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This thesis presents a detailed optical study with the goal of better under-
standing the elusive physical nature of nuclear rings. We first image the central
kilo-parsec region of a large sample of spiral galaxies known for intense star forma-
tion via the HaA6563 line and the optical broad bands B and I. The distribution of
massive young stars in the nuclear and circumnuclear environments verifies that nu-
clear rings occur primarily in spiral types Sa-Sbc. Late-type galaxies have a patchy
and more diffuse circumnuclear appearance in Ha. We identify three previously
unknown nuclear rings, and confirm that nuclear rings are preferentially found in
barred galaxies. From the parent sample, we identify 22 nuclear rings and analyze
the H1I regions that comprise them. Comparing the Ha equivalent widths of these
regions with population synthesis models, we derive the ages throughout each nu-
clear ring, and find that the stellar content within the rings is consistently very
young, with ages ranging from 1 Myr to 10 Myrs. Approximately half of the rings
contain azimuthal age gradients that encompass at least 25% of the ring, although

there is no apparent relationship between the presence or absence of age gradients



and the morphology of the rings or their host galaxies. Two-thirds of the galaxies
containing a nuclear ring and a bar show a link between the youngest H11 region(s)
and the location along the ring where the bar dust lanes merge. We show that re-
gions of enhanced star formation, as seen in nuclear rings, correspond to regions with
(1) the strongest Ha emission, (2) high luminosities of order 10%%rg s~!- 10*%ergs™!,
(3) low residual velocities of order 10kms™", and (4) low velocity dispersions rang-
ing from 20kms™" - 50km s™'. Thus, within the rings, the relatively cool and calm
gas allows star formation to trigger. The lack of strong non-circular motions in the
rings, coupled with a direct relationship between the position angles and ellipticities
of the rings and those of their host galaxies, indicate the rings are in the same plane
as the disk and are circular. Along the exterior edge of the rings, we find a correla-
tion between the largest velocity deviations from circular motion and the location
of the bar minor axis, where the dominant family of stellar orbits transitions from
the x; family, which supports the bar, to the x5 family, which is associated with
the location of nuclear rings. Lastly, for the first time we apply two-dimensional
line ratio diagnostics to separate the physical environments of a nuclear ring and
an AGN. Diagnostic diagrams of NGC 7742 indicate very low gas densities in the
nuclear ring, and show the transition from star formation in the ring to excitation
by high-velocity shocks or by a central AGN towards the center. Comparison to

starburst population models reveals that the H1I regions comprising the ring are of

roughly solar metallicity.



MORPHOLOGY, STAR FORMATION, AND KINEMATICS
OF NUCLEAR RINGS

by

Lisa M. Mazzuca

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2006

Advisory Committee:

Professor Sylvain Veilleux, Advisor
Professor Stacy McGaugh
Professor Stuart Vogel

Professor Douglas C. Hamilton
Dr. Michael Regan



(© Copyright by
Lisa M. Mazzuca

2006



PREFACE

The work described in this dissertation was carried out between September
2001 and June 2006. Analysis is based on two large data sets, one imaging and one
spectroscopic, with much of the results either published or in the submission process
to various journals. This dissertation combines these works into a coherent detailed
study on the physical environment of the phenomenon of nuclear rings.

Chapter 2 is based on early work done in collaboration with Dr. Johan
Knapen, as the original data is from his (and others) observations. This chap-
ter is published in Astronomy € Astrophysics as “Massive Star Formation in the
Central Regions of Spiral Galaxies” (Knapen et al. 2006). Although second author
on this paper, my role was significant in the data reduction and analysis sections.
This introductory paper builds the foundation and adds context to the thesis, which
is why it is included. Chapter 3 is submitted to the Astrophysical Journal as “A
Connection between Star Formation in Nuclear Rings and their Host Galaxies”
(Mazzuca et al. 2006a). Chapter 5 is a result of collaboration with Dr. Marc Sarzi,
as it was necessary to combine our mutually exclusive spectral data sets to perform
a complete line-ratio analysis for one galaxy in the sample. This chapter is being
submitted as a letter to the Astrophysical Journal as “The Physical Conditions of

the Ionized Gas in the Central KiloParsec of NGC 7742 ” (Mazzuca et al. 2006b).
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Chapter 1
Introduction

1.1  Spiral Galaxies

The morphological classification of ”spiral” represents those galaxies that com-
prise a flattened disk of stars and gas, often with a luminous spherical bulge, and
believed to be surrounded by a spherical halo, mostly comprised of dark matter.
The stars are concentrated in the bulge and in the spiral arms, which radiate out
from the center. Following Hubble (1936), spiral galaxies are classified into three
basic subtypes - Sa, Sb, and Sc - according to three criteria: (1) the degree of
openness of the spiral arm structure from close together and tightly wound to well
separated and elongated, respectively; (2) the prominence of the bulge (i.e., mass
and luminosity distributions), where the mass of the galaxy is most concentrated
in the bulge in the Sa types, and most concentrated in the disk in the Sc types;
and (3) the degree to which the spiral arms are resolved into stars and individual
emission nebulae (H1I regions), where the degree of resolution increases from Sa to
Sc. Figure 1.1 shows an image of the spiral galaxy M51, otherwise known as the

Whirlpool Galaxy (classification type SAbc).



Figure 1.1: HST image of M51 (Whirlpool Galaxy). The two spiral arms are
clearly defined, which contain young hot stars. The nucleus is comprised of older
stars, as exemplified by the yellowish color. credit: The Hubble Heritage Team
(AURA/STScI/NASA)

1.2 Barred Spiral Galaxies

The majority (~70%) of nearby spiral galaxies are barred spirals (de Vau-
couleurs 1963, Knapen et al. 2000, Eskridge et al. 2002), which are identified by the
Hubble nomenclature SBa, SBb, or SBc, and parallel the spiral arm morphological
classifications in normal galaxies. The bar radially emerges from the nuclear region
with the spiral arms generally emanating from the ends of the bar rather than from
the central bulge. Figure 1.2 is an example of a strongly barred galaxy, namely
NGC 1300. The creation of the bar is generally thought to be the result of the
superposition of leading and trailing waves. This effect builds over time via swing

amplification, which creates a self-perpetuating bar structure (Binney & Tremaine

1987).



Figure 1.2: HST image of the barred galaxy NGC 1300. The arms of the galaxy
are connected to the ends of the bar. credit: The Hubble Heritage Team
(AURA/STScI/NASA)

Bars are rectangular in shape, with varying lengths, ellipticities, and strengths.
Within the bars gas, dust, and high-energy particles can compress and induce large-
scale shocks. These shocks are usually associated with the dust lanes, which are
located on each side of the bar (Athanassoula 1992). The dust lanes can usually
be seen extending from the nucleus to the spiral arms. They exist on the leading
side of the bar (assuming the spiral arms are trailing), and are offset from the
bar major axis. The shocks are accompanied by very strong shears, which could
explain the absence of star formation in the dust lanes themselves, despite the high
concentration of gas.

The gas flow that results from such nonaxisymmetric potentials (i.e., shocks
and shears) is channeled to the central regions as it loses angular momentum (e.g.,
Schwarz 1981, Combes & Gerin 1985, Shlosman et al. 1990, Friedli & Benz 1993).

The flow in and around a bar can follow simple periodic orbits, as pioneered by de



x1 orbits

x2 orbits

Figure 1.3: Numerical simulation of the morphology of z1 and xs orbits from
Regan & Teuben 2003.

Vaucouleurs & Freeman (1972) and Contopoulos & Papyannopoulos (1980). In the
outermost parts of the bar, the flow lines are consistent with the elongated elliptical
x1 orbits. These non-intersecting orbits are aligned with the bar major axis, and
provide the primary support for the bar. As the flow progresses inwards, the x;
orbits gradually give way to x, orbits, which are perpendicular to the major axis.
Figure 1.3 illustrates a hydrodynamically based representation of these two orbit
families from Regan & Teuben (2003).

Theoretical analysis and observational data have confirmed that bars cause
mass and angular momentum redistribution, which in turn strongly affect their host

galaxies by influencing secular evolution of galaxies (e.g., Shlosman et al. 1989,



Friedli & Benz 1993, Kormendy & Kennicutt 2004, Sheth et al. 2005, Jogee et al.
2005). It is more difficult to observationally determine the time scales of bars in
order to gauge if they have enough staying power to alter the morphology of their
host galaxy. Several studies exist on the lifetimes of bars. Athanassoula (2002)
and Shen & Sellwood (2004) support the idea that large-scale stellar bars live on
the order of at least 2 Gyr. Jogee et al. (2005) refined that estimate with a large
Hubble Space Telescope (HST) survey on the properties of stellar bars. They find
that strong bars remain common from the present day out to look-back times of
8 Gyr (z~1), and infer that bars are long-lived phenomenon with a lifetime well

above 2 Gyr.

1.3 Nuclear Rings

A stable bar over time can cause secondary dynamically-based phenomenon
to form, such as nuclear rings. The majority (~ two-thirds; Buta & Combes 1996,
Heller & Shlosman 1996) of nearby barred galaxies host various types of rings,
classified as the SB(r)-variety. Kormendy (1979) categorized rings as nuclear, inner,
or outer according to the ratio of the ring’s radius to the length of the bar major axis.
Inner rings, which lie between the bulge and the spiral arms, touch the ends of the
bar, while outer and nuclear rings are larger and smaller than the bar, respectively.
This thesis focuses on nuclear rings.

Some of the first examples of nuclear rings were identified by Morgan (1958),

where he described four such objects as being made up of multiple “hotspots”.



Other authors have described nuclear rings as “a central knot surrounded by a chain
of condensations forming a spiral arm” (Sersic 1958), and “a segmented annulus
consisting of bright areas and probably dust” (Burbdige & Burbidge 1960), and
more explicitly, “a ring of H1I regions” (Peterson et al. 1976).

Nuclear rings are believed to form through radial gas flows associated with the
gravitational torques of the bar (e.g., Athanassoula 1992, Piner et al. 1995). The bar
creates dynamical non-axisymmetric forces, which in turn provide essential fuel for
the formation and evolution of the nuclear ring by channeling the gas to the nuclear
regions (e.g., Knapen et al. 1995a, Buta & Combes 1996, Regan et al. 1997). The
efficient inflow of gas is due to the departure from axial symmetry (via shocks and
shears within the dust lanes). This facilitates angular momentum transfer from the

bar to the nuclear regions, slows down the gas inflow, and triggers star formation.

1.3.1 Photometry

Nuclear rings consist of distinct compact areas of young massive stars near the
centers of spiral galaxies, and can sometimes dominate the overall star formation
(SF) in early Hubble type barred spiral galaxies (Ho et al. 1997, Benedict et al. 2002,
and Sheth et al. 2005). Figure 1.4 shows an example of such a ring in NGC 7742.
This is evidenced by UBVRI surface brightness profiles and color index profiles
(such as B — I maps) for many ringed galaxies, which show blue young stars (e.g.,
Buta 1986, Hummel et al. 1987, Buta et al. 1987, Benedict et al. 1992, and Byrd

et al. 1994). Barth et al. (1995) and Phillips et al. (1996) use HST imagery to



Figure 1.4: HST image of NGC 7742, which hosts a prominent nuclear ring
around the active nucleus. The ring contains numerous resolved stellar clusters
of young stars. Tightly wound spiral arms are faintly visible. credit: The Hubble
Heritage Team (AURA/STScI/NASA)

show that nuclear rings contain very luminous, blue, compact star clusters whose
star formation in the ring can represent ~50% to 80% of a galaxy’s overall star
formation.

Buta & Combes (1996) correlated the morphological type of nuclear rings to
that of their host galaxies. In their survey, the distribution peaks at type Sbc, with
no rings seen in types later than Scd, and very few in earlier types. A separate
statistically-based survey of nuclear rings (Knapen 2005) noted a similar trend in
morphological classification where nuclear rings are dominant in barred galaxies
(SAB and SB), which supply the nuclear regions with ample gas to support such
star formation. In Chapter 2, we will add further evidence that this is indeed the

case. We classify the morphology of the nuclear and circumnuclear Ha emission



for 74 galaxies, and confirm that late-type galaxies have a patchy circumnuclear

appearance in Ha, and that nuclear rings occur primarily in spiral types Sa-Shc.

1.3.2 Kinematics

Kinematic observations can help reveal significant clues on the dynamical pro-
cesses of the bar, the nuclear ring, and on the interplay between the two structures.
Kinematic studies of nuclear rings began in mid 1970’s with the use of long slit
spectroscopy. Rubin et al. (1975) and Peterson et al. (1976) obtained emission line
velocities for the bar, inner ring, and nuclear ring of NGC 3351 and derived rotation
curves and a velocity-position angle diagrams. They estimated the rotational veloc-
ity at » = 0.3kpc (the location of the nuclear ring) to be 126 + 16 kms ', with a
constant angular velocity of 80 4 20 kms * kpc ' for the stars in the bar. Van der
Kruit (1974) also used velocity-position angle diagrams to explore ring properties.
He looked for asymmetries in the diagrams and connected such occurrences with
possible noncircular motions in the case of NGC 4736.

The diagnostic tools currently used for kinematic studies are similar to those of
the early works, but with much improved instrumentation such as two-dimensional
integral field spectrometers, which can capture the entire ring in a single observation.
Recent studies of nuclear rings in barred galaxies (e.g., Buta et al. 1998, Reynaud &
Downes, Schommer et al. 1988, Wong & Blitz 2000, Jogee et al. 2002, Zurita et al.
2004) use radial velocity and residual maps to confirm large-scale deviations from

simple circular motions of the ionized gas in the nuclear region. Observations of



NGC 5248 from Schommer et al. (1988) and Jogee et al. (2002) support a scenario
where the nuclear ring is the result of gas inflow arising from the nonaxisymmetric
bar potential. Reynaud & Downes (1998) find that, for NGC 1530, strong velocity
changes are inversely correlated with star formation. Strong velocity changes in-
dicate shocks and shears, which create an environment too turbulent to allow gas
to form concentrated zones that may condense to form stars. Zurita et al. (2004)
analyze the kinematic nuclear residual velocity pattern for NGC 1530 to reveal a
spiraling inflow pattern into the nuclear ring. They also measure the velocity gra-
dients perpendicular (i.e., along the minor axis) and parallel (i.e., along the major
axis) to the bar and show that the radial velocities are much stronger in the perpen-
dicular direction. Zurita et al. further find a relationship between the steep velocity
gradients along the direction of the gas flow and the sites of intense star formation.
The steep gradients, which are indicative of shocks, tend to be within a few hundred
parsecs of the regions of strongest star formation. They conclude that possibly the
compression along the line of flow is causing major gas condensation and, thus, star
formation. In Chapter 4, we will expand the sample of such cases, by analyzing the

rotational, residual, dispersion, and harmonic velocities for 10 nuclear rings.

1.4 Nuclear Rings as Starbursts

Nuclear rings are categorized as a type of ‘starburst’. Weedman et al. (1981)
first used the term for a specific class of galactic nuclei with strong star forma-

tion, as evident by the Ha, Hf, and [O111] optical emission lines, in a small vol-



ume. They studied the nucleus of NGC 7714 and found that the HS flux is
1.9x10 1% ergs cm 2 s ! with a luminosity, L(HS3), of 3.5x10% ergs s !, and L(Ha)

L The lifetimes of starbursts are on the order of 10 to

on the order of 102 ergs s~
100 Myrs. The massive bursts may be galaxy-wide, but are usually confined to a
small region about the nucleus (few kiloparsec scales), and can dramatically alter
the structure of the host galaxy with respect to morphology, gas and dust content,
metallicity, and stellar population (Kormendy & Kennicutt 2004).

Kennicutt et al. (2005) summarize the wide-ranging definitions of a starburst,
based on the past 25 years of literature, in terms of (1) its absolute star formation
rate (SFR), where the SFR significantly exceeds the average found among normal
galaxies, (2) its SFR surface density or intensity (i.e., the SFR per unit area),
and (3) its SFR over a given period of time, where the current value exceeds the
average past value by a fixed amount (usually characterized in terms of the birthrate
parameter b. Kennicutt et al. plot the distribution of star formation properties of
nearby galaxies from several surveys in terms of these three defining parameters to
look for commonalities. They find that a starburst can be categorized as having an
absolute SFR limit of 10Mg yr~!, a SFR intensity, Lgrg, limit of 0.1 Mg yr~* kpc 2,
and the ratio of present to past SFR (b) limit of b ~2 (a value that is 4 times higher
than the mean ratio of 0.5 among non-bursting galaxies).

OB stars in Giant H 11 regions may dominate the light from these galaxies. H 11
regions are zones of hot ionized Hydrogen gas (T ~ 10,000K) around young massive
star clusters that still contain OB stars. These stars are hot enough to produce

a significant flux in ionizing radiation, shortward of the Lyman limit (Osterbrock
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1989). Observationally H1I regions are easily found by narrow-band imaging in, for
example, the Ha line, which is the strongest optical recombination line (if inter-
nal extinction is not too large). Diagnostic tools exist to help interpret the spectral
properties of such massive star forming regions and act as a guide for classifying var-
ious photoionization environments such as galactic nuclei and H 11 regions. Veilleux
& Osterbrock (1987) used emission line ratio analysis to better understand the phys-
ical characteristics of ionized regions and ultimately distinguish between starburst
and AGN galaxies. In Chapter 5 we will use this method to dissect the circumnu-
clear environment of a galaxy known to contain both an AGN and a circumnuclear
starburst ring.

Starbursts require a supply of gas at the rate ranging from a few Mg yr~! to
hundreds Mg yr~! (as in the case of Ultraluminous Infrared Galaxies - ULIRGs; e.g.,
Flores et al. 2004). Galaxies that host nuclear starbursts must have both enough
gas to fuel the activity and a mechanism to bring the gas supply towards the central
region. Bars are one such mechanism. Many surveys corroborate this connection
by statistically showing that nuclear starbursts occur preferentially in barred spiral
galaxies (e.g., Dressel 1988, Arsenault 1989, Martinet & Friedli 1997, and review
by Knapen 2005a). For example, Martinet & Friedli studied the properties of 32
well-known late-type barred galaxies and found that all of the galaxies displaying
the highest current star forming activity have bars that are strong (i.e., an axis ratio
less than 0.6) and long, where a greater fraction of the gas in the bar can be swept

up and driven towards the center.
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1.5 Nuclear Ring Models & Theories

The origin and dynamics of nuclear rings are rather difficult to study and
interpret because of their small size (typically 1 kpc) and their proximity to the,
sometimes very, bright nucleus. Although it is widely accepted that gravitational
instabilities in dense molecular clouds lead to star formation in general (e.g., Evans
& Lada 1991 and references therein), the number of models present indicate that
formation and propagation mechanisms of nuclear rings are complex, with many
factors involved (Schwarz 1981, Combes & Gerin 1985, Byrd et al. 1994, Knapen
1995b, Heller & Shlosman 1996, Regan & Teuben 2003). The most conventional
process is that the nuclear ring is defined by the position of the ILR(s) (Simkin
et al. 1980, Shlosman et al. 1989, Friedli & Benz 1993, Heller & Shlosman 1994,
Buta & Combes 1996), which is typically at ~1 kpc from the galaxy center (e.g.,
Buta & Crocker 1993). In a barred potential, the nuclear ring forms at the ILR
where the molecular gas accumulates and initiates star formation. The ring can be
formed inside a spiral structure if the bar pattern speed, (), is around the inner
Lindblad precession frequency (2 — x/2), where 2 is angular velocity and & is the
radial epicyclic frequency. Other models corroborate the necessity of an ILR to
drive nuclear ring formation, but have varying interpretations of the simulations.
Athanassoula (1992) simulates the flow pattern between the ILR and corotation
(i.e., where the pattern speed equals the circular angular velocity in the disk) and
concludes that at least one ILR is necessary to produce shocks, which force the gas

to flow radially towards the ILR along the bar dust lanes. Shocks become more
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circular across the ILR and result in a azimuthal flow of star formation.

Heller & Shlosman (1996) analyze the properties of a growing nuclear ring in
a barred galaxy to look for perturbations in the galactic potential. They find that
the major periodic orbits within the corotation radius are significantly affected by
the perturbation of the ring. Regardless of the shape of the ring, the phase space
allowed to the x5 orbits was substantially increased as the ring grew. In the case of
an inner and an outer ILR (IILR and OILR, respectively) being present, the growth
of the ring radially and vertically pushed out the location of the OILR, whereas the
IILR moved inward only slightly. As the ring increases radially, the inner z; orbits
become more rounded.

Knapen et al. (1995b) combine NIR imaging of NGC 4321 with modeling
techniques to find a connection between the presence of two ILRs and location of
the nuclear ring, which lie between the IILR and OILR. The existence of elongated
isophotal twists in the K-band both outside and inside the ring can be viewed as
direct tracers of the locations of the the ILRs and the x5 orbits, which exist between
the ILRs. They find that star formation within the resonance region is most intense
close to its inner boundary at the IILR, whereas the OILR should be located outside
of band of star formation.

Regan & Teuben (2003) offer a variation on the ‘traditional’ ILR connection
with ring formation, where they show that the existence of nuclear rings is directly
related to the interactions between the x; and x5 orbit families, and not necessarily
associated with the ILR(s). Even without the presence of an ILR, Regan & Teuben
show that gas follows the x; family of orbits, which are aligned with the bar major
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axis, and forms a nuclear ring when a threshold amount of the phase space is occu-
pied by the x5 orbits. In this scenario, Regan & Teuben conjecture that the radial
extent of the x5 orbits has no association with the location of the ILRs. They also
simulated the kinematics of the gas and stars in nuclear rings by plotting radial and
tangential velocities along the major and minor axes of the bar. They find that,
although there exist no strong velocity transitions near the outer edge of the nuclear
ring along the major axis of the bar, the ring is strongly influenced by the kinematics
along the bar minor axis. Radial velocities changed from 40 to -70 kms * from the
inner to the outer edge of the ring, transitions even stronger from the outer edge of
the ring to radii larger than the ring (from 170 to 370 kms '). We will show that
our findings are consistent with these results, although to a lesser extent.

The patchy appearance of the rings has also been modeled. In general, the
gas in nuclear rings is subject to gravitational instabilities, which then trigger star
formation and fragmentation. Ostriker, Stone, & Gammie (2001) and Semelin &
Combes (2000) use hydrodynamical simulations to show that these dense concen-
trations of gas around the ILR are compressed and cooled to the point of sparking
such star formation. Knapen et al. (1995a) model this phenomenon and added that
the ring shapes, orientation, and star formation distribution should depend on the
gas inflow rate. Low inflow rates result in round rings and smoother azimuthal
distributions, while larger rates will force a more oval appearance with the ring’s
major axis leading the bar by 50° to 80° degrees. Regan et al. (1999) use numerical
simulations to predict that the ring major axis is offset by 90° from the bar major
axis. This orientation corresponds with the orientation of the stable x, family of
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orbits, which are perpendicular to the bar major axis. In Chapter 3 we will see that
the observational evidence for the Knapen et al. model is not overwhelming, but
that the models from Regan et al. are very consistent with the Ha images of many
nuclear rings.

There is also a growing debate as to whether propagation mechanisms exist
that could result in an age-dependent gradient around the ring. Elmegreen (1997)
states that stellar winds from the massive young stars or supernova remnants could
cause sequential turbulent triggering of the existing enriched H 11 environment. This
“chain reaction” in the local environment could lead to the appearance of isolated
age gradients over parts of the ring. A more global and dynamical process, as
proposed by Regan et al. (1999) and others leads to the idea that the interaction
with the bar directly creates smooth gradient distributions from one intersection
point of the bar dust lane with the ring (i.e., contact point) to the other. With
the main source of fuel emanating from the bar, gas piles up at the contact points,
which creates a favorable environment for star formation. The stellar clusters would
naturally propagate azimuthally and cause an age gradient until interactions from
the second contact would dominate the star formation process and result in the
same behavior. Observationally evidence is still lacking in this area. Ryder et al.
(1999) and Allard et al. (2006) both find a bipolar age gradient in the nuclear ring
of M100, with similar results from Sharp et al. (2004) for M83. No other literature
sources were found. In Chapter 3, we will observationally show that, for 11 nuclear
rings, a patterned azimuthal age distribution does exist, although, most are partial

gradients.
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1.6  Outline of Thesis

Although nuclear rings are known to exist in barred spiral galaxies, the details
of their formation, evolution, and interaction with other host structures remain am-
biguous. This interesting puzzle is a complex one due to the influence of perturbing
components such as the bar, nuclear activity, local resonances, and gravitational
instabilities around such active areas with large amounts of ionized gas. This thesis
compiles both Ha photometric and kinematic data of an unprecedented sample of
nuclear rings to provide a more comprehensive view of the physical conditions of star
formation within the ring, and across the inner and outer boundaries that define
the ring. In particular, this thesis is designed to answer the following specific key

astrophysical questions, which are topically arranged:

e What is the distribution of massive young stars in the nuclear and circumnu-
clear regions?” How do the photometric morphologies of nuclear and circumnu-
clear Ha distribution compare to the Hubble type and presence or absence of
a bar in the host galaxy? Are our results consistent with previous observations
that nuclear rings preferentially appear in barred spiral galaxies? Is there a
possible link between nuclear rings and the presence of starburst galaxies and

active galactic nuclei?

e What are the statistics for size, morphology, and luminosity of nuclear rings
and the individual star-forming clusters that define the HII regions within the
rings? How do these properties relate to the morphology of their hosts? Is
there a relationship between the position angles and ellipticities of the rings
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and those of their host galaxies? What are the dynamical time scales of nuclear
rings? Is there an age gradient between the H 11 regions defining the ring, and
if so, how do the distributions relate to the location of the bar and its dust
lanes that intersect with the ring, as well as the morphology of the ring or its

host galaxy?

Are noncircular motions present within the nuclear rings? Is there a relation
between the enhanced star formation seen in nuclear rings and the level of
velocity residuals and dispersions within the rings? Are the velocity transitions
across the ring and the ring boundaries stronger in the presence of a bar? If
so, how do they relate to the location of the bar major and minor axes? Do
the photometrically-determined nuclear ring parameters differ from those of

the kinematic data? If so, what are the possible causes?

Can we distinguish between different environments in a circumnuclear region
that is known to be a composite of an AGN/LINER and a nuclear ring? How
is the environment inside the nuclear ring characterized? Can the optical lines
constrain the local gas density and metallicity within the ring? What are the

ionization sources inside and outside of the ring?

In Chapter 2 we present optical imaging of the central regions of a sample

of 73 spiral galaxies in the Ha line and in optical broad bands, with the aim of

studying the distribution of massive young stars in the nuclear and circumnuclear

regions. We outline the observing and data reduction procedures, list basic prop-

erties, and present the /-band and continuum-subtracted Ha images. We classify
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the morphology of the nuclear and circumnuclear Ha emission and explore trends
with host galaxy parameters, which confirm that late-type galaxies have a patchy
circumnuclear appearance in Ha, and that nuclear rings occur primarily in spiral
types Sa-Sbc. We identify a number of previously unknown nuclear rings, and con-
firm that nuclear rings are predominantly hosted by barred galaxies.

In Chapter 3 we present results for a sub-sample of the galaxies presented
in Chapter 2. The Ha and continuum images reveal that the rings are comprised
of several distinct star-forming H 11 regions within approximately one kiloparsec of
the galaxy nucleus. We present morphological parameters of the rings and compare
those to both bar and disk parameters. We find a clear relationship between the
position angles and ellipticities of the rings and those of their host galaxies, which
indicates the rings are in the same plane as the disk and are circular. We also
compute the equivalent width of each Ha-emitting (Hir) region forming the nuclear
ring, and use population synthesis models to estimate ages, which range from 1
Myr to 10 Myrs throughout the rings. We find that approximately half of the rings
contain azimuthal age gradients that encompass at least 25% of the ring, although
there is no apparent relationship between the presence or absence of age gradients
and the morphology of the rings or their host galaxies. NGC 1343, NGC 1530, and
NGC 4321 show clear bipolar age gradients, where the youngest HII regions are
located near the two contact points of the bar and ring. We speculate in these cases
that the gradients are related to an increased mass inflow rate and/or an overall
higher gas density in the ring, which would allow for massive star formation to

occur on short timescales, after which the galactic rotation would transport the H 11
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regions around the ring as they age. Two-thirds of the galaxies that host a bar show
a correlation between the locations of the youngest H 11 region(s) in the ring and the
location of the contact points, which is consistent with predictions from numerical
modeling.

In Chapter 4, we utilize the DensePak fiber-optic array on the KPNO WIYN
telescope to construct two-dimensional Ha velocity fields of ten nuclear rings. We
show that regions of enhanced star formation in the nuclear rings correspond to re-
gions with (1) the strongest Ha emission, (2) high luminosities of order 10*%erg s™*-
10%ergs*, (3) low residual velocities of order 10kms™", and (4) low velocity dis-
persions ranging from 20kms ' - 50km s '. Within the rings, star formation takes
place in regions where the shear is minimal/small, and the gas is cool enough to al-
low molecular condensation. The lack of strong non-circular motions, coupled with
a direct relationship between the position angles and ellipticities of the rings and
those of their host galaxies, indicate the rings are in the same plane as the disk and
are circular. Outside of the ring, we find a correlation between the largest velocity
deviations from circular motion, seen near the ring outer edge, and the location
of the bar minor axis, where the dominant family of orbits transitions from z; to
x2. The few cases that exhibit significant kinematic and photometric PA offsets are
attributed to complex bar interactions and/or galaxy mergers.

In Chapter 5, we present an emission-line diagnostic analysis of integral-field
spectroscopic observations that cover the central kiloparsec of NGC 7742. This Sa
galaxy hosts a spectacular circumnuclear ring and nuclear regions characterized by

low-ionization emission. The gas in the ring rotates in the opposite sense to the stars
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in the galaxy, suggesting a recent merging or acquisition event. The combination of
integral-field measurements for the Ha+[N 11| emission lines from DensePak and the
HB and [O 111] emission from SAURON allow the construction of diagnostic diagrams
that highlight the transition from star formation in the circumnuclear ring to exci-
tation by high-velocity shocks or by a central AGN towards the center. DensePak
measurements for the [S11] line ratio reveal very low gas densities in the circumnu-

clear ring, N, = 20cm ™3

, characteristic of massive H1I regions but not of typical
nuclear starbursts. Comparison with MAPPINGS IIT models for starbursts with
low gas densities show that the ring H1I regions is of roughly solar metallicity. This
suggests that the gas in the nuclear ring originated in a stellar system capable of
substantially enriching the gas metallicity through sustained star formation. Past
interaction with NGC 7743, a nearby barred spiral galaxy, could have provided such
metal rich material, but the pristine conditions of both NGC 7742 and NGC 7743
rule out such an event. Instead, we suggest that NGC 7742 cannibalised a smaller
galaxy rich in metal-poor gas, and that once the gas was funneled in the ring star
formation may have proceeded long enough for the metallicity of the starburst to
increase to its present value.

Chapter 6 and Chapter 7 provide a summary of this thesis and discuss future

considerations, respectively.
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Chapter 2
Morphology of Massive Star Formation in the Central Regions of

Spiral Galaxies

(published in Astronomy € Astrophysics, Vol 448, p.489, 2006)

2.1 Overview

Enhanced nuclear activity in disk galaxies, whether in starburst or AGN form,
appears to be an integral part of their evolution. Both forms of activity have been
observed to co-exist (e.g.,Heckman et al. 1997 ) and are a clear manifestation of the
symbiotic evolution of galactic centres and their host galaxies. The observed tight
correlation between the masses of the central black holes and the velocity dispersions
in the surrounding bulges (e.g., review by Ferrarese & Ford 2005) provides the
most direct evidence for this evolution and yields important clues on the dynamics,
structure, and evolution of galaxies.

To initiate and to maintain the AGN or nuclear starburst activity, gas inflow
must be stimulated from the disk to the central regions — a process which must be
accompanied by a substantial loss of angular momentum in the gas. Theoretically,
this leads to the suggestion that gravitational torques acting through galactic bars
or galaxy interactions are involved. Due to the asymmetric nature of their mass

distribution, they can facilitate the loss of angular momentum in inflowing material
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(e.g., Shlosman, Begelman & Frank 1990; Athanassoula 1994; Combes 2001). Ob-
servationally, statistical links between bars and interactions on the one hand and
the occurrence of starburst and AGN activity on the other are clear in certain cir-
cumstances (e.g., extreme starbursts and interactions), barely significant in others
(e.g., low-L AGN and bars; low-L starbursts and interactions), and absent in the
case of low-L AGN and interactions (e.g., review by Knapen 2004).

Massive SF can be convincingly traced by the accompanying Ha emission and
is very easily observed with standard telescopes and cameras (Kennicutt 1998). Ha
is mainly produced in the H 11 regions surrounding massive B and O stars, although
shocks and non-stellar activity can also lead to Ha emission. In the images of
the 73 galaxies analysed here, we study the morphology of the Ha emission in the
circumnuclear, two kpc radius regions, as well as from the nucleus per se. The
circumnuclear area as chosen is large enough to incorporate most nuclear rings.
This kind of circumnuclear, low-L starbursts are found in around one fifth of spiral
galaxies (Knapen 2005, hereafter K05), and characterise the dynamics of the host
galaxy and its stellar bar (e.g., Buta & Combes 1996; K05).

We present our galaxy sample in Section 2.2, and describe the observations
and data reduction procedures in Section 2.3. The nuclear and circumnuclear Ha
morphology is analysed in Sections 2.4 and 2.5, and relations to host galaxy proper-
ties, such as the presence of bars and nuclear activity and the morphological type,

are discussed in Section 2.6. Section 2.7 lists our main conclusions from this chapter.
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2.2 Sample selection and parameters

For this study, we selected galaxies with some prior evidence for Ha structure
in their central regions, either from the literature or from our own unpublished
work. Since one of the aims of the current study is to identify nuclear rings, we have
included a number of galaxies with known nuclear or inner rings, some of which
have also been described in the works by Pogge (1989a, b), Buta & Crocker (1993),
or K05. The observed sample is therefore not complete and any results must be
interpreted with the appropriate care. For instance, the sample selection procedure
will not allow a determination of the fraction of, say, nuclear rings in spiral galaxies.

The final sample, as observed by us with the William Herschel Telescope
(WHT), consists of 73 galaxies spanning a range in many basic parameters, for
which we obtained Ha, B and I imaging (see next Section for details). The galaxy
sample is presented in Table 2.1, which also lists a number of important observa-
tional parameters as obtained from the literature. From the RC3 (de Vaucouleurs et
al. 1991) we obtained the morphological type (col. 2), and the inclination and major
axis position angle (in degrees, col. 4 and 5). From the NASA/IPAC extragalactic
database (NED) we obtained a descriptor of the nuclear activity of the galaxy, for
which we will distinguish between the four main categories Seyfert, LINER, starburst
or Hii, and none (col. 3). The recession velocity (in kms™, col. 6) was obtained
from the RC3 for most galaxies, but from the NED for those where the RC3 does not
list a value. The distance D to a galaxy (in Mpc, col. 7) was taken from the Nearby

Galaxies Catalog (Tully 1988) whenever a value was given there; if not, we derived
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it from the recession velocity assuming a Hubble constant of Hy = 75km s~ Mpc™!.

The absolute blue magnitude (Mg, col. 9) was taken from Tully (1988), or derived

from the distance where a galaxy is not included in the Tully catalogue.

24



NGC Type Activity ¢ PA v D Ref Mp Morph.
(NED) (°) (°) (kms™') (Mpc) (D) N CN
(1) (2) B @ (6 (6 (m ® (9 (10) (1)
128 L..P/ 72 1 4241 56.6 1 -2099 N P
157 .SXT4.. 50 40 1668 20.9 2 -20.06 W P
210  .SXS3.. 49 160 1634 20.3 2  -20.06 N P
255  .SXT4.. 34 15 1600 20.0 2 -1926 N P
278  .SXT3.. 17 641 11.8 2 -19.62 N R
470  .SAT3.. HII 52 155 2374 30.5 2  -20.05 N P
473  .SXRO*. 51 153 2133 29.8 2 1977 W R
488  .SAR3.. 42 15 2269 29.3 2 -21.36 S N
613 .SBT4.. Sy 41 120 1475 17.5 2 -2053 S R
628  .SAS5.. 24 25 656 9.7 2 -2032 W P
772 .SAS3.. 54 130 2458 32.6 2 -21.80 S P
788  .SASO*. Sy2 41 75 4078 54.4 1 -2068 S N
864  .SXT5.. 41 20 1560 20.0 2 -20.20 S P
922 .SBS6P. 36 3092 41.2 1 -2063 N P
925  .SXS7.. HII 56 102 553 9.4 2 -19.66 N P
1042 SXT6.. 39 15 1373 16.7 2 -1991 W P
1068 RSAT3.. Syl Sy2 32 70 1137 14.4 2 -21.39 S P
1073 .SBT5.. 24 15 1211 15.2 2 -1944 N P
1079 RSXTOP. 52 87 1447 16.9 2 -1883 S P
1084 SAS5.. 96 115 1406 17.1 2 -20.26 S P
1087 SXT5.. 53 ) 1519 19.0 2 -20.21 S P
1140 IB.9P* HII Sy2 57 6 1509 18.2 2  -1877 S P

Table 2.1: Global parameters of the galaxies in the observed sample, obtained
from the RC3 unless otherwise indicated. Galaxies are listed in order of increas-
ing RA. Tabulated are the identification number of the sample galaxies (all are
NGC numbers except IC 1438 (col. 1); the morphological type (col. 2); nuclear
activity class (from NED; col. 3); inclination ¢ as derived from the ratio of the
major to the minor isophotal diameter (col. 4); position angle PA of the disk
(col. 5); mean heliocentric radial velocity v, in a few cases obtained from NED
(col. 6); distance D in Mpc (col. 7); reference for D, where 1 is v from col. 7 and
assuming a Hubble constant of Hy = 75kms~! Mpc™!, 2 is the Nearby Galaxies
Catalog (Tully 1988; col. 8); absolute blue magnitude, taken from Tully (1988)
whenever possible, otherwise derived from mp (from the RC3) and the distance;
morphological classification of the nuclear (col. 10; where N’ means no emission,
"W’ weak, ’S’ strong, and 'P’ position) and circumnuclear Ha emission (col. 11;
'D’ means diffuse, 'P’ patchy, "N’ none, 'R’ ring.
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NGC Type Activity i PA v D Ref Mp Morph.
(NED)  (°) (°) (kms™) (Mpc) (D) N CN
(1) (2) (3) 4 (6 (6 (m ® (9 (10 11
1232 SXT5.. 29 108 1682 20.0 2 -21.11 N N
1241 .SBT3.. Sy2 53 145 4030 26.6 2 -19.83 S P
1300 .SBT4.. 49 106 1568 18.8 2 -2042 W R
1302 RSBRO.. 17 1703 20.0 2 -20.11 S N
1343 .SXS3*P 51 80 2215 29.5 1 -1885 W R
1398 PSBR2.. Sy 41 100 1407 16.1 2 -20.57 S N
1530 .SBT3.. 58 2461 36.6 2 -21.32 N R
1637 SXT5.. 36 15 717 8.9 2 -1833 S P
3982 SXR3*. 29 1109 17.0 2 -1865 S P
4303 SXTA4.. HII Sy2 27 1569 15.2 2 -20.71 S R
4314 SBT1I.. LINER 27 963 9.7 2 -1865 S R
4321 SXS4.. LINER HIT 32 30 1586 16.8 2 -21.13 S R
5248 SXT4.. Sy2 HII 44 110 1153 22.7 2 -21.07 S R
5383 PSBT3*P Shrst 32 85 2250 37.8 2 -2096 N P
5430 .SBS3.. HII Sbrst 58 0 2961 39.5 1 -2011 N P
5457 SXT6.. 21 241 5.4 2 -2045 N P
5701 RSBTO.. LINER 17 1506 26.1 2 -20.35 S N
5728 SXR1*. Sy2 55 0 2788 42.2 2 -21.67 S R
5730 T.9% 78 88 2533 33.8 1 -1801 N P
5850 .SBR3.. 20 140 2556 28.5 2 -2069 S P
5905 .SBR3.. Syl 49 135 3390 45.2 1 -2069 N R
0921 .SBRA.. LINER 36 130 1480 25.2 2 -20.67 S P
5945 SBT2.. 21 105 5516 73.6 1 -20.63 S R
5953 SA.1*P  LINER Sy2 34 169 1965 33.0 2 -19.59 S R
5970 .SBR5.. LINER HIT 47 88 1963 31.6 2  -2055 N P
5982 E.3... 41 110 3017 40.2 1 -2098 S N
6217 RSBT4.. Sy2 34 1362 23.9 2 -20.19 S P
6384 SXRA4.. LINER 49 30 1663 26.6 2 -21.31 S N
6412 .SAS5.. 29 1324 23.5 2 -1969 N P
6503 .SASG.. LINER HIT 70 123 44 6.1 2 -1864 W R
6574 SXT4*. Sy 39 160 2282 35.0 2 2076 W P
6814 SXT4.. Syl.5 21 1563 22.8 2 -20.41 S P
6907 .SBS4.. 36 46 3161 42.2 1 -21.22 S P
6946 SXT6.. HII 32 52 5.5 2 -20.78 S P
6951 .SXT4.. LINER Sy2 34 170 1426 24.1 2 -20.73 S R
7130 S..1P. LINER Sy2 24 4842 64.6 1 -21.13 S P
7217 RSAR2.. LINER Sy 34 95 946 16.0 2 -2038 S R
IC 1438 PSXT1*. 32 2616 33.8 2 -20.08 W R

Table 2.1: (Continued)
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NGC  Type Activity i PA v D Ref Mp Morph.

(NED) ~ (°) () (kms™') (Mpc) (D) N CN
(1) (2) (3) 4 (6 (6 () ® (9 (10) (1)
7331 .SAS3. LINER 69 171 821 143 2 2110 S P
7469 PSXT1.  Syl2 44 125 4916 656 1 -21.08 S R
7479 .SBS5. LINERSy2 41 25 2378 324 2 2111 S P
7550  .LA.-.. AGN 29 5072 676 1 2099 W N
7570 .SB.1. 54 30 4698 626 1 -2009 N R
7606  .SASS.. 67 145 2233 289 2 2128 S D
7672 .S.3. Sy2 41 4010 535 1 -1894 S P
7716 .SXR3*. 34 35 2571 337 2 -1984 S R
7723  .SBR3.. 47 35 1875 237 2 2029 S P
7727 .SXSIP. 41 35 1814 233 2 2038 S D
7741 .SBSG.. 47 170 755 123 2 -1876 P P
7742 SAR3. LINERHII 0 1653 222 2 -1965 S R
7769 RSAT3.. LINER HII 17 4214 562 1 -2093 S P

Table 2.1: (Continued)

2.3 Observations and data reduction

All the imaging presented in this paper has been obtained using the Auxiliary
Port (Aux Port) camera on the 4.2m WHT, operated by the Isaac Newton Group
in La Palma. The bulk of the imaging was obtained during a total of four observing
nights granted by the UK time allocation panel (1999 September 16 and 17, and
2000 July 25 and 26), with additional imaging obtained in service mode during a
number of nights in 1999 and 2000. We also used images of a few galaxies (e.g.,
NGC 4314 and NGC 4321) obtained during earlier observing runs with the WHT.
The images of NGC 4321 have been published before by Knapen et al. (1995a, b).

The Aux Port camera is a small optical camera without any re-imaging optics
located at a dedicated folded cassegrain focus of the WHT. Its small pixel scale (0.11
arcsec/pixel) combined with a 1024x1024 pixel TEK CCD and round filters yields

a circular field of view (FOV) of about 1.8 arcmin in diameter. We used Harris
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B and T filters, and one of the narrow-band filters 6570/55, 6594/44, 6607/50,
6626/44 or 6656/44, depending on the systemic velocity of the galaxy, where the
numbers denote A\/A, or the central wavelength of transmission and the width of
the transmission curve, both in A. We used typical exposure times of 1, 3, and 10
minutes in / and B, and Ha, respectively. Atmospheric conditions were good in
general, and the resulting spatial resolution as measured from the reduced images
is around 0.8 arcsec in the Ha and I-band images, and around 1.0 arcsec in B.
The data reduction process followed basic procedures for bias subtraction and
flat fielding using twilight sky flat fields. Image registration was done by measuring
the positions of foreground stars where available, and the centre of the galaxy in all
cases. For the subtraction of the continuum from the Ha images we used the I-band
images. We determined the scaling factor by applying the procedure described by
Boker et al. (1999) to all individual sets of Ha + I images. This method uses
the fact that most pixels in any set of two registered images of a galaxy will show
continuum emission, whereas only a minority show continuum plus line emission.
When plotting all individual pixels, those tracing the continuum will scatter along a
narrow, well-defined band, the slope of which denotes the scaling factor to be used
for the continuum subtraction. Pixels containing Ha emission will end up above this
band (assuming that Ho intensity is plotted as the ordinate). We refer the reader
to the papers by Boker et al. (1999) and Knapen et al. (2004a) for a more detailed
description. Knapen et al. (2004a) discuss the uncertainties introduced by using
I-band imaging for continuum subtraction, and conclude that the resulting errors
in the luminosities of HiI regions are smaller than some 5%, and that the resulting
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Ha morphology is reliable.

The I-band and continuum-subtracted Ha images of all sample galaxies are
shown in Figure 2.1 . The B-band images (not shown here) generally outline a
morphology similar to that shown in Ha, though less pronounced in showing the

star forming regions.

2.4 Ha morphology: Methodology and limitations

2.4.1 Nuclear Ha emission

We have chosen to limit the classification of the nuclear Ha morphology to
three categories: strong, weak, and none. This is mainly because of the uncertainties
in the continuum subtraction using I-band images in the very centres of our galaxies,
where differential dust extinction can play a more prominent role than in the disk
(Knapen et al. 2004a). These classifications apply to the central point source —
in practise the nuclear region of one seeing element in size. The exact position of
the nucleus in a galaxy was determined from the I-band image. To qualify as a
strong Ha source, a nuclear point source must be more luminous than any other
Ho-emitting region in the galaxy. To qualify as weak, a nuclear Ha peak must be
present but stronger peaks are found outside the nucleus. Obviously, our category
“none” describes those cases where no believable Ha emission can be observed from
the nucleus. In one case (that of NGC 7741) we could not pinpoint the location of
the nucleus (not even using the near-IR image from Knapen et al. 2003), and this

galaxy is thus not included in the following discussion.
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Figure 2.1: Grey-scale representation of the I-band and continuum-subtracted Ha
images of all sample galaxies, with the former shown on the left in each pair. The
orientation is North up and East to the left, except for those cases where East
and North are indicated in the upper right corner of the I-band image, and where
the arrow points North. The scale is indicated for each galaxy by the length of
the black line in the top left corner of the I-band image, which corresponds to
2 kpc.

30



B 10m
F.

& " e A
™ P \% B

- g

i

Figure 2.1: (Continued)

31



F

BGS 13m
F

kﬁ“ﬁ .
F—

MIJI'-BJ

A

Ak

B = F
F

UMeG IR
F

8
.

il e e

Figure 2.1: (Continued)

32

Ak

ik




MGC 4314

o

hﬁa&ﬂ
e

Sk

g
:
b

hﬂ:ﬁ?‘:ﬂ A j hm;’_""' ”"é

Figure 2.1: (Continued)

33



h’iﬁ =]
| gt
h: -=n)

e

Efﬁﬂ 65217

b

;NGCISEI'-“J

e

o o721
f—

Hias 593

- PiaG v

HNGC 5334

Figure 2.1: (Continued)

34
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2.4.2 Circumnuclear Ho morphology

For the purpose of this paper, we consider the morphology of the Ha emission
in the circumnuclear region as that arising from outside the nucleus and within a
radius of 2.0 kpc from the nucleus of the galaxy. The range in distances to our sample
galaxies, from 5 to 74 Mpc (Table 2.1), implies that this 2 kpc radius corresponds
to a range of linear sizes in our images, varying roughly from 77 arcsec to 6 arcsec.
The Ha morphology was classified by visual inspection of the images within the
appropriate radial area.

We used a minimal number of different morphological classes, following the
scheme introduced by K05. The main categories are, first, “none”, where obviously
no Ha emission is detected in the circumnuclear region (there will usually be emission
from the nucleus). Second, “patchy”, where individual and clearly delimited patches
of Ha emission are detected, tracing individual H 11 regions, but not in an obvious
ring pattern. The “patchy” class includes galaxies where the circumnuclear H 11
regions form a spiral pattern, but because such a pattern is hard to classify simply
and unambiguously, we have not explicitly classified such cases as spiral. Third,
“ring”, which denotes Ha emission organised into a well-defined nuclear ring. In
three galaxies, circumnuclear Ha is detected which is not confined to individual
patches, and these three galaxies have been classified “diffuse”. The classifications
are given in Table 2.1.

Of the 22 nuclear ring galaxies reported here, to the extent of our knowledge

three have not been reported as nuclear ring hosts in the literature. These newly
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identified nuclear rings are those in NGC 473, NGC 5953, and NGC 7716.

The classification scheme used here is rather coarse, but we believe that it offers
a good compromise between the need for classification and the enormous variety
encountered in the detailed Ha morphology from galaxy to galaxy. This variety is
no doubt partly due to the nature of Ha emission - originating in regions of massive
star formation whose ionised gas emission will show a strong time evolution.

We will not discuss the fractions of galaxies in our sample which show patchy,
ring-shaped, or no Ha emission, because the selection criteria of our sample imply
that any conclusions from such a discussion would have no wider significance. This
is in contrast to the study of K05, where the selection of a statistically meaningful
sample leads, for instance, to the result that one of every five spiral galaxies has a
nuclear ring. What the current sample can be used for, except of course for selecting
sub-samples of specific interest such as the nuclear ring sample of Chapter 3, or for
referring to individual objects, is an analysis of how ascertain circumnuclear Ha
morphology is distributed with respect to host galaxy parameters such as morpho-
logical class or presence of a bar, provided that reference is made to the distribution

of such parameters across the whole sample under consideration (next Section).

2.5 Ha morphology and host galaxy parameters

2.5.1 Overall results

The results on the overall distribution of the different Ha morphology classes

are summarised in Table 2.2. Strong nuclear emission is found in 44 of our 73
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Emission N d Mg
(Mpc)  (mag)

(1) 2 () @

Overall sample
73 239 -20.4
Nuclear emission
Strong 44  23.8 -20.6
Weak 10 245 -20.1
None 18 31.0 -20.1
Circumnuclear emission

Patchy 39 228 -20.2
None 9 26.6 -21.0
Ring 22 26.5 -20.4
Diffuse 3 28.9 -21.0

Table 2.2: Median values of the host galaxies’ distance (in Mpc, from Tully 1988;
col. 3), and absolute magnitude (calculated using mp from the RC3 and the
distance; col. 4), for the overall sample and the different classes of nuclear and
circumnuclear emission (col. 1; the number of galaxies in each category is shown
in col. 2).

sample galaxies, while 10 are classified as having weak nuclear Ha emission, and 18
as having no Ha emission at all. The circumnuclear Ha emission is patchy in more
than half of our galaxies (39 out of 73), and in the form of a nuclear ring in 22.
A further 9 galaxies show no circumnuclear Ha emission at all, and 3 have diffuse
emission.

Table 2.2 also lists the median values of a number of key host galaxy parameters
for the overall sample and for the different classes of nuclear and circumnuclear Hoa
emission. We have listed distance and absolute blue magnitude. The only trend
worth noting for the nuclear Ha emission is that those galaxies without Ha emission
from the nucleus are, in the median, further away than those with emission, which
is easily understood as related to sensitivity and detection. Those galaxies with

strong Ha peaks in the nucleus are slightly brighter than others, but this may be a
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morphological type effect (see next section). As for the circumnuclear Ha emission,
Table 2.2 shows how the 12 galaxies with or without diffuse Ha emission are fainter
than the others. Those with patchy Ha emission are, in the median, at smaller

distances from us.

2.5.2  Morphological type of the host galaxy

T-type

Table 2.3 lists the distribution of the various classes of nuclear and circum-
nuclear morphology with spiral T-type, as obtained from the morphological classi-
fications listed in the RC3 (the translation of T-type as used in the RC3 and more
widely used descriptors of the type Sa, Sb, etc., is given in the header to Table 2.3).
These results are shown as histograms in Figures 2.2 and 2.3 for the circumnuclear
and nuclear Ha morphology, respectively. The results confirm those presented by
KO05. The overall distribution of T-type for the sample shows a peak near types Sb
and Sbc (T =3 and 4, see Table 2.3), a broad distribution ranging from S0 to Sm,
and a lack of galaxies of type Sdm. For two galaxies, no T-type is given in the RC3.
We reiterate that no attempts were made at the sample selection stage to achieve a
specific type distribution.

Galaxies with patchy circumnuclear Ha morphology tend to be of later types,
and in fact there are only two galaxies of the 19 of type later than Sbc which are
not classified as patchy (an Sc with no circumnuclear Ha, and an Scd with a ring).

Ring-like morphology is preferentially found in earlier types, peaking at Sb and Sbc
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Emission N Morphological type T Spiral type
0 1 2 3 4 5 6 7 8 9 — SA SX SB —
SO0 Sa Sab Sb Sbe Sc Scd Sd Sdm Sm - N (%)
&) @ (® @ (G (6 () (8 (9 (10) (11) (12) (13)  (14) (15) (16) (1n
Total sample
73 5 8 3 22 14 10 6 1 0 2 2 16 (22) 28 (38) 24 (33) 5 (7)
Nuclear emission
Strong 44 4 6 3 13 10 5 1 0 0 1 1 11 (25) 16 (36) 14 (32) 3 (7)
Weak 10 1 1 0 1 3 1 2 0 0 0 1 3 (30) 6 (60) 1 (10) 0 (0)
None 18 0 1 0 7 1 4 2 1 0 1 1 2 (11) 6 (33) 8 (44) 2 (11)
Position 1 1
Circumnuclear emission
Patchy 39 1 1 0 13 7 9 5 1 0 2 0 8 (21) 14 (36) 14 (36) 3 (8)
None 9 3 0 1 1 1 1 0 0 0 0 2 3 (33) 2 (22) 3 (33) 1 (11)
Ring 22 1 6 2 6 6 0 1 0 0 0 0 4 (18) 11 (50) 7 (32) 0 (0)
Diffuse 3 0 1 0 1 0 0 0 0 0 0 1 1 (33) 1 (33) 0 (0) 1 (33)
Table 2.3: Morphological and bar type distribution of the various types of circum-

nuclear Ha emission. For the whole sample and for the nuclear and circumnuclear
emission, col. 2 gives the total number of galaxies in each category (as described
in col. 1), with the number of galaxies of each morphological type (from the RC3)
in columns 3-13, and bar type (from the RC3) in columns 14-17. In these four
columns, the numbers in brackets are the percentages of the total.
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Figure 2.2: Set of histograms showing the distribution of circumnuclear Ho emis-
sion morphology with host galaxy type, the latter obtained from the RC3.
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types. Galaxies with no circumnuclear Ha emission are also preferentially of early
type, confirming the findings of K05.

Not much can be deduced from the distribution of nuclear Ha morphology
with morphological type of the host galaxy (Figure 3) because of the relatively low
numbers of galaxies with weak, or no, nuclear Ha emission, but the T-type of the
host does not seem to correlate with the presence of relative strength of the nuclear

Ho emission.

Bars

The distribution of Haw morphology has been tabulated (Table 2.3) for the
various bar classifiers used in the RC3: SA, SX (often quoted as SAB), and SB,
in Table 2.3. Five galaxies have merely been classified as ’S’ in the RC3 and are
not considered here. The distribution between SA, SX, and SB classes seen across
the whole sample is closely mirrored in the sub-samples of different nuclear and
circumnuclear Ho morphology. The numbers in the Table might appear to indicate
a slight excess of SX galaxies among those with weak nuclear Ho, and a slight
lack of SA galaxies among those with no nuclear emission. Poisson statistics show
that in either case the significance of this difference is at most 1o. Considering the
same number from the perspective of non-barred vs. barred galaxies, we see that
69%+12% of the non-barred (SA) vs. 58%+7% of the barred (SX+SB) galaxies has
“strong” nuclear Ha emission, 19%+10% vs. 13%+5% “weak”, and 13%+8% vs.

27%+6% “none”. Again, none of the differences are significant.
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The bar distribution in the galaxies in the different classes of circumnuclear
emission mirror those in the overall sample closely (the apparent deviations in the
case of the three SA and two SX “none” galaxies are a 1o effect). Table 2.3 shows
explicitly how the percentages of barred and non-barred galaxies are rather stable
for the different classes of morphology. Calculating the percentage of the differ-
ent morphology classes for barred and non-barred galaxies, we see the same effect,
for instance, 50%+13% of non-barred (SA) galaxies have a patchy circumnuclear
Ha morphology, versus 54%+7% of barred galaxies (SX+SB). These numbers are
19%410% vs. 10%+4% for “none”; and 25%=+11% vs. 35%=+7% for “ring” (but see
below).

The galaxies hosting circumnuclear rings in Ha only show a rather moderate
preference for SX and SB hosts, which at first sight may appear to be at odds
with the findings of K05, who confirmed the standard picture that bars are almost
exclusively responsible for the existence of nuclear rings. In fact, K05 pointed out
that of the 12 nuclear ring hosts considered, only two have been originally classified
as non-barred SA, but that each of those two has clear evidence from near-IR imaging
for the existence of a bar. We will discuss the four SA-type nuclear ring host galaxies

in the current sample in more detail in Sect. 2.5.4.

2.5.3 Starburst and AGN activity

We have scanned the NED for nuclear activity classifications of our sample

galaxies. As explained in K05, the information from NED may not be as reliable
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Total AGN H1/SB non-AGN non-AGN non-SB

Nuclear emission

Sample size 72 31 5 41 36
Strong 44 26 1 18 17
Weak 10 3 - 7 7
None 18 2 4 16 12
Circumnuclear emission
Sample size 73 31 5 42 37
Patchy 39 13 5 26 21
None 9 5 - 4 4
Ring 22 13 - 9 9
Diffuse 3 - - 3 3

Table 2.4: Nuclear and circumnuclear Ha emission for different categories of nu-
clear activity, basically AGN (including LINER-type activity) and starburst. Col-
umn 2: total sample. Column 3: AGN, which includes all galaxies classified in
NED as either Seyfert or LINER. Column 4: H11/SB, all galaxies classified by
NED as starburst or Hir (excluding those whose classification also includes a
LINER or Seyfert which have been classed AGN). Column 5: All galaxies not
classified as Seyfert or Liner. Column 6: as col. 5, but now also excluding the
galaxies of col. 4.

as a uniformly conducted spectroscopic survey, although K05 showed that this did
not significantly alter their results. In addition, our sample includes galaxies at
larger distances than those in K05. More galaxies may thus not have been checked
for nuclear activity in detail, and will hence, by default, have no nuclear activity
classifier in the NED. The results are tabulated in Table 2.4, which shows that of our
73 sample galaxies, 31 have been classified as AGN of some sort (we include Seyfert,
LINER, and “AGN” types in this category), with another five galaxies classed as
starburst using various nomenclature, including “H11”.

The results, then, show two interesting features which are worth discussing
here. The first is the significantly higher fraction of AGN which show strong nu-
clear Ha emission. Only a handful of galaxies, in fact, show weak or no nuclear

Ha emission. Any AGN should have Ha emission, but the absence in the few cases
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where we report it can be explained as a differential extinction effect. We use the
significantly redder I-band for the subtraction of the continuum from the relatively
bluer Ha line, which in a dust-extincted environment will lead to surplus subtrac-
tion. This will lead to artificially reduced Ha central peaks. Galaxies classified as
starbursts (or “H11”) but with “none” nuclear Ha emission may well suffer from the
same effects. Another possibility is that the classification as AGN or starburst as
given on the NED is in fact erroneous, but checking that is outside the scope of this
paper.

The second interesting feature from Table 2.4 is the enhanced fraction of AGN
among the nuclear ring host galaxies. Of the AGN, 42% have a ring, against 30%
of the complete sample. Conversely, 59% of the ring galaxies have an AGN, versus
42% of the complete sample. K05 found a similar effect, but much more marked;
there, almost all nuclear rings were accompanied by AGN or starburst activity.

The ring-AGN connection occurs partly because both rings and AGN are most
common among the early-type galaxies. Of our sample, 52 galaxies (71%) have
T < 4 (Sbc), but 21 out of our 22 rings (95%) and 26 out of our 31 AGN (84%) are
hosted by galaxies of such early types. This means that half of all 7" < 4 galaxies
are AGN, and statistically 10.5 ring hosts will also host AGN. We concur with K05
in finding a higher number than this statistically expected one. As discussed in
more detail by K05, the connection between rings and AGN is most likely to be
through the availability and recent inflow of gas, which fuels both the massive star
formation in the ring and nuclear activity. In this interpretation, the nuclear rings

are merely a by-product of the gas inflow from the disk toward the very central
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region (Shlosman 2005). A fraction of the inflowing gas moves further inward, and

is ultimately responsible for the AGN activity.

2.5.4 Nuclear rings and their dynamical origin

We identify 22 nuclear rings, three of which have not been reported in the
literature so far (those in NGC 473, NGC 5953, and NGC 7716). These are star-
forming nuclear rings, classified as such purely on the basis of our Ha imaging.
There may be a small number of additional rings which are, for instance, too small,
or too dusty to be picked up by our imaging (the latter category might well include
NGC 1241, for which Boker et al. (1999) find a small nuclear ring in Paa which is
absent from our Ha image). Of the 22 nuclear rings, Table 2.1 shows that four occur
in galaxies classed as unbarred (NGC 5953, NGC 6503, NGC 7217, and NGC 7742).
In addition, NGC 278, although classified as SX in the RC3, does not in fact have
a bar. Knapen et al. (2004b) made a detailed study of this galaxy, and found from
an analysis of near-IR and optical ground-based images, as well as of Hubble Space
Telescope (HST) imaging, that there is no evidence at all for the presence of a bar.
Radio 21 cm interferometry, however, showed that the outskirts of the galaxy have
a severely irregular and disturbed morphology and kinematics in H1I, indicative
of at least a minor merger event in the recent history of the galaxy. Knapen et
al. (2004b) postulate that this minor merger lies at the origin of the massive star
forming in the nuclear ring, rather than a bar as is more conventional for nuclear

ring hosts. Considering that the favoured formation scenario of a nuclear ring is
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one where the ring forms in the vicinity of inner Lindblad resonances set up by a
non-axisymmetry in the gravitational potential, due to, e.g., a bar or an interaction
(see, e.g., Athanassoula 1992; Knapen et al. 1995b; Buta & Combes 1996; Heller &
Shlosman 1996; Knapen et al. 2004b), it is instructive to scrutinise the four cases

identified here of nuclear rings in supposedly non-barred galaxies.

e NGC 5953 (classed as SA but interacting): this galaxy forms part of a small
interacting group of galaxies with NGC 5954 (visible in Fig. 1) and UGC 9902.
Hernéndez-Toledo et al.(2003) report the presence of a small (~ 60 pc) “bar-
like central structure”. As in the case of NGC 278, it is plausible that this
interaction has led to the formation of the nuclear ring, and the disturbed and
complex HT morphology and kinematics observed by Chengalur et al.(1994)

lends support to this suggestion.

e NGC 6503 (classed as SA but inclined): this galaxy is rather inclined (i = 70°)
and it is thus very unlikely that any bar can be detected from optical or near-
IR imaging — we postulate from statistical grounds only that this ring galaxy
is most likely to be in fact barred. The HT velocity field is regular (Shostak,
Willis, & Crane 1981; van Moorsel & Wells 1985), but Bottema & Gerritsen

(1997) find evidence for a separate kinematically distinct nuclear component.

e NGC 7217 (classed as SA): this is a well-studied galaxy which in fact has
three rings (e.g., Combes et al. 2004 and references therein). There is no
evidence for a bar, but Merrifield & Kuijken (1994) reported the presence of
the distinct counter-rotating disk population. Although this is evidence for a
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past merger history, its current gravitational effects are most probably limited.
The velocity field as seen from H1 mapping is regular (Verdes-Montenegro et
al. 1995). Buta et al. (1995) and Combes et al. (2004) show that there is
an oval distortion in this galaxy, which can explain the occurrence of its three
rings (nuclear, inner, outer). This may well be an indicator of a historical, but

now destroyed, bar.

NGC 7742 (classed as SA): This is another well-known ring galaxy, without
any evidence for a bar or other asymmetry (Rix & Zaritsky 1995; Kornreich,
Haynes, & Lovelace 1998). No Hr velocity field is available from the litera-
ture. De Zeeuw et al. (2002) describe, on the basis of SAURON integral field
spectroscopy, that the gaseous ring counter-rotates with respect to the central
stellar component. We present a detailed emission-line ratio analysis of this

galaxy in Chapter 5.

We thus summarise that of the four nuclear ring host galaxies classified as SA

in the RC3, one is interacting, and one is too inclined to allow us to see any bar it

may have. The remaining two galaxies (NGC 7217 and NGC 7742) do not have a

bar. NGC 7217 has an oval distortion, which is able to maintain the nuclear ring,

as shown by simulations (Combes et al. 2004). It is possible that the nuclear ring

was formed during a recent bar episode, of which the oval distortion is the remnant.

This scenario is supported by the presence of three rings in this galaxy, at the right

resonant locations. NGC 7742 has not been studied in nearly as much detail, has

no evidence for an oval, but does have counter-rotating gas and stars in the nuclear
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region.

NGC 278, although classified as SX in the RC3, does not have a bar, but
does show clear evidence for a recent minor merger (Knapen 2004b). We can thus
conclude that none of the galaxies reported here challenges the standard scenario
of nuclear ring formation to a significant degree. In this scenario, gas and ensuing
massive SF' accumulate near one or more inner Lindblad resonances, induced by an
asymmetry in the gravitational potential of the host galaxy, in turn due to a bar or
an interaction. Galaxies like NGC 278, NGC 7217, and NGC 7742 which appear at
first sight bar-less and isolated, remain excellent test cases which warrant detailed
studies.

In Chapter 3 we will present a detailed discussion of the properties of the 22
nuclear rings, and of how these properties relate to those of their host galaxies and
of their host bars, where those exist. We will also discuss the identification and age
determination of the individual H1I region complexes or stellar clumps within the
rings. We will also compare the observed azimuthal age gradients, or lack thereof,

around the rings to dynamical models of ring formation.

2.6 Conclusions

We obtained a set of images in the B and I broad bands and in Ha of a sample
of 73 spiral galaxies. The data, obtained with the WHT and mostly at a spatial
resolution of below an arcsec, are presented here, along with a classification of the

morphology of the nuclear and circumnuclear Ha emission. Most galaxies in our
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sample have relatively strongly peaked nuclear Ha emission, and patchy emission
from the 2 kpc radius circumnuclear region, the latter indicative of the presence of
individual H1 regions. We explore trends with host galaxy parameters, and confirm
that late-type galaxies have a patchy circumnuclear appearance in Ha, and that
nuclear rings occur primarily in spiral types Sa-Sbc. We identify three previously
unknown nuclear rings. Although we report four cases where a nuclear ring is
hosted by an unbarred galaxy, we confirm that nuclear rings are predominantly
hosted by barred galaxies. Bars thus stimulate nuclear rings, but do not influence
the relative strength of the nuclear Ha peak, nor other aspects of the circumnuclear

Ha morphology.
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Chapter 3
A Connection between Star Formation in Nuclear Rings and their

Host Galaxies

(submitted to the Astrophysical Journal, May 2006)

3.1 Overview

Nuclear rings consist of distinct compact areas of young massive stars near
the centers of spiral galaxies, which can dominate the overall star formation (SF)
in early Hubble type barred spiral galaxies (Martinet 1995; Buta & Combes 1996;
Kormendy & Kennicutt 2004). Theories for nuclear ring formation vary. It is
commonly accepted that the location of nuclear rings is close to the Inner Lindblad
Resonance(s) (ILRs), which are neutral zones of negligible net torque that allow
gas to accumulate and star formation to ensue (Pogge 1989; Shlosman, Begelman,
& Frank 1990; Benedict 1993; Knapen et al. 1995a). Alternate theories include
those from Kenney, Carlstrom, & Young (1993), who claim that nuclear rings can
be remnants of a nuclear starburst, and Regan & Teuben (2003), who show that the
rings are related to the presence of x2 orbits.

Nuclear rings are typically within the central kiloparsec, and contain a mixture
of neutral and ionized gas and dust with masses of 10® to 10'°M, (Heller & Shlosman

1996; Rubin, Kenney, & Young 1997). These rings are a key component in the
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dynamical evolution of their host galaxy and can interrupt the gas flow into the
galactic center, which may in principle prevent the formation of an AGN or a nuclear
starburst (Knapen et al. 1995b; Heller & Shlosman 1994; Heller & Shlosman 1996).
The perturbing effects of nuclear rings have also been shown to alter the morphology
of two major periodic families of orbits, 1 and z2, that are within the corotation
radius (Piner, Stone, & Teuben 1995; Heller & Sholsman 1996; Regan & Teuben
2003).

The great majority of nuclear rings are found in barred spiral galaxies, where
the bar provides essential fuel for the formation and evolution of the ring via shock-
induced channeling of disk gas to the nuclear regions (e.g., Schwarz 1981; Combes &
Gerin 1985; Shlosman, Begelman, & Frank 1990; Athanassoula 1992). The shocks
can act as instigators for angular momentum loss, which is crucial for directing the
gas towards the central regions and forming nuclear rings. In such a picture massive
SF would result and be most intense near where the bar dust lanes intersect the
ring, called the contact points. The contact points can lead the bar by as much as
90° with respect to the galactic rotation (Heller & Shlosman, 1996; Regan, Vogel, &
Teuben 1997; Regan et al. 1999; Ryder, Knapen, & Takamiya 2001; Allard, Peletier,
& Knapen 2005).

While many galaxies with nuclear star-forming rings have been identified
(Knapen 2005 states that 20% of local spirals host them), it is hard to general-
ize on the physical mechanisms behind the triggering and propagation of massive
SF due to the inconsistent and incomplete nature of the existing data. To allow for

a more statistical approach to answering some of the mysteries of these rings, we
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performed an imaging survey of 73 galaxies in Ha and the B and I bands, many
of which host nuclear rings. An overview of this survey is presented in Knapen et
al. (2006; hereafter Paper I). In Paper I we classified the morphology of the nuclear
and circumnuclear HiI regions and confirmed that (1) most late-type galaxies have a
patchy circumnuclear appearance in Ha, (2) nuclear rings occur primarily in spiral
types Sa-Sbc, and (3) found that the presence or absence of a close companion does
not significantly affect the Ha morphology around the nucleus nor the strength of
the nuclear Ha peak.

Of these 73 galaxies, we identified 22 that host nuclear rings as judged from
our Ha images, of which 19 were previously known as such. This paper isolates
the individual H 11 regions forming the nuclear rings. We present information on the
observations and data reduction in Section 3.2. We derive morphological parameters
of the rings using ellipse fitting, and then compare those to the disk characteristics,
in Section 3.3. In Section 3.4, we identify and analyze the H1I regions forming the
rings, compute their equivalent widths (EWs), and estimate error budgets. Using
evolutionary models, we convert the EWs of the H1I regions to ages and discuss
the assumptions we make with respect to the type of starburst activity occurring in
and around the rings in Section 3.5. We present our age distribution analysis, star
formation rate estimations, and a discussion of the stellar bar dynamics with respect

to the rings in Section 3.6, before summarizing our conclusions in Section 3.7.
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3.2 Observations and Data Reduction

The ring images presented here are part of a larger William Herschel Telescope
(WHT) imaging survey conducted to characterize the nuclear and circumnuclear
morphology in nearby galaxies (Paper I). We selected galaxies with some evidence
for Ha structure in their central regions, either from the literature (e.g., Buta &
Combes 1996; Buta & Crocker 1993) or from our own past work. Since one of the
aims of our overall study is the detailed analysis of nuclear rings, our sample was
biased towards certain morphological classifications known to host such features.

The images presented in this paper have been obtained using the Auxiliary
Port (Aux Port) camera on the 4.2m WHT, operated by the Isaac Newton Group
in La Palma. The camera’s circular field of view (FOV) is ~1!8 in diameter, imaged
with a 1024 x 1024 pixel TEK CCD. The angular sizes of the nuclear rings in our
sample vary between 5” and 30", which fit well into the FOV. We used Harris B
and [ filters, and one of four narrow-band Ha filters, depending on the systemic
velocity of the galaxy. We refer the reader to Table 3.1 of Paper I for a listing of the
complete sample, along with their global parameters. Table 1 of the present paper
lists morphological type, ring ellipticity, position angle (PA) of the disk and bar,
and derived ring size for our subsample of 22 galactic nuclear rings.

We observed spectrophotometric standards to calibrate the Ha images, and
photometric standards to calibrate the B and I band images. We observed the
standards through the same filters as the galaxies, with exposure times ranging

from 5 to 20 seconds. The instrumental magnitude of each star in each filter was
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NGC Morph e, PA, Size, Size, PA; PA, SFR
Type () (") (kpc) (°) (°)  (Mgyr™)
(1) (2) B) @4 (5) (6) (M (®) (9)
278 SAB(rs)b 0.06 120 44x41 0.2x0.2 - no bar 0.5
473 SAB(r)0/a  0.37 160 122 x6.9 1.7 x 1.0 153 164 2.2
613 SB(rs)bc 0.3 122 5.1 x 2.6 0.4 x 0.2 120 110 2.2
1300 (R)SB(s)bc  0.25 135 41x31 03x0.2 106 102 0.2
1343 SAB(s)b 0.25 60 88 x 6.6 1.2x09 80 82 6.8
1530 SB(rs)b 035 25 6.8 x49 1.2x0.8 8 122 3.8
4303 SAB(rs)bc  0.14 88 33 x28 02x02 - ; 1.4
4314 SB(rs)a 0.10 135 6.6 x59 0.3 x0.3 - - 0.1
4321 SAB(s)bc 0.12 170 88 x 70 0.7x06 30 153 -
5248 (R)SB(rs)bc 0.3 115 6.6 x 4.6 0.7 x0.5 110 137 4.2
5728  (R1)SAB(r)a 04 125 53x32 11x06 - 33 4.0
5905 SB(r)b 02 141 1.6 x 1.5 0.3 x03 135 25 2.6
5945 SB(rs)ab 0.1 105 3.5 x 3.2 1.2 x 1.1 105 10 4.4
5953 SAa 0.1 192 6.1 x 5.5 1.0 x0.9 169 no bar 9.9
6503 SA(s)cd 0.65 121 385 x 134 1.1 x04 123 no bar 1.5
6951 SAB(rs)bc 02 146 46x37 05x04 170 85 1.4
7217 (R)SA(r)ab 0.20 89 11 x88 0.8x0.7 95 no bar 0.6
1C1438 SAB(r)a 0.10 130 3.3 x 3.0 0.5 x 0.5 - 124 1.3
7469 SAB (rs)a  0.09 38 1.6 x 1.5 05x05 135 56 -
7570 SBa 0.05 135 4.4 x 4.2 1.3 x 1.3 30 75 1.4
7716 SAB(r)b 0.2 30 6.3 x42 1.0x0.7 35 34 3.2
7742 SA(r)b 0.05 133 99x94 1.0x 1.0 - no bar 4.3

Table 3.1: Morphological characteristics of the galaxies in the observed sample.
Galaxies are listed in order of increasing RA (Col. 1); morphological type as stated
in the RC3 (Col. 2); ellipticity of the nuclear ring as derived by using the IRAF
ELLIPSE task (Col. 3); PA of the ring major axis, calculated counterclockwise
from North to East (ELLIPSE; Col. 4); ring radius in arcseconds (Col. 5) and kpc
(Col. 6); PA of the galactic disk from RC3 (Col. 7), except for NGC 1530 (Regan
et al. 1996) which is based on kinematical data; PA of the bar major axis, except
for NGC 1530 (Regan et al. 1996) and NGC 7469 (Davies, Tacconi, & Genzel
2004) which are based on kinematical data (Col. 8); and the ring SFR (Col. 9)
is derived from the total ring luminosity using the Kennicutt (1998) Ha-SFR

relation.
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obtained using the IRAF package PHOT. This photometry package calculates the
magnitude, among other parameters, based on user-defined values for the radius
and annulus of a sky aperture. To convert from instrumental magnitude to AB
magnitude for the spectrophotometric standard stars, an interpolation method was
used based on results from Oke (1990). Oke defines values of AB at points where
no ambiguity exists for instrument calibration problems due to spectral resolution.
Therefore, to obtain magnitudes for the filters used in our survey, magnitudes with
respect to the wavelengths just above and below the interested filter wavelength
were chosen. Interpolating between these values yields the absolute magnitude for
the five Ha filters. The resulting integrated fluxes of the rings (on the order of
1072 — 107 ergs™'cm™2) and luminosities of the H1I regions (on the order of
10% —10%° erg s !; see Appendix A) are consistent with published data (e.g., Pogge
1989; Storchi-Bergmann, Wilson, & Baldwin 1996; Regan et al. 1996; Sheth et al.

2000).

3.3 Ring Morphology

We fitted the nuclear rings of the 22 galaxies with the IRAF task ELLIPSE. We
obtained the central position of each ring from the peak in the I-band image, and
fixed the center while iteratively fitting elliptical isophotes to the Ha image. We
masked out the nucleus and foreground stars that could affect the fitting process,
and provided initial estimates of the major axis length, ellipticity, and PA. The task

produced measurements of the azimuthally integrated intensity, observed ellipticity,
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and PA of the ring major axis as a function of radius. We determined the best-fitting
ellipse, which corresponded to the peak isophotal intensity across the radial range
of the ring (see Table 1). Figure 3.1 shows the resulting fits of the 22 rings, overlaid
on the Ha images. The pixel-based ring diameters produced from ELLIPSE were
converted to arcseconds and kiloparsecs (see Table 1, Columns 5 & 6, respectively).
The rings vary in major axis from 0.2 kpc to 1.7 kpc, which is typical for nuclear
rings (Buta & Crocker 1993). In most cases, the galaxy distance was obtained
from the Nearby Galaxies Catalog (Tully 1988); in the cases where there were no
catalog values recorded, we computed them by dividing the recessional velocity by
the Hubble constant (taken at 75kms~' Mpc™') — see Paper I for details. Table 1
lists the parameters of the isophote best representing each ring, chosen on the basis

of the peak isophotal intensity across the radial range of the ring.
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(b) NGC 473

(d) NGC 1300 (e) NGC1343

(i) NGC5248 (k) NGC5728 () NGC 5905

Figure 3.1: panels a. - L.: Ellipse fits for the nuclear rings in the sample galaxies
produced by the IRAF task ELLIPSE, overlaid on the Ha images. The major axis
lengths were optimized based on the maximum intensity along a given contour as
computed using ELLIPSE (see Section 3.3).
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(m) NGC 5945

'kpc

(p) NGC 6951 (9) NGC 7217 (r) IC 1438

(s) NGC 7570 (ty NGC 7716 (u) NGC 7742

Figure 3.1: continued: panels m. - v.
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We compare the ellipticity and PA of each ring to that of its host disk. Disk el-
lipticities and PAs are from the RC3, with the exception of the values for NGC 1530,
which are based on the kinematical data of Regan et al. (1996). Figure 3.2 com-
pares the PAs and ellipticities of the rings to their host disks. The plots show a clear
linear relationship between the ring and its host disk with respect to both PA and
ellipticity. This indicates that the rings are in the same plane as the disk and are
nearly circular when deprojected. In some cases (NGC 278, NGC 4303, NGC 4314,
IC 1438, and NGC 7742) the disk is nearly circular; those galaxies are seen face-on
and do not appear in Figure 3.2. The disk morphology in these cases is consistent
with that of the rings, which all have very low ellipticities (less than 0.1). The only
exception to this general statement is NGC 7570 whose ring PA and ellipticity differ
significantly from those of the disk. The ring appears to be nearly face-on so the PA
of the chosen isophotal fit may not be reliable. However, the disk high inclination
(1=54°; RC3) is not consistent with the observed nearly circular ring. This strongly

suggests that the ring is not in the same plane as the disk.

3.4 Equivalent Widths of Hit Regions in Nuclear Rings

3.4.1 Identification of Hi1 Regions

To identify the individual H 11 regions forming a given ring, we used the pro-
gram SEXTRACTOR (Bertin & Arnouts 1996), which builds a catalog of H I regions
and their associated fluxes from an astronomical image. The various parameters

used allow for the detection of HII regions even at very low Ha intensities. We
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Figure 3.2: (a) PA of the disk versus the ring major axis for those rings whose
ellipticity is greater than or equal to 0.1. (b) Ellipticity comparison between the
ring and the galactic disk. Both plots show a linear relationship between the ring
and host galaxy PA and ellipticity, and indicate that the rings are in the same
plane as the disk and are nearly circular.

masked out the nucleus and extraneous stars that were clearly not part of the ring.
The catalog file produced by the program records the position, area, and flux of each
H 11 region detected. Figure 3.3 shows the outlines of the fitted H 11 regions overlaid
on the continuum subtracted Ha images. In the case of NGC 7469, SEXTRACTOR
was unable to identify any H1I regions due to poor spatial resolution compared to
the small angular size of the ring. This galaxy is well known to contain a nuclear ring
of 0”5 in radius (Genzel et al. 1995; Davies, Tacconi, & Genzel 2004; Diaz-Santos et
al., submitted to AplJ), which is consistent with our ELLIPSE results (Section 3.3).
The lack of sufficient spatial resolution in our images, however, prevents us from
continuing with the analysis of the individual H 11 regions in the ring, but we refer
to above citations for a detailed study of its SF properties, based on high-resolution

imaging and near-IR spectroscopy.
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Figure 3.3: panels a. - 1.: Results from SEXTRACTOR. Each H 11 region identified
is fitted using a Kron ellipse, which calculates the total magnitude of the extended
H11 region. In the cases where the Ha boundaries are merged from one or more
sources, the program deblends the regions and indicates these fittings with a
dashed ellipse. SEXTRACTOR could not identify any HII regions for NGC 7469
due to poor spatial resolution.
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To obtain EWs of the HI1I regions, we measure fluxes in both the I-band
and Ha. We do this by first imposing the position and shape of the apertures
from the SEXTRACTOR analysis of the Ha image onto the I-band image, making
use of the fact that these images have already been registered (see Paper I). We
then run SEXTRACTOR in its two-image mode to obtain the corresponding I-band
fluxes. Among the many parameters to be defined in SEXTRACTOR, two are of
particular importance, namely the initial box size for the H 11 region detections, and
the threshold value used to determine the extent of an individual H 11 region. For
the first parameter we chose a value corresponding to the average seeing value in our
images, namely 8 pixels or 079. For the threshold value, we chose twice the standard
deviation, o, of the combined galaxy and sky background across the whole image.

We confirmed our parameter settings by independently varying the threshold
value and box size and comparing the resulting ring morphology and EWs to our
"reference” values. Several test cases were run by altering each parameter (fixing one
parameter while modifying the other) by £50% of the reference values. Figure 3.4
shows the resulting images for NGC 1343, as a representative example. Figures 4a
and 4b are the result of fixing the threshold and altering the box size. Modifying
the box size by £50% of the reference value (8x8 pixel box) to a 12x12 box and
4x4 box, respectively, causes a significant change in the visual appearance of the
H1r regions. Increasing the box size results in an obvious over-blending of the
H 11 regions, with the opposite occurring when decreasing the box size. Figures
4c and 4d of Figure 3.4 are the products of modifying the threshold by +50% of
the reference value (20), to 1.330 and 30, respectively. Changing the threshold in
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Figure 3.4: Change in ring morphology for NGC 1343 based on variation of the
background box size and detection threshold value. Top row shows the resolved
H 11 regions based on fixing the threshold at 20 and varying the box size - a) box
size = 4x4 pixels with 31 H1I region detections; b) box size = 12x12 pixels with
20 detections. The center image is the reference image: box size = 8x8 pixels with
25 detections. Bottom row shows the images based on fixing the box size at 8x8
pixels and varying the threshold value - ¢) threshold = 1.330 with 30 detections;
d) threshold = 30 with 19 detections. The grayscale is not representative of the
ages of the regions, but rather the order in which SEXTRACTOR identified the
regions.

either direction causes a significant change in the number of H 11 region detections
forming the ring. Overall, the isophotal detection area is more sensitive to the
box size, while the number of detections is more sensitive to the threshold. These
parameters are important since the background to be subtracted from the I-band
and Ha data is locally defined by SEXTRACTOR for each H 11 region, and includes
both the sky background and the emission from the galactic disk. In general, this
empirical analysis gives us confidence that our parameter choices do indeed best

represent the H 11 region morphologies.
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3.4.2 Equivalent Widths

To obtain EWs for the individual H1r1 regions, the Ha flux was divided by
the I-band flux within the same aperture as defined by SEXTRACTOR. We describe
below some of the intricacies of the EW determination. We specifically discuss the
correction of those cases where the I-band flux of an H 11 region is particularly low,

as well as the error budget of the EW values.

Negative I-band Fluxes

Many of the galaxies in our sample (16 out of 20) contained H11 regions whose
I-band emission was lower than the background due to noise. This resulted in
negative I-band fluxes, which are unphysical and cannot be used to determine the
EW. Rather than changing either the H I region aperture or specific SEXTRACTOR
parameters, we chose to use a physically meaningful upper limit to the I-band flux.
We did this by taking, for all galaxies, the lowest I-band flux per pixel ( fumi,) of all of
the H1I regions. We assume the lowest value to be representative of a 60 deviation
from the mean. Where f;, is negative, we correct any I-band flux per pixel lower
than the value feorr = %| fmin| (equivalent to a 30 adjustment) to have a corrected
H 11 region flux Feorr = feorr X area. This method, thus, applies a correction to those
H 11 regions whose emission is positive but very low. See Appendix A for details on
individual H 11 region corrections.

To estimate the impact of the 30 corrections on the EWs, we also corrected

these fluxes to a lower level, namely %|fui| (equivalent to a 20 adjustment). The
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maximum impact on EW that we found in such cases was an increase in EW of
order 0.2 in log(EW), although in many cases the difference was less than 0.1. In 10
out of the 16 galaxies affected by negative I-band emission, 5%, on average, of the
H 11 regions subject to the 30 correction would not be subject to a 20 correction.
That is, those H 11 regions with very low positive /-band emission that were changed
using the 30 discriminator were no longer affected when compared to the 20 value.
The other six galaxies were entirely unaffected by the correction change and can
therefore be considered more reliable. We present these findings in Figure 3.5 us-
ing a 30 correction. Regions whose I-band flux was changed to the 30 value but
was unaffected by the 20 comparison are labeled as a diamond with a cross; these
represent lower-limits in the log(EW) since we find that these values would have
increased if we had chosen a 20 correction. All other HII regions with corrected
I-band fluxes, including the ones that were negative, are labeled as open diamonds.
Those H 11 regions where no corrections were needed are labeled as filled diamonds,

and we consider those the most reliable.

Characterizing the Uncertainties

We estimate typical uncertainties in the EW values by considering uncertain-
ties due to background subtraction and Hir region detection, which both result
from the application of SEXTRACTOR. Additional contributions to the overall error
budget will come from measurement errors in the standard stars, the calibration un-

certainties associated with our method of continuum subtraction (see Paper I), and
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Figure 3.5: Age distribution — a. through h. The left panels plot the PA of each
H 11 region vs. their EW. Solid diamonds represent those EWs whose I-band fluxes
were not affected by the background 3¢ noise; open diamonds indicate EW where
I'band fluxes needed to be increased to compensate for the dominant background
noise; open diamonds with crosses show those H1I regions that would not have
needed their flux modified if using a 20 constraint. The right panels picturize the
rings with their identified H 1T regions. Age decreases as the shade of color changes
from light to dark. Arrows are drawn to indicate the PA of the bar major axis, as
well as the rotational direction of flow in the ring, if applicable. The ring major
axis is indicated by two dashed lines. All rings have been rotated to a typical
North-East configuration. See Section 3.6.1 for details. NGC 4321 is based on

Hp analysis from Allard et al. (2006).
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Figure 3.5: Continued

71



(u) NGC 7742

Figure 3.5: Continued
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in the filter response curves, but we will assume that they are negligible compared
to the two main contributors.

To make a conservative estimate of the uncertainty in the background subtrac-
tion we consider the I-band backgrounds. These will be more affected than the Ha
measurements because (1) the background is higher in I than in He, (2) the contrast
between the H1I region and background is much smaller than in Ha, and (3) the
basic morphology of an H1I region has been set by its Ha appearance in the /-band.
From our analysis of the negative residual I-band fluxes, we know that the maximum
difference in the log of the EW between the two cases (i.e., applying a 20 versus 3o
correction to the affected measurements) is 0.2. Such a difference of log(EW)=0.2
corresponds to a factor of 1.5 difference in the I-background subtracted before mea-
suring the flux of an H1I region, where log(EW)=0.1 would correspond to a factor
of 1.3. Even considering the small field of view of our I-band images, these factors
cover the uncertainty in the determination of the background.

The other main contributor of the EW uncertainties is in the flux measurement
of the H11 regions. An RMS value, based on Gaussian noise statistics, is associated
with each detection. On average, we estimate the RMS to be 5% of the detection,
which equates to 0.02 in the log of the EW.

We thus arrive at a conservative error budget consisting of two components,
0.2 and 0.02 in the log(EW). These combine in a worst case scenario to a factor of
1.6, or an error budget in log(EW) of 0.2. We take 30 of the total error budget as a
guideline for discriminating between EWs (and thus H 11 regions). As a consequence,

two EW values must be 0.6 apart in the log to make them significantly different.
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Whereas this is by all means a large uncertainty, Figure 3.5 shows that the values
can range by as much as 3 in the log for a given ring during the evolution of massive
stars that, in fact, most of our measurements lead to straightforward and believable
conclusions on at least relative ages, as discussed in Section 3.6.1. We stress that
the error budget determined here is a very conservative one, and that for most H 11

regions the actual uncertainty will typically be significantly smaller.

3.5 Age Dating

We use Starburst99 (Leitherer et al. 1999) stellar population modeling to
estimate the age of the individual H11 regions. The models present the time evo-
lution of the EW(Ha) for varying initial starburst rates, IMFs, and metallicities,
all of which will affect the evolution of the population. Figure 3.6 shows the time
evolution of EW(Ha) for both an instantaneous starburst (i.e., all stars are formed
simultaneously in an instantaneous starburst episode) and a continuous starburst
(i.e., the star formation rate is constant in time). While the starburst choice can
greatly affect the determination of the ages of the population greater than ~5 Myr,
it is not clear which model best represents the stellar activity in nuclear rings. Since
active massive star formation is prevalent in H 11 regions, adopting an instantaneous
burst would seem to fit the model predictions of younger ages better over the range
of 1Myr - 10 Myr. If, on the other hand, there is an abundant supply of gas entering
the ring, starbursts may be a composite of episodic bursts (Elmegreen 1997; Allard

et al. 2006). Star formation in the ring would cyclically enter an active starburst
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Figure 3.6: Ha EW vs. time following Leitherer et al. (1999; Starburst99 curves)
for an instantaneous and a continuous burst of star formation with a Salpeter
IMF between Mj,, = 1 Mg and M,, = 100 Mg. A solar metallicity of Z = 0.02
is used.

period until it exhausts the surrounding gas supply, and then cease star formation

until enough gas sparks a new starburst period.

Figure 3.7 shows Starburst99 model curves for an instantaneous and a contin-
uous starburst with different IMF slopes, mass cut-offs, and metallicities. We vary
the IMF's in both scenarios and find that the evolution model is not very sensitive to
the upper limit masses (i.e., 30 Mg and 100 M) or the IMF slopes (a = 2.35, 3.3),
especially in the instantaneous starburst case. The models also confirm that high
metallicity H11 regions show lower EW(Ha) while low metallicity regions have in-
variably high EW(Ha). Regardless of the metallicity or type of burst, however, we
find that all of the predicted evolution curves show a significant monotonic drop of
EW with increasing age. Since we are more interested in the relative age difference

from one H1 region to the next, the sharply declining curve (in either starburst
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Figure 3.7: Ha EW vs. time following Leitherer et al. (1999; Starburst99 curves)
for an instantaneous burst of star formation (left panel) and continuous burst
(right panel) for varying IMF slopes, upper limit masses, and metalicities. The
thick solid line represents the model prediction we adopted for IMF between
Mo =1 Mg and My, = 100 Mg, IMF slope= 2.35, and Z = 0.02. Long dashed
lines represent a slope of 3.3 and M,,;, = 100 My, for Z=0.04 and Z=0.008. Short
dashed lines represent a slope of 2.35 and M, = 30Mg for Z=0.04 and Z=0.008.

case) allows for an unambiguous discussions of age gradients. We adopted an in-
stantaneous stellar starburst with a Salpeter (1955) IMF between M = 1 Mg and
M,p = 100 Mg, and a solar metallicity, which is a good predictor for circumnuclear

regions of barred galaxies (Allard et al. 2006).

3.6  Discussion

3.6.1 Age Distribution

The results from SEXTRACTOR were used to map the ages of each H 11 region
according to their azimuthal location in the ring. The right panels of Figure 3.5 show

the resolved H1I regions, which are color-coded according to age, in terms of EW.
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We assigned the physical center of the ring (as computed with ELLIPSE) to be (0,0),
and viewed an H 11 region’s azimuthal position in a counter-clockwise rotation from
North to East. The color ranges are unique to each ring and, thus, do not denote
the same EWs for all rings. Although we did not deproject the rings, all H 11 regions
have a unique position, which allows us to search for any unambiguous distribution
patterns. The PA of the major axes of the ring and the bar are indicated in the
image. To complement the images, plots are shown in the left panels, which graph
the log(EW) versus PA, and again indicate the PAs of the ring and bar major axes.

We use B — I color index maps as morphological indicators of the ring kine-
matics. These maps provide direct tracers of the bar dust lanes, which show the flow
of gas to the ring. In the cases where the dust lanes were present, the azimuthal
direction of the ring rotation was consistent with that of the galaxy in all cases.
The contact points of the dust lanes with the ring are clearly visible in most of
our images and indicate an offset of ~90° between the contact points and the bar
(see Section 3.6.3 for details). The dust lanes also show directional flow around the
ring, assuming that rotation continues in the same direction as seen with the bar
dust lanes and spiral arms. The adopted rotational direction of the rings is listed
in Table 3.2 and indicated for each ring containing a bar in Figure 3.5.

We find that several galaxies, both barred and non-barred, exhibit relative
azimuthal age gradients within the ring, as also observed by Ryder, Knapen, &
Takamiya (2001) and Allard et al. (2006) for NGC 4321. We only consider age
gradients over a significant portion of the ring (greater than 25% of the ring) with

amplitudes that exceed the uncertainties for differentiating between points over the
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NGC CP #1 Hiiregion #1 CP #2 Hiiregion #2 Rotation APA #1 APA#2
() (°) (°) (°) () (°)
(1) (2) (3) (4) (5) (6) (7) (8)

473 254 312 74 38 ccw 98 36
613 200 205 20 323 CCW 5 57
1300 12 345 192 269 CW 27 77
1343 172 140 352 309 cCW 32 43
1530 32 344 212 282 cW 48 70
4303 280 304 100 114 CW 24 14
4314 45 27 225 222 CW 18 3
5248 47 43 227 243 cW 4 16
5728 303 305 123 147 cW 2 24
5905 295 343 115 151 CW 48 36
5945 100 148 280 280 CCW 48 0
6951 355 339 175 100 CW 16 75
1C1438 214 251 34 32 CCW 37 2
7570 345 353 165 131 CW 8 34
7716 124 91 304 301 cCW 33 3

Table 3.2: Comparison of the location (i.e., PA) of the contact points (CP) to that
of the youngest H 11 region in each hemisphere, as bisected from the bar. The PAs
of each contact point are given in Col. 2 and 4; the location of the youngest
H 11 region in each hemisphere is given in Col. 3 and 5 with the ring rotational
direction cited in Col 6, as observed in the B — I images; Col. 7 and 8 indicate the
difference in location between the contact points and the respective H1I region.
In most cases the separation is small, which is conistent with the notion that the
youngest H 11 region (in its respective hemisphere) should be near the location of
the contact points.
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range of interest. We highlight the age gradient cases here and comment on the rest
of the sample in Appendix B. We summarize the characterization of the age distribu-
tions for all of the rings (e.g., azimuthal gradient, radial gradient, flat distribution,

or no recognizable pattern) in Table 3.3 (Column 2).

e NGC 278 (Fig. 3.5a): The entire ring as seen in Ha is very small in size (0.2
kpc in radius) with 20 individual H 11 regions detected that comprise the ring.
This ring is the smallest one recognized in the galaxy; a second nuclear ring
appears at ~ 1 kpc and is discussed in detail in Knapen et al. (2004). The host
galaxy does not contain a bar in the optical nor near-IR wavelengths (Knapen
et al. 2004). There is a decrease in the log(EW) (i.e., an increase in age)
over approximately one third of the ring ranging from the positions of the H 11
regions centered at azimuth 124° to 236°. This indicates a counterclockwise
rotation within the ring. A radial gradient spans the same range, with the
younger HII regions lying on the inner side of the ring. A similar pattern,

although not as clearly defined, appears over the range of 12° to 100°.

e NGC 473 (Fig. 3.5b): Two-thirds of the ring can be seen in the Ha image,
defined by 27 H1I regions. A galactic bar exists at a major axis PA of 164°
along the major axis. The bar dust lanes indicate a counterclockwise flow
of material around the ring. There is a sharply sloped age gradient over the

range of 38° to 203° from younger to older, respectively.

e NGC 1343 (Fig. 3.5e): The ring in this barred spiral galaxy is seen as complete
in Ha with 20 resolved H 11 regions. The mapping of EW to H 11 region location
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indicates a clear bi-polar age pattern around the ring with maxima at PA = 140
and 309°. There is a distinct age gradient approximately from one contact
point to the other contact point (located at 172° and 352°, respectively), where

the age decreases counterclockwise from the bar contact points.

NGC 1530 (Fig. 3.5f): Three-quarters of the ring can be seen in Ha containing
9 distinct H 11 regions. The galaxy has a large bar at PA = 122° and two open
spiral arms originating from its ends, rotating clockwise. We find bipolar age
gradients, one in each hemisphere, as bisected by the position of the bar. The
youngest H1I regions are near the bar PA, (i.e., not the contact points) over
the range of 283° to 207° and 115° to 7°, with the ring rotation also clockwise.
Half of the ring is distinctly younger than the other half, where the turnover

points coincide with the ring major axis PA (= 25°).

NGC 4314 (Fig. 3.5h): The small ring consists of 10 H1I regions showing a
smooth and well-defined age gradient. The age gradient flows from older to
younger in the same direction as the presumed ring rotation (clockwise). The

youngest H1I region is within 20° of one of the contact points (PA = 45°).

NGC 4321 (Figure 3.3.51): The well resolved full ring contains 57 detected
H 11 regions. Because missing data prevent the calculation of Ha equivalent
widths and ages, we refer to Allard et al. (2006) for a similar analysis in HS.
They find a bipolar age gradient corresponding to the ring PA (at 170° and
350°) and the location of the youngest HII region in each hemisphere. The
age increases in a counter-clockwise direction along the direction of flow.
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e NGC 5728 (Fig. 3.5k): Eighteen H1I regions define the partial ring, which is
three-quarters complete. A very steep but small gradient exists from PA = 147°
to PA = 98° from younger to older, according to the clockwise directional flow
of the ring. One contact point (PA = 303°) is within 2° of the youngest H1r
region in the ring. The second youngest H11 region (PA = 147°) is within
24° of the second contact point (PA = 123°), although it does precede that

contact point.

e NGC 6951 (Fig. 3.5p): The ring is small but complete with eight detected H 11
regions. The youngest H11 region (PA = 339°) is within 16° of its respective
contact point. The ages steeply increase (by a factor of 10) from 339° to 218°

in a clockwise direction, consistent with the directional flow of the galaxy.

e NGC 7217 (Fig. 3.5q): The ring is three-quarters complete in Ha. Twenty-two
H 11 regions were detected in the ring of this unbarred galaxy. Ages increase

in a clockwise direction from PA = 109° to PA = 6° .

e IC 1438 (Fig. 3.5r): This barred galaxy hosts a complete ring with 11 H1r
regions detected. There exists an increasing age gradient from PA = 32° to
PA = 211° in a counterclockwise direction. This direction is consistent with
the ring rotational flow. The youngest HII region is within 2° of its respective

bar contact point (PA = 304°)
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e NGC 7570 (Fig. 3.5s): Eighteen H1I regions comprise a mostly complete ring
in this barred galaxy. An increasing age gradient ranges counterclockwise from
PA = 112° to PA = 295°. There is also a radial gradient spanning the same
range as the azimuthal gradient, with two distinct arcs at nearly identical
slopes, and where the inner arc appears consistently older than the outer one.

No correlation to the bar contact points is evident.

While many of the rings contain age gradients, a few show no gradient, namely
NGC 613, NGC 5905, and NGC 5945. This type of distribution is qualitatively
more consistent with Elmegreen’s (1994) predictions, which suggest that the massive
star formation in the nuclear ring is shocked into existence due to gravitational
instabilities in the nuclear region around the ILRs. Therefore, age gradients would
not exist. Comparisons of EW to age for these three rings also indicate that these
starbursts are relatively older than those seen in the other rings, on the order of 10
Myrs and higher. Elmegreen (1997) suggests that these rings (i.e., with no gradient)
could last for as long as 100 Myrs before SF ceases if the inflowing gas rate is high
enough. The SFRs of these three rings (2Mg, /yr, 2Mg /yr, and 4Mg /yr, respectively;
see Section 3.6.2 and Table 3.1 for SFR and inflow discussion) are among the higher
values in our sample but are consistent with other rates documented (Regan et al.
1997; Jogee et al. 2002). If we take into account that NGC 613 and NGC 5945 are

partial rings in the optical, then the SFRs calculated here are lower limits.
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NGC Age Viot Ref T CP time H1I region #1 HII region #2
Distrib (kms™) (Myr)  (Myr) (Myr) (Myr)

(1) (2) (3) 4) (5 (6) (7) (8)
278 az.gradient 63 (a) 35 - - -
473 az. gradient 127 IFU 103 72 89 62
613 flat 115 (b)) 23 13 13 9
1300 no pattern 135 (c) 17 0.6 16 4
1343 az. gradient 131 IFU 39 18 15 14
1530 az. gradient 185 IFU 50 4 48 14
4303 no pattern 97 IFU 9 6 8 7
4314 az. gradient 161 IFU 30 4 2 3
4321 n/a 170 (d) 32 - - -
5248 az. gradient 152 IFU 40 5 5 7
5728 az. gradient 180 (e) 47 45 40 43
5905 flat 150 () 15 11 14 14
5945 flat 150  (g) 62 17 25 17
5953 rad gradient 200 IFU 40 - - -
6503 no pattern 90 (h) 94 - - -
6951 az. gradient 160 (c) 24 24 23 19
7217 az. gradient 248 (i) 25 - - -
IC1438 az. gradient 204 () 19 11 13 11
7570 rad gradient 150 (g) 67 66 65 57
7716 no pattern 150 (g) 51 18 13 17
7742 no pattern 116 IFU 96 - - -

Table 3.3: Age distribution and H 11 region times. Col. 2 cites the age distribution,
which fell into 4 categories: azimuthal gradient, radial gradient across the ring,
flat, no pattern. For those rings with host bars, the period of the ring (Col.
5) is computed based on the rotational velocity at the ring radius (Col. 3) and
the ring major axis radius (see Table 3.1, Col. 5); literature references for the
rotational velocites are in Col. 4: a) Knapen et al. (2004); b) Blackman (1981);
¢) Knapen, Laine, & Relano (1999); d) Knapen et al. (2000); e) Rubin (1980);
f) Moiseev, Valdés, & Chavushyang (2004); g) no reference found- assumed a
rotational velocity value of 150 kms™!; h) Bottema (1989) for Hpline; i) Peterson
et al. (1978); j) P. M. Treuthardt & R. J. Buta, private communication; 'TFU’
refers to our WIYN IFU data (L. M. Mazzuca et al. 2006). Travel times from the
bar major axis PA to the contact points (Col 6) and to the youngest HII region
in each hemisphere (Col. 7 and 8), when a bar exists.
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3.6.2 Inflow and Star Formation Rates

In this Section we explore possible reasons for the result that only three galax-
ies show bi-polar age gradients around their rings, whereas many of the rings (9 of
22) show partial gradients along 25% - 30% of their rings, with the rest (10 of 22)
showing no gradient.

We find no apparent relationships between the presence or absence of age
gradients and the morphology of the rings or their host galaxies. For example,
whereas NGC 4321, with its bi-polar age gradient, has a pair of well-defined dust
lanes coming into the ring through the bar, NGC 1300 and NGC 5248 have similar
dust lane morphologies yet show no gradients. Some of the poorly resolved rings,
such as those in NGC 4303 or NGC 5945, do not show gradients, but given the
presence of measured age gradients in the comparably small rings in NGC 6951 and
IC 1438, the lack of spatial resolution in the former two cannot easily be used as
an argument for the lack of a gradient. But even if we ignore galaxies with either
small and badly resolved rings, or rings that do not have the classical aspect of
dynamically-induced resonance rings (NGC 613 and NGC 6503 are in the latter
category), we are left with a significant number of rings in which we should have
detected gradients if present, but which for some reason do not show any. This
category includes, for instance, NGC 1300, very similar to NGC 4314 or NGC 6951
which do show gradients (all compact well-defined rings with around a dozen H1r
re