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Abstract

Double bars have been proposed as a means of transporting molecular gas
past inner Lindblad resonances into the nuclear regions. where it can fuel
active or starburst nuclei. Thus far. the existence of double bars has been
determined by isophote twists seen in the near infrared. which could probe the
bulge properties of rhese galaxies rather than the disk properties. We have
observed two double bar galaxy candidates (NGC 2273 and NGC 5728) in '*CO
J=1-0 with rhe Caltech Millimeter Array. Despite the similar near infrared
images of the two galaxies. we see rather different nuclear morphologies in the
CO maps. NGC 2273 shows evidence of a nuclear bar misaligned from the
main stellar bar by ~90°. and aligned with the near infrared isophote twists.
NGC 5728 shows an arc of CO clumps that peaks just to the sourh-west of
the dynamical center and curves to the south-east where it follows the dust
lane ro rhe sourh. The lack of a nuclear bar in the CO maps of NGC 5728
may be evidence that it is in a later stage of evolution. Bar dissolution may
have just begun. and the gas has responded first. which may explain why we
see a nuclear bar in the near infrared images of NGC 3728, but not in the CO

maps.

Models of these double barred galaxies show that the nuclear molecular
morphology depends on the assumed gas properties. We have performed a
multi-transition CO study of the nuclei of seven double barred galaxies that
exhibit a variety of molecular gas morphologies in order to determine if the
molecular gas properties are correlated with the nuclear structure and activ-

ity. We find that the '?CO J=3-2/J=2-1 line ratio is lower in galaxies with
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molecular bars in the nucleus and higher in galaxies with CO emission dis-
persed around the galactic center. This suggests that the molecular gas may
be cooler (and perhaps more viscous) enhancing the gas’s ability to clump
together and flow inwards. The galaxies without central concentration show
signs of past star formation which may have exhausted. heated. and dispersed
the molecular gas in the nucleus. resulting in the observed distributions and
high CO line ratios. The multiline CO data corroborates our hypothesis that
the galaxies with nuclear molecular bars are at an earlier stage of double barred
galaxy evolution. The star formation that is currently raking place may even-
rually exhaust and/or disperse the molecular gas in the nucleus. resulting in

a nou-nuclear barred morphology. such as we see in NGC 5728.

In an artempt ro detect other double barred galaxies that are bright enough
in CO emission to be mapped at high resolution. we have undertaken a CO
survey with the JCMT and NRAO 12-m of all double barred galaxies that
are vbservable from the northern hemisphere. We do nor detect any new
candidates. which suggests for some of these galaxies that they are rather
gas deficient. which is in conflict with the models of double barred galaxies
which require large amounts of molecular gas to prevent the kinematically hot

population of stars from destroying the nuclear bars.

As a cautionary rale. we include a detailed set of CO observations of the
nearby starburst galaxy MS82. Its close proximity (compared to the other
galaxies in this thesis) allow us to observe the molecular gas properties at a
much higher spatial resolution. We find temperature and density gradients

across the nucleus of M82. that would otherwise be undetectable in the more
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distant galaxies. I point out that in the more distant galaxies. we are simply
measuring the average gas properties across the nucleus. and will require a
larger. more sensitive a submillimetre array before we are capable of such

detailed studies of these double barred galaxies.
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1. INTRODUCTION 1

Chapter 1

Introduction

“Galaxies are the island universes within which reside most stars. much

of the gas. and a little of the mass in the cosmos™

E.S. Phinney

Galaxies are large ensembles of stars. gas. and dark matter that are bound
together by gravity. They come in a variety of sizes and shapes. but the majority
are in the form of disk galaxies. These galaxies contain a disk of stars and gas.
which can rake on a variety of morphologies. such as spiral arms and bars. This disk
is partially surrounded by a spherical halo. as well as a more centrally concentrated
"bulge” of purely stars. that can be either spherical or triaxial in shape. All of these
are believed to reside inside a deep gravitational potential caused by a currently

unobservable halo of dark matrter.

1.1 Overview of this Thesis

It is known that the nuclei of many galaxies are too bright to be the result of
ordinary star formation. The luminosity of some of these nuclei would require star
formation rates of up to 300 M. /vear. If this is the case. these galaxies will need
some form of refueling mechanism in order to sustain these rates long enough to be

as common as theyv are observed to be.
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More than half of all galaxies are observed to contain large elongated structures
(called bars) passing through their centers (see Figure 1.1). These large scale per-
turbations can steal angular momentum from the gas in the disk. allowing it to flow
inward toward the nucleus. At the centres of many barred galaxies are inner Lind-
blad resonances (ILRs). which play an important role in the evolution of barred
galaxies. Theyv may be responsible for trapping infalling material into a circum-
nuclear ring. stopping the inflow of molecular gas into the nuclear regions where it
would otherwise be used to feed black holes and power starburst activity. Shlosman.
Frank. & Begelman (1989) proposed that material in a nuclear ring may become
unstable and form a nuclear bar that may be able to transport the molecular mate-
rial interior to the ring. where it can repeat this process through a series of nested

bars until it reaches the black hole or nuclear starburst.

Studies of barred galaxies have revealed the presence of isophote twists in the nu-
clear regious. often interior to inner Lindblad resonances. These twists are thought
to be the signature of a nuclear bar. but there are other mechanisms that could

cause twisted isophotes (Elmegreen et al. 1996):

1. The rwisted inner regions of the main bar: Shaw et al. (1993) proposed that
the isophote twists are the result of molecular gas getting trapped in the x;
orbits of the barred galaxy potential. Because of the torques on the molecular
gas by the large scale bar. the gas in the x; orbits' begins to drift back towards
the large scale bar. The nuclear gas ‘bar” has enough mass to drag the stellar
component of the main bar out of phase. resulting in a twisted region of the

main bar that resembles a nuclear bar. but the whole system (large scale +

'The x, orbits run parallel to the large scale bar and x» orbits run perpendicular to the
xy orbits and have major axes less than the minor axes of the x; orbits. See §2.7.1 for

details.
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Figure 1.1: The Prototypical Barred Galaxy NGC 1300
This figure shows the prototype barred galaxy NGC 1300. Note the prominent dust
lanes (shown lighter in this negative image) along opposite edges of the bar (nearly
horizontal in this image). These dust lanes are thought to occur in the shocked
regions alone the leading edge of the bar. (Photo taken at Kitt Peak MDM 1.3 m
telescope by Eric Schulman).
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nuclear bar) rotate at the same pattern speed. The nuclear *bar” will always

lead the large scale bar.

(V]

. A kinematically distinct nuclear bar: Friedli & Martinet (1993) proposed that
the isophote twists are the result of inflowing gas collecting at the ILR. and
gaining enough mass to become kinematically separate from the large scale
bar. In this model. the nuclear bar can be at any angle with respect to the
large scale bar. This model is favoured by studies of many isophote twist

galaxies where a wide variety of nuclear bar offset angles is observed.

3. A triaxial stellar bulge: The original explanation for the isophote twists is by
Kormendy (1979) who proposed that they are the result of a triaxial stellar

bulge seen in projection.

All of these theories can be tested using high resolution observations of the
molecular gas in the galaxies containing isophote twists. The first two models require
large amounts of molecular gas. so I can (at the simplest level) check to make sure
that these galaxics coutain at least 4 to 10% molecular gas. At a higher level. the
first two models predict similar gas morphologies. but different gas dvnamics. So in
theory. [ can use the rotation curves derived from the molecular gas observations to
search for a kinematically distinct bar (as predicted by Friedli & Martinet 1993) in

a sample of galaxies with isophote twists.

The last model predicts that the isophote twists are the result of a triaxial stellar
bulge. Molecular gas observations are also capable of testing this theory. Since the
bulges are generally devoid of molecular gas. I should expect to see no trace of a

nuclear bar in the CO maps of these galaxies.

The dominant molecule in the interstellar medium is hydrogen (H;). Molecu-

lar hydrogen emits in the ultraviolet. but does not have any transitions that emit
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strongly at wavelengths that can penetrate the Earth’s protective atmosphere. In
order to trace the molecular gas. I must use carbon monoxide. which is known empir-
ically to be an excellent tracer of hydrogen (Scoville & Sanders 1987). Theoretically.
it is believed to be rotationally excited by collisions with the more abundant (by
a factor of 10%) molecular hydrogen. Another benefit of CO over H; is that there
are a variety of different rotational transitions (the so called .J transitions) that are
readily excitable by various gas temperature and densities that exist in the inter-
stellar medium. Warmer. denser gas will more readily excite the CO into higher
J transitions. When the CO drops back down to a lower rotational level. it emits
a photon of known wavelength (tvpically in the millimetre or sub-millimetre wave-
length range) that can be observed from Earth. For example. a CO molecule excited
into the .J=2 level. will decay back to the .J=1 level and emit a photon at 230 GHz
(A ~1 mm). This is called the J=2-1 emission line of CO. The Doppler shift of
this photon away from the rest frequency for that .J transitions allows us to probe

the dynamics of the molecular gas.

In this thesis I will use many of the different rotational transitions of CO to
probe the gas distributions and dynamics in a sample of barred galaxies. The first
science chapter uses only the CO J=1-0 transition to probe the dvnamics and
distribution of the cooler gas in the nuclei of double barred galaxies. The later
chapters will use many different transitions of CO and its isotopomers to probe the

physical conditions of the warmer. denser gas at the centres of these galaxies.

1.2 Outline of this Thesis

In Chapter 2. I summarize some of the relevant studies of all barred galaxies

(not necessarily those with nuclear bars). I discuss the details of the important
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resonances that occur in barred galaxies. and I also describe the different types of

nuclear activity that are observed to exist in the nuclei of galaxies.

In Chapter 3. I use high resolution maps of the .J=1-0 transition of '?CO
(115 GHz) to determine the morphology and mass of the molecular gas in galaxies
thought to contain nuclear bars. I see a wide variety of gas distributions. which
lecads me to wonder how can the molecular gas in galaxies with similar gravitational
potentials behave so differently from galaxy to galaxy” Perhaps the molecular gas

is cooler and more visous in one galaxy compared to another.

In Chapter 4. I observe a variety of different transitions of '*CO and '3CO
in an effort to place constraints on the physical conditions of the molecular gas in
these galaxies. By observing a varietv of transitions and isotopomers of CO (e.g.
13CO. C'™0) I can compare the relative line strength and use statistical mechanics
to determine the densities and temperatures of the gas. I was only able to compile
enough data to study six galaxies in detail in Chapter 4. In order to confirm the
findings of this chaprer. I will need to observe a larger sample of galaxies using a

variety of CO observations.

In Chapter 5 I present the results of a CO surveyv of the centers of double bar
galaxies candidates. I wish to find bright targets for future high resolution mapping
(as in Chapter 3) as well as multi-transition CO studies to determine the molecular
gas physical conditions (as in Chapter 4). The failure to detect any new candidates
places strong constraints on the molecular gas masses in these galaxies and casts
some doubt into the models of Shaw et al. (1993) and Friedli & Martinet (1993)

which require large amounts of molecular gas.

The current generation of sub-millimetre telescopes do not have sufficient angular
resolution or sensitivity to study the higher rotational transitions of CO on the

scales needed to determine the details of the gas properties in the nucleus. For
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all of the galaxies in this thesis (except NGC 4736). the 21” beam of the James
Clerk Maxwell Telescope covers the entire region of the galaxy interior to the inner
Lindblad resonance. Therefore. in Chapter 4. I am only measuring the average
molecular gas properties. In order to demonstrate the variety of gas properties that
can exist in the nuclear regions of barred galaxies. Chapter 6 presents a detailed
study of the molecular gas properties of the nearby barred starburst galaxy M82. Its
close proximity allow us to resolve the individual peaks of emission associated with
the inner Lindblad resonance as well as the central peak at the nucleus. Detailed
studies similar to those demonstrated for M82 for the more distant galaxies in our
sample will greatly improve our understanding of the fueling of starbursts and AGN
through barred galaxies. All this will be possible with the arrival of the Atacama

Large Millimerer Arrav in the next decade.

“Heh. ho! Let'sgo!”

Joey Ramone
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Chapter 2

Background on Single and Double

Barred Galaxies

2.1 Why Study Barred Galaxies?

Galaxies are the largest structures that are visible with the naked eve. vet thev
are the smallest features resolvable in the current generation of cosmological simu-
lations of the early universe. Thus. galaxies are the building blocks of the universe.
and understanding how they evolve will be of great benefit to future simulations of
the universe. Future simulations of the Big Bang and bevond will be able to follow
the evolution of galaxies from their very formation through to the galaxies similar to
rhose we see today. The ability of these models to correctly predict galaxy evolution
within their models will be a very strict test of the computer code’s accuracy. It is
up to us observers to have galaxy evolution understood by the time the computers

and codes are powerful enough to accomplish these simulations.

Approximately 77 of all visible galaxies contain disks (the other 20% are el-
liptical and 3% irregular). Of the disk galaxies. 79% of them are barred galaxies
(classified as SAB or SB galaxies in RC3: de Vaucouleurs et al. 1991). and thus more
than half of all galaxies contain bars. In addition to being the most abundant. barred
galaxies are also known to be very rich in interesting dvnamics. which are believed

to be responsible for the rapid evolution of these systems compared to unbarred
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galaxies. In the following sections. I will summarize the results of many studies of
barred galaxies. I hope to show that barred galaxies are a *dyvnamicist’s plavground"
(Benedict et al. 2000). and that the fascinating dynamics can lead to a variety of
interesting phenomena that influence the evolution and ultimnate self-disruption of

these svstems.

2.2 Historical Studies of Galaxies

Galaxies appear as smudges of light to the naked eve and small telescopes.
apparently much fainter than most of the stars we see in the night-time sky. In
reality these galaxies are composed of billions of stars much brighter than the Sun.
but the great distances to these objects render them apparently fainter. This was
not immediately obvious to early astronomers. In the late 1800s. Charles Messier.
while hunting for comets (also faint smudges of light. but contained within our
Solar System). encountered 104 smudges that did not move through the sky the way
comets do. As a resulr. the Messier Catalogue of non-comets contains a variety of

spectacular objects such as new stars. dyving stars. clusters of stars. and 40 galaxies.

These smudges of light (that were not comets) were originally called nebulae.
Galaxies (or “spiral nebulae’. as thev were called in the carly 1900s) are so distant
that the individual stars could not be resolved with their current generation of
telescopes. All nebular objects were originally thought to be nearby objects. similar
to the bright nebulae of star forming regions and the planetary nebula of dving stars.
In the mid-1920s. Edwin Hubble. using the largest telescope in the world (at that
time: the 100 inch Hooker Telescope at Mt. Wilson) was able to resolve individual
Cepheid variable stars in the “spiral nebula” M31 (Messier 31). By measuring the
period of brightness oscillations of these stars. and using the well known Period-

Luminousity relation for these Cephieds. Hubble was able to determine the true
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brightness of these stars. By comparing the apparent brightness of these stars to
the true brightness (and the fact that brightness falls off as distance™2). he was able

to determine that M31 was outside of the Milky Way. and thus a galaxy unto itself.

Many vears later. we now know that there are more galaxies bevond the Milkv
Way than is easily imaginable. Thev come in a wide variety of sizes. shapes. colours.
and brightnesses. The galaxies that are of particular interest to this thesis are the
flattened disk shaped galaxies that contain extremely bright nuclei. Figure 2.1
shows sketches of the different tyvpes of galaxies that are discussed in this thesis. Of
particular interest are the barred galaxies (SB-SAB: the bottom galaxies in Figure
2.1). which show a large rectangular or oval distortion passing through the centre.
The SB galaxies contain strong. easily recognizable bars. while the SAB galaxies
contain weaker bars that are often difficult to identify. These galaxies can be sub-
classified again depending on the relative size of the bulge (the bright spherical
section in the middle). with early types having larger. brighter bulges and usually
tagged with rhe letters "a” or ~b”. Later type galaxies have smaller bulges and are
designated “b” or “c”. For example. consider the SB(s) galaxy in the lower left of
Figure 2.1. As ir is drawn. it is actually a late rvpe galaxy SB(s)c. while its early
type counterpart [an SB(s)a] would have a much more extended bulge. so that only

the very ends of the bar would be visible.

2.3 Star Formation and Black Holes in Galaxy
Nuclei

The nuclei of barred galaxies are often the setting for a variety of spectacular
phenomena. In this section I will briefly summarize some of the different forms of

nuclear activity that occur in the centers of all galaxies.
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Figure 2.1: de Vaucouleurs” Wheel of Galaxies
This Figure shows the inner cover of the Second Reference Catalogue of Bright
Galaxies (RC2) by de Vaucouleurs. de Vaucouleurs. & Corwin (1976). It shows
galaxies as they are catagorized by bar strengths and spiral arms. It does not show
the additional late and early type classifications based on bulge strength.
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The basic form of activity is a starburst. It is simply a galaxy that is undergoing
a very high rate of star formation: approximately 100 M. /vear. compared to a more
normal rate of 2 - 3 M.: /vear in the Milky Way. These galaxies release up to 98%
of their energy in the infrared (the Milky Way releases only 30% in the IR). Typical
galaxy centres contain 10° M.: of molecular gas (the fuel for this star formation)
so there should only be enough material to feed these starbursts for 10° vears.
For galaxy ages of 10 Gyrs. we should expect to see 0.1% of galaxies containing
starbursts. Observationally. the occurence of nuclear star formation ranges from 8%
in SO galaxies. to 80% in Sc galaxies (Ho et al. 1997b). Thus. if this activity is as
common as it is observed to be. there must be some form of refueling mechanism.
Since the hot voung stars formed in starbursts ionize the surrounding regions of
leftover hydrogen gas. causing what are called H II (ionized H) regions. the nuclei

of starburst galaxies are often called H II nuclei.

Another form of activity in galaxies is a Sevfert nucleus. It appears as an
extremely bright point source at the very centres of some galaxies. These nuclei
are so bright. that the only known mechanism that can convert mass into energy
efficiently enough to be responsible for these luminosities is the accretion of material
onto a black hole (Kormendy & Richstone 1995 and references therein). While
spectra of most galaxies exhibit an absorption spectra resulting from the absorption
lines in the stars that make up the galaxy. the spectra of Sevfert galaxies show bright
emission lines. Seyfert 1 galaxies are those which exhibit broad allowed emission
lines (such as H 1. He I. H 1t) and narrow forbidden lines (such as [O Iil]). Seyfert
2 galaxies show only narrow emission for both allowed and forbidden lines. In the
Unified Model of active galactic nuclei. a black hole is surrounded by a dusty torus.

and Seyfert 1s are those for which we are viewing straight down into the torus. while
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Seyfert 2s are those in which the emission from the black hole must pass through

the torus (broadening the allowed lines) before it reaches us {Antonucci 1993).

Many forms of galaxies have spectra that resemble Sevfert 2 spectra. except that
their forbidden lines tend to arise in less highly ionized atoms. These less active
AGNs are known as Low lonization Nuclear Emission Region (LINER) galaxies.
They were originally thought to be associated with starburst activity. but now are
attributed to the low luminousity tail of the Sevfert family (Binnev & Merrifield

1998).

2.4 Observations of Nuclear Activity in Barred
Galaxies

Galaxies are made of mostly stars (90% by mass) and some gas (10% by mass:
mostly molecular). Although this gas is out-weighed by the stars. it is a crucial
component of almost all galaxies. It supplies a method of dissipating energy that
cannot otherwise be dissipated by the collisionless stars. In addition to adding in-
teresting physics into galaxy dyvnamics. molecular gas has many other important
roles in the evolution of barred galaxies. It is believed that the gas is responsible
for fueling rhe wide variety of activity seen in the centres of galaxies. From Sevfert
galaxies (thought to be a black hole accreting the material surrounding it) to star-
bursts (which show very high rates of star formation activity). molecular gas must
be getting transported into the nucleus where it fuels these activities. Most active
galactic nuclei (AGNs) are so luminous. that if they were converting molecular gas
into energy via accretion on to a black hole or through vigorous star formation.
they would still exhaust all their fuel in the local area in a very short time (Combes
1994 and references therein). Shlosman. Frank, & Begelman (1989) showed that vis-

cous drag is not efficient enough to transport enough gas into the nucleus to feed the
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AGN. Thus. there must be some other mechanism responsible for the transportation

of gas into the inner 10 pc of a galaxy.

All models and simulations agree that galactic bars are an excellent mechanism
for transporting material from the disk of a galaxy inwards towards the nucleus.
The gravitational potential of the slower rotating bar can steal angular momentum
from disk material. causing it to fall inwards towards the nucleus. If this theory is
correct. then we should see a higher incidence of nuclear activity in barred galaxies
compared to spiral galaxies. This topic has been under investigation for quite «
while. In the following sections. I summarize some of the more recent results from

comparisons of nuclear activity in barred and spiral galaxies.

2.4.1 Bars in Active Galaxies at Optical Wavelengths

One of the original studies comparing nuclear activity with large scale galaxy
morphology was performed by Hawarden et al. (1986) in which thev compare the
galaxy type (as determined by RC2: de Vaucouleurs. de Vaucouleurs. & Corwin
1976: see Figure 2.1) with nuclear starburst activity (as indicated by a high infrared
luminousity observed by IRAS). Thev neglected galaxies that contained Sevfert or
LINER activity. Their sample contained a variety of disk galaxy types with the ratio
SA:SAB:SB = 74:55:53. Within this sample. they find that more than one third of
the barred galaxies have infrared luminosities greater than twice that of unbarred
galaxies. This result suggests that these galaxies contain vigorous star formation
activity in their nuclei. perhaps as a result of inflow along the bars. They find that
much of the star formation in these barred galaxies occurs in a circumnuclear ring

located near the inner Lindblad resonances (see §2.6).
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Since they ignored Seyfert and LINERs. Hawarden et al. (1986) can not address
the possibility that bars are responsible for the fueling of AGN. If most of the star
formation in their sample occured in a circumnuclear ring. is it possible for bars to
feed AGN where the gas much reach all the way into the nucleus? Moles. Marquez.
& Perez (1995) compiled a list of active (Sevfert or LINER) galaxies from the catalog
of Veron-Cetty & Veron (1991) and cross referenced it against the RC3 catalogue
(de Vaucouleurs et al. 1991) to obtain a sample of 308 active galaxies with known
morphological type. Of these. only 16 (5% ) are elliptical galaxies. 279 (91%) are
disk (barred or spiral) galaxies. and the remaining 13 (4%) are irregulars or ‘other’.
Thus. from this alone. it is clear that the majority of active galaxies occur in galaxies

with disks.

Of the 279 active disk galaxies. only 186 of them have reliable information re-
garding the presence or absence of bars. Of these 186. 136 (73%) of them contain
bars. We now believe that 79% of all disk galaxies are barred. so the value deter-
mined by Moles. Marquez. & Perez (1995) suggests that there is no over-abundance
of bars in active galaxies. Thev do note that in the galaxies without bars. there is
usually a companion galaxy nearby or the galaxies have some sort of distortion such

as a ring.

Ho et al. (1997a) studied the occurence of bars in a sample of low luminosity
active galactic nuclei. Again. in order to determine the morphological classifications
for the galaxies in their sample. they turned to the RC3 catalogue (de Vaucouleurs
et al. 1991). In their sample of over 300 disk galaxies. they detect a marginal
over-abundance of bars in galaxies containing H Il nuclei (which suggests enhanced
star formation). as well as a very slight decrease in the incidence of bars in galaxies
with AGN (either Seyfert or LINER). The differences are statistically insignificant

though. possibly the result of selection effects. They do see a tendency for galaxies
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with bars to show higher star formation rates. but overall. the presence of of bars
does not seem to enhance a galaxy’s chance of undergoing some form of nuclear
activity. Ho et al. {1997a) speculate that the reason for this lack of AGN activity
may be in the existence of inner Lindblad resonances in barred galaxies preventing

the inflowing material from reaching the nucleus.

The studies discussed so far in this section have based the existence of a bar on
observations made at optical wavelengths. It is known that dust in these galaxies can
obscure light at these wavelengths and perhaps mask bar structures. It has recently
been found that near infrared images are a much more reliable method of tracing
the mass distribution of a galaxy. Mulchaey & Regan (1997) used near infrared
(NIR) images of a sample of barred and non-barred spiral galaxies (as classified
by optical catalogues) to study the light distributions of the older population of
stars. Since the NIR images are less prone to extinction. these should give a better
representation of the underlving gravitational potential. Theyv find that all of the
barred galaxies in their sample. also appeared barred in the NIR. but surprisingly.
55% of the ‘non-barred’ galaxies show elongated barred structures. Seigar & James
(1998) also found that galaxies that were previously classified as un-barred in optical
images showed signatures of barred structures in the NIR. In addition. they noted
that bars that have low axial ratios (weak bars) appears as stronger bars in the NIR
images. In this new light (pun intended) a variety of groups began to re-investigate

the abundance of bars in AGN.

2.4.2 Bars in Active Galaxies in the Near Infrared

Oue of the original NIR studies of barred and spiral structure in AGN galaxies
was by McLeod & Rieke (1995). They studied the NIR morphology of a spectro-

scopically determined sample of AGN. While they did find that some of the galaxies



18 2. BACKGROUND ON SINGLE AND DOUBLE BARRED GALAXIES

that were previously classified as un-barred showed bar structures in the NIR. there
were not enough to modify the findings of the optical studies discussed in the pre-
vious section. They too concluded that there was no over-abundance of bars in
AGN galaxies. One note to this study is that since the sample was derived from
the spectroscopically limited CfA survey of Huchra & Burg (1992). there is a wide
range of distances to these galaxies. Recession velocities of > 10 000 km s~! are
not uncommon in this sample (the highest is > 45 000 km s~!!) and thus. thev
have distances of > 100 Mpc (for a generous Hg of 100 km s~! kpc~!). Thus. in
these more distant galaxies. the barred morphologies may be difficult to resolve. In
addition. this sample also includes some highly inclined galaxies that would tend

also to make bar identification difficult.

To alleviate some of these complications. Mulchaey & Regan (1997) studied the
NIR morphology of a sample of galaxies that are limited ro recession velocities less
than 5000 km s~! (distances of 50 Mpc) and also restricted their sample to galaxies
with lower inclinations. These restrictions left them with 30 Sevfert galaxies and 25
normal galaxies. Their sample included 29 galaxies that were previously classified
as un-barred but. as before. 16 of these showed bars in the NIR images. The final
tally is that 70% of their galaxies show bar structures. When comparing the Seyfert
and normal galaxies. they find a nearly identical occurence of bars in the Sevfert
galaxies and normal galaxies. again. suggesting that bars are not a universal fueling
mechanism for AGN. They do suggest that it is possible that perhaps bars were once
present in the Sevfert galaxies. but they were destroved by the creation of a central
back hole which helped ‘sphericalize’ the gravitational potential (see §2.10). They
did note a slight increase in the occurence of double bars in the Sevfert galaxies

compared to normals. but nothing statistically significant.
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In an attempt to reduce the effects of poor resolution on the determination of
bars in the previous studies. Peletier et al. (1999) undertook a 0.7" resolution NIR
survey of the CfA galaxies used in McLeod & Rieke (1995). In this paper they
also discuss a less subjective method for determining the existence of bars. which
searches for an increase in ellipticity with increasing radius. followed by a range of
radius where the position angle for the ellipses remains constant. These features
would not be aparent in isophote twists that are the result of a triaxial stellar
bulge. In the subsequent papers resulting from this survev. Knapen. Shlosman. &
Peletier (2000) find that the Sevfert galaxies are barred more often (9% + 7.53%)
than the non-active galaxies (39% + 9%). The fraction of ‘non-axisvmmetric” hosts
Increases when interacting systems are included. They conclude by stating that this
2.50 result could be improved upon by re-observing these galaxies at even higher

resolutions.

2.4.3 Molecular Gas in Active Barred Galaxies

The best way to observe the interstellar medium (ISM) would be to observe
the molecular hydrogen gas directly. Since H; is a homonuclear. diatomic molecule.
there are not many rotational transitions allowed. Those that do occur tend to
lie at ultravioler frequencies that are blocked by our atmosphere. The next best
thing is to observe the second most abundant molecule. carbon monoxide (CO). It
is believed to trace molecular gas through collisions with molecular hydrogen. and
it has many rotational transition that lie in regions of the electromagnetic spectrum

that are can pass through our atmosphere.

Many galaxies have been studied in CO on a case-by-case basis. but one of the
first large scale surveys of galaxies at high resolution was performed by Sakamoto

et al. (1999). They mapped 20 nearby galaxies in CO and find no clear correlation
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between the tvpe of nuclear activity (Sevfert. LINER. H II) and the amount of
molecular gas in the centers of these galaxies. They do see a correlation between
the gas mass fraction and the occurence of H II nuclei. in that galaxies with high gas
mass fractions tend to preferentially undergo strong nuclear star formation. They
propose that this is caused by an increase in gravitational instability of the nuclear

gaseous disk of galaxies with high gas mass fractions.

In addition to an increase in starburst activity in galaxies with high gas mass
fractions. Sakamoto et al. (1999) also find an increase (by roughly a factor of 2} in
the molecular gas concentration in barred galaxies compared to unbarred galaxies
(concentration = surface density of gas at R < 500 pc divided by the surface density
of gas in the entire galaxy). This is the first statistical evidence for an increase in

gas concentration at the centers of barred galaxies.

In a similar high resolution study of CO in a larger sample of 15 nearby galaxies.
Sheth (2000) noticed that in addition to having increased gas concentrations. the gas
surface density of the nuclei of barred galaxies is three times higher than the nuclear
gas surface density of unbarred galaxies. This may also explain the increased star
formation activity that has been observed by many authors (e.g.. Hawarden et al.
1986). So it seems clear from these two studies (Sakamoto et al. 1999: Sheth 2000)
that bars play an important role in transportation of molecular gas inwards and the

subsequent nuclear activity and evolution of the nuclei of galaxies.

So. what I hope the reader has learned thus far is that a) optical images are not
necessarily a good way to determine the morphological type for galaxies. b) higher
resolution NIR imaging is needed in order to study a large sample of galaxies out
and bevond 100 Mpc. and c) direct observations of molecular gas in the centres of
barred galaxies gives us a direct probe of the ISM and its role in feeding AGN and

starburst activity. Given the results of the most recent high resolution NIR and CO
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studies of activity in barred galaxies. it appears that bars are good at transporting
molecular gas inwards. With this observational background out of the way. I shall
now discuss the simulations of barred galaxies and the evolution of these models

over the last couple of decades.

2.5 The Formation Mechanisms of Barred Galax-
ies

Early simulations of rotationally supported disk galaxies comprised entirely of
stars had great success in reproducing bars. In fact. it was feared that the bar
instability may be too dominant. Nearly any axially svmmetric disk of stars that is
rotating is prone to this bar instability. Hohl (1971) modeled a galaxy as an axially
svmmetric rotating disk made of 10” stars and found that it rapidly developed a bar
structure with trailing spiral arms. Without any means of disspating energy. the
velocity dispersion of the stars compared to their orbital energy rapidly increased
and the spiral arms were destroved. The elongated bar structure remained. but was

greatly decreased in strength.

Observationally. it seems that one third of all disk galaxies are not barred.
Numerically. the bar instability is so dominant that Ostriker & Peebles (1973) noted
that there seems to be quite a few galaxies that appear to be rotationally supported
vet are immune to the bar instability. They studied a series of flattened galaxy
models with a variety of energy inputs and found that the only thing that could
keep a bar instability from forming very rapidly is the presence of an unusually
massive spherically symmetric halo surrounding the disk. They find that the only
way to create disks that resist the bar instability is to have a halo to disk mass ratio
of 1 to 2.5 and a ratio of kinetic to potential energy of 0.14 £ 0.02. Later models

confirmed the early findings that bars are ubiquitous. robust. and can exist for at
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least a Hubble time (e.g. Sellwood 1981). In fact. Sellwood (1981) notes “exceptions
to the stability criteria postulated by Ostriker and Peebles remain distressingly

difficult to find™.

One of the first detailed studies of the dynamics of barred galaxies was under-
taken by Contopoulos & Papayannopoulos (1980). They studied the stable orbits in
a series of barred galaxy potentials (ranging from strongly barred to weakly barred
potentials). They modeled the test galaxy potential as the sum of a spherically
svmmetric component (the halo) and an elongated bar potential. To simulate a
weak. intermediate. and strongly barred galaxy. they set the bar potential to 1%.
10%. and 100% of the total gravitational potential respectively. In addition to this.
they also varied the speed at which the bar perturbation rotated (called the pattern
speed) with respect to the circular velocity. By adjusting the pattern speed of the
bar. they can vary the number. strength. and location of the different resonances.
These resonances are important enough to the models and to observations of barred

galaxies that I pause to give a brief description of the more common resonances.

2.6 Resonances in Barred Galaxies

Stars and molecular clouds orbiting the centre of a galaxy oscillate radially in
addition to their tangential orbits around the galactic nucleus. The frequencies
of these radial oscillations are called epicvcle frequencies (k). The objects’ orbital
frequencies about the galactic nucleus are called their circular frequencies (). In a
barred spiral galaxy. the bar will rotate at a (usually) different frequency called the
pattern speed ({),). Resonances occur when an object (star or cloud) encounters
successive crests of the bar potential at a frequency that coincides with its epicycle
frequency. namely

m(Q — Q) = £x
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(Binney & Tremaine 1987) where m is equal to 2 for Lindblad resonances. and 4 for
the ultraharmonic resonances. The inner Lindblad resonance refers to the condition
O, = Q — ~/2 while the outer Lindblad resonance occurs at Q, = Q + x/2. Most
‘real” rotation curves allow for two ILRs (see Figure 2.2) and the one nearest the
nucleus is called the inner inner Lindblad resonance (IILR) while the second ILR is

often called the outer inner Lindblad resonance (OILR).

Calculations of the locations of ILRs require knowledge of the rotation curve of
the galaxy as well as the bar pattern speed. The value of x can be calculated from
the rotation curve using

oz

K= RE‘F-IQ'

{Binney & Tremaine 1987) but since Q = Viot/ R this reduces to

dl;,
- — 2 J _'E.

The bar pattern speed () is usually estimated by assuming that the corotation
resonance (€ = Q) occurs just past the end of the bar (simulations suggest 1.2x
the bar radius to be precise). These parameters are shown in detail in Figure 2.2.
In this figure the bar pattern speed (€y,) is shown by the horizontal line at 35 km
s~!/kpc. Since this line intersects the Q—x/2 curve in two places (R = 1 and 3 kpc).
these are the locations of the Inner ILR and Outer ILR respectively. Notice that if
the bar pattern speed were raised to 80 km s~! /kpc. then it would not intersect the

Q — /2 curve. and thus there would be no inner Lindblad resonance.

2.7 Barred Galaxy Models

All the models to be discussed in this section have not necessarily been attempt-
ing to model the nuclei of barred galaxies. but all of them make predictions regarding

the nuclear structure. In the following section. I will emphasize primarily the models



24 2. BACKGROUND ON SINGLE AND DOUBLE BARRED GALAXIES

300 H l T L T 1
Vrot )
| ~
200 — 70 2
= 1 &
e )
2 1 @
~ . ®
> 7
Q 1.3
100 >—35 &
0 1 1 1 1 1 ! 1 1 i ! 1 1 I T
0 10 20 30

R (kpc)

Figure 2.2: Typical Rotation Parameters for Barred Galaxies

This figure (adapted from Shaw et al. 1993) shows the parameters discussed in the
text for a typical barred galaxy. The inner Inner Lindblad Resonance occurs where
the bar pattern speed (€. the horizontal line) crosses the Q — x/2 curve nearest
the galactic centre (R = 1 kpc). The outer ILR occurs where the bar pattern
speed crosses the Q — x/2 curve further from the nucleus (R = 3 kpc). Corotation
occurs where the bar pattern speed crosses the angular frequency curve Q (=V,,/R).
Outer Lindblad Resonance occur where Qp = Q + x/2. Note that in this particular
example. if the bar pattern speed is increased from 35 to a (unrealistic) value of >75
km s~!/kpc. there will be no ILR in this galaxy.
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predictions for the gas distributions in the nuclei of barred galaxies. even if it was

not the focus of the paper or discussed in detail in the text.

2.7.1 Bars and Spiral Arms

In addition to determining the location of resonances. Contopoulos & Papayannopou-
los (1980) also derived the families of stable orbits for varying bars strengths. For
weak bars. there are two basic families of stable. periodic orbits: the so called x;
and x; families. The x; orbits run along the length of the bar (inside the corotation
resonance: see §2.6) and are likely responsible for the barred appearance of galax-
ies. The x, orbits are the dominant orbits between the inner Lindblad resonances
{ILRs). They also note thart if the bar is stronger or is rotating such that there are
no ILRs. the x, family of orbits that run perpendicular to the bar cannot exist. and

the x; orbits dominate (see Figure 2.3 for example).

The shortcoming of this. and similar models is the absence of a dissipative ma-
terial (such as the molecular gas) that we know permeates the interstellar regions
of galaxies. These purely stellar calculations do not include any method of loosing
energy through viscous molecular cloud collisions. nor did they include any feed-
back mechanisms such as energy injection due to supernovae. More recent models

discussed below incorporate these features.

Early studies of molecular gas in galaxies treated the gas as a continuous fluid
(e.g. Roberts 1969). As such. density waves (Lin & Shu 1964) in galaxies are capable
of compressing this fluid in the spiral arms of a galaxy. which was though to be the
cause of the enhanced star formation in these regions. Later studies of the interstellar
material in our own Galaxy showed that the interstellar medium was not a uniform

fluid. but consisted of very distinct phases. The phase that contains the most mass
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was the cold dense clumpy phase. mostly in the form of Giant Molecular Clouds
(e.g. Solomon. Sanders. & Scoville 1979). In this context. the gas in the galaxy can
not be simply modeled as a continuous fluid. and the generalizations made from this

fluid theory likely did not apply to the interstellar medium of real galaxies.

One of the first simulations to incorporate the effects of molecular gas dissipation
is by Combes & Gerin (1985). They point out that purely stellar N-body simulation
of barred galaxies can only produce short-lived bars. mostly because of the increase
of velocity dispersion relative to the orbital velocities (Hohl 1971). The addition of
a dissipative component may be able to prevent this disk “heating”. allowing longer-
lived spiral arms. Combes & Gerin (1985) assume that the gravitational potential is
dominated by stars. and that the stars do not interact with molecular clouds. except
through the gravitational potential. The clouds. on the other hand. can exchange
mass through collisions and can grow through coalescence. In the event of a cloud
collision. clouds can merge together or fragment into two or three pieces depending
on the impact parameter of the collision. The largest clouds have finite lifetimes
and after 40 Myr. cloudlets are reinjected back into the ISM assuming a power-law
mass distribution with each cloudlet given a random velocity to simulate the effects

of supernovae.

The first cases studied by Combes & Gerin (1985) was for strong and weak bars
where the bar is rotating fast enough that there are no ILRs. In this case. there
is no shock on the leading edge of the bar enhancement as seen in the purely fluid
models. but there is an increase in cloud collisions in this region. They also note
an increase in molecular gas cloud collisions near the bar ends. which may account
for the increased star formation activity seen at the bar ends of some galaxies. The
long term evolution of these systems results in the gradual formation of a ring at

approximately the radius at which the bar ends. This is the result of the rapidly
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rotating bar transferring angular momentum to the particles. causing the spiral

pattern to wind to a ring in approximately 10 rotations (a few Gvr).

The more interesting case (and the one more relevant to the galaxies studied in
this thesis) is the case of a weak bar that is rotating slowly enough so that there are
two. one. or just barely one ILR present!. In the slow bar cases. there are clear signs
that the gaseous bar actually leads the stellar bar by ~ 20°. This slowly rotating bar
(unlike the fast bar) steals angular momentum from the gas clouds. causing them
to flow towards the nucleus. At the radius of the ILRs. the clouds tend to gather in
elliptical orbits aligned with the bar and there is observational evidence for nuclear
rings of clouds at approximately this radius in many barred galaxies {e.g. Gerin.
Combes. & Nakai 1988). The ellipticity of this ring increases as the bar speed is
decreased. i.e. circular rings are formed for faster bars. while elongated rings with
major axes approaching the ILR radius form for slower bars?. Thus according to
these models. the nuclear gas morphology for weak. slowly rotating bars is almost
entirely determined by the rotation speed of the bar perturbation. Their models did
not. however. predict the wide variety of dust lanes that are observed on the leading

edges of galaxy bars.

2.7.2 Shocks and Dust Lanes

The prominent feature of many barred galaxies are the dark dust lanes that run

along the leading edge of the bar. These are often thought to be associated with

't should be pointed out that just because the bar is rotating slowly. it does not guarantee
the existence of an ILR because x and Q are calculated under the assumption that the
potential is axisymmetric. This is clearly not strictly true for barred galaxies. See §2.6 for

details.

*This phenomenon is also seen in the models of Athanassoula (1992): see Figure 2.3.
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shocks caused by the abrupt change in direction of the gas streams as it crossed
the bar perturbation. Confirmation of this theory is found in direct measurements
of the velocity jumps that occur across these dust lanes. Despite the difficulty in
resolving such features. evidence for such velocity jumps is found in Fabry-Perot Ha
maps of the SB galaxy NGC 1365 by Teuben et al. (1986). Velocity jumps of ~150
km s~! were seen at the positions of the dust lanes in the SB galaxy NGC 6221 by
Pence & Blackman (1984). Additional support that the dust lanes occur at shocks
in the gas flow is seen in radio continuum maps of barred galaxies. Since shocks
mark regions of compressed gas. dust. magnetic fields. and high energy particles.
they should be bright in radio emission. Observations of the SB galaxies NGC 1097
{Ondrechen & van der Hulst 1983) and M83 (Ondrechen 1985) show that the dust

lanes are very prominent in the continuum maps.

In an atrtempt to explain the variety of dust lanes observed along the leading
edge of galactic bars. Athanassoula (1992) used a hvdrodynamical code to model the
gas flows in and around the bar of galaxies. Particle codes such as the one used in
Combes & Gerin (1985) may be more realistic. but it is more difficult to accurately
model shocks in a particle based code. The model consisted of two axisyvmmetric
components: a bulge and a disk. The third component was the bar. which is modeled
as an ellipsoid. The gas disk is ideal. isothermal. non-viscous. non-self-gravitating
and infinitely thin. By varying many of the bar parameters. Athanassoula was able
to create a catalogue of dust lane morphologies for different bar strengths. pattern

speeds. masses. and central concentrations (which determine the rotation curve).

For the case of a galaxy with a weak bar (axial ratio of 2.5) rotating slowly
enough to allow the existence of inner Lindblad resonances. the gas shocks (hence
dust lanes) occur along the leading edge of the bar. and are slightly curved to reflect

the lenticular shape of the weak bar. For the faster of the bar speeds (still allowing



2. BACKGROUND ON SINGLE AND DOUBLE BARRED GALAXIES 29

two ILRs) these regions of enhanced density curve in towards the nucleus where
they wrap around the ILR. forming a circumnuclear ring (see upper right panel of
Figure 2.3). When the same model is re-run. but with the bar speed is decreased.
the gas deunsity is enhanced down the very centre of the bar. and there is no longer
a circumnuclear ring (left-most panels: Figure 2.3). The gas seems to just cross the
nucleus and reconnect with the dust lane on the other side of the bar. For the case of
a very slow rotating bar. the x; orbits are cither absent or negligible. so the x; orbits
dominate. and the gas shocks occur along the centre of the bar. For the faster bar.
the x; orbits dominate near the nucleus. forcing the x; orbits to be widened to at
least the major axis diameter of the x; orbits (see lower panel of Figure 2.3). Thus.
for bars with similar axial ratios. masses. and central concentration. the location of

the dust lanes sets limits on the pattern speed of a galactic bar.

Athanassoula (1992) proceeded to vary different model parameters. while holding
the others constant. She showed that increasing the strength of the bar has a similar
effect on the dust lanes as decreasing the bar pattern speed. For weak bars (low
axial ratios). the dust lanes were curved along the leading edge of the bar. then
circled the nucleus at the ILR radius. The difference in this models is that for
veryv strong bars. the x, orbits actually extend wider than the x, orbits. and thus
cannot survive. Even without x, orbits for the stronger bars. all trials with different
axial ratios succeeded in producing circumnuclear rings. but they were elongated

perpendicular to the bar for strong bars.

It was also shown that increasing the bar mass and decreasing the central con-
centration has similar effects on the dust lanes and nuclear gas morphology as de-
creasing the bar pattern speed (as shown in Figure 2.3). High mass bars and low
central concentrations result in dust lanes that cross the center of the galaxy and

reconnect on the other side. The nuclear molecular gas resembles very elongated
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Figure 2.3: Galactic Gas Morphology for Different Bar Pattern Speeds Allow-
ing ILRs

This figure (taken from Athanassoula 1992) shows the variation in the behavior of
the molecular gas in a barred galaxy with Inner Lindblad Resonances. The bar
pattern speed increascs to the right. The top panel is the gas density (white is
high). the middle panel are the gas velocities. and the lower panel marks the regions
of highest density where the velocity jumps and gas densities are the highest. The
dust lanes should occur along these lines. The solid line in the bottom panels marks
the x; orbit. the dashed line marks the x; orbits.
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rings that are tipped with respect to the galactic bar. Low mass bars and high
central concentrations result in curved dust lanes and very circular nuclear rings of
gas.

The final conclusion of all models of Athanassoula (1992) is that in order for
dust lanes to appear offset along the leading edge of the bar. barred galaxies must
have ILRs and stable x, orbits. Otherwise the dust lanes pass straight through the
centre. In all models. the dust lanes are regions of high shear. which may explain
the lack of star formation near the leading edge of the bar, despite the high gas
density. Form the point of view of this thesis. the major conclusions drawn from
Athanassoula (1992) is that a variety of bar parameters may be responsible for the

nuclear gas morphologies in barred galaxies.

2.7.3 Inflow

Bars and open spiral arms have long been believed to be a good way to transport
gas into the nuclei of galaxies. Despite the paucity of strong observational evidence.
this inflow is generally thought to be responsible for the feeding of starburst and
active galactic nuclei. bar dissolution. and bulge growth (Combes & Gerin 1985:
Pfenniger & Norman 1990). It is clear from Figure 2.3 that the gas flow in and
around bars has a very complicated structure. There are signs of both inflow and
outflow within the bar. If the gas does not encounter a shock. it will simply follow
stable orbits with very little net inflow. For the gas that encounters a shock though.
the inflow velocities may exceed 100 km s~!. This is not the inflow rate. it is the
maximum. The average inflow velocity (including the outflow regions) for the entire

galaxy is more on the order of 1 km s~! (Athanassoula 1992).
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There is indirect observational evidence for inflow in barred galaxies. One exam-
ple is the shallower metallicity gradients in barred galaxies which suggests a mixing
effect (Vila-Costas & Edmunds 1992: Dutil & Roy 1999). Another indirect piece
of evidence for inflow in barred galaxies is that Ha luminosities are higher in the
nuclei of barred galaxies compared unbarred galaxies. This suggests more vigorous
star formation is taking place in the barred galaxies. perhaps fueled by inflow of

molecular material from the outer disk (Ho. Filippenko. & Sargent 1997a).

Until recently there have been very few direct measurements of the rate of in-
flow in barred galaxies. Quillen et al. (1995) have estimated the inflow rates for
the barred galaxy NGC 7479. Thev modeled the galactic potential based on near
infrared images which trace the older stellar population. thought to dominate the
mass of a galaxy. From this they were able to derive a theoretical deprojected rota-
tion curve which allowed them to estimated the bar pattern speed (assuming the bar
ends at the corotation radius). Assuming that the gas velocities along the leading
edge of the bar were purely radial (Figure 2.3 show this may be a good approxima-
tion) the angular momentum of the gas is given by [ = r?Q. so the torque on the
gasis 7 = d®/df = dl /dt x~ (dr/dt)2rQ,. where ® is the gravitational potential and
r and € are the usual polar coordinates. Thus. the inflow speed is

dr _ d®/df

dt ~ 2rQ )

So by knowing the potential ¢ for all r and 4 from the modeling of the NIR images.
and the bar pattern speed (€2,) they were able sum all the torques along their CO

maps to estimate an inflow speed of 10-20 km s~!.

Benedict. Smith. & Kenney (1996) compare the observed rotation curve of the
barred galaxy NGC 4314 derived from high resolution CO maps to theoretical cir-
cular velocity rotation curves for mass models derived from near infrared images of

this galaxy. The deviations of the CO velocities from circular suggest that inflow
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speeds of 20 to 90 km s™! are present near the dust lanes. Using a rather simplified
argument (they assume that all the molecular gas in the inner 7 flows inward at 30

km s7'). this corresponds to mass inflow rates of 7 M. /vear.

Using a more complicated method to determine the mass inflow rate. Regan.
Vogel. & Teuben (1997) compared a variety of observations with a hydrodynamical
models and estimated the gas inflow speed for NGC 1530 to be 85-200 km s~!.
Assuming that all mass in the dust lanes reaches the nucleus. they obtain an upper
limit of mass inflow rate. The mass flux M along the dust lane at a distance d from

the nucleus can be written
M(d) = a(d)WVy(d)

where o is the gas surface density (determined from the CO flux). W is the width of
the dust lane (determined from high resolution multi-color images). and 1y is the
velocity of the gas along the dust lane (derived from Fabry-Perot Ha images and
CO maps compared to galaxy models to correct for inclination). Thev find a mass
inflow rate of 6 M. /vear. in excellent agreement with the estimates of Benedict.
Smith. & Kenney (1996) derived for NGC 4314. Unfortunately. the large number of
assumptions that had to be made for the galaxy model (mass-to-luminosity ratio.
pattern speed. etc.) suggest that more measurements of this sort are needed to

obtain more precise inflow rates for barred galaxies.

So overall it appears clear (both theoretically and observationally) that galactic
bars are an excellent means of driving molecular gas into the nuclear regions where it
can fuel nuclear activity. There is a problem with all of these models and calculations
of gas flows in barred galaxies. in that the inner Lindblad resonance seems to be
very effective at trapping molecular gas at the ILR radius (Combes & Gerin 1985:
Athanassoula 1992). In a study of CO in four barred galaxy nuclei. Kenney et al.

(1992) found that three of the galaxies exhibited a “twin peak™ morphology (the
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CO emission is confined to two peaks away from the center). consistent with what
one might expect if the molecular gas was being trapped at the iLR radius as it
flowed inward along the leading edge of the galactic bar. The fourth exhibited a
central nuclear concentration. as if the galaxy had no ILR or the gas had found a
way to get past it. The galaxy with the central peak of molecular gas is undergoing
star formation. while the three rwin peaked galaxies are not. This result suggests
that ILRs may be a way of preventing molecular gas from traveling all the way into
the nucleus of a barred galaxy. The double barred models discussed in the following
sections provide a means of overcoming this gas trapping. It is the search for these

nuclear bars that is the motivation for the remaining chapters of this thesis.

2.8 Double Barred Galaxy Models

The original theoretical study of nuclear bars {or double bars. or bars within
bars) was performed by Shlosman. Frank. & Begelman (1989). They discuss the
need for a mechanism that can transport molecular gas from the outer disks of
galaxies. down to regions of a few pc. where it can be accreted by the black hole.
The main difficulty in transporting gas in the outer disk of a galaxy (at tens of
kpc from the nucleus) down to the regions surrounding a black hole (tens of pc) is
that the specific angular momentum must be reduced by a factor of approximately
10%. They show that viscous gas processes are not sufficient to transport enough
material into the nuclei of galaxies to maintain the high luminosities of these AGN.
They also note that a large scale bar alone could not be solely responsible for the
gas transport into the nucleus. because the gas flows generally do not extend all the
way in to the very centres of galaxies. In addition. ILRs can trap the gas on the

way into the nucleus.
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Shlosman. Frank. & Begelman (1989) propose that a large scale bar can collect
molecular gas into a nuclear ring or disk. Subsequently. this ring or disk may also
become unstable (Hohl 1971) and form vet another. smaller bar. interior to the ILR
of the large scale bar. This nuclear bar may then transport material inward. until
it encounters the ILR of the nuclear bar. at which point the process repeats itself
until the gas is transported all the way into the centre of the galaxy through a series
of nested bars. Thus. they conclude that large scale bars mayv be a necessary. but
not sufficient condition for strong nuclear activity. They point out that nuclear bars
may be prematurely disrupted by the onset of star formation in the molecular gas
as it accumulates in the nuclear disk or ring. Thus. it may be that the formation
(or lack of formation) of these nuclear bars determines the final state of activity in

barred galaxies.

2.8.1 N-Body Models with Stars and Gas

Shaw et al. (1993) model galaxies as a 2D ensemble of stars and clouds. each
as particles. The stars are collisionless and the clouds undergo energy loss and
sticky collisions as described in §2.7.1 in the models of Combes & Gerin (1985).
The results of their simulations show that a nuclear ring quickly forms. as has been
seen in previous simulations. and the gas tries to settle into the x, orbits that run
perpendicular to the bar inside the ILR radius. The gravitational torques caused by
the large scale bar act to slow down the procession of this elongated ring. such that
the gaseous ring begins to slide back into alignment with the large scale bar. but
still leads it. Since the x; orbits are constantly being re-supplied with new gas from
the disk. the steady state is a nuclear elongated ring that appears to lead the large
scale bar by up to 30°. The gaseous ring may contain enough mass to draw some

of the stars into these phase shifted orbits. explaining why the isophote twists are
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visible in the near infrared (NIR) images. The whole system will rotate at the same
pattern speed. with the inner part of bar (gas and stellar) leading. followed by the
rest of the main bar (gas and stars). This model requires large amounts of molecular
gas to reproduce the observed NIR isophote twists: 4-6% by mass. Without the gas.
the stellar components of the models of Shaw et al. (1993) become kinematically
heated very rapidly and destroy any nuclear structures that could be responsible for

the NIR isophote twists.

In contrast. Friedli & Martinet (1993) propose that the nuclear bars must be
kinematically distinct. If the nuclear bar and the large scale bar are rotating at the
same pattern speed as proposed by Shaw et al. (1993) than the gravitational torques
exerted by the large scale bar on the nuclear bar would act to pull the nuclear bar
into alignment with the large scale bar. In addition. observations of NIR isophote
twists show that the nuclear bar can either lead or trail the large scale bar. whereas
the models of (Shaw er al. 1993) can only account for the nuclear bars that lead the

large scale bar.

Friedli & Martinet (1993) model galaxies as a 3D stellar and gaseous svsten:.
with the stars treated as collisionless particles and the gas treated as a smooth fluid.
Their simulations of double barred galaxies suggest in the models run without gas.
any evidence of nuclear bars is quickly destroved by the kinetic heating of the stars.
When the gaseous component is added. the models evolve into a large scale bar
and a nuclear bar. as the x, orbits of the primary bar are converted into the x,
orbits of the nuclear bar. Eventually the nuclear bar gains enough mass to become
kinematically distinct. It rotates with a pattern speed up to 3 times the pattern
speed of the large scale bar. As the nuclear bar sweeps around. it slowly forms a
nuclear ring. After approximately six rotations of the nuclear bar. the central region

becomes chaotic. and the nuclear bar dissolves. The large scale bar and nuclear ring
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remain. since thev are at. or bevond. the location of the inner Lindblad resonance.
In order to create and sustain these nuclear bars. there must be a substantial gaseous
component to prevent the kinematic heating of the stars. The galaxy must contain

10% gas by mass. or contain 2% (of the total mass) gas in the inner kpc.

In summary. these two models are both capable of re-creating the observed NIR
isophote twists using two very different mechanisms. The one thing these models do
have in common is the need to include rather large amounts of a dissipative material.
such as molecular gas. In both models. the gas dissipation is rather arbitrarily set
at some value that relates to an energy loss of ~10%. Combes (1994) studied the
effect of the gas dissipation on the simulations of double barred galaxies and shows
that simulations containing higher viscosity gas tend to form kinematically distinct
bars (like those of Friedli & Martinet 1993). Less viscous gas produces nuclear gas
bars that lead the nuclear stellar bar by up to 30°. but rotate at the same pattern
speed as the main bar of the galaxy (like those of Shaw et al. 1993). So this suggests
that more detailed studies of the dissipative properties of molecular gas are needed

to increase the accuracy of these models of barred galaxy nuclei.

2.8.2 Models Without Gas: Purely x, orbits

In order to bypass the complications introduced by attempting to model the
gaseous component of barred galaxies accurately. a variety of groups have modeled
NIR isophote twists using purely stellar models. As discussed already. the main
cause of nuclear bars in the N-body models is the feeding of gas onto the x; orbits.
Contopoulos & Papayannopoulos (1980) showed that the x, family of orbits are
stable and may become populated by stars. This model neglects the self gravity of
stars that tend to result in the kinematic heating as the stars interact deep in the

potential well near the nucleus of the galaxies. If the nuclear bars are simply stars
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that orbit in the x; orbits. then we should always see the nuclear bar perpendicular
to the large scale bar. Is it possible that the observed variation in angles between the
large scale and nuclear bar are simply the result of seeing these galaxies at various

inclinations?”

Friedli & Martinet (1993) compared a simple model of perpendicular x; and x,
with observations of isophote twists in barred galaxies in an attempt to determine if
these twists were the result of the stable stellar (x;) orbits that run perpendicular to
the main bar seen at various oblique angles. In their model. the barred galaxy would
look like —+— (seen face-on and un-rotated) where the vertical line represents the
X, orbits and the horizontal line is the main bar (comprised of the x; orbits). Thev
found thar projection of the perpendicular x; orbits cannot explain all the observed
angles of NIR isophote twists and concluded that they must be time dependent

svstems (i.e. the inner bar rotating at a different pattern speed than the main bar).

So. if the galaxy consists of two kinematically distinct bars. is it possible that the
average density of all the stars on their orbits in the time-varving potential adds up
exactly to what is needed to give rise to the potential in which they move (i.e. can
it be a self consistent model)? Recently. Maciejewski & Sparke (2000) perforined
a study of closed orbits of double barred galaxies with different pattern speeds for
the large scale and nuclear bar. Following a similar approach as Contopoulos &
Papayannopoulos (1980). they found that closed orbits do exist in these seeminglv
chaotic systems. The x; orbits are capable of supporting the nuclear bar as it rotates.
They predict that the nuclear bar should change shape and axial ratio as it rotates.
with the distortions induced by the gravitational tug of the large scale bar. The
predicted shapes could be tested with observations of nuclear bars at sufficiently

high resolution.
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2.8.3 Triaxial Stellar Bulges

The original explanation of the isophote twists observed in the centres of early
type galaxies does not require the existence of a nuclear bar at all. Kormendy (1979)
proposed that the twists are the result of a stellar bulge that is triaxial in shape.
The projection of this triaxial bulge would result in a twisting of the isophotes which

could easily be mistaken as a secondary nuclear bar (see Figure 2.4).

-

Figure 2.4: Schematic Diagram of How a Triaxial Bulge Results in Isophote
Twists

In this example. we represent a triaxial stellar bulge with the triaxial box shown in
the upper panel. If the box were luminous and transparent. the resulting isophotes
would have orientations similar to those shown in the lower panel.

2.9 Observations of Double Barred Galaxies

2.9.1 Nuclear Bars in Active Galaxies as Seen from the Earth

The original observations of isophote twists in the nuclei of galaxies is traced back
to de Vaucouleurs (1974) who identified isophote twists in the centres of NGC 1291
and NGC 1329. These isophote twists were attributed to the presence of a triaxial
“spheroid™ or stellar bulge by Kormendy (1979). In this picture, the isophote twists

result from the projection of a triaxial bulge of older stars that surround the nucleus
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of a galaxy seen as it appears in projection on the sky. A study of axial ratios of
some of the isophote twists indicates that not all of these can be attributed to a

triaxial stellar bulge. Some of them must be actual nuclear bars.

Wozniak et al. (1995) performed an optical survey of 36 galaxies that were
thought to contain isophote twists or triaxial structures in their nuclei. They find
that of these. 22 show signs of some form of triaxial structure. The dust obscuration
at these optical wavelengths make determination of nuclear structures difficult. so in
a second paper (Friedli et al. 1996) they present NIR observations of a sub-sample
of 13 from the original 36 galaxies that showed evidence for a nuclear bar. The NIR
images verified the existence of nuclear bars in these galaxies and they show that
when deprojected. the primary bar and the nuclear bar have no preferred orientation
with respect to each other. They also find that the ratio of the major axis of the
primary bar to the nuclear bar ranges from 4 to 13. with an average of 7. The
primary bar has an ellipticity of 0.58. while the nuclear bars are generally narrower
with an ellipticity of 0.31. They find that the occurrence of Seyfert activity is high

in these double barred galaxies (6 of 13).

Elmegreen et al. (1996) studied the NIR images of 21 barred galaxies that cover
a wide range of morphological classifications. They find that isophote twists occur
preferentially in earlier tvpe galaxies®. Half of the early type galaxies (SBa-SBbc)
and none of the later tyvpe galaxies (SBc-SBm) show signs of nuclear bars. Since
the early type galaxies are known to be more likely to contain ILRs (Combes &
Gerin 1985). the findings of this work suggest that bars may be associated with

galaxies that contain ILRs. Elmegreen et al. (1996) do find galaxies that contain

3Early type galaxies are those which have larger bulges than later type galaxies. Early
type galaxy classifications are suffixed with the letters *a’ or *b’. while later types are marked

with "¢’ or *'m".
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rings (hence ILRs) but contain no nuclear bars. so it seems that the presence of an

ILR is not sufficient condition for a nuclear bar.

The previous studies have been selecting target galaxies that are believed to
contain nuclear bars based on previous observations. Thus. meaningful statistics on
the occurrence of nuclear bars is difficult. The largest and most recent NIR survey of
the nuclei of disk galaxies (spiral and barred) was undertaken by Jungwiert. Combes.
& Axon (1997). They observed 72 galaxies closer than 40 Mpc and observed a wide
range range of nuclear morphologies including 17 galaxies with either double nuclear
bars or a nuclear bar nested in a triaxial bulges. as well as 3 nuclear bars in non-
barred galaxies (as classified by RC3: de Vaucouleurs et al. 1991). Of the 56 galaxies
in which they were able to perform deprojections. 37 of them contained evidence for

some form of nuclear bar (either single or double). Of these. 9 were Sevferts.

It seems that there is an abundance of Seyfert activity in double barred galaxies.
If we wish to address mechanisms that may be at work in the very centres of theses
galaxies. we will need much higher resolution observations. Currently. the only
instrument with the resolution to see the inner tens of parsecs of AGN is the Hubble

Space Telescope.

2.9.2 Nuclear Bars in Active Galaxies with the Hubble Space Tele-

scope

In an effort to determine if nuclear bars are prevalent in the nuclei of AGN.
Regan & Mulchaey (1999) used the Hubble Space Telescope to observe the nuclei of
12 active galaxies. These galaxies were previously found to contain the NIR isophote
twists that are thought to be the signature of a double barred galaxy. They argue

that stellar light does not necessarily trace the gravitational potential in the nuclei
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of galaxies because of its high velocity dispersion. They claim that gas and dust are
better tracers of potential. and since current generation millimeter and submillimeter
arrays do not have the resolution to map the details of the inner 3” of these galaxies.
thev use color Hubble Space Telescope (HST) images to trace the nuclear dust
distributions. They searched for the signature straight dust lanes associated with
bars (see Figures 2.1 and 1.1 for example). They found the signature of bars in
only 3 of the 12 galaxies. Two of the nuclei showed a ring structure while the rest
(6) resembled the spiral arm patterns seen in large scale spiral galaxies. Regan
& Mulchaey (1999) conclude that the nuclear bars are not the dominant fueling

mechanism for AGNs. and suggest that perhaps nuclear spirals may be responsible.

In a similar study. Martini & Pogge (1999) observed the nuclei of 24 Sevfert 2
galaxies using the HST. Unlike the study of Regan & Mulchaey (1999) who chose
their galaxy sample based on the existence evidence of nuclear bars. Martini & Pogge
(1999) chose their sample from the CfA spectroscopic survey of AGN by Huchra &
Burg (1992). They chose galaxies that were typicallv closer than 100 Mpc. which
allows resolution down to at worst a few tens of parsecs with the HST. Using a
technique similar to Regan & Mulchaey (1999). they use the color maps (V' - H) to
search for dust lanes associated with bars in the nuclei of these 24 galaxies. Thev
find that 20 of the 24 galaxies have nuclear spirals. 2 are nearly edge-on so their
morphology cannot be determined. and the remaining two are very irregular and
look like the remnants of a merger. They can therefore rule out nuclear bars in all

but 4 of these galaxies.

It should be noted that the dust lanes do not always appear straight in barred
galaxies. If the bar is weak. the dust lanes can take on a very curved appearance.
similar to those of two-armed spiral galaxies (Athanassoula 1992: see Figure 2.3:

lower middle panel). Thus the appearance of curved dust lanes does not necessarily
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rule out the existence of weak or rapidly rotating nuclear bars (as predicted by the
models of Friedli & Martinet (1993): see §2.8). In addition. using the interstellar
medium (ISM: dust. gas) may not be the best indicator of gravitational potential.
Recent results from the Berkeley Illinois Maryland Array Survey Of Nearby Galax-
ies (BIMA SONG) survey of molecular gas in galaxies shows a wide range of gas
distributions in samples of galaxies with nearly identical stellar distributions. sug-
gesting that other factors such as star formation may re-distribute the molecular gas
in any number of distributions (Kartik Sheth: private communication). Molecular
gas of different viscosities may also respond differently in similar gravitational fields
(Combes 1994). More detailed studies of the effect of molecular gas conditions (such
as density and temperature) on the viscosity of molecular gas are needed before we

can use the ISM as a tracer of gravitational potential.

2.10 The Long Term Fate of Double Barred
Galaxies

Pfenniger & Norman (1990) modeled barred galaxies containing black holes in
their nuclei. They find gas inflow in barred galaxies (without ILRs) feeds the black
hole. increasing its mass. As the black hole grows. it modifies the gravitational
potential and changes the rotation curve such that ILRs eventually appear. Oddly.
they find thar mass accretion accelerates after the formation of an ILR. This is be-
cause the chaotic region interior to the ILR in these models grows as the central mass
increases and pushes the ILR radius outward. Thus. the larger the chaotic region.
the greater the accretion onto the black hole. As the black hole becomes stronger.
so does the ILR. increasing the accretion rate. The material that crosses the ILR
may form a disk around the central mass concentration. This disk may become bar

unstable and form a nuclear bar. The nuclear bar accelerates the accretion onto the
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black hole. which acts to sphericalize the gravitational potential. which eventually
leads to the disruption of both bars. The end result would be a kinematically hot

spheroid. that will eventually become weakly triaxial (Pfenniger & Norman 1990).

2.11 A Brief Description of the Galaxies Dis-
cussed in this Thesis

Here I briefly describe some of the past studies of the galaxies discussed in the
following chapters. Much of this information was obtained using the NASA-IPAC
Extragalactic Database (NED). These summaries are not intended to be complete.
but are meant to give the reader a feel for the wide variety of galaxies that are
contained in my sample. I will provide more details of each galaxy in the individual
chapters when necessary. Images of the nuclear regions of these galaxies is shown in
Figure 2.5. The images with the light grevscale and black contours are taken from
Wozniak et al. (1995) (B and I) and Friedli et al. (1996) (J). The images with the
dark greyscales with the white contours are taken from Mulchaey et al. (1997) and

the images thar are just black contours are from Shaw et al. (1993).

NGC 470: This galaxy is classified as SA(rs)b in de Vaucouleurs et al. 1991
but is found to have an elongated bar structure in the NIR images of Friedli et al.
(1996). They also see evidence for nuclear isophote twists. The nucleus is undergoing
starburst activity (Jogee 1998) and NGC 470 is probably interacting with NGC 474
(de Vaucouleurs 1974). It was mapped in '?CO J=1-0 by Jogee (1998) and the
molecular gas distribution follows the isophote twists seen by Friedli et al. (1996)
suggesting that there really is a nuclear bar at the centre of this galaxy. The CO

maps were kindly provided to us prior to publication by S. Jogee.
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Figure 2.3: Optical and NIR images of the Galaxies Discussed in this Thesis
This figure shows the B-band and NIR images of the centres of galaxies that are
considered double barred candidates based on the isophote twists at the very centres.
Note how the outer isophotes have a different position angle than the isophotes near
the nucleus. These are either caused by the presence of a true nuclear bar or are
the result of a triaxial stellar bulge.



46 2. BACKGROUND ON SINGLE AND DOUBLE BARRED GALAXIES

NGC 1097: This galaxy is classified as SB(s)b by de Vaucouleurs et al. (1991).
It was originally thought to contain a LINER nucleus. but new observations suggest
that it is actually a Seyfert 1 (Kinney et al. 1993: Friedli et al. 1996). It has a strong
bar (possibly triggered by interaction with the companion galaxy NGC 1097A) with
a bright circumnuclear ring with a radius of 10” that has been seen at a number of
wavelengths including the low resolution CO maps of Gerin et al. (1988). The NIR
images of Shaw et al. {1993) indicate the presence of a nuclear bar interior to the

ring. No high resolution CO maps of this galaxy exist in the literature.

NGC 2273: Classified as a SB(r)a by (de Vaucouleurs et al. 1991). this galaxy
contains a strong bar and a number of rings: a circumnuclear one and another one
(perhaps two) near the bar ends (van Driel & Buta 1991). It is thought to contain
a nuclear starburst based on its ~M82-like™ infrared properties (Young & Devereux
1991). The NIR images of this galaxy by Mulchaev. Regan. & Kundu (1997) show
a nuclear bar nearly perpendicular to the large scale bar (see Figure 3.2). The wide
emission lines seen by Huchra. Wyatt. & Davis (1982) suggest that it contains a

Sevfert 2 nucleus.

NGC 2859: This galaxy that not been extensively studied in the past. It is
classified as a (R)SB(r) galaxy by de Vaucouleurs et al. (1991). The “(R)” indicates
the presence of an outer ring. while the “(r)” indicates a circumnuclear ring. There
1s no evidence in the literature that this galaxy contains any form of nuclear activity.

but it was found to contain a nuclear bar in the images of Wozniak et al. (1995)

NGC 2950: Classified as a (R)SB(r) galaxy by de Vaucouleurs et al. (1991).
this galaxy also contains an outer and inner ring. It. too. is relatively poorly studied.
It is known to contain a very bright nucleus. but there is no evidence in the literature
that it is undergoing any form of nuclear activity. It has been identified as a double

bar galaxy candidate by the NIR survey of Friedli et al. (1996).
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NGC 3081: This strongly barred SBa. Seyfert 2 galaxy (Kinney et al. 1993)
has gained much attention recently. It was identified as a double bar candidate the
in NIR survey of Friedli et al. (1996). It also contains a nuclear ring that surrounds
the nuclear bar. It was one of the targets of the Hubble Space Telescope survey
of nuclear bars undertaken by Regan & Mulchaey (1999). The appearance of the
nuclear bar in their HST images is impressive. The nucleus of this galaxy resembles
a scaled down version of the large scale galaxy rotated at a different position angle.
It is one of only two galaxies that have nuclear bars in the HST survey of Regan &

Mulchaey (1999).

NGC 4340: Yet another poorly studied. strongly barred galaxy. This one is
classified SB(r) by de Vaucouleurs et al. (1991) and has no published record of
its nuclear activity. It was observed to contain a nuclear bar in the NIR survey of

Friedli et al. {1996).

NGC 4371: A poorly studied. strongly barred galaxy classified as SBO(r) by
(de Vaucouleurs et al. 1991). It has no published published record of its nuclear
activity. but it contains a very bright nucleus that may harbour Sevfert activity if
studied spectroscopically. It was identified as a double barred galaxy by Wozniak

et al. (1995).

NGC 4736: This is the closest galaxy in our sample (4.3 Mpc) and is also
probably the best studied galaxy in our sample. It is better known as M94. Based
on optical images. it has been classified as SAab (the “ab™ means is is somewhere
between “a” and “b"). The NIR images of Shaw et al. (1993) suggest that this
galaxy may contain a slight large scale bar distortion. as well as a nuclear bar. It
contains an expanding ring of star formation and is known to contain LINER activity
in the nucleus (Kinney et al. 1993). High resolution CO maps of this galaxy (Wong

& Blitz 2000) show an elongated central peak of emission that aligns with the NIR
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isophote twists of Shaw et al. (1993). The higher resolution CO images of Sakamoto

et al. (1999) show that this peak actually resolves into two peaks separated by 3”.

NGC 5728: This barred spiral galaxy is the most distant in our sample (37
Mpc). It is classified as SAB(r)a and also contains a Sevfert 2 nucleus (de Vau-
couleurs et al. 1991). Color maps indicate the galaxy contains two blue rings of
recent star formation. one in the nucleus (r = 5"”: Wilson et al. 1993) and one near
the main bar ends (r = 55": Schommer et al. 1988). Two dust lanes emerge from
Just outside the nuclear ring and run parallel to the main bar of the galaxy. Near
infrared images of this galaxy strongly suggest the presence of a nuclear bar (Shaw
et al. 1993). Prada & Gutiérrez (1999) proposed that the nuclear bar in this galaxy

may actually be counter-rotating.

NGC 5858: This galaxy is one of the most distant of our sample (34 Mpc) but
forrunately. it is one of the biggest. It is classified as SB(r)b by de Vaucouleurs et al.
(1991) and shows no evidence of starburst or Seyfert activity. It shows strong signs
of a nuclear bar in the NIR images of Friedli et al. (1996). It has been mapped at
low resolution in CO by Leon. Combes. & Friedli (2000). who find vast amounts of
molecular gas in the large scale bar. Thev propose that the lack of star formation
despite such a large reservoir of molecular gas may be the result of strong shearing
in the bar that is disrupting the molecular clouds before stars can form. The high
resolution CO maps of this galaxy (Leon. Combes. & Friedli 2000) show a single
off-centre peak of emission that does not correspond with either the large scale or

nuclear bar.

NGC 6951: This galaxy is classified as SAB(rs)bc by de Vaucouleurs et al.
(1991) and contains a Sevfert 2 nucleus. It is classified as a having one (perhaps
2!) nuclear bars in the NIR images of Friedli et al. (1996). This galaxy has a

circumnuclear ring of star formation whose radius coincides with twin peaks of dense
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molecular gas upon which the star formation is likely feeding (Kohno. Kawabe. &
Vila-Vilaro 1999). These twin peaks of molecular gas are likely the result of gas

collection at the ILR in this barred galaxy.
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3. THE DIVERSE MORPHOLOGY AND DYNAMICS OF NGC 2273 AND NGC 5728

Chapter 3

Molecular Gas in Double Barred
Galaxies I. The Diverse Morphology
and Dynamics of NGC 2273 and NGC

5728

Submatted to the Astrophysical Journal
Abstract

Double bars have heen proposed as a means of transporting molecular gas past
inner Lindblad resonances into the nuclear regions. where it can fuel active or star-
burst nuclei. Thus far. the existence of double bars has been determined by isophote
twists seen in the near infrared. which could probe the bulge properties of these
galaxies rather than the disk properties. We have observed two double bar galaxy
candidates (NGC 2273 and NGC 5728) in '2CO J=1-0 with the Caltech Millimeter
Array. Despite the similar near infrared images of the two galaxies. we see rather
different nuclear morphologies in the CO maps. NGC 2273 shows evidence of a nu-
clear bar misaligned from the main stellar bar by ~90°. and aligned with the near
infrared isophote twists observed by Shaw et al. (1993). NGC 5728 shows an arc of
CO clumps that peaks just to the south-west of the dynamical center and curves to

the south-east where it follows the dust lane to the south. Models of double-barred
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galaxies suggest that these galaxies should contain a large fraction (3-10%) of their
mass in the form of molecular gas. Our calculations suggest that NGC 2273 and
NGC 5728 contain sufficient amounts of gas. but NGC 5728 is contains a smaller
fraction (6% ) than NGC 2273 (20% ). If the dissipative nature of the gas has been
overestimated in the models. the gas mass fraction could explain why we see a nu-

clear bar in NGC 2273 and no such structure in NGC 5728. The lack of a nuclear
bar in the CO maps of NGC 5728 may be evidence that it is in a later stage of
evolution. Bar dissolution may have just begun. and the gas has responded first.

which may explain why we sec a nuclear bar in the near infrared images of NGC

5728. but nort in the CO maps.

keywords: Galaxies: starburst - galaxies: active - galaxies: ISM - galaxies: kine-

matics and dynamics galaxies: nuclei

3.1 Introduction

The nuclei of barred spiral galaxies are often the setting for extraordinary events
such as srarbursts. molecular rings. inflow. and even Sevfert activity. The need to
understand the mechanisms driving these phenomena has inspired a great number
of observations and computer simulations. Models suggest that bars in galaxies can
drive molecular gas into the nucleus where it can fuel the vigorous star formation
activity that would otherwise exhaust the molecular gas content on timescales much
shorter than observed (e.g. Combes 1994). Bars can only drive molecular gas inward
until it reaches the Inner Lindblad Resonance (ILR; see Fig. 3.1). where it will accu-
mulate into a ring that will halt the inflow. To overcome this. Shlosman. Frank. &
Begelman (1989) proposed that the ring may become unstable and form a secondary
bar inside the radius of the ILR. which could allow gas to reach much farther into

the nucleus and possibly be the driving mechanism behind Seyfert nuclei.
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Schematic Diagram of Inflow via Bars
Rotation ILR Radius
h —
Inner BD
—
Inflow v
Main Bar

Figure 3.1: Schematic Diagram of a Double-Barred Galaxy
Schematic diagram of how a large scale bar (Main Bar) passing though a disk can
transport material towards the nucleus of the galaxy. It is difficult for simulations
to transport material all the way to the center becanse it tends to get trapped at the
Inner Lindblad Resonance (ILR). This figure shows the Inner Bar that mayv form
interior to the ILR and transport material all the way to the nucleus.
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Recent near infrared (NIR) surveys reveal isophote twists in the central regions of
barred galaxies which may be the signature of this "bar within a bar” (e.g. Mulchaey.
Regan. & Kundu 1997). There are three mechanisms which can account for NIR
isophotal twists (Elmegreen et al. 1996). The first mechanism (hereafter called
Model 1). proposed by Shaw et al. (1993). suggests the isophote twists are the result
of an inner stellar bar triggered by a dissipative gaseous component and misaligned
from the main bar. Their numerical simulations suggest that in the presence of two
ILRs a nuclear ring can become elongated perpendicular to the main bar (along
the x2 orbits). Gas dissipation steals angular momentum which can cause the inner
part of the perpendicular gaseous ring to become more aligned with the main bar.
resulting in the appearance of an elongated nuclear ring that leads the main bar.
This gas ring exerts a torque on the stellar component of the bar. pulling it out
of alignment also. The whole system would then rotate with the same angular
frequency. with the inner gaseous ring and nuclear stellar bar leading the main

bar!.

The second mechanism (hereafter Model 2) suggests that the twists are the
result of a kinematically distinct inner bar (Friedli & Martinet 1993). Their N-body
simulation (with stars and gas) suggests gas inflow along the bar can accumulate
enough mass that the inner part of the gas bar can become nearly self-gravitating
and decouple from the main bar. The inner bar may rotate with a pattern speed
of up to 6 times that of the main bar. The third mechanism (Model 3) suggests

that the NIR isophote twists may be the result of a triaxial stellar bulge (Kormendy

1979).

These models can be tested through observations of the molecular gas morphol-

ogy and dynamics. Model 1 would exhibit an inner gaseous bar that leads the inner

INote: Shaw et al. (1993) suggest that the NIR isophote twists are nof the result of a
distinct nuclear bar. but simply a distortion of the main bar. For ease of comparison with

the other models. we will. however. also refer to this main bar distortion as a nuclear bar.
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stellar bar slightly. but has the same rotation speed as the main bar. Model 2 would
show a gaseous inner bar that is rotating with a different pattern speed than the
main bar. Thus. molecular gas dyvnamics should allow us to distinguish between
these models. Model 3 is associated with the stellar bulge. Since there is very little
gas in the bulge compared to the disk of a galaxy. the isophote twists should not be
visible in the CO maps. Both the first and second models require the galaxy contain
about 5-10 gas (by mass) in order to produce long-lived nuclear bars. Without
this large gas fraction. there is not enough dissipation in the models. and the ob-
served structures do not last long enough to be as common as they are observed to

be (Shaw et al. 1993: Friedli & Martinet 1993).

This paper presents observations taken with the Caltech Millimeter Arrayv of
two galaxies that exhibit such NIR isophote twists: NGC 2273 and NGC 5728.
NGC 2273 is a SB(r)a galaxy that has a Sevfert 2 nucleus. nuclear star forma-
tion (Mulchaey. Wilson. & Tsvetanov 1996). and a nuclear ring of dust (r = 5"
Yankulova 1999). It has a recession velocity of 1841 km s~! (de Vaucouleurs et al.
1991) which implies that it is 24.5 Mpc away (assuming Hg = 75 km s~! Mpc~!). It
also has three outer rings which appear to be made by separate sets of spiral arms
at r = 0/4. 1’1 and 1!0. HI observations indicate that it is not very gas rich for a
barred spiral galaxy with such a wide variety of nuclear activity (van Driel & Buta
1991). This observation is supported by the '2CO .J=1-0 spectra taken by Young
& Devereux (1991). who find very narrow CO linewidths and conclude that most
of the molecular gas must be contained in the central few arcseconds of the nuclei
of NGC 2273. Color maps of the inner regions of NGC 2273 suggest that there is
a reddened ring of dusty material (r ~ 53") surrounding a region of high ionization

(Yankulova 1999). NGC 5728 is a southern hemisphere barred spiral galaxy classi-

fied as SAB(r)a that also contains a Sevfert 2 nucleus. Its recession velocity of 2788
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Table 3.1: Adopted Properties of NGC 2273 and NGC 5728

Property NGC 2273  NGC 5728 References
R.A. (2000.0) 06750m0857T 147422430 1
Dec. (2000.0) +60°50'4571 -17°15'10"8 1
Classification SB(r)a SAB(r)a 2
Optical Diameter 33 31 1.2
Nuclear Ring Diameter ~10" ~10” 3.4
Outer Ring Diameter(s) 0/7.2/2, 31 55" 4.5
Inclination 41° 48° 2.4
Main Bar PA ~115° ~38° 1. 6
NIR Isophote Twist PA ~45° ~90° 6.7
Heliocentric Velocity 1841kms~!  2788kms~! 2
Assumed Distance 24.5 Mpc 372Mpc 8
Linear Scale 1”"=120pc 1" =180pc 8§

(1) NASA/IPAC Extragalactic Database: (2) de Vaucouleurs. de Vaucouleurs. Cor-
win. Buta. Paturel. & Fouque 1991: (3) Yankulova 1999: (4) Schommer et al. 1988:
(5) van Driel & Buta 1991: (6) Mulchaey. Regan. & Kundu 1997: (7) Shaw et al.
(1993): (8) Assumes Hg = 75 km s~! Mpc~!

km s~! (de Vaucouleurs et al. 1991) suggests it is located at a distance of 37.2 Mpc.
Color maps indicate the galaxy contains two blue rings of recent star formation.
one in the nucleus (r =~ 5”: Wilson et al. 1993) and one near the main bar ends
(r = 55": Schommer et al. 1988). Two dust lanes emerge from just outside the
nuclear ring and run parallel to the main bar of the galaxy. Table 3.1 summarizes
the properties and adopted parameters for these galaxies. These two galaxies were
chosen as targets for this study because of the similarity in their nuclear and large
scale morphologies: both galaxies are classified as Sevfert 2 galaxies and contain
nuclear rings (which suggest the presence of an ILR). and. most importantly. both
galaxies exhibit the NIR isophote twists thought to be the signature of a nuclear

bar as discussed above.

In §3.2 we discuss the observations and data reduction techniques. In §3.3.1

and §3.3.2 we discuss the molecular gas distribution and dynamics, respectively. In
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§3.4 we discuss the molecular gas mass determined from the '2CO J=1-0 flux in
comparison with the amount of molecular gas required by the models to produce the
observed features. In §3.5 we compare our results to models of double barred galax-
les. previous observations of these galaxies. and to observations of other galaxies.

The paper is summarized in §3.6.

3.2 Observations and Data Reduction

We have observed the barred galaxies NGC 2273 and NGC 5728 in '2CO J=1-0
(115.3 GHz) using the Caltech Millimeter Array. For NGC 2273 we have 3 tracks.
twoin the low-resolution (L) configuration. and one in the high-resolution configura-
tion (H). For NGC 5728 we have four tracks (two H. one L. and one in the equatorial
(E) configuration). Preliminary calibration was done using the calibration package
MAIA (Scoville et al. 1993). Only baselines with a coherence >0.5 were used. The
quasars 0642+449 and 1334-127 were used for gain calibration and Neptune and

3C273 were used for flux calibration.

For NGC 2273. we used a(2000) = 06"50™0837. §(2000) = +60°50'45"1 for the
pointing center and the spectrometer was centered at Vi, = 1841 km s~!. For NGC
5728 we used the pointing center of a(2000) = 14P42™2430. §(2000) = —17°1510"8
and a recession velocity of 1}, = 2930 km s™!. In both cases. the spectrometer had
a bandwidth of 240 MHz which corresponds to a velocity coverage of ~620 km s~!.
The frequency resolution was 2 MHz. which gives a velocity resolution of 5.2 km
s~! ar 115 GHz: however. we have binned the data to a resolution of 10.4 km s~

to increase the signal to noise ratio.

For map making we used the data reduction software MIRIAD (Sault. Teuben.

& WAright 1995). Data with unusually high visibilities were clipped. the maps were
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naturally weighted and the inner quarter CLEANed to 1o. The resulting synthesized
beam is 370x2”5 (PA=21°) for NGC 2273 and 4”5x370 (PA=-12°) for NGC 5728.
The rms noise in the maps is 3.09 Jy/beam km s~! for NGC 2273 and 2.65 Jy/beam
km s™! for NGC 5728. The maps cover a 60”x60” area. but only the regions with

significant emission are shown in Figures 3.2 and 3.5.

3.3 Molecular Gas Distribution, Dynamics, and
Comparisons to Models

3.3.1 Morphology

Figure 3.2 shows the NIR image (top panel) of Mulchaey. Regan. & Kundu
(1997) as well as the integrated intensity '*CO .J=1-0 map (bottom panel) for
NGC 2273. In the NIR image the contours start at 17 mag arcsec™? (Ks band) and
are in 0.5 mag increments. while in the CO map contours start at 3.1 Jy/beam km
s~! and increase in steps of 3.1 Jv/beam km s~! (1¢). The CO emission is integrated
over the velocity range where we see emission. namely from 1669 km s~! to 1981
km s~!. The '2CO .J=1-0 integrated intensity map (Fig 3.2) shows a small bar-like
structure (P.A. ~40°) that is approximately perpendicular to the main bar of the
galaxy (P.A. ~115°). Comparing the size of the CO bar with the svnthesized beam.
we see that the bar is resolved along its major axis. but may not be fully resolved
along its minor axis. The integrated intensity map also shows finger-like structures
protruding to the north and south of the CO bar. Assuming trailing spiral arms.

these fingers line up with the leading edge of the main galactic bar.

The integrated intensity map only shows a two-dimensional view. If we want to

see the details of how the molecular gas is distributed. we need to use the velocity



3. THE DIVERSE MORPHOLOGY AND DYNAMICS OF NGC 2273 AND NGC 5728 63

56"
52"
~ 48"
o
o
o
=
[&] o
g 44
40"
60'5036"
06"50™10%  09%5 09%0 0835 08°% 07°5

R.A. (J2000)

Figure 3.2: NIR and CO Images of NGC 2273
Integrated intensity map of '2CQO J=1-0 emission in NGC 2273. The CO map of
NGC 2273 shows a nuclear bar aligned with the NIR isophote twists of Mulchaey
et al. (1997). This result suggests that in NGC 2273, these NIR isophote twists are
the result of a true nuclear bar. The fingers of emission to the north and south of
the nuclear CO bar suggest evidence of inflow onto the inner bar along the leading
edge of the main bar. The rms noise in the map is 3.1 Jy/beam km s~! and the
contour levels for the CO integrated intensity map start at 1¢ and increase in steps
of 1o. The beam size of 3" x 2.5” with a PA of 21° is shown in the lower left corner.
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information. The channel maps (Fig. 3.3) show that the CO bar is actually three
dynamically separate clumps that merge into a bar-like structure when we average
the emission over all channels. In order to emphasize the three individual clumps. we
have used the clumpfind algorithm (Williams. de Geus. & Blitz 1994) and plotted
the individual clumps in Fig. 3.4. The two clumps near the ends of the CO bar are
brighter than the central peak. which suggests that molecular gas may be flowing in
along the main bar. but is actually being collected into clumps which are presumably
the location of the ILR. Similar CO morphologies have been seen in other barred
galaxies such as the "twin peaks” galaxies of Kenney et al. (1992) and the nearby
starburst galaxy M82 (e.g. Shen & Lo 1995). We will discuss the importance of

these similarities in §3.5.

The NIR image of NGC 2273 (top panel Figure 3.2: Mulchaey. Regan. & Kundu
1997) shows isophote twists in the inner 10x10” misaligned from the main bar
by ~90°. The '2CO J=1-0 integrated intensity map (bottom panel: Figure 3.2)
shows a nuclear bar that aligns with the NIR isophote twists. This result rules out
the triaxial bulge explanation of the NIR isophote twists for NGC 2273 (Model 3:
Kormendy 1979). The models of Shaw et al. (1993) predict that we should see the
nuclear molecular component leading the nuclear isophote twists observed in the
NIR by up to 20°. The models of Friedli & Martinet (1993) predict that the gaseous
nuclear bar leading the gaseous stellar bar by up to 10°. In NGC 2273. there is
no clear evidence that the gaseous inner bar is leading the stellar inner bar by any
significant amount. However. this observation does not rule out either model. since
Shaw et al. (1993) and Friedli & Martinet (1993) predict deviation angles between
the gaseous and stellar bars as small as 5°. which is smaller than we can measure

accurately from the maps.
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Figure 3.3: CO Channel Map of NGC 2273
The CO bar seen in Fig. 3.2 is actually comprised of three separate clumps. The
contour levels are 0.04. 0.06. 0.08 ... Jy/beam (2. 3. 4 ... o). The plus sign indicates
the map center. The panels are shown at 31.2 km s~! intervals and are binned to

31.2 km s~! wide bins.
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Figure 3.4: Individual CO Clumps in NGC 2273
This figure shows the output from the clumpfind algorithm. It shows the three
main clumps of CO emission that combine to produce the bar seen in the integrated
intensity map (Fig.3.2).
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Figure 3.5 shows the I-band image (top panel) of Prada & Gutiérrez (1999) as
well as the integrated intensity '’CO .J=1-0 map (bottom panel) of NGC 5728.
The CO contours start at 1.3 Jy/beam km s~! and increase in steps of 1.3 Jy/beam
km s~! (0.50). The emission is integrated over the velocity range of 2650 km s—!
to 2980 km s~!. The '2CO J=1-0 map of NGC 5728 (Fig. 3.5) does not show
an obvious nuclear bar as seen in NGC 2273. It contains several individual clumps
of emission that seem to form an arc with a radius of 6”. If this arc is part of a
molecular ring. then the CO ring is not aligned with the galactic center. nor is it
aligned with the ring structure surrounding ionization cones seen in the HST images
by Wilson et al. (1993). The brightest peak in the CO map of Fig. 3.5 is located
~2" to the SW of the brightest peak seen in the VLA and Ha maps of Schommer
et al. (1988). The smaller CO clumps that run counter-clockwise to the SE of the
brightest peak line up with the dust lane that runs out of the nucleus and along
the main bar of the galaxy (Schommer et al. 1988). We reserve discussion of the

physical interpretation of these features for §3.5.2.

At first glance. it appears that our CO map is offset from the galaxy center
(marked with a "+ in Fig. 3.5) determined by Schommer et al. (1988). It should be
noted that the spectral lines in the nucleus of NGC 5728 cover such a large range
of velocities that we have missed velocities lower than 2630 km s~!. The Ha maps
of Schommer et al. {1988) show that there are some velocities as low as 2600 km
s™! and as high as 3010 km s~! in the nucleus of NGC 5728. The lowest velocity
regions are located to the north-east of the dynamical center. so if there is strong
CO emission at 2600 to 2630 km s~'. we will have missed it in our maps. perhaps
creating the observed non-symmetric appearance. There is definitely evidence of

bright CO emission near the low velocity end of our spectrometer. It can be seen as
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Figure 3.5: NIR and CO Images of NGC 5728
The top panel shows the NIR image of NGC 5728 by Prada & Gutiérrez 1999. The
lower panel is the '2CO .J=1-0 integrated intensity map for the nucleus of NGC
2728. Note that we do not see an inner bar as we do for NGC 2273. The emission
appears be asymmetric with respect to the dynamical center of the galaxy (marked
by the +) determined by Schommer et al. 1988. The rms noise in the map is 2.65
Jy/beam km s~!. and the contours start at 0.5¢ and increase in steps of 0.5¢. The
beam size is 4.5” x 3" with a PA=-12° and is shown in the lower left corner. The
X symbols indicate the clumps used to determine the dynamical mass discussed in

§3.3.2.
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a faint peak in Fig. 3.5 at RA = 14P42™2432, § = -17°15'07"6 (it is the NE clump

that was used in the dynamical mass calculation of §3.3.2).

To test whether the asymmetry seen in the CO map of NGC 5728 is caused by
the exclusion of the lowest 30 km s~ of the spectral data. we cropped the highest
30 km s~! from the spectra and recreated the moment maps. This process reduces
the intensity of the brightest peak to the west of the dvnamical center. but the peak
is still more than twice as bright as the emission peak on the north-east side of the
dynamical center. Thus. it is likely that the asymmetric appearance of the CO maps

is real. and not an artifact of missing low velocity emission.

The NIR image of NGC 5728 Shaw et al. (1993) shows isophote twists in the
nuclear region similar to those of NGC 2273. but our CO map of NGC 5728 shows
no clear evidence for the existence of a nuclear bar. This result suggests that in
NGC 5728. the NIR isophote twists may not be the result of the nuclear bar. but
may be caused by a triaxial stellar bulge as predicted by Kormendy (1979). We
give a more detailed discussion of the possible causes of the NIR isophote twists in

§3.5.2.

3.3.2 Dynamics

The position-velocity diagram (Fig. 3.6) taken along the axis of the CO bar in
NGC 2273 shown in Fig. 3.2 indicates that the bar is rotating at approximately 570
km s~ kpc™! (870 km s~! kpc~! deprojected). Since we have no detections bevond
the inner bar shown in Fig. 3.2, and there are no rotation curves published for the
inner 1. we cannot determine vet if the CO inner bar is kinematically distinct as
predicted by Model (2) or if it is rotating at the same angular frequency as the main

bar as predicted by Model (1).
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Position— Velocit.y Diagrarn Along the Nuclear CO Bar of NGC 2273
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Figure 3.6: Position-Velocity Plot Along the CO Bar of NGC 2273
Position-velocity diagram for a slice along the major axis of the CO bar in Fig. 3.2.
It rotates as a solid body with a projected angular frequency of 570 km/s/kpc.
Contours indicate 10%. 20%. 30% ... of the peak. Positive offsets are toward the

north-east end of the bar.
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Assuming Keplerian rotation. we have

Varc \2 (R
.1/ ‘n = .Clr('.‘ -
Lay (sm { ) ( G )

where Mgy, is the mass interior to radius R. V. is the circular velocity of the ma-
terial at radius R. /is the galaxy’s inclination and G is the gravitational constant.
Contributions from non-circular velocities can only cause deviations of approxi-
mately 30% in the calculated mass (e.g. Sakamoto et al. 1999). Using Figure 3.4
to obtain velocities at the bar ends. and assuming the inclination to be 41°. we find

the dvnamical mass of the nuclear molecular bar to be 1.6 x 10° M..

The channel maps of NGC 5728 (Figure 3.7) show a much less ordered ap-
pearance. Careful examination of the velocity of the clumps suggests that the
southern-most clump has the highest recession velocity and the velocities of the
clumps decrease as you move clockwise around the arc (ignoring the CO emission
associated with the dust lane to the far south). This is consistent with the velocity
field determined by the Ha maps of Schommer et al. (1988). The CO emission is
very clumpy with some of the features seen in the integrated intensity map of Figure
3.5 being made up of numerous CO features that are separated in velocity space.
The brightest peak is actually a superposition of many less bright peaks at different
velocities. There is no evidence in our CO maps of NGC 5728 for a bar interior to
the ring as reported by Prada & Gutiérrez (1999). so naturally we cannot confirm

the reports that this inner bar may be counter-rotating.

Our CO data for NGC 5728 are not sufficient to create a high quality position-
velocity map as we did for NGC 2273. but we can use the channel maps to determine

the position and velocity for the two bright clumps that lie along the major axis
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Figure 3.7: CO Channel Map of NGC 5728
Note how there is not strong evidence for large scale ordered motion. The large plus
sign indicates the galaxy center determined by Schommer et al. (1988). The smaller
plus signs mark the locations of the peaks used to calculate the dynamical mass.
Contours levels are 0.04. 0.06. 0.08. ... Jy/beam (1.5. 2.3, 3 ... o). The panels are
shown at 20.8 km s~! intervals and are binned to 20.8 km s™! wide bins.
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of NGC 5728 and straddle the dynamical center?. Using the same equations as for
NGC 2273. we calculate a dynamical mass of 6.3x10° M for the inner 8” of NGC

5728.

Thus far we have concentrated our comparisons predominantly on the models of
double barred galaxies that are comprised of both stars and gas. There is another
class of models that attempt to explain nuclear NIR isophote twists using purely
stellar orbits (Maciejewski & Sparke 2000). It is known that there are different
classes of orbits in a barred potential. The two important ones are the x1 family that
runs parallel to the bar major axis. and the x2 family. that runs perpendicular (e.g.
Athanassoula 1992). It was thought that the x2 orbits of the large scale bar near the
nucleus could form the x1 orbits of the smaller nuclear bar and the corotation radius
of the nuclear bar could correspond to the ILR of the large scale bar. In this picture.
the nuclear bar must always be aligned perpendicular to the main bar. Friedli &
Martinet (1993) rule out this model by studyving a large sample of double-barred
galaxies. since they found that not all the observed offset angles between the nuclear
bar and the main bar can be explained by inclination effects. Recently. Maciejewski
& Sparke (2000) find that there exist orbits in which particles in a double-barred
potential remain on closed orbits and may form the building blocks of long-lived
double-barred galaxies without the need for a gaseous component. The particle
nature of this model renders it untestable with our molecular gas observations. since
it is unlikely that molecular gas will orbit in a particle-like manner. We mention it
here solely as a possible explanation as to why NGC 5728 shows nuclear bars in the

NIR images. but not in the CO maps.

?The north east peak is at RA = 14"42™24%9_ § =-17°15'07"6 and has a central velocity
of 2660 km s~'. The south west peak is at RA = 14"42M93%75. § = -17°15'13"0 and has a

central velocity of 2960 km s~'. These points are indicated in Figure 3.5 by x's.
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3.4 Molecular Gas Mass and Gas Mass Fraction

We use the CO flux over the entire nuclear bar of NGC 2273 to estimate the

molecular gas mass in the nuclear region. We adopt

D \? ¢ Sco(i-o) X
L 0x 10\ Stpe ) Gy em 1) \Xas

(Wilson 1995). where D is the distance to the galaxy. Sco(i—o) is the 12CO J=1-0

flux. X is the CO-to-H; conversion factor compared to the Galactic value (Xga).
The constant at the start of the equation contains a factor of 1.36 to account for
other elements besides hydrogen. For lack of evidence to the contrary. we adopt the
Galactic value of the CO-to-H, conversion factor of 3 x 102 cm~2 (K km s~ !)~!
(Scoville & Sanders 1987) for the galaxies studied in this paper. The total CO flux
for the nuclear CO bar of NGC 2273 is 48.6 Jv km s~!. which corresponds to a
molecular mass of 4.7x10® M:. If we repeat this calculation using only the region
interior to the locations used in the dynamical mass calculation (~ 1 kpc along the
length of the CO bar) we measure a flux of 38.0 Jy km s~!. which corresponds to
a molecular mass of 3.6x10% M. . This mass constitutes approximately 20% of the

nuclear bar’s dynamical mass (§3.3.2).

Of course. the estimate for the molecular gas mass is only a lower limit since
the interferometer is insensitive to the large scale structure that may be present
in the nuclear regions of this barred galaxy. Single dish '2CO .J=1-0 spectra of
the inner 55" of NGC 2273 taken by Young et al. (1995) show a flux of 137 + 24
Jv km s™!'. suggesting that our interferometry maps may be missing up to 65% of
the CO emission. Also important is the effect of the uncertainties in the individual
measurements used to calculate this ratio. For example. in §3.3.2. if we assume that
Veire. ¢ and R each have a conservative ~10% uncertainty, this results in a ~25%

uncertainty in Mgyn. Similarly for the molecular gas mass. if we assume a ~10%
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uncertainty for each measured value. we obtain an uncertainty in Mgas of ~20%.

The final value for the ratio Mga/Myyn is (201£6)% .

Yankulova (1999) find that the nuclear ring of NGC 2273 is very dusty and
calculate the mass of this dust to be ~ 10° M:. Comparing this to our molecular
gas mass. we find that the gas-to-dust ratio is approximately 3600 in the center
of this Seyfert 2 galaxy. This ratio is higher than found for nearby spiral galaxies
(Mgas/Mquse ~1000: Devereux & Young 1990). It mayx not be surprising that the
ratio of gas to dust is higher in the center of this barred galaxy. where we might
expect an increase of nuclear molecular gas (caused by inflow along the bar) as well

as a decrease in dust due to the strong ionizing nuclear source (Yankulova 1999).

The CO flux for the inner §x8” of NGC 5728 is 25.6 Jv km s~!. which indicates
a molecular mass of 5.7 x 10° M. Using our dvnamical mass data we find that
the molecular gas in the nucleus of NGC 5728 constitutes 9% of the total mass.
We believe that our determination of the dynamical mass in such a complicated
environment is likely unreliable. Our dynamical mass determined in §3.3.2 is lower
than the value determined by Rubin (1980) through model fits of the velocity data
over the entire galaxy. Due to the complexity of our data and the simplicity of the
models assumed in §3.3.2. we will adopt the value determined by Rubin (1980). She
finds the total dvnamical mass of the galaxy in the inner 10” diameter (1.8 kpc) is
~ 1 x 10' M. . This estimate lowers the mass fraction of molecular gas to 6+2%.
Again. this result is a lower limit because the interferometer will miss large scale
structure. There are no single dish '?CO J=1-0 spectra for NGC 5728 published.
so we cannot directly estimate the flux missed by our interferometric maps. Single
dish '2CO J=2-1 spectra of the inner 22” of NGC 5728 (Petitpas & Wilson. in
prep.) show fluxes of 62 Jv km s~!. Assuming a '2CO J=2-1/J=1-0 ratio of 0.7

(Sakamoto et al. 1995} we obtain a '?CO J=1-0 flux of 89 Jy km s~!. Comparing
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this to the CO flux in the interferometric map of 30 Jv km s™! for this region. we
find that the interferometric maps are missing ~67% of the flux detected by a single

dish.

A requirement of both the models of Shaw et al. (1993) and Friedli & Martinet
(1993) is that the entire galaxy contain ~3-10% molecular gas by mass. Friedli &
Martinet (1993) found that they could also create nuclear bars if the total (atomic
+ molecular) gas to total mass ratio is 10%. or if 2% of the total mass interior
to 1 kpc (diamerter) is molecular. Shaw et al. (1993) only require that 4-6% of
the entire galaxy mass be gaseous. The high gas contents in these two models are
required to provide enough dissipation so that the nuclear ring can become phase
shifted our of its stable orbit and collapse into a nuclear bar. Both galaxies meet the
molecular gas mass requirements of the models. vet only NGC 2273 shows evidence
for a nuclear molecular bar. It is interesting that we find ~20% gas (by mass) in
the nucleus of NGC 2273. where we see a nuclear bar. vet we only see ~6% (by
mass) in NGC 5728. where we see no evidence in our CO maps for a nuclear bar.
This comparison suggests that perhaps the models of Shaw et al. (1993) and Friedli
& Martinet {1993) are correct. but the parameters they adopted to model the gas
dissipation may not be correct. For example. if thev were to decrease the amount of
dissipation in the gas slightly. it is possible that they could still create nuclear CO
bars in galaxies that contain 20% gas. vet galaxies with lower mass fractions such

as NGC 5728 would not have enough dissipation to create long-lived nuclear bars.

A recent interferometric '2CO J=1-0 survey by Sakamoto et al. (1999) suggests
that typical gas mass fractions range from 0.9% to 31.5% in the inner 500 pc radius
of a sample of 17 galaxies. with no apparent correlation with galaxy tvpe. Since we
have used the same techniques to determine the gas mass fraction. it is worthwhile

to compare our results with those of a larger sample. For NGC 2273. we calculate
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the molecular gas mass fraction over the entire length of the bar for which we see
emission in the position velocity plot (Figure 3.6). which corresponds to the inner
720%720 pc. For NGC 5728. we measured the molecular gas mass fraction over an
area of §x8”which corresponds to the inner 1.4x 1.4 kpc. NGC 2273 has a nuclear gas
mass fraction of 20% and NGC 5728 has 6% molecular gas. Sakamoto et al. (1999)
find evidence that HII nuclei have higher ratios of gas to dvnamical masses (~18%
average) compared to Sevfert and LINER galaxies (~6% average). NGC 5728 is in
agreement with the previously observed range for its tvpe of nuclear activity. while
NGC 2273 seems to have a higher molecular gas fraction than the other Sevfert 2
galaxies in the sample obtained by Sakamoto et al. (1999). A distinct classification
of NGC 2273 into one particular category is difficult in light of current observations
which suggest thar. in addition to its Sevfert 2 activity. NGC 2273 is undergoing
nuclear star formation (Mulchaev. Wilson. & Tsvetanov 1996). These observations
suggest that NGC 2273 may be an intermediate object that should fall somewhere
between the HII and Sevfert 2 classifications of Sakamoto. Okumura. Ishizuki. &
Scoville 1999. in which case it is in the expected intermediate range of gas mass
fraction for such an object. In any case. our observed gas mass fraction for NGC

2273 does not compromise the results of Sakamoto et al. (1999).

3.5 Discussion

3.5.1 Comparison to Previous Studies of NGC 2273

It has long been known that bars are a good way to transport material into the
nuclear region of a galaxy (e.g. Combes 1994) by allowing material to flow inward

along the leading edge of the bar. Indications of such an inflow are visible in the CO
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map of NGC 2273. seen as fingers extending NW and SE from the top and bottom
(respectively) of the CO bar. This observation suggests that inflow along the main
bar of NGC 2273 is depositing material onto the ends of the nuclear bar seen in
the CO maps. This material would then be free to flow along the nuclear bar into
the central regions. and could possibly supply the nucleus with enough material to

sustain the observed Sevfert and starburst activity.

The channel maps of NGC 2273 show that the bar seen in the integrated in-
tensity maps is actually composed of three separate structures. These structures
are barely spatially resolved in our maps (if at all). but they are clearly resolved in
velocity (as seen in Fig. 3.3). Similar nuclear CO distributions have been seen pre-
viously in regular (non-double) barred galaxies such as NGC 5383 and M82 (Sheth
et al. 2000: Neininger er al. 1998). In NGC 5383. Sheth et al. (2000) see bright
CO emission from -twin peaks™ that coincide with the ILR radius. as well as a
central concentration near the nucleus. High resolution observations suggest that
the nuclear structure of NGC 5383 is actually a nuclear spiral when viewed with
the Hubble Space Telescope (Sheth et al. 2000). which casts some doubt on the

identification of nuclear bars with lower resolution. ground-based images.

HST images (Malkan. Gorjian. & Tam 1998) and narrow-band color maps ( Yankulova
1999) of NGC 2273 show that the nucleus contains a ring elongated in the same di-
rection as our nuclear CO bar. The HST (WFPC2. F606W) images show a central
bright spot and indications of what may be flocculent spiral arms and a ring. The
bright blobs at the ends of the nuclear CO bar correspond with the edges of the ring
seen by Malkan. Gorjian. & Tam (1998) and Yankulova (1999). It is likelv that this
ring indicates the location of the ILR of the main bar. and thus. our nuclear bar
ends occur at the ILR radius as predicted by the models of Friedli & Martinet (1993)

and Shaw et al. {1993). If we assume that the corotation radius of the nuclear bar
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occurs near the ILR of the main bar (Pfenniger & Norman 1990: see Fig. 3.1). then
the CO peaks at the ends of the nuclear bar are analogous to the condensations that
collect at the corotation resonance of large-scale bars (Garcia-Burillo et al. 1998).
This result suggests that nuclear bars may share many of the same properties as
large-scale bars and that modeling nuclear bars may be done using scaled-down ver-
sions of the large-scale barred potentials that are currently used in barred galaxy

models.

3.5.2 Comparison to Previous Studies of NGC 5728

HST images of the nucleus of NGC 5728 show what appears to be an off-center
ring of voung stars circling rwo ionization cones that seem to originate from a point
~3" west-north-west (—60°) from the center of our maps (Wilson et al. 1993). These
images also show a bar-like structure that is oriented at a position angle of ~90°
which Wilson et al. (1993) suggest may be comprised of older stars. Our CO map
shows no bright emission peak at the vertex of the ionization cones of the HST maps.
The bright and faint CO peaks (used in §3.3.2 to determine the dynamical mass)
that straddle the map center are roughly perpendicular to the ionization cones. The
other peaks in the maps (curving to the south) are associated with the dust lanes
that run along the leading edge of the main bar (Schommer et al. 1988). Our
CO maps also do not show any strong evidence of a bar structure oriented at PA
= ~90° which might correspond to the bar suggested by the NIR images of Shaw
et al. (1993). If we assume that the clumps (marked by x's in Figure 3.5) that
straddle the dynamical center (indicated by the +) correspond to similar nuclear
bar end enhancements as seen in NGC 2273 (Figure 3.2) then the nuclear CO bar in
NGC 5728 would be leading the stellar nuclear bar seen in the NIR images by ~45°.

This angle is greater than the offsets predicted by Shaw et al. (1993) and Friedli
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& Martinet (1993) for which a 20° maximum offset is predicted. If the nuclear
stellar bar is counter rotating as reported by Prada & Gutiérrez (1999). then the
nuclear CO bar is trailing the main bar. which is not predicted in any of the models

discussed in this paper.

Unfortunately. the integrated intensity maps and the channel maps of the nucleus
of NGC 5728 show no conclusive evidence for a nuclear bar in our data either aligned
or misaligned with the NIR isophote twists. This result suggests that if the NIR
isophote twists of Shaw et al. (1993) are the result of a nuclear bar. it is mostly stellar
and contains little molecular gas. This observation counters the finding of Shaw et al.
(1993) and Friedli & Martinet {1993) whose models require that these nuclear bars

contain lots of molecular material in order to provide enough dissipation.

3.5.3 Comparison with Other Nuclear Barred and NIR Isophote

Twist Galaxies

Considering all barred galaxies (not just the ones containing NIR isophote twists)
there are currently nine barred galaxies that show evidence for a nuclear molecular
bar (Devereux et al. 1992: Kennev et al. 1992: this work). It seems that the
identification of a gascous nuclear bar may be ambiguous: there may be confusion
between what is considered a “twin peak™ galaxy and what is considered a nuclear
bar. Unresolved twin peak galaxies will appear as galaxies with a nuclear CO bar.
For example. NGC 3351 is classified as a twin peak galaxy by Kenney et al. (1992)
but considered to have a nuclear CO bar by Devereux. Kenney. & Young (1992).
Twin peak galaxies are believed to be caused by gas collecting at an ILR as it flows
inward along the leading edge of the main bar of a galaxy (Kenney et al. 1992).
These galaxies are thought to be preventing molecular gas from reaching all the way

into the nucleus. while nuclear bar galaxies are thought to assist molecular gas flow
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into the nucleus by transporting it interior to the ILR (Kenney et al. 1992: Shlosman.
Frank. & Begelman 1989). We will need a larger sample of galaxies containing
unambiguous nuclear bars so we can determine their properties in comparison to

twin peak galaxies.

From the NIR surveys that have detected the isophote twists originally thought
to be the signature of a nuclear bar (e.g. Mulchaey. Regan. & Kundu 1997: Shaw
et al. 1993: Wozniak et al. 1995: Jarvis et al. 1988: Elmegreen et al. 1996: Friedli &
Martinet 1993). only a handful of galaxies have high resolution CO maps published:
NGC 4736. NGC 6951. NGC 5728. and NGC 2273 (Sakamoto et al. 1999: Kenney
et al. 1992: this work). NGC 2273 and NGC 6951 contain two peaks at the ILR
radius with more CO emission interior to these peaks. CO maps of NGC 4736
show what may be a weak twin peak structure. with a bright central concentration
(Sakamoto et al. 1999). NGC 5728 has a bright. off-center peak of emission. with
other emitting regions that do not seem to line up with other features or the ILR
radius. Only NGC 5728 does not show evidence for a twin peaked or bar structure

elongated in the same direction as the nuclear NIR isophote twists.

To explain why there is no nuclear CO bar in NGC 5728. we need to examine the
time evolution of the models. The models of Shaw et al. (1993) were only run until
they reached a steady state. so comparisons of our CO maps with the predictions
for the lifetimes of nuclear bars is not possible. Friedli & Martinet (1993) show that
after the nuclear bar forms. it usually remains present for over 5 turns of the nuclear
bar (approximately 2 turns of the main bar: ~500 Myr). The double-bar phase can
transport the molecular gas inward. which eventually results in the disruption of the
nuclear bar: often even the large-scale bar is disrupted by bulge growth (Pfenniger &
Norman 1990) or central mass concentration (Hasan & Norman 1990) which changes

the barred gravitational potential into a more spherical potential. In this picture,
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NGC 5728 may represent a older double-barred galaxy that has already undergone
a molecular nuclear bar stage which has modified the gravitation potential through
the creation of a high mass central object (perhaps the cause of the jets seen in the
HST images of Wilson et al. (1993)). The molecular gas could have responded to
the change in the potential faster than the stellar component. which may explain

why we see evidence for a nuclear bar in the NIR images but not in the CO maps.

Additional support for this scenario is found when we consider the star formation
activity of each of these galaxies. NGC 2273 and NGC 6951 have active nuclear
star formation and the CO maps show a strong CO bar and a distorted twin peak
structure with faint central concentration. respectively (Kohno et al. 1999: Kennev
et al. 1992). In NGC 4736. there is evidence for a recent starburst phase. and the CO
maps show a weak twin peaked structure as well as a bright central concentration
(Kinney et al. 1993: Sakamoto et al. 1999). A summary of these observations
is given in Table 3.2. These results suggest that NGC 2273 and NGC 6951 may
be in a earlier stage of evolution. where the nuclear molecular bar is still visible.
NGC 4736 may be just finishing its double bar phase and the molecular gas (and
stars) are beginning to return to a single barred galaxy phase. NGC 5728 may have
been finished with its double bar phase for quite a while. The molecular gas has
lost its nuclear barred appearance. while the stars have not. The models of Friedli
& Martinet (1993) show no evidence for the evolutionary sequence proposed here.
Their models suggest that the gas and stars in a nuclear bar behave similarly on
timescales of a few million vears: thus if evolution is responsible for the variation in
nuclear stellar and CO morphologies and the models are correct. then it is unlikely

that we should see such a variety in our small sample of galaxies.

Another explanation for the variety of CO morphologies may be that there are

different physics at workin the molecular gas in each galaxy. It is interesting that the
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Table 3.2: Properties NIR Isophote Twist Galaxies

Galaxy Mgas/Mayn  Nuclear Activity CO morph. Refs

NGC 2273 20% Star formation. Sevfert  Obvious bar/triple 1.2
2 activity peaks

NGC 1736 2% Star formation in ring  Central peak. weak 3.4
outside nucleus. LINER signs of twin peaks?

NGC 5728 6% Evidence of past star Non-centralized peaks. 1.5
formation. Sevfert 2 no bar?

NGC 6951 29% Star formation Twin (triple?) peak/ 6

elongated ring?

1) this paper: 2) Mulchaey. Wilson. & Tsvetanov (1996): 3) Sakamoto. Okumura.
Ishizuki. & Scoville (1999): 4) Kinney. Bohlin. Calzetti. Panagia. & Wyse (1993): 5)
Wilson. Braatz. Heckman. Krolik. & Miley (1993): 6) Kohno. Kawabe. & Vila-Vilaré
(1999)

NIR images of all four galaxies look remarkably similar. while the CO maps look
remarkably different. The similarity in the NIR images suggests that the stellar
distribution in these galaxies is similar. The differences in the CO morphology
suggest that there is something different about the molecular gas in each galaxy.
which causes it to respond differently to the galactic stellar potential. We are in the
process of obtaining multi-line CO data at the JCMT in order to place constraints
on the molecular gas temperatures and densities in a sample of starburst and non-
starburst Seyfert 2 galaxies. which may help shed some light on the different CO

morphologies observed in the double barred galaxies.

3.6 Summary

We have mapped the barred galaxies NGC 2273 and NGC 5728 in '2CO .J=1-0
with the Caltech Millimeter Array. These galaxies are known to contain NIR nuclear
isophote twists. which are thought to be the signature of a nuclear bar. The main

results are summarized as follows:
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1) In NGC 2273 we see a nuclear molecular bar approximately perpendicular to
the large scale galactic bar. The CO bar is aligned with the NIR isophote twists
suggesting that in NGC 2273. the twists are caused by the presence of a real nuclear
bar. and are not the result of a triaxial stellar bulge. Such a feature is predicted by
the simulations of NIR isophote twist galaxies by Shaw et al. (1993) and Friedli &
Martinet (1993). Friedli & Martinet (1993) predict a kinematically distinct nuclear
bar that rotates with a pattern speed greated than the main bar. while Shaw et al.
(1993) predict that the nuclear structure will have the same pattern speed as the
main bar. Unfortunately. the lack of a detailed rotation curve for the inner regions of
NGC 2273 prevents us from determining if the nuclear bar is kinematically separate

from the rest of the galaxy.

2j In the nucleus NGC 5728 we see a series of clumps of emission that do not
seem to align with any of the features previously observed at other wavelengths.
CO emission is detected coincident with the dust lane to the south of the nucleus.
The peak of the CO map is not aligned with the galactic center. nor is it located at
the center of the offset nuclear ring seen in the HST images of Wilson et al. (1993).
We do not sec evidence for a nuclear bar in the CO maps. which suggests that. if
there is a real nuclear bar in the nucleus of NGC 5728. it must contain little or
no molecular gas. This result is contrary to current simulations of double barred
galaxies. which require large amounts of dissipative material to produce long-lived
nuclear bars. It is possible that the NIR isophote twists in NGC 5728 are caused
by either a triaxial stellar bulge or are scattered light from the jets observed in the

HST images of Wilson et al. (1993).

3) We have calculated the molecular gas mass over the entire nuclear bar of NGC
2273 and find that it contains 4.7x10® M; of molecular gas. The inner 1.4x1.4 kpc

of NGC 5728 contains 5.7x10® M. of molecular gas. Assuming Keplerian motion.
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we find that the dynamical mass of the inner 10” of NGC 2273 is 1.9x 10° M_;.. which
translates into a molecular gas mass fraction of 20% for NGC 2273. Adopting the
dynamical mass value determined by Rubin (1980) we calculate the molecular mass

fraction to be 6% for NGC 5728.

4) Comparing our observations to models of double-barred galaxies. it seems
that both galaxies contain sufficient molecular gas for the models of Shaw et al.
(1993) and Friedli & Martinet 1993. However. we only see a nuclear gas bar in NGC
2273. One possibility is that the gas dissipation in the models may be overestimated.
Reducing the viscosity of the gas in the models could permit nuclear bars to form
in galaxies with a 20% gas mass fraction. but not in galaxies with 6% gas mass

fraction.

3) Another possible explanation for the differing CO morphologies may be galaxy
evolution. When comparing our results with other double barred galaxies. we find
evidence that NGC 5728 may represent an older double-barred galaxy in the final
stages before nuclear bar dissolution. It is possible that the inflow has already
modified the galactic potential. and the molecular gas has responded to the changes
before the stellar component. This may explain why we see a nuclear bar in the

NIR images of NGC 5728. but not in the CO maps.

6) The similarity in the NIR images and the differences in the CO maps suggest
that the molecular gas may have different physical properties in each galaxy, which
allows it to respond differently in similar gravitational potentials. These differences
could be the result of nuclear starburst activity heating the gas. which could make

it less viscous. Multi-line data are currently being obtained to test this hypothesis.

This research has been supported by a research grant to C. D. W. from NSERC
(Canada). This research has made use of the NASA/IPAC Extragalactic Database
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Chapter 4

Molecular Gas in Double Barred
Galaxies II. Cooler Gas in Nuclear CO

Bars

Draft of a paper that will be submitted to the Astrophysical Journal
Abstract

Near infrared galaxy survevs have revealed the existence of nuclear bars in a
large number of barred or lenticular galaxies. High resolution CO maps of these
galaxies exhibit a wide range of morphologies. The similarity in near infrared im-
ages combined with rthe wide variety of CO morphologies suggests that the molecular
gas may have different properties that allow it to respond differently to similar grav-
itational potentials. We have performed a multi-transition CO study of the nuclei
of seven double barred galaxies that exhibit a variety of molecular gas morphologies
in order to determine if the molecular gas properties are correlated with the nuclear
structure and activity. We find that the '2CQO .J=3-2/J=2-1 line ratio is lower in
galaxies with molecular bars in the nucleus and higher in galaxies with CO emission
dispersed around the galactic center in rings and peaks. The !3C0O/'2CO .J=2-1
line ratios are similar for all galaxies. which indicates that the J=3-2/J=2-1 line
ratio is tracing variations in gas temperature and density. rather than variation in

optical depth. The molecular gas in galaxies with nuclear molecular bars is cooler
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(and perhaps more viscous) enhancing the gas’s ability to clump together and flow
inwards. The molecular gas conditions. combined with the star formation activity
and models of double barred galaxies suggest that the varation in molecular gas
distributions and physical conditions may be the result of galaxy evolution though

the double barred phase.

kevwords: Galaxies: starburst - galaxies: active

4.1 Introduction

Recent near infrared (NIR) surveys reveal isophote twists in the central regions
of barred galaxies which are thought to be the signature of a bar within a bar
(e.g. Mulchaeyv. Regan. & Kundu 1997). Recent models of double barred galaxies
have had some success in reproducing relatively long lived nuclear features that can
explain the isophote rwists. Shaw et al. (1993) model galaxies as gravitational
stars and dissipative gas clouds and find that the NIR isophote twists are caused by
viscous and gravitational torques that drag the nuclear regions of the main bar out
of alignment with the rest of the bar. Friedli & Martinet (1993) suggest that the NIR
isophote twists are the result of a kinematically distinct nuclear bar that can rotate
with up to six times the pattern speed of the large scale bar. The one thing these
models have in common is the need for dissipation. Both groups have to include
large amounts of molecular gas in order for the models to be able to reproduce
the observed features. To date. the best observational test of how accurately these
models are taking into account the gaseous component is the assumed gas mass to
total mass ratio (usually adopted as 5 to 10%. in agreement with observations).
The models of barred galaxies by Combes & Gerin (1985). Shaw et al. (1993). and

Friedli & Martiner (1993) produce very different nuclear morphologies by adding a
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gaseous component. In fact. the models of Combes (1994) exhibit different nuclear

morphologies by simply changing the dissipative properties of the gas.

In an attempt to test these models. we recently undertook a study of the molecu-
lar gas morphologies in a sample of galaxies containing NIR isophote twists (Petitpas
& Wilson 2001: Paper 1). We find that in a sample of double barred galaxies the
CO maps have different morphologies while the NIR images are similar. For ex-
ample. the CO maps of NGC 2273 and NGC 4736 exhibit nuclear bars that align
with the nuclear NIR isophote twists (Petitpas & Wilson 2001: Wong & Blitz 2000).
while NGC 6951 shows rwin peaks of molecular gas collecting at an inner Lindblad
resonance (Kohno. Kawabe. & Vila-Vilaro 1999). NGC 5728 shows a very disor-
dered CO structure where the clumps of CO emission do not seem to align with
any structures seen at other wavelengths (Petitpas & Wilson 2001: ?). This variety
of gas distributions in galaxies with similar NIR morphologies suggests that there
may be differences in the molecular gas physical conditions that allow it to respond
differently to similar gravitational potentials. In this paper we present the results
of a multi-line '?CO and '3CO survey of the nuclei of seven of these double barred

galaxies.

Previous surveys of galaxy nuclei using optically thin tracers such as '3CO have
been performed primarily in either galaxies that contain enhanced activity (such as
mergers or starburst galaxies) or are very nearby (such as M31 and M51). One of
the first '3CO surveys of galaxies was undertaken by Encrenaz et al. (1979). They
find the '2CO/'CO J=1-0 line ratio in a sample of five nearby galaxies has a mean
value of 12.5 & 3.2. Later. Young & Sanders (1986) studied the '2CO/'3CO line
ratio in six more galaxies and found it similar to those of Encrenaz et al. (1979).
with an average value of 10.4 and 11 for the disks and nuclei of these galaxies.

respectively. Young & Sanders (1986) also observed a correlation between the dust
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temperature (derived from IRAS fgo/f100 flux ratio) and the *2CO/'3CO line ratio.
with galaxies with higher dust temperatures tending to have higher }2CO/'3CO line
ratios. They claim that the same intense stellar radiation that heats the dust is also
heating surface of the molecular clouds. lowering the optical depth at the clouds
surface. which is believed to be the region probed by the (usually) optically thick

12Co.

Aalto et al. (1991) performed '*CO/'3CO survey of 21 galaxies of mixed types
and find the ratio is much higher (> 20) in the four galaxies that are mergers. They
also find that the dust remperatures in these merging svstems is higher than normal.
in agreement with the findings of Young & Sanders (1986). Theyv too suggest that
this mayv reflect a decrease in the mean optical depth of these clouds compared to
non-merging svstems. For the non-interacting galaxies in their sample. they find a
mean line ratio of ~11. in agreement with the previous studies of '3CO in isolated

galaxies.

Casoli. Dupraz. & Combes (1992) measured the 2CO/!3CO J=2-1 and J=1-0
ratio in a sample of six merging systems. They found that the 12CQO/!'3CO line ratios
are approximately 30 and 40 for the .J=1-0 and .J=2-1 transitions. respectively.
Using both the J=1-0 and J=2-1 transitions. they are able to rule out optical
depth effects as the cause of these very high '2CO/!3CO line ratios. Theyv propose
that these ratios are the result of a depletion of '3CO in these systems through
either by photodissociation. inflow of unprocessed gas. or. selective nucleosynthesis.

in these merging systems.

Aaltoet al. (1995) performed a similar survey of '2CQ/!3CO J=1-0 and J=2-1
line ratios in a sample of 32 galaxies of mixed type (mergers and starbursts) and
found both the '2CO/'*CO J=1-0 and J=2-1 ratios to be ~13 (i.e. slightly higher

than for a sample of isolated galaxies due to the inclusion of a few merging systems).
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They also observed C'®0 and HCX in these galaxies to aid in the line ratio analysis
and conclude that '*CO emission is not mostly optically thick in the galaxies with
very high '2CO/!3CO line ratios. as has been assumed in the previous studies. It
has an optical depth of ~1. indicating that more careful modeling of the molecular
gas clouds is necessary in order to create a more accurate picture of the physical

condition in these active svstems.

Previous multi-J transition studies of just '2CO in normal galaxy nuclei have
shown only small variations of line ratios with other tracers of star formation (such
as IRAS fluxes). For example. Braine & Combes (1992) undertook a brightness and
distance limited '?CO .J=1-0 and J=2-1 survey of 81 nearby spiral galaxies. Thev
found that the mean '*CO .J=2-1/J=1-0 ratio was 0.89 + 0.06 suggesting that.
oun average. the molecular gas in the inner kpc was thermalized and optically thick.
with an excitation temperature of 20 - 30 K for both CO transitions. They did not
find any significant correlation between the '2CO J=2—1/.J=1-0 line ratio with the
feo/fi00 ratio determined from the IRAS data when using the entire galaxy sample
as a uniform set. but they did note a weak tendency for galaxies with higher fyo/f100
ratios to have higher '*CO .J=2-1/J=1~0 ratios when galaxies where binned by
Hubble and RC3 classifications. Thev did not find any correlations between their

CO line ratios and Sevfert. LINER or starburst activity.

More recently. Mauersberger et al. (1999) performed a '?CO .J=3-2 survey of
28 nearby galaxies and from these data created beam matched '2CO J=3-2/J=1-0
line ratios. They found no correlations between CO line ratios and dust temperatures
or infrared luminosities. They note. however. that most galaxies have line ratios less
than 0.7. but those with '2CO J=3-2/J=1-0 line ratios exceeding this also have
high dust temperatures (in excess of 35 K) and infrared luminosities. Neither of

these survey had observations of optically thin tracers such as '3CO that will help
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Table 4.1: Galaxy Properties

95

Galaxy RA dec Visr d RC3 Nuclear
(2000) (2000) (kms~') (Mpc) C'lass. Activity
NGC 0470 01"19™4438 +03°24'35" 2374 32 SA(rs)b starburst
NGC 1097 02"46™19°0 —30°16'29" 1275 17 (R1)SB(r’I)b  Seyfert 1
NGC 2273 06Y50™087  +60°50'45" 1871 25 SB(r)a Sevfert 2
NGC 3081  09h59m2¢55  —22°49'35” 2385 32 (Ry)SAB(r)0/a Sevfert 2
NGC 4736 12050™53%0  +41°07'14" 308 4 (R)SA(r)ab LINER
NGC 5728 14hqama3s9 —17°15°10” JTRR 37 {R1)SAB(r)a Seyfert 2
NGC 6951 20%37™14%5  +66°06'20” 1424 19 SAB(rs)bc Sevfert 2

All Data taken from the NASA IPAC Extragalactic Database. Distances are derived
assuming Hy = 75 km s~! kpc~!.

us determine the optical depth and place stronger constraints on the molecular gas

properties determined by modeling CO line ratios.

The goal of this paper is two-fold. First. we wish to obtain a complete set of
molecular gas data for a sample of barred galaxies containing ‘bars within bars".
We have chosen 7 galaxies that are known to contain NIR isophote twists (thought
to be the signature of a double barred galaxy) for which 5 have high resolution
12CO J=1-0 data published. The properties of these galaxies are summarized in
Table 4.1. This sample will allow us to determine if variations in the molecular gas
physical conditions can explain why we see such a wide variety of CO morphologies

in a sample of galaxies with similar NIR morphologies.

The second question that we wish to address is if the gas properties determine
whether a double barred galaxy exhibits starburst or Sevfert activity. Shlosman.
Frank. & Begelman (1989) suggest that. in double barred galaxies. the tvpe of
activity depends on whether or not star formation occurs as the gas is transported
along the inner bar towards the galactic center. If star formation occurs. inflow

is halted and a starburst galaxy is born. If star formation does not occur. the
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inflow can continue to the center and accrete onto a central massive object and
fuel an active galactic nuclei (AGN). A comparison of the physical conditions of the
gas (e.g. density. column density. temperature) in the AGN. starburst. and non-
starburst galaxies will provide valuable insight into what determines if a barred

galaxy transporting material into the nucleus forms an AGN or a starburst galaxy.

In §4.2 we discuss the observations and data reduction techniques. In §4.3 we
use the 'CO J=2-1 fluxes to determine the molecular gas masses in the nuclei
of these galaxies. In §4.4 we compare our CO line ratios with the high resolution
CO morphology. dust temperatures. nuclear activity and large scale morphology
of these galaxies. In §4.5 we determine the molecular gas physical condition using
the Local Thermodynamic Equilibrium (LTE) and Large Velocity Gradient (LVG)
approximations in order to provide a physical basis for the correlations discussed in

$4.4. This work is summarized in §4.6.

4.2 Observations and Data Reduction

The nuclei of seven double barred galaxies were observed using the James Clerk
Maxwell Telescope (JCMT)! over the period of 1998 - 2001. We have obtained 2CO
J=2-1. ’CO J=2-1. and '*CO .J=3-2 detections for all galaxies except '3CO
J=2-1 in NGC 3081 and NGC 5728. The half-power beamwidth of the JCMT is
21" ar 230 GHz ('*CO J=2-1) and 14" at 345 GHz ('2CO J=3-2). 12CO J=3-2
data were obtained on a five-point cross offset by 7 in order to allow convolution to

match the 21" beam of the JCMT at 230/220 GHz. All observations were obtained

'The JCMT is operated by the Joint Astronomy Centre in Hilo. Hawaii on behalf of
the parent organizations Particle Physics and Astronomy Research Council in the United
Kingdom. the National Research Council of Canada and The Netherlands Organization for

Scientific Research.
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using the Digital Autocorrelation Spectrometer. The calibration was monitored by
frequently observing spectral line calibrators. The spectral line calibrators showed
very little scatter from the values published on the JCMT webpage with individual
measurements differing by tvpically < 15% from standard spectra. Thus. we adopt
the normal main beam efficiencies from the JCMT Users Guide of 0.69 at 230/220

GHz and 0.63 at 345 GHz.

Initially. similar data sets were averaged together using the software package
SPECX. Spectra were output to FITS files and then the data were further reduced
using the Bell Labs data reduction package COMB. The data were binned to 10 km
s~! resolution (7.8 and 11.5 MHz at 230 and 345 GHz respectivelv) and and zeroth
(horizontal) or first order (linear sloped) baselines were removed. The emitting
regions were quite wide (> 200 km s~!) but the spectrometer bandwidth was at
least 800 km s™!. which allowed for accurate baseline determination. The exception
is NGC 5728 which had lines that were more than 450 km s~! wide and the 12CO
J=2-1 spectra ran off the low velocity end of the spectrometer. For this reason.
only the high velocity continuum was used in baseline removal. Finally. the five
?CO J=3-2 spectra were then convolved to simulate a 21” beam. The spectra
for each galaxy are shown in Figures 4.1-4.7. and the spectral line intensities are

summarized in Table 4.2.

The data were then binned to 20 km s~ resolution. This allowed the calculation
of line ratios for each channel within the spectral line. The ratios for each channel
were averaged to obtain the final line ratios. Only those channels with a signal-to-
noise ratio of at least two in the line ratio were used in the calculation. This method
helps reduce errors introduced by the existence of poor baselines or weak signals.
The uncertainty in the line ratio is taken as the standard deviation of the mean. As

a final step. the spectra and line ratios were scaled to the main beam temperature
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CO Spectra for NGC 0470
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Figure 4.1: CO spectra for the inner 21” of NGC 470
Individual spectra for the inner 21” of NGC 470. The top panel shows '2CO J=2-1:
the middle panel shows !3CQO J=2-1: the bottom panel shows '2CQO J=3-2 {con-
volved to 21” resolution.
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CO Spectra for NGC 1097
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Figure 4.2: CO spectra for the inner 21" of NGC 1097
Same as Figure 4.1. except for NGC 1097.
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CO Spectra for NGC 2273
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Figure 4.3: CO spectra for the inner 21" of NGC 2273
Same as Figure 4.1. except for NGC 2273.
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CO Spectra for NGC 3081
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Figure 4.4: CO spectra for the inner 21” of NGC 3081
Same as Figure 4.1. except for NGC 3081.
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CO Spectra for NGC 4736
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Figure 4.5: CO spectra for the inner 21” of NGC 4736
Same as Figure 4.1. except for NGC 4736.
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CO Spectra for NGC 5728
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Figure 4.6: CO spectra for the inner 21” of NGC 5728
Same as Figure 4.1, except for NGC 5728.
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CO Spectra for NGC 6951
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Figure 4.7: CO spectra for the inner 21” of NGC 6951
Same as Figure 4.1. except for NGC 6951.
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Table 4.2: Spectral Line Parameters

Galaxy ?CO J=2-1 BCOJ=2-1 TZCO0J=3-2 TCOJ=32 TICOJ=I-0 Refs
(21" (21") (21") (16")

NGC 0470 242 £ 0.5 1.8 £0.2 224 +£03 24.9 £+ 0.6 19.3 (16") 1
NGC 1097 121 £ 1 14.6 £ 0.6 121.L7£ 0.5 1375+ 0.8 80 (16") 2
NGC 2273 19.7 £ 0.5 1.2+ 0.2 14.3 £ 0.3 17.9 £ 0.5 225 (22") 3
NGC 3081 4.6 £ 0.3 4.9 £ 0.3 4% 0.5
NGC 4736 46.1 £ 0.8 4.6 £ 0.4 31.9 £ 0.4 329 £ 0.5 325 (16") 4
NGC 5728 9.5 + 0.6 (0.8 £ 0.8) 21.5 £ 0.4 26.5 + 0.8 9.74 (16") 2
NGC 6951  41.7 £ 0.6 4.2 £ 0.4 48.8 + 0.5 59.4 £ 0.8 71 (16") 35

All CO line strengths given in Tyjg. The beam size for the first four columns are
stated below the transition. The '?CO J=1-0 beam sizes are given beside the flux
value.

(1) Sofue. Wakamatsu. Taniguchi. & Nakai (1993): (2) Vila-Vilaré. Taniguchi. &
Nakai (1998): (3) Kruegel. Chini. & Steppe {1990): (4) Kohno. Kawabe. & Vila-
Vilaré (1999)

scale using the appropriate values for g (see below). A summary of the line ratios
is given in Table 4.3 and a channel by channel histograms of the ratios are shown
in Figures 4.8-4.14. We note that the '2CO J=2-1 spectral line for NGC 5728 is
truncated somewhat (see Figure 4.6). We feel that the truncation of the J=2-1
spectra will have less effect on our CO line ratio. since they were calculated channel

by channel. rather than integrated intensity over the entire spectral line.

we need more line ratios in order to place stronger constraints on the molecular gas
physical conditions. We have searched the literature and have obtained '2CO J=1-0
line strengths for all galaxies except NGC 3081. All '2CO .J=1~0 spectra were taken
with the Nobeyama Radio Observatory (NRO) with 16” resolution except for NGC
2273 which was taken at the IRAM 30 m telescope with a 22" beam (see Table 4.2
for references). Since our JCMT !'2CO .J=2-1 data are taken at 21" resolution. we

have created beam matched '2CO J=3-2/J=1-0 data with the JCMT and NRO
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CO Line Ratios for NGC 0470
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Figure 4.8: Channel by channel CO line ratios for NGC 0470
Channel by channel line ratios for NGC 470. The top panel shows the '3C0O/!2CO
J=2-1 ratio and the bottom panel shows the '*CO .J=3-2/J=2-1 ratio. Only
those channels with a combined SNR > 2 are shown. The dashed line is the average
over all channels. the dotted line is the root-mean-square of the scatter. The values
for the ratios listed in Table 4.3 are the average value over all channels shows here.
and the uncertainty is the standard deviation in the mean.
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CO Llne Ratlos for NGC 1097
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Figure 4.9: Channel by chanrel CO line ratios for NGC 1097
Same as Figure 4.8. except for NGC 1097.
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CO Line Ratios for NGC 2273
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Figure 4.10: Channel by channel CO line ratios for NGC 2273
Same as Figure 4.8. except for NGC 2273.
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CO Line Ratios for NGC 3081
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Figure 4.11: Channel by channel CO line ratios for NGC 3081
Same as Figure 1.8. except for NGC 3081.
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CO Line Ratios for NGC 4736
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Figure 4.12: Channel by channel CO line ratios for NGC 4736
Same as Figure 4.8. except for NGC 4736.
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CO Line Ratlos for NGC 5728
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Figure 4.13: Channel by channel CO line ratios for NGC 5728
Same as Figure 4.8. except for NGC 5728.
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0.3 CO L1ne Ratios for NGC 6951
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Figure 4.14: Channel by channel CO line ratios for NGC 6951
Same as Figure 4.8, except for NGC 6951.
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Table 4.3: CO Line Ratios and Nuclear Characteristics

Galaxy meoy=isl  pLOs=3-2 COJ=2-1 CQ Morph Act. Refs
NGC 0470 0.09£0.01 0.93+0.03 1.38+0.42 bar SB 1.2
NGC 1097 0.13+£0.01 1.03+0.07 1.67%0.50 ring? S1 34
NGC 2273 0.11+£0.01 0.753+0.05 0.88+0.26 bar S2  3.5.6
NGC 3081 1.15+0.16 ? S2 7

NGC 4736  0.10+0.01 0.67+0.04 0.70+0.14 peaked L 89
NGC 5728 < 0.09 1.39+£0.16 1.96+£0.59 blobs S2 36
NGC 6951 0.13+£0.02  1.424