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ABSTRACT

We present Hubble Space Telescope Wide Field Planetary Camera 2 images of the inner regions of NGC 3081,
an absolute magnitude MB ¼ �20:0 early-type barred spiral having four well-defined resonance rings: a nuclear
ring, an inner ring, an outer R1 ring, and an outer R0

2 pseudoring. Here we focus on a photometric study of the
inner ring, a feature likely associated with an inner 4:1 resonance near the ends of the bar. The ring is notable for
its high contrast and sharp definition, which is due to a significant degree of active star formation. The ring is also
notable for its significant intrinsic elongation and parallel alignment with the bar. These characteristics influence
the way star-forming sites are distributed around the ring. The ring is lined by numerous blue sources, many of
which appear to be slightly diffuse compared with the stellar point-spread function. These blue sources are
strongly concentrated within �60� of the bar axis and follow the H� distribution well. The blue sources are
much larger than typical Galactic open or globular clusters and may represent young massive clusters like the
‘‘populous clusters’’ of the LMC and objects seen previously mainly in intermediate- to late-type spiral galaxies.
We also present an analysis of the integrated light of the inner ring, to deduce information on its star formation
history. A profile analysis is used to separate the ring from the background old disk starlight. High-resolution
Fourier analysis is used to search for wavelength-dependent phase shifts along the ring to determine if star-
forming sites stay in the ring as they age. The results give an intriguing picture of a galaxy in an advanced
evolutionary state where periodic orbits are clearly manifested in the morphology.
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1. INTRODUCTION

Star formation in galaxies is sometimes extremely well
organized. This is the case in the Seyfert 2 galaxy NGC 3081,
where star formation is taking place mainly in a series of nested
ringlike features. This type of star formation is extremely
interesting, because it suggests a direct connection between
star formation and specific aspects of internal dynamics. In the
case of NGC 3081, the aspects of dynamics are the orbit res-
onances, which have manifested themselves in the galaxy at a
level that is rarely seen in the general disk galaxy population.

In this paper, we describe a detailed study of the star for-
mation occurring in the inner ring of NGC 3081, a strong
feature that envelops the weak bar of the galaxy. Previous high-
resolution studies of star-forming galaxy rings have tended to
emphasize the circumnuclear rings lying deep inside the bars
within a kiloparsec of the nucleus (see Buta, Crocker, & Byrd
1999 and references therein; Buta et al. 2000; Maoz et al. 2001;
Benedict et al. 2002). The inner ring of NGC 3081 is a com-
pletely different type of feature because it encircles the bar at a
large distance (more than 5 kpc) from the center. At such a
large distance from the nucleus, star formation is not likely to
occur as a burst but as an ongoing process (Kennicutt 1989;
Elmegreen 1994). Our goals are to isolate the individual star-

forming regions in the ring, examine how they are distributed
in radius and azimuth, and determine whether there might be a
mix of ages of clusters in different regions. We also ask the
question what might happen to stars that have formed in the
ring. We further investigate the integrated and Fourier prop-
erties of the ring, in order to assess its star formation history.
Following Buta & Purcell (1998, hereafter BP98), we assume a
distance modulus of 32.56 (H0 ¼ 75 km s�1 Mpc�1, Tully
1988), corresponding to a distance of 32.5 Mpc and a scale of
100 ¼ 158 pc.

2. OBSERVATIONS

The Hubble Space Telescope (HST ) observations of NGC
3081 were secured on 2000 June 25 with the Wide Field
Planetary Camera 2 (WFPC2). The center of the galaxy was
placed near the overlap section between WFPC2 sections WF3
and WF4. Five broadband filters were used to observe the
galaxy: F255W, F336W, F439W, F555W, and F814W. The
latter four filters are intended to approximate Johnson U, B, V,
and Cousins I photometric systems, respectively, while F255W
is a mid-ultraviolet filter. Owing to an unfavorable redshift, we
were unable to observe NGC 3081 at high resolution at H� ,
which weakens our ability to interpret the star formation in
the ring. However, we can use a ground-based Fabry-Pérot
H� emission map obtained by BP98 to make some relevant
judgments.
The total exposure times were 2400 s for F255W, 2000 s

each for F336W and F439W, and 1000 s each for F555W and

1 Based on observations with the NASA/ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy (AURA), Inc., under
NASA contract NAS 5-26555.
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F814W. The observations were made in a CRSPLIT mode to
facilitate removal of cosmic rays. The F255W image did not
reveal the inner ring well enough for detailed analysis; we do
not consider it further here. After receiving the standard
pipeline preprocessed images, the separate images were cor-
rected for bad pixels and columns using IRAF2 STSDAS
routine WFIXUP, and then the images for each filter were
combined using STSDAS routine CRREJ. The gain used was
7 e� ADU�1 and the read noise was 5.2 e�.

3. PREVIOUS WORK ON NGC 3081

NGC 3081 is a well-known Seyfert 2 galaxy and is listed as
nonisolated by Rafanelli, Violato, & Baruffolo (1995). How-
ever, the galaxy shows little evidence of interaction and has an
apparently undisturbed disk. A number of small galaxies seen
near it could be members of a background cluster, several of
which are actually seen through the disk of the galaxy (see
x 4). Thus, it is not clear that any of the small companions are
physical. Soft X-ray emission from the galaxy is reported by
Pfefferkorn, Boller, & Rafanelli (2001).

Durret & Bergeron (1986) detected extended ionized gas
across the nuclear 2 kpc of NGC 3081 and suggested that the
gas is photoionized by the active nucleus. Buta (1990) carried
out the first general photometric study of the galaxy and noted
the blue colors of the three recognized rings at the time, as
well as the likely intrinsic elongated shapes of the inner and
nuclear rings. Buta (1990) also recognized the existence of
a possible surface density enhancement associated with the
inner ring because of its prominence in an I-band image.

The most detailed photometric and kinematic study was
made by BP98, who recognized a fourth clear ring in the sys-
tem. Based on this study mainly, Figure 1 shows a schematic
identifying the main morphological features in NGC 3081. The
four rings are a nuclear ring 2.3 kpc in diameter, an inner ring
11.0 kpc in diameter, an outer R1 ring 26.9 kpc in diameter, and
an outer R0

2 pseudoring 33.1 kpc in diameter. The galaxy also
has two clear bars, a primary bar crossing the major axis of the
inner ring, and a secondary (or nuclear) bar crossing the major
axis of the nuclear ring. Fabry-Pérot interferometry obtained by
BP98 revealed diffuse ionized gas in the nuclear region and a
bounded ring of diffuse ionized gas plus discrete H ii regions
associated with the inner ring. A few discrete H ii regions
were detected in the ‘‘dimple’’ regions of the bright R1 outer
ring. (These regions are identified in Fig. 1.) A near-infrared
(H-band) image suggested once again that the inner ring has a
strong old-population component, a smooth stellar density
enhancement underlying the young ring of H ii regions.
Objective isolation of the ring, based on analysis of a disk-
subtracted, deprojected, rotated, and unsharp-masked version
of an H-band image, revealed no significant difference in
shape, orientation, and major-axis radius of the H-band ring
and the H� ring. With deep surface photometry to provide
an inclination and a kinematically determined line of nodes
position angle, BP98 were able to more reliably deproject the
galaxy. This showed that the inner ring is intrinsically aligned
parallel to the bar and has an intrinsic axis ratio of 0.71, while
the outer R1 ring is intrinsically aligned perpendicular to the bar
with an axis ratio of 0.75. In spite of the apparently weak bar,
the inner ring is more elongated intrinsically than those found

in typical SB galaxies (mean axis ratio 0:81 � 0:06, Buta
1995).

NGC 3081 was also part of a WFPC2 imaging survey dis-
cussed by Ferruit, Wilson, & Mulchaey (2000). These obser-
vations included medium- and wide-band images in V and I,
and narrowband linear ramp filter images of the nuclear ring in
[O iii] and H�+[N ii]. An S-shaped pattern of gas emission
was found in the inner parts of the nuclear bar showing an
excitation similar to that of the nucleus. This confirmed that
hot stars are not the dominant excitation mechanism in this
region.

In one of the first theoretical studies of the galaxy, Byrd et al.
(1999) used an analytic/computer model to examine likely
orbit properties in the disk plane. The observed ring mor-
phology, in conjunction with the rotation data of BP98, was
used to determine the properties of the bar and judge the sig-
nificance of dark matter in the galaxy. We reconsider these
issues in Byrd, Freeman, & Buta (2004, hereafter Paper II). An
excellent general theoretical study of resonance ring galaxies is
provided by Rautiainen & Salo (2000).

4. HIGH-RESOLUTION MORPHOLOGY OF NGC 3081

To view the whole inner ring in a single frame, the original
images were converted into full WFPC2 field images using
STSDAS routine WMOSAIC. Because the images were not
dithered, WMOSAIC left narrow noise stripes at the CCD
boundaries. These were eliminated, as well as possible, using
IRAF routine FIXPIX. On the WMOSAIC image, the inner
ring is entirely contained within the area of CCDs WF3 and
WF4. Figure 2 shows the resulting V-band (F555W) mosaic
image of NGC 3081, rotated such that north is approximately
to the top, and east is approximately to the left. (The precise
direction of north is 9� counterclockwise from the vertical in
this image.) The image includes only the regions of the inner
and nuclear rings. The primary bar is only weakly evident

Fig. 1.—Schematic showing the relative shapes, sizes, and major-axis
orientations of all of the bar and ring features of NGC 3081, including the
‘‘dimples’’ in the outer R1 ring feature. Here ‘‘nr’’ refers to the nuclear ring,
and ‘‘nb’’ to the nuclear (secondary) bar. Axes are labeled in arcsecond offsets
relative to the nucleus. North is at the top, and east is to the left.

2 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by AURA, Inc., under contract with the National Science
Foundation.
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inside the inner ring. Resolved star-forming regions and dust
lanes are prominent in this image.

NGC 3081 is regarded as the prototype of ‘‘near-ring’’
galaxies in Sandage & Bedke (1994), where two tightly
wrapped arms give the impression of a ring. Such cases are
always classified as (s)-variety by Sandage & Bedke. However,
Figure 2 shows that the impression of two tightly wrapped
arms in NGC 3081 is probably due to dust. The character of the
feature as a clear ring has not changed with improved reso-
lution. The WFPC2 images do not support the classification of
the inner ring as (s)-variety.

Figure 3 shows a color index map of NGC 3081 based on the
I-band (F814W) image and a composite shorter wavelength
image derived from the sum of the F336W, F439W, and
F555W images. This procedure allows us to see the star for-
mation in the galaxy more clearly. The map is coded such that
very blue features, like young stellar associations, are dark,
while red features, like dust lanes, are light. The map reveals
that in addition to the discrete blue associations that pepper the
ring in Figure 2, there is also a background of older starlight in
the ring that is still generally bluer than the bar and the sur-
rounding old-disk component. The map also shows the inter-
esting distribution of dust within the bar and both the nuclear
and inner rings. In the inner ring, strong dust lanes are seen
mainly around the ends of the bar, where they curve from the
leading edges. The narrow dust lanes are strongly curved along
the bar, suggesting that the bar is rather weak (Athanassoula
1992). This has been verified by Buta & Block (2001), who

used a gravitational torque method to estimate the bar strength
in NGC 3081.
Figure 3 also shows how the bar dust lanes curve sharply

around the outer edges of the nuclear ring. Close-up views of
this region are shown in Figures 4a and 4b. The direct image
shows that the secondary bar identified by Buta (1990) is a
complex feature with dust and a few star-forming regions. The
Seyfert nucleus is a small fraction of the galaxy’s total lumi-
nosity, and the system is essentially bulgeless. The nuclear ring
is defined by an enhanced zone of bluer colors, but unlike the
inner ring, there are few associations lining this feature. There is
strong dust absorption both inside and outside the nuclear ring.
Figure 2 shows that the inner ring is well resolved into point

sources that appear most prominent in its major-axis zones
east and west of the center. The minor-axis zones are very
sparse, although not completely devoid of star-forming
regions. The effect was noticed in previous studies as a var-
iation of color with azimuth around the ring. This variation
(e.g., Buta 1990; BP98) is now seen to be due to a deficiency
of associations near the minor axis, an effect that is surely due
to dynamics. In Paper II, we find via simulations and deri-
vations that star formation is promoted at the major-axis zones
of the inner ring via favorable density enhancement and
velocity perturbations of the periodic orbits there.

5. ANALYSIS OF IMAGES

Our analysis of the inner ring of NGC 3081 consists of two
parts: examining the integrated and background properties of

Fig. 2.—V-band mosaic WFPC2 image of NGC 3081. The image is logarithmic in units from 15.5 to 22.0 mag arcsec�2. The orientation of the image is shown at
bottom left. A scale bar is at bottom right. The field of view shown is 1A47 ; 1A31.

BUTA, BYRD, & FREEMAN1984



Fig. 3.—Color index map of NGC 3081 based on the I-band (F814W) image and a composite image based on the sum of the F336W, F439W, and F555W images.
The coding is such that very blue features are dark, while red features (like dust lanes) are light. The orientation, scale, and field shown are the same as in Fig. 2.

Fig. 4.—(a) Same as Fig. 2, but focused only on the nuclear ring region. The field of view shown is 0A37 ; 0A33. (b) Same as Fig. 3, but for the nuclear ring
region, on the same scale as (a).

Fig. 4bFig. 4a



the ring and then extracting information on individual clusters
and associations along the ring. The two approaches give
complementary information on the structure of the ring.

5.1. Integrated and Background Properties of the Inner Ring

In order to analyze the integrated properties of the inner
ring and its underlying background starlight, it is necessary to
know the sky level on each image. The galaxy almost fills the
entire WFPC2 field, and thus the sky level cannot be estimated
directly. Table 6.3 of the WFPC2 Handbook gives rough sky
values based on ecliptic latitude and longitude. Although
useful for some purposes, these tend to be lower limits
because, according to the WFPC2 Handbook, the bright Earth
limb can scatter some light into the system. Instead, we use
published surface brightness profiles along the major and
minor axes of the galaxy from BP98 to help fix the sky levels
on each image. For filters F439W and F814W, it was possible
to match HST profiles directly to ground-based profiles to
judge the sky levels. For filters F336Wand F555W, a sky level
could be inferred by comparison to the F439W and F814W
profiles. From this analysis, we inferred sky brightnesses of
0.6, 2.3, 9.5, and 10.7 ADU, respectively, for the U, B, V, and
I filters. These values are about twice as high as the WFPC2
manual values for F439W, F555W, and F814W, and nearly
8 times as high as the WFPC2 manual for filter F336W.

Published aperture photometry from Buta & Crocker (1992)
allows us to check photometric zero points. From three cir-
cular apertures entirely contained within the WFPC2 field, we
find that integrated fluxes transformed via Table 8 and
equation (7) of Holtzman et al. (1995) need to be corrected as
follows:

V ¼ V (H95)þ 0:04;

U�B ¼ (U�B) (H95)þ 0:16;

B�V ¼ (B�V ) (H95);

V� I ¼ (V� I ) (H95)� 0:04:

The corrections, especially for U�B, are most likely due to
effective wavelength mismatches between HST and ground-
based standard filters. These corrections will be applied only to
the integrated starlight of the ring and not to the colors of
individual associations, which are much bluer than the inte-
grated light. The reason for this is that the�300 8 difference in
effective wavelength between the WFPC2 U filter and the
standard Johnson U filter makes the photometry sensitive to
stellar population differences (Miller et al. 1997). The inte-
grated colors[(U�B)T ¼ 0:28,(B�V )T ¼ 0:87,and(V� I)T ¼
1:14;de Vaucouleurs et al. 1991; Buta & Crocker 1992] of the
whole galaxy are so different from those of a typical stellar
association [U�B � �0:5 to �1.0, B�V � �0:3 to 0.5, and
V� I � �0:3 to 0.5] that it is not clear whether blind application
of the above zero-point corrections to the colors of the associ-
ations will still be valid. We use the published transformations
for the associations, but as in Miller et al. (1997), we caution
that our zero point in U may be more uncertain those in the
other colors.

Profiles along the major and minor axes show that the ring
is a hump superposed on a background that is shallow inside
the ring and more steeply declining outside the ring. The
amplitude of the hump is strongly dependent on the filter
effective wavelength; it is very strong in U and B and weaker

in I. We would like to separate the ring from the background
starlight and derive the net integrated colors of the ring alone.
This will tell us about the star formation history of the feature.
The high resolution of the HST images allows us to do this
reliably for the first time.
The ring was separated in each filter from the underlying

background by fitting a cubic polynomial to surface bright-
nesses on either side of the ring hump (see Fig. 5). For this
purpose, we computed folded mean profiles every 5

�
in

position angle around the ring. To reduce noise, the profiles
were computed from 4 ; 4 block-averaged images, taking
steps of 0B4 in radius. To simplify fitting the background, we
circularized the ring by stretching profile radii according to
the projected shape of the ring. These stretched radii are
denoted ‘‘s’’ in Figure 5. Buta (1990) derived an apparent axis
ratio of 0.66 and an apparent position angle of 71

�
for the ring

major axis. When profiles are stretched according to these
parameters, the ring has a similar width at each position angle
and, with only a few exceptions, the same positions on either
side of the ring hump can be used to fit the background (Fig. 5,
vertical dotted lines). The cubic coefficients were found to
change fairly smoothly with position angle, and we used linear
interpolation to derive coefficients at other position angles in
order to create images of the background starlight underlying
the ring that could be subtracted from the main images.
The profiles in Figure 5 show the difficulty of separating the

background starlight from the ring light. The slope of the
interpolation zones inside the ring hump tends to be more
shallow than that of the interpolation zones outside the ring.
Thus, it is not clear that a linear function (or exponentially
declining intensity) would interpolate the background correctly.
We also experimented with quadratic and quartic interpolation
functions, but a cubic was found to give the smoothest inter-
polation, accounting well for the gentle change in slope.
Although this procedure could be used effectively for B, V, and
I filters, the noise level was too high in the U band for it work.
For that filter, we used the coefficients from the B-band fits,
applying a color offset to the zero points.
Figure 6 shows a smoothed contour map of the fitted V-band

background isophotes. In the region underlying the ring
(middle two contours), the isophotes show a slight hexagonal
shape. These isophotes are symmetric because folded mean
profiles were used to define the background; their detailed
shapes presumably depend on how the background was fitted,
although a quadratic or quartic fit would not change the shapes
very much. Once a background image was computed for each
filter, we subtracted the background from the main images to
get the residual light contained in the ring. For each filter, this
residual light was integrated within an elliptical annulus having
an inner radius of 23B5, an outer radius of 44B5, an axis ratio of
0.66, and a major-axis position angle of 71�. The fluxes were
corrected for a Galactic reddening of E(B�V ) ¼ 0:055
(Schlegel, Finkbeiner, & Davis 1998, via the NED), using
Tables 12A and 12B of Holtzman et al. (1995) to infer the
WFPC2 filter extinctions. After applying the Holtzman et al.
(1995) transformations, the magnitudes were corrected for the
zero-point errors inferred from the aperture photometry. This
was especially important for the U band. Table 1 lists the re-
sulting colors for the net ring, while Table 2 lists the colors
within the same annulus for the background starlight. For com-
parison, both tables list the predicted colors for model galaxies
fromKennicutt, Tamblyn,&Congdon (1994), Larson&Tinsley
(1978), and Searle, Sargent, & Bagnuolo (1973). For all three
sets of models, the integrated colors of the ring are consistent

BUTA, BYRD, & FREEMAN1986



Fig. 5.—Surface brightness profiles as a function of position angle around the inner ring of NGC 3081. To reduce noise, the profiles were computed from 4 ; 4
block-averaged images. The number above each profile is the position angle measured counterclockwise from north in the plane of the sky. The abscissa, s, is the
radius in a coordinate system where the ring has been circularized. The two pairs of vertical lines show the radius ranges used to fit the background in order to
interpolate the light underlying the ring hump. For a few position angles, these radius ranges were revised slightly.

Fig. 6.—Isophotes of the V-band background starlight underlying the inner ring region of NGC 3081. This is a projected image and is oriented the same as Fig. 2.
The plot highlights the slight hexagonal shape of the fitted background. The isophotes are symmetric because the background analysis was based on the folded
surface brightness profiles in Fig. 5. The field covers an area 1A83 ; 1A29.
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with those of amodel galaxy 1010 yr old having either a constant
star formation rate or only a slowlydeclining one. In contrast, the
background starlight is consistent with models of the same age,
but with a much more rapidly declining star formation rate. The
suggestion is that the inner ring of NGC 3081 is not a starburst
feature, but simply a zone in the galaxy that has had almost
continuous star formation throughout the lifetime of the system.
The source of gas supplying the ring is unknown; however, Buta
(1990) noted that NGC 3081 may have a higher atomic H i gas
content than is typical of S0/a galaxies.

Within the annulus defined for the net colors of the inner
ring, the net B-band magnitude corrected for Galactic extinc-
tion is B0(ring) ¼ 15:00. With an RC3 total magnitude of
BT ¼ 12:85, the above galaxy total colors, and the Galactic
extinction corrections from the NED, we can estimate the
relative flux contribution of the inner ring in each passband.
With the colors in Table 1, we estimate the relative flux
contributions k ¼ L(ring)=LT to be kU ¼ 0:150, kB ¼ 0:111,
kV ¼ 0:083, and kI ¼ 0:066. Thus, the inner ring is a sub-
stantial contribution to the total luminosity in the U band.

5.2. High-Resolution Fourier Analysis

We have shown that the inner ring of NGC 3081 has likely
been a zone of active star formation for a significant fraction of
a Hubble time.We are interested now in examining further what
happens to stars that have been born in the inner ring. In this
section, we consider Fourier amplitudes and phases, while in
the next section, we consider individual star-forming regions.

The Fourier analysis assumes that the light distribution in
NGC 3081 can be expanded in a series

I (r; �) ¼ I0(r)þ
X1

m¼1

Imc(r) cosm�þ
X1

m¼1

Ims(r) sinm�;

where I is intensity (not necessarily I-band surface brightness),
r is the radius, and � is a position angle in the galaxy plane.
The amplitudes Imc(r) and Ims(r) are derived from moments of
the light distribution (see eqs. [4a]–[4c] in Buta 1986), while
the amplitude I0 is the azimuthally averaged light distribution.

Relative amplitudes Im /I0 are computed as (I2mc þ I2ms)
1=2=I0,

while phases are derived from �m ¼ m�1 tan�1(Ims=Imc). The
main uncertainties in relative Fourier amplitudes and phases
are due to deprojection uncertainties, intrinsic disk thickness,
dust, background irregularities, and low light level noise. The
technique is widely used and recent similar analyses of other
galaxies include Buta, Byrd, & Freeman (2003), Odewahn
et al. (2002), and Vera-Villimizar et al. (2001).
For the Fourier analysis of NGC 3081, we operate on

images which have been deprojected according to parameters
derived by BP98. To place north at the top, we first rotate the
raw WMOSAIC images 81

�
.1 counterclockwise. The kine-

matic line of nodes in position angle 97� is rotated to the
horizontal, and the galaxy is deprojected with an inclination of
34

�
. In the resulting image, the bar has a position angle of 53

�
.

With a further rotation, the bar is placed horizontally in galaxy
plane position angle 90�. As shown by BP98, this depro-
jection aligns the inner ring along the bar with an axis ratio of
0.71 and a semimajor axis radius of 3500 (see Fig. 7).
In such a coordinate system, the Fourier amplitudes and

phases from the WFPC2 images are as shown in Figure 8.
These quantities can only be derived reliably to a radius of
4500. The domain of the secondary bar and nuclear ring is
200 � r � 900 (see Fig. 7, two smaller circles). In this range, the
average phase of the m ¼ 2 component, �2, is offset nearly 60

�

ahead of the primary bar, assuming trailing spiral structure.3

The domain of the primary bar is from 900 � r � 2600, corre-
sponding to the two larger circles in Figure 7. The minimum
in I2/I0 at r ¼ 2600 for V and I occurs near the ends of the
primary bar. There is a systematic phase change around the bar
axis at this radius whose amplitude decreases significantly
from B to I, suggesting it is caused by a combination of star
formation and extinction. Beyond this radius, the m ¼ 2
amplitudes increase by a factor of 2.7 in I. This rise is due to
the extreme elongation of the inner ring. In the ring-dominated
area outside r ¼ 3000, there is little or no apparent phase dif-
ference from B to I.
These results could imply that stars that are born in the ring

do not necessarily leave it the way they might leave a two-
armed spiral, although detecting the migration across a strong
spiral can also be difficult (e.g., Schweizer 1976). Another
way of examining the Fourier structure is to compute relative
amplitudes and phases along the circularized ring. Figure 9
shows the circularized V-band image, based on the image in
Figure 7. Thus, the primary bar is still along the horizontal
axis in position angle 90�. We analyze the circularized image
only from 2400 to 4500, the range dominated by the inner ring.
Figure 10 shows the relative amplitudes and phases of the
m ¼ 2 and 4 Fourier components of the circularized ring. The
white circles in Figure 9 show three radii: 2400, 31B5, and 38B5.
Between 2400 and 31B5, the phase of the m ¼ 2 component is
slightly less than 90

�
and the I-band relative amplitude is

slightly larger than in B and V. This is likely because of
extinction in the thin dust lanes near the ends of the primary
bar. From 31B5 to 38B5, star formation in the ring causes the
relative amplitudes to increase smoothly from I to B, accom-
panied by a slight phase shift. This shift is in the sense that the
phase of the m ¼ 2 component increases from I to B in the

TABLE 1

Star Formation History of the Inner Ring

Color Net Ring KTC94a LT78b SSB73c

(U�B)0 .............. �0.11 �0.06 �0.14 �0.11

(B�V )0 .............. 0.50 0.51 0.50 0.50

(V�I )0 ............... 0.82 0.83 . . . . . .

a Kennicutt et al. 1994, for � ¼ 8 Gyr, b ¼ 0:5, and a Salpeter initial
mass function (IMF).

b Larson & Tinsley 1978, constant star formation model over 10 Gyr.
c Searle et al. 1973, their Table 2, for � ¼ 1:7 and a Salpeter IMF.

TABLE 2

Star Formation History of the Inner Ring Background Starlight

Color Ring Background KTC94a LT78b SSB73c

(U�B)0 ......... 0.36 0.34 0.31 0.33

(B�V )0 ......... 0.83 0.82 0.83 0.86

(V�I )0 .......... 1.08 1.07 . . . . . .

a Kennicutt et al. 1994, for � ¼ 2 Gyr, b ¼ 0:034, and a Salpeter IMF.
b Larson & Tinsley 1978, their Table 2, model with declining star for-

mation rate.
c Searle et al. 1973, their Table 2, for � ¼ 8 and a Salpeter IMF.

3 This assumption seems justified since the apparent dust distribution in
Fig. 3 favors the south side as the near side, and the velocity field from BP98
indicates that the west side is receding relative to the nucleus. Using the
technique of de Vaucouleurs (1958), the galaxy must be rotating counter-
clockwise.
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direction of rotation (counterclockwise, for trailing spiral
arms). If we make the assumption that new stars are born
around the bar ends, and only move along the ring as they age,
then we might expect the phase of the m ¼ 2 component to
have the opposite shift compared with what is seen. Figure 10
shows that radial phase changes along the circularized ring are
smallest for the I-band, so that the ring is most symmetric
around the bar in this filter. The star formation in the inner ring
appears to preferentially lead the bar slightly.

The relative m ¼ 4 amplitudes in Figure 10 are significant
mostly outside the semimajor axis ridgeline radius of the inner
ring, from 3500 to 4200. This amplitude also decreases from B to
I. Since the phase of the m ¼ 4 component in this region tends
to be �0� or 90�, we attribute the m ¼ 4 component to a
slightly pointy oval shape of the inner ring along its major axis,
which leads to a four-fold symmetry in the circularized pattern.

5.3. Identification of Inner Ring Sources

The procedure used to catalog point or near-point sources in
the inner ring was very similar to that used by Buta et al. (2000)
for NGC 1326. IRAF routine DAOFIND was used to make a
preliminary listing of sources, and then this listing was
amended by visual inspection and intercomparison of results
from the different filters. The initial positions were used with
DAOPHOT routine ALLSTAR and a preliminary point-spread
function (PSF) based on a few local field stars. These did not
provide a good fit to many of the blue sources in the ring,
which are slightly diffuse, so our procedure was to select a few
bright and relatively isolated blue sources, subtract their com-
panions (using IRAF routine SUBSTAR), and then measure

the FWHM of these objects on an image with a flattened
background. We then generated high signal-to-noise artificial
PSFs using the Tiny Tim software package (Krist 1995) and
Gaussian-smoothed them to match the blue source PSF as
much as possible. With these artificial PSFs, ALLSTAR was
used to generate catalogs of fitted positions in all filters. These
positions were then compared, and average coordinates were
generated allowing a tolerance of 0.71 pixels between filters to
make sure that the same object is located in each filter. Sources
where the fitted positions significantly disagreed among the
filters were rejected from the catalog. Each filter was also
checked for systematic offsets. This left 586 sources in frame
WF3 and 476 sources in frame WF4. Finally, our analysis was
restricted to the inner ring region only. This restriction was
made by using the shapes of the inner and outer edges of the
H� distribution found by BP98 and rejecting cataloged objects
that were outside the annulus defined by this distribution. This
left 396 ring sources in WF3 and 328 ring sources in WF4. Not
all of these ring sources are clusters. A few are foreground stars
(or background galaxies) that are often distinguishable by their
fairly red color. Others are likely to be single massive young
stars that are part of the ring population. Separating the stars
from the diffuse clusters is discussed further in x 5.6.

5.4. Photometry of the Inner Ring Sources

The magnitudes of the ring sources were derived from
ALLSTAR fits using the Gaussian-smoothed Tiny Tim PSFs
and also using aperture magnitudes within a 2 pixel radius as
the initial guesses. This allowed us to correct the photometry
for charge transfer efficiency using the formulae given in

Fig. 7.—Deprojected V-band WFPC2 image of NGC 3081 (see text). The primary bar has been rotated to the horizontal position. The three white circles have
radii of 200, 900, and 2600 and define the domains of the primary bar (900–2600) and the nuclear (or secondary) bar and nuclear ring (200–900). Each circle corresponds to a
major minimum in the relative Fourier intensity amplitude I2/I0 in all three filters (see Fig. 8). Within r ¼ 900, the intensities have been scaled down so that both the
primary bar and the secondary bar can be seen clearly. The numbers show the angle convention for the m ¼ 2 phase �2.
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Whitmore, Heyer, & Casertano (1999a). The magnitudes were
also corrected for geometric distortion, contamination loss, and
the red leak in the F336W filter. Zero points and color terms for
the standard WFPC2 filters from Holtzman et al. (1995)
were applied to transform the raw magnitudes to the stan-
dard Johnson/CousinsUBVI system. Aperture corrections from
r ¼ 2 to r ¼ 5 pixel radius, the radius (0B5) needed to use the
zero points of Holtzman et al. (1995) directly, were derived
from the smoothed Tiny Tim PSFs and found to be 0.29, 0.29,
0.30, and 0.31 mag for filters F336W, F439W, F555W, and
F814W, respectively.

The issue of extinction corrections is more difficult.
Holtzman et al. (1995) recommend correcting observedWFPC2
magnitudes for extinction before using the transformation
equations, owing to the significant mismatches between the
ground-based and space-based filter effective wavelengths. As
we have noted, the Galactic reddening toward NGC 3081 is
only E(B�V ) ¼ 0:055 mag, but internal extinction could be
significant for some ring sources. Buta et al. (2000) estimated
internal extinction corrections for sources in the nuclear ring
of NGC 1326 by following reddening lines back to the
instantaneous burst tracks of model clusters from Bruzual &
Charlot (1996, hereafter BC96). If all of the sources are, in
fact, clusters of solar metallicity, as was assumed in that study,
then this would be a reasonable procedure. To break some of
the age-reddening degeneracy in the two-color plots, Buta

et al. (2000) used a high-resolution H� map to infer clusters
most likely to be 10 Myr old or less. For NGC 3081, we do
not have the benefit of a high-resolution H� map, only a low-
resolution, ground-based map, which prevents us from un-
ambiguously linking H� emission to individual ring sources.
These ambiguities favor the use of reddening-free parameters,
even though these are not completely reddening-free due to the
filter mismatch. From these considerations, we will only cor-
rect WFPC2 natural magnitudes for NGC 3081 for Galactic
extinction.

5.5. Radial and Azimuthal Point-Source Distributions Around
the Inner Ring

We have isolated the sources in the inner ring using the
diffuse ionized gas boundaries seen in the Fabry-Pérot images
of BP98. The inner boundary occurs along an ellipse having a
major-axis radius of 27B1 and axis ratio of 0.79, while the
outer boundary occurs along an ellipse having a major-axis
radius of 44B2 and an axis ratio of 0.65. Figure 11 shows a
histogram of the distribution of cataloged sources around the
ring in the deprojected frame. The abscissa is the angle rela-
tive to the bar axis, which increases counterclockwise from
this axis. The histogram shows that the number of point
sources along the ring is enhanced around the ends of the
weak apparent bar. Superposed on this histogram is a plot of
the total H� flux, in arbitrary units, as a function of the same
angle. This shows that regions with large numbers of sources
are strong in H� flux. Some of the details in the histogram
also correlate with details in the H� distribution, with the
emission and source numbers being somewhat higher on the
west end of the bar compared with the east end.
Figure 12 shows how ring sources are distributed with

radius in the galaxy plane. Two histograms are shown: one for
all the sources cataloged in the ring and another for a restricted
sample selected on the basis of apparent magnitude and a
concentration parameter (see next section). The counts rise
with radius across the ring, owing to the intrinsic elongated
shape and concentration of sources around the ring major axis.
Superposed on these histograms is the arbitrarily scaled dis-
tribution of H� emission with radius. This shows a slight
asymmetric shape, roughly similar to the source distributions.

5.6. Sizes of Blue Ring Sources

The point sources identified in the inner ring must include a
mix of clusters and single, massive young stars, as well as
some faint foreground stars and possible background galaxies.
Because we are interested in the luminosity function of clus-
ters, in order to compare star formation in the ring with other
similar star-forming systems, we need to consider the sizes of
the sources. What is the expectation that any of the clusters
would be resolved?
Typical young cluster sizes have been evaluated in other

galaxies in a variety of studies. For example, the mean FWHM
of 61 clusters in the nearby irregular galaxy NGC 4449 is 5�
2 pc with a maximum of 10 pc (Gelatt, Hunter, & Gallagher
2001). The latter would correspond to an effective radius of
about 5 pc. In the starburst galaxy NGC 1569, Hunter et al.
(2000) estimated half-light radii of 2–3 pc for several clusters,
noting the similarity to the sizes of Milky Way globular clus-
ters. At the distance (32.5 Mpc) of NGC 3081, where 1 pixel in
the WF frames would correspond to nearly 16 pc, such clusters
would largely be unresolved. Luminous clusters in the nuclear
rings of NGC 4314 (Benedict et al. 2002) and NGC 1326

Fig. 8.—Relative amplitudes and phases of the m ¼ 2 Fourier component
of the light distribution of NGC 3081, based on the B, V, and I WFPC2
images. Top: Domains of the nuclear bar and nuclear ring (nb+nr), the primary
bar, and the location of the deprojected semimajor axis radius of the inner ring.
The horizontal dashed line in the bottom panel refers to the 90� position angle
of the bar in the deprojected, rotated coordinate system. These plots highlight
small wavelength-dependent amplitude and phase differences within the var-
ious components. Uncertainties in the relative Fourier amplitudes and phases
are dominated by deprojection uncertainties and not by image noise over the
radius range shown.
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(Buta et al. 2000) also did not appear to be significantly
resolved in the PC field, even though both of these galaxies
are roughly half as distant as NGC 3081.

Thus, we do not expect that normal clusters in the inner ring
of NGC 3081 would be significantly resolved. Nevertheless,
Figure 13 shows that the blue sources in the inner ring of NGC
3081 are clearly diffuse compared with foreground stars. This
plot shows the mean growth curve of 21 relatively isolated blue
sources in the inner ring compared with the mean growth curve
of 10 mostly foreground stars selected either by their color or
for being away from the ring. From these growth curves, the
effective radius of a typical star image is 0B098, while the
effective radius of a typical blue inner ring source is 0B121.
Assuming the intrinsic profile of these sources is Gaussian, the
difference implies a typical cluster effective radius of�11 pc,
much larger than the typical open cluster in the Milky Way or
NGC 4449. However, this size is comparable to the ‘‘populous
clusters’’ in the Magellanic Clouds (van den Bergh 1991) and
those found in other intermediate- to late-type spirals (Bresolin,
Kennicutt, & Stetson 1996). Miller et al. (1997) also found
evidence for similar clusters in the inner gaseous disk of
NGC 7252. Because these are larger than typical open or
globular clusters, but smaller than typical extragalactic asso-
ciations (Bresolin et al. 1998), the NGC 3081 clusters could be
simply smaller associations destined to disrupt in a few tens of
millions of years (Miller et al. 1997). How these might be
related to the large red clusters found in NGC 1023 by Larsen &

Brodie (2000) is not yet clear; these are extended, faint clusters
in the disk of NGC 1023 that have a similar size to the NGC
3081 blue clusters. Larsen & Brodie (2000) suggest that the
NGC 1023 clusters may have formed from accretion processes.

Miller et al. (1997; see also Schweizer et al. 1996) used a
concentration parameter, �V(0.5�3), the difference in appar-
ent V magnitude between an aperture of radius 0.5 pixels and
one of radius 3 pixels, to approximately separate stars from
clusters. We have used the same approach here. Figure 14
shows a histogram (solid line) of the distribution of�V(0.5�3)
values for 415 sources in the ring having V0 � 25:00
(MV � �7:6). For these sources, h�V i ¼ 2:31 � 0:03 mag
with a standard deviation of 0.55 mag. For comparison, the
dashed histogram shows the distribution of �V for 67 mostly
foreground stars in regions outside the inner ring as defined by
the diffuse H� boundaries, as well as outside the nuclear ring.
For these sources, h�V i ¼ 1:78 � 0:04 mag with a standard
deviation of 0.35 mag. Although there is a clear difference as
expected from Figure 13, there is nevertheless considerable
overlap between the two samples, and a clean separation cannot
be made.

To approximately remove likely stars from our analysis, we
will exclude all objects in the ring having �V < 1:78 mag.
This eliminates 66 objects from the sample of 415 brighter than
V0 ¼ 25:00. The restriction could also reject some normal-
sized clusters. Thus, our cluster analysis mainly focusses on
the larger, diffuse objects. Table 3 summarizes the magnitudes

Fig. 9.—Same as Fig. 7, except that the inner ring has been circularized and there is no rescaling of the inner intensities. The three solid white circles (see text)
have radii of 2400, 31B5, and 38B5, respectively.
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and colors of 58 ring sources having V0 � 23:6, which would
correspond to MV � �9:0 if all of the sources are actually a
part of NGC 3081. These sources are identified in Figure 15a
and 15b.

5.7. Color-Magnitude Diagrams and Two-Color Plots

Figure 16a shows the color-magnitude diagrams for the 349
ring sources in this sample having �V (0:5�3) � 1:78 mag
and the 66 ring sources having �V (0:5�3) < 1:78 mag, all
brighter than V0 ¼ 25:00. The dotted box in each plot shows the
domain of globular clusters that might be associated with a
bulge or halo population. The box extends from MV ¼ �7:41,
the typical mean of an old cluster distribution, to MV ¼ �11,
the brightest clusters normally found. The figure shows few
candidates for globular clusters in the ring. In the left panel of
Figure 16a, the objects in the box could be young clusters where
noise or reddening has moved them into the box. Interestingly,
the two objects (Nos. 40 and 42 in Table 3 and Fig. 15b) in the
middle of the box in the right panel of Figure 16a have U�B,
B�V, and V�I colors (after applying the zero-point corrections
from x 5.1) typical of Galactic globular clusters (Madore 1980).
However, color-magnitude diagrams for objects outside the
inner ring and between the nuclear and inner rings (see Fig. 16b)
suggest these objects could also be foreground stars.

Fig. 10.—Relative amplitudes and phases of the m ¼ 2 and 4 Fourier components of the circularized inner ring, based on the B, V, and I WFPC2 images. The
horizontal dashed line in the bottom left panel refers to the 90� position angle of the primary bar in the circularized image (Fig. 9). The short vertical lines in the top
panels refer to the deprojected semimajor axis radius of the ring.

Fig. 11.—Histogram of the number of point or near-point sources along the
inner ring of NGC 3081, as a function of angle relative to the bar in the
deprojected coordinate system of Fig. 7. The angle is measured from the west
half of the bar, increasing counterclockwise. The vertical dashed lines show
the bar axis. For comparison, the dotted curve shows the total H� flux, in
scaled arbitrary units, as a function of the same angle, based on a deprojected
Fabry-Pérot H� emission map from BP98.
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Figure 16b divides the non–inner ring objects in fields WF3
and WF4 into diffuse and stellar, as in Figure 16a. The objects
in the left panel of Figure 16b are diffuse and include a mix of
object types. Inside the box, we find background galaxies and
other sources. To the left of the box, we find young clusters that
lie just inside and outside our defined ring boundaries, blue
parts of background galaxies, and a few blue clusters near the
dimple regions of the outer ring. The right panel of Figure 16b

is very similar to the left panel and may also include some blue
stars and background galaxies, as well as foreground stars. We
cannot rule out that some of the objects in the boxes in this
figure are globular clusters. The area covered by these regions
is approximately three times that covered by the inner ring.

The lack of a significant globular cluster population in NGC
3081 may reflect its lack of a prominent bulge. In spite of the
classification as S0/a or Sa, NGC 3081 is essentially a bulgeless
spiral with a low specific frequency of globular clusters.

Figure 17 shows two-color plots of probable clusters having
MV � �8:6 (V0 � 24:0). This sample minimizes photometric
errors, which become large for colors at fainter magnitudes.
For comparison, evolutionary tracks of model clusters from the
instantaneous burst models of BC96 are shown as the solid
curves. The plots show that many of the ring sources are likely
to be normal clusters, which scatter around the BC96 tracks
well. Allowing for some reddening, the typical age for the
clusters is 10 Myr or less. There is little evidence for a sig-
nificant population of older clusters in the ring, at least to
V0 ¼ 24:0. The scatter in the plots is most likely due to a
combination of noise and internal reddening, rather than a large
age spread. This is verified in the next section.

5.8. Reddening-Free Parameters

To further analyze the star formation in the ring, we
have computed three reddening-free parameters defined by
Whitmore et al. (1999b):

Q1 ¼ (U�B)� 0:72(B�V );

Q2 ¼ (B�V )� 0:80(V� I );

Q3 ¼ (U�B)� 0:58(V� I );

for the 349 diffuse ring sources having V0 � 25:00. Because
individual values of these parameters have fairly large error

Fig. 12.—Distribution of point or near-point sources with radius R in the
galaxy plane for the inner ring of NGC 3081. The solid curve is the histogram
for all the point sources cataloged in the ring, while the dashed histogram is
for a sample of sources restricted according to apparent magnitude and the
concentration parameter �V(0.5�3) (see Fig. 14 and x 5.6). The dotted curve
shows the (arbitrarily scaled) distribution of H� over the same range of radius,
based on a deprojected Fabry-Pérot H� emission map from BP98.

Fig. 13.—Mean growth curve for 21 blue near-point sources in the inner
ring of NGC 3081 ( filled circles) vs. the mean growth curve of 10 likely
foreground stars (crosses).

Fig. 14.—Histogram of the concentration parameter �V(0.5�3), the
difference in V magnitude measured with an aperture of radius 0.5 pixels vs.
one measured with an aperture of radius 3 pixels (Miller et al. 1997). The solid
histogram refers to 415 sources brighter than V0 ¼ 25:00 in the inner ring zone
(see text), while the dashed histogram refers to likely foreground stars either
outside the inner ring, or between the inner and nuclear rings.
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TABLE 3

Photometry of Ring Sources Brighter than V ¼ 23:6a

Number

(1)

�x

(2)

�y

(3)

V0

(4)

(U�B)0
(5)

(B�V )0
(6)

(V�I )0
(7)

MV

(8)

�V(0.5�3)

(9)

1.................. 36.03 �12.30 23.38 � 0.11 �0.93 � 0.11 0.24 � 0.16 0.23 � 0.18 �9.18 2.52

2.................. 31.25 �8.33 22.75 � 0.09 �0.77 � 0.09 0.31 � 0.13 0.40 � 0.12 �9.81 2.60

3.................. 33.41 �7.64 23.36 � 0.08 �1.11 � 0.13 0.35 � 0.16 0.17 � 0.13 �9.20 2.04

4.................. 32.49 �7.28 23.37 � 0.10 �0.77 � 0.13 0.06 � 0.17 0.76 � 0.11 �9.19 1.86

5.................. 29.35 �6.57 23.23 � 0.10 �0.94 � 0.10 0.07 � 0.15 0.16 � 0.15 �9.33 2.48

6.................. 30.34 �1.37 23.60 � 0.09 �0.75 � 0.17 0.29 � 0.18 0.14 � 0.12 �8.96 2.39

7.................. 32.13 �1.46 23.27 � 0.05 �0.75 � 0.10 0.28 � 0.13 0.56 � 0.11 �9.29 2.18

8.................. 31.68 �1.06 23.43 � 0.05 �0.24 � 0.13 0.29 � 0.14 0.21 � 0.13 �9.13 1.98

9.................. 37.35 �1.56 23.52 � 0.09 �0.07 � 0.19 0.28 � 0.15 0.23 � 0.15 �9.04 1.94

10................ 26.92 �0.22 23.15 � 0.12 �0.24 � 0.14 0.01 � 0.18 0.27 � 0.17 �9.41 2.04

11................ 31.91 0.08 23.57 � 0.11 �0.55 � 0.12 �0.10 � 0.21 0.13 � 0.22 �8.99 2.25

12................ 27.90 3.76 23.05 � 0.09 �0.73 � 0.09 0.03 � 0.13 0.39 � 0.12 �9.51 1.90

13................ 23.09 9.50 23.40 � 0.09 �0.59 � 0.21 0.39 � 0.20 0.13 � 0.13 �9.16 2.49

14................ 22.59 9.46 23.09 � 0.08 �0.44 � 0.17 0.50 � 0.12 0.24 � 0.11 �9.47 2.13

15................ 22.24 9.43 23.34 � 0.11 �0.56 � 0.14 0.16 � 0.19 0.18 � 0.16 �9.22 2.50

16................ 21.64 9.18 23.51 � 0.09 �0.73 � 0.15 0.49 � 0.17 0.32 � 0.14 �9.05 2.20

17................ 10.48 18.31 23.60 � 0.09 �0.84 � 0.09 �0.07 � 0.14 �0.13 � 0.13 �8.96 1.96

18................ 12.97 20.60 23.00 � 0.09 �0.99 � 0.09 �0.22 � 0.17 �0.19 � 0.13 �9.56 2.05

19................ �2.79 22.93 23.51 � 0.11 0.19 � 0.24 0.22 � 0.19 0.19 � 0.18 �9.05 1.73

20................ �5.54 22.86 23.35 � 0.07 �0.59 � 0.11 �0.05 � 0.13 0.03 � 0.10 �9.21 2.30

21................ �18.67 20.42 23.43 � 0.10 �0.86 � 0.14 0.01 � 0.21 0.02 � 0.14 �9.13 2.43

22................ �17.59 18.87 23.21 � 0.08 �0.88 � 0.07 0.01 � 0.11 �0.07 � 0.15 �9.35 1.80

23................ �20.37 18.61 23.45 � 0.08 �0.95 � 0.11 �0.03 � 0.15 0.26 � 0.14 �9.11 2.30

24................ �25.37 18.49 22.51 � 0.12 �0.48 � 0.12 0.17 � 0.15 0.22 � 0.16 �10.05 1.86

25................ �29.71 15.23 23.42 � 0.11 �0.66 � 0.13 0.09 � 0.19 0.06 � 0.17 �9.14 2.21

26................ �30.68 15.47 22.34 � 0.07 �0.76 � 0.08 0.04 � 0.10 0.25 � 0.14 �10.22 2.37

27................ �28.90 10.70 23.00 � 0.10 �0.70 � 0.07 �0.07 � 0.14 0.44 � 0.14 �9.56 1.38

28................ �35.66 10.44 23.50 � 0.17 �0.25 � 0.17 0.22 � 0.23 0.73 � 0.21 �9.06 1.17

29................ �33.13 6.49 23.50 � 0.09 �0.90 � 0.13 0.37 � 0.16 0.25 � 0.16 �9.06 2.15

30................ �30.25 3.09 23.43 � 0.06 �0.89 � 0.07 �0.04 � 0.10 �0.13 � 0.11 �9.13 1.86

31................ �31.47 2.77 23.32 � 0.08 �0.77 � 0.10 �0.10 � 0.14 0.09 � 0.10 �9.24 2.65

32................ �31.23 2.77 22.91 � 0.09 �0.89 � 0.08 �0.01 � 0.13 0.34 � 0.11 �9.65 1.75

33................ �32.24 2.06 22.79 � 0.06 �0.83 � 0.07 �0.14 � 0.11 �0.02 � 0.11 �9.77 2.17

34................ �35.85 2.03 23.06 � 0.10 �0.87 � 0.09 �0.11 � 0.14 0.07 � 0.15 �9.50 1.50

35................ �34.06 0.56 23.27 � 0.09 �0.96 � 0.09 0.11 � 0.14 0.22 � 0.13 �9.29 1.75

36................ �34.77 �0.35 23.01 � 0.08 �0.48 � 0.10 0.30 � 0.13 0.19 � 0.15 �9.55 2.00

37................ �28.19 �2.66 23.07 � 0.07 �0.94 � 0.09 �0.25 � 0.15 0.09 � 0.12 �9.49 2.11

38................ �29.53 �3.32 23.42 � 0.11 �0.77 � 0.10 �0.28 � 0.18 �0.03 � 0.16 �9.14 2.53

39................ �26.20 �6.50 23.23 � 0.10 �0.15 � 0.12 0.32 � 0.16 0.78 � 0.12 �9.33 1.42

40................ �18.62 �16.29 23.10 � 0.09 �0.09 � 0.16 0.83 � 0.14 1.15 � 0.11 �9.46 1.48

41................ �10.82 �15.23 23.57 � 0.06 �1.04 � 0.07 �0.17 � 0.12 �0.04 � 0.13 �8.99 2.00

42................ �11.53 �21.25 23.43 � 0.09 0.11 � 0.27 0.83 � 0.15 1.16 � 0.11 �9.13 1.53

43................ 15.22 �27.00 23.24 � 0.09 �0.86 � 0.11 0.16 � 0.14 0.12 � 0.16 �9.32 2.20

44................ 15.50 �23.04 22.87 � 0.05 �0.83 � 0.08 0.31 � 0.09 0.46 � 0.11 �9.69 2.11

45................ 17.99 �24.32 22.73 � 0.06 �0.82 � 0.07 0.09 � 0.08 0.09 � 0.10 �9.83 2.12

46................ 24.08 �23.96 23.50 � 0.14 �0.40 � 0.17 0.09 � 0.21 0.18 � 0.19 �9.06 1.92

47................ 22.13 �21.41 22.88 � 0.07 �0.88 � 0.09 �0.02 � 0.13 �0.32 � 0.11 �9.68 2.23

48................ 22.18 �20.53 23.46 � 0.09 �0.89 � 0.09 0.14 � 0.14 0.03 � 0.14 �9.10 2.02

49................ 26.93 �17.76 23.58 � 0.10 �1.01 � 0.11 0.09 � 0.17 0.06 � 0.17 �8.98 2.05

50................ 22.11 �13.90 22.58 � 0.15 �1.13 � 0.10 0.21 � 0.20 0.03 � 0.18 �9.98 2.18

51................ 22.27 �13.85 23.02 � 0.11 �0.60 � 0.18 �0.06 � 0.28 0.17 � 0.17 �9.54 2.60

52................ 27.88 �17.27 22.67 � 0.09 �0.44 � 0.08 0.16 � 0.12 0.25 � 0.11 �9.89 2.00

53................ 28.32 �17.22 23.51 � 0.14 �0.59 � 0.19 0.11 � 0.25 0.29 � 0.22 �9.05 2.51

54................ 25.84 �15.62 21.92 � 0.08 �0.56 � 0.07 0.27 � 0.11 0.21 � 0.11 �10.64 2.00

55................ 30.17 �16.16 22.74 � 0.07 �0.80 � 0.10 0.55 � 0.12 0.70 � 0.09 �9.82 2.00

56................ 29.59 �15.61 23.05 � 0.11 �0.56 � 0.10 �0.07 � 0.15 0.21 � 0.16 �9.51 2.20

57................ 27.35 �14.40 23.45 � 0.09 �0.61 � 0.12 0.23 � 0.17 0.78 � 0.14 �9.11 2.23

58................ 27.74 �13.52 23.52 � 0.11 �0.34 � 0.13 0.34 � 0.15 0.55 � 0.13 �9.04 2.07

a Col. (1): Object identification number in Fig. 4; cols. (2)–(3): offsets in arcseconds of source from nucleus, where positive �x is westward while positive
�y is northward; cols. (4)–(7): magnitudes and colors corrected only for Galactic extinction; col. (8): absolute V-band magnitude, if the object is part of
NGC 3081; col. (9): concentration parameter, defined as the difference in V magnitude between a 0.5 pixel radius and a 3 pixel radius aperture. Some of the
objects with �V < 1:78 are likely to be foreground stars.

1994



Fig. 15.—Finding charts for the 58 likely clusters and other objects listed in Table 3. Orientation is the same as for Fig. 2. (a) West half of inner ring. (b) East half
of inner ring.
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bars, our approach is to analyze averages of these parameters
as a function of deprojected position angle relative to the bar
axis. To further reduce the error bars, we take advantage of the
symmetry of the ring and average points in leading and
trailing quadrants. The leading quadrants have 0

� � �bar < 90
�

and 180� � �bar < 270�, while the trailing quadrants have
90� � �bar < 180� and 270� � �bar < 360�, assuming the faint

spiral arms are trailing. We take averages of the reddening-free
parameters every 15

�
in relative bar position angle near the bar

ends, and every 30� near the ring minor axis. Figure 18 shows
the result. The abscissa is �bar, the symmetrized angle which
only varies from 0

�
to 180

�
. The means of the leading quadrants

have 0� � �bar < 90�, while the means of the trailing quad-
rants have 90� � �bar < 180�. The averages are unweighted

Fig. 16.—(a) Color-magnitude diagrams for probable clusters and stars in the inner ring of NGC 3081. The box defines the domain of an old globular cluster
population that might be associated with a bulge or halo stellar population. The two panels are for different ranges of the concentration parameter, �V(0.5�3).
Objects in the left panel are mostly diffuse and the ones to the left of the box are likely to be young clusters, while those objects in the right panel may include some
compact clusters, foreground stars, and massive single stars in the ring. The parameters are corrected for Galactic extinction. Crosses refer to WF3 field objects,
while pluses refer to WF4 objects. Typical error bars at different magnitudes are indicated. The reddening line for AV ¼ 1:0 mag is indicated. (b) Same plots as (a),
but for objects outside the inner ring and between the nuclear and inner ring.

Fig. 16a

Fig. 16b
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since luminosity-weighted means would bias the results toward
the brightest and bluest clusters. The plot shows relatively
smooth changes in hQ1i and hQ3i from 0� to 52�.5 with little
change in hQ2i over the same range.

The idea we consider with Figure 18 is that newly formed
clusters born in the ring will stay in the ring as they age,
following the orbit closely. By ‘‘orbit’’ here, we mean the
collection of orbits that define the ring, since more than one
orbit must be involved. Together they form an average orbit
whose shape equals the observed ridgeline shape of the ring.
Clusters may form anywhere along the ring, but they are most
favored to form near the ring major axis. Around the minor
axis, the mean points have large error bars due to small
number statistics and the fact that the clusters are less lumi-
nous in these regions on average (see next section). However,
in the trailing quadrants from about 130� to 180�, the changes
in the reddening-free parameters are not as smooth as in the
leading quadrants. This is partly due to the smaller number of
sources in the trailing quadrants compared with the leading
quadrants, as is seen in Figure 11.

The trends in the leading quadrants do not correspond to
large differences in the mean ages of the clusters at the different
position angles. This is illustrated by the plots in Figure 19,
which show the correlations between reddening-free parame-
ters as a function of cluster age for the BC96 models. In the

leading quadrants, the mean points lie close to the models for
cluster ages from 1 to 6 Myr. For clusters over such an age
range, Q2 is almost constant in the models, and might explain
why we see little variation in hQ2i with position angle in the
leading quadrants. However, Q1 and Q3 would be expected to
change over such a period of time, and the mean points in the
leading quadrants straddle the models for ages from 1 to 6 Myr
fairly closely. The interpretation is more ambiguous in the
trailing quadrants, but again the points straddle the models
from 1 to 6 Myr. The effect is systematic in the leading
quadrants but less so in the trailing quadrants. This is shown by
the open circle points, which represent the first ones leading
and trailing the bar (within �15� of the bar axis). In the leading
quadrants, this first point lies near the BC96 curves for an age
of about 1 Myr, while in the trailing quadrants the first point
lies near an age of about 6 Myr.

Figure 18 suggests that the mix of ages changes slightly with
increasing relative bar position angle in the leading quadrants.
This could be interpreted as follows. The dynamics of the ring
orbit is such that clouds are compressed preferentially near the
bar axis, where they move most slowly. As these clusters age,
they follow the orbit. However, since clusters can form any-
where along the ring, these aging clusters may mix with new
ones that have formed further along the orbit. Thus, we
may expect a smoothly changing mix of ages in the leading

Fig. 17.—Two-color plots of diffuse sources and point sources in the inner ring of NGC 3081, in the magnitude range V0 ¼ 21:5 24:0. The solid curves, from
BC96, represent the evolutionary path of clusters formed in instantaneous bursts, and having solar metallicity and a Salpeter IMF. The tick marks on the tracks refer
to different cluster ages in years, as indicated in the left panels. The two left panels show typical error bars for V0 ¼ 23:75.The reddening line for AV ¼ 1:0 mag
is indicated.
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quadrants away from the bar. In the trailing quadrants, how-
ever, the situation is different. There are fewer clusters forming
before the bar axis is reached. Therefore, we might not expect
the same kind of smoothly changing age mix in these regions.
Deeper images with greater signal-to-noise ratio at the fainter
magnitudes would allow firmer conclusions from this analysis.

5.9. Luminosity Function of the Diffuse Ring Clusters

Figure 20 shows the V-band luminosity function of the
diffuse ring clusters, divided according to whether the clusters
are in the high H� flux zones (i.e., around the bar major axis)
or in the low H� flux zones (around the bar minor axis). In
terms of the deprojected relative bar position angles, these
zones are defined as follows:

The high H� zones are

0
� � �bar < 60

�
;

150
� � �bar < 240

�
;

320
� � �bar < 360

�
:

The low H� zones are

60
� � �bar < 150

�
;

240
� � �bar < 320

�
:

We estimate the slope of the luminosity function only for
probable clusters brighter than V0 ¼ 24:31 (MV < �8:25),

because this is where the counts are most complete and the limit
minimizes the confusion of stars and clusters. At the bright end
of the luminosity function, the clusters in the high H� zones
show an approximately power law decline N (L)dL / L�adL,
with a ¼ 2:50 � 0:17. This is a fairly typical slope for a young
cluster system, comparable to values found for H ii region
luminosity functions (e.g., Caldwell et al. 1991; Crocker,
Baugus, & Buta 1996) and for young clusters in other rings. The
luminosity function is a little steeper than those obtained for the
nuclear rings of NGC 4314 (a ¼ �1:7, Benedict et al. 2002),
NGC 1512 (a ¼ �2:0, Maoz et al. 2001), and ESO 565�11
(a ¼ �2:2, Buta et al. 1999). However, it is much less steep
than the value a ¼ �3:7 obtained by Buta et al. (2000; see
erratum in Buta et al. 2001)4 for NGC 1326.
The much smaller number of clusters in the low H� zones

have a luminosity function whose power-law slope is con-
sistent with those in the high H� zones. However, the
brightest clusters in the low H� zones are at least 1 mag less
luminous than those in the high H� zones. Thus, we do not
detect strong evidence for an azimuthal dependence in the
slope of the luminosity function of ring clusters relative to the
bar. The major-axis regions appear to simply produce more
clusters, and the brightest of these tend to be more luminous
than those in the minor-axis zones.

6. MASSES OF THE DIFFUSE RING CLUSTERS

Van den Bergh (1991) has noted that the masses of ‘‘pop-
ulous’’ blue clusters in the LMC and SMC tend to be smaller
than those of most Galactic globular clusters. He quotes a
couple of mass estimates as (4 8) ; 104 M�. It is instructive,
then, to try and evaluate the possible masses of the diffuse inner
ring sources in NGC 3081. The only way we can do this with
the present data set is with an [MB, (B�I )0] plot (Elmegreen &
Salzer 1999). For a given color, the absolute magnitude of a
young cluster will depend on its mass. Figure 21 shows the
[MB, (B�I )0] plot for 49 diffuse blue ring sources brighter than
V0 ¼ 23:6 (MV � �9:0). For comparison, we show evolu-
tionary tracks of model clusters having a mass of 104 M�. The
solid track was extracted by Benedict et al. (2002) from the
Starburst99 database (Leitherer et al. 1999), while the dashed
track was extracted by Elmegreen & Salzer (1999) from the
models of Bertelli et al. (1994) and Girardi et al. (1995).
Although the tracks are different, the comparison favors masses
of order 104 M� for these objects. The observed points are not
corrected for internal extinction, which could be substantial in
some cases, but the reddening line in Figure 21 is roughly
parallel to the Leitherer et al. (1999) track, and indicates that
even after correction for reddening the comparison would still
favor a mass of order 104 M� for these objects. Similar masses
were estimated by Maoz et al. (2001) and Benedict et al. (2002)
for young clusters in circumnuclear rings.

7. DISCUSSION

One of the most remarkable aspects of NGC 3081 is how
much its morphology resembles the structure of model galaxies
where a bar rearranges a disk of test-particle clouds that are
free to collide and merge (‘‘sticky-particle’’ models). Schwarz

Fig. 18.—Reddening-free parameters (see text for definitions) plotted as a
function of relative bar position angle, in a coordinate system where the bar
axis is horizontal. The abscissa �bar is a symmetrized relative bar position
angle where opposing quadrants are averaged. The ends of the bar correspond
to �bar ¼ 0� and 180�. The horizontal dotted lines indicate the (unweighted)
averages of the parameters. The sample includes only diffuse ring sources
brighter than V0 ¼ 25:00.

4 The high slope in this case could be due to an unusual number of extreme
supergiants in the nuclear ring of this galaxy. The nuclear ring environment
does not appear to favor the kinds of diffuse clusters we find in the inner ring
of NGC 3081, and star/cluster discrimination may have been uncertain for
NGC 1326.
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(1979, 1981, 1984) already showed how an alternating pattern
of gaseous rings, ranging from a misaligned nuclear ring, to a
parallel-aligned inner ring, and to a perpendicular-aligned
outer ring, could be easily explained in terms of bar-driven gas
flow even in simple bar and disk potentials. The rearrangement
of the gas begins with spiral patterns that form from the
changing orientations of periodic gas orbits across major low-
order resonances, followed by the subsequent evolution of
these spirals into more closed ring patterns as a result of gravity
torques due to the bar. The result of this evolution is to collect
gas into ring-shaped patterns whose shapes and orientations are
consistent with characteristic periodic orbits near particular
resonances. The ease with which rings formed in such models
has been a cause for concern for more sophisticated models,
such as hydrodynamic gas flow models (e.g., Sanders & Tubbs
1980), because these do not form rings nearly as distinctive or
having morphologies so closely resembling real observed
rings. Rautiainen & Salo (2000) have further established the
success of test-particle models in accounting for many
observed aspects of galactic rings.

The rings of NGC 3081 so much resemble the periodic
orbits in bar potentials (see Byrd et al. 1999) that one must

conclude that the galaxy could only have achieved this kind of
morphology if it evolved in a relatively undisturbed manner
for most of a Hubble time. External interactions could prevent
the ring material from becoming sufficiently well organized to
trace the orbits so clearly. For example, Elmegreen et al.
(1992) show that galaxies with well-defined outer rings are
less frequent in a dense environment and may represent a
more evolved morphological state than outer pseudorings.
Kormendy & Kennicutt (2004) also argue that SB(r) galaxies
may represent a more advanced state than SB(s) galaxies.

Inner rings in barred galaxies can have a wide range in
intrinsic shapes, with minor-to-major axis ratios from 0.6 to 1.0
(see Fig. 7 of Buta 1999) and an average of 0:81 � 0:06 (Buta
1995). The distribution of H ii regions in star-forming rings
seems to correlate with the intrinsic ring shape (Crocker et al.
1996). Pogge (1989), Storchi-Bergmann et al. (1996), Evans
et al. (1996), Crocker et al. (1996), and BP98 all noted the
characteristic way the H ii regions in the inner ring of NGC 3081
‘‘bunch up’’ near the apparent ring major axis. A similar effect
was found by Crocker et al. (1996) for the inner rings in
NGC 1433, NGC 6782, IC 1438, and UGC 12646. Analysis of
the m ¼ 2 Fourier component of H� emission around a sample

Fig. 19.—Correlations between reddening-free parameters ( points with error bars) and BC96 instantaneous burst models (solid curves) for ring clusters. The
plots are divided according to whether the clusters lead or trail the bar axis, and the curves are labeled with cluster age in megayears. From these plots, we do not see
a large age spread in the ring clusters brighter than V0 ¼ 25:00. The two open circles show the points at �15� of the bar axis. In the leading quadrants, these points
favor an age of about 1 Myr, while in the trailing quadrants they favor an age of about 6 Myr.
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of rings showed a correlation with intrinsic ring shape, in the
sense that the 2� variation in H� emission was larger for
extremely oval inner rings compared with more circular inner
rings. However, Buta (2002) showed that ring shape is largely
uncorrelated with bar strength based on a relative bar torque

indicator. Thus, the tendency for star-forming regions in NGC
3081 to concentrate around the ends of the bar has more to do
with the intrinsic shape of the inner ring than the strength of the
galaxy’s bar.
The HST observations provide an intriguing picture of

cluster formation in the inner ring. Among the probable
clusters more luminous than MV ¼ �7:6, the favored type
of cluster is a type not found in the Galaxy at all: a ‘‘pop-
ulous’’ cluster (van den Bergh 1991) or a ‘‘young massive
cluster’’ (Larsen 2002). Kennicutt & Chiu (1988) discuss the
parent galaxies of such clusters and find all are of type Sb and
later. They speculate that the absence of such clusters in earlier
types is due to the absence of massive giant molecular clouds
(GMCs). The conditions that could lead to the formation of
such clusters in the inner ring of NGC 3081 could be either
that the ring environment is able to convert more gas mass into
clusters or that the GMCs in the inner ring are larger than
those in the Galaxy (Larsen 2002). Van den Bergh (1991)
points out that compact clusters are formed preferentially in
regions of high density, implying that perhaps in the inner ring
of NGC 3081 the density of the gas is lower than in many of
the regions of the Galaxy.
Neither a CO mapping nor an H i mapping is currently

available for the inner ring of NGC 3081. The galaxy was
not detected in the 12CO J ¼ 1 0 line in the survey of
Heckman et al. (1989). The hydrogen index of NGC 3081 was
estimated to be 2:1 � 0:2 by Buta (1990), characteristic
more of an Sb-Sbc galaxy than an S0/a galaxy (see Fig. 9 of
de Vaucouleurs and Buta 1983). Thus, the galaxy appears to
be H i–rich for its type and luminosity.
Larsen & Richtler (2000) have characterized young clus-

ter systems with a specific luminosity parameter, TL ¼
L(clusters)=L(galaxy), the ratio of the total luminosity in
clusters to the total luminosity of a galaxy. In the U-band, this
parameter correlates well with the star formation rate per unit
area (Larsen 2002). We have summed the U, B, and V-band
fluxes for all blue sources in the inner ring of NGC 3081 having
V0 � 25:00 and (V� I)0 � 0:7, and we estimate TL(U ) ¼ 1:99,
TL(B) ¼ 0:82, and TL(V ) ¼ 0:41. Surprisingly, the value of
TL(U ) is higher than in most of the normal late-type galaxies
studied by Larsen & Richtler (2000), but is still much lower
than what is found for extreme starburst systems. The inner ring
appears to be an exceptional star-forming feature for an early-
type spiral. We could not find a direct measurement of the ring’s
star formation rate per unit area in the literature, but from
Larsen’s analysis this parameter would be on the high end for
normal galaxies.

8. SUMMARY

Our main findings from this study are as follows:

1. The inner ring of NGC 3081 is a well-organized star-
forming feature in a relatively bulgeless, noninteracting early-
type spiral galaxy. At HST resolution, the ring resolves into
hundreds of point or near-point sources, most of which are
likely to be star clusters.
2. HST resolution has facilitated the separation of the ring

from its underlying background starlight. Analysis of the
integrated colors of these components suggests that the ring has
been an active star-forming region for a significant fraction of a
Hubble time. Its net colors are consistent with a region that has
had a relatively constant star formation rate, while the colors of
the background starlight are consistent with a strongly declin-
ing star formation rate.

Fig. 20.—V-band luminosity function of star clusters in the inner ring of
NGC 3081. The clusters have been separated according to high H� flux zones
(around the ring major axis) and low H� flux zones (around the ring minor axis;
see text). The long solid line is a fit of a power law to the bright end of the
luminosity function of the major-axis zones. The implied exponent is
a ¼ 2:50 � 0:17. The fit was made only to the brighter section of the luminosity
function, where the counts are likely to be most complete. The fit to the low H�
flux clusters has been forced to have the same slope as the high-flux cluster fit.

Fig. 21.—Absolute blue magnitude vs. B�I color index for 49 diffuse blue
sources in the inner ring of NGC 3081. The arrow shows the reddening line.
The dashed lines are from Elmegreen & Salzer (1999), while the solid line is
from Benedict et al. (2002). Both represent evolutionary tracks for a 104 M�
cluster using different models discussed in each paper. The reddening line for
AB ¼ 0:5 mag is indicated by the arrow. Filled circles refer to WF3 sources,
while crosses refer to WF4 sources.
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3. Fourier analysis of the ring in circularized coordinates
indicates that star formation in the inner ring preferentially
leads the bar slightly. The phase of the m ¼ 2 component in B
also leads the phase of the m ¼ 2 component in I. If gas clouds
compress as they approach the bar from its trailing side, we
might expect an opposite trend. The observed trend is due to
the fact that the I-band ring is more symmetric around the bar
ends than is the B-band ring.

4. Analysis of growth curves of blue inner ring sources as
compared with foreground stars suggests that a population of
large clusters exists in the ring, larger than typical Galactic
open or globular clusters. The estimated typical effective radius
of these diffuse clusters is �11 pc, comparable to the ‘‘pop-
ulous’’ clusters in the LMC and other galaxies.

5. Analysis of these diffuse point sources in the ring indicates
that about 349 are brighter than V0 ¼ 25:00 (MV ¼ �7:6). We
do not detect a wide range of ages of these clusters; most are
likely to be less than 10 Myr old. However, analysis of mean

reddening-free parameters as a function of azimuth around the
ring suggests that a slight change in the mix of ages, over a small
age range, exists in the sense that the mean age is younger at the
bar ends and smoothly increases with azimuth in the direction of
rotation. On the trailing sides of the bar, no clear trend in average
age is detected.

In Paper II, we analytically examine theoretical issues
connected to the inner ring of NGC 3081.
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