. The applicability of the single-fluid gas disk criterion in
dwarfs is dependent on the gas fraction in a given galaxy’s disk. As seen in our sample,
galaxies with higher gas fractions appear to have an apparent stability threshold in relation
to the onset of large scale star formation. Our findings are in agreement with previous studies
by Wong & Blitz (2002), Boissier et al. (2003), de Blok & Walter (2006), Leroy et al. (2008).
We note, however, that most of our study is based on only the atomic Hydrogen component,
which has a much lighter surface density and less contribution to the gravity budget than
the molecular Hydrogen. For three of our galaxies we had CO maps from the HERACLES
(Leroy et al. 2009), but we did not find significant differences in predictions of their models
with ΣHi+H2

.

We have found that the two-fluid (stars + gas) disk criterion does predict the SF thresh-
old, and can hence be applied to large scale star formation. However, an average threshold
value of 2.5±0.9 instead of the theoretical value of 1 was observed. We conclude that
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the critical value of QT lies between 1.6 - 3.4, in agreement with Griv & Gedalin (2012),
Romeo & Mogotsi (2017). QT is indeed a better predictor for large scale star formation than
Qg. However, on smaller scales inside the disks, the predictions of QT for star formation
are subtly similar to those of Qg . We see this in four disks that show resolved structure
in both Qg and QT (UGC7524, UGC1913, UGC5789, UGC7261), all except one show lower
values in both parameters for the same regions of enhanced star formation, but with QT

≤ Qg. These four galaxies are late type spirals, but it is not conclusive that Qg and QT

agree in their predictions for star formation in late type spirals because this is not the case
for the other late types in the sample. We note that the QT models are dominated by the
stellar disk surface density. This is in agreement with Romeo & Mogotsi (2017) who found
the stellar disk to be the main driver of instability at kpc scales in their sample of galaxies.
It is expected that the stellar disk should dominate the models in the two-fluid disk criterion
because of the greater contribution of stars to the gravity budget, especially for earlier-type
spirals. In the late-type spirals and dwarfs, however, the gas fractions are higher and the
two-fluid instability may not necessarily be driven by the stellar disk. This is witnessed by
the agreeing predictions of the Qg and QT inside the disks of the four late-types mentioned
above.

In summary, no conclusive evidence has been found for a threshold in Qg for the onset
of large scale star formation. An apparent threshold of Qg ≤ 4.0 appears in only 50% of
the sample but is clearly not a necessary condition for star formation, as the other 50%
show no such threshold and yet have star formation in their disks. On the other other hand,
there appears to be a clear QT threshold with ⟨QT ⟩ = 2.5±0.9 seen at the edges of the
star forming disks, and in agreement with what has been observed in studies of the radial
variation of QT . This implies that QT ≤ 2.5 may be a sufficient and necessary condition for
star formation.

Future prospects

The study presented here has much capacity for growth and improvement. The outlook of
future work on this study is as follows:

• Literature rotation curves were used in this thesis, as the generation of rotation curves
was not part of the scope of this study. The size of the sample will be increased
by generating more rotation curves. This will also enable us to have a more diverse
sample that includes isolated galaxies, interacting galaxies, lopsided potentials, barred
potentials, field and cluster galaxies. With such a diverse sample, we will be able
to study gravitational stability thresholds in the context of environment and varied
dynamics of galactic disks.

• We have mostly relied upon the Hi surface density to generate models of gravitational
stability for a single fluid (gas only) disk and a two-fluid (gas and stars) disk. CO

measurements were available for only three of the galaxies and hence for these three
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the total gas surface density (ΣHi+H2
) was used. However, even in these three we

did not see any apparent gravitational stability thresholds, which may imply that the
H2 component is not a significant stability driver at the scales probed. However, a
larger inventory of CO measurements would enable a more robust comparison of ΣHi

and ΣHi+H2
in the gravitational stability criterion. Therefore, CO measurements will

be sought for the rest of the sample for this purpose. Note that the presence of star
formation in the Hi - deficient (hence high Qg - high QT ) nuclei attests to existence
of star forming molecular gas in those regions and highlights the importance of using
total gas surface density. Likewise, we will also be considering dense molecular gas
tracers such as HCN and CHO+

• We plan to use the multi-component disk model of Romeo & Falstad (2013) to study
the contributions of the stellar disk, the atomic Hydrogen and the molecular Hydrogen.
Their model allows for several gas components (e.g. multiple phases) and several stellar
components to be individually accounted for in order to determine which particular
component drives instabilities at particular physical scales.. This will enable us to
find out the dominant drivers of stability in our sample of galaxies and, with a larger
sample, we may be able to find the dominant drivers of stability in different galaxies
as a function of morphology, environment and kinematics.

• We have also used a constant gas velocity dispersion for our models in this thesis.
With higher spectral resolution data, we can apply the super-profile technique of
Ianjamasimanana et al. (2012) to kinematically separate the cold and warm neutral
atomic gas. Since the two components have distinct velocity dispersions and it is the
cold gas that is closely associated with SF (de Blok & Walter 2006), this will provide
us with more accurate velocity dispersions which are a critical aspect of disk stability.

• Our study is directly connected to the MeerKAT (Meer Karoo Array Telescope) large
survey project, the MeerKAT Hi Observations of Nearby Galactic Objects - Observ-
ing Southern Emitters (MHONGOOSE) survey, whose core goals include studying the
relation between atomic gas and star formation. With high sensitivity to low col-
umn density Hi (3σ sensitivity for 7.5× 1018 cm−2 at a spatial resolution of 30′′,
de Blok et al. 2016) and a wide field of view, MHONGOOSE will adequately trace low
column density Hi gas at the outermost radii of 30 galaxies. This coupled with obser-
vations of extended UV disks, the star formation-atomic gas relation will be studied in
the outer most edges of galaxies. We intend to apply our study to the MHONGOOSE
sample to investigate the relationship between gas stability and star formation in
low column density regions. Furthermore, the MeerKAT telescope will be capable of
observing Hi at spatial resolutions of 5′′, which is equivalent to optical/infrared resolu-
tions. Therefore, high resolution data from the MeerKAT will enable us to conduct our
study at smaller physical scales, thus giving a more detailed view of the star formation
- disk stability relation.
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• Since we have solely used the WISE 11.6 µm as the SFR tracer in our study, we shall
also investigate other SF tracers such as high resolution 20 cm radio continuum and
the hybrid tracer LFUV+24µm. This will involve both the use of archival data (for
example from GALEX FUV and Spitzer 24 µm data) and applying for telescope time.
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Appendix A

Atlases of Data Products

A.1 Atlas of Hi data products

Description: Top left : Integrated Hi intensity distribution, derived using the criteria out-
lined in section 2.3.2. Top right : The Velocity field. The thick black contour marks the
systemic velocity which is shown in the lower right corner. ∆ defines the separation of the
contours. Bottom left : The Radial Hi density profile. The vertical dashed line marks the
radius at ΣHi = 1M⊙ pc−2, which is marked by the horizontal dashed line. However, for
galaxies where the density profile is less than 1M⊙ pc−2 at all radii, the vertical line marks
the extent of the stellar disk. Bottom right : The Hi Global profile. The systemic velocity is
shown by the dashed vertical line.
The integrated Hi maps were used to derive the Hi masses and surface density maps. The
Hi surface density radial profiles were used to determine the Hi diameters. The Hi flux
density global profiles were used to determine the systemic velocity and line widths (W50

and W20). The velocity field maps will be used in future work to derive rotation curves.
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A.2 Atlas of WISE W1 and W3 imaging

Description: WISE imaging data that were used in this study were provided by Jarrett et al.
(2017). This atlas contains the W1 (left) and W3 (right) images for our entire sample. Some
of the low stellar mass galaxies in the sample are not detected in W3 because of low dust
quantities (See Chapter 3.2).
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Appendix B

Smoothing and Regridding WISE

data

B.1 Smoothing and Regridding the WISE data

The Hi data products were used together with WISE IR data products, which included maps
of star formation rates, stellar mass, as well as their global averages. The global averages
were provided by Jarrett et al. (2017), while the maps I derived using standard calibrations
from Cluver et al. (2014).
The WISE data have a resolution of ∼ 7′′ and pixel scale of 1′′ per pixel, which is a much
higher resolution than the Hi data at ∼ 30′′ resolution and 10′′/pixel. Therefore, before
deriving products from the WISE data, they were fit to the astrometric grid of the Hi data.
This was done in two steps using the gauss and blkavg tasks in the IRAF ∗ software package
(Tody 1986). The gauss task convolves the image with a Gaussian kernel in order to degrade
it to the required resolution (∼ 30′′). The kernel size was determined by,

σkernel =
1

2.355

(

√

δ2HI − δ2IR

)

, (B.1)

where δHI , δIR are the beam resolutions of the WHISP Hi and WISE IR data respectively.
It is important to note that the resolution of WISE is different in each of the four bands while
the resolution of WHISP slightly varies for each target galaxy, hence, a separate kernel was
determined for every galaxy in each WISE band.Also, the gauss kernel is not normalised, so
flux conservation at the smoothing stage was done by normalising the smoothed image and
multiplying it by the total flux (in DU) from the original WISE image as follows;

Isc =
Is
ΣIs

× ΣIo , (B.2)

∗http://iraf.noao.edu/
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where Io, Is, Isc are the original image, smoothed image, and smoothed image after flux
conservation.

After this step, the smoothed image was resampled from 1′′ to 10′′ per pixel .The blkavg

task casts the flux in several pixels into one pixel by either summing or averaging over them.
For these data, the summing option was used, and the number of pixels summed over was set
to ten. Since at this stage, the pixels were simply being summed up, the task automatically
conserved the total flux in the image. Figure B.1 illustrates the steps of smoothing and
resampling for the spiral galaxy UGC7766 in all four WISE bands.

Masks

To enable comparisons on the same physical areas for both Hi and IR data, a mask array was
defined for each image to demarcate the stellar disk. The masks were determined from the
major and minor axis and inclination W1 1σ isophote. The masks were then smoothed to the
corresponding resolution of the Hi map using the gauss task. The smoothing kernel applied
on each mask varied according to the resolution of the respective WISE band (see Equation
B.1) such that each mask underwent the exact same degradation as its corresponding WISE
image. After this the masks were resampled to 10′′/pixel using the blkavg task. Figure B.2
shows the masks of UGC7766 (shown in Figure B.1) as they appeared before and after.

The smoothing blurs the edge of the mask, while the regridding increases the value of
pixels. To get around this, the half maximum level (arbitrarily chosen) was determined in
each mask and used to mark the final mask to apply to the maps of stellar mass and SFR.
The black contours in the lower panels of Figure B.2 show the half maximum level of each
mask.

W3 noise properties

The WISE data were sky-subtracted to remove background noise before fitting them to the
astrometric grid of the WHISP data; however, the processes of degrading the resolution and
resampling introduce noise in the sky-subtracted image such that the noise properties of the
data have to be calculated again.The resampled data were hence clipped of noise using the
robust iterative technique described below.

First, the resampled image was plotted as a histogram to separate the noise "signal" from
the true signal (see Figure B.3). The former sits at the center of the histogram and forms
a close-to-normal distribution since the majority of the pixels lie in the source-emission-free
regions of the image. The source itself lies to the right of that distribution and forms a
tail. The median and standard deviation (σ) of the distribution were calculated and the
histogram was clipped at −3σ and +3σ away from the median. The remaining pixels were
plotted again as a histogram and the clipping process repeated until the median of the his-
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Figure B.1: All WISE images were smoothed and matched to the astrometric grid of the Hi data.
Shown here, left to right, are W1,W2,W3 and W4 images of UGC7766; the original images (top
row), degraded to the Hi ∼ 30′′ resolution (middle row) and resampled to 10′′/pixel (bottom row).
The

∫

F labels in the upper right corners show the total flux in each image. Black contours show
the extent of the W1 isophote used to mark the stellar disk.

togram did not change any more. At that point the median is very close to the mean value.
The final value of the mean(µ) and standard deviation of the histogram were used to de-
fine a noise clip level at (µ+ 3σ). This noise level, still in units of DU, was used in two ways.

1 When deriving the global average of SFR , all pixel values in the WISE image below
the noise level in W3 were masked out so that they do not contribute to the final SFR
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Figure B.2: Isophotal masks for UGC7766. The masks were defined according to the W1 1σ
isophote, and smoothed using the same kernel that was used on the different W1, W2, W3 and
W4 images (left to right), and then resampled to 10′′/pixel. The black contours show the half-
maximum level in the final resampled mask, which was used to mark the edge of the stellar disk.
These masks were applied to maps of the Hi and IR data products in order to study the same
spatial area.

value.

2 When generating maps of the SFR and ΣSFR, the pixels below the noise level were
not clipped so as to have a true representation of the noise in the map. However
the DU value of the noise level was converted to the units of SFR(M⊙yr−1) and
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ΣSFR(M⊙yr−1kpc−2), and a red horizontal line in their respective plots indicates this
noise level.

Figure B.3: Derivation of the noise properties of the resampled WISE data. The top his-
togram shows the average of the entire W3 image of UGC5846 (top panel), while the bottom
shows the final average noise after progressively removing the galaxy’s flux which forms the
tail in the top histogram.
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Appendix C

Atlases for the stability chapter

C.1 Velocity dispersion maps

A constant velocity dispersion was derived from the observed velocity dispersion maps which
were generated by fitting Gauss-Hermite polynomials to the line profiles in the data cubes.
This process is described in Chapter 4.2.1 and the dispersion maps are shown below. Velocity
resolutions for this data-set were 2.1 km s−1, 4.1 km s−1, 8.3 km s−1 and 16.5 km s−1

as shown in the lower right corners of the images. Four galaxies (UGC1256, UGC2855,
UGC6225, UGC7989) had velocity resolution of 16.5 km s−1 and were left out when deriving
the overall average dispersion of the sample. Note that the dispersion maps were derived
for the disks defined by the Hi intensity maps, and an amplitude cut-off of 4 times the
rms noise in the cube was applied. As such, galaxies with significant central Hi depressions
(UGC6537, UGC7989, UGC9649) had blank values in the centers of their dispersion maps.
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Figure C.1: Velocity dispersion maps for the sub sample defined in Chapter 4. These were
derived by fitting Gauss-Hermite polynomials to the line profiles as described in 4.2.1. Fits
whose widths were smaller than the velocity resolution of the cube or larger than 35 km s−1

were flagged and returned blank values in the dispersion map. The black ellipse marks the
effective radius (the radius encompassing half the galaxy’s light). Within this region, the
dispersions are generally higher than elsewhere in the disk due to various factors such as high
velocity clouds, radial inflows in bars and bulges and feedback from star forming regions.
The high central velocities are more pronounced in highly inclined galaxies due to projection
effects. When determining the average dispersion, values at radii within the effective radius
were masked out. The beam size and velocity resolution are shown in the lower left and
lower right corners respectively.
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Figure C.2: Same as in Figure C.1
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Figure C.3: Same as in Figure C.1
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Figure C.4: Same as in Figure C.1
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C.2 Validation of the stability parameter methodology

To validate the scripts used in our methods of deriving the stability parameters, we used the
published data of NGC0925 from Leroy et al. (2008) (hereafter L08). L08 used data from
The Hi Nearby Galaxy Survey (THINGS) and the Spitzer Infrared Nearby Galaxies Survey
(SINGS).

For the Qg derivation, the THINGS Hi intensity map was obtained from the THINGS
public database∗ while rotation curve parameters (Vo = 136 km s−1, lo = 6.5 km s−1)
and orientation parameters (P.A. = 287◦, i = 66◦) were obtained from L08. The intensity
map was first smoothed to the working resolution of L08 (20′′) and then converted into a
surface density map according to the L08 equation;

ΣHi(M⊙ pc−2) = 0.020 cos i I21 cm(K km s−1), (C.1)

which accounts for inclination and the presence of Helium. A galactocentric map was de-
rived using the orientation parameters and combined with the rotation curve parameters to
derive a map of the rotation velocity from which the epicyclic frequency map was derived
(Equation 4.13). A constant Hi velocity dispersion value of 11 km/s was adopted from L08.
The Qg map was derived according to Equation 4.1 and its radial profile obtained using the
GIPSY ellint task in rings of 10′′ width. Figure C.5 below shows the Qg radial profile.

For the QT derivation, the SINGS 3.6 µm map was obtained from the SINGS public
database† and matched to the L08 working resolution of 20′′. The 3.6 µm map was then
converted into a stellar surface density map using the L08 equation;

Σ∗ = 280 cos i I3.6 µm. (C.2)

The stellar velocity dispersion was derived from the stellar surface density according to
Equation 4.27. The THINGS and SINGS data were matched in astrometric grid before
being combined to derive the two-fluid disk stability parameter according to Equation 4.3.
The resulting map of QT was azimuthally averaged in rings of 10′′ width using the GIPSY

ellint task, and the resulting radial profile is shown in Figure C.5 below. Note that L08
used the wavenumber that yielded the lowest values of QT (Leroy - priv. communication).
Comparing QT values at wavelength scales of 500 pc - 5 kpc (see Chapter 4.3.1), we found
that the lowest QT values were from the 5 kpc scale which is also in agreement with the
results of L08.

Both profiles replicate the result of L08, with the exception of the nuclear regions in
the QTprofile. The slightly higher nuclear values in our QT profile are most likely due
to contamination of the 3.6 µm flux by emission from nuclear star forming regions. L08
minimized this contamination by using radial profiles of stellar surface density and velocity

∗http://www.mpia.de/THINGS/Data.html
†https://irsa.ipac.caltech.edu/data/SPITZER/SINGS/
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dispersion, whereas we used the respective two-dimensional maps and hence did not average
out the effects of this contamination.

Figure C.5: Radial profiles of Qg and QT for UGC1913 (NGC0925) from the data of
Leroy et al. (2008) using the methodology described in Chapter 2. The L08 profiles (over-
plotted in red) are closely reproduced by our methods (black and blue dots).

C.3 Atlases of derived parameters

C.3.1 Single-fluid disk stability

Maps of variables

Maps of the variables that were generated in the derivation of the single-fluid disk Toomre
parameter are presented in Figures C.6 - C.10 below. The Qg and QT maps presented in
Chapter 4 were masked using the WISE stellar mass maps so that both Qg and QT maps
could show the same physical area. The atlases below were masked using the Hi radius
and thus show more extended disks. However the analyses in 4 were carried out within the
stellar disk.
The panels are arranged as follows: Top panels - Galactocentric radius (left), Rotation
velocity (middle) and Derivative of the rotation curve (right). Bottom panels - Epicyclic
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frequency (left), Gas surface density (middle) and the Toomre Q parameter (right). Note
that instead of SI units, the units used for the epicyclic frequency were so chosen to return
a dimensionless Q parameter. The gas surface density maps used for UGC1913, UGC7766
and UGC7989 are those of total gas (ΣHi+H2

).
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Figure C.6: Single-fluid disk stability derivations
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Figure C.7: Single-fluid disk stability derivations
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Figure C.8: Single-fluid disk stability derivations
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Figure C.9: Single-fluid disk stability derivations
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Figure C.10: Single-fluid disk stability derivations
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C.3.2 Two-fluid disk stability

Plots for determining the perturbation scales

Deriving the two-fluid instability required determination of the wavenumber for the maxi-
mum instability (see Chapter 4.3.1). Plots such as 4.11 were made for all the sample and are
shown in Figures C.11 - C.15 below. The black contour marks QT = 1.0, while the magenta
contour is at QT = 2.0. The white contours mark the edge of the SF disk as defined in
Section 4.1. Note that for UGC1913 we made use of the total gas density (ΣHi+H2

). The
wavenumbers in the plots 4π, 3π, 2π, 1.5π, 1π, 0.8π, 0.6π, 0.5π and 0.4π correspond to
wavelength scales of 0.5 kpc, 0.66 kpc, 1 kpc, 1.3 kpc, 2 kpc, 2.5 kpc, 3 kpc, 4 kpc and 5
kpc respectively.
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Figure C.11: Determining wavelength of maximum instability
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Figure C.12: Determining wavelength of maximum instability
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Figure C.13: Determining wavelength of maximum instability
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Figure C.14: Determining wavelength of maximum instability
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Figure C.15: Determining wavelength of maximum instability
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Maps of variables

The variables used in derivation of the two-fluid disk stability parameter were the stellar
surface density (Σ∗), stellar radial velocity dispersion (σ∗), and the single-fluid disk param-
eter for the stellar disk. These are shown in Figures C.16 - C.20 below. These maps were
combined according to Equation 4.3 to obtain QT .

Figure C.16: Two-fluid disk stability derivations
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Figure C.17: Two-fluid disk stability derivations
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Figure C.18: Two-fluid disk stability derivations
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Figure C.19: Two-fluid disk stability derivations
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Figure C.20: Two-fluid disk stability derivations
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C.3.3 Error Analysis

Single-fluid disk

From the single-fluid disk Toomre criterion,

Qg =
σgκ

πGΣ
, (C.3)

the dominant sources of uncertainty are the gas velocity dispersion σg and the gas surface
density Σg such that,

∆Qg

Qg
=

√

(
∆σg

σg
)2 + (

∆Σg

Σg
)2 (C.4)

We thus propagated the uncertainties in these two quantities. The uncertainty on σg is
3.6 km/s (see Section 4.2.1), while the uncertainty on Σg propagates from the uncertainty
in inclination (cos i ) through the cosine of the inclination during the de-projection process
(see Equation 4.10).

∆ cos i = sin i ∆i, (C.5)

where ∆i is the uncertainty on the inclination, and for this we assumed a 5% error. The 2D
maps of the uncertainty in Qg are shown in Figure C.21.

Two-fluid disk

Calculating the uncertainty on QT was slightly more complex than in the case of Qg. The
dominant sources of error were from the gas and stellar velocity dispersions (σg and σ∗) as
well as the gas and stellar surface densities (Σg and Σ∗) . But first, we expanded the QT

equation,

QT =

(

2q

Q∗(1 + q2)
+

2qR

Qg(1 + q2R2)

)−1

, (C.6)

where q = kσ∗

κ and R = σg

σ∗

, to

QT =

σ∗σg

G2 Σ∗Σg

(

κ2

π2 + σ2
g + σ2

∗

K +
σ2

∗
σ2

g
π2

κ3

)

2σ∗σg

G

(

1
Σ∗

+ 1
Σg

)

+ 2π2σ∗σg

Gκ2

(

σ2
∗

Σ∗

+
σ2
g

Σg

) , (C.7)

having substituted wave number k = π, in keeping with the scale of instabilities investigated
in Chapter 4. When we choose the dominant terms in both the numerator and denominator
as contributing most to the error, we have;

QT ≈
σ3

∗
σ3

g
π2

G2Σ∗Σgκ3

2π2σ∗σg

Gκ2

(

σ2
∗

Σ∗

+
σ2
g

Σg

) , (C.8)
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Figure C.21: Maps of the uncertainty on the Qg maps. These were derived by propagating
the dominant uncertainties on the gas velocity dispersion and gas surface density.
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which reduces to;

QT ≈
σ2
∗σ

2
g

2Gκ
(

σ2
gΣ∗ + σ2

∗Σg

) . (C.9)

The uncertainties on σg and Σg are the same as in Section C.3.3. The uncertainty on Σ∗

was propagated from ∆ cos i due to de-projection (see Equation 4.25). Since the stellar
velocity dispersion was derived from the stellar surface density, the uncertainty in Σ∗ was
propagated further into the σ∗ (see Equation 4.27). Having calculated the uncertainty on the
dominant sources, further propagation of these uncertainties into QT was done by applying
the Python uncertainties∗ module to Equation C.9.
The maps of the uncertainty in QT are shown in Figure C.22.

∗https://pypi.org/project/uncertainties/



242 Atlases for the stability chapter C

Figure C.22: Maps of the uncertainty on the QT maps. These were derived by propagating
the dominant uncertainties on the gas and stellar velocity dispersions, and the gas and stellar
surface densities.
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C.4 The Wang and Silk Formulation

The Wang & Silk (1994) formulation (Equation 1.10) for two-fluid instabilities is often used
in the literature owing to its simplicity (see Chapter 1.2.2). However, it is also known to yield
much lower values of the stability parameter, and has been criticized by Jog (1996) for not
considering the combined two-fluid dynamics of the stellar and gaseous disks. For general
comparison, we derived the Wang and Silk stability parameter (QWS) for our sample. We
find that indeed the disks have lower values for QWS . The formulation renders large areas of
the disks unstable in 30% of the sample according to the QT≤1 criterion. When we consider
the observed threshold of QT≤2, all the disks in the sample are rendered unstable. Maps of
the QWS parameter are shown in Figure C.23 below.
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Figure C.23: The Wang and Silk stability parameter derived for our sample. White and
Magenta contours mark regions of QWS ≤ 1 and QWS ≤ 2 respectively. Black contours
mark the edge of the ’star forming disk’ defined by an isophote in surface brightness which
roughly matches the 5σ (in most cases, ∼ 18.8mag arcsec−2 ) level in the W3 maps (see
Chapter 4.1). The QWS formulation returns much lower values of the stability parameter
and renders large areas of the disks unstable.
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