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Abstract

Velocity dispersions arc used to determince the stability of galactic disks against gravitational
collapse to form stars, in some star formation recipes, in studics of gas dynamics, and
to determine how much turbulence there is in the interstellar medium. Atomic hydrogen
(HI) dispersions have been used in the studics of star formation and large-scale turbulence,
despite stars forming in molecular clouds and the inner regions of galaxies being dominated
by molecular gas. Carbon monoxide (CO) has been used as a tracer for molecular gas. In
this work HI and CO dispersions were determined for a sample of nearby galaxies and they
were compared to determine what the relationship between HI and molecular gas dispersions
is. The dispersions were higher than expected from thermal effects, and HI had on average
1.5+ 0.18 times greater velocity dispersion than CO. which corresponds to a 7.2 £1.3kms™!
velocity dispersion difference. The HI and CO dispersions and dispersion ratios were found
to corrclate with star formation at high star formation rate densitics Egpr > 10726 M,

yr~! kpe=2.
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Chapter 1

Introduction

1.1 Radio Observations and Velocity dispersions

The simplest optical obscrvations are photometric observations and they provide inten-
sity - flux and position measurements of astronomical objects, targets. Points of intensity
(or other paramecter) plotted against spatial position are called pixels. Spectroscopic instru-
ments can be added to measure the flux and wavelength of incoming radiation from emission
or absorption lines. Due to the Doppler effect, the wavelength (or frequency) can be used to
determine the velocity of the source of these spectral lines. Radio observations provide both
flux and frequency information, the frequencics are then converted to velocities. This means
no additional instrumentation or observations arc required to obtain both the velocity, and
spatial intensity of target sources. Points of intensity plotted against spatial position and
velocity (or frequency) are sometimes called voxels. Plots of the intensity versus velocity
al particular positions arc called velocity profiles. The width of the spectral line scen in
these velocity profiles can be described by the full width half maximum (FWHM) or the
velocity dispersion (o). The full width half maximun is the width of the speetral line profile
at half of the maximum intensity. For a single idealized source of emission whose particles
have a Maxwellian velocity distribution, a Gaussian velocity profile can describe the veloe-
ity profile of the emission line and the velocity dispersion is the standard deviation of this
Gaussian. This is only true if the line is sufficiently optically thin. FWIIM and o arc related
by o = FVVHI\I/Q\/M. In this project we usc radio observations to study the velocity

dispersions of ncutral atomic hydrogen (HI) and carbon monoxide (CO) in external galaxics.

1.2 Gas in Galaxies

1.2.1 Atomic Hydrogen

Most of the baryonic material in the universe is in the form of the simplest element in

its simplest form: necutral atomic hydrogen (HI). HI is detected in the universe through
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its forbidden 21c¢m hyperfine spin-flip clectronic transition, which was predicted by van de
Hulst (1945). This transition was first detected by Ewen and Purcel (1951) and confirmed
by Muller and Oort (1951). Due to the sheer amount of atomic hydrogen in the universe
this linc is casily detectable and has been the line of choice for large amounts of work on
the atomic gas in the universe. It has been the foundation for studies of the dynamics of
galaxics, the interstellar medium and star formation; henee ever-better HI observations of

galaxics have been made to try and learn more about these arcas of study.

The carly observations were done with single dish radio tclescopes but technological
advances led to the use of interferometry. Interferometers are multiple dish arrays that can
be spaced to create large basclines thercfore making it possible to rcach high resolutions.
Technological advances also led to improvements in the sensitivity of detectors. From carly
galaxy surveys such as Bosma (1981a) the benefits of HI were seen. as it extends {urther out
than the stellar components of the galaxies. Due to the nature of the radio observations the
velocity information is a part of normal HI obscrvations so the dynamics of the neutral atomic
gas can casily be determined. In optical astronomy, additional spectroscopic obscrvations
need to be made to determine velocitics. The resolution of the early HI observations were
still far behind the optical observations; nevertheless dynamics were determined and rotation
curves calculated (c.g. Bosma 1981b). Bcetter and better instruments were made duc to
technological advances, and the quality of obscrved data increcased. Many galaxies have
been observed in the HI, c.g. Bosma (1981a), Brinks and Bajaja (1986), Wevers ct al.
(1986), Begeman (1987), Cayatte et al. (1990), Puche and Carignan (1991), Braun (1995),
Staveley-Smith et al. (1997), Walter and Brinks (1999), Walter and Brinks (2001), Kim ct
al. (1999), de Blok and Walter (2000), van der Hulst ct al. (2001), Verheijen and Sancisi
(2002), Walter ct al. (2002), Swaters ct al. (2002). High spatial resolution HI nearby galaxy
obscrvations by Braun ct al. (1995), Walter and Brinks (1999), de Blok and Walter (2000),
Walter et al. (2008) werc made with some of the best modern interferometers: The Very
Large Array (VLA) and the Australian Compact Array (ATCA). Obscrvations like those
made it possible to study the atomic gas and its dynamics in ncarby galaxics at sub-kpc
scales (c.g de Blok et al. 2008).

1.2.2 Molecular Gas

Gas densities in interstellar clouds are high enough to prevent ionizing radiation from reach-
ing the interior of the clouds. These conditions are suitable for the formation of molecules in
these clouds (Eddington 1937). The high abundance of hydrogen in the universe means that
the largest component of molecular gas should be molecular hydrogen (Hs). The presence
of Hy in the interstellar medium was predicted by Eddington (1937), Stromgren (1939) and
Gold (1961). The molecule was first detected by Carruthers (1970) by a uv-spectrometer
on a rocket. It forms mainly via grain chemistry (H + H — Hp, with dust as a catalyst),
though there are also mechanisms in the gas phasc (e.g. H™! + H — Hy + ¢) (Glover 2002).
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Many other more complex molecules have been detected in the ISM and they are postulated

to form via recactions in cither phase.

The formation of molecules is counteracted by photodissociation (dissociation of molecules
by photons). predissociation (dissociation of molecules before they reach their final state)
(Snow and McCall 2006), and collisional dissociation (dissociation of molecules via collisions
with other species) (Shull and Beckwith 1982). The typical wavelength regimes for detecting
lines of simple molecules are electronic lines in the ultraviolet and visible, vibrational in the

infrared, and rotational lines in the radio and infrared (Snow and McCall 2006).

Molecular gas is found in the dense, cold environments of galaxies and can even dom-
inate over the atomic gas in the inner regions of spiral galaxics. Molecular gas forms
clumps - aggregates called giant molecular clouds (GMCs), and inside these is where stars are
observed to form. The diameters of molecular clouds in our galaxy range from 10pe-100pce
(Sanders et al. 1985). Molecular gas is a good tracer of regions where thermal pressure is low
cnough to allow for stars to form (i.c. regions where the temperature is low enough to allow
for gravitational collapse) (Krumholz ¢t al. 2011). Since stars and molecular gas are found
in the same locations, understanding molccular gas is important to the understanding of
how stars form and of the ISM in these dense regions. Molecular hydrogen which forms the
largest component of the molecular gas is hard to detect because of the low temperatures of
the clouds and its lack of a permanent dipole moment. Its electronic absorption lines occur
in the UV (Gould and Saltpeter 1963); its emission lines are very weak and occur from the
UV to far infrared (Burton et al. 1992). Its lack of a permanent dipole moment means that
its purc vibration-rotational absorption lincs are very weak (Gould and Saltpeter 1963).
Its rotational lines require excitation temperatures above 1000 K (Burton et al. 1992). and

molecular clouds are too cold to reach these excitation temperatures of lines.

Carbon Monoxide (CO. 2C'%0) has been found to be a tracer of H (Lebrun et al. 1983,
Bloemen ct al. 1984). It has a dipole moment and is much easier to detect than Ha. It
was first detected by Smith and Stecher (1971) in the ultraviolet. There are many pathways
that are important for the formation of CO, and most of them lead to these reactions :

Ct -~ OH - COT + H:

CO*™ ~ Hy - HCO*' + H;

then HCO' — ¢ — CO + H (Snow and McCall 2006). There are believed to be transitions
between the domination of CT, C, and CO which occur in diffuse and translucent. molecular
clouds (van Dishoeck and Black 1988, Jannuzi ct al. 1988. Snow and McCall 2006). The
gamma ray flux of molecular clouds was instrumental in determining that CO could trace
the molecular gas. It was also used in the carly attempts to determine the Hy/CO ratio
(e.g. Bloemen et al. 1984, Blocmen ct al. 1986, Dame and Thaddeus 1985). Other methods
to comparc CO and Hs were to match up the velocities of millimeter CO observations with

those found from Hy absorption linc observations (c.g. Knapp and Jura 1976, Kopp ct
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al. 1996 and Liszt 1997). CO was found to be the casiest molecule to usc as a tracer
of molccular hydrogen. But it is not a perfect indicator of the presence of Ho:; and the
relationship between CO and Hs is not as simple as has been assumed for many analyscs
over the past few decades. Complications arise because C is not always in the form of
CO in molecular clouds (the other common form of C is CT). CO is not as cffective at
sclf-shielding from UV radiation as Hs is, therefore the transition C*/CO can occur much
decper into molecular clouds than HI/H, transition (Wolfire et al. 2010). Models predict
the CT layer in and around molecular clouds (van Dishock and Black 1988, Ticlens and
Hollenbach 1985a, Ticlens and Hollenbach 19856, Sternberg and Dalgarno 1995). Gernicer ct
al. (2005) detected a large fraction of "dark" molecular gas (devoid of CO cmission) in the
Milky Way. From carly on it was believed that the CO-to-Hy conversion factor (Xc¢o) is
dependent on metallicity, density and temperature of the molecular clouds (Dickman et al.
1986). Modecls by Maloney and Black (1988) indicated that the conversion factor is strongly
dependent on metallicity. Strong cvidence for a correlation between metallicity of the host
galaxy and conversion factor was found (c.g. Wilson 1995, who found the correlation in
Local Group galaxies). Modecls by Shetty ct al. (2011) have also shown that X¢o tends to
decrcase as CO velocity dispersion increascs (Xco o 0795 ). The fraction of C in the form
of CT compared to CO in molecular clouds/Hs, gas is strongly dependent on the metallicity,
the amount of "dark" molccular gas increases with decrcasing metallicity (Wolfire et al.
2010). Therefore low metallicity galaxies will have much lower fractions of CO in Hp regions
than higher metallicity galaxics (Krumholz et al. 2011). But cven though it is not a perfect
tracer, the presence of CO infers the presence of He and it can still act as a good cstimator

of the Hy content of galaxics, cspecially in normal spirals with average to high mectallicitics.

There were many carly surveys of CO in ncarby galaxies (c.g. Rickard ct al. 1975,
Solomon and Zafra 1975, Solomon and Sage 1988, Young and Knezek 1989, Heckman 1989,
Young and Scoville 1991, Sage 1993, Brainc ct al. 1993, Young ct al. 1995). The Five
Colleges Radio Astronomy Observatory Extragalactic CO Survey (FCRAO survey, Young
ct al. 1995), provided a large survey of necarby galaxics in CO emission. The CO(1-0) line
(from the J=1-0 rotational transition) was the primary line obscrved and My, /Mg one of
the major topics of study. The CO(1-0) distribution was shown to follow that of CO(2-1) in
Milky Way studics by Isracl et al. (1984) and Sakamoto ct al. (1995). Brainc ct al. (1993)
compared the two in 81 galaxy centers, found a (2-1)/(1-0) line ratio of 0.89 £+ 0.06 and
confirmed that CO(2-1) also traces Hy. Further CO surveys and obscrvations were made by
c.g. Casoli ct al. (1998), Fukui ¢t al. (1999), Engargiola ct al. (2003), Walter ct al. (2001),
Sakamoto ct al. (1999). The Berkeley Illinois Maryland Association Survey of Nearby
Galaxics (BIMA SONG, Helfer et al. 2003) was the next major advance in CO obscrvations
of nearby galaxics. It mapped CO cmission in 44 nearby galaxics at 6" resolution. Major
advances in detector technology have allowed higher sensitivity observations. The usc of

interferometers has led to increased resolutions. The most recently completed nearby galaxy
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surveys have been done by Kuno ct al. (2007). Leroy ct al. (2009) and Wilson et al.
(2011); and there are many surveys currently running on interferometers such as CARMA
(Combined Array for Research in Millimeter-wave Astronomy) and SMA (SubMillimeter
Array) and advanced detectors on single-dish telescopes like JCMT (James Clerk Maxwell
Telescope) and the IRAM (Institut de Radioastronomie Millimétrique) 30m Telescope. With
the completion of ALMA (Atacama Large Millimetre Array), many new groundbreaking

studies will be done.

1.3 Star-Formation

The Star Formation Rate (SFR) in nearby galaxies has been observed to corrclate with
the total gas density (c.g. Kenney and Young 1988, Kennicutt 1989, Kennicutt 1998), but
the relationship is poorly understood (Leroy ct al. 2008). A star formation law is meant
to relate the star formation rate of a particular region in a galaxy to local conditions in
that arca. In other words it is used to quantitatively relate the gas to the SFR. Schmidt
(1959) proposed that there is a power law relation between the gas volume density and star
formation rate. But it is much casicr to determine the gas surface density, because the
intensity of the HI emission can be used to determine the gas surface density. whereas there
is no direct obscrvable that is casily converted to a volume density. The most widely used
star formation law is the Schmidt law :

Yspr = AXN (1.1)

gas»

which is a simple law that rclates the gas surface density Y4, to star formation surface
density X¥gpr (where Egpgp =SFR per unit arca). Kennicutt (1998) was able to show that
the law holds over a range of ~ 10° in gas surface density and ~ 108 in star formation rate

per unit area for normal disk galaxics and starburst galaxies; and found it to be :

Yoy
) = (2.540. 1074 (—2s _N1A=0150 1 v~ lkpe 2. 1.2
sFr = (2.540.7) x 10 (ll\'I@pC’Q) =yr~ kpc (1.2)

Ha and far-infrared (FIR) fluxes were used to determine the SFR to determine the param-
cters in this relationship. The SFR can be determined in many ways and there arc many
different tracers (c.g. the ones commonly used in nearby galaxy studies: Ha, far-ultraviolet
(FUV). FIR. 24pm dust emission). The Kennicutt-Schmidt law is an empirical law, and its
cxact parameters depend on the tracers that are used to determine the SFR as well as the
ISM phase used to determine the gas density. There have also been attempts to relate the
law to the actual physics of the gas and disk. In one the law can be thought of as the case
where the disk free-fall timescale is fixed, assuming the stars form at a timescale equal to
the free-fall timescale in the gas disk (Madore 1977, Leroy ct al. 2008). More complex laws,
incorporating variable disk free-fall times and the pressure of the gas and ISM, also exist. In

one casc the disk free-fall time depends on hydrostatic equilibrium rather than being fixed
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(Leroy et al. 2008). Using work from Krumholz and McKee (2005) and Elmegreen (1989)
the star formation efliciency (SFE = Ygpr/S4qs) is then :
DIN o

¥ as
SFE x 2991 4 =2 4
Tgas Egus Ox,z

) (1.3)

{(Leroy ct al. 2008), where 0,04 ;,% 44,2, arc the gas and stellar velocity dispersions and

the gas and stellar surface densities respectively. Some forms incorporate the pressure Py

T a
P, ~ EGEW(ZW + g—gz*) (1.4)

*,2

(Elmegreen 1989). Some of these more complicated laws require the velocity dispersion of

the gas to determine the rate of star formation.

Another aspect of the star formation law is the star formation threshold. It is used to
describe how stable gas is against collapsc which leads to star formation. Early attempts
at determining such thresholds include those by Skillman (1987), who postulated and found
cvidence (Skillman 1988) that OB star formation in irrcgular galaxics requires HI surfacc
densitics above 102! atoms cm 2. One measure of eriticality is the Toomre criterion (Toomre
1964); which for a thin gas disk is Qgqs(R) = izs’z_ where & is the epicyclic frequency, R
the radius, ¢; the sound speed and 4, the gas surface density. The gas disk is considerced

unstable against pressure or rotational support when @ <1 (Safronov 1960, Toomre 1964).

dlog(v(rgar)) )0.5
dlog(rgar) ’

where v, is the rotational velocity at the distance Tgal from the center of the galaxy

The epicyclic frequency is defined as k = 1.417’Y9“I') (1+
gal

(Kennicutt 1989, Leroy ct al. 2008). Most studics use the velocity dispersion (o) instead of

the sound speed (c;) (Schaye 2004). The two arc related as follows: 0 = c,y!/?

, where v
is the adiabatic index and ratio of specific heats (ratio of specific heat at constant pressure
to specific heat at constant volume). Normally a value of v = 5/3 (specific heat ratio of
monatomic gas) is used, but it is not accurate when the gas is mostly molecular and when
velocity dispersions are turbulence dominated (Schaye 2004). The form that is most typically

used is
Ogashk

ans(R) = m

(1.5)

In his study, Kennicutt (1989) introduced o, which is the ratio of the gas density to critical
gas density (¥.) @ a = Ygas/X.. Formulations of more gencral instability paramcters
combining the gas and stellar components have also been made (e.g. Wang and Silk 1994,
Bertin 1996, Rafikov 2001, Leroy ct al. 2008, Romeo and Wicgert 2011). A commonly used

onc is the so-called Wang and Silk approximation :

Qrotar © Qgas + Q.1 (1.6)

where Q4 and Q. are the gas and stellar Q paramecters (Wang and Silk 1994, Bertin 1996,
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(RN}

Bertin and Lin 1996). Leroy ct al. (2008) usc

TurK

1.7
[ {CIIM ( )

Q. =

as the stability parameter for a collisionless stellar disk. Combined with the gas disk stabil-

ity parameter they find :

1 2 q 2 q

= + , > 1. (1.8)
Qstars+gas Qstars 1+ q2 ans 1+ q2R2

where ¢ = koT k is the instability wavenumber and R = o04/0. . (Leroy et al. 2008).

Kennicutt (1989,1998) and Martin and Kenuicutt (2001) argued that when the gas disk
is unstable against collapse, widespread star formation will occur. However the applicability
of the Q parameter to star formation thresholds is still under debate and the approximations
for the total stability of the gas disk arc being improved (e.g. Romeo and Wiegert 2011).
Complex models of the effective @ have been derived and analysed (c.g. Elmegreen 1995,
Jog 1996, Shen and Lou 2003). Elmegreen (1999) asked why @ < 1 should correspond to
star formation in a supersonically turbulent medium that has many processes that can affect
star formation. Some observations have failed to show clear correlations between Qgq and
star formation (c.g. Thornley and Wilson 1995, Meurer et al. 1996. Ferguson ct al. 1998,
Wong and Blitz 2002). Wong and Blitz (2002) argued that Qgqs is more an indicator of
gas fraction rather than an indication of where star formation will occur. Wong and Blitz
(2002) suggested that perhaps a better (Q parameter (one that properly takes into account
the effect of stars and gas) should be used in order to determine instability. This could
then be a better indication of where the star formation will occur. However, the Toomre

parameter continues to be used as the best measure of the instability.

One other complication is that the velocity dispersion is required to determine the @
parameter. Most studies assume that it is independent of radius (e.g. Kennicutt 1989,
Ferguson et al. 1998, Hunter ct al. 1998, Martin and Kennicutt 2001, Leroy ct al. 2008).
Normally the mean HI velocity dispersion is used as the gas dispersion (e.g. Leroy et al.
2008). Values ranging from 6 to 9 kms™! are commonly used (e.g. Kennicutt 1989. Ferguson
ct al. 1998, Hunter ¢t al. 1998, Martin and Kennicutt 2001, Leroy et al. 2008). But Bigiel
ct al. (2008) found that there is a clearer relation between the molecular gas surface density
and the star formation rate density than in the case for HI. Schruba ct al. (2011) confirmed
the correlation with the molecular gas. There is a better correlation between SFR and Hp
than HI in the inner molecular-dominated regions of galaxies; after stacking the correlation
with H; continues into the HI-dominated regime until no more CO can be detected (Schruba
ct al. 2011). The correlation with HI improves in the outer regions and in the regions where
there is no detectable Hp there is some correlation with HI (Bigiel et al. 2010). But just as
the stacking by Schruba ct al. (2011) showed, there could be molecular gas (that corrclates
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with SFR much more than HI docs) present in these outer regions that is yet to be detected
by current instruments. In the inner parts of galaxics molecular gas dominates over the
atomic gas, therefore a better understanding of how HI velocity dispersions arc related to
the molecular gas dispersions would be important in formulating better star formation laws.
It is also important to note that Schruba ct al. (2011) found variations in the SFR-to-
CO rclation among galaxics. They found trends similar to those found by Young ct al.
(1996), with low-mass, low-metallicity galaxics having higher SFR-to-Hy ratios than high
mass galaxies. Therefore such properties may have an effect on the relationship between HI

and CO gas propertics.

1.4 Turbulence

Turbulence can be thought of as the stochastic scale-dependent behaviour of spatial correla-
tions between some of the variables that deseribe flows or fluid motions (McKee and Ostriker
2007). The turbulence of the gas in galaxies is important because the observed velocity dis-
persions of HI cmission lines have greater values than those expected from purely thermal
effects (Agertz et al. 2009, c.g. Tamburro ct al. 2009). The carliest notions of a turbulent
ISM were in the theory by von Weizsidcker (1951). Von Hoerner (1951) found observational
cvidence that gas in the Orion Ncbula was turbulent. The carly work on large-scale tur-
bulence was not well received and turbulence was only believed to be important on small
scales. Work by Larson (1981) indicated that the ISM, specifically molecular clouds. may be
dominated by turbulent/irregular motions. The obscrved velocity dispersions of molecular
clouds were greater than the velocity dispersions duc to thermal broadening. He found a
power-law corrclation between the velocity dispersion (o) of molecular clouds and their sizes
() :

oxl?, (1.9)

with the spectral index g ~ 0.38. This coefficient (¢) was similar to the Kolmogorov scaling
law (Frisch 1995). Low ct al. (1984) obscrved interstellar cirrus with similar complex
structure as the clouds scen on carth. Other complex structures were seen in other interstellar
regions. This led to turbulence becoming widely accepted as an important process in galactic
and extragalactic media. Solomon ct al. (1987) used more homogenous data to find ¢ ~ 0.5
for GMCs. Passot ct al. (1988) dctermined that this is what is predicted for Burgers
turbulence (Burgers 1974, Passot ct al. 1988) there. The turbulence velocity spectrum

obeys a power law
E(k) oc k=8 (1.10)

(where E(k) is the turbulence velocity spectrum and & the wavenumber), with -3, as the
exponent of the power law (Roman-Duval et al. 2011). Kolmogorov turbulence is a form
of turbulence turbulence where 8, = 5/3 (Frisch 1995, Roman-Duval ct al. 2011), whereas

Burgers turbulence is a form of turbulence where 8, = 2 (Burgers 1974, Passot ct al. 1988,



1.5 Velocity Dispersion Observations 9

Roman-Duval ct al. 2011). A lot of work has been done to try and understand the role
of turbulence in the ISM and to more accurately model it. Due to the complex nature of
the interactions and their supersonic motions - compressibility and intermittency effects are
considered in many models. Intermittency is when fluctuations occur sporadically (spatially
and temporally) in the turbulent flow (Roman-Duval et al. 2011). Within the Milky Way
it has been observed that the same scaling coeflicients of turbulence fit molecular gas of

different scales and GMCs; and turbulence is driven on large scales within or external to

GMCs (McKee and Ostriker 2007).

The causes of turbulence in the interstellar medium (ISM) are not well understood (Burk-
ert 2006). Large scale turbulent motions are believed to be from: stars (supernovae, stellar
winds. etc.), galactic rotation, gaseous self-gravity. and fluid instabilities (Elmegreen and
Scalo 2004; Mac Low and Klessen 2004). The obscrved velocity dispersion (g.5¢) can be

thought to consist of a thermal component (v;) and a turbulence component (o), with
afff = v? + o} (1.11)

(Agertz ct al. 2008). The velocity dispersion due to turbulence is made up of a radial
(o). angular (o,) and vertical (0,) component; or a planar (o;,) and vertical component
(). Therefore the components being observed will depend on the inclination of the galaxy.
Theory and simulations show that the velocity dispersion is expected to be anisotropic, with
oy > 04 > 0, and o4y ~ 20, (Agertz ct al. 2009). In large-scale galactic turbulence studices
only the HI is modelled in its multiphase form (sce Agertz et al. 2008; Piontck and Ostriker
2004). Large-scale turbulence simulations of the galaxics were done by groups such as Wada
ct al. (2002), Dib et al. (2006), Wada and Norman (2007), Hennebelle and Audit (2007) and
Agertz et al. (2009) to name a few. Large-scale galactic turbulence studies and simulations
all turn to measurements of HI dispersions when constraining models or identifying what
the levels of turbulence arc in galaxics; in regions where molecular gas would dominate over
the atomic the interactions between it and the HI and their impact on the overall turbulence
in those regions are not taken into consideration. The gas cooling usually does not reach the
sub-100K levels found in molecular gas. Only small scale giant molecular cloud simulations
or molecular gas dynamics studics are at the low temperatures where actual molecular gas

is predominantly found.

1.5 Velocity Dispersion Observations

Gas dispersions are uscful in determining the amount of turbulence, upper limits on the
thermal temperature the of gas, the stability of the gascous disk, the scale height of the
gas disk and the opacity of the disk. This makes dispersion observations very important in

turbulence, star formation, ISM and gas/disk dynamics studics. Due to HI being the domi-
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nant gas/baryonic component of galaxies its velocity dispersion has been used for dynamical
studies of galaxics. Since most molecular gas is found in molecular clouds, dispersion studies
of the molecular gas have been focused on the dispersions of molecular clouds. Sensitivity
and velocity resolution arc the main factors that have determined whether good dispersion

studies can be conducted.

The McKee and Ostriker (1977) models form the basis for our current understanding
of the atomic and ionized gas in the ISM. Atomic hydrogen is considered to exist in two
phases: the warm ncutral medium is expected to be about 8000 K and the cold ncutral
medium about ~ 50 — 100K (McKee and Ostriker 1977, Wolfire et al. 2005). In most HI
obscrvations it is hard to scparate the cold and warm HI components, so both componcents
arc treated as a single component. Molecular clouds have tempceratures of ~ 10— 50 K (Snow
and McCall 2006). The estimated dispersion due to thermal broadening can be calculated
by Othermat = (KT/M, mu)%?, where T is the temperature, M, is the atomic mass of
the molecule/atom in atomic mass units, k is Boltzmann's constant and my is the mass of
hydrogen. The expected dispersions from thermal broadening are: warm HI: ~ 8kms™! (T
~ 8000K), cold HI: ~ 0.8kms ! (T ~ 80K) and for CO (at T ~ 10K): ~ 0.05kms~ 1.

Obscrvational work by van der Kruit and Shostack (1984) and Murray et al. (1990) found
HI velocity dispersions of 6 — 12kms~!. Kamphuis and Sancisi (1993) studicd NGC6946
and found dispersions ranging from 13kms~! (in the inner regions) to 6kms™! (in the
outer regions of the galaxy). Petric and Rupen (2007) performed high resolution and high
sensitivity obscrvations of NGC1058 to study the HI velocity dispersions. They found that
even though single Gaussian fits were not good fits [or the velocity profiles they were still able
to track the width of the velocity profiles very well. NGC1058 is idcal for vertical velocity
dispersion studies because it is a ncarby (10 Mpe, Ferguson et. al. 1998) galaxy, therefore
high spatial resolution can be reached. It has a low inclination (4°-11°, Lewis 1987, van der
Kruit and Shostak 1984)- so the effects of galactic rotation are minimal. They [ound velocity
dispersions ranging from 4 to 14kms™! and found that the o, (vertical velocity dispersion)
values declined with radius. They did not find a strong correlation with star formation.
Tamburro ct al. (2009) used high resolution HI data from the THINGS survey by Walter
ct al. (2008) to study HI velocity dispersions; they found that within ros (the isophotal
radius at which the average surface brightness is 25 magaresee™2) the velocity dispersions
were greater than the thermal value (~ 8kms™!) and at ro5 were ~ 10kms™!, dropping
to lower valucs outside that. At the outermost radii the velocity dispersions dropped to

~542kms™ 1.

The velocity dispersion of the molecular gas is not as well quantified as the atomic.
Matters arc complicated by the molecular gas congregating in dense molecular clouds; and
the gas behaviour within the clouds is gencrally isolated from the cloud-cloud interactions.

When observing entire galaxies, the effects of cloud-cloud dispersions and dispersions of
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gas within clouds all affect the observed dispersion. Another factor which occurs at all
scales is the effect of photodissociation regions - gas is heated and dissociated due to UV
(and sometimes X-ray) radiation, the cxtra input of cnergy into the gas could result in a
broadening of velocity profiles. At tens of parsec and sub-parsec scales it is only the internal
velocity dispersions of the molecular clouds that are measured. When multiple GMCs and
giant molecular associations (GMAs) lie within a single resolution clement (scales of 200 pe
above). then all three components are detectable and contribute to the observed dispersion.
But the cloud-cloud dispersion is expected to be the dominant component. Thercfore scales

arc very important when interpreting molecular gas dispersions.

Larson (1981) compiled galactic observations of molecular clouds and found that they
had velocity dispersions ranging from 0.3 to 10 kins™!; which is greater than the internal
dispersion expected for molecular clouds at 10K (¢ & 0.32 kms™!). The large range and
scale-dependence of internal dispersions was confirmed in other works (e.g. Solomon et al.
1987, Wong ct al. 2011). Bollatto et al. (2008) also found this for extragalactic clouds; they
found a similar range of dispersions as Larson (1981). At larger scales Jog and Ostriker
(1988). Gammic et al. (1991) and Thomasson et al. (1991) found average dispersions of
3-7 kms™! from their models. Tasker and Tan (2009) performed complex 3D models with
8 pc resolutions and cooling down to 300K, and they found 10kms™! dispersions. Stark
(1984) found molecular cloud-cloud dispersions of 7.8 + 0.6 kms™! for clouds within 3kpc
of the Sun. whercas Clemens (1985) found a value of 3kms™!, which was argued by Stark
and Brand (1989) to be the internal velocity dispersions. A few measurements of molecular
gas velocity dispersions in other galaxics have also been made: c.g M33 was observed in
CO(J =2 —1) and found to have o =5+ 1 kms~! by Wilson and Scoville (1990). Combecs
and Becquaert (1997) used CO(J =1 - 0) and CO(J = 2 — 1) to study NGC 628 and NGC
3938 and found dispersions of ¢ = 6kms~'. NGC 6946 was found to have dispersions of
8.9kms ™! in CO(J =1-0) and 6kms™! in CO(J = 3 — 2) by Walsh et al. (2002).

In many previous studics attempts were made at separating the cloud-cloud dispersions
and internal cloud velocity dispersions in measured dispersions. The following is the ap-
proach used by Wilson et al. (2011), in their attempt to do this. In order to determine the

cloud-cloud dispersion one can consider

2 2 2
Tobs = Tce + Tinternal (112)

{Wilson ct al. 2011). The mass weighted internal velocity dispersion can be described by:

/III,U?7Lth//‘mdN. (1.13)

assuming a cloud mass function of dN/d,x m~*, where m is the cloud mass, N is the

number of clouds and « is the spectral index. Using the relation M x o

on (Henriksen and
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Turner 1984), calibration by Solomon ct al. (1987) and assuming that « # 2 the internal

velocity dispersion can be described by:

25—« 25—«
— M,”.gh - M,

low

2
Tint? = 0.0224
it 25—a MP ¢ — ML

low

(1.14)

where My, n and M),,, arc the maximum and minimum cloud masses (Wilson et al. 2011).
But this relation relies on many assumptions and can only be used to estimate the internal
velocity dispersion. The real nature of the different components can be complicated and
is not nccessarily the same across different molecular clouds. The observed dispersions can
however be used as upper limits on the cloud-cloud dispersions, and this avoids having to

rely on the above-mentioned assumptions.

Fukui et al. (2009) used the HI and CO(J = 1 — 0) (from the Second NANTEN CO
Survey) obscrvations of the LMC to study how CO and HI arc related to cach other. They
were able to resolve individual clouds and to study the CO dispersions of the molecular
clouds and the dispersions of their associated HI clouds. In their sclected sample they found
on1 ~ 40co with a mean CO halfpower linewidth of 4.6kms™! and a mcan HI halfpower
linewidth of 14.1kms~! (Fukui ct al. 2009). Wilson ct al. (2011) performed a detailed
analysis on CO dispersions in 12 ncarby galaxics using data from the JCMT Ncarby Galaxy
Survey. They studied the CO(J = 3 — 2) linc and were able to rcach lo sensitivities of
~ 19mK and velocity resolutions of ~ 0.43kms™!. They determine the CO dispersions
using the sccond moment definition : o, = \/ET(W—T))Q/ET (where v is the veloeity and
T the brightness temperature). They took averages of the measured dispersions in cach
galaxy with threshold cutoffs to try and remove scemingly high and unphysical dispersions,
this was done to prevent biasing of the averages. Observed dispersions ranged from 4.1 to
20kms~!. This is much higher than the expected dispersion from thermal temperatures of
10—30K characteristic of molecular gas. The cloud-cloud dispersions were determined using
the above formula, and were found to range from 2.7 — 20kms™!. Average CO dispersions
were 0 ~ 7.1kms™!, and cloud-cloud dispersions ccoe—. ~ 6.1 kms™!. They also analyscd
HI dispersions from the THINGS HI survey by Walter et al. (2008). By using the sccond
moment maps from these they found that oy ~ 2000 (Wilson ct al. 2011).

Using primarily HI dispersions from the THINGS survey (Walter et al. 2008), Tamburro
ct al. (2009) determined the kinetic energy of the ISM : Ey = %7’710‘2. They determined the
total gas kinctic cnergy by

Ex = g(l]mafn + YH208s), (1.15)

but primarily consider
3 \s
Ek = 5(24{]0%“). (116)

They determined dispersions by using the moment definition :
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o = 5 (0, - 7). (1.17)

Yy
here Ey is the kinetic energy, ¥g; and Yo arc the HI and Hs, surface densities. and 5; is
the intensity. In some of their galaxices they found that the Gaussian o was about 2-3kms™!
lower than their second moment values. They found that within r < ros (radius of active
star-formation) the kinetic energy is proportional to the supernova input rate into the ISM
(this was also confirmed for cases where CO emission was high and taken into account in
the kinetic energy caleulations). They therefore coneluded that the supernova feedback in
high star-formation regions is sufficient to account for the high velocity dispersions in HI
and molecular gas. In the outer regions they find oy ~ 6kms™!. and find that the star
formation rate is too low to account for these dispersions. but magneto-rotational instabilities

{MRI) or thermal broadening could account for them (Tamburro et al. 2009).

Therefore accurate studies of HI and CO dispersions. how they relate to cach other and
star formation will be very important. These studies will enable us to better constrain the
HI and CO dispersions in galaxics, determine what the differences hetween them are and
if they depend on the position in the galaxy or any other properties of the galaxies. The
studies will help us to understand how much turbulence there is in both ISN constituents.
Dispersions are used in determining star formation thresholds: these studies will enable us
to relate atomic to molecular gas star formation thresholds. They will also enable us to

determine whether star formation and velocity dispersions are correlated.

1.6 Aims

Velocity dispersions are important for determining the kinetic temperature of gas. kinetic
cnergy. level of turbulence. distribution of gas, the stability of the gas disk in galaxies and
star formation thresholds. In the inner parts of galaxies where the majority of star formation
occurs. there is a high amount of molecular gas and it is the dominant component of the gas
dynamics. Yet only HI veloeity dispersions have been used to determine the star formation
thresholds and disk stability in these regions. No high scusitivity studies of the relations
between HI and CO dispersions have been made, and the relations between CO dispersions

and star formation has not been extensively studied.

The aim is to determine whether there is a difference between HI and CO velocity
dispersions in nearby galaxics, and to study the relationship between dispersions and the

star formation rate.
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Chapter 2

Data Selection, Reduction and

Analaysis

2.1 Procedure

The aim is to study the differences in HI and CO velocity dispersions. Therefore we per-
formed pixel-by-pixel comparisons of the HI and C'O velocity dispersions in different galaxies.
This was done by fitting velocity profiles to all the voxels in the HI and CO data cubes. the
fitted dispersions were then analysed and compared to each other. The average dispersion
difference and ratio between HI and CO was determined. Maps were made of the disper-
sions and they were compared to the star formation rate density and other properties of
the galaxies. Radial trends of these were analysed as well. Sixteen galaxies were analysed.
They were chosen on the basis that they all have high quality HI and CO data from the
surveys deseribed in Sec.2.2 and Sce. 2.3; the galaxics are listed in Tables 2.1 and 2.2. The

reduction method is deseribed in See.2.4.

2.2 THINGS

The HI Nearby Galaxy Survey (THINGS) (Walter et al. 2008) is a 21 em HI survey done with
the Very Large Array (VLA) (of the National Radio Astronomy Obscrvatory. NRAO). It pro-
duced high quality HI obscrvations of 34 ncarby galaxics. with high spectral (< 5.2kms™1)
and spatial (~ 6”) resolution (Walter et al. 2008). The galaxics arc a wide variety of spirals.
dwarfs and irregulars: some quicscent and some interacting: a range of star formation rates
(0.008 to 6.05 M. yvr~ ') and metallicitics (7.54 to 9.12 [12 + log(O/H)}). The survey aimed
to allow better studies of the ISM. especially with regards to star formation and galactic
gas dynamics. The high sensitivity, spatial and velocity resolutions required for these HI ex-
tragalactic studies were only possible with the VLA and a homogenous sensitivity (column

density: ~ 4 x 101 em™? at 30") was reached for the sample (Walter ot al. 2008). A large
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part of the sample was drawn from the Spitser Infrared Nearby Galaxics Survey (SINGS,
Kennicut et al. 2003), and part of the sample is also in the GALEX Nearby Galaxy Survey
(GALEX-NGS, Bianchi et al.(2003)). This mcans that multiwavelength studies can be used

to perform further analysis on the galaxies and their propertics.

The VLA B, C and D array configurations were used to obtain the high ~ 6" angular
resolutions and uniform sensitivities. This final resolution is matched with the 24um SINGS
resolutions (~ 6") , and the GALEX NGS NUV (ncar ultraviolet) resolution (~ 5"). The
galaxics were observed with velocity resolutions of either 5.2kms ™!, 2.6 kms™! or 1.3kms ™!
This was cssential in order to spectrally resolve the HI emission line. Natural weighted and
robust weighted data cubes were created for cach of the galaxics. Naturally weighted cubes
provide the highest surface brightness sensitivity, whereas robust weighted cubes have well
behaved synthesized beams at higher resolutions. More details on the data reduction can
be found in Walter et al.(2008).

2.3 HERACLES

The Heterodyne Receiver Array CO Line Extragalactic Survey (HERACLES) is a CO cmis-
sion line survey of 45 nearby spiral, irregular and dwarf galaxics (Leroy et al. 2009). It was
done using the multipixel Heterodyne Receiver Array (HERA, Schuster et al. 2004) on the
30m IRAM telescope. This type of receiver array has allowed for more complete studices
and inventorics of CO in ncarby galaxics due to its ability to more cfficiently map large
portions of the sky compared to the old single-pixel receivers. The CO J = 2 — 1 rotational
transition cmission line was mapped at 230 GHz (Leroy ot al. 2009). 1t was the first CO
survey to cover large regions of so many necarby galaxics at such high spatial resolution (up
to 137) and sensitivity. Its main goals were to allow for the gquantification of the relationship
between the neutral gas, molecular gas and the star formation (Leroy et al. 2009). Part of
the sample is in the THINGS, SINGS and GALEX-NGS surveys; and this was important
for achieving goals of studying star formation and the relationship between the atomic and

molecular gas.

Unlike previous surveys, the full optical disks of the galaxies were observed and fully
sampled. On the fly mapping mode was used and [IERA was used with the Wideband
Line Multiple Autocorrelator (WILMA) backend attached. This resulted in a high veloeity
resolution of 2.6 kms™!. The data reduction is outlined in Leroy et al.(2009). The 2.6 kms !
resolution was smoothed to 52571 (and 10 kms™! in some cases) by Hanning smoothing:

this reduced the noisc levels in the data cubes.
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2.4 Data Reduction Method

The naturally weighted THINGS HI data cubes were used along with the Hanning smoothed
HERACLES CO data cubes; these were used because they had the lowest noise (and there-

fore highest sensitivities).

GIPSY was used for fitting and preparation of the data cubes. The HI cubes were
smoothed to 13" so that a pixcl-by-pixel comparison could be made to the CO cubes. The
THINGS observations used heliocentric velocities, while the HERACLES observations used
Local Standard of Rest velocities (LSR). The CO velocities were all adjusted to heliocentric
using Vi = Visr — Vieorrection With Vigrrection = Viz cos(n): where Vz is the relative solar
velocity between LSR and heliocentric velocities, and v is the projection angle between the
galaxy and the apex of solar motion. The corrections were determined by using V: = 19.5
kms™! (toward RA:17" 55" 36, Dec:+29° 56’ 417 J(2000). Delhaye 1965). This correetion
is only necessary when directly comparing the HI and CO velocity profiles. The dispersions

are not affected by this because the correction results in a constant velocity shift.

The CO cubes were reprojected to the same sky projection as the THINGS data using
the task REPROJ. The profiles in the HI cubes and the adjusted CO cubes were then fitted
using the GIPSY task XGAUFIT. XGAUFIT is a task for fitting velocity profiles of data
cubes.  The user supplies a data cube. and can then choose the type of function to fit
the profiles, the number of components and the spatial or velocity region to fit profiles in.
The user has the option to supply initial guesses for the fits and to control the maximum
number of iterations for fitting. There are also options to fix certain parameters or to reject

paramecters below or above chosen values.

Gaussian. up to third-order Gaussian-Hermite (hg) and up to fourth-order Gaussian-
Hermite (hg.hy) fits were made to HI and CO data velocity profiles. The third-order
Gaussian-Hermite (k) will from hercon be referred to as Hermite hz and fourth-order
Gaussian-Hermite (hg.hy) will from hercon be referred to as Hermite hy. The additional
hy and hy parameters in the Iermite fits introduce non-zero skewness and kurtosis. which
can describe asvinmetries and peaks that are more flattened or sharper than that of a stan-
dard Gaussian. Hermite Ay fits had both hy and hy parameters determined. but here they
will be referred to as Hermite hy fits.

The hy parameter measures asymmetric deviations and is related to the skewness (€1) by:
€1 =~ 4/3h3: therefore it only has an effect on the measured mean velocity compared to a
normal Gaussian. The dispersions measured from a Hermite hy fit are direetly comparable
and equivalent to those from a Gaussian fit.

The hy parameter measures deviations in the breadth or sharpness of the peak and is related
to the kurtosis (&) by: & =~ 3+ 8/6hy. It affects the dispersion and amplitude that would

be measured by a normal Gaussian, therefore the dispersions measured using Hermite hy
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fits arc not quite equivalent o those measured from a Gaussian fit @ opg & 0 (1+ \/6}24)
(where 044,55 is what the dispersion would be if the function was purely Gaussian).

Intensity weighted mean velocities, dispersions, amplitudes, reduced y? and other parame-
ters were all extracted from the outputs of the fits. The main parameter required for the

analysis was the dispersion. The Gaussian fitted veloeity dispersion is defined as:

58 X (v — (1))
.5,

o=

), (2.1)

where S is the integrated flux, © the measured velocity and (») the Gaussian-weighted
mean velocity. These velocity dispersions are independent of the velocity corrections. The
Gaussian velocity dispersions were used in all the analysis (see Chap.4 for further discussion
regarding this) but fits using Gaussian Hermite hz and Hermite hz.hy were also made to
compare with the Gaussian fits and to determine which function is the most appropriate
for fitting the velocity profiles and determining their velocity dispersions. Hermite hs fits
arc particularly important to compare with because in the studies of the HI dynamics of
the THINGS galaxics (de Blok et al. 2008), they were determined to produce the preferred
veloeity fields for the THINGS galaxices.

A 30 noise cutoft was was initially applied to the fitted maximum amplitudes; with the o
values used taken from the THINGS paper (Walter et al. 2008) and HERACLES (Leroy ct
al. 2009) data release for the Hanning smoothed cubes (A. Leroy, priv. comm.) (see Table
2.1). For some of the galaxies no noise values or velocity resolution values were quoted for
the CO data, therefore we calculated them from the Hanning smoothed data cubes. The
task STAT was used to determine the noise values over the entire mapped arca of cach galaxy
for cvery channel. The noise values were then plotted against the channel number and a
lincar trend was found to exist where the noise increased with decreasing channel number.
Channels with signal from the target galaxy were removed (a very stringent approach was
used where a large range of channels near the obvious galaxy signal were removed). An
example of the resull is shown in Figure 2.1. A lincar fit was made to the noise values
and the extrapolated noise value at the median channel number was usced as the noise value
of the data cube; this approach was tested using galaxics whose noise was given and the
method worked for them as well. Effectively the noise value of the central channel is used
as the noise for the galaxics with no quoted CO noise values. The noise values (from Walter
et al. 2008 and Leroy ct al. 2009 or calculated above) for cach of the galaxies are given in
Table 2.1.
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Table 2.1: Noisc and velocity resolution of the HI and CO cubes of the galaxies analysed.
The HI values were taken from Walter et al.(2008).

Name HI Noise CO Noise HIV,. CO Vs
[mJy|/beam [mK] [kms™1 [kms™ 1]
NGC 628 0.60 21 2.6 5.2
NGC 925 0.57 16 2.6 5.2
NGC 2403 0.38 19 5.2 5.2
NGC 2841 0.35 16 5.2 5.2
NGC 2903 0.41 21 5.2 H.2
NGC 2976 0.36 20 5.2 5.2
NGC 3077 0.75 17 2.6 5.2
NGC 3184 0.36 17 2.6 5.2
NGC 3198 0.33 17 5.2 5.2
NGC 3351 0.35 19 5.2 5.2
NGC 4214 0.69 19 1.3 5.2
NGC 4736 0.33 21 5.2 5.2
NGC 5055 0.36 26 5.2 5.2
NGC 5194 0.39 18 5.2 5.2
NGC 6946 0.55 25 2.6 5.2
NGC 7331 0.44 13 5.2 10

analysis arc shown in Table 2.2, which is drawn from Table 1 in Walter et al.(2008).
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Table 2.2: The propertics of the galaxies in the sample. taken from Walter et al.(2008)

Name Distance Inclination Position
[Mpc] °] Angle [?]
NGC 628 7.3 7 20
NGC 925 9.2 66 28
NGC 2403 3.2 63 124
NGC 2841 14.1 74 153
NGC 2903 8.9 65 204
NGC 2976 3.6 65 335
NGC 3077 3.8 46 45
NGC 3184 11.1 16 179
NGC 3198 13.8 72 215
NGC 3351 10.1 41 192
NGC 4214 2.9 44 65
NGC 4736 4.7 41 296
NGC 5055 10.1 59 102
NGC 5194 8.0 42 172
NGC 6946 5.9 33 243

NGC 7331 14.7 76 168
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Chapter 3

Results : Dispersions and Star

Formation

3.1 Dispersions

Pixel by pixel dispersion differences (oo — o) aud dispersion ratios (oy;/oco) were
calculated for cach of the galaxies. Analysis was only done for pixels where there is > 4o
cruission and the dispersion is greater than the velocity resolution in both HI and CO. NGC
7331 has a CO velocity resolution of 10kms™! but a dispersion cut-off of 5.2kms~! was
applied to its pixels (sce Sce 2.4). All the dispersions quoted are Gaussian fitted dispersions
unless explicitly stated otherwise (see Chapt.4 for further discussion about this). Examples
of the distributions of 6. 5. cco — oy and o571 /0co are shown in Figures 3.1 and 3.2.
Figures for all our galaxies arc in the Appendix. The dispersions were binned into 1kms™!
bins. and the dispersion ratios into 0.2 sized bins. In these plots the resolution clements
were calculated by: Resolution Elements = (Number of Pixels) (Number of Pixels per single
Resolution Element). Number of Pixels in a single resolution clement was calculated by:
(m(Res)?) ((Pixel Seale)?): where Res is the resolution (13" in our case) and Pixel Scale is

the angular size of each pixel (in arcsee,/ pixel).

In order to study the spatial distribution of HI and CO dispersion values and to determine
whether the dillerences in dispersion are constant throughout the disks of galaxies, maps
were created of the pixel-by-pixel dispersion difference (oo — opy) and of oy and oco
individually. Examples of these maps are shown in Figures 3.3 and 3.4: maps of the rest of
the galaxies can be found in the Appendix. The pixel-by-pixel dispersion ratio (oco/onr)
was also calculated and maps were made (sce Figures 3.3 and 3.4 for examples of these and

the Appendix) for oco /oy maps for all the galaxies.

The histograms indicate that HI and CO dispersion distributions peak at certain valucs

(mostly in a unimodal or bimodal form). Inspection by eve indicates that the dispersions

23
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Terp S Teres distiibntions io NGO 3181,

in many of the palaxios Bollow Ganssian-like distribations, Fipures 3.5 and 3.6 <how the
distribmticns of HI and O dispersions inoall the galaxics in ooue sample. The oo plots
reveal incomplede [r:ubn[f‘,l distribitiong, wherras the o distributions are nol as alTected
b the dispeesion ent-off. Tt shonld be noted that many of the psels that were romoved due
Lo Lhe dispersion cud-all Tave = de cmission, Mest of the geo disteibation peaks occur close
Lo the dispersion cub-olT (e, Flgures 31 aoed 350, but in a few cases elear apg disteibution
peuks do not seem o ceeor above the dispersion out-olf (eg NGO AT3E, Figure 3.2 and
3.5 The gy distribufions hessever shew clear peaks well abosve the dispersion cut-cft and
there are very fow pixels withh dispersions near the dispersion cut-off values (see Fignre 3.6}
Frzuee 3.2 shows thal dhe dgy oand ey distributions [mom the same galaxy can be vory
differeut. Modes of Lhe dispersian distribud ions were caleuioled and ame shown o Table 3.1,

Maps of 7o and apry wore maide to study the molecuba and atomic gas Jdisporsions
throughout the inner disks of galacoies. Figures 3.3 and 3.4 display the €0 and L dispersion
maps of ropresentative galacces. The central regions of galaedes have vory high Jspersions

aned (Jispevsion valnes docrcase nrther away Brom thess regions, The high dispersion seen (n
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Figure 3.2; (Topd Disribacions of the HID and OO digpemsions for NGO Y36, Tosser 1oft
and right i ures are histogrames of We dispersion dillerenee oon opp and dispersion ratio
oyl Ten distriboticos o XG0 4736

the contral repienz could e exapgrratod hecause of rodadion. Some hiph dispersion struciares
are also [ound in the outer aress of the palicdes, The sise of struetuoes s Jarper Lhan seen in
the oeg — oy waps, and the struetnres whso seem smoother. Frpure 3011 shows distoibutions
of OO velocity disporsions values of the galaxies that were soalyzed in the sample The 70
veloeity dispersion vanges Teom ~ § 10 ~ 25kws U with modes ranging ranging from b
tor 15kms—! Must of the sbaxies have mean vahues below 10kms!, NGO 333, NGO
o6, NGO 3077, NGO 925, NGC 2003, NGO 519 avd NGO 3199 hivee many pleels with
oo o HkmsTl The oy, valoes range from & to 30 km s, with modes taogiag from 11 w
2ikm s~ Unlike the OO dispersions, the WL velocity dispersion distributions decline betore

the impesed HL velocity reschotiou egt-ofis.

Plows of disporsion ditfercices and dispersion ratio distributions for all the galaxies iu the
sample are shovwn in Figaees 3.7 and 38, The oeon oy values raope from - 20 to 0 kg 57!
anel mpppim e lont 05 o 5.5 (see Disare 3.7 and 3.8 We holed Gamssian Hanetions e the
dispersion dilferenocs, and dispersion ratios and detecmined Lhe mean values froon these s
The mean valucs for each of the palaxics are listed i Table 3220 these are aceompanied by
the 1o contidence iniersal Ton the Tited vean, The fits can be conpaced by the su of Lhe
sopgarcd residuals that are alse lound in Tahle 3.2, These were coleulated by taking the sum
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Fignre 3.3 Digpersion differenee (eoo o gt Hop lelh, disporsion ralio (eppfoca b (hollom
lefty, CO dispersion (hottorm right) and HD dispersion (tap tighl) maps of X0C 31431, The
colowrmnap values af the dispersion piots are in units of ks L

of the squared residoals belween the 1 and data (with che v-axis moemallzed o leaction of
totil pixels instead of wsolution elements in Fieares 30304 35081 Care should] be taken
when fnterpreting fiks from NGO 3077, NGO 925 aud NGO 4214, This is partly beeanse not
Aty Hacks worn ahove the nolse threshold for these sajaxies aud che C0F emission regions
are vory patehy and simmali cowering wery frw rosoiufion cloments, The mean opg aa;
valne is T2 1.3 kms 1; atu] mean dispersion ralin® @y feeg 5 154 G i8kme L The
reporte] errars i these means ave the standarved deviations of the fitted mean values Tor the

wrialasies,

Dispersion ratios are very sefi] becauke unlile the difereuces they are more independent
af the alwodute valnes of the dispersions. A rich substrocture o oee — onp 3 prominent
in the muaps, with values 1hat are wet ouiform seross galaetic disks, This 15 mirrored in the
oy mee maps, Lhe seade of dillerenices between Lhe HL and OO dopends on the galaxy, Tn

every malwoy there are small regions whene the apparenl OO dispersions are higher chan the

*'I'his wrae caloulabed for all the paloxics cxclading MO 3077 aucd N0 2541, Tacaase of tihe relatively
larpe Lo ronCdenn evalues af thede icced means see Takle 3.2
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Fignre 340 Thspersion difference (o —oyp) (top left), dispersion ratio (o /o) (bollom

el CO dispersion (bottomm risht] and U dispersion (top right) raps of NGO 2076, Uhe

volnrmua p values of the dispersion plots arc in units of kms™'

HI dispersions. In the cenfers, of sonne of the galaxies (NGC 5055, NGO 6048, MO0 2904,
and NG TY51, see Chapter 3 and Appendix) there are extended cegions where the ©O0)
dispersions are apparently higher than the (1] disporsions. Thess remions Lave sorprisingly
lews gy S rates. Part of the explanation e the high dispersion in these regions conld
b due to the steep gradicnt o eikation welociby i the boeam due Lo sleep roation curves
in the central regions of the galaxies. The rotatioeg curves of owe galaxies wore determined
in de Blok et al. 2008, I o single bewtn incorporates repions with a steep rotalion curve
the veleeity gradient will lead 1o an apparent broadening of the velroity profiles. When a
sple e inearporales vepicns with large velocity difercmees dhae o totation the observed
velowily profiles i the beaw wall be very broad. This brosdness 1= thus not related to
intrinsie dispersion of 1he sus, NGO 3053 and KGO 6846 have extended strwctures arounnd
their centesl repions with wory negative agg — oy values (eompared to the rest of their

disks), These strustwees alse shew up in the ayp/oon wsps.
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Fipure 3.0: Distribations of the OU dispersions (o) of the palaxies. The plots are eolour-
coded and NGC mumbers of the zalaxios are in the eeend. There 5 a cut-of al 52kma?

berwase the velocity resalulion of the £ shaservations of the galaxies [exeopt for NGO TE3LL
I

see Bee 240 15 5.2k

Resglution Elements

Figyre 3.7 Distribotious of the dispersion diMeremes g — a5 r values of e palazics, The
linwes are coloyr-coded and NGO nuwhers of vhe palaxies are io the legend,



4.1 Dispersions: 24

25 , =

20

15

10-

Resolulion Elements

Figure 3.0 Bistributions of the HT dispersions (rgy o of the galasdes. The plots are colour-
codded and NGO nimibers of the galasios are indhe icgond. There are velocity ent-offs at
2hkms T and 5.2kms™! due e Lhe wedocily resodutions of Lhe vhservations.
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Figure 3.4 WHabrihotions of the dispersion valios o doen of e galaxics. The lines are
colonr-coded and N0 numibers of the gaiavios are in Lhe legend.
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Tahle 3.1 The modes of the L and OO volocily dispersions

Mazrn: Made ol CO Maode of L1
velocily welocily
dispersioun dispersion
[Ean="'| [krusT]

NGC ti2y fi 11
N 485 fi 14

IR LRSI 1] 5 i 12
N 2541 ) 12
IO 2405 L 2
O 207 fi 14

[u [T iy 14 2
WG 3184 & 15
NGO 3105 11 L=
NGO %A1 T L3
NGO 44 fi 1
ML AT fiy 1
ML RAR ) 14
NGO H10d "l 14
NGO G046 £ 15
MG Tyl ] 14

3.2 Radial Trends in Dhispersion and Star Formation

Star formation rato deusity [Zepr ) maps of the pabaxies (except NGO 2903) wore nbtalued
from A Tovow [prive cowmnn ) Detadls of Lhe maps are deseribed o Leroy ot al (2008, In

short, CATEX FUV and Spitzer 24 pm mapes were nsed to doternine the Sy maps:
ERI"]L £y 'r?-in.l w1 E.!'|.'|__|1,|-' e J_|-| 31’34“”"]‘,031; l-:jl_:l

[pquation 137 in Lerow et al 2008); where dpoy s the FUV Hus, oy, 35 the Spitzer 240m,
and ¢ 15 Lhe mclination. These Lepgp maps wore reprojected 1o the same projection s the

C0O and HI cubes wsed in the analvals to allow comparisons with the disporsion maps,

Radial trends in aen. onp abd ey wore then studied. Uhe task FLLINT was used to
averape Vhe dispersions and Ygpy in ofliptical anuali. We nsed 13" sized anmili Position
anples and inelinations from Walter ot al. (2008) (their Lable 11 wore 1zed (o detine the
ullipoey for vach ol Lhe galaxics. The vez (the isoplntal radius at which the averape surface
bight s G5 25 mag arcsec ™) yalizes were also taken Irom Waller ol al. [2008), Radial
profiles of the mees, may and Xegep wore producer] awd represenrative plocs ave in Figires 3.9
aned 3.10; the vadial plols e all the galaxies wre foand in the Appendix. As before. only

arcas whore Lhere i= hoth CO and HT cmissdon above o 4o evel wern nsed.

Wi dind that ihe dispersions deorcase with radins, which s in agrocment wich Tambarro

elal, fA. This Leendd is evident inomost aof the galaxies (oo NGO GG, Figare 3100, T
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Table 3.2: The Gaussian weighted mean dispersion difference (oo — o) and dispersion
ratio (orr/oco) for cach of the galaxics. The 1o conlidence regions are included as the
error in the fitted means.

Name Mcan Sum of the AMean Sum of the
Cco— OHI Squared oni/oco Squarced
[knis™!] Residuals Residuals.
NGC 628 -4.6 (£0.1) 0.0005 1.47 (=0.01) 0.0005
NGC 925 -7.2 (£0.1) 0.0082 1.68 (=0.03) 0.0013
NGC 2403 -6.0 (£0.1) 0.0031 1.62 (=0.01) 0.0019
NGC 2841 -8.2 (+0.7) 0.0060 1.49 (=0.04) 0.0061
NGC 2903 -8.6 (£0.1) 0.0006 1.30 (=0.01) 0.0037
NGC 2976 -5.2 (£0.1) 0.0018 1.39 (=0.03) 0.0067
NGC 3077 -11.5 (4£0.6) 0.028 1.50 (=0.03) 0.021
NGC 3184 -7.6 (£0.1) 0.0005 1.76 (=0.01) 0.0015
NGC 3198 -8.0 (£0.2) 0.0035 1.39 (=0.03) 0.0083
NGC 3351 -8.1 (£0.2) 0.0048 1.86 (=0.02) 0.0019
NGC 4214 -7.6 (£0.1) 0.0066 1.87 (=0.02) 0.0048
NGC 4736 -7.0 (£0.1) 0.0012 1.40 (=0.01) (.0039
NGC 5055 -7.1 (+0.1) 0.0022 1.49 (=0.01) 0.0013
NGC 5194 -8.7 (10.1) 0.0021 1.63 (=0.02) 0.0034
NGC 6946 -6.2 (£0.1) 0.0014 1.46 (=0.01) 0.0017
NGC 7731 -8.9 (£0.4) 0.0023 1.33 (=0.03) 0.0038

not so clear in a few galaxics (e.g. NGC0628, Figure 3.9). The star formation rate density
also declines with radius as expected. In the regions with both HI and CO detections it scems
that the oco is better correlated with Y¥gpr than opp. but quantification and verification of
this was not done in the thesis. The HI velocity dispersion has greater fluctuations than CO
velocity dispersion. which declines more smoothly. When the oo radial trend flattens out
- the Ygpg scems to do so as well in many of the galaxies. The velocity dispersions show an

exponential decrcase as does the star formation rate density.

3.3 Star Formation

In order to study the relationship between dispersions and star formation rate density, the
Ysrr pixcls were binned into logarithmic bins of size 0.02dex. The mean oy;. oco and
on1/oco in cach bin were caleulated. Plots of the results are shown in Figures 3.11. 3.13
and 3.15. The uncertainties in the plots were defined by determining the average of the
dispersion (or og;/0co) uncertaintics in cach Ygpg bin. The dispersion uncertainties of the

individual pixel dispersions were the outputs from XGAUFIT.

There is a large variation in gy between the galaxies: there is much less variation in
aco. Figures 3.11. 3.13 and 3.15 all show evidence for the existence of three regimes. At low
Ysrr values (Ngpr < 107260 yr~ ! kpe™?), oo values are low (<10 kms™!) and there is

no clear correlation between oco and Yspr. The op77 also scems to show no correlation, but
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Figure 3.9 The racially simoothed 00 and B dispersions and the star frematien eate
clensity vorsus radius [in umits of re;) m NGO 628 Loe disperstons are plotted aned log star
{ermation vate density —3 s platted (with By i the nnits @ [Me Myr L kpe 2]

Lhere s 4 Lol more seatler. There is also pe olear cormelation between og/oqo sl Yepg
in Lhis repiine. The large wadslious belween palaxies could be due 6o Lhe larpe variations
s in g Between 10739 < ¥apg < W07Y® (units; Mo yr~! kpe™®) there is a much
clearey coreelation den and o inerease with inereasing log Xy I a mere lincar manner
than in the lissre vegiine, The qegr curves Tise meore stooply than agy . The g fme ratieo
alsu declines linearly fnihis regime. And the relation bolween Bopp aud mgrdaea is rch
Liglhter than velalions withh HI and ©O dispersions. The beends i Whis repime ace elearly
shown In Fiegures 3,12, 314 aned 3,16, NGO 3077 stancds out in Figuee 416, because i85 curve
reraning constant aver et of the reslme being diseussed then bas g sharp drop atoae higher
Bgenr values: For Bapq = 10 14 Mooowr ! L T {he crevelations are not as Strong as in
thie lower Mgy vogine, aned the gradivents are also genceally higher. There are Twavever largoe
varialioms hotwoon the galaxies. Al Buper = 10 80, 3 ! kpe ® valnes wore not nsed in
Lhe procediug analvals because tle wneertatinly in Uhese vulues was boo hieh,

In crder vo determine whellher Lhe trends extend outl to reeons wheee theee 15 e des
teelable CCF and alse Loosee whellier the overall HI trends are different [rom those of HI in

Lhe replons with delecled CO) we studicd the dispersionn-SEFRL relalionship over the eutioe
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Figure 4. U5 The radiallv smoothed OO and HL dispersions and the star formation rate
densily vorsus radins (o nnits of von bin NGO 654G, Log dispersions ave plotted aned Jog star
formation rate density —3 is plotted [with Sge in the units = [Ms 3yt 1 kpe )0

star-formine disk, Dnspersion maps of HTwore moade for cotive disks of the galodes, and then
a sitnilar procedure to the one descriled proviously was appicd ta these dispersions. Figo
317 shows that the ecoreclation botwoen HI velecity dispersion and Eepg exizls over Lhe en-
tite star-lorming disk, The correlation exists st all values of Tepg aud the Szpg = 100585,
v~ kpe ™2 theeshold mmeagions] previously s not as clear as o seen the provious figares,
There does however appear to he a eradiont change at the threshold valoes menkioned provi-
ously (Ezpp = 072 and 107" Me yr 1 kpe 20 For Xy = W0 2Me ye L kpe * NGO
28415 emrve shows vory ervatie behaviowy (see Figuee 31700 This ehaviow doces aor accur
in the other plots. which indicares that the crrage behaviour af che curve may be due Lo
low 85/N pixels or peels feown Uhe contral repion whose dispersions are ool a trae indication

of the widchs of 1helr velocity profiles,
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Figure 3.1 Plol of the averaped HI dispersions versns the star Dmanalion rale densivy [or
each of the palaxics, Bacl colonr corresponds Lo an fondividual polascy, aned the XGC pamlbers
af the galasics are shown in the jJegend,
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Figare 3120 The averaged [L disporsicns versus Lhe star formalion rale density for each
af the gataxies. This is the part of Fiowe 311 that cowrs the Yopp ranee where a steady
docrease in g feen = clear. Hach eodour correspouds tooaun udividoal ealasy, aod the
NOC pambers of the gadaxies we shown o the lesend, The ervorbars wee shown i Fizure
311 and wore conitbed here to make the plot elearer,
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the palaxies are shown Tu the legend,
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Tigure 4.1 Lhe wveraped C0F dispersions vevsus the star {oymation rato density [or each
of the salasies, This iz the part of Fipwe 313 thatl ooeers Lhe Baey range where oo stoady
decrease in Ty /men 15 olear. Each colour oorvesponds oo an individual pnlascy, and che
NGO mumbers of the galaxies are slown i vhe legenid. The evrorbars ace shown in Figune
AL o wore omitted kere to make the plod clearer.
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Figure 3,15 Plow ol (he averaped dispersions talic versus Ahe slar [ormation rate density
[ ench of the galaxies. Fach colowr eorrespomds o an individual galaxy, and che NOC
vimmbiors of Che gaduxios aro shown in e legerd,
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Flgnre 310 The sverapged dispersions estio versns the slar formuation rate deosity for easch
of the galasdes, This s the part of Figuee 3,15 that covers the Bgpp range where woslendy
decronsy in agp/oeon 8 cdear, Lach eolour corresponds Lo oan individual salaxy, and e
NGO numbers of the galaxies aee shown in the legeud, The errorhans are shown i Figure
A15 and were cmdtted e to make the pplan cloarer,
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Figure 27 Mol ol the avecaged HI dispersions wersas the star formation rale densily for
cach of Lhe galaxies, This is of all the plecls 1o ihe galacy where HL emdssion = hicher that
the 4o uoise cul-off, dispersion greator 1huan the velocity reselutinn aod with star foruation
rate density above 107 Me o Tipe 2



3: Resulis : Dispersions and Star Formation



Chapter 4

Results : Profiles, Inclination and

Distance effects

4.1 Velocity Profiles

In the preceding chapters. the dispersions used have been from Gaussian distribution fits to
the data. In this chapter we quantify how well Gaussian distributions fit the data compared
to Hermite fits. The HI and CO velocity profile shapes and the Gaussian and Hermite fits
were analysed in seven of the galaxies (NGC 628, NGC 2403. NGC 3184. NGC 3077. NGC

5055, NGC 6946) in order to determine the fitting function that is used for the entire sample.

The large majority of velocity proliles in the galaxies can be represented by the plots in
Figures 1.3 and 4.2. In this it is clearly evident that the shapes of the HI and CO veloeity
profiles are mostly Gaussian. On inspection the Gaussian and Hermite h3 both fit the
velocity profiles well (quantification of the goodness-of-fits is found in Sec.4.2). However,
in some regions the profiles appear to be very asymmetric and non-Gaussian in shape.
Examples of profiles from these regions are shown in Figure 4.3. In these regions both
Gaussian and Hermite hg fits struggle to fit the data, but they at least seem to capture the
widths of the profiles well. The Hermite kg fits are better than the Gaussian ones in these

regions.

4.2 Different Fitting Functions

The reduced x? of the fits and the uncertainties in the fitted dispersions were nsed 1o assess
the suitability of Gaussian, Hermite i3 and Hermite Ay functions for use in the velocity profile

fitting and determining of velocity dispersions suitable for this work. The relative dispersion

39
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Fipure 4.1; Bepresenlative pleds of the velocity profiles [ound n the palaxies analysed, 1o
each plot the origimal data (C0 in eed docs, HI blue sguares) s plolied, sl lines of the
Grussinn fits [hlack and purple solid lines] and Hermite fig frs (deshed cyan aned green
lines). Profiles ave from X000 825 (tap two plots] and NG 2403 (next two plots).
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Figure 1.2: Hepresentalive plots of the velocity profiles found in the galaxies analvsed, In

each plot Lhe cogmal data (OO In rod dots, HL blhie soquares] s plotted, with lines of the
Guussion fits [black and purple sohd lines) and Hermite By Hes (dashed cyan and green

lines). Profiles are from NGO 2676 (Lop lefi), NGO 3097 (top lefi) and XG0 6046 (botton

Lwis plats].



42 4. Hrsnlts : 1-"rf_\~t:'11{5_~ [nclinatwon and [Mstanee elects

MGE 2403

Iienzity [HI [y, Coe[KD

1
130
Welonty [km £

WG G346
oar . : : ot e
- co
—gon
D25 == GO Hedy
g
o
o
5 Do
L
= 04
£
=
Z post
|:|_
S T S ey R 1% e
105 i 5 [ R i i h : ' i
don 500 -200 RTH] i 100 zo0 300 s

Vel R ?.'1'_

Fiogure 4.3 Heprescntative plots of some of the very asvinmettie volociy profiles found 1o
the galasdes analvsed, [noeadh plot the original dara (OO in red dobs, HI blae squares) is
plotted, with lnes of the Caussian fits (Black and purple selic loes) and Hennite fo s
iflashod eyan and green Loes). Prafiles are from NGO 2403 (top) aud NGO 69148 (botlom).
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uncertaintics from the Gaussian, Hermite Az and Hermite hy plots of two representative
galaxies are shown in Figures 4.4 and 4.5 . These clearly show that the relative dispersion
uncertainties (o,,./0) of Hermite hy dispersions are much higher than those of Hermite hj
and Gaussian. Hermite hy 0y, /0 are similar, but have slightly lower values than Gaussian
Oune/o. This is true for III and CO fits. CO fits have higher relative uncertainties than
HI in general. The differences between Gaussian and Hermite k3 uncertainty distributions
arc much smaller for CO fits compared to I fits. From these plots we can sce that the
uncertainty in the HI velocity dispersions fit by Gaussian and Hermite hy functions is < 5%.
The uncertainties in HI dispersions fit by Hermite hy is £ 10%. The uncertainty in Gaussian
and Hermite k3 CO velocity dispersions is ~ 7% to ~ 20%. The uncertainty in Hermite hy

dispersions ranges from ~ 10% to ~ 45%.

The reduced \? between Hermite hg and Hermite hiy are shown in Figures 4.6 and 4.7.
These were calculated by XGAUFIT, and the noise values shown in Table 2.1 were used as
the standard error in the caleulation. The plots clearly show that the reduced y? values for
Gaussian and Hermite hs arc similar. The Hermite Ay reduced y? values are similar but a
little lower for the HI. whereas the CO values are verv similar to the other fits. The CO
reduced \? values are lower than the HI x? values. Thercfore Gaussian fits generally have

good 32 valucs and the lowest relative errors in dispersion.

4.3 Effect of Distance and Inclination

As discussed in Scctions 1.5 and 1.4 the scale at which one measures dispersions is impor-
tant in order to be able to interpret them. At small scales the velocity dispersions have a
power-law relationship with molecular cloud size (see Section 1.4: Larson ct al 1981 and the
references noted in the section). The distances of our galaxies range from 2.9 to 14.7 Mpc,
therefore the scales at which our dispersions are being measured range from 200 pe to 1 kpe.
As the inclinations of galaxics increase, the contribution of the planar dispersion ., to oo
also increases. As discussed in Section 1.4, the two components arc anisotropic. The broad-
ening effect of galactic rotation also increases, therefore distorting the observed profiles. The
cffect of scale and inclination on our mecasured dispersions can affect our interpretations of
the data. We therefore plotted the modes of the CO and HI dispersions against inclination
and distance in order to determine how greatl the effeet is on the measured dispersions. Sce
Figures 1.8-4.11. The distributions have different widths and are not all Gaussian. In order
to estinmate uncertainties we use the dispersion histograms (e.g. Figures 3.11-3.12) for cach
galaxy. we sum the number pixels from the miminum dispersion bin until 12.5% of the total
number of pixels were counted; then similarly pixels were sumined from the maximum dis-
persion bin until 12.5% were counted. The dispersion values where 12.5% was reached from
the minimum and maximum sides constitute the range of dispersions containing 75% of the
pixels. The ranges of dispersions that 75% of the pixels in cach galaxy cover were shown as

crrorbars in the abovementioned figures. The peaks of many of the CO dispersion distribu-
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Figure 4.4: Histoprmns of the relalive velocily dispeesion uncertainiies (o, /0] of NGO
24085, The HI is represended by che (hick mageota lives and CO by Ghe black (thinner)
limes. The toep plet o= the Sranssian relabive dispersion uneerlainty distribution, the middle
shows the Hermite b3 and bottom plot shows the Henate By, relacive dispersion uncertainty
distribution

tions are olose (o the 5.2 kme™ dispersion ew-afl, aned the trae 12.5% tower bonnd for some
distributions falls below this cut-oll value and is therefore indeterinate, The errorbars for
these are down to the dispersion ent=all wlue in Figures 4 8-4.8, Some galiodes suell ws NGO
G046 aned NGO 025 show oo lower bonunds for theie $550 ranges (for HT dispersion) beeanse
large fractions of Lhelr pixels ane io the Lails of their distibutions leading Lo biased values,

Figures 4.8 and 410 show chal thers s no clear oelalion between velocity disporsions
and distanves of the galades [for our 2.9 — 147 Mpoe range). There 5 a0 hint of o correlation
with inclination, buf, Figures 4% and 4.11 only show tentative evidenee of this, The {raction

U inerease with increasing inclination (src

of galaxics with dispersion ranges above 10 km s
Figures 4.9 arw] 4110 this tvemd is not as clear in the case of inereasing (listanees. NGO
331 and NGO 3251 have the largese HI dispersion tapges, while N GC 7331 and XGC AT30

hawe: the largest CO dispersion ranges,
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Chapter 5

Individual Galaxies

In this Section we discuss some of the peculiar features in NGC 5055. NGC 3077 and NGC
6946.

5.1 NGC 5055

The oo — oyy map of NGC 5055 is very intriguing (Figure 5.1). There is an extended

central structure where oco > ogr, and an X-shaped structure surrounding the central
region that culminates in two large lobes where oo — ogr < —25 kms™!. These features
arc found nowhere clse in the galaxy at such large scales. These structures are found in the
our/oco map as well (see Fig.5.2). The central region (surprisingly) has oyr/oco < 1. In
the castern (right) lobe the X-shaped structure is more prominent. When onc looks at the
distribution of o7 and oo there are many pixels with high dispersions (o > 25 kms™!)
and the abovementioned structures show up in the oo — oy and oy /0co distribution

histograms as asymuuetric skewness ("tails") of the histograms towards high values.

To understand these regions it is necessary to look at the individual dispersions in the
region. The velocity profiles from the central region show that the HI and CO have high
dispersions. but interpreting any dispersions from the central regions of galaxies is fraught
with uncertainty. It is not always clear whether the line of sight observations actually probe
intrinsic dispersions and individual gas clumps/aggregates. There is more uncertainty in
non-face-on galaxies like NGC5055 (i = 59°, from Table 2.2). NGC 5055 has a steep rotation
curve in the inner regions (de Blok et al. 2008) and that combined with its inclination will
result in higher levels of beam smearing and therefore more unphysical broadening of some
of its velocity profiles. The profiles from the central region are very Gaussian in shape (see
Figure 5.3). The profiles from the two lobe structures are very interesting (see Figures 5.5
and 5.1) - the I profiles scem more distorted than the CO velocity profiles. The HI profiles
have tails which lic in the dircetions opposite to where the gas is moving (or at least opposite

to the motion of the main Gaussian peak). Even though the Gaussian fits are not as good as
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the Hermite fig fits, for dhese highly distorted pralles the Gaussian fits deseribe Lthe widih
of Lhe profiles guile well,

NGC 5055 (6q01)

200—
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Figure 5.1: Plot of the dispersion difference o, — opyp i NG M55 {with the colonrbay
TOPRCSEDHNg Feps — Tpey 10 kma b

Maps of oyr and oo conlitm thal hoth the ogp avd opn ane bigh in the central
region {Figure 567 The plots indicate that the X-region alse has hioh dispersions. the high
dispersion areas of {63 and fo a4 losser dogroe HI ape correlatoed 1o the X-shaped structure
in this region.  The distinet lohes scom o he where the OO dispersions bawe deereasid
comnpared 1o the central ropions, bol the HI dispersions bave wol deereasced Ly as wich
Figure 5. 7isa plot of og) /oo overlaad with (FUY from GALEX acchive ) and 24 oo (fron
Spitzer archive] (which ape sta-formation tracers) contours. The plot shows that the two

b gpe onrrelated with arcas of high star fmation.

N 5065 3= s UTV-Lright LINER (Maoe 1996, with a pecaliar noo-poiot ke bright UV
souree at the centor [Maoe o 1l 19495). The conten] region 15 kuown to be peeuliae and has
bright Hre pontinumm emission and a large fraction of pixels have two cmission lines | 131as-
Crcllette oal. 2004} When emission was soparated into two different velogity cormponents
one cornponctl showeed tweo romioos of high porulin welocitios and 1he presence of a Ligh
intersity Hee conrder-rodaiing disk or ipolar oul Aow was suggestod by Blais-Ouaclleiie oo
al. (2004}, Tisms ot al, (1995) and Afanasiov aod Silchenko (2021 alsa foond aoomalms
structyures u the eomtral reglons Chat showed dopartures from the overnld] mtation of the

oalaxy. The Figure 5.5-5.0 velocity profiles show that thers s HL snd O emission at high
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Fignre 5.3 The C0F and HT selocity profiles in Lhe contral repion of NOO 50535 where
o = T The salicd Black and groen Tines are the Gaussian Gls of e peofiles.
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Figure A The OO and HI welocily profiles of §GC 5055 in the right labe and extended
region ot the ciphl where drg — Ty < =20 kms "' The soliel hlack and green lines arve the

Craussian fits of the proliles, The plot o the left s one of Lhe central region of the lobe
the plot on Fipht 75 a profile [ror the upper part of the right part of the extended X-shaped
rep o
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Figure 3.5 The OO and HT welbaeity protiles of MO M55 in the Teff lahe and extended
regioth on U Lol wheve e T o 20 kms L The solid Black and green lines are the

Craussian fils of the peolifes, The felt plot sherws s prolile feom 1he cenceal resion of the lobe,
Ll plot on tle righl shows a profile frem the upper-lell part of extended X-shaped region,

Lechnation [JE20600)

Right Aweepsaun (A2400)
Figure 36 The dispersion diffceenes megy gy in 500 5050 overlaid with contonrs of 7
{white) abd moa (black). The colourbar is o0 g inunis of ms L

pecnlior weloellies, che TIT having much wider welacity ranaes Chan the OO Thenee the higher
drspersim . The shapes of the profiles aee consistent with entflows but the X-strnctoee
that i seen i the maps dees nel seem W 1 the Dpelar outflow or conntep-rotating disk
hypotheses, Another mteresting leslare is Wl Che HE iy being aiecled more severely than
the C0F [profiles are more dislorted than the OO0 and becawse of this we see large dispersion

ditferenee regions in the maps,,

5.2 NGO 3077

NGO 3077y dispersion differenes map 15 peonliar becinse i shows two distinet roglons of
Foo — T tsee Fletre 580 The histeereum of the dispersioms indwntes that thore are fwo
populatiots of ooqoih this galasy bl only o single mgr poplation. The COF disporsion
rap confivus The presenee of two oo popilations. The populations are separate from each

olher and seem to e what conses bhe distinet regions of oo — sgr. The canse of these
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Figure 5.7 The dispevsion diffovenee e oy in NGO G035 evorlald with FUY cmission
[ Talrugh, {!lunl,uurs'] and 24p0m cmission (white coutours), The colourbar 15 oo — o 0 oauits
of ms .

offsets therefors seetns 1o lie n the OO Whon the 24 pon emidssion (from Spitzer archive) is
plotted over the dispersion ditferences (Flpare 3.9) - wo sec that the dust emission is most
iofense 1o the larpe vepdon, indicaling s high stee formstion vate, The inteprated intensiticos
of 1he HT do netl correlabe with any of thoe repiows (Figuee 5.140), wheress the OO utegrated
intensithes do correlate with the two regions (Figuee 53,117, with the bigh 24 pen repion having
the highest otensiy, From these plots it seems a5 thaggh there are two distinet regons of

COr which have different star formation rates, (10 emission aod dispersions.

NGO 3077 = an interacting dwarf salaxy and forms part of the BI81 teiplet. which is
d system where three mteracting palaxics ave connected Ty Gidal orms aod Lails (Cottrell
EATT. wan der Hulst 1994, Yun o al, 18941, NGO 77 has anincenscly stac-lorming core
of bright, Hoo exmission, sedl Xovay emission and maolecular vas {Price and Gullizsen 1984, B
ofoal 1904, Becker of al, 148890, Exlended star formstion ees fonnd in the tidal tails as
well [Walter el al. 2006), 1'igures 5.9 and 511 show that there s a higher fraction of high
disprersion moeleeular gas 10 reeions of high star formation and hish OO gas density than T
regions that do not bave high star formation. This ean L altribuded o the lacse amounls
of energy that are being pumgped indo 1he ISR dae Lo the bhigh star fermation rete at Lhe

oontet of the galaxy.

5.3 NGC 6946

NGO GME also bas an iuteresting dispersion differonee map (see Figure 5.12), Like NGO
G55, there is a central veydon thal has an v Unlike NGO 5055 however, this region

extends fo oatside the corter. There are extensions to the east and sonth-east of the contor.
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The representative profiles of the central and exlended regions are shown in Pigures 514
aned 515 In the conter the HI proliles e very asvinmetrie aud there seems to be moliiple
companents distingulshable fron the selocity profiles; the OO profiles are very broad and
alzn asymmelnie (see Figure 5141, The 11 profiles bave low signal-to-oojse (5N and maw
ol be real emdssion. The Bigher 5708 prafiles have molliple peaks, so the HL Jspergions
fitted n these resions cannol be trasted. This meeans Vsl dispersion differeves valnes are
oot a true indication of 1he dispersion differcpee o (s replon. I che low 5N T is actaal
emission the it s 2401 clear than the OO bas o preater disporsion than the HI The ocbended
regions also Jiave broad OO profiles Cbut ot as broad as in the confral regions), bt Loth
the IIT and OO bave wiers sy wonet e and sing ule peaked profiles than in the contral regions.
These rogions have very low dispecsion tabios (sor Viooee 5 03] Like B0 S056 thore are

also remions with mon oy Ytk 57 extending outwards frow near the center; but in
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SO0 BUE Lhese only occur on the wesl side of the galaxy. The profles from this extended
region are shown 0 Figore 516, Tnlike NGO S065, the OO0 prollles are twoee asviutuelrie
thau the LEL in the extretue areas of this repion. Inoather areas [ucbher [romw the center both

L wned OO profles are svinmel e and Conssinn.
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Figmee: 512 The dispersion ditference oy — mhp o NGO 6046 (with the enlourhar repre-
BENUNG Tpes Ty i kins 1.

NGO GG hias o high eoncentration of molevnlar gas inits centeal region sod the central
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Chapter 6

Discussion

6.1 Gaussian or Hermite?

Hermite hy fits have much higher o,/ values than Gaussian distributions and Hermite
hs fits do (see Figures 4.4 and 4.5). These errors are too large to allow for good analysis of
the resulting dispersions to be made. As seen in Figures 4.3 and 4.2 most of the profiles in the
galaxies are Gaussian in shape and can be fitted by Gaussians and Hermite h3 polynomials.
The reduced x? values of the Gaussian and Hermite hy fits are similar. In the areas that have
asymmetric profiles. Hermite hy3 fits fit the data better than Gaussians do. The definition
of dispersion in these regions however is not clear because the broadening could be due
to multiple cloud components. turbulence, non-standard motions. rotation ecte. Gaussians
distributions generally fit most of the data well and have small dispersion uncertainties and

are therefore sufficient for use in this analysis.

6.2 What do the dispersions mean?

Our analysis considers scales of 200pc to 1kpe. At these scales a single beam contains
multiple GMCs; therefore the major contribution to the measured CO dispersion is the
cloud-cloud dispersion. Duce to uncertaintics in the assumptions required to estimate the
internal velocity dispersion of molecular clouds we use the measured dispersions as the upper
limit for cloud-cloud dispersions in the galaxies. Some HI and CO velocity profiles in some of
the galaxies (e.g. NGC 5055 and NGC 6946) arc very asymuietric and in many galaxies the
central regions have unphysically large dispersions. The broad dispersions may be caused
by the steep rotation curves in the central regions resulting in unphysical broadening due to
clumps of gas in the same beam having very diflerent rotation velocities. The presence of
multiple gas components in the line of sight in these central regions could also be causing

the apparently broad profiles.
From Section 4.3 it scems that the increase in scale from 200 pe to 1 kpe has little effect
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on the observed dispersions. At higher inclinations the contribution of rotation and planar
turbulence on the obscrved velocity dispersions incrcase; these cause broadening of the
velocity profiles. The "tails" (towards higher dispersions) in the dispersion distributions
scem to get larger with increasing inclination. The galaxies with inclinations greater than
70 degrees had large "tails". This is scen in Figures 4.9 and 4.11 where the fraction of galaxics
with large velocity dispersion ranges (> 15kms™!) increase with increasing inclination. This
however, is a tentative conclusion because comparisons of the dispersions versus inclination

were inconclusive. A larger sample of galaxies will be required to verify this.

6.3 HI and CO Dispersions

The expected dispersion duc to thermal broadening of HI is ~ 8kms™! and of CO ~
0.5kms™ . The oy values in our galaxics arc ~ 8-30kms~™!. This is larger than the values
expected from thermal broadening and also larger than what Tamburro ct al (2009) found.
Our dispersion values are from the inner regions of galaxies where there is sufficiently strong
CO cmission (we used a 4o noise cut-off). These regions have high star formation rates.
Studics have shown that velocity dispersions are high in the central regions of galaxies and
decline with radius (c.g. Kamphuis and Sancisi 1993, Petric and Rupen 2007, Tawmburro
ct al. 2009). In Scction 3.2 (sce Figures 3.9 and 3.10) the radial dispersion trends for
two galaxics are shown, plots for the other galaxies are in the Appendix (we did not have
star formation maps for NGC 2903 and so we did not create a similar plot for it). It is
clear from these that op; and oo decline with radius from the centers of galaxics. They
however, do not decline to the same values, indicating that there is always a dispersion
differeuce between HI and CO in galaxices (cven in the outer regions of the CO disk). It is no
surprisc that our measured HI dispersions are higher than the average dispersions over the
entire galaxics, because regions where HI and CO overlap are in the inner parts of galaxies,
and HI has high dispersion values in the inner regions of galaxies (Tamburro ct al 2009).
Our velocity resolution cut-offs (usually < 5.2kms™!) mean that we are only exploring the
high dispersion and warm CO (since we are studying the CO(.J = 2 — 1) line). From our
dispersion maps it is clear that there is a lot of cmission from the CO(J = 2 — 1) line
in the inner regions of most of the galaxies we analysed (NGC 925, NGC 3077 and NGC
4214 are the exceptions). Our range of CO dispersions is 5.2kms™! (due to the dispersion
cut-off) to 25km s~ ! and this is consistent with Wilson ct al. (2011) values (found using the
CO(J =3 —2) lince: 2.7 — 20km s~ !, with 0.43kms™! velocity resolution).

The mean o¢o — 0y was found to be —7.2 £1.3kms™! (with NGC 3077 and NGC 2841
exchided in the mean calculation, sce Section 3.1 and Table 3.2), and the ratio between the
two was found to be op;/oco = 1.54 + 0.18. This is consistent with what Wilson ct al.
(2011) found (o ;/oco ~ 2) in their analysis. This confirms that I dispersions are greater
than CO dispersions. CO and HI dispersions arc both larger than the expected dispersion

duc to thermal broadening.



The og;/oco and o¢o - oy maps show that there is a lot of structure in the galaxies.
This indicates that in small local scales the ratio and difference between oy and oo is
highly affected by local processes that pump kinetic energy into ISM, affeet the movement
of gas and affect oy and ¢ in different ways. In some of the galaxies distinct large scale
structures appear. These usually appear in the centers of galaxies (NGC 5055. NGC 6946,
NGC 4736. NGC 7331. NGC 3351) and around the centers like in (NGC 5055 and NGC
6916). These indicate that large scale features and processes may be affecting gas in these
regions compared to other regions in the galaxies. In the irregular or interacting galaxics
such as (NGC 3077. NGC 4214, NGC 4736) there are also structures that may be related
to interactions, starbursts and other dynamical effects due to the non-disk structure and

interactions with other galaxics.

6.4 Dispersions and Star Formation

oco. oyr. and Tgpr have similar exponential radial trends. and CO seems better correlated
to Ygrr the radial trends. but quantification of correlation was not covered in this thesis.
Figurc 3.16 shows that for low Zgpr (Ssrr < 10726 M: yr~! kpe=2) CO dispersions do not
normally go above 10kms™!. At higher Y¥gpr valucs the dispersion increases with increasing
Ygrgr. and for Ygrg between 10726 and 1071% M kpe? vr~!. There is a strong correlation
between log Ygpr and oo in this regime. the correlation decreases at higher Ygpr valuces.
HI dispersions are very scattered for Sgpr < 10729 M yr~! kpe™2 and they exhibit little or
no correlation with Xgpg. At higher Ygpr values oy values have less scatter and there is a
clearer correlation with ¥gpgr. There is also a lot of scatter and no clear correlations between
our/oco and Ygpr when Ygpr < 10729 Me, yr ! kpe 2. There is a clear anti-correlation
between ogr/oco and Lgpg for Sgpr between 10726 and 10715 M- yr~! kpe™2. This
suggests that the slope of oo is greater than the oy slope in this regime. When the above
analysis was performed for all HI dispersions above the noise and dispersion cut-offs. the
correlation between Ygpg and oy, was found (sec Figure3.17). The correlation was found
across the entire range of Ygrr used in the analysis. There were gradient changes in the

oy versus Ygrpr > 107202 yr~! kpe 2 curves at the threshold values mentioned above.

This behaviour indicates that Lgpr ~ 10729 M. yr~! kpe™2 may be a threshold valuce
below which the trends with dispersion are either weak or non-cxistent. This maybe due to
the star formation rate not supplying sufficient energy to the I1SA to drive dispersions or
that the efficiency of the energy transfer from star formation to the gas is low. Above this
"threshold" value the dispersion is much better correlated with Ygpg than below it. The
energv transfer or transfer efficiency in this regime may be enough to allow star formation
to cffectively drive the gas velocity dispersions. Tamburro ot al (2009) found that kinetic
cuergy is proportional to the star formation of the gas. and our result is consistent with
that.
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The problems that were mentioned carlier about interpreting the velocity dispersions.
where they come from and the effects of inclination could all have an effect on the above-
mentioned correlations. Problematic profiles are in the minority and would not have a large
effect on the correlations due to the averaging that was done. Most of these profiles would
have large crrors (signs of these arc seen in some of the points in Figure 3.13), and iden-
tifying them would be simple. In the arcas of the plots where there are correlations. most
of the average dispersions have small errors. so the effect of those kinds of profiles is not.
very large. NGC 925, NGC 3077 and NGC 4214 do not have many pixels and if they are
excluded from the analysis the trends still hold. Unphysically large dispersions with values
larger than 30 — 40kms~! (CO and HI cascs, found in some of the galaxy centers c.g. NGC
3198, NGC 3198 3351. NGC 4736, NGC 5055, NGC 6946, NGC 7331), usually lic above
Ysrr ~ 10719 My yr=! kpe™2. In this regime we do still see some correlation, but not as
2

stroug as in the 1072° to 1075 M+ yr ! kpe ™2 regime. Some galaxics do not show any

correlation and some have anti-corrclations between dispersion and Ygpg > 10726 M 5 yr~!
kpe™ 2. Bigiel (2008) found a "kink" in the combined log Sgpr versus log Sy g, plot from
all the ncarby galaxics in their sample (which was a subsct of the THINGS sample). This
gradient change occurs near Sgpr > 10729 M, yr~! kpe™2, they also found a "kink" when
they considered data from other surveys. Their "kink" was identified at Xy, ~ 9 M kpce ™2

and was atiributed saturation of HI. We find evidence for a threshold in the CO and HI.

6.5 Conclusion

The aim of the thesis was to compare HI and CO velocity dispersions in nearby galaxices.
These velocity dispersions arc important for understanding turbulence, dynamics and star
formation in galaxics. HI dispersions have been extensively used to study these, but in
arcas where molecular gas is dominant it is also important to study the molecular gas
dispersions. Data from high resolution and high sensitivity nearby galaxy surveys were used
and the velocity dispersions of the galaxies in these surveys were determined. Pixel-by-pixel
analysis and comparisons of the CO and HI velocity dispersions were made. The relationship

between the star formation rate and velocity dispersions was also analysed. Both HI and

CO velocity dispersions arc greater than the expected dispersions from thermal broadening,
and they decline with increasing radius. There is evidence that the range of dispersions
found in the galaxics increascs with increasing inclination. There is little evidence for the
modes of the dispersions changing with inclination.

The mean oeo — oy was found to be 7.2 £1.3kms™! and oy;/0co = 1.5 4 0.18.

There is a correlation between HI and CO velocity dispersions and the star formation rate
density, for Lgpr > 10726 Mg, yr~ ! kpe™?; and o557/0c0 is anti-corrclated with the star

ormation rate density in the sa ogime.
f ation rate density in the same regime
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6.6 Future

The only gas component that is missing in the analysis is the ionized gas. Thercfore the next
step in the analysis is to compare the HI and CO with Ha velocity dispersions of the galaxics
in the sample. We will be doing this comparison very soon. The major limitation of the CO
data was the dispersion cut-off, therefore future analysis with higher velocily resolution will
need to be done so that low dispersion molecular gas can also be studied. Higher velocity
resolution observations will also allow for good studies of velocily profile shapes in both
CO and HI. ALMA will revolutionize molecular gas studies because its orders of magnitude
impovements in sensitivity will allow us to probe very low column density regimes of CO and
possibly find molecular gas in environtnents where it is not expected to exist. This will allow

us to better understand the links between molecular gas. atomic gas and star formation.
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Figure A4l [Top) Dhstributions of the W1 and CO dispersions for NOC B1H Lower Left
and  [Light Lgaves are plots of the dispersion difference don myp aod dispersion rafio
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Figure 441: The radially stuoothed log €O and log HI dispersions and the log slar loration
rate donsity in NGO 5L versus the racius (i gz ). Smoothing wis done inanmuli of wideh
13", Lo dispersions are plotled and Jog star formation rate density —8 35 plolleld (with

Yopgp iu Lhe units ¢ [Me My~ kpeTt)
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Fignre A43: [Top! Dhstritutions of the HT and OO disporslons for NGO G646, Lower Left
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Figure A47: The vadially smookhed log OO and log HI dispersions and the log star formation
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