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ABSTRACT

New results, based on one of the most comprehensive Ha imaging surveys of nearby Sa—Sab spirals com-
pleted to date, reveals early-type spirals to be a diverse group of galaxies that span a wide range in massive star
formation rates. While the majority of Sa—Sab galaxies in our sample are forming stars at a modest rate, a significant
fraction (~29%) exhibit star formation rates greater than 1 M, yr~!, rivaling the most prolifically star-forming late-
type spirals. A similar diversity is apparent in the star formation history of Sa—Sab spirals as measured by their
Ha equivalent widths. Consistent with our preliminary results presented in the first paper in this series, we find gi-
ant H 1 regions [L(Ha) > 10°° ergs s~!] in the disks of ~37% of early-type spirals. We suspect that recent minor
mergers or past interactions are responsible for the elevated levels of Ha emission and, perhaps, for the pres-
ence of giant H i regions in these galaxies. Our results, however, are not in total agreement with the Ha study
of Kennicutt & Kent, who did not find any early-type spirals with Ha equivalent widths >14 A. A close exami-
nation of the morphological classification of galaxies, however, suggests that systematic differences between
the Revised Shapley-Ames Catalog and the Second Reference Catalogue may be responsible for the contrasting

results.
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1. INTRODUCTION

The last few decades have seen enormous progress in the
understanding of star formation in spiral galaxies. While there
is good agreement concerning the wide range of star formation
rates seen among late-type spirals, different studies have yielded
conflicting results for early-type (Sa—Sab) spiral galaxies. The
Ha equivalent width measurements of Kennicutt & Kent (1983)
have been the most influential in establishing a dependence of
massive star formation rates on spiral Hubble type, with early-type
spirals emerging as galaxies with preponderantly low star formation
rates, especially when compared to their later type counterparts.

Other Ha studies, however, find evidence for copious star
formation in a significant fraction of the early-type spiral pop-
ulation. Young et al. (1996), Usui et al. (1998), and Hameed &
Devereux (1999, hereafter HD99) have identified numerous field
early-type spirals with massive star formation rates compara-
ble to those of Sc galaxies. The presence of such prolifically
star-forming early-type spirals weakens or completely removes
the dependence of star formation rates along the spiral Hubble
sequence.

The disparity of results regarding star formation rates in
early-type spirals extends to other star formation indicators. For

! Based on observations obtained with the 3.5 m telescope at Apache Point
Observatory (APO) and the 0.9 m telescope at Kitt Peak National Observatory
(KPNO). The APO 3.5 m telescope is owned and operated by the Astrophysical
Research Consortium.

2 Visiting Astronomer, KPNO. KPNO is operated by the Association of Uni-
versities for Research in Astronomy (AURA), Inc., under cooperative agreement
with the National Science Foundation.
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example, analyses of the far-infrared measurements (Devereux
& Young 1990; Tomita et al. 1996; Devereux & Hameed 1997)
were unable to reveal any dependence of massive star formation
rates on spiral Hubble type. On the contrary, they were able to
identify specific Sa—Sab galaxies with prodigious massive star
formation as measured by their far-infrared emission. In contrast,
Rieke & Lebofsky (1986) and Pompea & Rieke (1989) also an-
alyzed the far-infrared data and found star formation rates to be
inhibited in early-type spirals.

We have launched a systematic Ha survey of early-type spi-
rals in the local universe to quantify and analyze the properties
of'ionized gas in these galaxies in an effort to reconcile the con-
flicting results from earlier studies. Preliminary results, based
on 27 galaxies, were presented in HD99. Here we present the
results of the entire sample. The sample is defined in § 2, and the
observations are described in § 3. Our results are presented in
§ 4, followed by a discussion in § 5. Our conclusions are stated
in § 6.

2. THE SAMPLE

The galaxies have been selected from the Nearby Galaxies
Catalog (NBG; Tully 1988), which includes, among other gal-
axies, a list of all 74 known early-type spirals that are brighter
than 12.0 mag and located within 40 Mpc. Our survey is mo-
tivated by the Infrared Astronomical Satellite (IRAS) survey
that covered roughly 96% of the sky. The original goal of our
survey was to image the 57 noninteracting, early-type (Sa—Sab)
spirals also scanned by /RAS that are brighter than m(B) = 12.1
and have velocities less than 3000 km s~!, placing them nearer
than 40 Mpc (Hy = 75 km s~! Mpc™!). All these early-type
spirals, with the exception of NGC 7727, were detected by IRAS.
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TABLE 1
GALAXY PARAMETERS

m(B) Size i Vi Distance
Galaxy (mag) (arcmin) (deg) (kms7) (Mpc)
NGC 7814 11.26 5.9 68 1047 15.1
NGC 660..... . 1137 7.2 77 856 11.8
NGC 972..... .. 1175 3.9 65 1539 21.4
NGC 986..... .. 11.66 33 42 1983 23.2
NGC 1022... 12.13 2.5 28 1503 18.5
NGC 1350 11.16 5.0 62 1786 16.9
NGC 1371 11.43 6.8 53 1472 17.1
NGC 1398... 10.47 7.6 50 1401 16.1
NGC 1433... 10.64 5.9 27 1071 11.6
NGC 1482... 13.50 2.1 58 1655 19.6
NGC 1515... 11.17 5.7 89 1169 13.4
NGC 1617... 10.92 4.0 65 1040 134
NGC 2146... 11.00 5.3 36 918 17.2
NGC 2273... 11.63 3.4 50 1844 28.4
UGC 3580 11.90 4.0 66 1204 20.6
NGC 2775 11.09 4.6 39 1135 17.0
NGC 2985... 11.18 4.0 42 1277 22.4
NGC 3031... 7.59 22.1 60 —43 3.6
NGC 3169... 11.24 5.0 59 1229 19.7
NGC 3368... 10.05 6.7 50 899 8.1
NGC 3471... 12.98 1.9 64 2076 33.0
NGC 3504... .. 1179 2.6 35 1529 26.5
1108-48 ....... .. 13.64 2.4 53 2717 35.2
NGC 3623 10.17 8.4 81 806 7.3
NGC 3705 11.31 4.6 67 1017 17.0
NGC 3717... 11.87 6.1 90 1731 24.6
NGC 3718... 11.26 9.6 66 987 17.0
NGC 3885... 12.56 29 77 1948 27.8
NGC 3898... 11.71 4.7 46 1172 21.9
NGC 4151... 11.13 6.3 33 989 20.3
NGC 4192... 10.72 8.7 83 —142 16.8
NGC 4274... 11.12 6.5 72 922 9.7
NGC 4369 11.80 2.4 0 1052 21.6
NGC 4419 11.93 3.0 75 -273 16.8
NGC 4450... 10.90 5.0 50 1958 16.8
NGC 45%4... 9.16 8.4 79 1127 20.0
NGC 4725... 9.91 10.5 43 1207 12.4
NGC 4750... 11.81 2.3 19 1518 26.1
NGC 4736... 8.85 12.2 33 307 43
NGC 4845... 12.07 4.8 81 1228 15.6
NGC 4984... 11.68 2.3 41 1259 21.3
NGC 5156 11.92 2.4 24 2983 39.5
NGC 5188 12.58 3.8 74 2366 329
NGC 5566... 11.29 5.6 71 1518 26.4
NGC 5728... 11.75 2.3 65 2970 422
NGC 5915... 11.88 1.4 42 2272 337
NGC 6810... 11.40 3.2 82 1995 253
NGC 7172... 12.55 2.1 64 2651 339
NGC 7213... 11.35 2.1 1778 22.0
NGC 7552... .. 1131 35 31 1609 19.5
NGC 7582 11.06 4.5 65 1459 17.6

Note.—Parameters from Tully (1988).
* Distance for NGC 3031 adopted from Freedman et al. (2001).

Ha images for 27 galaxies were presented in HD99; six
of these have m(B) > 12.1 but were included because of their
unusually high far-infrared luminosities (see HD99 for de-
tails). We have observed 18 additional early-type spirals and
have obtained Ha images for six more galaxies from other
sources. Thus, the results presented in this paper are based on a
sample of 51 early-type spirals, 45 out of 57 (~79%) of which
have m(B) < 12.1, plus the six slightly fainter early-type spirals.
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Table 1 lists some useful observables for the target galax-
ies. Because of the limited resolution of /RAS, our study ex-
cluded other spirals with cataloged companions within 3’ of
each other, thus eliminating almost all early-type spirals that
are strongly interacting. While we would have liked to include
all early-type spirals, ours constitutes essentially a complete sam-
ple, and the Ha images of 51 spirals presented herein should
provide a representative picture of Sa—Sab galaxies in the local
universe.

3. OBSERVATIONS
3.1. New Ha Observations

Fourteen early-type spirals were observed using the direct
CCD imager on the 0.9 m telescope located at Kitt Peak Na-
tional Observatory (KPNO) in Arizona. The imager used a 2048 x
2048 Tektronics chip and has a pixel scale of 0768 pixel ! at f/7.5,
yielding a field of view of 23/2x23/2. All 14 galaxies were
imaged using the 72 A, narrowband, Ha+[N 1] (hereafter Ho,
unless otherwise noted ) filter centered at 6586 A. The off-band
images were obtained using the narrowband line-free filter cen-
tered at 6487 A (AJ = 67 A). Three exposures of 1200 s were
obtained through each of the line and continuum filters. Details
of the observations are summarized in Table 2.

Three galaxies were imaged using the Seaver Prototype Im-
aging camera (SPIcam) on the Astrophysical Research Consor-
tium (ARC) 3.5 m telescope at Apache Point Observatory (APO)
in New Mexico. SPIcam uses a 2048x2048 CCD and has a
pixel scale of 0714 pixel~! and a 4/8 field of view. The pix-
els were binned 2 x 2 in the readout, resulting in a pixel scale of
0728 pixel 1. A 70 A Ha filter centered at 6610 A and a 120 A
line-free continuum filter centered at 6450 A were used to obtain
the line and continuum images, respectively. Three exposures
0f 300 s were obtained through each of the line and continuum
filters (Table 2).

NGC 2985 was observed using the Double Imaging Spec-
trograph (DIS) with the 3.5 m telescope at APO. The DIS has a
pixel scale of 0761 pixel ! and a 4/2 field of view. Three 390 s
exposures were obtained through each of the line (6610 A, A1 =
70 A) and continuum (6450 A, A/ = 120 A) filters (Table 2).

Observations for all galaxies were obtained under photomet-
ric conditions. The Ha images were flux-calibrated using the
standard stars BD +28°4211, PG 0934+554, Feige 34, and HZ 44
(Massey et al. 1988). The data were reduced in the same manner
as explained in HD99.

3.2. Ha Data from Other Sources

Twenty-one galaxies from HD99 were observed with the 1.5 m
telescope located at Cerro Tololo Inter-American Observatory
(CTIO) in Chile. Hae images for six galaxies were obtained with
the ARC 3.5 m telescope located at APO. Details of these ob-
servations are given in HD99.

NGC 3031 (M81) was imaged by Devereux et al. (1995) with
the Case Western Burrell Schmidt telescope at KPNO. The Ho
image was obtained with a narrowband, 74 A filter centered at
6568 A. A narrowband, 72 A, line-free filter centered at 6481 A
was used to obtain the continuum image. Results and analysis
of the M81 data are presented in Devereux et al. (1995).

Images for five galaxies (NGC 3705, NGC 4192, NGC 4419,
NGC 4450, and NGC 4984) were kindly provided by R. Koopman.
All these galaxies, except NGC 4984, were imaged with the 0.9 m
telescope at KPNO. The Ha image of NGC 4984 was obtained
with the 0.9 m telescope at CTIO. All of Koopman’s images
were obtained with a narrowband He filter, and a broadband
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TABLE 2

DETAILS OF OBSERVATIONS

Exposure Time

Galaxy Epoch Telescope Ha Filter (s) Standard®

NGC 7814.................. 1999 Jan 13 KPNO 09 m  6586/72 1200 BD +28°4211
UGC 3580......cccccuueee 1999 Jan 12 KPNO 09 m  6586/72 1200 BD +28°4211
NGC 2775.. 1999 Jan 13, Apr 10  KPNO 09 m  6586/72 900 BD +28°4211
NGC 2985......ooveuneee 1998 Mar 25 APO 3.5 m 6610/70 390 PG 0934+554
NGC 3368.................. 1999 Jan 12 KPNO 09 m  6586/72 1200 BD +28°4211
NGC 3504.................. 1999 Feb 13 APO 3.5 m 6610/70 300 Feige 34
NGC 3623 1999 Jan 12 KPNO 09 m  6586/72 1200 BD +28°4211
NGC 3718.. 1999 Apr 10 KPNO 09 m  6586/72 1200 Feige 34
NGC 3898 1999 Apr 12 KPNO 09 m  6586/72 1200 Feige 34
NGC 4151 1999 Apr 13 KPNO 09 m  6586/72 1200 Feige 34
NGC 4274.. 1999 Apr 9 KPNO 09 m  6586/72 1200 Feige 34
NGC 4369.. 1999 Feb 14 APO 3.5 m 6610/70 300 HZ 44

NGC 45%4.. 1999 Apr 13 KPNO 09 m  6586/72 1200 Feige 34
NGC 4725 1999 Apr 10 KPNO 09 m  6586/72 1200 Feige 34
NGC 4750 1999 Feb 13 APO 3.5 m 6610/70 300 Feige 34
NGC 4736.. 1999 Apr 12 KPNO 09 m  6586/72 1200 Feige 34
NGC 4845 1999 Apr 13 KPNO 09 m  6586/72 1200 Feige 34
NGC 5566.................. 1999 Apr 12 KPNO 09 m  6586/72 1200 Feige 34
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? Massey et al. (1988).

R filter was used for the continuum images. Details of these
observations are presented in Koopman (1997).

3.3. Comparison with Previous Studies

There are several galaxies in our survey that have published
Ha fluxes. Figure 1 compares Ha fluxes for 15 galaxies mea-
sured by us in the same aperture as those in the literature. Fig-
ure 1 includes fluxes for seven galaxies published previously in
HD99. Overall, there is good agreement between the measure-
ments. There are, however, two exceptions. Our Ha flux for
NGC 4736 is 196% below the value obtained by Young et al.
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Fig. 1.—Comparison of Ha measurements taken from the literature with
those from our Ho images using the same aperture size (when available). NGC
660, NGC 1022, and NGC 4736 have two comparison measurements, whereas
NGC 3504 has three published values.

(1996), and our Hoe measurement for NGC 3718 is 180% above
the value quoted by Young et al. (1996). Kennicutt & Kent
(1983) also measured the Ha flux of NGC 4736, and their value
is within 29% of our measured flux. We do not know the reason
for the difference of our flux value from that of Young et al.
However, we should note that there are four other galaxies that
are in common with the sample of Young et al., and their fluxes
are within 2% (NGC 3504), 5% (NGC 660), 23% (NGC 2146),
and 67% (NGC 3623) of our values. Overall, the mean ratio of
our flux measurements to the other studies is 1.19 4 0.6. How-
ever, the ratio drops down to 1.10 4+ 0.4 if we exclude NGC
3718 and NGC 4736.

3.4. Uncertainties in Ha Flux and Equivalent
Width Measurements

3.4.1. [N 1] Contamination

The Ha fluxes and Ha equivalent widths presented in this
paper include contributions from the two satellite [N 1] lines
at 6548 and 6584 A. Complete inclusion of these lines in our
line filters allows the possibility to later correct for [N 11] con-
tamination when more information is available. Previous work
has indicated that the [N n]/Ha ratio varies from one gal-
axy to the next and within individual galaxies (Kennicutt &
Kent 1983; Kennicutt 1992). A constant factor can, in principle,
be used to correct for [N 1] contamination. However, galaxy-
to-galaxy variations are large enough to compromise this pro-
cedure. Kennicutt (1992) examined [N n]/Ha ratios for 90
nearby galaxies and found a median value close to 0.53 (excluding
Seyfert galaxies). However, the mean ratio for six noninteract-
ing Sa—Sab galaxies in his sample was 1.24 with ratios ranging
from 0.48 up to as high as 2.4. Furthermore, within a particular
galaxy, the diffuse ionized gas has a higher value of [N n]/Ha
than H 1 regions (Greenawalt 1998). The [N n]/He ratio is espe-
cially high in the central regions of galaxies, where Ha absorp-
tion is strongest and [N 1] is in emission ( Young et al. 1996).
Thus, we would need precise information about the [N n]/Ha
ratio both within and among galaxies to properly correct for
[N 1] contamination.
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3.4.2. Extinction

The Ha fluxes presented in this paper have not been cor-
rected for Galactic or internal extinction. Thus, the Ha fluxes
and luminosities we measure provide lower limits to the intrin-
sic Ha fluxes and luminosities and, consequently, to the mas-
sive star formation rates. Kennicutt & Kent (1983) estimated, on
average, 1 mag of extinction in their Ho fluxes. However, extinc-
tion is expected to be higher for galaxies with high inclinations
and galaxies with dusty starbursts. Detailed studies of the highly
disturbed early-type spirals NGC 2146 and NGC 660 estimate
9 and 13 mag of extinction in the visible, respectively ( Young
et al. 1988). In such extreme cases, Balmer recombination lines
in the infrared, like Pacv and Bry, are more suitable for deter-
mining star formation rates.

3.4.3. Continuum Subtraction

The continuum image for each galaxy was scaled to the line
plus continuum image by measuring the integrated fluxes of 10—
15 foreground stars common to both images. This scale factor,
however, often needs adjustments, since the foreground stars
and the galaxy are sometimes different in color. Adjustments were
made iteratively until a satisfactory subtraction was obtained for
the majority of the galaxy. The application of a constant scale fac-
tor across the entire galaxy introduces significant uncertainty, es-
pecially if there are large variations in color caused by changes in
stellar populations. Often, the central regions are oversubtracted
when the disk is well fitted.

The uncertainty in the Ho flux depends sensitively and non-
linearly on the continuum level subtracted. This uncertainty is
further aggravated by the contribution of the large stellar bulge
in early-type spirals. For most galaxies in our sample, a 2%—5%
variation in the continuum level results in 10%—-50% errors in
the Ha flux, depending on the relative contribution of the con-
tinuum light. Flux measurements for NGC 4594 (the Sombrero
galaxy) are particularly uncertain. This is an edge-on galaxy
in which the continuum light is completely dominated by the
bulge. In the absence of a good view of the disk, it is very dif-
ficult to ascertain the true continuum level. A 3% variation in
the continuum level of NGC 4594 results in a ~130% change in
the measured Ha flux.

3.4.4. Measurement of Ha Equivalent Widths

Ha equivalent widths are usually measured spectroscopi-
cally; however, images may also be used. The Ha equivalent
widths presented in this paper were calculated by dividing the
continuum-subtracted Ha: emission-line fluxes by the associ-
ated continuum flux and expressing the result in angstroms
after the appropriate unit conversions. Unlike integrated spec-
troscopy, images provide additional information about the dis-
tribution of Ho emission within a galaxy. For example, almost
the entire Ho emission of NGC 4369 is concentrated in the nu-
clear region. When measuring the continuum flux, we have in-
cluded the full extent of the galaxy, which results in an Ho
equivalent width of 16.5 A. However, if we use the continuum
flux covering the same region as the Ha emission, the value of
the Ha equivalent width rises to 20.5 A. In order to be consis-
tent with existing spectroscopic measurements, we have used
global Ha and continuum fluxes for the determination of Ha
equivalent widths in this paper. However, we note in pass-
ing that this problem does not exist for late-type spirals in which
the massive star formation is usually spread throughout the
entire disk and, as a result, is coextensive with the past star
formation.

4. RESULTS
4.1. Category I and Category 2 Early-Type Spirals

The Ha fluxes for 51 early-type spirals are presented in
Table 3, along with the calculated Ho luminosities and Ho
equivalent widths. In order to understand the diverse nature of
early-type spirals, we have followed the division of Sa—Sab
galaxies by HD99, based on the luminosity of the largest H 1
region in the disk of the galaxy. The motivation for this division
comes from the studies of Kennicutt et al. (1989) and Caldwell
et al. (1991), which did not find any H u regions with Ha lu-
minosity >10°" ergs s~! in their samples of Sab and Sa galaxies,
respectively. Thus, in our study, all H i regions in the disks
of category 1 early-type spirals have L(Ha) < 10°° ergs s,
whereas category 2 galaxies host at least one H 11 region in the
disk with Ho luminosity >103? ergs s~!. We have also identi-
fied galaxies with intense nuclear starbursts (NGC 1022, NGC
1482, NGC 3885, and NGC 3471) and have included them as
category 1 galaxies because they have virtually no disk Ho emis-
sion. Ha images for category 1 and category 2 galaxies are pre-
sented in Figures 2 and 3, respectively.

Figures 4 and 5 show the range of global Ha luminosities
and Ha equivalent widths for the two categories of early-type
spirals. As expected, category 1 galaxies have preferentially
lower global Ha luminosities and smaller Ho equivalent widths
compared to category 2 galaxies. The luminosity of the proto-
typical early-type spiral, M81, is also indicated in these figures.
Despite some overlap, a two-tailed Kolmogorov-Smirnov test
indicates that the two categories are not derived from the same
population at a confidence level greater than 99%.

Within the current sample of 51 nearby galaxies, we find that
59% belong to category 1. However, a significant fraction
(37%) of early-type spirals host giant H 1 regions in their disks.
Two galaxies, NGC 660 and NGC 2146, have highly disturbed
morphologies and have not been classified in either of the
categories (HD99).

Despite having similar optical morphologies, early-type spirals
show a wide diversity in Ha morphology. Most category 1 galax-
ies appear undisturbed in the continuum image but exhibit diver-
sity when it comes to the nuclear Ho emission. Almost half (14
out of 30) of all category 1 galaxies host extended nuclear emission-
line regions (ENERSs), regions of diffuse ionized gas in the nu-
clear region. As has been noted by Keel (1983), ENERs are only
visible when there is very little or no star formation near the nu-
cleus. In seven other category 1 galaxies, it is hard to detect ENERs
because of their high inclination. Two category 2 galaxies (NGC
3169 and NGC 7213) also exhibit this diffuse gas. Seyfert nu-
clei have been identified in four category 1 early-type spirals.

In HD99 we speculated on a possible direct correspondence
between the spectroscopic classification of LINERs and the mor-
phologically identified ENERs. However, because of the small
number of galaxies with spectroscopic classifications, we could
not address that assertion statistically in that paper. Now, with a
sample of 51 galaxies, we find that 12 category 1 galaxies have
been classified as LINERs, and 10 of those galaxies also show
ENER emission, suggesting an almost one-to-one correspondence
between the spectroscopic and morphological classifications.

The nuclei of category 2 galaxies have been mostly classi-
fied as “H” spectroscopically, indicating the presence of H 1t
regions (Table 4). There are, however, four category 2 galaxies
with Seyfert nuclei. The presence of equal numbers of Seyfert
nuclei in each of the categories suggests that Seyfert activity is
unrelated to the global star-forming properties of early-type
spiral galaxies.



TABLE 3
SUMMARY OF RESULTS

Flam ' Aperture L(Ha+N 1) EWma+Nw  LFR 40-120 im)  Lna (1 kpe) Ly, (1 kpe)/Lyy
Galaxy (1072 ergs s~! em™?) (arcsec) (10* ergs s 1) A) (100 L) (10% ergs s71) (%) Reference®

Category 1 Early-Type Spirals

NGC 2985.....cocveeeee 28+£0.5 116 16.9 14.4 0.69 1.1 7 1
NGC 5728......ccvve 0.6 0.2 75.3 12.6 6.0 2.48 0.9 7 2
NGC 3717....ccceueune 1.6 £ 0.2 180.6 11.6 10.2 1.19 1.5 13 2
NGC 5188 0.9+ 0.1 77.4 11.0 11.9 3.88 3.0 27 2
NGC 1398. 33+12 215.0 10.3 6.3 0.17 0.3 3 2
NGC 5566. 1.2+02 170 9.9 6.1 0.26 0.7 7 1
NGC 3471. 0.7 £ 0.1 20.4 8.9 359 1.36 5.1 57 2
NGC 3885 0.9 + 0.1 51.6 8.5 7.7 1.36 5.7 67 2
NGC 1482........cceceee. 1.6 £ 0.2 48.9 7.4 68.5 1.87 3.7 50 2
NGC 4725....ccviins 38+ 14 364 7.0 5.6 0.18 0.3 4 1
NGC 3031.....cccovuueeee 453 £13.5 7.0 5.6 0.14 0.4° 6 3
NGC 3718. 1.8+ 0.5 374.0 6.2 8.2 0.05 0.3 5 1
NGC 1022. 1.2 +£0.2 77.4 4.9 12.6 1.00 4.0 82 2
NGC 1371. 1.4+05 193.5 4.9 6.7 0.02 0.3 6 2
NGC 2775 1.4 +0.38 170 4.9 4.8 0.18 0.1 3 1
NGC 1350 1.3 +0.7 176.3 4.5 4.5 0.08 0.2 4 2
NGC 3898 0.7+ 0.4 204 4.1 4.0 0.06 0.7 17 1
NGC 3368 49+£13 251 3.8 7.7 0.13 0.6 15 1
NGC 1433. 23 £08 197.8 3.7 6.4 0.13 0.7 19 2
NGC 4594. 0.8+ 1.0 128 x 544 3.6 0.4 0.49 1.1 30 1
NGC 7172. 0.3 +0.1 53.8 3.6 43 1.17 0.7 19 2
NGC 2273 0.7+ 0.2 103.7 2.3 28.9 0.79 4.5 70 2
NGC 4450........ccoceeeee 0.6 127 2.0 2.6 0.13 0.5 25 4
NGC 4274........ccoceeee 1.7+ 0.5 177 1.9 8.7 0.09 0.3 18 1
NGC 1515 09 +0.2 307 x 172 1.8 7.1 0.11 0.4 22 2
NGC 7814. 0.6 £ 0.2 122 1.5 32 0.09 0.2 15 1
NGC 1617. 0.6 = 0.6 111.8 1.4 2.3 0.04 0.2 14 2
NGC 3623. 224+13 204 1.4 3.6 0.04 0.3 19 1
NGC 4845.......coceeeee 0.5+0.2 88 1.3 3.8 0.42 0.6 45 1
NGC 4419.................. 0.2 71 0.8 1.9 0.38 0.2 22 4

Category 2 Early-Type Spirals

NGC 4151.....uceue. 175+ 04 245 86.5 86.9 0.35 72.5 84 1
NGC 5915.....cuvneee. 33402 43.0 44.9 91.9 1.80 2.7 6 2
NGC 5156......ccuunne. 22 +0.1 103.2 41.2 23.8 1.35 0.3 0.7 2
NGC 3504......ccunne. 40+0.3 90 34.0 36.4 2.36 16.2 48 1
NGC 7552 7.0 £ 0.7 116.1 31.9 29.2 431 16.0 50 2
NGC 986... 334+04 114.0 21.3 21.0 2.25 6.3 30 2
NGC 972... 3.74+0.2 58.6 20.3 41.8 2.51 1.8 9 2
NGC 6810. 2.6 +0.2 86.0 20.0 22.8 1.91 6.9 35 2
1108-48 ... 1.2 + 0.1 137.6 17.8 223 1.10 0.6 3 2
NGC 7582...cecenene. 4.6 +£0.7 139.8 17.1 19.6 2.46 7.4 43 2
NGC 7213 29+ 04 210.7 16.8 9.1 0.27 52 31 2
NGC 3169.................. 3.04+0.5 217.2 13.9 10.8 0.60 0.7 5 2
NGC 4750....ccuunnn 1.4+03 72 11.0 12.3 0.63 0.8 8 1
NGC 4192.....counee.. 3.0 380 x 380 10.1 10.0 0.43 0.7 7 4
NGC 3705. 22 204 7.6 15.9 0.23 0.2 3 4
NGC 4369.................. 1.1 +0.1 33 6.3 16.5 0.46 0.5 8 1
NGC 4984.................. 1.1 80 6.2 7.4 0.76 2.9 48 4
UGC 3580.................. 1.1 £0.1 136 53 384 0.13 0.5 9 1
NGC 4736........o....... 22.1 +4.2 476 4.9 10.6 0.20 0.3 7 1
Unclassified
NGC 2146.................. 46+ 1.0 119.0 16.3 51.1 6.28 2.8 17 2
NGC 660° .................. 35403 173 x 585 5.8 27.9 1.49 0.7 12 1

? Fluxes have not been corrected for Galactic or internal extinction. Ha+[N 1] fluxes for galaxies observed by Koopman (1997) have 20%-30% uncertainty.
® Nuclear Ho luminosity for NGC 3031 is measured for the central 800x800 pc? region (Devereux et al. 1995).

¢ NGC 660 was also included in HD99. However, these are new large field-of-view Ha observations that include the full extent of the galaxy.
REererences.— (1) This paper; (2) HD99; (3) Devereux et al. 1995; (4) Koopman 1997.



NGC*2775 *  (Continuum)

Fig. 2.—Red continuum and continuum-subtracted Ha images of 12 category 1 early-type spiral galaxies. North is to the top, and east is to the left in each image.
The white bar in the bottom left corner of each image represents 1 kpc in length.
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NGC 3898 (Continutm)
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NGC 4274 (Continuum)
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NGC* 4845 (Continuum)

NGC 7814 (Continuum)

Fic. 2.— Continued
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UGC 3580

(Continuum)

Fic. 3.—Red continuum and continuum-subtracted Ho images of six category 2 early-type spiral galaxies. North is to the top, and east is to the left in each image.
The white bar in the bottom left corner of each image represents 1 kpc in length.
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Fic. 4—Histograms illustrating the distribution of total Ha: luminosity of
category 1 and category 2 early-type spirals.

While the division of early-type spirals into two categories has
been useful, we have to be cautious. First, it is difficult to measure
the Ha flux of an individual H r region. In HD99 we measured
Ha fluxes for the largest H 11 regions manually, using circular aper-
tures. However, since then we have been using an automated pro-
gram, HlIphot (see Thilker et al. [2000] for details of the program),
to determine the luminosity functions for star-forming regions
in spiral galaxies (S. Hameed et al. 2005, in preparation). All our
manual classifications are consistent with HlIphot, with the ex-
ception of NGC 3169 and NGC 7213. Both of these galaxies
host H i regions with L(Ha) > 103° ergs s~! and thus have been
classified as category 2 galaxies in the current paper.

Second, we do not yet know of any physical significance of
our classification scheme. A few studies, however, have sug-
gested that the physical properties of H 1 regions change be-
tween 10°® and 1039 ergs s~!, such as the transition from normal
“giant” H 1 regions to “supergiant” H 1 regions (Kennicutt
et al. 1989), the transition from sparse embedded star clusters
to dense embedded clusters in individual H 1 regions (Oey &
Clark 1998), and the claim of the change from radiation-bounded
to density-bounded H n regions (Beckman et al. 2000). Whatever
the underlying significance of our scheme, it is of sufficient im-
portance to report the detection of a significant fraction of early-
type spirals with giant H 1 regions, which is in contrast to the
earlier findings of Kennicutt et al. (1989) and Caldwell et al.
(1991).

4.2. Ha versus Far-Infrared

The presence of massive stars can be traced via both Ha
and far-infrared emission. The relationship between the global
Ha and far-infrared (40—120 pm) luminosities is presented
in Figure 6 for 51 Sa—Sab galaxies. Open circles represent cate-
gory 1 early-type spirals, category 2 galaxies are represented by
filled circles, and the two unclassified galaxies, NGC 660 and
NGC 2146, are represented by asterisks. The far-infrared lumi-
nosity, L(FIR), has been calculated using

L(40—-120 pm) = 3.65x 10°S(FIR)D? Lo,
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Fic. 5.—Histograms illustrating the distribution of Ha equivalent widths of
category 1 and category 2 early-type spirals.

where S(FIR) = (2.58S60 yum + S100 yum) and D is the dis-
tance expressed in megaparsecs. The values Sqp ;m and S1og ;im
are fluxes measured by /RAS in units of janskys. The solid
lines in Figure 6 represent ratios of L(FIR)/L(Ha) expected
for H n regions ionized by massive stars ranging in spectral
type from OS5 to BS. The ratios are based on a simple model of
an idealized H n region, in which all photons shortward of the
Lyman limit are absorbed by the hydrogen gas, while the bolo-
metric luminosity of the star is absorbed by surrounding dust and
reradiated in the far-infrared (Panagia 1973; Devereux & Young
1990).

Figure 6 shows that most early-type spirals in our sample, in-
cluding M81 (NGC 3031), have L(FIR)/L(Ha) ratios consistent
with those expected for H i regions. However, there are some gal-
axies that have unusual ratios. Most of the errant galaxies either
host a Seyfert nucleus (NGC 4151, NGC 2273, and NGC 7172)
or are nuclear starbursts (NGC 1022 and NGC 1482). Nonstel-
lar emission from Seyfert galaxies is not expected to follow the
L(FIR)/L(Ha) ratios for massive stars, whereas the unusual loca-
tion of nuclear starburst galaxies in Figure 6 may be due to high
dust extinction. Similarly, the locations of NGC 660 and NGC
2146 may be explained by the 13 and 9 mag of extinction, respec-
tively (Young et al. 1988). The nucleus of NGC 5188 is spec-
troscopically classified as “H” by Veron-Cetty & Veron (1986).
However, we detect an unresolved Ha nuclear point source (HD
1999) and suspect that it has a Seyfert nucleus that may have been
missed in the earlier spectroscopic study. The remaining four
outlying galaxies (NGC 1371, NGC 3718, NGC 4419, and NGC
4845) warrant additional scrutiny to fully understand the reason
for their unusual ratios.

Another word of caution here. Despite the fact that massive
stars appear to be capable of sustaining the Ha and far-infrared
luminosities in most galaxies, detailed studies of the nearest
spiral galaxies have indicated that a sizable fraction of the bulge
far-infrared and Ha emission is not powered by massive stars
at all (Devereux et al. 1994, 1995). Approximately 30% of the
total far-infrared and Ho emission from M31 and M81 originates



TABLE 4

SuMMARY OF REsuLTs 1T

Nuclear Nuclear Spectral
Galaxy Morphology® Class® Reference  Bar® Comments
Category 1 Early-Type Spirals
NGC 2985...ciiiirieicees PS? T1.9 2 N
NGC 5566......cccoveneennne ENER L2 2 Y Disturbed Ha morphology
NGC 5728 PS S2 3 X A tightly wound inner spiral arm and
a loose outer spiral arm in the continuum
NGC 3717 .o ? H 4 N A prominent dust lane parallel to the major axis of the galaxy
NGC 5188....cccvevririiee PS H 4 Y
NGC 1398.....ooiiiiccnnee ENER N 5 Y A bar-ring morphology in Ha
NGC 3471 ..o SB H 6 ?
NGC 3885....coviiiiinne SB H 7 N
NGC 3718 ? L1.9 2 Y Disturbed continuum morphology
NGC 1482 SB ? A prominent dust lane parallel to the major axis of the galaxy;
filaments and/or chimneys of ionized gas
extending perpendicular to the disk
NGC 4725... ENER S2 2 X
NGC 3031... ENER/PS S1 2 N
NGC 1022...cciiiiiiiine SB H 8 Y A tightly wound inner spiral arm and a loose
outer spiral arm in the continuum
NGC 1371 ENER X
NGC 2775... ENER e . N
NGC 1350....cciiiiiniinnne ENER N 4 Y A bar-ring morphology in Ha; a tightly wound inner spiral arm
and a loose outer spiral arm in the continuum
NGC 3898.....c.covvverrircnnes ENER T2 2 N
NGC 3368.....ccoveiriieinnee ENER L2 2 X A bar-ring morphology in Ho
NGC 1433 .. ENER N 4 Y A bar-ring morphology in Ha; a tightly wound inner spiral arm
and a loose outer spiral arm in the continuum
NGC 45%4 ..o ? L2 2 N
NGC 7172 PS S2 8 ? A prominent dust lane parallel to the major axis of the galaxy
NGC 2273 o PS S2 2 Y
NGC 4450.......cccovirnnnne ENER L1.9 2 N
NGC 4274, ? H 2 Y
NGC 1515 ENER X
NGC 7814 ... ? N
NGC 1617 .o ENER ?
NGC 3623 ENER L2 2 X
NGC 4845......oiinne ? H 2 N
NGC 4419.....ccvviinne ? T2 2 Y
Category 2 Early-Type Spirals
NGC 4151 S1.5 2 X
NGC 5915 Y Asymmetric spiral arms in the continuum; Ho morphology
does not correspond with the major continuum features
NGC 5156......ccccviiannnne e . Y
NGC 3504.......cocoiiinne H 2 X
NGC 7552 H 4 Y A dwarf galaxy at the end of the northern spiral arm
NGC 986....coveeeireecenee H 4 Y A tidally disrupted dwarf galaxy at the end of the northern arm?
NGC 972 H 2 ? Dusty morphology; a possible barlike structure crossing the nucleus
NGC 6810...c.cceeirrerennene S2 4 N A prominent dust lane parallel to the major axis of the galaxy
1108-48 ..o Y A faint tidal tail leading to a star-forming region
18 kpc northeast of the nucleus
NGC 7582 . S2 9 Y A prominent dust lane parallel to the major axis of the galaxy
NGC 7213 PS/ENER S1 1 N A giant He filament is located approximately 17 kpc south
of the galaxy with no counterpart in the continuum image
NGC 3169....cccvvvrriee ENER L2 2 N
NGC 4750...ccciiiiniiiieenns L1.9 2 N
NGC 4192....ccovvvree T2 2 X
NGC 3705 T2 2 X
NGC 4369....cooiiiiiinne H 2 N Ha emission concentrated only near the nuclear region
NGC 4984.........ccoovvnne X
UGC 3580....cceueuemereirinenns o . N
NGC 4736 L2 2 N An anomalous He tidal arm



2610 HAMEED & DEVEREUX

Vol. 129

TABLE 4—Continued

Nuclear Nuclear Spectral
Galaxy Morphology® Class® Reference Bar® Comments
Unclassified
NGC 2146....c.ooicienene . H Y Highly disturbed morphology with a prominent dust lane
NGC 660.........ccoceeviennne S T2/H Y Highly disturbed morphology; two prominent

dust lanes perpendicular to each other

* Ha nuclear morphology: PS = unresolved point source, ENER = extended nuclear emission-line region, SB = nuclear starburst. Nuclear regions of all category
2 and unclassified galaxies are resolved in Ha, but they do not meet the starburst or ENER criteria as defined in the text. Hence, their nuclear regions have not been

classified morphologically.

Y Classification of the nuclear spectrum: S = Seyfert nucleus, H = H 1 nucleus, L = LINER, T = transition object, N = Seyfert-like, i.e., Ho < 1.2x [N 1] 16583.

¢ Bar classifications from Tully (1988): Y = bar is present, N = bar is absent, X = intermediate case, ? = no information.

Rererences.—(1) Filippenko & Halpern 1984; (2) Ho et al. 1997; (3) Phillips et al. 1983; (4) Veron-Cetty & Veron 1986; (5) Balzano 1983; (6) Lehnert &
Heckman 1995; (7) Ashby et al. 1995; (8) Sharples et al. 1984; (9) Unger et al. 1987.

from the bulge. This bulge Ha emission is diffuse in nature,
much like the ENERSs, and observations with the Hubble Space
Telescope have convincingly shown the absence of massive
stars in the central regions of these two galaxies (Devereux et al.
1997). As mentioned in § 4.1, almost half of all category 1 early-
type spirals host this diffuse Ho emission in the nuclear region.
The source of the Ha emission is unknown; however, it is un-
likely to be ionized by a central active galactic nucleus (AGN)
in all cases, as the luminosity of the extended region far ex-
ceeds that of the nucleus itself in several galaxies. On the other
hand, an extended region of ionization could be sustained by bulge
post—asymptotic giant branch (PAGB) stars or by collision-
induced shocks occurring within the bulge gas itself (Heckman
1996). The same bulge PAGB stars may also be responsible for
heating the dust that gives rise to the diffuse bulge far-infrared
emission.
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Fig. 6.—Correlation between the Ha luminosity and the FIR (40—120 pm)
luminosity for 51 early-type spirals. The lines represent the L(FIR)/L(He) ratios
expected for an H 1 region powered by stars of masses 40, 20, 16, and 6 M.,. The
figure shows that O and B stars are capable of powering both the FIR and the Ho
luminosities in these galaxies. Open circles represent category 1 galaxies, and filled
circles denote category 2 galaxies. Asterisks are used to identify the two unclas-
sified galaxies, NGC 660 and NGC 2146. [See the electronic edition of the Journal
for a color version of this figure.)

Figure 7 investigates the correlation between L(FIR)/L(B)
and Ha equivalent widths for all 51 galaxies in our sample.
Both quantities measure the ratio of present to past star for-
mation, where the present star formation rate is determined by
far-infrared and Ho emissions, and are normalized by past star
formation as traced by blue and red continuum luminosities,
respectively. Figure 7 shows that there is an overall trend be-
tween Ha equivalent width and L(FIR)/L(B), but it is not a one-
to-one correlation. In general, galaxies with low L(FIR)/L(B)
have low Ha equivalent widths, and galaxies with high values
of L(FIR)/L(B) have high Ha equivalent widths. A Spearman
rank correlation test gives a value of 0.68, suggesting a weak
correlation. The least-squares fitting to the data gives a slope of
0.47. Note that some of the galaxies with excess L(FIR)/L(B)
are also the outliers in Figure 6 and vice versa. Heavy extinction
may be responsible for the shallow slope of the relation. Usui
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Fic. 7—Correlation between the Ha equivalent widths and the L(FIR)/L(B)
luminosity ratio for 51 early-type spirals. Open circles represent category 1
galaxies, and filled circles denote category 2 galaxies. We have also identified
highly inclined (i > 75°) galaxies in each category (friangles), and we do not
find any strong dependence on inclination. Asterisks are used to identify the two
unclassified galaxies, NGC 660 and NGC 2146 (NGC 660 also has i > 75°).
The least-squares fit for galaxies is shown as a solid line, and all the galaxies have
been identified. [See the electronic edition of the Journal for a color version of
this figure.]
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Fic. 8.—Correlation between the (B — '), colors and Ha equivalent widths
for 49 early-type spirals. Open circles represent category 1 galaxies, and filled
circles denote category 2 galaxies. Squares represent the two unclassified gal-
axies, NGC 660 and NGC 2146. The right and left lines represent the loci of
(B—V), colors and Ha equivalent widths for 15 Gyr old model galaxies that
have evolved at different rates, with and without reddening, respectively. The
dashed lines indicate the direction of the reddening vectors for a constant star
formation rate and for exponentially decreasing star formation rates with ex-
ponential timescales of 10, 5, 3.5, and 2.5 Gyr. Kennicutt & Kent’s (1983)
galaxies are plotted as stars for comparison. [See the electronic edition of the
Journal for a color version of this figure.]

et al. (1998), based on a study of 15 galaxies, find a slope of
0.82 for L(FIR)/L(B) versus Ha equivalent widths for early-
type spirals with high EW(Ha) > 3 A and a correlation coef-
ficient 0f 0.79. Our results do not change significantly even after
restricting our sample to galaxies with EW(Ha) > 3 A.

4.3. Ho Equivalent Width versus (B — V),

The relationship between the Ha equivalent widths and
(B — V), colors for 49 early-type spirals is illustrated in Figure 8.
The (B — V'), colors are adopted from the Third Reference Cat-
alogue of Bright Galaxies (de Vaucouleurs et al. 1991). NGC
4750 and UGC 3580 do not have (B — V'), measurements and
hence are not included here. Figure 8 shows that early-type spi-
rals exhibit a wide range of Ha equivalent widths and (B — V'),
colors, much wider than that previously reported for early-type
spirals by Kennicutt (1983). Furthermore, the Ha equivalent
widths and (B — V'), colors are correlated. A nonparametric
Spearman rank correlation test allows the null hypothesis, that
the two observables are not correlated, to be rejected at >99.9%
significance level.

As noted by Kennicutt (1983), the relationship between the
Ha equivalent widths and (B — V) colors can, in principle, pro-
vide useful constraints on the past star formation history. By
way of illustration, the range of plausible star formation histories
permitted by the new observations is also shown in Figure 8. The
solid lines in Figure 8 illustrate the loci of model Ha equivalent
widths and (B — V'), colors expected for a 15 billion year old
galaxy that has evolved at different rates. There are two curves
plotted, each running from the upper left to the lower right. The
left curve represents zero extinction, and the right curve includes
the extinction expected for a galaxy viewed essentially edge-on

Ho IMAGING OF Sa—Sab SPIRAL GALAXIES. 1L 2611

(i = 85°). The flatter dashed lines joining points on the two
curves show the direction of reddening vectors. The results are
based on a spectrophotometric evolution model for starbursts
and galaxies called PEGASE (Fioc & Rocca-Volmerange 1997;
Moy et al. 2001).

The details of the PEGASE evolutionary model are pre-
sented in Fioc & Rocca-Volmerange (1997) and Moy et al. (2001).
Briefly, the model evolves stars with a range of stellar metal-
licities from the main sequence, to the He flash, to the horizontal
branch, to the asymptotic giant branch, and finally to demise as
supernovae or white dwarfs. The star formation scenarios used
here are similar to those adopted by Kennicutt (1983): an expo-
nential star formation law with an “extended” Miller-Scalo ini-
tial mass function (IMF) and stellar masses ranging from 0.1 to
100 M,,. PEGASE calculates broadband colors, as well as neb-
ular emission. In addition, radiative transfer computations pro-
vide an internally consistent estimate of dust extinction in the
model galaxy.

The blue color and high Ha equivalent width combination in
the upper left part of Figure 8 denotes a galaxy that has been
converting gas into stars at essentially a constant rate since birth.
The reddest colors and smallest Ho equivalent widths in the lower
right part of the figure denote a star formation history in which
most of the primordial gas was rapidly converted into stars some
3% 10' yr after galaxy formation. Most early-type spirals lie
between the two extremes described above. Thus, the PEGASE
results indicate that the star formation history of early-type spi-
rals is diverse, a further testament to their heterogeneous nature
already apparent from the Ha images. It is quite remarkable
indeed that a history of continuous star formation, or a contin-
uously decreasing star formation rate, together with the effects
of reddening, can explain the wide range of colors and Ho equiv-
alent widths observed for the majority of early-type spirals plot-
ted in Figure 8.

Interestingly, the correlation between the Ha equivalent widths
and (B — V), colors breaks down for the objects with the highest
Ha equivalent widths (i.e., >14 A), a result that is substantiated
by a Spearman rank correlation test. Part of the reason may be
attributed to the presence of AGNs. NGC 4151, for example, is
a well-known Seyfert 1 galaxy, and NGC 2273 and NGC 6810
are Seyfert 2 galaxies (Ho et al. 1997; Veron-Cetty & Veron 1986).
However, not all AGNs exhibit unusual colors in Figure 8. Con-
versely, not all the errant points in Figure 8 can be attributed
to AGNs. NGC 1482 and NGC 972, for example, have no doc-
umented evidence for an AGN, and yet they are among the most
deviant of all the outliers in Figure 8. The Ha images show evi-
dence for a nuclear starburst in NGC 1482 and extended nu-
clear star formation activity in NGC 972. The unusually high
Ha equivalent widths, given the red colors of NGC 1482 and
NGC 972, are, in fact, exactly what one would expect for a re-
cent starburst superposed on an older population. The high Ha
equivalent widths indicate that the starburst increased the star
formation activity by at least 1 order of magnitude over the pre-
existing rate. Interestingly, recent H 1 observations of NGC 972
reveal a tidal tail in neutral hydrogen indicative of a past in-
teraction (Hameed & Young 2003). Note, however, that not all
interacting early-type spirals have unusual colors. For example,
MS81 (Yun et al. 1994), NGC 3471 (Hameed & Young 2003),
NGC 3885 (Hameed & Young 2003), and NGC 4725 (Wevers
et al. 1984) show interaction signatures in H 1 and yet have
colors and Ha equivalent widths that can be explained by a
“normal” star formation history.

We caution that PEGASE interprets global measurements,
which do not constrain or preclude different star formation
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histories within individual galaxies. Nevertheless, the star for-
mation histories of early-type spirals as revealed by their global
(B — V), colors and Ho equivalent widths are considerably more
diverse than had previously been appreciated (e.g., Kennicutt
1983). We have also included Kennicutt & Kent’s (1983)
Sa—Sab galaxies in Figure 8, most of which have preferentially
smaller Ha equivalent widths and redder colors. We explore
some of the reasons for these differences in § 5.

4.4. Massive Star Formation Rates

The ionizing flux from galaxies can be converted to star for-
mation rates using evolutionary synthesis models and by mak-
ing assumptions regarding abundances and the shape of the IMF
(Kennicutt et al. 1994; Kennicutt 1998). While we can, under some
circumstances, measure low-mass star formation in nearby mo-
lecular clouds in our own Galaxy, such measurements are impossi-
ble for external galaxies. Nevertheless, we have calculated total
(low-mass plus high-mass) star formation rates using Kennicutt’s
(1998) conversion,

SFR (M, yr ') = 7.9x10"*L(Ha)(ergs s ),

assuming solar abundances, a Salpeter IMF (0.1-100 M), and
a case B recombination at 7, = 10,000 K. We find that the aver-
age star formation rate for our entire sample is 0.94 M yr~',
with 29% of early-type spirals having star formation rates in
excess of 1 M, yr~! up to a maximum of 3.5 M, yr~!.

While these calculations are interesting, they should be re-
garded with caution. Apart from the usual concerns regarding
the shape and extent of the IMF, there are observational uncer-
tainties that can affect the measured star formation rates. For
example, we have not corrected our Ha fluxes for extinction
(see § 3.4.2), and yet numerous galaxies in our sample harbor
starbursts in their nuclear regions or exhibit prominent dust
lanes. The extinction in the optical can be as high as 13 mag, as
seen in NGC 2146 (Young et al. 1988). Thus, the calculated star
formation rates certainly represent a lower limit, and in some
cases they may be underestimated by an order of magnitude. Sec-
ond, the conversion factor used to calculate the star formation
rates assumes that almost all the Ha emission is coming from
Hu regions, but we have discovered that ENERs are common in
early-type spirals; consequently, not all the Ho emission can be
attributed to massive star formation. While the above-mentioned
problems may be important in individual cases, they do not af-
fect our overall conclusions regarding star formation rates in
early-type spirals; none of these special circumstances ever dom-
inate the global Ha emission of the galaxies, except in the case
of NGC 4151, in which the majority of the Ha emission is com-
ing from the Seyfert nucleus.

5. DISCUSSION
5.1. The Ratio of Present to Past Star Formation Rates

Our comprehensive volume-limited Ha survey has exposed
the heterogeneous nature of nearby early-type spirals. Perhaps
the most surprising result, first suggested in HD99, is the dis-
covery that a significant fraction of Sa—Sab galaxies host giant
H uregions and levels of Ha emission comparable to those seen
in nearby late-type spirals.

The popular perception that early-type spirals are currently
associated with low levels of star formation is primarily due to
the Ha equivalent width results of Kennicutt & Kent (1983).
The star formation history of galaxies can be traced using Ho

30 -
£ § This Paper
20 = (51 galaxies)
10 F
E § S\ NI ! |
0 i i i T
30
= Kennicutt & Kent (1983)
20 = § 34 galaxies)
10 £

\\‘\w“\““\

3 o
B\ S\ SR\ |

f } } i } ; | | i
F S James et al. (2004)

51 §

F & . | . . . . |

(20 galaxies)
! ! [ [

Usui et al. (1998)
(15 galaxies)

Number

(O
30
This Paper (No—Seyferts Sample)

20 (44 galaxies)
10
E DN ‘ R

0 5 0 100
Ha Equivalent width (Angstrom)

Fic. 9.—Comparison of Ha equivalent widths of all 51 early-type spirals
from our survey with the Ha equivalent widths of Kennicutt & Kent (1983),
Usui et al. (1998), and James et al. (2004). The bottom panel shows our data
after excluding Seyfert galaxies.

equivalent widths, in which the current star formation, as mea-
sured by the Ha emission, is normalized by the red continuum
light that represents the past star formation integrated over the
lifetime of the galaxy. Figure 9 compares Ho equivalent widths
of 51 Sa—Sab galaxies in our sample with those of Kennicutt
& Kent. The top panel shows that early-type spirals exhibit a
wide range of Ha equivalent widths, much wider than that of
the Sa—Sab galaxies in the Kennicutt & Kent (1983) sample,
which have preferentially low Ha equivalent widths (Fig. 9, sec-
ond panel). Over half of Kennicutt & Kent’s measurements are
upper limits. Of the remaining detections, none exceed Ha equiv-
alent widths of 14 A. In comparison, about 35% of early-type
spirals in our sample have Hor equivalent widths >14 A.

The third panel of Figure 9 shows Ha equivalent widths
for early-type spirals included in Usui et al. (1998). However,
their study focused only on those Sa—Sab galaxies that have
high L(FIR)/L(B) ratios. Consequently, one can expect the Ha
equivalent widths in their sample to have preferentially higher
values because of the correlation in Figure 7, described in § 4.2.
Combining L(FIR)/L(B) luminosity ratios (Tomita et al. 1996)
and Ha equivalent widths, Usui et al. estimated that 30% of early-
type spirals must have Ha equivalent widths greater than 20 A. We
confirm their prediction, since we find 28% of Sa—Sab galaxies
in our sample with Ho equivalent widths >20 A. Figure 9 also in-
cludes Ha equivalent widths for 20 Sa—Sab galaxies taken from
a recent survey of 334 galaxies across all Hubble types con-
ducted by James et al. (2004). While missing the very high star
forming early-type spirals, the James et al. (2004) sample still
displays a range of Ha equivalent widths that is broader than
that of Kennicutt & Kent (1983). Overall, our survey of early-
type spirals encompasses the range of Ha equivalent widths ob-
served by Kennicutt & Kent (1983), Usui et al. (1998), and James
et al. (2004).

Seyfert galaxies were not included in the Kennicutt & Kent
(1983) and Usui et al. (1998) samples. The nonstellar emission
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from Seyfert nuclei can potentially increase the Ha equiva-
lent widths of galaxies, although it is really obvious only for
one galaxy in our sample: NGC 4151. Nevertheless, in order
to remove any doubt about the influence of Seyfert galaxies,
we have plotted our Ha equivalent widths again in the bottom
panel of Figure 9 after excluding the nine Seyfert galaxies in
our sample. The overall trend of Ha equivalent widths is un-
affected, suggesting that the presence of Seyfert nuclei does
not dominate the global Hae emission of these early-type spiral
galaxies.

5.2. Morphological Classifications: RC2 versus RSA

There are at least two reasons for the differences between
our results and those of Kennicutt & Kent (1983). First, a signif-
icant fraction of the early-type spirals with high Ha equivalent
widths reside in the southern hemisphere, and most galaxies in
Kennicutt & Kent’s sample are located in the northern hemi-
sphere. The biggest factor, however, may be the systematic dif-
ference in the morphological classification of galaxies between
the Revised Shapley-Ames Catalog (RSA; Sandage & Tammann
1981) used by Kennicutt & Kent (1983) and the NBG (Tully
1988) used by us. The NBG adopted most of the morphologi-
cal classifications from the Second Reference Catalogue (RC2;
de Vaucouleurs et al. 1976). We have listed the classifications
from all three catalogs in Table 5 for the early-type spirals in our
study. There is, in general, good agreement among the differ-
ent catalogs for category 1 early-type spirals. For category 2 gal-
axies, however, the RSA has systematically classified them as
galaxies of a later type. Figure 10 illustrates systematic differ-
ences in classification between the RSA and the RC2. Whereas
the misclassifications of category 1 galaxies tend to be ran-
dom, the misclassifications of category 2 galaxies are biased
toward the later types.

HDO99 related the reason for these systematic differences to
the subtle differences in the criteria used to classify spiral gal-
axies. The RC2 uses all three Hubble criteria for classifying
spiral galaxies: the size of the bulge, the pitch angle, and the res-
olution of the spiral arms (de Vaucouleurs 1959). On the other
hand, RSA classifications of spiral galaxies are based only on
the characteristics of the spiral arms (Sandage 1961), which,
in turn, are directly correlated with star formation. The Carnegie
Atlas of Galaxies (Sandage & Bedke 1994) suffers from the
same morphological bias: whereas the resolution of spiral arms in
the Carnegie Atlas is replaced by a more useful parameter, the
star formation rate as determined by the Ho emission, the
classification of Sa—Sab galaxies still follows that of the RSA.
This is surprising, since the Carnegie Atlas, unlike the RSA,
proclaims to include bulge size as one of the classification
criteria. However, a closer inspection of the two catalogs
shows that the classifications of Sa and Sab galaxies are almost
identical, with only one exception: NGC 5121 changed from
being an S0(4)/Sa in the RSA to being an Sa in the Carnegie
Atlas.

Thus, we maintain that the wide variety of results in the
published literature concerning the systematics of massive star
formation along the Hubble sequence can be traced directly to
these subtle differences in classification schemes between the
RSA and the RC2. Kennicutt & Kent (1983) quite likely over-
looked several of the most prolifically star-forming early-type
spirals because they were classified as later types in the RSA.
Our view today of massive star formation along the spiral
Hubble sequence may have been quite different if previ-
ous investigators had exclusively adopted the RC2 classification
scheme.
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TABLE 5
MORPHOLOGICAL CLASSIFICATIONS

Galaxy NBG? RC2° RSA°

Category 1 Early-Type Spirals

NGC 2985 Sab Sab Sab
NGC 5566....cccciiiiiiiieieeieeeeeieiees Sab Sab Sa
NGC 5728 Sa Sa Sb
NGC 3717 Sab Sb Sb
NGC 5188 Sa Sb Sbe
NGC 1398 Sab Sab Sab
NGC 3471 Sa Sa .
NGC 3885 Sa S0/a Sa
NGC 3718 Sa Sa Sa
NGC 1482 Sa S0/a S
NGC 4725 Sab Sab Sb
NGC 3031 Sab Sab Sb
NGC 1022 Sa Sa Sa
NGC 2775 Sab Sab Sa
NGC 1371 Sa Sa Sa
NGC 1350 Sab Sab Sa
NGC 3898 Sab Sab Sa
NGC 3368 Sab Sab Sab
NGC 1433 Sa Sa Sb
NGC 4594 Sa Sa Sa/Sb
NGC 7172 Sab Sab

NGC 2273 Sa S0/a ...
NGC 4450 Sab Sab Sab
NGC 4274 Sab Sab Sa
NGC 1515 Sa Sbc Sb
NGC 7814 Sab Sab Sab
NGC 1617 Sa Sa Sa
NGC 3623 Sa Sa Sa
NGC 4845 Sa Sab Sa
NGC 4419 Sa Sa Sab

Spirals

NGC 4151 i Sab Sab Sab
NGC 5915.ciiiieeeeeeeeeeeeeiene Sab Sab Sbe
NGC 5156 Sa Sab Sbe
NGC 3504 Sab Sab Sb
NGC 7552 Sab Sab Sbe
NGC 986.... Sab Sab Sb
NGC 972.... Sab S0/a Sb
NGC 6810...... Sa Sab Sb
1108-48 .......... Sab
NGC 7582...... Sab Sab Sab
NGC 7213 Sa Sa Sa
NGC 3169 Sa Sa Sb
NGC 4750 Sab Sab Sb
NGC 4192 Sab Sab Sb
NGC 3705 Sab Sab Sab
NGC 4369 Sa Sa Sc
NGC 4984 Sa .. Sa
UGC 3580 Sa
NGC 4736 Sab Sab Sab

* Nearby Galaxies Catalog (Tully 1988).

® Second Reference Catalogue of Bright Galaxies (de Vaucouleurs et al. 1976).

° A Revised Shapley-Ames Catalog of Bright Galaxies (Sandage & Tammann
1981).

5.3. Interaction-induced Massive Star Formation?

One of the most important results from our survey has been
the discovery of a significant fraction of early-type spirals with
giant H 1 regions and star formation rates comparable to those
found in late-type spirals. Since the majority of Sa—Sab galaxies
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Fic. 10.—Comparison of morphologies from the RSA and RC2. The RC2
is used as the reference catalog for Sa—Sab classifications. A “0”” means that
classifications match between the RC2 and the RSA. Differences in classifica-
tions for category 1 galaxies are random. However, category 2 galaxies are pref-
erentially classified as later types in the RSA. See text for details.

have more modest star formation rates, it is pertinent to ask
whether those with high star formation rates are going through a
temporary phase of enhanced star formation.

Studies over the past decade have exposed dynamical or mor-
phological anomalies, such as counterrotating disks, shells, and
disturbed bulges, in a number of early-type spirals. Such fea-
tures represent the fossilized signatures of an interaction or a
minor merger that occurred in the distant past (Schweizer 1990;
Hernquist & Spergel 1992). While most of these galaxies are
quiescent today, they may well have experienced a temporary
phase of enhanced star formation during a gravitational en-
counter with another galaxy.

It is well established that interacting galaxies exhibit higher
levels of Ha: (Kennicutt et al. 1987) and FIR emission (Bushouse
1987) compared to a sample of isolated galaxies, suggesting el-
evated levels of star formation. We suspect that a large fraction of
nearby early-type spirals are going through an interaction or are in
the process of swallowing a smaller galaxy. Tentative support for
this idea comes from recent H 1 observations. In a study of seven
Sa—Sab galaxies with high levels of Ha emission, Hameed &
Young (2003) find unambiguous signs of recent interactions in
six of these galaxies. Interaction signatures include H 1 tidal tails
(NGC 972, NGC 3885, and NGC 7213) and neutral hydrogen
bridges connecting neighboring galaxies (NGC 3471, NGC 5915,
and NGC 7582).

Some of the dispersion seen in the Ha equivalent width versus
(B — V) plot of Figure 8 may also be attributed to interactions.
Kennicutt et al. (1987) find a similar dispersion in their sample of
interacting galaxies that can be explained by superposing a burst
of star formation on an evolved stellar population. The strength of
the burst and the location of a galaxy on the plot, of course, depend
on a number of parameters, including the extinction, the gas content,
and the orbital parameters of the interaction. Nevertheless, the dis-
persion of colors and Ha equivalent widths seen among early-type
spirals is reminiscent of that seen among the interacting galaxies,
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Fic. 11.—Histograms illustrating the ratio of Ha emission from the central
1 kpc to total Ha luminosity for barred and unbarred galaxies.

providing further support for the idea that elevated star formation
may only be a temporary phase for these nearby early-type spirals.
It should be noted, however, that not all interacting early-type
spirals exhibit unusually high FIR or Hae emissions. For example,
H1maps of M81 (Yun et al. 1994), NGC 3368 (Schneider 1989), and
NGC 4725 (Wevers et al. 1984) reveal unambiguous interaction
signatures, and yet Ho imaging reveals relatively little evidence for
enhanced star formation. On the other hand, it is to be expected that
the H 1 signature of an interaction will last far longer than the asso-
ciated episode of massive star formation that the interaction causes.

5.4. Influence of Bars on Early-Type Spirals

It is now well documented that the presence of a bar in a
galaxy can induce star formation either at the ends of the bar or
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Fic. 12.—Correlation between the ratio of Ha emission from the central 1 kpc
to total Ha luminosity vs. total Ha luminosity for barred and unbarred early-type
spirals. [See the electronic edition of the Journal for a color version of this figure.]
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in the nuclear and circumnuclear regions. The influence of
bars on global star formation rates has been the subject of many
studies over the past few decades and has led to the consensus
that there are no significant differences in global massive star
formation rates between barred and unbarred galaxies (e.g., Ryder
& Dopita 1994; Tomita et al. 1996). However, there is some evi-
dence that nuclear star formation appears to be enhanced in early-
type barred spirals compared to that in their unbarred counterparts
(Devereux 1987; Huang et al. 1996; Ho et al. 1997). Such an effect
is not seen in late-type spiral galaxies and may be related to the
location of the inner Lindblad resonance (ILR), which is de-
pendent on the central mass distribution. The ILR in an early-
type spiral is expected to be located inside the bar and closer to
the nucleus than in a late-type spiral (Elmegreen & Elmegreen
1985); thus, it can transfer gas more efficiently to the central re-
gion of the galaxy, triggering star formation. It should be noted,
however, that not all barred early-type spirals have enhanced nu-
clear star formation; thus, the mere presence of a bar is not suf-
ficient for nuclear star formation to occur.

Our sample of 51 Sa—Sab galaxies provides an ideal op-
portunity to study the effects of bars on these bulge-dominated
galaxies. Our sample includes 29 barred galaxies (including the
intermediate types classified as “X”” in the NBG [Tully 1988] or
“SAB” in the RC2 [de Vaucouleurs 1959]), 17 unbarred gal-
axies, and five galaxies with no classification (Table 4). Figure 11
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shows the histogram of the ratio of Ha emission from the cen-
tral 1 kpc (diameter) region to the total Ho emission for barred
and unbarred early-type spirals. We do not find a statistically
significant difference between barred and unbarred galaxies in
the fraction of the global Ha emission that is radiated by the nu-
cleus. Similarly, Figure 12 plots the total Ho luminosity against
the ratio of nuclear-to-total Ho luminosity, and again we find no
effect due to the presence of a bar. However, the histogram of
nuclear (1 kpc) Ha luminosity (Fig. 13) appears to be slightly
enhanced in barred early-type spirals compared to that in un-
barred galaxies, consistent with earlier studies (Devereux 1987;
Huang et al. 1996; Ho et al. 1997).

Thus, we find some evidence that bars in early-type spirals
may enhance the nuclear Ha luminosity, but the picture is far
from clear. We have examples of barred galaxies with nuclear
starbursts (e.g., NGC 3504 and NGC 1022), barred galaxies with
virtually no star formation in the nuclear region (e.g., NGC 1398
and NGC 1350), unbarred galaxies with nuclear starbursts (e.g.,
NGC 3885), and an unbarred galaxy, NGC 7213, with a circum-
nuclear star-forming ring.

6. CONCLUSIONS

We have presented results from an Ho imaging survey of
51 nearby Sa—Sab galaxies. Our images indicate that, contrary to
popular perception, early-type spirals are, in fact, a diverse group
of galaxies that span a wide range of massive star formation rates
and star formation histories. Some of the diversity is attributed to
ongoing star formation induced by interactions or mergers. Our
Ha images also show that giant H i regions [L(Ha) > 10% ergs
s~ 1] do exist in the disks of some early-type spirals, thereby dis-
pensing with the need for a special, different, or biased initial mass
function in early-type spirals. In addition, we have established
an essentially one-to-one correspondence between the spectro-
scopically classified LINERs and the existence of an extended
and diffuse component of Ha emission under the bulges of the
LINER host galaxies. We also find a systematic difference be-
tween the morphologies of galaxies in the Revised Shapley-
Ames Catalog and those in the Second Reference Catalogue
that may be responsible for the contrasting results in the pub-
lished literature concerning massive star formation rates among
the Hubble sequence of spiral galaxies.

The authors would like to thank René Walterbos for pro-
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