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ABSTRACT
We present multiband WFPC2 images of the nuclear ring of NGC 1326, an early-type southern

barred spiral in the nearby Fornax galaxy cluster. The ring is a typical example of a 1 kpcÈsized star-
forming ring located in the region of the inner Lindblad resonances with the weak primary bar. The
images reveal nearly 1000 point sources in and around the ring. Those sources brighter than M

V
\[9

are probably massive young clusters, while the fainter sources may include a mix of extremely luminous
stars and fainter clusters. From an analysis of reddening-free parameters and two-color plots, we Ðnd
evidence for a spread in ages of ring clusters, from less than 5 Myr to at least 200 Myr. The older
clusters still lie within the nuclear ring, with no evidence of migration of the ring being found over this
time period. The luminosity function reveals no clusters having an (uncorrected) absolute magnitude M

Vbrighter than [11, and even after correction for extinction the most luminous cluster identiÐed has only
The ring seems to lack the ““ superÈstar clusters ÏÏ (SSCs) seen in starburst systems and inM

V
0 \ [12.6.

other nuclear rings, and the analysis suggests that SSCs are not a universal property of these rings.
Complex dust structure is found inside the ring, south of the nucleus, and extinction is especially severe
on the west side of the ring. An Ha image reveals hundreds of H II regions and emission complexes in
the nuclear ring, but there is little correlation between these H II regions and the observed continuum
sources, most likely owing to reddening and age di†erences in the ring.
Key words : galaxies : individual (NGC 1326) È galaxies : kinematics and dynamics È

galaxies : photometry È galaxies : structure

1. INTRODUCTION

The physical processes governing star formation in gal-
axies are still far from being understood (see review by Ken-
nicutt 1998). The energetics of the interstellar medium, the
inÑuence of internal and external perturbations, the law of
star formation, the star formation rate, and the initial mass
function (IMF) are factors that may explain how star for-
mation proceeds and is distributed in galaxies of di†erent
Hubble types. While hundreds of recent papers have
attempted to evaluate these and other factors, few have
examined the detailed role that orbital resonances play on
star formation in galaxies. This is important because there
exist galaxies in which the inÑuence of resonances is partic-
ularly visible in the form of characteristic star-forming ring
and pseudoring structures. These structures provide some
of the most direct connections between dynamics and star
formation and suggest that resonances are important to the
overall dynamical evolution of galaxies (see Buta & Combes
1996).

We have been carrying out a program to study star for-
mation at high resolution in galaxies that show strong rings
that can be linked on morphological and other grounds to
speciÐc orbital resonances. Our goals are to look for evi-
dence of resonant dynamics in the Ðne detail of the rings,
such as the distribution of star-forming sites, age versus
position angle or radius, dust patterns, multiple generations
of star formation, and properties of the background star-
light to guide numerical simulations and test ideas of cluster

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
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.

formation in the circumnuclear environments of barred gal-
axies (see Elmegreen 1994).

The Hubble Space Telescope (HST ) has been used for this
study to separate reliably the young clusters in the rings
from the background old disk star light. This separation is
needed to obtain colors, luminosity functions, and
reddening estimates. We can then compare the observed
cluster properties with published theoretical evolutionary
synthesis models (e.g., Bruzual & Charlot 1996). HST was
needed also to isolate the rings as distinct young cluster
subsystems in galaxies that may be compared with other
similar systems that form in interaction, merger, or star-
burst environments (e.g., Barth et al. 1995 ; Miller et al.
1997 ; Whitmore et al. 1999).

This is the second of two papers dealing with high-
resolution WFPC2 observations of nuclear star-forming
rings. In Paper I, Buta, Crocker, & Byrd (1999a ; hereafter
BCB) presented multiband images of the nuclear ring of
ESO 565-11, a peculiar southern early-type barred spiral
having two other rings and a misaligned primary bar. The
extremely large size of the nuclear ring, its signiÐcant non-
circular shape, and the misalignment of the bar and inner
ring are all atypical of barred galaxies, and we needed a
relatively normal case to compare with ESO 565-11 in
order to place this object into its proper perspective.

In this paper, we present similar observations and
analysis of the nuclear ring of NGC 1326, a classical multi-
ringed early-type barred spiral located in the nearby
Fornax Cluster. From ground-based observations, the
nuclear ring of NGC 1326 has been found to be rather
typical of the class, being B1 kpc in diameter and relatively
circular in intrinsic shape. It is an ideal case to compare
with ESO 565-11. The galaxy also strongly resembles two
other well-studied cases of resonance ring galaxies, NGC
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3081 (Buta & Purcell 1998 ; Byrd, Ousley, & Dalla Piazza
1998 ; Byrd et al. 1999) and IC 4214 (Buta et al. 1999b ; Salo
et al. 1999). We assume a distance of 18.6 ^ 0.6 Mpc from
Madore et al. (1999).

2. OBSERVATIONS

The HST observations of NGC 1326 were secured on
1999 January 1 with WFPC2. The center of the galaxy was
placed within the PC section, and it is only this part that we
focus on here. Five broadband Ðlters were used to observe
the galaxy : F255W, F336W, F439W, F555W, and F814W.
The latter four Ðlters are intended to approximate Johnson
U, B, V , and Cousins I photometric systems, respectively,
while F255W is a mid-ultraviolet Ðlter. We also observed
NGC 1326 in the narrowband Ðlter F658N, which at the
redshift of the galaxy transmits Ha. The total exposure
times were 1000 s for F255W, 1400 s each for F336W and
F439W, and 600 s each for F555W and F814W. The obser-
vations were made in a CRSPLIT mode to facilitate
removal of cosmic rays. After receiving the standard pipe-
line preprocessed images, the separate images were cor-
rected for bad pixels and columns using IRAF2 STSDAS
routine WFIXUP, and then the images for each Ðlter were
combined using STSDAS routine CRREJ. The latter
routine was very e†ective at removing most of the cosmic
rays. The gain used was 7 electrons ADU~1, and the read
noise was 5.2 electrons.

3. THE STRUCTURE OF NGC 1326

3.1. Summary of Previously Published
Ground-based Observations

NGC 1326 is a well-known member of the Fornax
Cluster and has been the subject of several fairly recent
studies. Garcia-Barreto et al. (1991) detected radio contin-
uum emission from the nuclear ring at 20, 6, and 2 cm. Most
of this emission is concentrated in a few discrete sources,
and a signiÐcant fraction of it is thermal in nature. From the
Ha and CO Ñuxes in the ring, these authors also estimated a
star formation rate per unit area about 10 times the global
rate in the Galaxy and a molecular hydrogen gas mass of
2.2] 108 (corresponding to 4.2 ] 108 adjusted forM

_
M

_our adopted distance).
Buta & Crocker (1991) presented a B[I color index map

of NGC 1326, revealing the very blue color of the nuclear
ring and the complex pattern of dust in the bar region.
These authors also classiÐed the outer ring as type aR1,type with weak dimpling near the bar axis. Crocker,
Baugus, & Buta (1996 ; hereafter CBB) obtained global Ha
and red continuum images of NGC 1326, and showed that
H II regions outside the nuclear ring follow a two-armed
spiral that is related to an outer pseudoring. No H IIR2@regions clearly line the ridge lines of either the inner or
outer rings of the galaxy. CBB determined that 83% of the
total Ha luminosity of NGC 1326 comes from the nuclear
ring. Other nuclear-ringed galaxies with a comparable Ñux
ratio include NGC 4314 (Pogge 1989), NGC 1317 (CBB),
and ESO 565-11 (Buta, Purcell, & Crocker 1995). Figure 12
of CBB also suggests the presence of signiÐcant di†use Ha
emission inside and around the nuclear ring. Storchi-

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
2 IRAF is distributed by the National Optical Astronomy Observa-

tories, which is operated by AURA, Inc., under contract with the National
Science Foundation.

Bergmann et al. (1996) measured the velocity Ðeld in this
region and showed that the nuclear ring lies near the turn-
over radius of the rotation curve.

Buta et al. (1998 ; hereafter BACCP) carried out a detailed
photometric study of NGC 1326. From analysis of a red
continuum image, these authors detected a fourth ring in
NGC 1326 lying at about 130A radius. The outer H II

regions in NGC 1326 lie mostly between this ring and the
bright outer ring. Using a near-infrared H-band image,R1BACCP also derived the gravitational potential in NGC
1326 and showed that the nuclear ring most likely lies
between two inner Lindblad resonances (ILRs) with the
primary bar, whose pattern speed they estimated to be
36 ^ 8 km s~1 kpc~1 (adjusted for distance). A similar
result was obtained by Storchi-Bergmann et al. (1996).

3.2. High-Resolution Imaging and Morphology
A deconvolved HST WFPC1 snapshot image of NGC

1326 in Ðlter F555W (V ), centered in the PC Ðeld, is shown
by Phillips et al. (1996). Although not very deep, this image
reveals considerable dust structure both inside and around
the nuclear ring, as well as resolved point sources in the ring
and a marginally resolved nucleus. Our six new PC2 images
are shown in Figure 1. In these images, north is approx-
imately to the top, while east is to the left. These images
emphasize that the nuclear ring can be thought of as a very
tightly wrapped spiral, as has been noted in other nuclear
rings (e.g., Knapen et al. 1995 ; Barth et al. 1995 ; BCB). The
concentration of the dust south of the nucleus suggests that
the south side is the near side of the system (see de Vaucou-
leurs 1958). From the rotation curve of Storchi-Bergmann
et al. (1996), we deduce that the spiral structure in the
nuclear ring is trailing, as are the faint outer arms. The part
of the ring in the northwest quadrant appears a†ected by
excessive extinction. This is suggested by the color index
map in Figure 1d, where clear dust lanes are seen to break
the west side of the ring in two areas.

Because of the improved signal-to-noise ratio and longer
total exposure times in the new images, the point-source
structure in the nuclear ring is much more clearly seen in
our images than in the image of Phillips et al. (1996). The
F336W image shows that the brightest sources are in the
nuclear ring with a few much fainter sources lying outside
the ring. The F255W image shows only a partial ring and
strangely is brighter on the purported near side of the
galaxy than on the far side. The F439W, F555W, and
F814W images are characterized by an increasingly
prominent background, which reduces the contrast of
the star-forming regions. The F658N image has been
continuum-subtracted using a scaled version of the sum of
the F555W and F814W images. It reveals an asymmetric,
detached ring structure centered on a nuclear Ha source,
the LINER nucleus noted by Maia et al. (1987). A few inter-
esting linear emission structures, all 100 pc or more in
length, lie on the south side of the ring. Several individual
H II regions, particularly one of the bright sources due west
of center, are clearly ring-shaped in the Ha image. Compari-
son of the Ha image with the U- and B-band images indi-
cates little correlation between Ha sources and continuum
sources. As we will show in ° 5.2, this is due to a com-
bination of extinction and a range of ages of clusters in the
ring.

When deprojected according to orientation parameters
discussed in BACCP, the nuclear ring becomes a relatively
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circular feature, which is fairly typical of such structures (see
Buta & Crocker 1993). This is very di†erent from the
nuclear ring of ESO 565-11, which is 5 times bigger in linear
diameter and extremely oval in intrinsic shape.

4. PHOTOMETRY OF RING POINT SOURCES

Because of the high concentration of point sources in the
nuclear ring, and because of the considerable overlapping
proÐles of many of these sources, we decided to use the
package DAOPHOT (Stetson 1987) for the photometry of
the sources. The two main phases in our analysis were the
construction of a catalog of sources and the establishment
of a Ðlter-dependent point-spread function.

The initial version of the source catalog was constructed
mainly by visual identiÐcation of objects on the U-band
(F336W) image. Many of the sources are very blue and
bright compared to the background starlight in this pass-
band and thus are most easily recognizable in this band.
This catalog was then compared with sources seen in the
other Ðlters after applying pixel registration shifts deter-
mined from a few of the brighter sources seen in all of the
images. Going from U to B to V to I, we added sources to
the catalog that were clearly redder than the average ring
source. The Ðnal preliminary catalog had 1029 sources, not
all of which survived the Ðnal DAOPHOT analysis.

4.1. Point-Spread Functions
There are no isolated point sources, stars or otherwise,

seen in the PC Ðeld that we could use to derive reliably the
point-spread functions (PSFs) directly from our images. In
this circumstance, our approach was to use the TinyTim
software package (Krist 1995) to derive artiÐcial point
sources of high signal-to-noise ratio. TinyTim PSFs could
not be used directly because the full width at half-maximum
(FWHM) of ring sources is slightly larger than for TinyTim
PSFs (1.8 vs. 1.35 pixels, respectively). This could be due in
part to slight resolution of the ring clusters or to other
instrumental e†ects. To account for this di†erence, we artiÐ-
cially broadened the TinyTim PSFs with a Gaussian. These
broadened PSFs, derived for each di†erent Ðlter separately,
were then used to do photometry of the sources in the
preliminary catalog using DAOPHOT routines PHOT
(with an aperture radius of 2 pixels) and ALLSTAR. The
sky in both programs was taken between radii of 5 and 8
pixels.

To verify the reliability of the smoothed TinyTim PSFs
and to derive appropriate aperture corrections for the
nuclear ring point sources, the preliminary output magni-
tude Ðles from ALLSTAR were used with DAOPHOT
routine SUBSTAR to subtract from the original images all
but a few of the brighter clusters. After Ñattening the back-
ground around these clusters, growth curves were derived
and compared with those from the TinyTim PSFs. Good
agreement was found, supporting the use of the Gaussian-
broadened TinyTim PSFs for our Ðnal photometric
analysis.

From the PSF growth curves, we computed the correc-
tion for a magnitude within a radius of 2 pixels to a magni-
tude within a radius of 11 pixels as recommended by(0A.5),
Holtzman et al. (1995) to get the total magnitude of a point
source with published transformations. We derived correc-
tions of 0.41 mag for Ðlters F255W, F336W, and F439W,
0.46 mag for F555W, and 0.63 mag for F814W. Except for
F555W, these corrections are smaller than BCB derived for

the brighter clusters in ESO 565-11, and all are smaller than
the corrections derived by Miller et al. (1997) for the galaxy
NGC 7252. The clusters in the latter two galaxies are more
luminous than those in NGC 1326 and may be more
extended.

4.2. Magnitudes and Colors
The transformation of the Ðnal ALLSTAR magnitudes

into standard magnitudes was performed by applying the
derived aperture corrections, correcting for geometric dis-
tortion, charge transfer efficiency, contamination loss, and
red leaks in the UV and U Ðlters (see discussion in BCB on
these corrections) and then applying equation (8) and
Table 7 of Holtzman et al. (1995) for UBV I transformations
and Table 9 for the zero point of the F255W Ðlter from the
same paper. No signiÐcant Galactic extinction applies to
the direction of NGC 1326 according to de Vaucouleurs et
al. (1991). Although NGC 1326 was observed with similar
exposure times to ESO 565-11, the errors in the cluster
photometry are larger for NGC 1326 mostly because the
clusters are viewed against a much brighter background.
The large size of the nuclear ring of ESO 565-11 placed it
well outside the bulge and in a region of fairly low surface
brightness. The background surface brightness is 10 times
higher for NGC 1326Ïs nuclear ring, especially in V and I,
making the colors involving those Ðlters more noisy.

5. ANALYSIS OF COLOR DATA

5.1. Estimating Internal Reddenings and Ages
As for ESO 565-11, we use two-color plots to help judge

the ages of the clusters in the nuclear ring of NGC 1326,
based on comparisons with the evolutionary synthesis
models of Bruzual & Charlot (1996 ; hereafter BC96).
Unlike in BCB, we consider only solar metallicity models
for the comparison, and we have the beneÐt of an Ha image,
the lack of which (due to an unfavorable redshift) made it
difficult to interpret deÐnitively the ring clusters in ESO
565-11. With the Ha image of NGC 1326, we can readily
distinguish clusters that are 10 Myr old or less (Whitmore et
al. 1999).

Figure 2 shows the two-color plots for the BC96 instanta-
neous burst models having X \ 0.70, Y \ 0.28, and
Z\ 0.02. These are shown uncluttered with data so that we
could label the various parts of the models by their time
frame in Myr. The labeling helps to illustrate the utility of
the U[B color index, which is more sensitive to age in the
range 10È400 Myr than is the B[V color index.

In addition to two-color plots, we also use two
reddening-free parameters, andQ1\ (U[B) [ 0.72(B[V )

to help judge ages. The utility ofQ3\ (U[B) [ 0.58(V [I),
these is shown by the study of Whitmore et al. (1999), who
used plots of versus to isolate di†erent age groups inQ1 Q3the Antennae system NGC 4038È39. As long as the
reddening is not too severe, and probably are goodQ1 Q3reddening-free parameters to use. However, as noted by
Holtzman et al. (1995), it is best to correct WFPC2 Ðlter
magnitudes for extinction before transforming the natural
Ðlter magnitudes to the standard system. This means that
estimates of and from uncorrected U[B and B[VQ1 Q3colors will depend on the extinction to some extent and are
therefore not going to be completely ““ reddening-free.ÏÏ

To illustrate the impact of reddening and the ambiguities
in estimating ages from two-color plots, we show in Figure
3 the measured colors for three bright ring clusters as well
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FIG. 2.ÈTwo-color plots and reddening-free parameters for aging model clusters. The solid curves on each plot represent instantaneous burst isochrone
synthesis models from Bruzual & Charlot (1996), based on a Salpeter IMF. Di†erent parts of the curves are labeled by the age in Myr.

as their colors corrected for various levels of reddening. The
reddening lines were estimated by using Table 12a of Holtz-
man et al. (1995), which gives extinctions in standard
WFPC2 Ðlters for an assumed O6 stellar spectrum and
various levels of color excess E(B[V ). For the values of
E(B[V ) in this table, we applied the extinction corrections
to the natural magnitudes and then transformed the results.
This provided reddening lines for each cluster that could be
followed back to the BC96 model curves. For younger clus-
ters, Figure 3 shows how ambiguous the age can be even
with the U[B color index. Cluster 63 intersects the BC96
curve in the upper left-hand panel of Figure 3 at three places
and could have an age anywhere from 0 to 20 Myr. To
resolve ambiguities, we referred to the Ha image. Although
the upper panels of the Ðgure suggest that cluster 267 could
be as old as 9 Myr, the presence of strong Ha emission
clearly favors a much younger age. Following the reddening
line back further, we deduce that cluster 267 may be as
young as 1È3 Myr and may su†er an extinction AF555Wof as much as 2.4 mag. Cluster 459, on the other(BA

V
)

hand, is in a much less ambiguous part of the two-color
plots and has no associated Ha emission ; it is a strong
candidate for an older, less reddened cluster. Finally, cluster
63 remains ambiguous even with the Ha image : although
no emission lies precisely at the location of this cluster, it is
nevertheless surrounded by emission and could be in the
cavity of a superbubble. The plots indicate it could be in the
age range 5È20 Myr.

The lower right-hand panel of Figure 3 shows where the
three clusters lie in the diagram. The sensitivity ofQ1, Q3

these parameters to the reddening shows the degree to
which these parameters are not precisely ““ reddening-free ÏÏ
owing to the mismatch of the WFPC2 Ðlters to the standard
system. Nevertheless, the three clusters lie on portions of the
curve consistent with the results from the two-color plots.

Figure 4 shows the dependence of and separatelyQ1 Q3on age from the BC96 models. For age t \ B 20 Myr, Q1and are not sensitive to age in a very monotonic mannerQ3and so are not useful for direct age estimates. However, for
log t between 7.3 and 8.6 (20È400 Myr), both parameters
show a linear relation with log t that can be used to esti-
mate ages. From linear Ðts, we computed the ages from
both parameters using the following relations :

log t1\ 8.8096] 2.1570Q1
log t3\ 8.9081] 1.7276Q3 .

In both cases, we used corrected colors after removing our
estimates of reddening, to make the applications fair. Note
that log t is triple-valued for and which inQ1 Q3[ [0.28,
the presence of noise complicates the reliable derivation of
ages greater than about 200 Myr from this method.

In this manner, we deduced reddenings and ages for as
many of the clusters in NGC 1326 as possible. For detect-
able clusters, the extinction in F555W was found to range
from 0 to 2.5 mag with a typical value of 0.6È0.9 mag. More
extinguished clusters are certainly present because several
H II regions in the ring have no clear associated continuum
source. Note that these extinctions are fairly typical of
nuclear rings (see, for example, Elmegreen et al. 1999 ;
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FIG. 3.ÈPlots showing how estimates of reddening were made for clusters in the nuclear ring. Three clusters are shown, and each point for each cluster is
corrected for extinction according to Table 12a of Holtzman et al. (1995) up to E(B[V )\ 2.0. The ““ reddening-free ÏÏ parameters and are notQ1 Q3completely reddening-free because of the mismatch of the HST Ðlters from the standard UBV I photometric system (Holtzman et al. 1995).

FIG. 4.ÈAge dependence of reddening-free parameters Q1\ (U[B)
and based on the models of[ 0.72(B[V ) Q3\ (U[B)[ 0.58(V [I),

Bruzual & Charlot (1996). Both curves are relatively linear from
log t \ 7.3 (20 Myr) to 8.6 (400 Myr) and can be used to estimate ages for
some of the clusters in NGC 1326.

Davies, Sugai, & Ward 1998 ; et al. 2000 ; KotilainenPe� rez
et al. 2000).

5.2. Evidence for a Range of Ring Cluster Ages
Our analysis has revealed a signiÐcant possible range in

the ages of ring clusters, as already indicated in Figure 3. To
illustrate this range better, we computed a net Ha Ñux at the
position of each ring cluster or object in our catalog. Since
the ring has signiÐcant di†use Ha emission virtually every-
where (see CBB), we used IRAF routine PHOT to integrate
the net Ñux in Ha within a radius of 2 pixels centered on
each continuum V -band position, taking the local back-
ground to be within a radius of 5È8 pixels. Thus, we were
seeking a net Ñux above the di†use background. The pro-
cedure sometimes gave signiÐcant negative Ñux if a cluster
lay within a cavity surrounded by bright emission. Never-
theless, the computed Ñuxes provide a good indication of
whether there is any enhancement of emission connected
with a particular cluster.

Figure 5 shows the two-color plots for all clusters having
V ¹ 22.25 and a net Ha Ñux F(Ha)º 50(M

V
¹ [9.1)

counts (see Table 1, where 1 count equals 7.40] 10~18 ergs
cm~2 s~1), while Figure 6 shows the same plots for all
clusters having V ¹ 22.25 and F(Ha)¹ 10 counts (see Table
2). Even before correction for our reddening estimates (left-
hand panels of both plots), the plots reveal a signiÐcant
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FIG. 5.ÈTwo-color plots for 25 clusters having V ¹ 22.25 and an Ha Ñux F(Ha)º 50 counts in a 2 pixel radius centered on each cluster. The solid curves
are the same as those in Fig. 4. Left-hand panels show the cluster points uncorrected for reddening, while the right-hand panels show the points corrected for
reddening. Most of these clusters are probably less than 5 Myr old. The dotted curve in the lower left-hand panel shows the two-color relationship for
main-sequence stars from Lang (1992). The isolated object near this curve is source 803 in Table 1.

di†erence : the clusters having signiÐcant Ha Ñux show a
small spread in U[B compared to those with little or no
Ñux. The best way to interpret the di†erence is that some of
the clusters with little Ha Ñux are simply older than the ones
with signiÐcant Ñux. To gauge the likely age spread, the
right-hand panels of Figures 5 and 6 show the reddening-
corrected two-color plots. Most of the clusters with strong
Ha emission can be followed along reddening lines to the
parts of the BC96 models where the age is 1È5 Myr. The
average extinction implied is mag. Most ofAF555W \ 1.2
the clusters with little or no Ha emission probably have
ages greater than 10 Myr. In fact, the plots of versusQ1 Q3in Figures 7a and 7b show that the ages of these clusters

may spread up to at least 200 Myr. The average extinction
in these cases is about 0.4 mag.

These results are still valid if we extend the magnitude
limit to V ¹ 22.75 or (see Figs. 8, 9, and 7c andM

V
¹ [8.6

7d). This sample should still be dominated by clusters, since
after correction for extinction most would still have M

V
¹

[9. Once again, there is a greater spread in U[B for clus-
ters having F(Ha)¹ 10 counts, and an age spread up to at
least 200 Myr is implied, within the uncertainties of the

correlation.Q1, Q3A histogram of the distribution of Q-parameter ages for
all of the 269 clusters brighter than V \ 22.75 (regardless of
Ha Ñux) is shown in Figure 10. This shows that the number

tti 

-1 

-.5 

V;;i22.25 
F'(Ha).:50cts 
(a) 

0 .5 
6 V-1 -. f~~-.-,.-r--.----.;-.-.-r--.----..---~- 11.5 

0 

1.6 ~~-'--'-~L.l---1..---'-{--'---L.l-1.._L-'-.LJL.l = 
-.5 0 .5 

(c) 

V-1 

-1 

:!, 0 .-··········· .. ····•·,, 

+ 
. 5 

B-V 

·,. 
·····• ..... \~ 

· ..... 
·••, ·-............ 

.......... 

1.5 

+ 
0 .5 

(B-V)o 
1.5 



No. 3, 2000 STAR FORMATION IN NGC 1326 1297

TABLE 1

PHOTOMETRY OF CLUSTERS HAVING V ¹ 22.25 AND F(Ha)º 50 COUNTS

ID Number *x *y V0 (U[B)0 (B[V )0 (V [I)0 E(B[V ) F(Ha) M
V
0 Age

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

1 . . . . . . . . . . . . [4.55 [1.08 20.99^0.05 [1.01^0.08 [0.20^0.11 [0.34^0.09 0.15 288 [10.4 1È3
2 . . . . . . . . . . . . [4.69 [1.00 20.09^0.06 [1.04^0.07 [0.24^0.09 [0.32^0.09 0.35 235 [11.3 1È3
3 . . . . . . . . . . . . [4.81 [0.94 21.08^0.07 [1.03^0.08 [0.47^0.13 [0.15^0.13 0.30 187 [10.3 1È3
17 . . . . . . . . . . . [5.55 [0.38 22.03^0.11 [0.79^0.09 [0.17^0.15 0.10^0.20 0.05 69 [9.3 5È6
57 . . . . . . . . . . . [1.05 [3.48 21.14^0.06 [0.93^0.06 [0.25^0.10 0.42^0.10 0.20 : 65 [10.2 4 :
58 . . . . . . . . . . . [1.27 [3.45 20.35^0.10 [1.02^0.07 [0.23^0.13 [0.20^0.14 0.40 135 [11.0 1È3
62 . . . . . . . . . . . [1.45 [3.32 19.61^0.05 [1.09^0.14 [0.25^0.18 [0.31^0.08 0.35 105 [11.7 1È3
131 . . . . . . . . . [4.41 [2.38 19.64^0.09 [1.01^0.10 [0.30^0.16 0.04^0.14 0.75 50 [11.7 1È3
137 . . . . . . . . . [4.00 [1.36 19.71^0.09 [1.11^0.10 [0.29^0.15 [0.23^0.12 0.65 69 [11.6 1È3
148 . . . . . . . . . [4.64 [1.88 19.81^0.07 [1.00^0.09 [0.33^0.14 [0.21^0.11 0.60 205 [11.5 1È4
176 . . . . . . . . . [6.52 2.07 20.97^0.06 [1.06^0.08 [0.17^0.11 [0.31^0.10 0.25 428 [10.4 1È3
182 . . . . . . . . . [4.86 1.68 20.86^0.09 [0.90^0.08 [0.33^0.13 [0.12^0.14 0.25 : 176 [10.5 4È6
183 . . . . . . . . . [4.89 1.78 20.90^0.13 [0.96^0.12 [0.28^0.21 [0.22^0.21 0.35 112 [10.5 1È5
190 . . . . . . . . . [3.58 2.36 21.26^0.10 [1.10^0.09 [0.44^0.17 [0.01^0.15 0.25 : 59 [10.1 1È5 :
210 . . . . . . . . . [3.55 3.69 21.66^0.06 [0.92^0.07 [0.27^0.12 [0.18^0.17 0.15 81 [9.7 1È3
212 . . . . . . . . . [3.50 3.86 20.69^0.07 [1.07^0.06 [0.34^0.11 [0.20^0.12 0.35 91 [10.7 1È3
213 . . . . . . . . . [3.19 3.91 21.28^0.09 [1.03^0.10 [0.28^0.15 [0.27^0.15 0.25 118 [10.1 1È3
267 . . . . . . . . . [2.14 3.87 18.73^0.08 [1.16^0.07 [0.25^0.12 [0.26^0.13 0.75 144 [12.6 1È3
283 . . . . . . . . . [1.97 4.10 20.63^0.10 [1.08^0.07 [0.35^0.13 [0.22^0.12 0.35 82 [10.7 1È3
286 . . . . . . . . . [1.65 4.39 21.43^0.07 [0.84^0.07 [0.28^0.11 [0.04^0.11 0.10 81 [9.9 1È6
287 . . . . . . . . . [1.57 4.42 20.71^0.07 [1.18^0.07 [0.14^0.11 [0.45^0.14 0.30 : 216 [10.6 1È3
324 . . . . . . . . . [0.49 4.20 19.81^0.07 [1.04^0.07 [0.23^0.10 [0.21^0.10 0.55 560 [11.5 1È3
325 . . . . . . . . . [0.55 4.28 19.83^0.08 [1.30^0.09 [0.11^0.13 [0.40^0.13 0.70 442 [11.5 1È3
469 . . . . . . . . . 6.41 [0.01 20.59^0.05 [1.05^0.06 [0.24^0.09 [0.21^0.09 0.40 210 [10.8 1È4
803 . . . . . . . . . [5.26 [1.05 21.75^0.09 0.31^0.18 0.22^0.12 0.69^0.14 0.05 104 [9.6 398

NOTES.ÈCol. (1) : Arbitrary cluster identiÐcation number. Cols. (2)È(3) : O†sets in arcseconds of cluster from nucleus in V band, in coordinate system
where north is the positive y-axis and east is the negative x-axis. Cols. (4)È(7) : Magnitude and colors corrected for extinction and reddening. Col. (8) :
Estimated reddening from analysis of two-color plots. Col. (9) : Net Ha Ñux in a circle of radius 2 pixels, in array counts, where 1 count equals
7.40] 10~18 ergs cm~2 s~1. Col. (10) : Extinction-corrected absolute visual magnitude. Col. (11) : Estimated age in Myr, either based on the analysis of
two-color plots or estimated from reddening-free parameters.

of clusters drops o† drastically with increasing age and that
very few are older than 100 Myr. In this sample, 83% of the
clusters are younger than 50 Myr. For comparison, in a
sample of 85 clusters brighter than V \ 22.25, 88% are
younger than 50 Myr, while in a sample of 705 objects
brighter than V \ 24.00, this number drops to 77%. The
V \ 24.00 sample may include some individual stars and
not just clusters. It appears then that 10%È20% of the clus-
ters may be older than 50 Myr.

Note that the Ha selection is not a perfect age separator.
One source, number 803, in Table 1 has an age estimated to
be 400 Myr. In the lower left-hand frame of Figure 5, we
show the two-color relation for main-sequence stars from
Lang (1992). Source 803 is either an older cluster in co-
incidence with some emission or a possible faint foreground
star. Some younger clusters may also be included in Figures
6 and 9 because the continuum source has cleared a
superbubble or cavity in a giant H II region, and little emis-
sion is contained within the 2 pixel radius used for the Ha
integration.

5.3. T he Distribution of Young versus Older Clusters
We examine in this section whether or not there might be

a di†erence between the distributions of younger and older
clusters in the inner regions of NGC 1326. This is an impor-
tant issue because the orbital timescale at the position of the
ring is very short. For this purpose, we deprojected the
clusters in the ring assuming an inclination of and a42¡.5
line of nodes position angle of 73¡ from BACCP. We then
Ðtted an ellipse to the 269 clusters having V ¹ 22.75 and a

distinguishable age. This ellipse was found to have a geo-
metric mean radius of (\491 pc) and an axis ratio of5A.44
0.933. Using the potential analysis from BACCP, we also
deduce a circular velocity of km s~1. AssumingV

c
\ 200

pure circular orbits, the orbital period at the mean radius of
the ring is only 15 Myr. Note that this is very short com-
pared with the rotation period of the bar, about 200 Myr
from the analysis of BACCP. We exclude from our analysis
the region within 2A of the nucleus since the background is
very bright and interpretation of pointlike sources is uncer-
tain.

The top panels of Figure 11 show the distributions of
deprojected cluster positions for 204 clusters likely to be less
than 20 Myr in age and for 65 clusters likely to be more
than 20 Myr in age. The distinction in ages is rough and is
based on both the two-color plots and the presence or
absence of Ha emission. Just using Ha alone can be ambigu-
ous in some cases as we have noted in the previous section.
On these plots the reference ellipse Ðt to all 269 cluster
positions is shown. The likely younger clusters have a mean
deprojected radius of with a standard deviation of5A.28

while the likely older clusters have a mean radius of0A.59,
with a standard deviation of For the most part,5A.10 0A.70.

the older clusters still lie within the ring deÐned by the
younger clusters. To show this further, the bottom panels of
Figure 11 show the distributions of 99 clusters likely to be
¹10 Myr in age and of 19 clusters likely to be º100 Myr in
age. The former were selected using an Ha Ñux º30 counts
and inspection of the two-color plots, while the latter were
selected based on the age estimates from the reddening-free
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FIG. 6.ÈTwo-color plots for 32 clusters having V ¹ 22.25 and an Ha Ñux F(Ha)¹ 10 counts in a 2 pixel radius centered on each cluster. This set of
clusters shows a greater spread in U[B colors and includes a wider range of ages compared to the Fig. 5 clusters. Most are likely in the range 10È200 Myr
old, while some are younger than 10 Myr.

parameters and Clusters older than 100 Myr willQ1 Q3.have undergone seven or more orbits at the radius of the
ring.

The results show that the older clusters have not wan-
dered very far from the ring deÐned from the younger clus-
ters (or, alternatively, that the younger ring has not formed
at a signiÐcantly di†erent radius from the older ring). The
average radius of the 99 clusters in the lower left-hand panel
of Figure 11 is while that for the 19 clusters in5A.40 ^ 0A.05,
the lower right-hand panel is The di†erence is5A.20 ^ 0A.16.
not signiÐcant. This remains true even if the magnitude
limit is extended to V ¹ 23.25.

6. THE LUMINOSITY FUNCTION

The apparent V -band luminosity function of the ring

point sources is shown by the Ðlled circles in Figure 12. The
counts were made in bins of 0.25 mag, and a distance of 18.6
Mpc has been assumed (Madore et al. 1999). To determine
the completeness level of our cluster catalog, we set artiÐcial
clusters onto an image of the central part of the galaxy with
the actual clusters removed. This was done to try and allow
for the actual background the real clusters are seen on.
About 150 artiÐcial point sources were added in intervals of
0.25 mag, and then DAOFIND was used to retrieve the
clusters put in, followed by visual inspection. We found that
our catalog is probably fairly complete to about M

V
\

[8.75. A power law Ðtted to the points brighter than this
limit, which should have minimal contributions from single
luminous stars (Whitmore et al. 1999), has a slope of
a \ [2.10^ 0.04, very similar to what BCB found for ESO
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TABLE 2

PHOTOMETRY OF CLUSTERS HAVING V ¹ 22.25 AND F(Ha)¹ 10 COUNTS

ID Number *x *y V0 (U[B)0 (B[V )0 (V [I)0 E(B[V ) F(Ha) M
V
0 Age

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

4 . . . . . . . . . . . . [5.10 [0.86 21.14^0.05 [0.79^0.06 0.04^0.08 0.29^0.09 0.05 [4 [10.2 7È8
16 . . . . . . . . . . . [5.64 [0.33 22.07^0.08 [0.90^0.07 [0.02^0.12 0.28^0.14 0.00 [13 [9.3 7È8
26 . . . . . . . . . . . [4.92 [0.35 21.21^0.17 [0.74^0.15 0.22^0.26 0.35^0.26 0.30 : [8 [10.1 20
63 . . . . . . . . . . . [1.31 [3.25 21.75^0.10 [0.62^0.07 0.08^0.14 0.59^0.14 0.05 10 [9.6 21
107 . . . . . . . . . [3.28 [3.12 22.20^0.08 [0.77^0.07 0.01^0.12 0.60^0.13 0.00 [3 [9.1 9È10
112 . . . . . . . . . [2.92 [3.03 22.15^0.09 [0.67^0.07 0.12^0.12 0.42^0.14 0.00 [45 [9.2 20
118 . . . . . . . . . [3.83 [2.36 21.22^0.09 [0.52^0.09 [0.01^0.13 0.43^0.13 0.25 [45 [10.1 44
186 . . . . . . . . . [3.77 2.21 21.86^0.08 [0.99^0.08 [0.20^0.13 [0.30^0.16 0.10 [18 [9.5 1È3?
187 . . . . . . . . . [3.82 2.32 22.22^0.09 [0.74^0.07 0.09^0.12 0.13^0.18 0.00 : [47 [9.1 5È10?
189 . . . . . . . . . [3.68 2.25 21.16^0.08 [1.06^0.09 [0.35^0.16 [0.17^0.15 0.30 [18 [10.2 1È3
191 . . . . . . . . . [3.50 2.70 22.14^0.12 [0.70^0.07 [0.20^0.16 0.12^0.20 0.00 1 [9.2 5È7
192 . . . . . . . . . [3.68 2.72 22.22^0.10 [0.42^0.13 [0.01^0.14 0.36^0.17 0.00 [10 [9.1 73
201 . . . . . . . . . [4.44 2.46 21.10^0.07 [0.94^0.10 0.13^0.11 0.61^0.10 0.35 1 [10.3 9È10
259 . . . . . . . . . [2.77 3.99 22.04^0.12 [0.46^0.09 0.17^0.16 0.27^0.17 0.05 7 [9.3 49
260 . . . . . . . . . [2.81 4.08 22.22^0.12 [0.63^0.10 0.02^0.16 0.40^0.15 0.00 [13 [9.1 26
284 . . . . . . . . . [1.87 4.31 21.13^0.07 [1.04^0.07 [0.34^0.12 [0.17^0.12 0.25 8 [10.2 1È3
285 . . . . . . . . . [1.73 4.33 21.70^0.10 [1.01^0.08 [0.16^0.15 [0.30^0.20 0.15 [33 [9.7 1È3
358 . . . . . . . . . 0.35 [4.30 21.83^0.06 [0.47^0.08 0.13^0.10 0.34^0.09 0.05 [10 [9.5 48
360 . . . . . . . . . 0.47 [3.69 21.77^0.09 [0.42^0.09 0.14^0.14 0.35^0.13 0.10 6 [9.6 58
384 . . . . . . . . . 1.94 [4.26 21.41^0.17 [0.77^0.11 0.08^0.23 0.24^0.24 0.00 : [25 [9.9 5È10
385 . . . . . . . . . 2.02 [4.23 21.78^0.13 [0.68^0.10 [0.15^0.20 0.43^0.18 0.00 : [27 [9.6 5È10
391 . . . . . . . . . 3.23 [3.61 21.33^0.12 [0.79^0.10 0.04^0.17 [0.07^0.17 0.20 : 7 [10.0 4È10 :
393 . . . . . . . . . 3.43 [3.18 22.23^0.09 [0.75^0.08 0.10^0.13 0.45^0.16 0.00 0 [9.1 7È10
395 . . . . . . . . . 3.12 [2.84 21.71^0.08 [0.62^0.09 0.12^0.14 0.38^0.12 0.15 2 [9.6 24
439 . . . . . . . . . 3.05 [2.75 20.40^0.09 [0.48^0.10 0.25^0.12 0.17^0.12 0.40 : 8 [11.0 44
441 . . . . . . . . . 3.39 [3.41 22.08^0.16 [0.73^0.18 0.01^0.24 [0.04^0.30 0.00 : [17 [9.3 4È[10
459 . . . . . . . . . 3.48 [3.06 20.67^0.08 [0.11^0.12 0.14^0.12 0.41^0.10 0.30 [22 [10.7 213
485 . . . . . . . . . 2.78 1.70 21.62^0.05 [0.77^0.08 0.32^0.10 0.29^0.10 0.15 : 2 [9.7 6È10 :
524 . . . . . . . . . 1.17 3.85 21.98^0.15 [0.35^0.07 0.09^0.18 0.41^0.23 0.00 3 [9.4 79
612 . . . . . . . . . [3.57 [2.13 20.86^0.10 [0.09^0.21 0.16^0.17 0.43^0.15 0.40 [7 [10.5 220
744 . . . . . . . . . [0.27 [3.65 21.70^0.08 [0.12^0.10 0.16^0.11 0.45^0.11 0.10 [3 [9.6 189
995 . . . . . . . . . 2.38 [3.71 20.80^0.09 [0.09^0.32 0.60^0.18 0.26^0.14 0.45? [13 [10.5 125

NOTE.ÈSee notes to Table 1 for explanation of columns.

565-11 and to what has been found for other young cluster
systems. The main di†erence with ESO 565-11 is that the
nuclear ring of NGC 1326 appears not to have any true
““ superÈstar clusters ÏÏ (compact clusters having absolute
magnitudes see, for example, Sternberg 1998).M

V
¹ [13 ;

This is shown by the open circles in Figure 12, which are
based on absolute magnitudes corrected for our rough esti-
mates of extinction for 761 objects for which an extinction
estimate was possible. The most luminous cluster in this
sample (object 267 in Table 1) has and all ofM

V
\[12.6,

the other clusters for which an extinction could be esti-
mated have M

V
[[12.

7. THE STAR FORMATION RATE IN THE NUCLEAR RING

We have used the F658N and F255W Ðlters to estimate
the star formation rate (SFR) in the nuclear ring of NGC
1326. The use of both Ha and UV Ðlters to estimate SFRs is
reviewed by Kennicutt (1998), and we use the calibrations
described there which are based on a Salpeter (1955) initial
mass function (IMF) and mass limits of 0.1È100 ToM

_
.

obtain the Ha luminosity, we computed the net Ha Ñux
within an elliptical annulus having an inner radius of a3A.3,
width of an axis ratio of 0.71, and a 1950 position angle4A.5,
of 85¡ (CBB). This annulus includes most of the Ñux from
the ring itself but excludes some of the di†use emission

coming from both inside and outside of the ring. Using
equation (11) of Holtzman et al. (1995) and a system
throughput of of 0.106 for Ðlter F658N fromQT B QTmaxTable 6.2 of the WFPC2 Instrument Handbook, we derive
F(Ha) \ 1.15] 10~12 ergs cm~2 s~1. This is probably a
slight overestimate because according to the Ðlter transmis-
sion curve for F658N, Ñux from [N II] j6583.4 would
appear in the Ðlter at QT B 0.02 at the systemic velocity.
The measured ratio of the Ñux in [N II] to the Ñux in Ha is
0.56 (Garcia-Barreto et al. 1991), and we judge that our raw
Ha Ñux estimate is B10% too high. Thus, our estimate of
the pure Ha Ñux from the elliptical ring annulus is
1.04] 10~12 ergs cm~2 s~1.

An external check on our Ha results is provided by CBB,
who measured the net Ha Ñux within the nuclear ring of
NGC 1326 from ground-based imaging. CBB integrated the
Ñux within an elliptical annulus having the same shape and
position angle as used here, but over a radius range of

The Ñux we measure here for that radius range is1A.3È13A.0.
1.08] 10~12 versus 1.06 ] 10~12 obtained by CBB. Thus,
the independent Ha results agree.

We have noted the poor correlation between the Ha
sources in the nuclear ring and the detectable continuum
sources. This partly results from severe extinction. From
150 clusters having F(Ha) º 50 counts (without regard to
apparent magnitude), we estimate an average reddening



1300 BUTA ET AL. Vol. 120

FIG. 7.ÈTop : Reddening-free parameter plots for V ¹ 22.25 samples. Bottom : Same plots for V ¹ 22.75. The left-hand and right-hand panels are divided
according to Ha Ñux.

E(B[V )B 0.38 mag, corresponding to mag.AF555W \ 1.25
This is likely to be an underestimate since more heavily
extinguished continuum sources were not detected even
when their Ha emission was bright. For 25 sources
having F(Ha)º 200 counts, the average reddening is
E(B[V )B 0.46 mag, corresponding to mag.AF555W \ 1.49
From these estimates, and using the analytic formulae of
Cardelli, Clayton, & Mathis (1989), we take as representa-
tive of the whole ring mag, whichAHa \ 0.81AF555W \ 1.1
is a typical value (Kennicutt 1998).

For the UV Ñux, we have used equation (10) of Holtzman
et al. (1995) with a constant ergs cm~2Fj0 \ 1.17 ] 10~15
s~1 consistent with unreddened OB stars. In the pres-Ó~1,
ence of reddening, this number will be slightly di†erent.
However, the average reddening of the clusters actually seen
in the F255W image is only E(B[V )B 0.24 mag, based on
261 objects where an estimate of the reddening was possible.
This corresponds to mag. Again, usingAF555W \ 0.77
analytic formulae from Cardelli et al. (1989), we estimate

mag. That the averageAF255W \ 2.17AF555W \ 1.67
reddening of the UV-detected clusters is considerably less
than that for the Ha sources makes good sense. The UV
image will selectively show the less extinguished clusters.

From these results, we deduce a luminosity
L (Ha)\ 1.2] 1041 ergs s~1, corresponding to SFR \ 0.95

yr~1 from equation (2) of Kennicutt (1998). For the UVM
_Ðlter, we estimate ergs s~1 Hz~1, corre-L l \ 7.7] 1027

sponding to SFR \ 1.08 yr~1 from equation (1) ofM
_Kennicutt (1998). Thus, the two methods are in very good

agreement to indicate a star formation rate of 1.0 yr~1M
_for this ring. The area of the ring is 0.91 kpc2, so the star

formation per unit area is 1.1 yr~1 kpc~2. This is(&SFR) M
_about 20 times that of the Galactic disk (see discussion in

Garcia-Barreto et al. 1991) and about 2500 times higher
than that of the disk of NGC 1326 itself, based on data in
CBB and BACCP and considering the disk to be the area
within the outer pseudoring shown in Figure 12 ofR2@BACCP. This value is also consistent with the measured gas
surface density of the galaxy. Garcia-Barreto et al. (1991)
measured a total mass of 4.2 ] 108 If we assumeH2 M

_
.

this is coming mainly from the nuclear ring and is the domi-
nant form of the gas, then the surface density of this gas is

pc~2, which places NGC 1326 on the global&gas B 400 M
_Schmidt law relation for normal and other starburst gal-

axies (Kennicutt 1998).
The speciÐc luminosity, of the nuclear ring wasT

L
(U),

computed using equation (3) of Larsen & Richtler (2000),
selecting only those clusters brighter than M

V
\ [8.5

for U[Bº [0.4 and brighter than forM
V

\[9.5
U[B\ [0.4. This gives the percentage contribution of
young clusters to the total U-band luminosity of the galaxy
for these restricted ranges. We estimate for ourT

L
(U)\ 0.87

adopted nuclear ring annulus. Larsen & Richtler (2000)
show that correlates with for the disk H IIT

L
(U) &SFRregions of normal galaxies as If applied toT

L
(U)B &SFR0.87.

the nuclear ring of NGC 1326 alone, the relation gives
Thus, the nuclear ring roughly obeys theT

L
(U)\ 1.1.

normal galaxy relation. Larsen & Richtler suggest that one
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FIG. 8.ÈSame as Fig. 5, but for 65 clusters having V ¹ 22.75

possible reason for the correlation is the control-T
L
(U)-&SFRling e†ect of the mean gas density, a parameter likely to be

very important in nuclear rings (Elmegreen 1994).

8. DISCUSSION

The nuclear ring of NGC 1326 is one of only a few such
rings whose star formation characteristics have been
studied at high resolution. It is the only nuclear ring to have
been imaged with good signal-to-noise ratio in six HST
Ðlters. The ring is a normal case and is likely to be more
representative of the class than, for example, the feature
seen in ESO 565-11. Here we brieÑy examine how our
results on NGC 1326 Ðt in with studies of other nuclear
rings.

First, we compare our results with those of BCB on the
nuclear ring of ESO 565-11, which provides an interesting

contrast. We have already noted the extreme intrinsic elon-
gation and linear diameter of ESO 565-11Ïs ring compared
with that in NGC 1326. From a dynamical point of view,
these di†erences could reÑect a di†erence in dynamical state
between the two rings, with that in ESO 565-11 being in an
earlier phase of development.

From a morphological standpoint, the nuclear ring of
ESO 565-11 shows a much stronger ““ hot spot ÏÏ structure
than that in NGC 1326. BCB showed that the 10 ““ hot
spots ÏÏ seen in ground-based images of the nuclear ring of
ESO 565-11 break up into clumps of smaller objects at high
resolution. This kind of structure is still seen to a limited
extent in NGC 1326. The eastern half of the ring shows
several elongated clumps of point sources that are very dis-
tinct in the F336W image. These are not as well separated
as those in ESO 565-11, so ground-based images of the
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FIG. 9.ÈSame as Fig. 6, but for 114 clusters having V ¹ 22.75

nuclear ring of NGC 1326 seem less spotty as a result.
Our study of NGC 1326 has led us to question a few

conclusions of BCB on the properties of the ring clusters of
ESO 565-11. Based on two-color plots, and lacking a high-
resolution Ha image, BCB concluded there was no evidence
for an older population of clusters in the ring of ESO
565-11, with most lying in the age range 4È6 Myr. That the
ages are mostly less than 10 Myr appears to be true mainly
for the clusters brighter than V \ 22.0 (M

V
¹ [12).

However, for clusters in the range 22.0 \ V ¹ 23.0 (BCB,
Fig. 1b), at least two clusters could be older than 10 Myr, if
we compare with our two-color plots in this paper. Also, the
ages of some of the brighter ring clusters in ESO 565-11
could easily be as young as 1È3 Myr.

We have also shown that we can interpret the cluster
colors in NGC 1326 with solar metallicity BC96 models,

rather than metal-rich models. BCB suggested that the clus-
ters in ESO 565-11 might be metal-rich compared to the
Sun, but this was not a strong conclusion as they noted. We
have noted here how the aperture corrections derived for
NGC 1326 clusters di†er from those derived from ESO
565-11 clusters, which may reÑect the fact that much more
luminous clusters were used to deÐne these corrections in
ESO 565-11. In any case, the metallicity of the clusters in
either ring is something that needs to be properly measured
spectroscopically.

The long lifetime of the clusters in the nuclear ring of
NGC 1326 argues that tidal e†ects are not strong enough to
disrupt the clusters at the radius of the ring. This must be
due to the compactness of the clusters, which are so dense
and tightly bound that they can withstand tidal forces that
are likely to be much stronger than they are locally in our
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FIG. 10.ÈHistogram of the number of clusters vs. Q-parameter age for
a sample of 269 objects having V ¹ 22.75. The bin centered at 375 Myr is
not reliable because the Q-parameter is ambiguous around 400 Myr.

Galaxy (see, for example, the discussion in Barth et al. 1995).
To estimate the stability of the clusters, we need to know
their densities and the rotation curve for the galaxy. Cluster
masses can be estimated in the manner described by Elme-

green & Salzer (1999) using an versus B[I plot. For theM
Bclusters in NGC 1326 having V ¹ 22.75, we estimate masses

ranging from 104 to 5 ] 105 The clusters in NGC 1326M
_

.
are very compact, since even at the relatively small distance
of 18.6 Mpc they are either unresolved or only barely
resolved compared to a TinyTim PSF. Meurer et al. (1995)
estimated the half-light radii of young star clusters from
ultraviolet images of several starburst galaxies and derived
typical values of 1È3 pc, smaller than our pixel size of 4.1 pc.
For a cluster in NGC 1326 containing 104 within aM

_radius of 2 pc, the density would be very high, 300 M
_pc~3. For comparison, the minimum density for stability

against tidal disruption depends on the angular velocity of
rotation and OortÏs constant A at the position of the ring
(see Barth et al. 1995 and references therein). Using the
rotation curve inferred from the near-infrared light distribu-
tion by BACCP, we estimate a minimum density for stabil-
ity of 55 pc~3, and therefore many of the clusters in theM

_ring should be stable against tidal disruption.
The lack of many clusters older than 100 Myr suggests

that evaporation could be more important than tidal dis-
ruption. However, for a cluster having a mass of 104 M

_and characteristic radius of 2 pc, the evaporation time (Fall
1980) is B5.7] 109 yr. Thus, the nuclear ring clusters
should be able to survive complete evaporation for much
more than 200 Myr.

In the case of ESO 565-11, BCB noted that many of the
redder clusters still lay in the ring and were likely to be
highly reddened rather than signiÐcantly older than other
clusters. BCB suggested that aging ring clusters, following

FIG. 11.ÈPlots of the distribution of ring clusters of di†erent age groups having V ¹ 22.75. Top left : Distribution of 204 clusters likely to be less than 20
Myr old based on two-color plot analyses. Top right : Distribution of 65 clusters likely to be more than 20 Myr based on two-color plot analyses. Bottom left :
Distribution of clusters likely to be less than 10 Myr old based on Ha Ñux. Bottom right : Distribution of clusters likely to be more than 100 Myr old based on
reddening-free parameter age estimates. The solid curve is an ellipse Ðtted to the 269 clusters in the top panels and is shown for reference in all panels. No
sources within 2A of the nucleus are plotted.
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FIG. 12.ÈV -band di†erential luminosity function of the ring clusters,
assuming a distance of 18.6 Mpc. Filled circles are based on magnitudes
uncorrected for extinction, while open circles are based on magnitudes
corrected for extinction. The vertical dotted line represents the estimated
completeness level of the cluster identiÐcations. The dashed line represents
a power-law Ðt to the bright, complete end of the apparent luminosity
function.

initially elongated and misaligned orbits, would eventually
be torqued into orbits with a more perpendicular alignment
with the bar. With a high-resolution Ha image, this process
could be better evaluated. We now suggest that there may
be clusters older than 10 Myr in the ring of ESO 565-11 and
deeper images of the galaxy with HST , in addition to Ha
images obtained possibly with linear ramp Ðlters, could elu-
cidate this population better.

et al. (2000) have discussed ages of clusters and thePe� rez
general stellar population in and near the nuclear ring of
NGC 6951. These authors suggested that two coexisting
modes of star formation, continuous and bursting, may be
taking place in this region of the galaxy. This was based on
a comparison of B@, K, and Ha images, but not a detailed
study of high-resolution cluster images. In a similar vein,
Smith et al. (1999) presented evidence for sequential star
formation in the nuclear ring of NGC 7771, with radio
bright knots being 4 Myr old and slightly displaced from
near-infraredÈbright knots about 10 Myr old. Neither of
these studies was able to distinguish a population of nuclear
ring clusters on the order of 200 Myr old.

The aging population of nuclear ring stars in NGC 4314
has been discussed by Kenney, Benedict, & Friedli (1998).
In this case, the aging ring cluster stars may be driven
outward into a pair of blue stellar spiral arms or, alterna-
tively, the nuclear ring is shrinking (Benedict et al. 1998).
NGC 1326 di†ers from NGC 4314 in that there are no
strong blue arms just outside the nuclear ring, and no indi-
cation of a shrinking ring on a time scale of at least 200
Myr.

The nuclear ring of NGC 1326 Ðts well into the theory
outlined by Elmegreen (1994). The mass distribution model
in BACCP certainly suggests that the ring is linked with the
ILR regions of the galaxy. Elmegreen suggests that if a

starburst is taking place in the ring, it should take the form
of a small number of ““ hot spots ÏÏ or massive clouds with
associated massive star formation. These hot spots will not
necessarily be in the form of single massive superÈstar clus-
ters but could have a hierarchical nature as discussed by
Elmegreen et al. (2000). Although less obvious than in ESO
565-11, the nuclear ring of NGC 1326 does show this kind
of hierarchical hot spot character, with the spots being com-
prised of numerous individual clusters. The masses of
several of these complexes could exceed 106 M

_
.

Note that although one of our goals was to search for
evidence of resonant dynamics in the Ðne detail of the ring,
there is little that is systematic about the distribution of
star-forming sites that might link the ring to an ILR, other
than a tightly wrapped spiral character. This is probably
because the ring is relatively circular in shape. In the case of
ESO 565-11, the highly elongated shape of the nuclear ring,
its misalignment with the main bar, and the change in orien-
tation of the isophotes of the background starlight with
Ðlter e†ective wavelength all pointed to an ILR origin for
the ring.

9. CONCLUSIONS

Our detailed study of star formation in the nuclear ring of
NGC 1326 has led to the following Ðndings :

1. The nuclear ring is lined by hundreds of point sources.
The 300 brightest objects are likely to be almost exclusively
massive compact clusters, while the remainder are probably
a mixture of less luminous clusters and single, massive stars.

2. The broadband morphology of the nuclear ring at
high resolution is complex. There is a tightly wrapped spiral
character to the ring. A complex pattern of dust lanes lies
inside, within, and around the ring. Extinction appears to
most seriously a†ect the western half of the ring.

3. The Ha morphology is mostly ringlike and includes
discrete H II regions, some clearly in the form of extended
shells, as well as 100 pc long linear ionized structures and
di†use emission. There is little correlation in the ring
between H II regions and continuum sources, suggesting
that there is a wide range of extinctions and ages of the
clusters in the ring.

4. Analysis of two-color plots of the ring point sources
also suggests that there is a wide range of ages of the clus-
ters in the ring. A signiÐcant population of clusters is in the
1È10 Myr range, but many are also likely to be in the age
range 10È200 Myr. More than 80% of the clusters brighter
than V \ 22.75 are probably less than 50 Myr old. The level
of uncertainty in our measured parameters prevents us from
convincingly establishing a population of ring clusters
much older than 200 Myr. A few may be present, but none
is unambiguous. The level of uncertainty also prevents us
from distinguishing between continuous cluster formation
over a period of 1È200 Myr and episodic cluster formation.

The two-color plots were also used to gauge extinctions
in the ring. These were found to range from toAF555W \ 0
about 2.5 mag, among those clusters whose continuum
sources were clearly detectable. Several H II regions with no
associated continuum source may be more extinguished
than 2.5 mag.

5. The apparent luminosity function of the clusters sug-
gests that there are no true ““ superÈstar clusters ÏÏ in the
nuclear ring. Before correction for extinction, the brightest
cluster has while after correction, the bright-M

V
\ [10.7,
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est cluster reaches only There could be moreM
V

\ [12.6.
luminous clusters that might be more extinguished than 2.5
mag. For clusters brighter than V \ 22.75, the masses range
from 104 to about 5 ] 105 M

_
.

The apparent luminosity function su†ers incompleteness
for absolute magnitudes fainter than ForM

V
\ [8.75.

the clusters follow a power law having slopeM
V

\[8.75,
a \ [2.10^ 0.04, similar to what has been found in other
nuclear rings and in other young cluster systems.

6. The mid-UV and Ha Ñuxes agree on a star formation
rate of 1.0 yr~1 for the area covered by the nuclear ring.M

_

The star formation rate per unit area, 1.1 yr~1 kpc~1, isM
_nearly 20 times that of the Galactic disk and is consistent

with the observed surface density in the ring for theH2global Schmidt law observed in other normal and starburst
galaxies.
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ERRATUM: ““ CIRCUMNUCLEAR STAR FORMATION IN THE EARLY-TYPE RESONANCE RING
BARRED SPIRAL GALAXY NGC 1326 ÏÏ [ASTRON. J. 120, 1289 (2000)]

R. BUTA, PATRICK M. TREUTHARDT, G. G. BYRD, AND D. A. CROCKER

Department of Physics and Astronomy, University of Alabama
Received 2001 August 6 ; accepted 2001 August 6

Because of a computational error, the power-law slope of the cluster luminosity function in the nuclear
ring was incorrectly presented as having a value a \ 2.10^ 0.04. The correct value is a \ 3.7^ 0.1, which is
not similar to other young cluster systems. This steep slope is interesting and could be interpreted in a
number of ways ; in particular, it suggests that many of the sources in the nuclear ring could be extreme
supergiants, rather than clusters. However, as noted by D. Maoz, A. J. Barth, L. C. Ho, A. Sternberg, & A. V.
Filippenko (AJ, 121, 3048 [2001]), individual blue supergiants that have absolute visual magnitudes up to
[10 are very short-lived and may only explain a handful of the point sources seen in other nuclear rings. We
cannot rule out the possibility that more of the sources in the nuclear ring of NGC 1326 than we originally
thought are actually single stars, because at the distance of 19 Mpc, very compact clusters are hard to
distinguish from stars. On the other hand, the analysis of two-color plots and reddening-free parameters
favors the interpretations given in the paper, implying that the luminosity function is more deÐcient than
usual in high-luminosity clusters, at least in this case. This issue will be discussed in a separate paper on the
sources detected in the inner ring of NGC 3081, which presents a similar situation (R. Buta, G. G. Byrd, & T.
Freeman 2001, in preparation).

R. B. would like to thank B. G. Elmegreen for helpful discussions.
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