
PQ O'! 
• The Astrophysical Journal Supplement Series, 96:39-116, 1995 January 

^ © 1995. The American Astronomical Society. All rights reserved. Printed in U.S.A. 
O'! 

03 

1 THE CATALOG OF SOUTHERN RINGED GALAXIES LO 

2 R. Buta1 

Department of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487-0324 
Received 1994 May 31; accepted 1994 July 11 

ABSTRACT 

The Catalog of Southern Ringed Galaxies (CSRG) is a comprehensive compilation of diameters, axis ratios, 
relative bar position angles, and morphologies of inner and outer rings, pseudorings, and lenses in 3692 galaxies 
south of declination — 17°. The purpose of the catalog is to evaluate the idea that these ring phenomena are related 
to orbital resonances with a bar or oval in galaxy potentials. The catalog is based on visual inspection of most of 
the 606 fields of the Science Research Council (SRC) IIIa-J southern sky survey, with the ESO-Æ, ESO-Æ, and 
Palomar Sky surveys used as auxiliaries when needed for overexposed core regions. The catalog is most complete 
for SRC fields 1-303 (mostly south of declination -42°). In addition to ringed galaxies, a list of 859 mostly 
nonringed galaxies intended for comparison with other catalogs is provided. 

Detailed analysis of 5403 duplicate estimates of ring diameters (D) and 1606 duplicate estimates of bar/ring 
position angles ( 6 ) indicates that the CSRG has very good internal precision and homogeneity in these parameters. 
For an “average” ring or lens of angular diameter 016 and apparent axis ratio 0.8, the internal errors are (j(D) = 
01026 and <j{0) = 6!3. Based on a comparison with two other major sources of ring-diameter measurements, the 
external mean error in CSRG diameters is ^3.2 times the internal error at a given diameter. Comparison of the 
type classifications with those in other catalogs indicates good agreement on interpretations of features, including 
family and variety. 

Improved model distributions of apparent axis ratios and bar/ring position angles are computed which allow 
for the errors in the observed parameters and the fact that most of the observed rings have small angular diameters. 
These model distributions use Gaussian intrinsic distributions of shapes and angles, and contain the fundamental 
assumption that the spin axes are randomly oriented to the line of sight. Comparison with observed distributions 
is accomplished using the x2 test. The results are consistent with my previous 1986 analysis, but are much stronger 
because the samples are larger and better defined and the analysis is more thorough. The full CSRG confirms the 
noncircular average intrinsic shapes of galaxy rings, pseudorings, and lenses. The typical outer feature has an 
intrinsic axis ratio of 0.87 ± 0.14, while the typical inner feature has an intrinsic axis ratio of 0.84 ± 0.10. Weak 
dependences on family (i.e., apparent bar strength) are found, with SB features being more elongated than SA 
features. Similar results, but with smaller best-fitting dispersions, are found from an identical analysis of the 
completely independent set of ring axis ratio measurements from the Southern Galaxy Catalogue of Corwin, de 
Vaucouleurs, & de Vaucouleurs ( 1985 ). 

The distribution of bar/ring position angles shows once again that outer features have two preferred intrinsic 
alignment angles with respect to bars (parallel and perpendicular), while inner features have one preferred in- 
trinsic alignment angle (parallel). Most outer features in SB galaxies are aligned perpendicular to the bar, while 
most outer features in SAB galaxies are aligned parallel to the bar. The perpendicular and parallel varieties of 
outer features are readily distinguished morphologically in many galaxies as the R'i and R'2 subclasses, respec- 
tively. These findings again link the observed ring features to specific orbital resonances with a bar or oval. Outer 
features are very likely tracers of the location of the outer Lindblad resonance, while inner features are very likely 
tracers of the location of an ultraharmonic resonance near and inside corotation. These firm identifications allow 
the possibility for indirect measurement of the bar pattern speed in many galaxies. 

Other findings from the CSRG that are not based on statistics are the identification of intrinsic bar/ring mis- 
alignment; bars which underfill inner rings; dimpling of R'i pseudorings; pointy, rectangular, or hexagonal inner 
or outer ring shapes; a peculiar polar-ring-related system; and other extreme examples of spiral structure and ring 
morphology. 

Subject headings: catalogs — galaxies: structure — galaxies: fundamental parameters 

1. INTRODUCTION 

Of all the features that define disk galaxy morphology, rings 
are perhaps the most intriguing. Although generally regarded 

1 Visiting Astronomer, Cerro Tololo Inter-American and Kitt Peak Na- 
tional Observatories, National Optical Astronomy Observatories, which is 
operated by the Association of Universities for Research in Astronomy 
(AURA), Inc., under cooperative agreement with the National Science 
Foundation. 

as of secondary importance to galaxy dynamics, rings are of 
much more than secondary interest, for a variety of reasons. 
First, many rings appear to be sites of enhanced star formation, 
and in some galaxies a ring is the only place where new stars 
appear to be forming. Second, rings provide a dimension to the 
morphology of galaxies that, though often glossed over (or 
even omitted) in textbooks, must contain some clues as to how 
galaxies form and evolve. Rings are visible probes of internal 
dynamics that can be deciphered for information on galaxian 
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^ potentials. Third, we can identify at least three physically dis- 
! tinct types of optical ring phenomena: collisional rings ( or ring 

^ galaxies), where the ring is thought to be an expanding shock 
< wave in a disk of gas which has suffered a near “bull’s eye” 
S collision with a companion; polar rings, where the ring is part 
^ of a disk which is tipped by nearly 90° to the plane of a more 

massive SO galaxy, and which is thought to be the result of a 
disruptive merger; and resonance rings, which are features that 
form, through the action of gravity torques, near orbital reso- 
nances with a bar or some other kind of nonaxisymmetric disk 
perturbation, such as an oval or a spiral density wave. 

This paper is concerned mainly with the resonance rings, 
which are by far the most common among the three ring cate- 
gories. In galaxy classification systems, the resonance rings are 
usually identified as features called inner, outer, and nuclear 
rings or pseudorings. I present here a catalog of galaxies con- 
taining these kinds of ring features which I have created for the 
principal purpose of identifying which resonance or reso- 
nances each ring type is associated with. My motivation came 
from a series of test-particle models2 of barred galaxies pub- 
lished in 1981 and 1984 by M. P. Schwarz, who made interest- 
ing predictions concerning the morphological properties ex- 
pected for resonance rings. These predictions, together with the 
availability of the very fine SRC-J southern sky survey, made 
possible a detailed confrontation between theory and observa- 
tion that had not been fully tapped at the time. I will show with 
this catalog that visual data from the SRC-J sky survey can 
be used to firmly establish the existence of resonance rings in 
galaxies and, moreover, that specific resonances can be linked 
to each of the observed inner, outer, and nuclear ring types. 

2. THE CSRG PROJECT 

The Catalog of Southern Ringed Galaxies (CSRG) was be- 
gun in 1984 June at the Mount Stromlo Observatory in Can- 
berra, Australia. The idea for the catalog arose out of my thesis 
work and also out of discussions with M. P. Schwarz and A. 
Kalnajs earlier in 1984, when I realized that the SRC-J south- 
ern sky survey, being produced at the UK Schmidt telescope at 
Siding Spring, Australia, could be a gold mine for the study of 
ring phenomena in galaxies. This was because the fine grain of 
the IIIa-J emulsion and the limiting surface brightness of ^27 
mag arcsec-2 made it possible to detect very small and very low 
surface brightness rings that would have been difficult to detect 
on other survey materials. Thus, the SRC survey provided the 
opportunity for obtaining a large, homogeneous sample of 
ringed galaxies that could be used for statistics. There were four 
major types of information derivable from the copy films that 
could be used to directly test predictions of barred galaxy reso- 
nance ring models: ( 1 ) intrinsic shapes, as deduced from the 
distribution of apparent shapes of a large sample of rings; (2) 
intrinsic bar/ring alignments, as deduced from the distribution 
of apparent relative bar/ring major axis position angles of a 
large sample of ringed and barred galaxies; ( 3 ) morphology, 
through subtle details such as pointy or hexagonal shapes, dim- 
ples, and spiral pattern distinctions; and (4) size ratios of rings 
in multiple ring systems. 

2 In the past, I have incorrectly referred to these models as “«-body” 
models. They are not true «-body models because the self-gravity of the gas 
clouds is neglected. 

Because of the large area of sky covered by the SRC survey 
(606 36 square degree fields south of declination -17°), and 
because of the need for statistical reliability over a large range 
of angular diameters, the CSRG became a very long term proj- 
ect. What I am presenting here is still not a fully completed 
CSRG, because the field searches are more thorough in some 
regions than in others. Nevertheless, the present version of the 
CSRG is statistically viable for the questions the catalog origi- 
nally was created to address. It is intended that any future revi- 
sions to the catalog will be mainly to improve its completeness 
but not necessarily to greatly improve its statistical usefulness 
for the resonance problem. 

Because the CSRG is so sharply focused on ringed galaxies, 
it is not a catalog that can be used for general studies, since it 
includes no information on magnitudes, isophotal diameters, 
radial velocities, colors, or neutral hydrogen content. For this 
kind of information, the catalog must be cross-checked with 
other sources of data. The catalogs with the greatest amount of 
this kind of information are the Third Reference Catalogue of 
Bright Galaxies (de Vaucouleurs et al. 1991, hereafter RC3), 
the Southern Galaxy Catalogue (Corwin, de Vaucouleurs, & 
de Vaucouleurs 1985, hereafter SGC), and the Surface Pho- 
tometry Catalogue of the ESO-Uppsala Galaxies (Lauberts & 
Valentijn 1989, hereafter ESO-LV). The latter two catalogs 
cover the same sky area as the CSRG. 

Section 3 describes the background needed for appreciating 
what the CSRG was designed to confront. Section 4 describes 
the production of the catalog as a two-phase process needed for 
accurate assessment of the internal errors in the catalog param- 
eters. The error analysis itself is described in § 6.4. The main 
catalog and two auxiliary tables are described in § 5, while § 6 
provides a complete analysis of the data in the CSRG as well as 
in the SGC. A discussion of other findings from the catalog is 
provided in § 7. Finally, a summary of the results and a discus- 
sion of the future supplementation of the catalog are presented 
in §8. 

3. RINGS AND BARRED GALAXY MODELS 

I have already described the theoretical motivations for the 
CSRG in a preliminary analysis of data collected up until the 
end of 1985 (Buta 1986a). In a series of papers and a thesis, 
Schwarz ( 1979, 1981, 1984, 1985) made test-particle models 
of the flow of gas clouds in response to a model bar potential, 
and demonstrated very convincingly how rings might form. 
These are not the only models of the gas flow in barred spirals 
that have been published, nor are they the most sophisticated 
models possible (see the general review of barred galaxies by 
Sellwood & Wilkinson 1993), but the simplicity of the models 
and the significant insight into ring formation that they pro- 
vided made them very amenable to confrontation with obser- 
vation. The key factors in the models that led to rings were the 
following: ( 1 ) the change in orientation of periodic orbits near 
major bar orbit resonances ( see, e.g., Sanders & Huntley 1976; 
Contopoulos 1979), so that different families of orbits may 
cross in these regions; (2) the tendency of gas clouds to try to 
settle into these periodic orbits, making dissipation via cloud 
collisions important near a resonance region; and ( 3 ) the effect 
of gravity torques on the resulting initially spiral shock fronts, 
causing the pattern to evolve secularly into ring-shaped gas 
concentrations, the shape being determined in part by a domi- 
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^ nant family of periodic orbits near a given resonance. Other 
; important factors were the strength of the bar, the bar pattern 

^ speed, and the initial distribution of test-particle clouds. A re- 
s' cent review of the ring formation process, with a discussion of 
S orbits and the operation of gravity torques, has been presented 
^ by Combes ( 1993). 

The three most important resonances in the models that led 
to ringlike concentrations of gas were the inner Lindblad reso- 
nance (ILR), the inner 4:1 ultraharmonic resonance (UHR), 
and the outer Lindblad resonance (OLR). The models made 
predictions concerning the intrinsic elongation and morphol- 
ogy of rings associated with these resonances, and also on in- 
trinsic alignments between the major axis of the bar and the 
intrinsic major axes of the rings. These predictions are summa- 
rized as follows: 

1. OLR.—At this resonance, two major families of periodic 
orbits are important, one whose average radius is slightly inside 
the OLR and one whose average radius is slightly outside the 
OLR. The inner OLR orbit family has a blunt oval shape with 
major axis perpendicular to the bar, and can have slight “dim- 
pling” near the bar major-axis points. The outer OLR orbit 
family is slightly elongated parallel to the bar, and, for the 
adopted model parameters, does not show dimpling. These 
two families of orbits allowed one of two types of gaseous pseu- 
dorings to form near the resonance. One type involves spiral 
arms which wind about 180° with respect to the ends of the bar, 
dipping in slightly toward the bar on either side in such a way 
that the galaxy can resemble a broad figure-eight pattern. This 
pseudoring has an intrinsic elongation perpendicular to the 
bar. The second type of pseudoring is associated with the outer 
OLR orbit family and involves spiral structure which winds 
270° with respect to the bar major axis. This type is slightly 
elongated parallel to the bar. 

2. UHR.—At this resonance, the periodic orbits have a 
fourfold symmetry. Intersecting orbits of different orientation 
lead to an oval ring of gas which can be pointy (or lemon- 
shaped) and intrinsically aligned with the bar major axis. The 
ring may be slightly discontinuous at its major- and minor-axis 
points. For a given model, this ring is usually more elongated 
than an OLR ring. 

3. ILR.—At this resonance, orbit orientations can change 
from parallel to the bar axis just outside the resonance to per- 
pendicular to the bar axis just inside. Intersecting orbits can 
lead to a ring of gas which, at least initially, may have an elon- 
gation at an intermediate angle to the bar major axis. 

Based on the location of each of these resonance ring types, 
Schwarz made the suggestions that observed outer rings are as- 
sociated with the OLR, inner rings with the UHR, and nuclear 
rings with the ILR. These predictions are manifestly testable 
in various ways. Individual galaxies with all three ring types 
coexisting can be kinematically and photometrically studied to 
evaluate Schwarz’s suggestions directly. However, these kinds 
of studies cannot provide a global view of the ringed galaxy 
population as a whole because individual galaxies can depart 
from the average significantly. A much more powerful way of 
evaluating Schwarz’s suggestions would be to obtain distribu- 
tions of apparent shapes and bar alignments for a large, homo- 
geneous sample of ringed galaxies, and then to derive intrinsic 
shapes and bar alignments by modeling these distributions. At 
the same time, a large sample of galaxies can be inspected for 

the morphological signatures of specific resonances, such as 
dimples; boxy, pointy, or hexagonal shapes; and the pitch angle 
and the extent of winding of spiral structure. 

It was the possibility of linking observed rings with specific 
bar resonances that originally led me to consider the use of the 
sky surveys to obtain a very large sample of ringed galaxies for 
statistics. The ultimate goal was to learn how we could use ring 
phenomena to obtain information on one of the most elusive 
parameters of galactic dynamics: the bar pattern speed. This 
parameter determines the location of resonances in the disk, 
but it is not yet known what fixes its value. It is also unclear 
whether this parameter changes with time or whether different 
features in a given galaxy all have the same pattern speed. The 
kind of study I describe here can address some of these prob- 
lems. 

4. PRODUCTION OF THE CATALOG 

The catalog began with a 2 week feasibility study in 1984 
June. Measurements of ring major- and minor-axis diameters 
were accomplished using a 7X Bausch and Lomb measuring 
magnifier, while measurements of relative bar/ring major-axis 
position angles were accomplished using a small ruler and one 
of two circular protractors having radii of 4-5 cm. The same 
measuring magnifier was used for all measurements. Since I 
wanted to measure bar/ring position angles, it became impos- 
sible to base the CSRG on the SRC-J survey films alone. This 
is because the central regions of many galaxies are overexposed 
on the SRC films, making it difficult to see a bar, if present, and 
sometimes making it difficult to see any inner structure, such 
as a high surface brightness inner ring. Overexposed cases were 
dealt with initially using the much less deeply exposed (and 
larger grained) ESO-i? copy films as auxiliaries, but after 1986, 
ESO-R copy films were used instead as the auxiliaries because 
of the greater sensitivity of the red emulsion to even very weak 
bars. Thus, ESO-R films were used to obtain position angles 
for bars that were either overexposed on the SRC-J films or too 
weak to measure easily on those films. For a few galaxies north 
of the limit of the ESO survey, glass copy plates of the Palomar 
Sky Survey (PSS) were used as the auxiliaries. The searches 
began with field 001 ( -90° ). 

In the beginning of the project, I did not use a very effective 
search technique because I was mainly interested in the larger 
ring examples. I simply scanned each field closely, but without 
magnification, and examined as many of the galaxies as possi- 
ble. This was the search technique used from 1984 June to 
1986 May, when the catalog was temporarily discontinued so 
that I could work full time on the Third Reference Catalogue 
of Bright Galaxies. When I resumed the CSRG on a few occa- 
sions in late 1988, I improved the search technique by using 
the equatorial coordinate grid that was supplied with the Palo- 
mar Sky Survey. This substantially increased the number of 
identified examples, and improved the completeness of the cat- 
alog. 

By the summer of 1990, I had visually scanned about 575 
SRC fields, and it was at that time that I decided to completely 
redo the part of the catalog south of-42° (covering about 300 
fields). This was necessary to check the consistency and accu- 
racy of the parameters in the catalog in a meaningful way, and 
avoided the use of only those objects that happened to lie in an 
overlap region between two or more films. I will refer to the 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



42 BUTA Vol. 96 

PQ (T\ en 

^ part of the CSRG produced before 1990 July as CSRG I and 
; that produced after 1990 July as CSRG II. At the time of this 

^ writing, CSRG II involves 320 fields. Because CSRG II was 
< based on a thorough search technique and had the benefit of 

the experience of CSRG I, it is a more complete, more polished 
^ catalog than CSRG I. The final CSRG is based on an un- 

weighted average of CSRG I and II. 
The compilation of CSRG II proceeded as follows. First, an 

initial search was made on each field in 15' declination strips 
on the PSS coordinate grid. All obvious or suspected ring cases 
were marked with a felt-tip pen. These would include not only 
conventional inner- and outer-ringed galaxies but also colli- 
sional ring galaxies and polar ring galaxies. (The latter objects 
were regarded as peculiar and mostly avoided in CSRG I.) For 
about one-third of the CSRG II fields, the initial grid search 
was the only search made. However, the grid lines were suffi- 
ciently thick to cause some galaxies to be missed, and thereafter 
a second search was made with the grid displaced by half a grid 
step in both right ascension and declination. This was usually 
sufficient to find any cases missed in the initial search. In addi- 
tion to ringed galaxies, many nonringed galaxies were marked 
for the purpose of comparing classifications with other cata- 
logs. 

Once all candidates were marked, I then placed a PSS grid 
appropriate to the declination on the film and used ESO galax- 
ies of known position to register the grid lines. Because the PSS 
grids are not exactly geared to the declination zones of the SRC 
survey, it was sometimes necessary to use an awkward combi- 
nation of two grids to cover a whole field. This, and the fact 
that the grids are hand-drawn, meant that coordinates could 
not be estimated to better than 1 '-2'. All marked galaxies were 
checked against the ESO-R catalog ( Lauberts 1982 ), and posi- 
tions for any found were merely taken from that catalog. For 
all non-ESO galaxies, the coordinates were interpolated within 
the grid lines. These approximate positions were later input 
into the FINDER program which created plots of stars and 
other objects from the Space Telescope Science Institute Guide 
Star Catalogue (GSC) located within a 2o X 2° box centered on 
the approximate position. With these plots, it was possible to 
match the faint CSRG galaxies to objects in the GSC. The final 
positions adopted for these galaxies are taken from this catalog 
and are much more accurate than the grid coordinates. 

Once a galaxy was identified either by an ESO-Z? catalog 
name or an estimated position, then the next step was to clas- 
sify the galaxy. The classification system I adopted is a modi- 
fied version of the de Vaucouleurs ( 1959) revised Hubble sys- 
tem. Table 1 summarizes the revisions. Following Kormendy 
( 1979), I have distinguished lenses from rings using the nota- 
tion (1) for inner lens (analog of inner ring) and (L) for outer 
lens (analog of outer ring).3 There are also features that could 
be called nuclear lenses (nl); these are described by Buta 
( 1989 ). I have also distinguished three subclasses of outer rings 
and pseudorings: the R'i subclass, a type where the outer arms 
wind 180° with respect to the bar ends and which resemble the 
perpendicular-aligned OLR rings found by Schwarz; the R'2 

subclass, a type where the arms wind 270° with respect to the 

3 Note that this use of L differs from that in RC3, where L is a code to 
symbolize a “lenticular” ( or SO ) galaxy. 

TABLE 1 
Additional Notation Used in Revised Hubble Classifications 

Feature Notation 

Inner lens   (1) 
Inner ring-lens  (rl) 
Inner pseudoring-lens   (rl) 
Outer lens  (L) 
Outer ring-lens  (RL) 
Outer pseudoring-lens  (RT) 
Type 1 OLR outer ring  (Ri) 
Type 1 OLR outer pseudoring  (Rj) 
Type 2 OLR outer ring  (R2) 
Type 2 OLR outer pseudoring   (R2) 
Mixed mode outer ring, pseudoring combination  (R1R2) 

bar ends and which resemble the parallel-aligned OLR rings 
found by Schwarz; and a final subclass called R1R2, which is a 
combination of the first two subclasses. These three subclasses 
of outer pseudorings are described in detail by Buta & Crocker 
( 1991 ). The catalog also distinguishes ring galaxies and polar 
rings. A ring galaxy is simply called “RG,” and a polar ring 
galaxy is called “PR.” The catalog is not complete with respect 
to the identification of these kinds of features, especially north 
of declination -42°. 

The classification of the rings, pseudorings, and lenses into 
subclasses such as “inner” or “outer” was not always straight- 
forward. By “inner feature,” I will mean inner rings (r), inner 
pseudorings (rs), inner lenses (1), or inner ring-lenses (rl). By 
“outer feature,” I will mean outer rings ( R ), outer pseudorings 
(R'), any of the subclasses Ri, R1, or R'2, outer lenses (L), or 
outer ring-lenses (RL). Only for barred galaxies was it usually 
possible to distinguish these different feature types unambigu- 
ously. This is because the bar usually fills an inner ring or lens, 
if present, in one dimension. Occasionally, galaxies which ap- 
peared to be nonbarred on an SRC-J film revealed a weak bar 
on the corresponding ESO-R survey film, so that inner and 
outer features could still be distinguished. However, in some 
clearly nonbarred galaxies with only a single ring, it was diffi- 
cult to decide whether a ring or lens was an inner or an outer 
type. In the main table, some of these are classified as (R?) or 
(r?) types, where the question mark does not mean the feature 
is weak, only that its interpretation is uncertain. Another am- 
biguity arises from the fact that there are at least three different 
ordinary ring types possible in barred galaxies: outer, inner, 
and nuclear rings, and that there are analogs of each of these in 
nonbarred galaxies. Nuclear rings are easily distinguished from 
inner rings in SB galaxies, again because the bar usually fills the 
inner ring in one dimension. Without this diagnostic, however, 
one cannot readily distinguish an inner from a nuclear ring 
in an SA galaxy unless all three feature types are present. The 
ambiguity means that some features in SA galaxies which are 
really analogs of nuclear rings will be misclassified as inner 
rings. 

The next step was to measure the ring dimensions and posi- 
tion angle with respect to the bar axis. The scale in the Bausch 
and Lomb measuring magnifier is 20 mm long and is divided 
into 0.1 mm intervals. Diameters were estimated to 0.01 mm, 
although the actual internal errors are several times larger than 
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^ this (§ 6.4.1 ). A few large outer rings could not be measured 
! with the magnifier, and a millimeter ruler was used instead. 

^ Although most diameters were measured on the SRC-J survey 
< films, some were based on ESO-B, ESO-R, or PSS images 
^ whose scales are slightly different from the scale of the SRC-J 
^ survey films. Table 2 lists the scales used for converting milli- 

meter diameters to arcminutes for each film or plate source.4 

The bar and ring major-axis position angles were measured 
using the 7X magnifier in conjunction with a small, flat metal 
ruler. Except for nearly round rings or rather weak bars, it was 
generally not difficult to line up the edge of the ruler with the 
long axes of the features. A felt-tip pen was used to indicate 
the position angles, and then a circular protractor was used to 
measure the relative angle between the features. The angle was 
usually tabulated as an acute angle, i.e., between 0° and 90°. 
However, in some cases, the angle is listed as obtuse or nega- 
tive. These occur in systems with two or more ring or pseu- 
doring features. If all of the rings lie in the same quadrant with 
respect to the bar, then the angles are all positive between 0° 
and 90°. If the inner feature has a major axis with respect to the 
bar in a quadrant adjacent to the outer feature, then the inner 
feature angle is listed as negative or obtuse. This preserves in- 
formation on the relative angle between the inner and outer 
features, irrespective of the bar. Note that for very nearly round 
rings, no angle could be reliably estimated and none is listed. 

In cases where the central region was overexposed on the 
SRC-J survey film, but a bar was clearly seen in the image on 
other survey material, such as ESO-i?, ESO-R, or the PSS, 
then the bar position angle was judged on that image and trans- 
ferred to the SRC-J film by reference to field stars. In some 
cases it was necessary to measure the bar/ring position angle 
entirely on the other survey material. 

Because I wanted to distinguish ringed galaxies having 
multiple-armed or flocculent spiral structure from those with 
two-armed spiral structure, I counted the number of spiral 
arms in many cases. This parameter is sensitive to the quality 
of the plate material and is not very precise. 

5. THE CATALOG AND AUXILIARY LISTS 

The CSRG is contained in Table 3. The main parameters 
listed are schematically illustrated in Figure 1. The column ex- 
planations are as follows: 

Column (1).—Right ascension (hours, minutes, seconds) 
and declination (degrees, arcminutes) for epoch 1950.0. If an 
object has an NGC, IC, ESO, or MCG name, then the position 
is taken from the ESO-R catalog. If an object has a CSRG num- 
ber, then the position is from the Space Telescope Science In- 
stitute Guide Star Catalogue. 

Column (2).—Catalog name in NGC, IC, ESO-R, or MCG 
catalog if available. If not in these catalogs, a running CSRG 
number has been assigned to prevent the use of anonymous 
positional names. 

4 The combination of these relatively small scales and the frequent over- 
exposure of galaxy nuclei on the survey films caused nuclear rings to be 
severely selected against, so that the CSRG is mainly a catalog of inner 
and outer features only. A compilation of nuclear feature dimensions from 
various sources, including the few noted on sky survey images, is provided 
by Buta & Crocker (1993a). 

TABLE 2 
Scales Adopted for Millimeter Conversion 

Scale 
Survey Material (arcmin mm-1) Reference 

SRC-J   1.118 UK Schmidt Notes 1976 
ESO-R  1.125 West & Schuster 1982 
ESO-R   1.124 West 1985 
PSS   1.119 Minkowski & Abell 1963 

Column (3).—Revised Hubble classification in modified de 
Vaucouleurs ( 1959) system. Revisions account for subclasses 
of outer rings and pseudorings, and also for outer lenses and 
inner lenses (see Table 1 ). 

Column (4).—Revised Hubble stage coded on RC2 and 
RC3 numerical scale. 

Columns (5)-(7).—Major- and minor-axis diameters 
(arcminutes), and position angle of major axis with respect to 
bar axis (degrees), of an outer ring, pseudoring, or lens feature. 
If the object has an RjR^ double ring, pseudoring feature, then 
the dimensions and angle for the Ri feature are given on the 
first line, while those for the R'2 feature are given on the second 
line. The meaning of a negative or obtuse angle is discussed in 
§4. 

Columns (8)-(10).—Major- and minor-axis diameters 
(arcminutes), and position angle of major axis with respect to 
bar axis (degrees), of an inner ring, pseudoring, or lens feature. 
The meaning of a negative or an obtuse angle is discussed in 
§4. 

Column (11).—Number of spiral arms. Notation such as 
“2+” means there are at least two clear arms and possibly other 
fainter arms; “2 + 2” means ‘‘two main arms + two secondary 
arms”; “4i, 2o” means “four inner arms, two outer arms”; etc. 
Although in most cases the number of arms was actually 
counted, in some cases multiple arms are symbolized simply 
by “m,” or, if flocculent, by “f.” 

Column (12).—This number specifies the number of esti- 
mates that went into each parameter, as follows: 

Digit 1 : number of outer feature classifications. 
Digit 2: number of family estimates. 
Digit 3: number of variety estimates. 
Digit 4: number of stage estimates. 
Digit 5: number of outer feature major-axis diameter esti- 

mates. 
Digit 6: number of outer feature minor-axis diameter esti- 

mates. 
Digit 7: number of estimates of relative bar, outer feature 

major-axis position angle. 
Digit 8: number of inner feature major-axis diameter esti- 

mates. 
Digit 9: number of inner feature minor-axis diameter esti- 

mates. 
Digit 10: number of estimates of relative bar, inner feature 

major-axis position angle. 

In addition to the main catalog, two auxiliary lists are pro- 
vided (Tables 4 and 6). Table 4 presents a set of brief notes on 
selected objects of interest in the catalog. These notes represent 
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TABLE 3—Continued 

RA (1950) Dec Name Type T D(O) d(0) 6{0) D(I) d(I) 0(1) m N 

235424- 
235426- 
235427- 
235436- 
235439- 
235454- 
235521- 
235544- 
235606- 
235624- 
235651- 
235654- 
235654- 
235657- 
235729- 
235732- 
235734- 
235747- 
235819- 
235822- 
235832- 
235848- 
235919- 
235922- 
235923- 
235930- 

•1702.4 
•3457.5 
•4835.1 
•3716.8 
1854.5 

■2919.5 
•2223.5 
■7050.2 
1750.7 

•6457.0 
■4142.7 
•2202.9 
•3417.6 
•2154.9 
4933.8 
•6123.1 
■5407.5 
•8104.2 
■4738.0 
■4059.4 
■5416.2 
■2528.7 
■3707.7 
2754.3 
•4056.4 
■3344.8 

MCG -3-1-3 
ESO 349-9 
CS RG 1223 
IC 5365? 
CS RG 1224 
ESO 471-49 
CS RG 1225 
CS RG 1226 
CS RG 1227 
CS RG 1228 
ESO 293-26 
CS RG 1229 
CS RG 1230 
CS RG 1231 
CS RG 1232 
CSRG 1233 
CS RG 1234 
ESO 12-12 
ESO 193-9 
ESO 293-29 
ESO 149-llA 
CSRG 1235 
ESO 349-19 
ESO 409-3 
ESO 293-30 
ESO 349-20 

SB(r)cd 
(R'1)SB(rs)b 
(R')SA0/a p 
SB(r)a 
(R/)SA(s)a 
SB(r)b 
(R)SB0+ 
(R')SB(s)a 
(R,)SB(s)ab 
(R')SAB(rs)ab: 
(RÓSBtrjc 
(R)SB(r)b 
SA(rs)ab 
SB(rs)cd: 
(R')SB(s)b: 
SAB(r)b: 
SA(rs)c: 
SB(rs)c p 
(R)SB0+ 
SB(rs)c 
(L)SA(1)0° 
(R)SAB0+ 
SA(rs)ab 
(R,)SA(s)ab 
SB(rs)c 
(R/

1)SB(s)a 

6.0 
3.0 
0.0 
1.0 
1.0 
3.0 

-1.0 
1.0 
2.0 

1.12 
0.96 

0.73 60.0 
0.51 

0.96 0.64 

0.47 
0.44 
0.52 

2.0: 0.46 
4.7 0.84 

0.83: 

0.31 31.9 
0.38 72.9 
0.39 68.5 
0.30 
0.74 4.6 
0.67: 3.0 

2.0 
5.5: 
3.0: 
2.5: 
5.0: 
5.0 

-1.0 0.99 0.17 3.8 
5.0 

-2.0 0.84 
-1.0 0.49: 

1.7 
2.0 1.03 
5.0 
1.0 0.74 

0.49 0.19 5.3 

0.53 
0.42 64.0: 

0.94 

0.42 58.6 

0.39 0.34 63.9 2 
0.50 0.40 20.3 2 

0.28 0.22 1.7 2 
2 

0.63 0.34 39.3 4 

2 
2 

0.25 0.12 2 
0.22 0.19 4.8 3+ 
0.40 0.39 
0.36 0.28 5: 
0.39 0.35 2.1: 

1? 
0.30 0.20 
0.20 0.17 4 
0.40 0.37 2i 

0.34 0.19 8.4 3 
0.44 0.26 

0.52 0.39 2+ 
2 

0.31 0.22 9.4 4 

0111000111 
2222111111 
1101110000 
0111000111 
1111110000 
0111000111 
2202222000 
1111111000 
1111111000 
1111110110 
1333111332 
1111110110 
0222000110 
0222000221 
2222111000 
0222000220 
0111000110 
0111000110 
3303333000 
0222000221 
1111110110 
2202111000 
0333000330 
1111110000 
0111000111 
1111111000 

a small fraction of the totality of notes actually compiled, and 
focus only on the most exceptional cases or the best examples 
of a given type of feature. The abbreviations used are summa- 
rized in Table 5. 

The second auxiliary table (Table 6 ) consists mainly of clas- 
sifications of nonringed galaxies. These objects were included 
during the production of CSRG II to facilitate comparing the 
author’s classifications with other catalogs, especially the SGC. 
Anonymous objects in this list are assigned a running ACSRG 
number, where the “A” means they are additional to the 
CSRG. 

6. ANALYSIS OF THE CATALOG 

6.1. Completeness 

The total number of galaxies in the main catalog is 3692. 
In discussing completeness, I note again that the fields most 

Fig. 1.—Schematic of the meaning of CSRG parameters, where “I” 
stands for inner feature and “O” stands for outer feature. Most CSRG fea- 
tures are pseudorings formed from spiral structure. 

thoroughly searched are SRC numbers J001-J303 ( see Fig. 2 ). 
Most of these cover declinations south of-42°. An additional 
15 fields north of -42° were also thoroughly searched using 
CSRG II techniques. Figure 2 shows where these fields are lo- 
cated. All CSRG II fields are dotted in this figure. Twenty-two 
fields north of -42° have not yet been scanned for the catalog, 
mostly because the films were not available at the time CSRG 
I was being carried out. These are indicated by an asterisk in 
Figure 2. For an additional 17 fields, the scans were based on 
ESO-5 or ESO-R films, again because the J films were not 
available. Note that the main table does not provide field in- 
formation on the galaxies; however, the full input file for the 
CSRG does include this information and will be made avail- 
able in computer form only. 

Of interest first is the median major-axis angular diameter of 
the different features listed in the catalog. The total number of 
inner features is 2639, for which the median angular diameter 
is 0.'43. The range in angular diameters is 0T2 < Z)(I) < 3.'6. 
The total number of outer features is 2130,5 for which the me- 
dian angular diameter is 0.78. The range of diameters is 0.'23 < 
Z)(0) < 10.'5. Thus, the typical ring feature in the CSRG has 
an angular diameter less than 1 '. 

Figures 3a and 3¿ show histograms of the distribution of an- 
gular diameters for outer and inner features, respectively. Note 
the large peak for inner features in the 0.'3 bin that may reflect 
interpretation uncertainties. A comparable peak is not seen in 
the outer feature distribution. The curves on the histograms 
represent fits of a uniform density distribution, « oc Z)-3, to the 
indicated portions of the diameter distributions. Least-squares 
fits gave the following : 

n(I) = 59.4/Z)(I)3, range 0.'45< £>(!)< 4.'0, (1) 

«(O) = 122.4/Z>(0)3, range 0.75 < D(O) < 4.'0 . (2) 

5 This number counts the and R2 components of R1R2 cases sepa- 
rately. 
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TABLE 4—Continued 

h) a 
LO CO co 

RA (1950) Dec Name Field Notes 

2332.7-5617 NGC 7702 J192 
2341.6- 3827 ESO 348-7 J348 

2342.2-3843 CSRG 1193 J348 

2342.4-4311 NGC 7744 J292 
2344.7- 6403 ESO 110-28 J110 

2348.2-5857 CSRG 1205 Jill 

2353.5-6057 ESO 111-10 Jill 

2356.9-4143 ESO 293-26 J293 

2359.4-2754 ESO 409-3 J409 

exc. case descr. by Buta (1991); (r) v. bri. and (R) v. faint 
exc. examp. of R^R^; both feats, eure well—def.; (rl) is v. weak; 
obj. resembs. N1291 (see Buta 1986a) 
resembs. ESO 348—7 nearby; (R^) is exc.; susp. trace of (Ri) 
compon.; B is exc., & there is no (r) or (1) 
v. fine examp. of the type; env. is bri. h v. extensive; B is boxy 
v. fine examp. where (rs) is an N5248-type of feat.; resembs. ESO 
111—10; (R;) roughly resembs. an (R2), but does not close on one 
side; sev. distant ses 
v. good examp.; (Rj) is clr. case with dimpling on one side; B is 
exc. & there is no (r) or (1); sc @3.06 
exc. examp. of (Ri); has N5248 type of spir. oval (see Fig. 23) k. a bri. 
round core; outside the spir. is a beau., sm. (Ri); ESO 111—9 @1.57 
v. interes. obj.; has a B, weak (r), a two—armed spir., then a strange 
hex. out. ring of v. regular shape; sc @1.51 
perf. examp. of an SA gal. with a bri. (R'); no (r) is vis. on ESO—B 

The fits provide good representations of the diameter distribu- 
tions over these diameter ranges, and show that the catalog has 
reasonable completeness for diameters equal to and larger than 
the median diameter in each case. I will therefore use the me- 
dian diameters to limit the.galaxies that enter into my statistics. 

6.2. Inventory of the Catalog 

Table 7 provides an inventory of the ring features in the cat- 
alog. Excluding polar ring and ring galaxy parameters, there 
are 2610 inner features and 2051 outer features listed. Approx- 

TABLE 5 
Explanation of Abbreviations in Table 4 

Abbreviation - Translation Abbreviation - Translation Abbreviation - Translation 
B - bar 
1.23x0.76- E23xOÍ76 
@1.10 - at LlO 
OX - overexposed 
aff. - affected 
aim. - almost 
alth. - although 
ans. - ansae 
asymm. - asymmetric 
atyp. - atypical 
ax. - axis 
beau. - beautiful 
bee. - because 
bet. - between 
bey. - beyond 
bri. - bright 
brok. - broken 
cat. - catalogue 
cc - comparable companion 
ccs - comparable companions 
cent. - center 
char. - character 
circ. - circular 
clr. - clear 
clus. - cluster 
comp. - companion 
compl. - completely 
complic. - complicates 
compon. - component 
comps. - companions 
dß - bar diameter 
def. - definite 
descr. - described 
det. - detached 
dimpd. - dimpled 
dims. - dimensions 
dirs. - directions 
distort. - distorted 
ellip. - elliptical 
elong. - elongated 
enhan. - enhanced 
env. - envelope 
envd. - enveloped 

esp. - especially 
evid. - evident 
exac. - exactly 
examp. - example 
exc. - excellent 
excess. - excessively 
ext. - extensive 
extran. - extraneous 
feats. - features 
foregrd. - foreground 
foresh. - foreshortened 
gal. - galaxy 
grp. - group 
hex. - hexagonal 
hsb - high surface brightness 
imm. - immersed 
inch - inclined 
inn. - inner 
interact. - interacting 
interes. - interesting 
intermed. - intermediate 
interpr. - interpret or interpretation 
intrin. - intrinsically 
irrly. - irregularly 
1c - large companion 
litt. - little 
Isb - low surface brightness 
lumin. - luminosity 
maj. - major 
meas. - measured 
min. - minor 
misalign. - misalignment 
morph. - morphology 
norm. - normal 
nr - nuclear ring 
nrly. - nearly 
nuc. - nucleus 
num. - numerous 
obj. - object 
obv. - obvious or obviously 
orthog. - orthogonal 
out. - outer 
p.a. - position cingle 

part. - partial 
pat. - patchy 
patt. - pattern 
pec. - peculiar 
perf. - perfect 
perpend. - perpendicular 
plan. neb. - planetary nebula 
poss. - possible or possibly 
pres. - present or presence 
prof. - profile 
prom. - prominent 
prox. - proximity 
reason. - reasonable 
rectan. - rectangle 
reg. - region or regular 
rel. - related 
reminis. - reminiscent 
resembs. - resembles 
sc - small companion 
ses - small companions 
sec. - secondary 
sev. - several 
sig. - significant 
sim. - similar 
si. - slightly or slight 
sm. - smooth 
spectac. - spectacular 
spir. - spiral 
struc. - structure 
sugg. - suggested 
surr. - surrounding 
susp. - suspect or suspicion 
symm. - symmetry 
togeth. - together 
une. - uncertain or unclear 
unus. - unusual 
v. - very 
vhsb - very high surface brightness 
vis. - visible 
vse - very small companion 
vses - very small companions 
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^ imately 42% of the outer features are subclassified into the 
! OLR ring and pseudoring categories, indicating that these cat- 

^ egories are not rare among the disk galaxy population. How- 
^ ever, when the sample is restricted to only those features larger 
S than D(O) = 0.78, then the percentage drops to about 34%. 

The far sample thus appears to have a larger fraction of these 
categories ( about 50% ), but the significance of the difference is 
unclear. 

Table 7 also lists the number of galaxies having an inner fea- 
ture but no outer feature, and the number having an outer fea- 
ture but no inner feature (last line). A substantial number of 
galaxies (1593) with inner features do not have a recognized 
outer feature. For some fraction of these, an outer feature may 
be present but is too faint to distinguish because of low intrinsic 
surface brightness or excessive Galactic extinction. The 267 
galaxies having a recognized outer feature but no inner feature 
are potentially interesting. This sample is restricted to only 
those cases where the family (or bar classification) was clearly 
distinguishable. Although for some the family may be con- 
fused with a poorly resolved ring or lens, some fraction of these 
galaxies really do not have any inner feature. 

The distributions of CSRG galaxies by revised Hubble stage 
and family are shown in Figures 3c-3/. These histograms are 
restricted to rings larger than the median for each feature type. 
The distributions in Figures 3c and 3d show that outer and 
inner features are found over a similar range of types: -2 < 
T < 4 versus -2 < T < 5, respectively. Very few CSRG galaxies 
have types later than Scd. These ranges of rings agree with the 
earlier results of de Vaucouleurs (1963, 1975) and de Vau- 
couleurs & Buta ( 1980b). The dashed histogram in Figure 3d 
shows the distribution for double-featured galaxies, i.e., those 
galaxies having both inner and outer features. More than 500 
of the 1325 galaxies in the plotted sample are of this type. 

The histograms in Figures 3e and 3/show the distributions 
by family. The majority of CSRG galaxies are SB types, which 
constitute 50% or more of both feature types. However, the 
number of nonbarred (SA) galaxies in the CSRG is not negli- 
gible, especially among inner features. 

6.3. Comparison of Morphological Information 
with Other Catalogs 

The morphological interpretations in the CSRG are a very 
important part of the work. Figure 4 compares CSRG types 
with three other major catalogs: the ESO-i? catalog, the SGC, 
and the Revised Shapley-Ames Catalog ( Sandage & Tammann 
1981, hereafter RSA ). For the purpose of comparing my types 
with these catalogs, I will use not only the types in the main 
CSRG (Table 3) but also the types in the auxiliary Table 6. 
The latter objects extend the range of types for comparison, 
since ringed galaxies are rare for types earlier than SO and later 
than Scd. The galaxies in Table 6 are also biased toward less 
inclined galaxies, as are the CSRG galaxies proper (§ 6.5.2 ). 

The comparison with SGC types is shown in Figures Aa-Ad. 
These types are on the same system as CSRG types and afford 
a comparison not only between stage indices but also between 
family and variety judgments. The raw comparison of stage 
indices is illustrated in Figure Aa, which shows that there are 
some cases of extreme disagreement. The most serious dis- 
agreements are for ESO 115—15, IC 3829, ESO 219-37, ESO 

272-44, ESO 287-6, and ESO 239-19. On average at each 
type, however, the agreement is fairly good. Figure Ab shows 
the mean CSRG stage index versus SGC stage, and the mean 
SGC stage versus CSRG stage, after rejection of the above six 
cases. Setting Ts = SGC type and Tr = CSRG type, the impar- 
tial least-squares relationship between the two data sets is (for 
1726 objects) 

Tr = 2.51 + (0.936 ± O.OlOXTs- 2.75), (3) 

with a standard deviation of 1.18 stage units. This is shown by 
the dashed line in Figure Ab. The small but significant scale 
error was noted before from CSRG I data used in the produc- 
tion of RC3 (see Buta et al. 1994a). The previous slope of 0.87 
covered the more limited range of types available in CSRG I, 
and did not include the auxiliary galaxies such as those in Table 
6. The standard deviation indicates individual errors of about 
0.83 stage units for each data set. This is reasonable for the 
mostly low-inclination galaxies involved in the comparison. 

The comparisons between CSRG and SGC family and vari- 
ety judgments are shown in Figures Ac and Ad, respectively. 
For least-squares comparisons, numerical indices were as- 
signed to the judgments as follows. For family, F = -1 for SA, 
-0.5 for SAB, 0 for SAB, +0.5 for SAB, and +1 for SB galaxies. 
For variety, F = -1 for r, -0.5 for i^, 0 for rs, +0.5 for rs, and 
+1 for s galaxies. (Note that the intermediate estimates such as 
re or SAB, which follow the notation of de Vaucouleurs 1963, 
are not given in the SGC.) The impartial least-squares relation- 
ships (úto/z£¿/ lines) are as follows: 

Fr = 0.22 + ( 1.057 ± 0.039)(FS - 0.43) , (4) 

Vr = -0.06 + (0.992 ± 0.036)(Us- - 0.04) . (5) 

The standard deviations are 1.20 for families and 1.06 for vari- 
eties, implying individual errors of 0.85 and 0.75 units, respec- 
tively. It appears that agreement is better on variety estimates 
than on family estimates. SGC families tend to be more barred 
than CSRG families, and SGC varieties slightly less ringed than 
CSRG varieties. The comparison with ESO-F types is shown 
in Figure Ae. The plot shows the mean CSRG type and stan- 
dard deviation for a given ESO-F type. The agreement is fairly 
good for the 2631 galaxies represented. There may be a small 
scale difference over the intermediate range SO/a to Sc 
(compare mean points with solid line in Fig. Ae). The compar- 
ison with RSA types is illustrated in Figure 4/. Here the indi- 
vidual points are shown. 

6.4. Errors of the Measured Parameters 

6.4.1. Internal Error A nalysis 

The considerable overlap between CSRG I and CSRG II 
means that many galaxies had multiple estimates of their ring 
diameters and relative bar/ring position angles. This allowed a 
thorough internal error analysis to be carried out. The diame- 
ters and angles in Table 3 are unweighted averages of all of the 
estimates made. The internal error analysis I present here is 
based on the residuals from these means. The major- and mi- 
nor-axis diameters of all features provided 5403 residuals, 
while the angle estimates provided 1606 residuals. Figures 5a- 
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Fig. 2.—SRC field numbers versus right ascension and declination. Dotted fields were scanned using CSRG II techniques, while nondotted fields were 
scanned using only CSRG I techniques. A “B” or “R” after the field number means that, at the time of the scan, it was necessary to use an ESO-Æ or ESO-R 
film for the search. Fields where the number is followed by an asterisk have not yet been scanned for the CSRG. 

5 d show the diameter residuals versus mean diameter, and the 
angle residuals versus mean angle, mean diameter, and axis 
ratio q, which I derive as(rf)/(Z)).An internal error function 
for the diameters was derived by sorting the residuals by mean 
diameter, and computing the standard deviation and mean di- 
ameter for successive groups of 400 residuals. The plot in Fig- 
ure 5e shows that the error increases with increasing diameter 
(the rightmost point on this plot involves only 200 residuals). 
A least-squares fit gave the following relationship: 

estimates per galaxy is {No} = 1.4 for outer features and 
(A/) = 1.5 for inner features (see digits 5 and 8 of the number 
coded in col. [12] of Table 3 ). To allow for this in my analysis 
of the observed axis ratio distributions, I will divide equation 
(6)by V<A,o) or V(ÏV/) . 

The errors in the axis ratios can be inferred from equation 
(6). Since the relationship is valid for both major- and minor- 
axis diameters, we can compute a{d) and o(D) separately. 
Then the uncertainty in the axis ratio can be derived from 

<r(d, D) = 0.'0086 + 0.0285<d, Z)>, (6) 

where “d, D” means the relation is valid for both major- and 
minor-axis diameters. Although the absolute error increases 
with increasing diameter, the percentage error actually de- 
creases. Thus, the smallest diameters have the largest percent- 
age error. Equation (6) is for a single diameter measurement, 
so that the error for galaxies observed more than once will be 
less than given by this equation. For the samples that will be 
analyzed in § 6.5.3, the average number of major-axis diameter 

a2(d) d2(T2{D) 
D2 D* 

(7) 

For a given diameter the error in the axis ratio provided by this 
equation will be larger for rounder rings. 

Although the scatter in the angle residuals appears to be 
larger at smaller diameters (Fig. 5c), the apparent increase is 
mostly a size-of-sample effect. The main source of error in the 
angles is actually the axis ratio, which is not surprising since 
the angle is undefined for circular rings. For the error function 
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TABLE 7 
Inventory of Features 

Feature N Feature N Feature N Feature N 

(r)  
(rs)  
(n¡)  
(R)  
nr  
I but no O 

1341 
266 
521 
144 

2 
1593 

(1) ~ 
(rl). 
(rl). 
(ID. 
(rï) 

115 
15 

133 
62 
13 

(R)  
(RO  
(L)  
(RL)  
(RT)   
O but no I 

495 
592 

34 
65 

7 
267 

(Ri)  
(R'i)  
(R2)  
(R'2)  
(RiR2) • 

156 
324 

5 
295 

78 

the angle residuals were sorted by axis ratio, and the mean axis 
ratio and standard deviation of the residuals were computed 
every 300 points (except for the largest q bin, which involves 
only 106 residuals). The results are shown in Figure 5/. The 
curve is based on a least-squares fit and has the form 

(j(6) = 2!291 + 0!805/(I — q). (8) 

As for equation ( 6 ), equation ( 8 ) is the error for a single mea- 
surement. The average number of angle measurements per gal- 
axy for the samples analyzed in § 6.5.3 is (7V0) = 1.4 for outer 
features and (Nj) = 1.5 for inner features (see digits 7 and 10 
of the number coded in col. [12] of Table 3). To allow for this 
in my analysis of the observed angle distributions, I will divide 
equation ( 8 ) by V<jV0> or V<Ar

/) . 
Figure 5 d shows that very few angles were estimated for q > 

0.95 to define the relation better. Equation (8) is a very good 
representation of the errors in the range 0.4 < <7 < 0.95. At axis 
ratios much smaller than 0.4, I expect that the errors would 
actually increase again because of the difficulty of measuring 
the bar position angle, especially if the bar is highly foreshort- 
ened. Flowever, highly inclined galaxies are selected against in 
the catalog, and equation (8) should be adequate for the anal- 
ysis of the distributions of the angles. 

6.4.2. External Comparisons 

There are two major external sources of ring-diameter data 
that can be compared with the data in the CSRG. These are de 
Vaucouleurs & Buta ( 1980a, hereafter VB80), which is a list 
of ring major- and minor-axis diameters for 532 bright galaxies 
across the entire sky; and the SGC, which covers the same sky 
area as the CSRG. SGC ring diameters were taken from the 
notes to the catalog, and if more than one set of measurements 
was listed for a given ring feature (usually because it was mea- 
sured on different plates or films), then the average diameter 
was computed. More than 2000 diameters were available from 
this significant source. 

Figure 6 illustrates the triangular comparison between the 
three sources and includes both major- and minor-axis diame- 
ters. Figure 6a shows that CSRG diameters tend to be larger 
than SGC diameters for SGC diameters greater than 4'. A sim- 
ilar trend is seen in Figure 6 c, which compares SGC diameters 
to VB80 diameters. The two discrepant points in Figure 6 c re- 
fer to NGC 289, an object with complex outer structure which 
can be interpreted in different ways. In these comparisons, es- 
pecially in Figure 6b, I have allowed for different inter- 
pretations of the rings. For example, the VB80 inner rings of 

NGC 1437, 3267, and 3269 are recognized as outer features in 
CSRG. The VB80 outer ring and inner ring for NGC 1317 are 
recognized as inner and nuclear rings, respectively, in CSRG. 
Last, the VB80 outer ring of NGC 1079 has been set equal to 
the Ri component of a double outer ring, pseudoring feature 
listed in CSRG. This is uncertain but agrees with the SGC in- 
terpretation. 

Impartial least-squares fits and variances were computed for 
the three comparisons. If we set x = SGC diameters, y = CSRG 
diameters, and z = VB80 diameters, then the solutions are 

y = 0.'802 + (1.082 ± 0.005)(x - 0.774), (9a) 

l.'506 + ( 1.035 ± 0.01 l)(z- 1.'454) , (9b) 

1.'521 +( 1.055 ±0.012)(jc- 1.'473). (9c) 

The last solution is after rejection of NGC 289. All of the slopes 
are significantly different from unity, but the systematic 
agreement is better between CSRG and VB80. 

For external errors, I computed the variances 

2 _ 2 (A, di — Dj, dj) 
- , (10) 

where i and j refer to the different catalogs, N¿j is the number of 
measurements in common, and D, d means both major- and 
minor-axis diameters are used. This yielded the following com- 
bined dispersions: ^ = 0.'154 (N = 2031), = 0.'239 (N = 
230), and azx = 0.'250 (N = 204). Since the three sources are 
independent, we can relate these combined dispersions to the 
individual dispersions as follows: 

ajj = <t2í + aj . (11) 

Although in principle we could solve the three versions of 
equation ( 11 ) for the individual errors, equations (9a)-(9c) 
show that the mean angular diameter in the CSRG-SGC com- 
parison is 0.'8 compared to 1.'5 for the VB80 comparisons. This 
explains why (jyx is considerably less than ayz and gzx. If the 
CSRG-SGC comparison is restricted to only the same galaxies 
used in the VB80 comparisons, then ayx = 0.'234 (N = 195) 
and a fair solution can be made. The individual dispersions at 
1.'5 angular diameter are then found to be ox = 0.'173, ay = 
O.'l 57, and az = O.'l 80. These are comparable, so we can assume 
that at 0.'8 the dispersions are cr* ^ oy = O.'l 1. 
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^ The internal errors in CSRG ( eq. [ 6 ] ) are smaller by a factor 
; of 3.2 than these external error estimates, which indicates 

^ mainly the homogeneity of CSRG interpretations. The exter- 
< nal error for VB80 at 1.'5 is also larger by a factor of about 2 

than found by de Vaucouleurs & Buta ( 1980b) for a subset of 
^ 42 (mostly northern and equatorial) SB galaxies in common 

with Kormendy (1979). The external errors include not only 
the random uncertainties in ring measurements but also 
differences of interpretation that result when independent ob- 
servers use different image material. The CSRG is based on 
inspection of SRC-J, ESO-Æ, and ESO-R survey films, but the 
SGC is based only on the SRC-J films and plates, and the VB80 
measurements are based on a variety of plate sources. It is for 
this reason that I will base my principal analysis of axis ratio 
distributions only on CSRG diameters. VB80 axis ratios have 
already been analyzed by Buta ( 1984a), and SGC axis ratios 
will be analyzed separately here. There are no significant 
sources of angles that can be compared with the current CSRG. 

6.5. Intrinsic Shapes and Orientations 

This section is concerned with the analysis of the principal 
information in the CSRG: the apparent shapes and relative bar 
position angles of the various ring features. I begin the analysis 
by first illustrating and discussing the selection effects in the 
catalog. This is important especially because many CSRG 
rings have a small angular diameter. I will then describe in de- 
tail the method for interpreting the observed distributions. 
This will involve predicting expected distributions of apparent 
shapes and apparent bar alignments under the assumption of 
random orientations. Finally, I will compare predicted distri- 
butions with observed distributions to deduce the most impor- 
tant information that can be derived from the CSRG: the in- 
trinsic shapes and relative bar alignments of the different types 
of rings. 

6.5.1. Treatment of RiR.2 Features 

Of the 2051 CSRG galaxies having outer features, 78 have 
the R1R2 characteristic, that is, a morphology which is a com- 
bination of the Ri and R'2 subclasses of outer rings. In order to 
utilize both features in the apparent distributions, I will assign 
weights according to which feature is strongest (from CSRG 
notes). The stronger feature will have a weight of 0.67, while 
the weaker feature will have a weight of 0.33. If both features 
are equally prominent, then weights of 0.5 will be assigned. 

6.5.2. Observed Distributions and Selection Effects 

Figures la-1 d show the distributions of apparent axis ratios 
and relative bar/ring position angles for all inner and outer 
features in the CSRG, that is, without any restrictions regard- 
ing size, Hubble type, or inclination. The top two panels show 
that the numbers of inner and outer features of a given appar- 
ent shape decrease away from maxima in the bin 0.7 < <7 < 0.8. 
The appearance is caused by two different effects. The decrease 
in numbers for q < 0.7 is due mainly to the difficulty of detect- 
ing rings in highly inclined galaxies. This selection effect natu- 
rally worsens with decreasing apparent axis ratio and also with 
decreasing angular diameter. It is particularly severe for the 
inner features, half of which are less than 0.'43 in angular diam- 

eter. The decrease in numbers for <7 > 0.8 is, however, not likely 
to be due to a selection effect, since the galaxies are not highly 
inclined. Instead, the reduced numbers in the roundest axis 
ratio bin must be due to noncircular intrinsic shapes, since the 
rings would not have to be very oval to produce a serious defi- 
ciency in this bin ( Kormendy 1979). Thus, the histograms sug- 
gest that both inner and outer features are intrinsically noncir- 
cular. 

The angle distributions for the unrestricted samples reveal 
some interesting characteristics. For both inner and outer fea- 
tures, the maximum number of objects is found in the bin 0° < 
0 < 10°. These maxima are due to at least two effects. First, the 
samples are not restricted in inclination. It is easy to show 
(Buta 1986a) that apparent bar/ring position angles will tend 
to be low in highly inclined galaxies because the probability of 
seeing exactly down the bar axis is very small. Thus, some gal- 
axies in the 0o-10° peaks are simply from the high-inclination 
halves of the samples. Second, if a sufficient number of rings is 
intrinsically aligned parallel to the bar, then these will cause an 
excess in the same bin. 

The main difference between the unrestricted angle distribu- 
tions of inner and outer features lies in the relative number of 
objects where the bar has a large apparent angle with respect to 
the ring major axis. Outer features have a notably higher rela- 
tive frequency of such cases, and in particular a secondary peak 
in the 80o-90° bin. This is not likely to be an artifact of inclina- 
tion, but is more likely to be due to an intrinsic bar alignment 
difference between inner and outer features. 

The effects of restrictions according to Hubble stage, angular 
diameter, and ( for the angle distributions) axis ratio are shown 
in Figures le-lh. These plots begin to show more clearly the 
signatures of the intrinsic shapes and bar alignments of the 
different ring types. The distributions are restricted to the type 
range -2 < T < 5, since this is the range where the majority of 
rings are found. The axis ratio distributions are also restricted 
to angular diameters larger than the median for each feature 
type. For outer features, the selection effect due to inclination 
appears less serious than in Figure la, and may be important 
only for q < 0.4. For inner features, the selection effect looks 
important mainly for q < 0.5. For the angle distributions, I 
have restricted the samples both to these axis ratio limits and 
to diameters larger than the medians for each feature type. Fig- 
ures le and 7/ show that the deficiencies of objects in the 
roundest axis ratio bins persist, while Figures 1 g and Ih show 
that the peaks in the lowest and highest angle bins also persist. 
The 0°-10o peak is reduced, however, because of the axis ratio 
restriction. 

In Figure 8, I add another restriction to the distributions: 
the family. Figures 8a-8 d show the distributions strictly for SB 
galaxies in the samples of Figures le-lh. These comprise 
nearly half the axis ratios and most of the angles, of course. 
Figures 8^-8/z show the distributions for SAB (including SAB 
and SAB galaxies. These plots reveal some striking differences 
between families. The angle distributions for SB and SAB outer 
features are distinctly different: for SBs there are maxima in the 
0°-10o bins and 80o-90° bins, while for SABs there is a maxi- 
mum only in the 0°-10o bin. The distribution of axis ratios for 
SAB outer features shows a smaller deficiency of apparently 
round cases compared to SB outer features. The distribution of 
inner ring axis ratios for SAB galaxies is peculiar and could be 
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^ influenced by a selection effect: in some SAB galaxies the bar is 
: mostly an oval bounded by an inner ring or is simply an oval 

Í lens. These are most easily recognized when they are notably 
< elongated, so the large number of SAB inner features having 
S q < 0.5 could be partly due to this effect. The full axis ratio 

distributions for SA features (not shown) are also peculiar. 
Here recognition is a major problem, and it is likely that some 
of the SA cases have bars that are not easily identified at high 
inclination. 

Figure 9 shows the distributions for a combined sample of 
SB, SAB, and plain SAB features. Figures 9<2-9¿/show the dis- 
tributions for angular diameters larger than the medians, while 
Figures 9e-9h show the distributions for angular diameters 
smaller than the medians. The angle distributions are very sim- 
ilar between the near and far samples, while the axis ratio dis- 
tributions are very different. The inclination selection effect is 
most serious for the smaller galaxies, as expected. 

6.5.3. Simulations of Expected Distributions 

In Buta ( 1986a), I described the procedure for simulating 
expected distributions of apparent axis ratios and bar/ring ma- 
jor-axis position angles for infinitesimally thin elliptical rings 
crossed by infinitesimally thin and narrow linear bars. The 
principal assumption is that the spin axes of the disks of the 
galaxies are randomly oriented to the line of sight. Expected 
distributions were computed for a uniform distribution of in- 
trinsic axis ratios,/(¿fo)? over a limited range of q0. The incli- 
nation selection effect was allowed for by comparing to the ob- 
served distributions a restricted portion of the simulated 
distributions, using ax2 test to determine the best fitting func- 
tion/(<7o). 

In the present analysis, I will make four improvements to 
my previous paper: ( 1 ) the errors in the measured CSRG pa- 
rameters will be explicitly taken into account; ( 2 ) the relatively 
larger numbers of small features compared to large ones will be 
taken into account; ( 3 ) Gaussian forms of the intrinsic shape 
and angle distributions will be used; and (4) the lack of mea- 
surable angles for nearly round rings will be allowed for. 

The basic simulation procedure for axis ratios involves 9000 
viewing geometries in one quadrant of a sphere. The rings lie 
in the (x, y)-plane with the major axis along the x-axis. Steps 
of Io in azimuthal angle 0 and 0.010 in the cosine of the incli- 
nation angle, cos /, are used. Equations ( 1 ) and (2) of Buta 
( 1986a) are then used to derive the apparent axis ratio for each 
given viewing geometry ( / , 0). Axis ratio bins of width 0.1 are 
defined, and for a single intrinsic axis ratio qo the distribution 
of apparent axis ratios is simply the relative total amount of 
solid angle that allows the feature to be viewed as having a 
given apparent shape. 

The Gaussian intrinsic distribution of axis ratios was input 
as a weighting function based on input values of the mean in- 
trinsic axis ratio (go) and the dispersion <j(qo). The ranges 
tried were 0.70 < (g0) ^ 1-00 and 0.01 < (j{qo) ^ 0.25. Each 
Gaussian function was divided into 21 discrete values of g0 • If 
q0 was greater than unity for any combination of (g0) and 
o-(g0)> then the distribution was truncated at g0 = 1.00. 

The errors in the axis ratios were taken into account as fol- 
lows. First, a diameter level was assigned to a given set of sim- 
ulations. For outer features, 12 levels in the range 0.75 < 

D(0)< 2.'95 were used, while for inner features the same num- 
ber of levels in the range 0.'45 < Z)(I) < 2.'65 were used. These 
ranges include most of the galaxies for each feature type, the 
lower limits being set by the median diameters. Then, for each 
of the 9000 simulation rings, a random number generator was 
used to add error to the major- and minor-axis diameters ac- 
cording to equation (6), after division by V(iVo) or V(A/) 
(see § 6.4.1 ), to allow at least approximately for the significant 
fraction of multiply observed objects that would be involved in 
any given distribution. The histogram of apparent shapes for a 
given major-axis diameter is then built up using the ratio of 
the error-affected minor- and major-axis diameters. The final 
frequency is derived by using the diameter functions in 
equations ( 1 ) and (2) as weighting functions. This allows for 
the fact that most of the rings in any observed distribution are 
near the lower limit of the adopted diameter range. 

The predicted distributions of relative bar/ring position an- 
gles used a single distribution of intrinsic axis ratios as the prin- 
cipal input. For each value of g0j the distributions of angles 
were computed for bar position angles from 0° to 90°, in steps 
of Io. The Gaussian intrinsic distribution of angles was input 
as a weighting function based on input values of the mean in- 
trinsic alignment angle (0o) and the dispersion ö-(0o). Tests 
showed that it was necessary to consider only (0O) = 0° and 
90°, so that only half of a Gaussian distribution is used in each 
case. The dispersion was varied from Io < ö-(0o) ^ 15°. For a 
given bar position angle, the final distribution used the same 
weighting functions as were used for the axis ratios. Integrals 
were carried over two quadrants of the sphere owing to the lack 
of symmetry over one quadrant for intermediate bar angles. 
To allow for selection effects in the observed distributions, the 
output frequencies were restricted to the range 0.40 < g < 0.95 
for outer features and 0.50 < g < 0.95 for inner features. The 
lower limits are to avoid the inclination selection effect, while 
the upper limit allows for the fact that the bar/ring position 
angle was not, in general, measured when the feature was too 
round. As for the axis ratios, the errors in the angles were taken 
into account using a random-number generator. Equation ( 8 ) 
was used and was divided by V(Aro) or V(Ar/) (see § 6.4.1 ) to 
allow approximately for the fact that a significant fraction of 
the objects involved in any given distribution are multiply ob- 
served. 

6.5.4. Results of Fits 

For the actual fits to the distributions, the following restric- 
tions on the observed samples were made: ( 1 ) rounded-off 
Hubble stage in the range -2 < T < 4; ( 2 ) only outer and inner 
features larger than the median diameters of 078 and 0.'43, 
respectively, are used; ( 3 ) for outer features the axis ratio fits 
were restricted to g > 0.4 to avoid the inclination selection 
effect, while for inner features the smaller median-diameter 
limit necessitated restriction to g > 0.5; (4) for outer features 
the observed distribution of angles is restricted to g > 0.4 to 
also avoid the inclination selection effect, and for inner fea- 
tures the restriction is to g > 0.5. 

The fits were made in the form of histograms. The bin size 
chosen for the axis ratio distributions is 0.1 in g. Since the main 
fits to these distributions involve only two parameters, (g0) 
and ö-(go), then for outer features this means the fits restricted 
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^ to g > 0.4 have 4 degrees of freedom, while for inner features 
! the fits restricted to # > 0.5 have 3 degrees of freedom. 

^ The bin size chosen for the angle distributions is 10°. The 
< main fits to these distributions involve four parameters: (go), 
S v(qo),(Qo), and cr(0O). However, I did not attempt to solve for 

all four of these parameters from the angle distributions alone, 
because this was unnecessary. Instead, I used the values of ( #o ) 
and a(g0) from the axis ratio fits, and computed angle distribu- 
tions only for this Gaussian intrinsic distribution. Thus, only 
two parameters were actually fitted to the observed angle dis- 
tributions: (do) and (j(d0), and for both inner and outer fea- 
tures there are 7 degrees of freedom. 

The first fits I illustrate are for all inner and outer features 
with no restriction according to family (Fig. 10). These fits 
give an indication of what intrinsic shapes the average inner or 
outer ring, pseudoring, or lens feature has. The samples satis- 
fying the diameter and type restrictions include nearly 800 ob- 
jects in each main feature category. The best fits give (go) = 

0.87 ± 0.14 for outer features and 0.84 ± 0.10 for inner fea- 
tures. Thus, both inner and outer features have a significant 
oval average intrinsic shape. The x2 per degree of freedom is 
less than or equal to 1 in each case, meaning the departures of 
the observed data points from the simulated distributions are 
consistent with random sampling errors. 

For the fits to the observed samples divided by family, where 
I will account for the angle distributions, it is necessary to first 
consider the evidence for subpopulations of outer features. Fig- 
ure 8 shows that SB inner and outer features have very different 
observed angle distributions. For SB outer features, there are 
excess numbers of objects in the 0°-10° and 80o-90° bins, while 
SB inner features have an excess only in the 0°-10o bin. I ini- 
tially showed (Buta 1986a) that many of the galaxies associ- 
ated with the outer feature excesses are subclassified into the 
type 1 and type 2 OLR categories (Table 1 ). Figure 11 shows 
once again that the axis ratio and angle distributions for these 
two subclasses of outer features are very different. The best- 
fitting intrinsic axis ratio distribution for Ri and R i types is for 
(go) = 0.74 ± 0.08, while for R2 and R'2 types it is 0.87 ± 0.06. 
(Since these fits separate the two subclasses, the weighting 
scheme for RiR2 cases described in § 6.5.1 is not used.) Thus, 
there is a strong indication that the type 2 OLR features are 
rounder on average than the type 1 OLR features. The best fits 
to the observed angle distributions give 0O 

= 90° ± 9° for type 1 
features and 0° ± 6° for type 2 features. Thus, the two types of 
features have perpendicular alignments with respect to the bar. 
These results suggest that I should not fit the angle distributions 
for outer features with only single intrinsic shape and angle 
distributions. Instead, I will fit outer features by allowing for 
the shape and alignment differences found for the type 1 and 
type 2 OLR subclasses, even though many of the outer features 
were not recognized as such in the catalog. 

Figure 12 shows the fitted distributions for SB inner and 
outer features. The axis ratio distributions have a very similar 
shape and yield (go) = 0.82 ± 0.07 for outer features and 
0.81 ± 0.06 for inner features. The x2 per degree of freedom is 
excellent in both cases. The distribution of angles for SB outer 
features was fitted by combining the relative frequencies shown 
in Figures 11 c and 11 d with weights expressing the relative 
abundance of the two alignment modes. The best-fitting com- 
bined distribution required 64% of the features to be perpen- 

dicularly-aligned to the bar and 36% to be parallel-aligned. 
Thus, most SB outer rings, pseudorings, and lenses are aligned 
perpendicular to the bar. For inner features, Figure \2d shows 
that only a single intrinsic alignment angle describes the ob- 
served distribution of apparent angles: 0O 

= 0o ± Io. The con- 
trast with outer feature angles is very striking. Thus, most SB 
inner rings, pseudorings, and lenses are aligned parallel to 
the bar. 

To show that these results for SB galaxies do not depend very 
much on my adopted diameter and type limits, Figure 13 
shows the observed and simulated distributions for -1 < T < 
2 (type range S0+ to Sab), D(0) > 0.'90, and Z)(I) > 0.'50. 
These restrictions considerably reduce the sample sizes. The 
fits for these samples favor a slightly rounder average intrinsic 
axis ratio for outer features compared to inner features: 0.83 
versus 0.78, respectively. The angle distributions again favor 
the parallel and perpendicular alignments for outer features in 
the proportion 0.65:0.35, and parallel alignment for inner fea- 
tures. 

The results for inner SB rings confirm the early suspicions of 
G. de Vaucouleurs, who illustrated the probable oval intrinsic 
shape and alignment of these features in a sketch of a cross 
section of the revised Hubble system near stage Sb (see PI. 1 of 
de Vaucouleurs & de Vaucouleurs 1964). The impression was 
based mainly on NGC 1433 (de Vaucouleurs 1959), which 
was part of the Mount Stromlo survey of bright southern gal- 
axies (de Vaucouleurs 1956). Recent kinematic observations 
of NGC 1433 (Buta 1986b) have demonstrated very clearly 
that the large inner ring of this galaxy is highly elongated 
(intrinsic axis ratio ^ 0.70) and is indeed aligned with the bar 
as de Vaucouleurs suspected. It is interesting that Sandage 
(1961) obtained a different impression of inner SB rings. In 
describing NGC 2523, he comments that in general the bar has 
a random position angle with respect to the major axis of an 
inner ring. CSRG data demonstrate very clearly that this is not 
the case, although a small random component may be present 
in the distributions (see § 7.4). 

The results for SAB outer and inner features (Fig. 14) pro- 
vide an interesting contrast to those for SB features. The axis 
ratio distribution for SAB outer features favors a rounder aver- 
age intrinsic shape and a much broader intrinsic shape distri- 
bution than for SB outer features. The best-fitting distribution, 
( tfo ) = 0.94 ±0.16, was the minimum in a shallow distribution 
of x2 values, and therefore the parameters are not well deter- 
mined. As for the SB outer features, the angle distribution for 
SAB outer features favors two alignments being present; how- 
ever, in this case the distribution requires that 85% of the fea- 
tures be in parallel alignment and only 15% in perpendicular 
alignment. Thus, the dominant type of outer feature among 
SAB galaxies is aligned parallel to the bar. This type is rounder 
on average than the perpendicularly aligned type as shown in 
Figure Mb. For SAB inner features, the best fit to the axis ratio 
distribution favors a more oval average intrinsic shape ( ( (fo ) = 

0.78 ) with a larger spread ((7 = 0.14) than for SB inner features. 
However, as for SB inner features, the distribution of SAB an- 
gles favors parallel alignment. 

Figure 15 shows the distributions of axis ratios for SA inner 
and outer features. In both cases, the best-fitting simulations 
favor rounder average intrinsic shapes than for SB or SAB fea- 
tures. The parameters for SA outer features, (go) = 0.97 ± 
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^ 0.21, are poorly determined because of a shallow minimum in 
; the distribution of x2 values. The parameters are better deter- 

^ mined for SA inner features, where the best fit is for (#o) = 

£ 0.92 ±0.09. LO 
In Figures 16 and 17, pure rings and ring-lenses are separated 

^ from pseudorings for outer and inner features, respectively, in 
SB galaxies. Figures 16a and 16b show that outer rings, R, and 
ring-lenses, RL, have an average intrinsic shape slightly less 
elliptical than for outer pseudorings, R\ The angle distribu- 
tions ( Figs. 16 c and 16 d) favor the same two alignment modes 
in each case, but the scatter is large for the R and RL cases. The 
fits favor 74% in perpendicular alignment for the R and RL 
cases, and 58% in perpendicular alignment for the R' cases. 
The results for inner SB features (Fig. 17) favor parallel align- 
ment both for r and rl and for rs features, and a significant 
intrinsic shape difference: r and rl features are more oval on 
average than rs features. 

6.6. Analysis of SGC Ring Diameters and Axis Ratios 

The SGC provides large samples of inner and outer feature 
diameters that can be analyzed using the same approach as for 
the CSRG data. Repeat measurements provide 756 residuals, 
excluding IC 2068, where the SGC notes suggest that an outer 
feature was misinterpreted as an inner feature on one plate. 
These residuals as a function of diameter are shown in Figure 
18æ. The scatter appears to increase with increasing diameter 
for mean diameters less than 2.'5. Figure 1 %b shows the adopted 
error function for the SGC diameters. For this plot, the residu- 
als were sorted by mean diameter, and the standard deviations 
of the residuals about the mean were computed every 150 re- 
siduals. A roughly linear dependence is found similar to that 
for CSRG diameters; the solid line in Figure 18Ô is for the so- 
lution 

D) = 0.'029 + 0.037D) , ( 12) 

where again “tí?, D” means that the relation is applicable to 
both major- and minor-axis diameters. This relation shows 
that the internal errors in the SGC ring diameters are larger 
than those for the CSRG. There are also few enough repeat 
measurements that the average number of measurements per 
galaxy is only 1.1 for both inner and outer features. Thus, I 
will simulate SGC axis ratio distributions using equation (12) 
directly. Although very few galaxies define the relation for 
mean diameters larger than 2.r5,1 will use also equation (12) 
for the full diameter range of the SGC galaxies. 

Figures 18c and 18tí? show the adopted diameter functions 
for SGC rings. The median diameters are found to be 0.'55 for 
inner features and 1 .'20 for outer features. The diameter distri- 
bution for inner features can be well represented by a Z>-3 

curve for diameters larger than 0.'45. A fit to this range gave 

n(l) = 38.6/D(I)3, range 0.'45 < £>(I) < 4.'0 . ( 13) 

For outer features, a D-3 function could be fitted down to the 
median diameter. However, in order to use all of the features 
down to the peak in the diameter distribution, which is 0.'90,1 
adopted the following function: 

n(O) = 39.7/Z)(0)2, range 0.'85 < Z>(0) < 4.'0 . (14) 

This D~2 function provides a better approximation to the di- 
ameter distribution than a D"3 fit, but does indicate that the 
SGC is less complete than CSRG to the same diameter limit. 

Equations ( 12)-( 14) were used to model the distributions 
of apparent axis ratios for SGC rings. The results are shown in 
Figures 19 and 20. Figures 19¿z and 19b are for samples re- 
stricted to -2 < T< 4, D(O) > 0.'85, and D(I)> 0.'45, with no 
family restriction. For inner features, the best-fitting distribu- 
tion of intrinsic shapes has (<7o) = 0.82 ± 0.02, while for outer 
features the best-fitting distribution has (q0} = 0.83 ± 0.01. 
Virtually identical results were obtained for SB galaxies alone 
(Figs. 19c and 19tí?). The values of (^0) are in very good 
agreement with the values derived from CSRG data, but the 
dispersions of the intrinsic distributions are smaller to the 
point of being unrealistic. The larger internal errors of SGC 
data compared to CSRG data may mean that the observed dis- 
tributions cannot resolve very well the spread in intrinsic ring 
shapes. The results for SAB and SA galaxies in Figure 20 are 
based on small samples and are not well determined. However, 
the fits are still consistent with CSRG data: SA features are 
rounder on average than SB or SAB features, and SAB inner 
features are more oval on average than SAB outer features or 
SB features. 

6.7. Ring-Diameter Ratios 

The ratios of diameters of outer and inner features in double- 
ringed systems is a very important diagnostic for resonance 
identifications, as shown by Athanassoula et al. ( 1982). Fig- 
ures 21 and 22 show the CSRG distributions for samples un- 
restricted by family, and for each family separately. No restric- 
tions according to type or angular diameter are applied, since 
any galaxy where both features can be recognized must be rea- 
sonably well resolved. Two types of ratios are considered: 

ß = D(0)/D(l) , (15) 

P= VD(0)¿(0)/Vl>(I)¿(I). (16) 

Equation (15) gives the ratio based on the raw observed major- 
axis diameters, while equation (16) gives the ratio based on 
the geometric mean diameters. The distribution of ß-values in 
Figure 21 is slightly skewed toward larger values for all families 
and for the combined sample. The median value of ß is virtu- 
ally identical in each panel. Figure 22 shows that the use of 
geometric mean diameters reduces the skewness slightly but 
has little effect on the medians. Thus, the skewness seen in Fig- 
ure 21 may be due in part to the noncircular intrinsic shapes of 
the features. 

The median value, 2.2, of both ß and p is consistent with 
previous studies by Kormendy (1979), Athanassoula et al. 
( 1982), and Buta ( 1986a). It was shown by Athanassoula et 
al. ( 1982) that the ratio could be explained if outer rings and 
pseudorings are linked to the OLR and inner rings and pseu- 
dorings to a UHR just inside corotation (CR). For a constant- 
velocity rotation curve, the expected ratio of the radius of OLR 
to that of CR is 1.7, while the expected ratio of the radius of 
the OLR to that of the inner 4:1 resonance is 2.6. Since these 
theoretical ratios only bracket the observed value, but do not 
match it, Pasha & Polyachenko ( 1994) have suggested that a 
better interpretation is for the outer features to be linked to the 
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^ inner 4:1 resonance and inner features to the ILR, because the 
: expected ratio for this combination is 2.2. However, ring-di- 

Í ameter ratios alone cannot be relied upon for resonance iden- 
te tifications. The noncircular shapes, preferred alignments, and 
gi morphologies of inner and outer features favor the Schwarz 
^ interpretations in spite of the intermediate ring-diameter ratio. 

7. OTHER CSRG RESULTS 

In this section I present CSRG results of a more morpholog- 
ical rather than statistical nature. This parallels the paper of 
Buta & Crocker (1991), which provided images of various 
CSRG galaxies having R'! or R'2 outer features. Here I provide 
images of a few additional examples of such features, as well as 
some morphologies not discussed in that paper, such as intrin- 
sic bar and inner ring misalignment, bars underfilling inner 
rings, multiple-armed and flocculent-armed ringed galaxies, 
and old population Rj rings. The images are all based on ob- 
servations with large format ( 1024 X 1024 pixel) CCD arrays 
attached to the CTIO 1.5 m telescope and the KPNO 0.9 m 
telescope. For cases where the signal-to-noise ratio was high, 
the image presented is in the B band. However, in some cases, 
B, F, and / intensity images have been combined into a com- 
posite image. This was usually done to make the features of 
interest more clearly visible. 

7.1. The OLR Subclasses 

The first objects I illustrate are more examples of the OLR 
subclasses: R'i, R'2, and RiR2. Figure 23 (Plate 1 ) shows four 
interesting examples of R'i outer pseudorings. The upper left- 
hand panel displays UGC 12646, a non-CSRG galaxy that was 
imaged at KPNO. It was identified in a cursory search of the 
PSS prints during the summer of 1990. I show this object be- 
cause it has a very fine dimpled R'i pseudoring that, in pro- 
jection, is oriented nearly perpendicular to an oval inner ring. 
Thus, the object appears to illustrate beautifully the findings 
from statistics: inner rings and R'i outer pseudorings are ori- 
ented perpendicular to each other with the inner ring aligned 
along the bar axis. It is important to note, however, that the 
object is not exactly face-on, since it has a measured 21 cm line 
width: 194 km s_1 at the 20% level (RC3). The upper right- 
hand panel of Figure 23 shows a small but nevertheless very 
interesting case of a dimpled R'i pseudoring: ESO 287—56. 
The image is a composite BVI display, and the figure-eight 
shape of the outer pseudoring is obvious. It is rare to find an 
example of dimpling that is so clear cut. It is also interesting 
that ESO 287—56 lacks an inner ring or lens. 

The two objects in the lower panels of Figure 23 are distinc- 
tive for their inner regions, and provide a good contrast to 
UGC 12646. In ESO 111-10 (lower left-hand panel), the re- 
gion where an inner ring and a bar would be is occupied by a 
bright spiral pattern. I refer to this as an NGC 5248 type of 
structure, since it is reminiscent of what is observed in NGC 
5248 ( see Sandage 1961 ). In this case, the bar must be the oval 
region which contains the bright inner spiral. The R\ feature 
has low contrast, and the object has a close companion (ESO 
111-9) which is only partially visible in the frame. The lower 
right-hand panel of Figure 23 shows ESO 153-20, whose inner 
feature is a very open secondary spiral. In color index maps, 
this object shows a circumnuclear dust ring near the center of 
the bar. 

Another interesting example of R'i is NGC 6782, which is 
illustrated in Figure 24 (Plate 2). The R'i also has a low con- 
trast in this case. The object has several remarkable features: a 
pointy oval inner ring, a nearly circular nuclear ring, and a 
small secondary or nuclear bar inside the nuclear ring (see 
Byrd et al. 1994 for an illustration of this small bar). The inner 
and nuclear rings are sites of recent star formation, as shown 
by the R - / color index map in the right-hand panel of Figure 
24. The bar has leading dust lanes, and the R'i is strongest in 
the quadrants just trailing the bar. The pointy oval shape of the 
inner ring suggests that along its major axis the material in the 
ring nearly reaches the corotation resonance. Test-particle 
models easily produce this shape for a UHR ring (Simkin, Su, 
& Schwarz 1980; Byrd et al. 1994). 

Figure 25 (Plate 3) illustrates four examples of R'2 or RiR2 

pseudorings. The upper left-hand panel shows IC 2036, an 
R'2 case having unusually high surface brightness compared to 
the others illustrated. The bar is conspicuous, and there is no 
inner feature. The upper right-hand panel of Figure 25 shows 
ESO 239-4, which illustrates a variation on the RiR'2 mor- 
phology: in this case the inner component is also a pseudoring, 
so that the classification is actually R'i R'2. The R'i component 
is slightly dimpled and stronger than the R'2 part, and the bar is 
weak with a trace of an inner feature. The remaining two cases 
in Figure 25 ( ESO 294-16, lower left; ESO 245-1, lower right) 
are R1R2 types where the R'2 component is dominant. Both 
objects have weak bars and inner features. 

Figure 26 (Plate 4) illustrates NGC 1079, which ranks as the 
largest clear-cut example of the RiR'2 morphology in the 
CSRG. In this case, the Rj and R'2 components are equally 
prominent. The Ri component is also slightly dimpled on one 
side. In the overexposed central region, there is an arch-ansae- 
type bar and an inner pseudoring-lens. The optical and H 1 
properties of NGC 1079 are discussed by Gallagher & Bus- 
house (1983), who note that the galaxy is gas-rich compared 
to other galaxies of similar luminosity and Hubble type. These 
authors also suggest that NGC 1079 has a large amount of dark 
matter. 

7.2. Old Population R\ Rings 

The imaging survey of CSRG galaxies has led to the identi- 
fication of an interesting new phenomenon: the existence of Ri 
rings which, though weak in blue light, are the dominant outer 
feature in the near-infrared (/) passband. Figure 27 (Plate 5) 
shows the prototype example: IC 1438, a large R1R2 case hav- 
ing both an oval inner ring and a nuclear ring as well. In the 
blue-light image in the left-hand panel, the R'2 component is 
the dominant feature in the outer disk. However, in the /-band 
image in the right-hand panel, the Ri component is the domi- 
nant outer feature. This remarkable dichotomy suggests that 
the Ri component formedfirst and has left behind a stellar rem- 
nant (see Byrd et al. 1994 for a detailed interpretation). The 
color index map in the left-hand panel of Figure 28 (Plate 6) 
shows that the R'2 component is a prominent blue feature. One 
cannot see the Ri component in this map except where it 
merges with the R'2 component. The inner and nuclear rings 
are also clear blue features in this map. 

I have also identified an infrared R'i component in the unu- 
sual multiarmed spiral NGC 3313 (Fig. 29 [PI. 7] ). The upper 
panel shows a R-band image, which reveals the very extensive 
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Fig. 23.—CCD images of four galaxies (three CSRG, one non-CSRG) having R j outer pseudorings and different kinds of inner regions. The images in 
this and all of the successive figures are logarithmic and sky-subtracted, and are in units of mag arcsec-2 based on approximate zero points. Upper left: UGC 
12646 (5-band); upper right: ESO 287-56 {BVI sum); lower left: ESO 111-10 (5F7 sum); lower right: ESO 153-20 (5F7sum). Note clear “dimpling” in 
the outer pseudorings of UGC 12646 and ESO 287-56, and the perpendicular alignment of the outer pseudoring and the inner ring of UGC 12646. The 
R i in ESO 111 -10 is a more subtle ring/lens feature, and the inner zone is dominated by a bright spiral pattern rather than a bar and an inner ring. ESO 
153-20 shows a very open inner pseudoring around a prominent bar. This is an example of the “2 + 2” spiral arm multiplicity. 

Buta (see 96, 110) 
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sr 
Fig. 25.—CCD images of four CSRG galaxies showing R'2 or RiR'2 outer pseudorings. Upper left: IC 2036 {BVI sum); upper right: ESO 239-4 (BVI 

sum); lower left: ESO 294—16 (5-band); lower right: ESO 245—1 {BVI sum). In ESO 239—4 the Ri component is actually a pseudoring. Only a trace 
component is detectable in the other three examples. 

Buta (see 96, 110) 
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Fig. 26.—BVI summed image of NGC 1079, the largest example of an R1R2 galaxy in the CSRG 

Buta (see 96, 110) 
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Fig. 29.—£-band CCD image (/op) and /-band CCD image (6o//om) of CSRG spiral NGC 3313. The images are intended to show how the outer arms 
are very extensive and multiple in blue light, but in the near-infrared take on the shape of an R; outer pseudoring. This suggests that the multiple arms visible 
in blue light extend well beyond the outer Lindblad resonance in this galaxy. 

Buta (see 96, 110) 
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^ multiple outer arms and no clear-cut outer ring or pseudoring 
: feature. Like IC 1438, NGC 3313 has blue inner and nuclear 

^ rings, the latter quite circular and the former quite oval (see 
< Fig. 28, right-hand panel). However, in the /-band image in 
gi the lower panel of Figure 29, the multiple outer arms are very 
^ weak, and the outer morphology is dominated by a clear R'i 

outer pseudoring. This suggests that the multiple outer arms 
so prominent in blue light extend well beyond the OLR in this 
galaxy. 

7.3. Detached Outer Rings 

Detached outer rings provide some of the most interesting 
morphologies in the CSRG. The premier example is NGC 
1291, which is described and illustrated in detail by de Vau- 
couleurs ( 1975). Figures 30 and 31 (Plates 8 and 9) illustrate 
four other examples. The first, NGC 1543 (Fig. 30, left-hand 
panel), is a large, nearly face-on example. The bar is sur- 
rounded by a lens, and in the center a small nuclear bar is also 
present (see Sandage & Brucato 1979; Jarvis et al. 1988; Buta 
& Crocker 1993a). The right-hand panel of Figure 30 shows 
NGC 7020, an object discussed in detail by Buta ( 1990c). The 
inner hexagonal zone with bright concentrations at the major 
axis is probably an unusual type of bar. The outer ring is not 
completely detached but is connected by weak spiral arms to 
the inner hexagonal zone. Buta ( 1990c) suggested that the fea- 
ture is almost a pure R2 case (as opposed to a pseudoring R'2). 
These are generally difficult to identify on the scale of the SRC 
sky survey films. 

The third example, NGC 6932 (Fig. 31, left-hand panel), 
has very bright inner and outer rings but no clear bar, only 
ansae on the inner-ring major axis. The outer ring is slightly 
dimpled near the inner-ring major axis, suggesting that the fea- 
ture is an Ri type. The final example, NGC 7633 (Fig. 31, 
right-hand panel) has a clear bar in addition to diffuse inner 
and outer rings. The outer ring is very slightly dimpled and is 
therefore also an Ri feature. 

7.4. Intrinsic Bar and Inner Ring Misalignment 

The statistics presented in § 6 definitively demonstrate that 
inner rings and pseudorings in SB galaxies, and even in SAB 
galaxies, are intrinsically oval in shape and are aligned parallel 
to the bar major axis. There cannot be too many cases where 
the bar is out of alignment with the ring major axis, because we 
should see more evidence for this in the distribution of bar/ 
ring position angles. Nevertheless, early in the production of 
the CSRG, I noticed examples of what appeared to be nearly 
face-on galaxies where a clear inner ring or pseudoring appears 
greatly misaligned with a bar (i.e., the angle between the bar 
and the ring is intermediate between 0° and 90°). However, 
most of the examples from the CSRG at that time were simply 
too small and insufficiently resolved to make a convincing 
case. A possibly convincing case was later found in the large 
southern spiral NGC 6300. Using kinematic information to 
help deproject an image, Buta (1987b) found that the bright 
inner pseudoring of this galaxy is misaligned with the bar by as 
much as 80°. However, NGC 6300 is inclined by 50°, is at a 
relatively low Galactic latitude, and suffers a great deal of in- 
ternal extinction that complicates the interpretation of its 
structure. 

Sulentic & Arp (1987) provided a much more convincing 
case in the oddly controversial galaxy NGC 4319. Well known 
for lying near the quasar Mrk 205, NGC 4319 is a peculiar 
galaxy with a clearly disturbed spiral structure, an inner ring, 
and a bar greatly misaligned with the major axis of the ring ( see 
Fig. 4 of Sulentic & Arp). The galaxy is far from edge-on, and 
it seems highly unlikely that the apparent misalignment is 
caused by projection effects. The bar and ring of NGC 4319 
were not the focus of Sulentic & Arp, who were mainly con- 
cerned with the association of NGC 4319 and Mrk 205. How- 
ever, they did note that the position angle of the bar has a sig- 
nificant wavelength dependence. 

With NGC 4319, 6300, and other CSRG examples found 
since 1986 to strengthen my belief in intrinsic bar/ring mis- 
alignment, I and coworkers have done some follow-up work 
that clearly demonstrates the reality of the phenomenon. Fig- 
ure 32 (Plate 10) illustrates four of the best examples found so 
far: ESO 565-11 ( upper left-hand panel), ESO 186-12 ( upper 
right-hand panel), NGC 619 {lower left-hand panel), and 
CSRG 1052 (=A2153-4332, lower right-hand panel). These 
4 objects have several important characteristics in common: 
( 1 ) a pointy oval inner ring or pseudoring; (2) an outer pseu- 
doring whose morphology is type R'i with respect to the pointy 
ends of the inner ring or pseudoring; and ( 3 ) a bar whose sense 
leads the intrinsic major axis of the inner feature, which is itself 
barlike. The leading sense of the bar is deduced by assuming 
that the outer spiral arms are trailing (see Fig. 5 of Buta & 
Crocker 1993a). For comparison, the images of NGC 4319 in 
Figure 4 of Sulentic & Arp ( 1987) indicate that the bar trails 
the major axis of the very elongated inner pseudoring. 

In addition to the shared characteristics, there are individual 
differences among the galaxies in Figure 32. For example, ESO 
565—11 has a very large starburst nuclear ring (see Buta & 
Crocker 1991). NGC 619 has an unusual bar defined by bright 
ansae, some dust, and an inner bright oval. 

Verification of the intrinsic bar/ring misalignment in these 
galaxies requires kinematic data in addition to the CCD obser- 
vations. Imaging Ha Fabry-Perot interferometry of ESO 
565—11 has been obtained that establishes beyond any doubt 
the reality of the misalignment in that case (Buta, Purcell, & 
Crocker 1995). Misaligned bar/ring galaxies add a new di- 
mension to our understanding of barred galaxies. The cause 
of the misalignment is a mystery. Crocker, Muzerolle, & Buta 
( 1992) have suggested that the phenomenon could be linked 
to an interaction, based on the «-body simulations of Noguchi 
( 1987 ). There is also the possibility that the bar and inner fea- 
ture have different pattern speeds, such that the bar is not driv- 
ing the inner or outer features (e.g., see Sellwood & Wilkinson 
1993). This is a puzzling prospect, given that the bar may be 
driving the features seen in aligned cases, and the phenomenon 
clearly requires more detailed investigation. 

7.5. Spiral Pattern Multiplicities 

Tables 3 and 6 provide spiral pattern multiplicities for 2591 
southern galaxies. Although the samples are not entirely suited 
to statistics of multiplicities, some useful judgments can be 
made. Table 8 A compiles the distribution of various multiplic- 
ities for most of the galaxies in Tables 3 and 6, with no restric- 
tions on angular diameter, Hubble type, or variety. The full 
samples for each multiplicity indicated are given, and the per- 
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Fig. 32.—Illustration of intrinsic bar/ring misalignment in four CSRG galaxies. Upper left: ESO 565-11; upper right: ESO 186-12; lower left-NGC 
619; lower right: CSRG 1052 ( = A2153-4332). 

Buta (see 96, 111) 
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TABLE 8 
Inventory of Spiral Pattern Multiplicities 

§ Multiplicity N /(SA) /(SAB) /(SB) Multiplicity TV /(SA) /(SAB) /(SB) 

A. No Restrictions on Sample3 

3 Sample includes nearly all cases from Tables 3 and 6. 
b This notation means “two inner arms, any number of outer arms.” 
c Sample includes galaxies having an inner feature of type r, rs, or rl with D(I) > 0.'43. 

centages by family follow. This shows that m = 2 galaxies are 
the vast majority of entries in the catalog. A significant number 
oim = \ cases is also present, but here the catalog will be bi- 
ased, since m = 1 cases were considered interesting and in- 
cluded in the catalog whether a ring was present or not. The 
high percentage of m = 1 SA galaxies results partly from this 
bias. Table 8B provides the multiplicity statistics, but with the 
following restrictions: the object must be of variety r, rs, or rl, 
and the inner feature major-axis diameter must be larger than 
0.'43. This greatly reduced the numbers of objects in each 
multiplicity bin, but should be more statistically reliable than 
the full sample. The results show again that m = 2 spirals are 
most frequent, especially for SB galaxies. If we combine all 
high-multiplicity spirals (category “>2” in Table 8), these ac- 
count for 43% of the sample, and in these cases also, the highest 
percentages tend to be for SB galaxies. It is interesting that the 
relative percentages of SA, SAB, and SB galaxies among m = 2 
and m>2 galaxies are nearly identical. 

High-multiplicity galaxies provide some of the most inter- 
esting morphologies in the ringed galaxy population. Buta & 
Crocker (1991) have already illustrated CCD images of ESO 

566—24, which is an unusually symmetric m = 4 SB(r)-type 
spiral. This regularity distinguishes ESO 566-24 from the av- 
erage m = 4 spiral. Other important examples are illustrated in 
Figures 33 and 34 (Plates 11 and 12). IC 5240 (Fig. 33) is an 
excellent example of a strong SB(r)-type spiral where the outer 
spiral arm pattern is flocculent. This is very atypical of the class. 
The 5-band image (Fig. 33, top panel) reveals a strong bar with 
an inner boxiness, and the 5 - / color index map (Fig. 33, 
bottom panel) reveals that the inner ring is blue, which is more 
typical, and that there is no nuclear star formation. This galaxy 
has a large angular diameter and merits follow-up photometric 
and kinematic work. 

Figure 34 illustrates four examples of nearly face-on, global 
multiarmed spiral galaxies with strong bars, types in the range 
Sab-Sbc, and clear inner rings or pseudorings. The nature of 
the rings in these galaxies is uncertain. The case of NGC 3313 
suggests that inner features even in multiarmed spirals could 
be linked to the inner 4:1 UHR. A similar case is NGC 1640 
(Fig. 34, lower left-hand panel), but the remaining three cases 
in Figure 34 (NGC 2307, NGC 3450, and the non-CSRG gal- 
axy NGC 3660) show no old Ri component, and the inner 
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Fig. 33.—5-band CCD image (/op) and B - /color index m?® (bottom) of IC 5240, a large CSRG galaxy with flocculent spiral structure 
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Fig. 34.—Examples (three CSRG, one non-CSRG) of global, multiarmed ringed, barred spirals. Upper left: NGC 2307; upper right: NGC 3450; lower 
left: NGC 1640; lower right: NGC 3660. 

Buta (see 96, 112) 
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^ rings are less clear cut as UHR features. Combes & Elmegreen 
! ( 1993 ) discuss «-body models which may be relevant to these 

^ galaxies. 
< LO 
S 7.6. Relative Bar and Inner Ring Diameters 
\—I 

In Buta ( 1986a), I pointed out that in most SB(r)-type gal- 
axies the bar fills the inner ring along one dimension. However, 
there exist cases where the bar actually ends well inside the 
ring. The best case that I have identified is NGC 7098, which is 
illustrated in the left-hand panel of Figure 35 (Plate 13). This 
is one of the largest southern double-ringed galaxies, and it has 
a very unusual boxy bar with bright oval ansae at the major 
axis, first noted by Evans (1957). These ansae are as red in 
color as the rest of the bar ( see the 5 - / color index map in the 
right-hand panel of Fig. 35), and hence are concentrations of 
old stars. The inner ring is very thin and notably blue, and the 
bar has a diameter of only 65% of the ring. There are other 
clear-cut examples of a bar underfilling an inner ring in the 
catalog (see, e.g., NGC 3450 in the upper right-hand panel of 
Fig. 34), but some examples involve a ring with no clear exter- 
nal structure, spiral or otherwise. These cases could involve 
outer rings rather than inner rings and are therefore not unu- 
sual. NGC 7098 demonstrates unambiguously that bars can 
underfill inner rings significantly. The galaxy’s large angular 
diameter means that it is one case which can be studied in de- 
tail. 

7.7. Ring and Polar Ring Galaxies 

Tables 3 and 6 include 13 probable ring galaxies, nine possi- 
ble ring galaxies, one definite polar ring galaxy, and 11 possible 
polar ring galaxies. Most of the polar ring cases are weak and 
may turn out to be false, but the sample turned up one very 
interesting example that may be important: ESO 235-58. This 
object at first sight resembles a common late-type barred spiral, 
but the bar has a straight dust lane which divides the nucleus 
in a manner very atypical of bars. The dust lane is clearly visi- 
ble on SRC field 235 and was highlighted by Buta & Crocker 
( 1993b) with CCD images obtained with the CTIO 1.5 m tele- 
scope. The presence of the dust lane makes it likely that the bar 
of ESO 235-58 is really an edge-on galaxy, and that the system 
is related to polar ring galaxies. If this is true, ESO 235—58 is 
the only example having a gaseous disk aligned with the inner 
component, which is usually an SO or an E galaxy (Whitmore 
etal. 1990). 

The CSRG cannot be used for statistics of ring or polar ring 
galaxies, especially north of declination -42°, because such 
features were mostly avoided in CSRG I. This will be remedied 
when the 286 fields of the SRC-J survey north of -42° are fi- 
nally scanned with the CSRG II techniques described in § 4. 

8. SUMMARY AND DISCUSSION 

The study of Buta (1986a) was based on a preliminary anal- 
ysis of CSRG I data. In that study the errors in the parameters 
were not well determined, and the distribution of intrinsic 
shapes was assumed to be uniform over a given range. Inas- 
much as the errors were not allowed for in the simulations, the 
wide spreads found for the intrinsic axis ratios of inner and 
outer features in that paper were partly an adjustment of the 

intrinsic shape distributions to the observational errors. Except 
for this, my conclusions here differ little from that previous 
study. The main findings from the CSRG can be summarized 
as follows: 

1. Inner and outer rings, pseudorings, and lenses are intrin- 
sically oval in shape. The mean intrinsic axis ratio of SB inner 
features is 0.81 ± 0.06, and that for SB outer features is 0.82 ± 
0.07. SAB outer features, and SA inner and outer features, are 
rounder on average than SB features, while SAB inner features 
are more elliptical on average than SB inner features. Indepen- 
dent diameter data from the SGC verify these particular CSRG 
findings. In addition, outer features of type Ri or R'! appear to 
be more oval on average than R2 features (mean intrinsic axis 
ratios of 0.74 versus 0.87, respectively). 

2. Inner features in SB and SAB galaxies are usually aligned 
parallel to the bar. Outer features in such galaxies can be 
aligned either parallel or perpendicular to the bar. Among SB 
galaxies, 64% of outer features are aligned perpendicular to the 
bar, while among SAB galaxies 85% of outer features are 
aligned parallel to the bar. The prevalence of alignment rather 
than misalignment means that inner and outer features are gen- 
erally driven by the bar, and have the same pattern speed as 
the bar. 

3. The median diameter or geometric mean diameter ratio 
of outer and inner features is 2.2, independent of family. This 
ratio supports the resonance identifications for outer and inner 
features deduced from the axis ratio and position angle statis- 
tics. 

In addition to these statistical results, the CSRG has led to 
the recognition or better establishment of the following: 

a) The OLR subclasses Ri, R'i, R2, and RiR'2 in many gal- 
axies, thereby allowing the ready identification of this reso- 
nance in such galaxies. Clear dimpling, characteristic of the 
inner periodic orbit family near this resonance, has been iden- 
tified in several Ri and R'i examples. The best examples are 
illustrated either in this paper, in Buta & Crocker ( 1991 ), or in 
Buta (1986a). The R1R2 subclass was not predicted by 
Schwarz, but it provides some of the clearest evidence for the 
OLR. It is discussed further by Kalnajs (1992), Combes 
( 1993), and Byrd et al. ( 1994). 

b) Pointy oval inner rings, or inner rings having minor- and 
major-axis breaks, whose shape links them to a UHR inside 
CR. The best pointy oval inner ring cases are NGC 6782 and 
ESO 325-28 (Buta & Crocker 1991), and the best example 
having major- and minor-axis breaks is NGC 1433 (Buta 
1986b). 

c) The largest known starburst nuclear ring, identified in 
ESO 565-11 (Buta & Crocker 1991, 1993a). Many other 
nuclear rings have been identified in the multicolor imaging 
survey of CSRG and related galaxies that provided the images 
in this paper and the previous papers. Buta & Crocker (1993a) 
discuss the metric and morphologic properties of 64 known 
examples of nuclear rings and pseudorings and how these prop- 
erties relate the features to the ILR. 

d) A possible connection between outer ring or pseudoring 
morphology and the presence of nuclear star formation. Buta 
& Crocker ( 1991 ) presented evidence that galaxies with Ri or 
R'i outer features have nuclear star formation more frequently 
than those which display an R'2 outer feature. Crocker & Buta 
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^ ( 1993 ) have confirmed the correlation with additional images 
; and an IRAS study. They attribute the correlation to differ- 

^ enees in bar pattern speed between R'i and R'2 galaxies. Test- 
ât particle models (Byrd et al. 1994) provide some support for 
^ this idea. 
^ e) Intrinsic bar and inner ring misalignment, a phenome- 

non that was not brought to light by the detailed statistics of 
apparent bar/ring orientations. Instead, it was identified in gal- 
axies which appeared to have low inclination, based on the ap- 
parent shape of an outer feature. The cases illustrated in this 
paper all have an R'i outer pseudoring with respect to the ends 
of a pointy inner ring or pseudoring, and a bar which leads the 
axis defined by these points. The cause of the misalignment 
is uncertain, but it could be linked to an interaction with a 
neighboring galaxy. 

/) Old population and R'! outer rings, through the 
multicolor imaging survey. Cases like IC 1438 suggest that 
there may be sequential formation of Ri and R'2 features. This 
has been theoretically demonstrated by new test-particle simu- 
lations described by Byrd et al. ( 1994 ). The existence of a near- 
infrared R'! component in NGC 3313 suggests that the 
multiple outer arms of that galaxy extend well beyond 
the OLR. 

g) Bars which significantly underfill clear inner rings. The 
best case identified so far is NGC 7098, whose bar length is 
only 65% of the diameter of the inner ring. 

h) Both leading and trailing secondary or nuclear bars. Al- 
though it has been known for some time that early-type barred 
galaxies can have secondary or nuclear bars in the bulge region 
(e.g., de Vaucouleurs 1975; Sandage & Brucato 1979; 
Schweizer 1980; Jarvis et al. 1988), and also that these small 
bars are usually misaligned with the axis of the primary bar, no 
systematic study had been made of the sense of the misalign- 
ment prior to the paper of Buta & Crocker ( 1993a). The im- 
aging survey of CSRG galaxies has allowed identification of a 
few new cases of secondary bars in /-band images. A leading 
nuclear bar is tipped ahead of the primary bar, while a trailing 
nuclear bar is tipped behind. The sense follows from the as- 
sumption of trailing spiral arms. In a sample of seven nearly 
face-on galaxies, four were found to have leading nuclear bars, 
two were found to have trailing nuclear bars, and one has a 
virtually perpendicular alignment between the two bars. Sim- 
ilar alignment characteristics have been observed for molecu- 
lar gas bars with respect to stellar bars or weak ovals ( e.g., Ken- 
ney, Scoville, & Wilson 1991; Devereux, Kenney, & Young 
1992). 

/) Unusual variations on multiarmed SB(r) spirals. ESO 
566-24 is the most symmetric global m = 4 spiral in the 
CSRG, and it is the most important example for follow-up 
work. IC 5240 is the most important example of a flocculent- 
armed SB(r) spiral in the CSRG. Global multiarmed ringed 
spirals are not rare in the catalog, and several examples are 
illustrated and discussed in this paper. 

j) The coexistence of old and young population inner rings 
in some early-type galaxies. The best CSRG cases are NGC 
1433 (Buta 1986b), NGC 3081 (Buta 1990a), and NGC 7702 
(Buta 1991 ). In the latter object it was possible to model the 
net inner ring major-axis luminosity profile (obtained after 
subtracting the light of underlying bulge and disk components) 
in terms of two spatially coincident Gaussian components: a 

narrow, blue component and a red component about twice as 
wide as the blue component. This kind of combination is ex- 
pected from the evolution of a ring which has formed stars over 
a long time interval. 

k) A new and important example of a polar-ring-related in- 
teracting system that was missed in previous searches for such 
objects. ESO 235—58 is the only known example where the 
inner component has an aligned gaseous disk. 

These results show that the CSRG statistics and the CCD 
imaging survey of CSRG galaxies have provided a large 
amount of information on ringed galaxies, and in particular 
have established the existence of resonance rings in galaxies. 
Outer features are very likely associated with the OLR, inner 
features with a UHR inside CR, and nuclear features with an 
1ER. Nevertheless, many tasks and problems, both observa- 
tional and theoretical, remain to be addressed. On the observa- 
tional side, few classic ringed galaxies have been studied in 
sufficient detail to get a clear picture of the internal structure 
and dynamics of such objects. Multiwavelength observations, 
from the UV to the radio regimes, are required. In addition, no 
serious attempt has yet been made to use rings to measure bar 
pattern speeds indirectly. Byrd et al. ( 1994) have brought at- 
tention to the possibility that there may be pattern speed do- 
mains among early-type disk galaxies. The idea is that the rea- 
son some galaxies have only one or two rings, rather than the 
full complement of nuclear, inner, and outer rings, is in part 
the fact that not all of the required resonances are allowed by 
the rotation curve. Combes ( 1993) has also brought attention 
to the puzzle posed by the three-ring systems, because each ring 
type is expected to have a very different associated timescale. 
She has suggested that continuous infall of gas may be required 
to explain such objects. Detailed observations are essential to 
evaluate these ideas. 

On the theoretical side, it is essential to determine the role of 
self-gravity and dark matter halos, if any, on the formation and 
evolution of rings. Elmegreen et al. ( 1992) have successfully 
simulated outer rings in self-gravitating disks, and have also 
demonstrated that an initially closed outer ring can be either 
transformed into an outer pseudoring or destroyed by a tidal 
interaction. Indeed, the effects of interactions is an important 
issue that may be essential also for understanding the forma- 
tion of bars and the peculiar misaligned bar/ring galaxies. 

Another issue concerns secular evolution. The existence of 
secondary nuclear bars, old population Rj rings coexisting with 
young population R2 pseudorings, overlapping young and old 
rings, pseudorings and closed rings, coincidences in size of in- 
ner rings, lenses, and bars, and possibly some nonbarred ringed 
galaxies could point to various processes of secular evolution. 
Kormendy ( 1979) first brought attention to possible evidence 
for secular evolution from a survey of only 121 barred galaxies. 
A study of a large sample of CSRG galaxies could provide 
much additional insight, since even though we might believe 
that all galaxies have the same age (based on analysis of inte- 
grated colors; see, e.g., Searle, Sargent, & Bagnuolo 1973; Lar- 
son & Tinsley 1978), it is possible that we see their bar and 
ring/arm patterns in different stages of development. This is 
certainly suggested by the Schwarz models as well as by other 
published models. Byrd et al. ( 1994) have recently attempted 
to evaluate the idea further for rings and pseudorings by com- 
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^ paring CCD images of CSRG galaxies to a series of test-particle 
; simulation frames where the evolution for a given pattern 

^ speed has been followed for a large number of bar rotations. 
< These models are extensions of the Schwarz models which use i_o 

a different treatment for cloud collisions and follow the evolu- 
^ tion for more bar rotations. 

Finally, galaxies like NGC 7098, where the bar has bright 
oval ansae, and NGC 7020, where a barlike inner feature is 
distinctly hexagonal in shape, pose an interesting challenge for 
bar formation and evolution theories. The ansae seen in some 
bars were first discussed by Danby ( 1965), but there has been 
little follow-up work. It is interesting that the inner feature in 
NGC 7020 also shows round ansae. Other examples are dis- 
cussed by Sandage ( 1961 ), by Buta & Crocker (1991), and in 
the full set of CSRG notes. The fact that the bar of NGC 7098 
substantially underfills the inner ring suggests that it is one 
definite case where the bar cannot extend to CR, as is often 
thought to be the case (Contopoulos 1980; see also reviews by 
Athanassoula 1991, Bosma 1992, and Sellwood & Wilkinson 
1993). 

For the future, the samples in the CSRG can be considerably 
extended owing to the current production of the SERC-J Equa- 
torial Sky Survey and the northern Palomar II Sky Survey. To- 
gether these cover a much larger area of sky than the CSRG 
and provide the opportunity for finding many more examples 
of all of the different ring subtypes. Independent of the need for 
better statistics, a systematic search of these fields would be 
valuable because of the greater possibility of identifying cases 
of special interest, such as misaligned bar/ring galaxies, dim- 
pled outer rings and pseudorings, inner rings underfilled by 
strong bars, unusual spiral patterns, and perhaps other cases 
like ESO 235-58. Since the CSRG cannot be used to derive the 
relative frequency of ringed galaxies among the general galaxy 

population, the goal of surveying the equatorial and northern 
sky regions could be extended to provide homogeneous cata- 
loging of ringed and nonringed objects. 

The CSRG was carried out at several institutions, but the 
ones that made the difference were the Dyer Observatory of 
Vanderbilt University and the University of Alabama. I would 
especially like to thank A. Heiser and D. Hall of Vanderbilt 
University for their hospitality during my six or seven visits to 
the Dyer Observatory from 1990 to 1992. It was the best place 
in the world to carry out the CSRG. I would also like to thank 
the Royal Observatory Edinburgh for the production of the 
excellent SRC survey, which made this project possible, and I 
would especially like to thank David Morgan for pointing out 
my blunder of acknowledging the Royal Greenwich Observa- 
tory, instead of the Royal Observatory Edinburgh, in my pre- 
vious 1986 paper. I also thank G. de Vaucouleurs, H. Corwin, 
Jr., A. Kalnajs, M. Schwarz, B. and D. Elmegreen, S. Simkin, 
E. Athanassoula, A. Bosma, F. Combes, G. Byrd, D. A. 
Crocker, K. C. Freeman, J. Kormendy, J. Sellwood, G. Conto- 
poulos, and S. C. Odewahn for their encouragement and ad- 
vice on the project over so many years. I thank D. A. Crocker, 
G. B. Purcell, F. Bresolin, and L. V. Jones for help in obtaining 
the CCD images used in this paper. Finally, I wish to point out 
that part of this project was carried out at the Royal Canberra 
Hospital from 1984 December 28 to 1985 January 8 after I 
sustained an accident at the Anglo-Australian Observatory. I 
would like to thank D. Carter for bringing the films and a light 
table to the hospital so that I could do something useful during 
a difficult time. This work was supported by NSF EPSCoR 
grant RII8996152 and NSF grant AST 9014137 to the Univer- 
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