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ABSTRACT

We present some results of a major new multiband imaging survey of 34 nearby southern spiral galaxies.
Images in V, I, Ha, and the adjacent red continuum have been obtained using a CCD and focal reducer on
the 1.0 and 2.3 m telescopes at Siding Spring Observatory. Surface photometry using the GASP software
package is used first to derive the disk orientation parameters, then to provide deprojected radial surface
brightness profiles for each galaxy in V and I, as well as the continuum-subtracted Ha, which traces the
present-day rate of massive star formation. In the outer disk, the Ha profile can be reasonably well fitted by
an exponential disk, but with a scale length much longer than the V scale length, which itself tends to be
slightly longer than the I scale length. An almost universal relationship is observed in the disk between the Ha
surface brightness and the I-band surface brightness at a given radius, with any residual offset from the mean
trend being a weak function of the morphological type. Thus the rate of massive star formation per unit area
in the disk is closely related to the old stellar mass surface density at each radius, and to the mean H 1 surface
density in the disk as a whole. This forms the basis for a law of (or rather, a constraint on) massive star
formation in the disks of spiral galaxies, one that has a surprising degree of independence from both galactic

dynamics and molecular gas content.

Subject headings: galaxies: photometry — galaxies: spiral — galaxies: stellar content — stars: formation

1. INTRODUCTION

In spite of some remarkable recent advances in fields such as
infrared and submillimeter astronomy, there is surely still
much to be learned about the evolution of spiral galaxies from
the optical wavelength regime. One of the most fundamental
and physically meaningful quantities that can be measured in
nearby galaxies is the run of surface brightness (azimuthally
averaged) with radius. When properly measured, surface
brightness (usually expressed in magnitudes per square arc-
second through a given filter) can be related to a surface
luminosity density and has the advantage that it is a distance-
independent quantity. However, conversion to a surface
density of total mass requires the adoption of a mass-to-light
ratio, whose absolute value and variation within the disks of
spiral galaxies is still not well understood. The M/L value
required to fit the observed rotation curves appears to be a
complex function of the galaxy mass, morphological type, and
disk inclination (Kent 1986). The existence of radial color gra-
dients complicates matters further by signalling that the stellar
age distribution and metallicity, and hence the mass-to-light
ratio, probably also varies with radius in the disk (see the
review by Casertano & van Albada 1990).

The use of various filters to separate out the stellar popu-
lations can be particularly instructive. In nearby spiral gal-
axies, the Johnson V band highlights the populous A-type
dwarfs of intermediate age, as well as the more evolved giants
(Mattila 1980; Kennicutt 1986; Bica 1988), while the I-band
filter brings out mainly the older K-type giant population (and
in addition, suffers less absorption due to dust than the bluer
filters). At the other extreme, narrow-band images centered on
the Ha emission line at 6563 A can be used as a quantitative
tracer of the rate of massive (X 10 M), and therefore recent
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(107 yr), star formation (Kennicutt 1983, hereafter K83). To
date, very little has been done to compare the results from
broad-band and narrow-band surface photometry, other than
the study by Kennicutt (1989, hereafter K89), who found a
good 1:1 correlation between the scale lengths.

Ryder & Dopita (1993, hereafter Paper I) present Ha images
for 25 galaxies, obtained as part of a major CCD imaging
survey of large, nearby southern spiral galaxies, carried out
using a focal reducer on both the Mt. Stromlo and Siding
Spring Observatories 1.0 and 2.3 m reflectors. The aim has
been to use as much as possible the same imaging setup and
analysis technique throughout so that results can be compared
directly, rather than drawing together results for a mixture of
filters, telescopes, and detectors from a variety of sources in the
literature. In this way, it is hoped that new observational con-
straints may be placed upon the plethora of star formation
prescriptions proposed to date (Matteucci 1989, and references
therein). The difficulty in settling upon a unique form for the
star formation law seems to be related to the fact that there are
as yet insufficient observational constraints, as well as the fact
that the coupling with the Initial Mass Function (IMF), whose
form and behaviour both within and between individual gal-
axies is still not adequately constrained, remains uncertain.

How then is the present-day rate of massive star formation
related to the underlying old stellar population in spiral disks?
Does the new star formation indeed follow the pattern of the
old (and thus preserve disk scale lengths), or is it dictated
instead by the present-day gas distribution, as predicted by
Schmidt-type laws for star formation? In this paper we
compare the Ha surface brightness at each radius in the disk
with the I-band surface brightness at that same radius to see if
there is a meaningful relation between the two, as well as
whether such a relationship is universal across all galactic
disks.

We start by reviewing the observation and data reduction
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procedures, and discuss the surface photometry analysis and
flux calibration. The derived radial profiles are presented in § 3,
and the inferred disk scale lengths in each filter are discussed in
§ 4. We demonstrate in § 5 that a universal relationship
between past and present star formation in galactic disks of the
type sought does in fact exist, and also consider its dependence
on other factors. We close with a discussion in § 5.2 of the
implications of our findings with regard to the evolution of
normal disk galaxies. In a companion paper (Dopita & Ryder
1994, hereafter Paper II), we use this new observational
relationship to examine critically many of the star formation
prescriptions currently in vogue, and then describe a new
mndel for star formation in galactic disks that includes a
dependence on both the surface density of gas and of total
mass, and that actually satisfies our observational relationship
quite well.

2. IMAGE REDUCTION AND ANALYSIS

2.1. CCD Imaging

The sample selection criteria, imaging setup, and observa-
tional procedure have already been described in Paper I and
will be reviewed only briefly here. The sample galaxies all lie
south of declination + 15°, with heliocentric velocities no
greater than + 1850 km s ™. The full range of Hubble subtypes
from SO to Sm has been covered. A focal reducer was employed
at the f/18 focus of both the 1.0 and 2.3 m telescopes in order to
provide a CCD pixel scale of 1726 pixel ! and 0754 pixel !
respectively, and a usable image area (limited mainly by filter
vignetting) of diameter ~8 and ~ 35 respectively. For the
narrow-band imaging, three consecutive 1000 s exposures
through the appropriate 15 A bandpass Ha filter were followed
by two more exposures of 500 s through a 55 A filter centered
on 6676 A, which isolates the nearby red continuum due to
foreground stars, ionizing clusters, and the unresolved stellar
population. Exposures were made only under photometric
conditions, and 300 s exposures of three planetary nebulae in
the Large Magellanic Cloud having well-determined fluxes
(Meatheringham & Dopita 1991a, b, and references therein)
were obtained at least once each night to furnish an absolute
Ho flux calibration.

The Ha and red continuum images were accompanied by
broad-band imaging using filters virtually identical to those
specified by Bessell (1990) for CCD systems: V =2 mm of
GG495 + 3 mm of BG39, and I = 3 mm of RGY (difficulties
with cementing the elements together forced the omission of
the 2 mm of WG305, which serves only as a fill). Two expo-
sures, each of 500 s, were taken per filter. Each set of galaxy
images was bracketed by images of E-region standards
(Graham 1982). These provided an absolute magnitude cali-
bration, as well as a continual monitoring of the atmospheric
transparency. Multiple images of the twilight sky in all filters
were taken for flat-fielding the narrow-band and broad-band
data.

Standard CCD reduction techniques have been performed
using the CCDRED tasks within version  2.9.1 of the IRAF?
package. All images were debiased and then flat-fielded using a
master flat-field, constructed by averaging the individual, non-
registered twilight flat-fields, together with a +3 ¢ clipping to
eliminate cosmic rays and stars. To form the final image of

2 IRAF is distributed by the National Optical Astronomy Observatories,
which is operated by the Association of Universities for Research in
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each galaxy in each filter, the component images were regis-
tered using foreground stars, scaled to a common mode, and
then either (1) they were averaged with +3 ¢ clipping (in the
case of the three Ha images), or (2) the maximum value at each
pixel was rejected (for the two red continuum images), or else
(3) a simple averaging was used (for the two V and I images).
This prevents any cosmic rays from degrading the continuum-
subtracted Ho image, while the surface photometry software
used is relatively immune to cosmic rays, foreground stars, and
cosmetic defects in the CCD. Last, the red continuum image
was sky-subtracted, registered, and suitably scaled before being
subtracted from the Ha image, to yield a pure Ha line emission
image.

Aperture photometry of the E-region standards, after extinc-
tion corrections, has been used to define the magnitude zero
point of each broad-band galaxy image. The rms scatter
between the 3-6 E-region standards available per frame was
typically ~0.03 mag. From aperture photometry of the LMC
planetary nebulae, a system sensitivity was derived based on
the procedure of Jacoby, Quigley, & Africano (1987), with
allowance made for the effects of ambient temperature and
object redshift on the effective transmission of the Ha filters.
The planetary nebulae fluxes were found to disagree consis-
tently by some 15%, although the relative flux calibration from
night to night, using a flux-weighted mean sensitivity, should
still be much better than this.

2.2. The Galaxy Surface Photometry (GASP) Package

The GASP software package within the Starlink suite of
astronomical software was chosen for the surface photometry
analysis. This software, originally written by M. Cawson for
the VAX/VMS operating system, has been ported to a Unix
environment in order to make use of the increased speed
and data handling capabilities of modern Unix-based work-
stations.

Preparation for the surface photometry involves, first, con-
verting the pixel values from real numbers to integers in the
range from 0 to 32,767, followed by masking out of the
vignetted corner regions and bad columns in all the images
(and additionally in the case of the continuum-subtracted Ha
images, any incompletely subtracted stellar residuals). The sky
background is determined from the modal peak of the histo-
gram of all data values within 20 pixels of the image border.
The mean sky brightness in V and I for our data set was found
to be 21.0 + 0.2 and 19.2 + 0.3 mag arcsec” 2, respectively,
which is in good agreement with the typical values for Siding
Spring at New Moon: 21.5 and 19.3 mag arcsec 2, respectively
(Robinson et al. 1989). Finally, the galaxy nucleus is identified
interactively, and any particularly bright stars or cosmic rays
that may upset the statistical analysis are masked out with
data values that will be ignored by the analysis software.

The GASP algorithm has already been described elsewhere,
for example, by Davis et al. 1985 and Jedrzejewski (1987).
Briefly, GASP iteratively attempts to fit ellipses of a specified
semimajor axis to the galaxy image, varying the ellipticity and
position angle (but in this case holding the ellipse center fixed
at the position of the nucleus) so as to minimize residuals
about the mode of the pixel values around the ellipse perimeter
(or at larger radii, pixel values within elliptical annuli). The
software uses a variation on the technique of Fourier descrip-
tors in order to characterize the deviations from a perfect
ellipse, and to identify the parameter (ellipticity or position
angle) most in need of adjustment. When a satisfactory fit is
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achieved, it repeats the process for progressively larger ellipses
(the semimajor axis being increased by 15% each time) until
either the sky background is reached, or less than 60% of an
ellipse will fit on to the image. The output file lists the optimum
ellipticity and position angle for each semimajor axis, together
with both the modal and the mean pixel intensities calculated
in annular sectors around each ellipse. For the broad-band
images, the modal intensities are best, as they are insensitive to
foreground stars and cosmic rays. For the Ha images, however,
it is necessary to employ the mean pixel intensities to smooth
over the resolved H 1 regions and spiral arm structure. The
last step is the conversion of the appropriate pixel intensities at
each radius to absolute surface brightness, using the magnitude
zero point defined by the E-region standards, and applying
corrections for atmospheric plus Galactic extinction. The rela-
tive extinction in V and I was taken as 0.784; and 0.38A4,
respectively (where Ay is the Galactic extinction in B), based on
Savage & Mathis (1979) and A, = 3.1E(B—V).

To begin with, the analysis was run separately on the ¥ and
the I images of each galaxy. The resultant ellipse parameters at
the 22.5, 23.0, and 23.5 mag arcsec ~ 2 levels in both images were
examined to decide upon the most likely inclination and posi-
tion angle of the disk. The radial intensity analysis was then
repeated with the ellipse parameters held fixed at these values.

. The resulting surface brightnesses have been “deprojected ” to

face-on by subtracting a geometrical factor of 2.5 log (cos i) at
all radii (Boroson 1981; but see also Kent 1985, who advocates
an empirical factor of 1.7 log [cos i]). In doing so, we have
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implicitly assumed the disk to be optically thin (but see Disney,
Davies, & Phillipps 1989 for a contrary view) and dust-free. In
this way, we have attempted to simulate the surface photom-
etry that would result if we could view all the spiral disks
from face-on.

After identifying the nucleus position, the same disk param-
eters and surface photometry procedure were applied to the
continuum-subtracted Hx image (except that mean pixel inten-
sities have been considered). The mean Ha surface brightness is
defined in a manner analogous to the broad-band data, with
the relative extinction at Ha of 0.64A4 5. Again, the Ha disk has
been assumed to be optically thin, and the mean surface bright-
ness as a function of radius deprojected to face-on. An Ha
surface brightness zero point of +24.0 mag arcsec™ 2 has been
adopted (mainly for convenience in the plotting), correspond-
ing to an Ha flux density of 107!° ergs cm 2 s™* arcsec™2
reaching the top of the Earth’s atmosphere. Following K83, an
extra 1.1 mag mean extinction correction has been applied to
the Ho fluxes so as to make some allowance for absorption by
the dust internal to the H 1 regions themselves.

3. RADIAL SURFACE BRIGHTNESS PROFILES

The relevant parameters for each of the 34 galaxies for which
a complete set of V, I, and continuum-subtracted Ha images
were obtained from either the 1.0 or 2.3 m telescopes are listed
in Table 1. The morphological types, optical heliocentric veloc-
ities, and isophotal major diameters D, are taken from de
Vaucouleurs et al. (1991, hereafter RC3), the distances R are

TABLE 1
GALAXIES IMAGED IN THIS SURVEY

Vaer R Ap Telescope

Galaxy Type (kms™')  (Mpc) i (mag) D, (m)
NGC45 ............... SA(s)dm 468 59 43° 0.05 85 1.0
NGC1187............. SB(r)c 1546 16.3 42 0.00 5.5 1.0
NGC1313 ............. SB(s)d 446 45 41 0.04 9.1 1.0
NGC1398 ............. PSB(r)ab 1491 16.1 47 0.00 71 1.0
NGC 1637 ............. SAB(rs)c 710 8.9 41 0.12 4.0 1.0
NGC1640............. SB(r)b 1643 19.1 13 0.00 2.6 2.3
NGC 1688 ............. SB(rs)d 1223 13.5 50 0.00 14 2.3
NGC1744 ............. SB(s)d 643 7.8 66 0.00 8.1 1.0
NGC 1808 ............. RSAB(s)a 1014 10.8 68 0.06 6.5 1.0
NGC2217 ... SB(rs)0*(R) 1609 19.5 23 0.14 4.5 1.0
NGC2427 ............. SAB(s)dm 972 10.9 72 0.73 5.2 1.0
NGC2442 ............. SAB(s)bc(P) 1399 17.1 62 0.70 55 1.0
NGC2835 ............. SB(rs)c 876 10.8 51 041 6.6 1.0
NGC2997 ............. SAB(rs)c 1090 13.8 47 0.51 89 1.0
NGC3059 ............. SB(rs)bc 1292 14.8 23 0.77 3.6 2.3
NGC3115............. SO0~ (sp) 670 6.7 64 0.10 72 1.0
NGC3175............. SAB(s)a? 1095 149 78 0.24 5.0 1.0
NGC3351 ............. SB(r)b 771 8.1 45 0.05 74 1.0
NGC3368............. SAB(rs)ab 943 8.1 48 0.06 7.6 1.0
NGC3423 ............. SA(s)cd 835 109 33 0.08 38 23
NGC3593 ............. SA(s)0/a: 624 55 70 0.00 52 1.0
NGC3621 ............. SA(s)d 623 71 67 0.40 123 1.0
NGC4192.............. SAB(s)ab —126 16.8 81 0.14 9.8 1.0
NGC4548 ............. SB(rs)b 498 16.8 40 0.07 54 1.0
NGC 5068 ............. SAB(rs)cd 537 6.7 29 0.31 7.2 1.0
NGC5643 ............. SAB(rs)c 1163 169 23 0.41 4.6 1.0
NGC6118 ............. SA(s)cd 1586 25.4 68 0.46 4.7 1.0
NGC6384 ............. SAB(r)bc 1690 26.6 46 0.41 6.2 1.0
NGC6744 ............. SAB(r)bc 730 104 47 0.11 20.0 1.0
NGC 7205 ............. SA(s)bc 1482 20.5 60 0.00 4.1 1.0
NGC7424 ............. SAB(rs)cd 914 11.5 28 0.00 9.5 1.0
IC4710 ................ SB(s)m 741 8.9 31 0.38 3.6 1.0
IC5201 ......eeeeee SB(rs)cd 844 11.1 62 0.00 8.5 1.0
IC5332 oooviiieinnen, SA(s)d 706 8.4 31 0.00 7.8 1.0
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from Tully (1988), and the Galactic blue extinction values Ag
are from Burstein & Heiles (1984). The inclinations i are those
determined from this study, and are calculated from g, the
apparent minor-to-major axis ratio by

2 2
cos?i= ql — ;%O 1

(Hubble 1926), where g,, the intrinsic axis ratio, is taken to be
0.2 after Holmberg (1946), although it is quite likely a weak
function of the morphological type (Heidmann, Heidmann, &
de Vaucouleurs 1972). Figure 1 is a plot of the predicted incli-
nations using the axis ratios in RC3 against those derived from
the GASP axis ratios. With two exceptions, the agreement is
quite satisfactory. For NGC 1640, GASP derives a lower incli-
nation than RC3 (i = 13° against i = 40°), but a higher value
for NGC 2442 (i = 62° as against i = 28°). Tully (1988) sug-
gests i = 0° and 28°, respectively, while Lauberts & Valentijn
(1989) claim i = 59° and 74°, respectively, from ellipse fitting to
the octants of the B-band images. While NGC 1640 has a
distinctly elliptical central bar and ring, the outer arms form a
loose, nearly circular ring, giving support to the lower inclina-
tion derived by GASP. The case of NGC 2442 is somewhat
more complicated (Paper I). The dominance of the asymmetric
arms complicates the disk orientation analysis, but by the same
token casts some doubt on the usefulness of assigning a charac-
teristic surface brightness at each radius in this particular case.
Figure 2 displays all of the deprojected surface brightness
profiles as functions of radius from the galaxy center, using the
distances and fixed ellipse inclinations given in Table 1. The
I-band profiles (usually the uppermost ones) are marked with
the symbol “L” the V profiles by a “V,” and the Ha profiles by
“o.” Occasionally, the Ha surface brightness has dropped too
close to the sky to be reliable (e.g., NGC 1637); in such cases,
the points have not been plotted, and a straight line has been
used instead to join the surrounding points which do have
sufficient signal-to-noise. The dominant source of error is gen-
erally in the determination of the sky background. Although
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F1G. 1.—Comparison of the disk inclinations derived from major-to-minor
axis ratios in RC3, and those from the GASP analysis. The dashed line indi-
cates one-to-one correspondence.

STAR FORMATION IN GALACTIC DISKS 145

upwards of 30,000 pixels would be used in forming the histo-
gram, this merely allows us to compute the mode of the border
pixel intensities to a high accuracy, and still may not necessar-
ily reflect the true sky value. Because of our limited field cover-
age, there is an increased bias toward overestimating the sky
brightness, which would cause our profiles to curve down-
wards at large radii. Indeed, there is evidence in Figure 2 of
such behavior in some cases, especially among the I-band pro-
files (where field coverage is most limited), which may be indic-
ative of oversubtraction of the sky level. We should be wary of
attaching too much significance to the outermost points.

Error bars have been left off so as not to unduly clutter the
plots. The standard deviations, calculated from Gaussian fits
to the pixel intensity histograms at each radius, are not good
indicators of the measurement errors as such; rather they
reflect the difficulties in assigning a characteristic intensity as
the constrained ellipses cut across spiral arms or resolved H 11
regions, as well as the scatter introduced by CCD readout
noise and any residual flat-fielding errors. By taking at least 40
samples per ellipse in the inner regions (using bilinear inter-
polation between pixels if necessary) and up to 9000 samples
per ellipse in the outer disk, the true characteristic surface
brightness can, in principle, be determined to a much greater
accuracy than this. We show in Figure 3 the purely statistical
error bars for the surface photometry of NGC 4548, calculated
using an approach due to R. J. Buta (1993, private
communication). In the bulge and inner disk, the dominant
source of error is the residual scatter in the photometric stan-
dards; however, as the surface brightness drops below 1% of
the night sky (marked by the dashed line), the error bars grow
rapidly, due to the limit set by uncertainty in the sky level. By
varying the width of the border strip used to construct the sky
histogram, we estimate this uncertainty to be on the order of
0.5%, 0.1%, and 0.3%, respectively, for the V, I, and Ha
images of NGC 4548. Although based on only one particular
galaxy, Figure 3 is intended to serve as a guide to the relative
uncertainty to be expected at any given surface brightness in
each of the filters for the sample as a whole.

We have compared the GASP radial profiles with those pro- -
duced using equivalent routines within the IRAF package. For
both the broad-band and narrow-band data, the profiles
exhibit quite similar behavior, and seldom differ by more than
0.2 mag arcsec ™ 2. We have also been able to compare the Ha
surface photometry of NGC 1313 with an image obtained
using TAURUS II and a CCD on the 3.9 m Anglo-Australian
Telescope (affording better spatial resolution and an order of
magnitude greater sensitivity). Despite half a magnitude or so
of disagreement in the bar region, the agreement in the outer
disk is seen to be very good, with many trends in the AAT data
being followed closely by the 1.0 m profile. Finally, we have
been able to compare our free-fitting GASP results with a
similar analysis by Prieto et al. (1992) in V and I for NGC
6118. Both the optimum ellipticity and the derived surface
brightness profiles are in extremely good agreement, although
there does appear to be a zero-point discrepancy between the
I-band results (Ryder 1993).

4. DISK SCALE LENGTHS

A close inspection of the deprojected Ha profiles in Figure 2
will show that although the majority can be fairly well fitted by
exponential disks, their scale lengths are nearly always longer
than the corresponding broad-band profiles. This contradicts
the K89 result, but is in agreement with the findings of Dopita,

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


http://adsabs.harvard.edu/abs/1994ApJ...430..142R

o,
[N
(]

A

). D I480; 0

NGC 45 SA(s)dm NGC 1187 SB(r)c

=\
2

T T T L !

™ T r—r T

L

g 4
4 e
8 CR
;n @ A T
£ 1 E |
0 ) 4
5 o & o]
- T £ 0 ﬁ .
20 B
2 el | N
s 8| g *
a 8 f : i
5 5 ]
Wg ! ! ! ngl..l — L e

0 2 4 6 8 0 5 10 15 20 25

Radius (kpc) Radius (kpc)
© NGC 1313 SB(s)d NGC 1398 PSB(r)ab

! T v MR

Surface brightness (mag arcsec™?)

Surface brightness (mag arcsec—z)

g....l. PP B Ao g a4
0 5 10 15 20 25
Radius (kpc) Radius (kpc)

NGC 1637 SAB(rs)c

T T

NGC 1640 SB(r)b

Surface brightness (mag arcsec™?)
1
Surface brightness (mag arcsec™2)

1 - Il

0 5 10 0 5 10

Radius (kpc) Radius (kpc)

F1G. 2.—Plots of the deprojected surface brightness radial profiles for each of the 34 galaxies in our survey. The central surface brightness of NGC 3115 is so high
that the I-band radial profile is saturated in the nucleus.

146

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


http://adsabs.harvard.edu/abs/1994ApJ...430..142R

Surface brightness (mag arcsec™?)

Surface brightness (mag arcsec™?)

Surface brightness (mag arcsec_z)

NGC 1688 SB(s)c NGC 1744 SB(s)d
(=}

N T T T T v

allU
(V]
7]
2
©
g 0
LIEY ]
121
g !

- 5 of
o N i
2 ;
s 7
s gt :
8 !
= r
3 ;
2] =3 . 1

10 0 5 10

Radius (kpc) Radius (kpc)
NGC 1808 RSAB(s)a 217

NGC 2 RSB(rs)0*

T T

T

Surface brightness (mag arcsec—z)

al PR G  S | RN NS

5 10 15 20 25
Radius (kpc) Radius (kpc)

30
O T r—r—=

o NGC 2427 SAB(s)dm

T

NGC 2442 SB(s)b

—T —~ T

2

Tt

Surface brightness (mag arcsec 2

| 1 al PR Y | S R

. R [
0 5 10 15 0 5 10 15 20 25

30

Radius (kpc) Radius (kpe)

F1G. 2—Continued

147

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


http://adsabs.harvard.edu/abs/1994ApJ...430..142R

Surface brightness (mag arcsec™?) Surface brightness (mag arcsec™?)

Surface brightness (mag arcsec™?)

20

NGC 2835 SB(rs)c

T

T

el A 1

™

NGC 3059

5 10

Radius (kpc)

SB(rs)bc

—~
i N
1 ]
4 4]
i )
| ]
— 135]
H b
o
4
! ag
! o
: g
-
- 7]
| 7]
! g
B -
- =
k 5
: 1)
4 o
i o
1 13}
i o
! -
- 12
. 3
” o
15 «
15

A T

NGC 3175 SAB(s)a (?)

4 6
Radius (kpc)

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

Radius (kpc)

FiG.

Surface brightness (mag arcsec2)

Surface brightness (mag arcsec—z)

30

. 2—Continued

148

NGC 2997

P

T

SAB(rs)c

™

| ST B

P

10 15
Radius (kpc)

NGC 3115 SO07sp

20

1 " i

5 10
Radius (kpe)
NGC 3351 SB(r)b

5
Radius (kpc)

10



http://adsabs.harvard.edu/abs/1994ApJ...430..142R

Surface brightness (mag arcsec_z) Surface brightness (mag arcsec_z)

Surface brightness (mag arcsec™?)

NGC 3368

SAB(rs)ab

i

Surface brightness (mag arcsec %)

NGC 3423

SA(s)ed

0 5 10 0 2 4
Radius (kpc) Radius (kpc)
NGC 3621

NGC 3593

SA(s)0/a:

30

T 1

Il " 1 A 1

2 4 6 8 10

Surface brightness (mag arcsec™2)

SA(s)d

f

1

0 0 5
Radius (kpc) Radius (kpc)
NGC 4192 SAB(s)ab NGC 4548 SB(rs)b

T T

L Lol ol

5 10 15 20 25
Radius (kpc)

Surface brightness (mag arcsec™?)

T
b

10 15

Radius (kpc)

F1G. 2—Continued

149

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


http://adsabs.harvard.edu/abs/1994ApJ...430..142R

Surface brightness (mag arcsec_z) Surface brightness (mag arcsec_z)

Surface brightness (mag arcsec™%)

NGC 5068

SAB(rs)cd

Surface brightness (mag arcsec2)

Radius (kpc)

NGC 6118 SA(s)cd

- ——— , o~
i

~ 0

L

0

Q

I

®

)

@

g

E

1 «

(7]

0

T =]

s

=

2

(S

4

o

0

d

o

1o

3

N 0

40
Radius (kpc)

NGC 6744

T

SAB(r)be

T

Surface brightness (mag arcsec %)

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

Radius (kpc)

F1G. 2—Continued

NGC 5643 SAB(rs)bc

30

30

20

‘L e e
-
0 .5“ 1.014”15 20‘
Radius (kpe)
NGC 6384 SAB(r)bc
0 10 = 20‘ - 30‘ ‘ 40
Radius (kpc)

NGC 7205 SA(s)be

T
i
|
*
1

it i " i

Lo s

20

L R
0 10
Radius (kpc)


http://adsabs.harvard.edu/abs/1994ApJ...430..142R

Surface brightness (mag arcsec"z)

STAR FORMATION IN GALACTIC DISKS

NGC 7424 SAB(rs)cd

IC 4710

SB(s)m

20

30

1

1

15

o T T o f T T
| 'Q |
Q
g 4 5
a0 & i
o 4 ] |
g E r
~ te) _
n n Q[ F
2 g [
] —~ £  §
= i = |
20 i 20 |
3 3 r 1
° o i'_ j
g 1 2 5
T ! 5 3F 7
1/7] o | [ ' n 1 | . . !
“o 5 10 15 0 5 10
Radius (kpc) Radius (kpc)
IC 5201 SB(I‘S)Cd IC 5332 SA(S)d

Surface brightness (mag arcsec™?)

0 5

10

151

0 5 10

Radius (kpc)

Radius (kpc)

F16. 2—Continued

Forster, & Ferrario (1990) from narrow-band imaging of four
southern late-type spirals. We recall that K89 in fact counted
H 1 regions within elliptical annuli, then appealed to the
apparent radial constancy of the H 1 region luminosity func-
tion in a number of spirals (Kennicutt, Edgar, & Hodge 1989,
hereafter KEH89) to equate star formation distribution with
star formation rate. The similarity in the H n region LF
between the “inner” and the “outer” part of the disk has
recently been confirmed in M 101 by Scowen, Dufour, & Hester
(1992), and in NGC 6814 by Knappen et al. (1993), although
Rand (1992) noticed a difference in their slopes in the inter-
acting spiral M51. The important point is that our technique
integrates all the Ho flux in the elliptical annuli, including the
diffuse component of H 11 emission, which can be significant,
especially in the early-type galaxies and in the interarm
regions.

Since this finding constitutes one of the major results of this
study, it is vital that some time is devoted to validating it, and
ensuring that it is not merely a systematic effect of our
reduction or analysis procedures. One possibility may be that
the red continuum has been oversubtracted. A constant scaling
factor (0.8) was applied to the red continuum images before
subtraction, and found to produce satisfactory removal of both

the resolved and unresolved stellar components. However, as a
check, some of the galaxies with the flattest Ha profiles were
reanalyzed, this time using the Ha plus continuum image.
These images often show scale lengths much more like that of
the V and the I images. However, this means that the pure Ha
disk must indeed have a scale length longer than that of the old
stellar disk, as the relative importance of the red continuum
tends to increase going toward the nucleus. The use of
maximum pixel value rejection (as opposed to a simple
averaging) in forming the red continuum image is not the cause
of problems either since, if anything, it would tend to lead to
undersubtraction of the red continuum. Our 6676/55 filter
samples the red continuum immediately adjacent to the Ha
line, and therefore minimizes any error due to the variation of
the continuum slope around Ha, arising from the radial varia-
tion in stellar population mix implied by the existence of color
gradients.

Extinction by dust is another possibility that needs to be
considered. Since the V and I bands bracket the Ha line, none
of the standard wavelength-dependent extinction models could
explain why the Ha profile should be quite shallow while the V
and I disks are quite similar. Admittedly, the two populations
being imaged (stars and H 11 regions) have quite different scale
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F1G. 3.—Deprojected radial surface brightness profiles for NGC 4548, with
statistical error bars included. The dashed line in each plot marks the surface
brightness equivalent to 1% of the night sky in that filter.

heights and thus differing levels of surrounding dust. But such
a well-defined Ha disk would imply a remarkably smooth and
perhaps universal radial extinction gradient, for which no clear
evidence is forthcoming from combined radio and optical
studies of H 1 regions in nearby galaxies (e.g., Kaufman et al.
1987; Israel & Kennicutt 1980). Furthermore, it will be shown
shortly that there exists a well-defined relationship of the Ha
surface brightness at each radius with the I band surface
brightness at that same radius. Such a relationship ought to be
shattered if extinction was such a dominant factor.

It is possible that comparing modal surface brightness for
the broad-band data with mean surface brightness for the Ha
images is not strictly valid. Since the modal Ha surface bright-
ness is meaningless, some broad-band radial profiles using
mean surface brightness values were computed instead. While
this often did result in the ¥ and I scale lengths being some-
what longer, at best it made them similar to the Ha scale
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lengths. Our inability to mask out every cosmic ray and fore-
ground star in the broad-band images forces us into using the
mode as our parameter of interest. But in the presence of dust
lanes, ionizing clusters, and the like, the most commonly
occurring surface brightness should be our best measure of the
underlying regular stellar population.

The total error bars on each surface brightness point (Fig. 3)
are certainly sufficient in principle to allow the scale lengths all
to be the same. However, this would require a systematic
underestimation in the inner disk, and a systematic over-
estimation in the outer disk. Our correction for deprojection
itself cannot be directly responsible as it is just a constant offset
added to all points on the profile, and is the same for each filter.
Phillipps et al. (1991) and Huizinga & van Albada (1992) both
argue that the disk in fact undergoes a transition from being
optically thin in the outer parts, to becoming optically thick
farther in. This would require us to make a radially varying
deprojection correction, possibly destroying the exponential
character of the Ha disk. Many of our Ha profiles show the
Type II behavior (Freeman 1970), with an apparent deficit of
light in the bulge-disk transition region. Phillipps et al. (1991)
claim to be able to “fix up” such profiles using their absorp-
tion corrections. However, a deficit in star formation activity
between the bulge and the disk is perhaps to be expected if
bar-driven radial gas inflow is occurring, as is seen in most of
the barred spirals in our survey (Ryder 1993).

As mentioned previously, the narrow filter bandpasses can
cause problems if the central wavelength and the galaxy’s red-
shifted Ha are not well matched, and the galaxy has a large
projected rotational velocity width. In such a case, one would
expect to see an apparently fainter outer Ha disk as the outer-
most H 11 regions with the most extreme velocities are carried
outside the peak transmission of the filter. In fact, none of the
highly inclined galaxies in our sample show this behavior, and
in any case, correcting for such filter bandpass effects would

“again tend to lengthen further the Ha disk scale lengths.

It is customary when reducing spectra of H 11 regions for
abundance analyses to increment the equivalent width of the
Hp line by 2 A in order to account for the fact that the HB
emission line sits atop a (not insignificant) Hf absorption
feature in the continuum of the ionizing stars (McCall, Rybski,
& Shields 1985; Roy & Walsh 1987). The effect of underlying
absorption at Ha is far less severe (Kennicutt & Kent 1983),
and we have not attempted to correct for it. Although under-
lying Ha absorption could have an impact in regions of low Ha
equivalent width (i.e., the central regions of the disk), we con-
sider it unlikely that this could account for the flattened Ho
radial profiles.

It is conceivable that contamination of K89’s Ha images by
one or both of the nearby [N 11] lines due to his use of broader
filters could explain the difference in our results, especially if
radial abundance gradients cause the [N 1]/Ha ratio to vary
significantly with radius. By fitting radial plots of the line
intensity ratios from spectrophotometry of H 1 regions in
M101 and M33 by Smith (1975), DeGioia-Eastwood et al.
(1984) found log [N n]/Ha = —0.22 — 1.0(R/R,;). The rela-
tive contribution of [N 1] 46584 in a number of spiral galaxies
in which [N 11] is seen to be strong (and therefore potentially a
major contaminant) has been evaluated, using high-resolution
long-slit spectra along their major axis kindly supplied by D.
S. Mathewson. It is found that in fact the ratio [N 1] 16584/
([N 1] 16584 + Ha) is remarkably constant both within and
between these galaxies at ~0.3. This agrees with the diagnostic

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


http://adsabs.harvard.edu/abs/1994ApJ...430..142R

No. 1, 1994

diagrams of Evans (1986), who finds very little variation in this
ratio for all but the outermost metal-poor H 11 regions. Since
the relative contribution of [N 1] 16584 (and thus that of its
counterpart at 6548 A) is nearly constant with radius, it would
have hardly any effect on the derived scale length of the Ha
disk if the Ha filter was to include this line. Needless to say, it
would be a bizarre coincidence indeed if the effects of [N 11]
contamination were to make the Ha scale length match exactly
that of the broad-band disk.

Perhaps the most likely cause for the scale length differences
between our Ha surface photometry and K89’s H 1 region
counts is the presence of diffuse ionized gas (also referred to as
the warm ionized medium [WIM]; Walterbos 1991). Because
of its low emission measure (~ a few pc cm ~©), the existence of
this component has only recently been conclusively demon-
strated even in the nearby galaxies with the advent of CCD
detectors. However, it is now clear that the WIM may contrib-
ute as much as 10%-40% of the total Ha flux (KEH89; Wal-
terbos 1991), and yet it could not be included in photographic
and H 11 region count analyses. The emission from the WIM is
observed to be strongest close to the major star-forming
regions, and this, coupled with increased blending of the WIM
with proper H 11 regions in the inner disk, may well account for
an increase in the Ha flux in the outer disk over that of the H 11
regions alone, and an apparent flattening of the radial Ha
profile. Whether the source of photoionization for the WIM is
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OB stars or shocks due to supernovae is still unclear; in either
case, however, the WIM is an indirect tracer of massive star
formation that may not have otherwise shown up in the Ha
flux from H 1 regions alone. It is therefore important that its
contribution to the disk star formation rate be included.

To summarize, then, none of the likely sources of systematic
error that we can think of can explain why the Ha disk scale
lengths are longer than those from the broad-band imaging
(indeed, correcting for such errors would only increase the
scale lengths still further), and we must conclude that this is a
real effect. Systematic gradients in either the extinction or in
the IMF cannot be ruled out as the cause, but for lack of any
other conclusive evidence for either of these, we will shortly
examine the case for an increasingly flatter radial distribution
of massive star formation with time.

In order to gain a more quantitative assessment of the scale
length relations, straightforward linear fits to the outer disk V,
I, and Ha profiles have been made (where sufficient reliable
points are available), and scale lengths Ry, R;, and Ry, derived
from these. Table 2 lists these disk scale lengths, which have
measurement uncertainties based on repeatability of order 0.2
kpc. No attempt has been made at bulge-disk decomposition,
as the differing geometries of the bulge and the disk, together
with the presence of a bar component in many cases, makes the
radial profiles in Figure 2 as derived from constrained (as
against free-fitted) ellipses not strictly valid for such an

TABLE 2

DERIVED GALAXY PARAMETERS

NucLear SFR ToraL SFR
ScALE LENGTHS (k
MO MO M@ MO ( pC)

GALAXY yr pc? Gyr yr pc? Gyr R, R, Ry,
NGC45.....ccveennnn. 0.8) 4.9) 22 1.9 5.2
NGC 1187............. 0.21 68 34 6.4 29 4.0 58
NGC 1313............. 0.06 70 1.7 152 1.1 13 1.7
NGC 1398............. 0.04 4 2.5 29 4.0 44 114
NGC 1637............. 0.07 48 0.6 7.0 1.5 1.8 e
NGC 1640............. 0.01 20 1.5 89 1.7 20 28
NGC 1688............. 0.13 169 1.0 13.7 1.5 1.5 1.6
NGC1744............. 0.4) 2.5) 1.8 21 1.6
NGC 1808............. 0.87 96 14 43 2.5 2.7 32
NGC 2217............. 0.14 20 1.7 33 4.6 45 12.1
NGC 2427............. 0.02 13 13 44 31 33 49
NGC2442............. 0.14 20 49 6.0 3.6 39 8.7
NGC 2835............. 4.5 11.1 2.8 32 3.8
NGC 2997............. 0.43 34 8.0 6.3 5.1 5.6 6.5
NGC 3059............. 0.42 368 3.8) (26.9) 2.0 2.1 2.2
NGC 3115............. 0.18 56 0.5 4.0 1.7 1.8 31
NGC 3175............. 12 29 2.3 25 1.6
NGC 3351............. 0.75 93 2.1 8.5 2.1 23 2.4
NGC 3368............. 0.6 23 22 20 6.8
NGC 3423............. (1.2) (11.5) 19 2.1 37
NGC 3593............. 0.19 36 0.3 53 09 1.1 2.5
NGC 3621............. Gl (163) 20 22 24
NGC 4192............. 0.06 8 (2.0) 1.2 5.8 6.5 78
NGC4548............. 0.20 16 2.1 3.6 3.8 3.6 5.1
NGC 5068............. 29 16.0 19 22 22
NGC 5643............. 0.57 63 79 15.8 2.8 31 39
NGC 6118............. 53 4.7 42 4.6 10.7
NGC 6384............. 20.8 9.7 5.8 6.1 10.5
NGC 6744............. 638 @3) 50 57 8.5
NGC 7205............. .. cee 4.5 9.6 23 2.5 38
NGC 7424 ............. 0.09 27 @.5) (1.3) 50 43 7.5
IC4710................ e e (1.3) (2.6) 15 1.5 24
ICS5201....c.vvveeennn 0.07 23 1.7 2.8 5.3 42 6.3
) (GRR XX 2N 1.0 33 24 2.6 54
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analysis. Furthermore, the reduced sampling and larger error
bars in the disk compared with the bulge will almost certainly
favor the bulge component in any attempt to fit simultaneously
both an r!/4 function to the bulge and an exponential to the
disk. In addition, it is unclear whether anything more than a
simple exponential fit to the radial Ha profiles is warranted.
Examination of published bulge-disk decompositions (e.g.,
Boroson 1981; Kent 1985; Schombert & Bothun 1987) indi-
cates that the fitted disk is never flatter than an inwards
extrapolation of the outer few disk points, except in a few
bulge-dominated cases, where the r/# bulge function returns to
dominate at large radii. Thus, the broad-band scale lengths in
Table 2 are most likely upper limits to those of the pure disk
components.

Photographic B and I surface photometry of three galaxies
in our sample is presented in Elmegreen & Elmegreen (1984,
hereafter EE84). Qualitatively at least, our I-band profiles are
similar to their plots. When transformed to our distances, the
EE84 I scale lengths are 1.6 kpc (NGC 1637), 10.0 kpc (NGC
6384), and 6.5 kpc (NGC 7424). Given the curvature in the I
profiles for the latter two galaxies, the disagreement is perhaps
not too surprising, except that our scale lengths are generally
shorter, that is, steeper profiles. Although the aim was to have
some overlap with previous Ha studies, only one of our survey
galaxies has a published radial Ha profile. Hodge & Kennicutt
(1983, hereafter HK83) published a smoothed, deprojected H 11
region relative density profile for NGC 2835. Although not one
of the better fits to an exponential, HK83 quote an Ha scale
length for NGC 2835 of 3.2 kpc, slightly shorter than our own
value of 3.8 kpc. This is consistent with our finding that Ha
disk scale lengths are in fact somewhat longer than previously
believed on the basis of H 11 region number counts.

Figure 4 plots both the V and Ha scale lengths (R, and Ryy,)
as a function of the I-band scale length R;. Ry, is seen to scale
linearly with R;, but tends nearly always to be longer (ie., a
flatter profile) by ~0.2 kpc. The Ho disks display a much
greater scatter, but have scale lengths on average 75% longer
than the disk in I. As a check (to first order) whether the
difference in scale lengths is due to extinction, the ratio of Ry, to
R; has been plotted versus the galaxy’s inclination, as sug-
gested by Byun (1992). An increase in R, relative to R, with
increasing inclination might be expected simply on the basis of
an increasing path length through the dust, especially in the
inner disk. Instead, Figure 5 displays merely a scatter, with no
apparent trend, indicating once again that extinction is not
systematically affecting our analysis.

Clearly then, our results indicate that the Ha radial lumi-
nosity profile slopes are not correlated in a one-to-one fashion
with the broad-band luminosity profile slopes, contrary to the
findings of K89. Very little is yet known about the spatial and
temporal behavior of the IMF in disk galaxies. At the present
epoch however, the I-band (and to a lesser extent, the V-band)
imaging is expected to be dominated by evolved stars (Mattila
1980) rather than recently formed objects. In his spectrophoto-
metric atlas of integrated galaxy spectra, Kennicutt (1992)
shows the results of dividing spectra for various classes of
spirals by a “mean ” E-SO galaxy spectrum. These indicate that
the V filter is rather insensitive to any ongoing star formation
overlying an existing old red population, with not more than
~20% or so of the total ¥ luminosity being contributed by
active star formation, even at such late types as Sm (the models
of Huchra 1977 predict a similar fractional contribution).
Although these atlas spectra do not extend beyond 7100 A itis
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FI1G. 4—V-band and Ha disk scale lengths plotted against the respective
I-band scale length. The dashed line has a slope of unity.

apparent from other sources, such as population synthesis (e.g.,
Charlot & Bruzual 1991), that recent star formation would
make even less of a contribution to the I band. Thus, the
current set of data does not permit us to say anything about
possible radial variations in the present-day IMF, or to disen-
tangle this from other possible effects.

The close similarity in the H 11 region luminosity functions
for the inner and outer regions of spiral galaxies (KEH89;
Scowen et al. 1992) does give us reason to think that the IMF
also should not alter significantly between these two regions. If
this is the case, then these scale length disparities would be
telling us more about the temporal evolution of the large-scale
star formation pattern in galactic disks. In particular, the
increasing flatness of the radial profiles as one goes to bluer
wavelengths (e.g., in M31 [Walterbos & Kennicutt 1988], and
in NGC 628 [Natali, Pedichini, & Righini 1992]), but with
the Ha profile being flattest of all, would be consistent with an
overall increase in scale length with each new stellar popu-
lation. Why this should be the case is not clear just from these
data alone. Schmidt-type laws would predict that the distribu-
tion of recent star formation should follow that of the atomic
or molecular gas components (or some combination thereof).
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Fi1G. 5.—Ratio of V to I scale lengths as a function of the disk inclination
determined by GASP.

Examination of radial H 1 profiles for several spirals of various
types (e.g., Wevers 1984, hereafter W84) reveals a relatively flat
distribution across the star-forming disk in virtually all cases.
Thus a Schmidt Law for the atomic gas (even one with a
power-law index n > 1) could give rise to a radial Ha profile of
slope intermediate between that of the H 1 and the old stellar
disk. It is notable that the molecular gas component also
appears to take on an exponentially decreasing radial distribu-
tion, but with a scale length that is perhaps shorter than either
the total or stellar mass distribution (Wang 1990b). This does,
however, assume that the CO:H, conversion factor does not
change even though the mean gas metallicity decreases with
increasing radius. With all this uncertainty, and lacking much
of the gas data with which to test this scenario, we can only
speculate. What is clear however is that it may no longer be
acceptable to characterize the various exponentially distrib-
uted components of a galactic disk (old stars, new stars, radio
continuum, CO, etc.) by a single value of the scale length
parameter.

5. A CORRELATION BETWEEN STELLAR SURFACE
BRIGHTNESS AND STAR FORMATION ACTIVITY

We now move on to the main goal of this paper, a direct
comparison of the past and present star formation activity in
galactic disks. Because our interest is mainly in studying star
formation in the disk component alone, our analysis will be
restricted to those regions considered to be disk-dominated.
Close examination of the deprojected radial surface brightness
profiles (Fig. 2) leads us to believe that fainter than u; ~ 21
mag arcsec” 2, one is fairly safe in assuming that any bulge
contribution is negligible. Note that the zero point of the Ha
surface brightness scale was chosen arbitrarily such that +24.0
mag arcsec 2 equates to an Ha flux density of 10~ !5 ergs cm ™2
s~ ! arcsec ™2 reaching the top of the Earth’s atmosphere.

Figure 6 consists of plots, for each galaxy and for each
sampled radius in that galaxy, of the deprojected Ha surface
brightness against the deprojected I-band surface brightness at
that radius. In the few cases where the sampled radii differed for
the two profiles, linear interpolation has been used. A linear
least-squares fit to the entire set of data points yields the rela-
tion

U = (0.64 + 037y, + (12.5 £ 7.3), )
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where the uncertainties have been derived from least-squares
fits to each of the 34 individual curves in Figure 6. The mean
value of the correlation coefficient from each of the individual
fits is R? = 0.8. The mean relation described by equation (2) is
plotted as the dashed line in each of the individual plots in
Figure 6. Clearly, individual galaxies conform to such a corre-
lation, but each has a different constant of star formation activ-
ity over all radii that results in an offset above or below the
mean trend. In Paper II we develop the idea that some of the
residual structure in these curves can be attributed to varia-
tions in the ratio of disk age to star formation efficiency,
perhaps through continuous gas infall and/or discrete episodes
of accretion.

Rather than attempt to normalize all of the curves at a
particular value of y;, an offset has been estimated for each
galaxy so as to minimize their overall dispersion about the
mean relation. Applying these offsets to the curves of the indi-
vidual galaxies (in the sense that a negative offset makes the uy,
values brighter) leaves us with the mean relation described by
the compound set of curves shown in Figure 7. The overall
correlation coefficient for the entire set of uy, versus y; points
is a respectable R? = 0.73, and rms scatter in py, about the
mean relation is only of order 0.5 mag. Such a tight correlation
over some 5 mag in y; (two orders of magnitude in luminosity
density), and over the entire range of spiral types, is quite
remarkable, and to the best of our knowledge has not pre-
viously been recognized in the literature. By using distance-
independent quantities, many selection effects and spurious
correlations are avoided (Lequeux 1988). Note that the slope of
the compound curve is inconsistent with a slope of unity that
would be expected if the Hx and I-band disk scale lengths were
to be equal, confirming the result of § 4.

In order to identify what the “second parameter” in this
correlation that scales the star-forming activity equally at all
radii in individual galaxies might be, the required vertical offset
values have been plotted against all of the other parameters
available to us for each of these galaxies. One of the most
promising and physically reasonable trends is one with the
Hubble subtype, shown in Figure 8. This plot indicates that up
to about type Sbc, the Ha surface brightness is fainter than it
ought to be compared with the later type spirals. This can be
understood as the early-type galaxies being less active in their
massive star formation activity. This result is to be expected
and is evidenced by their having fewer and fainter H 11 regions
overall than the later types (KEHS89). Also in Figure 8, indi-
cated by a dashed line, is our interpretation of the underlying
trend with Hubble subtype. The sizes of the points in Figure 8
are proportional to the disk inclinations, with edge-on disks
having the largest point sizes. There is the suggestion here also
of a correlation of the residuals with disk inclination, with the
more highly inclined galaxies being slightly fainter in Hx than
a face-on spiral of the same type. This is perhaps to be expected
from our simplistic corrections for extinction and disk projec-
tion; however, such a trend is marginal, and swamped by the
dominant behavior with Hubble subtype. Note that our simple
geometrical deprojection factor, appropriate or not, is indepen-
dent of the filter used and acts only to shift the profiles in
Figures 6 and 7 parallel to the mean relation of equation (2).

But what is the underlying parameter that causes such a
variation with Hubble subtype? We propose that it is the mean
H 1 surface density within the disk that dictates the “base
level ” of star formation activity across the disk. Unfortunately,
aperture synthesis maps that would allow us to determine a
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F1G. 6.—Plots of Ha surface brightness vs. the I-band surface brightness at that same radius, for each of the 34 galaxies in our sample. The dashed line in each plot
is the fit to the entire set of curves given by eq. (2).

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


http://adsabs.harvard.edu/abs/1994ApJ...430..142R

STAR FORMATION IN GALACTIC DISKS 157
E}% T T 2 -n T T T T LI B B B T T
: o]
L X L ] s
1+ ° /e
- / -
/_ — | ° [ ] |
o - o‘:./. * -
— ot r / [ ] B
¢ | é 0 + e oo @0 o —
@] B e / T
7 o[ - ]
8 | ﬁ i ° p / ]
© o -1+ ] (] —
a0 : ¢ o i
P L % i
7 L 7/ 4
E . _
5 -2 7 e —
:I: — -
i vl I ! Lol ! |

1 10

! L . : | L

22 24 26 28

u; (mag arcsec™ %)
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characteristic H 1 surface density in the star-forming disk are
only available for four of the galaxies in our sample. Instead,
the total H 1 mass My, normalized by the area of the optical
disk Ay, = n(D,5/2)* (where D, is the isophotal major diam-
eter at the 25.0 B mag arcsec 2 level) will be adopted as a first
guess at the true mean H 1surface density. Such data have been
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F1G. 8.—Required vertical offsets to be added to py, to make each of the
individual curves in Fig. 6 match the mean relation in Fig. 7, plotted as a
function of Hubble subtype.
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Fi1G. 9—Plot of the “mean” H 1 surface density (integrated H 1 mass
normalized by the area of the optical disk) vs. the offset parameter defined in
Fig. 8.

compiled using the homogeneous database of Parkes 21 cm
observations by Reif et al. (1982), which uses multiple pointings
as necessary for the largest galaxies, together with the distances
and optical diameters in Table 1. The resulting plot versus the
Ho offset parameter defined above (Fig. 9) does indeed show a
surprisingly tight correlation, despite the ad hoc nature of our
H 1 surface density parameter. The linear least-squares line of
best fit in Figure 9 has been determined by considering sepa-
rately first the offset, then the mean H 1 surface density, as the
independent parameter. The result is a line of slope 2.3 + 0.5 in
what is effectively a log-log plane.

Bosma (1981) finds quite a large dispersion in the ratio of H 1
extent to optical diameter, but no apparent trend with Hubble
subtype. The four galaxies for which radial H 1 profiles are
currently available have relatively constant surface density
within the optical radius, then decline rapidly in a virtually
exponential manner beyond this. Characteristic H 1 surface
densities 6;;; have been estimated within the star-forming disk
from these radial profiles and are compared with the H 1
surface densities used for Figure 9 in Table 3. With the excep-
tion of the anomalous NGC 1313 (which has an extended
asymmetric low surface brightness envelope; Ryder et al. 1994),
the integrated H 1 mass normalized by the optical area turns
out to be quite a reasonable estimator of the true H 1 surface
density within the star-forming disk. As with the optical

TABLE 3
MEAN AND OBSERVED H 1 SURFACE DENSITIES IN SAMPLE GALAXIES

H 1 SURFACE DENSITY

(Mo/pc?)
GALAXY My /Ao Oy H 1 REFERENCE
NGC 1313............. 18.8 8 Ryder et al. 1994
NGC 3368............. 4.6 4 Warmels 1988a
NGC 4192............. 29 2 Warmels 1988a
NGC 4548............. 1.2 1 Warmels 1988a
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surface brightnesses, the H 1 surface density has the advantage
of being a distance-independent quantity.

Figure 9 also provides some reassurance that the relation-
ship between I and Ha surface brightness is neither severely
affected by, nor the direct result of, an inappropriate extinction
correction. The correlation is in the sense that the spirals most
deficient in Ha emission have the lowest H 1surface densities in
their dis¥s. But according to the conventional assumption that
an increased column density of H 1 is always associated with
an increased dust content, then the lack of Ha in the early-type
galaxies must be intrinsic, and not due to increased absorption
by dust (see also Oey & Kennicutt 1993). Conversely, the fact
that the gas-rich disks shine through even more brightly in Ho
indicates that dust is not having a major impact on either of
the correlations presented in Figures 7 and 9. This is perhaps
not too surprising since, as Bosma et al. (1992) have recently
demonstrated, even edge-on spirals can be quite transparent at
Ha in their outer parts.

5.1. Calibration

Having established that there is in fact an almost universal
relationship between Ha surface brightness and I-band surface
brightness at a given radius both within and between spiral
galaxies, let us now move on to consider the implications and
possible origins of such a relationship. By definition

Fy
~ —2.5 log —Ha__
Hra 3 log arcsec? 3
Ly,
~ =251 s 4
o8 parsec? @

where Fy, and Ly, are the Ho flux and luminosity, respectively.
In either case, y, is a distance-independent quantity. Follow-
ing K83, the latter form can be equated to a rate of massive star
formation per unit area, and thence to a total rate per unit area
integrated over all stellar masses via an appropriate form of the
IMF. Thus the Ha surface brightness in effect measures the
present-day rate of star formation per unit area in the disk.

Similarly, the I band surface brightness can be related to a
surface luminosity density X; by

EI(LO pc—Z) — 10-‘0.4(u1—u10) s (5)

where p; is the I-band surface brightness of 1 Ly pc™? =

25.63 I mag arcsec™ 2. The actual conversion to a surface mass
density, however, requires one to impose a value for the mass-
to-light ratio. It is quite likely that the mass-to-light ratio is a
function of (among other things) the passband used, morpho-
logical type, and distance from the nucleus (Kent 1986; Caser-
tano & van Albada 1990; Bosma & van der Kruit 1979). For
the time being we will continue working with observable quan-
tities, but for the purposes of modeling (Paper II), this difficulty
will eventually have to be confronted.

Since both puy, and y; are related logarithmically to surface
mass densities, the relationship between the two given by equa-
tion (2) can be expressed as a power law between the area-
specific star formation rate ¥, and the surface I luminosity
density Z;:

2* ~ (21)0.64:9:0.37_ (6)
Since it seems unlikely that new stars form from the old stars

(at least not directly), one cannot lay claim to this being the
definitive “law ” of star formation in spiral disks. What it does
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represent, however, is part of an important new constraint that
must be satisfied in the long term by any prospective star
formation law, whatever form that may take.

The relationship in equation (6) above will now be put on a
more quantitative basis. Folding in the dependence on Hubble
subtype T (as tabulated in RC3) outlined in Figure 8 gives

14—-05T T<4
12 T>4"

What equation (7) allows us to do is predict a disk Ha flux, and
thus a star formation rate (SFR), on the basis of I-band surface
photometry, and morphological type alone. A disk SFR has
been calculated by integrating the Ha flux at radii for which
u; > 21 mag arcsec™ 2, correcting for atmospheric, Galactic,
and 1.1 mag of internal extinction as well as the effective filter
transmission, and then using the prescription of K83 to
convert the integrated luminosity to a total SFR. The conver-
sion formula in equation (7) has then been used to convert y; at
the same radii to the equivalent u,, and a disk SFR determined
from this also. A comparison of the results is shown in Figure
10, in which the dashed line has unity slope and is not an
explicit fit to the data. This technique of disk SFR estimation
appears to work quite well, certainly within the factor of 2 or
so uncertainty associated with any value of an absolute SFR
derived from Ha data on account of the variable correction for
internal extinction. It is significantly more reliable than the
more often used broad-band colors, and has the advantage
that imaging in a single broad-band filter only is required.
Given the somewhat tedious nature of narrow-band imaging,
this in itself is quite a bonus, but of course one then lacks the
azimuthal distribution of star formation. It must be stressed,
however, that this relationship holds only in the disks of spirals
and cannot presently be extrapolated reliably to the galaxy as
a whole.

i = 064, + { ™
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F1G. 10.—Comparison of the disk-only total SFRs derived from the radial
Ha profiles with those derived from the I-band profiles using the conversion
formula in eq. (7).

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


http://adsabs.harvard.edu/abs/1994ApJ...430..142R

No. 1, 1994

Alternatively, if a measurement of the H 1 content is avail-
able, one may make use of the relation in Figure 9 to substitute
H 1 surface density My /A, or oy, for morphological type.
Thus

Uuo = 0.64p, + 12.5 — Offset
= 0.64u; — (2.3 £ 0.5) log (My/Ap) + (143 £ 04). (8)

Reverting back to surface densities and using the definitions (4)
and (5), equation (6) can now be supplemented with the power-
law dependence on the global mean H 1 surface density Zy;,
implied by equation (8):

z’:* o (EH l)0.9i0.2(zl)0.643:0.37 . (9)

That is, the radial variation of the specific SFR is fixed by that
for the I-band surface brightness, while the normalization at
each radius depends almost linearly on the mean galactic H 1
surface density. We have used the mean ratios of molecular to
atomic gas compiled as a function of morphological type by
Young & Knezek (1989) in order to estimate the molecular and
total gas surface densities in each of the survey galaxies. The
total gas surface density shows a somewhat poorer correlation
with the Ha offset parameter than does the atomic gas surface
density alone, while the derived molecular gas surface density
shows virtually no correlation. Thus, the H 1 does appear to be
a useful (if not the fundamental) tracer of the raw material for
massive star formation, and allows us to go some way toward
studying and predicting SFRs without needing to consider the
molecular component at all.

It may well be that it is in fact the local H 1 surface density at
each radius that normalizes the rate, as predicted by some
Schmidt-type laws of star formation. But since this quantity is
relatively constant across the disk (e.g., W84; Warmels 1988a,
b), the global mean H 1 surface density serves almost as well.
Once again, it should be emphasized that the relation (9) holds
only in the disks of spiral galaxies and is an observational
constraint on the present-day rate of massive star formation
only, not necessarily the definitive law of star formation over
the galactic lifetime.

By chance, our choice of zero-point is such that u, = 25
mag arcsec” 2 corresponds to £, = 25 Mg pc~2 Gyr~ ! using
the formula in K83, and our own particular flux calibration.
Consequently, it is possible to provide a more generally useful
direct calibration of £, (M pc™2 Gyr ') in terms of y; and T':

58+02T T <4
6.6 T>4’

or in terms of u; and H 1surface density:

log 3, = —0.261; + 092 log (Myy/Anp) + 53 . (11)

log £, = —0.26p; + { (10)

At any particular radius, equations (10) and (11) may give
values of £, differing by up to 0.5 mag from that predicted by
the actual value of uy, at that radius, but integrated over the
whole disk, the discrepancies should roughly even out.

Finally, each of the offset points in Figure 7 has been divided
into 0.5 mag bins in y;, and a mean value of u, computed
(along with its standard deviation) for each bin. Using the fact
that gy, = 25.0 in our system corresponds to a surface lumi-
nosity density in Ho of 1.42 L, pc™?, together with equation
(5), allows us to plot this binned form of equation (6) on the
luminosity-luminosity plane (Fig. 11). The range of the data
plotted in Figures 6 and 7 has been extended to brighter and
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Fi1G. 11.—Observed relationship between surface density of Ha luminosity
and I-band luminosity in galactic disks, after scaling to account for the varia-
tion in gas content. The error bars are +1 ¢ in the variation of y,, in each 0.5
mag bin of y;.

fainter surface brightness in order to see just how far equation
(6) can be pushed. The relation does appear to be linear with
the prescribed slope all the way from 2 to 200 L, pc™?in I. At
the lowest surface brightness, the relation appears to be flat-
tening off, although the effects of sky subtraction (§ 3) and
small number statistics leave this open to question.

For a model galaxy of type close to Sb (or equivalently, a
model galaxy with a mean H 1 surface density of ~5 Mg
pc~2), Figure 11 is the type of relation (lacking until now) that
must be satisfied eventually if the model is to be considered
realistic. Constraints on other galaxy types can be placed
simply by scaling Figure 11 in Ha luminosity in order to
account for the variation in mean gas surface density. We take
up this challenge ourselves in Paper I1.

5.2. Implications and Limits of the Star Formation Law

One remarkable aspect of our SFR “law ” is its apparent
independence from dynamical effects. This is in part related to
the universality of exponential Ha disks in spiral galaxies,
regardless of whether the individual H 1 regions that are the
dominant source of Ha photons are tightly confined to well-
defined spiral arms (as in grand-design spirals), or distributed
chaotically (as in flocculent spirals). This leads naturally to the
concept of a fixed “quota” of star formation at each radius in
the disk, with the spiral density waves relegated mainly to an
organizational role. The nontrivial outcome of exponential Ha
radial profiles from discrete sites of massive star formation is
discussed more fully by Ryder (1993).

One weakness of our “law” is that it breaks down at early
epochs—it cannot form any stars unless stars are already
present in the galaxy! Perhaps the true form of the star forma-
tion law contains at least two components, but only that which
depends on the present stellar mass density is important in the
disks of spiral galaxies today. Thus, it should be some param-
eter that diminishes with time, or is related to some other
quantity that does. Based on evidence for spatially distinct
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regions of low-mass and high-mass star formation in disks,
Larson (1986) and Wyse & Silk (1987) propose a bimodal for-
malism for star formation, the net effect in each case being an
enhanced rate of massive star formation at early epochs rela-
tive to that of low-mass stars. This relieves many other prob-
lems faced by galaxy evolution theory (e.g., the need for
continuous gas infall, short gas consumption timescales, the
blueness of some galaxies, etc.) and could well provide the
necessary “kick-start” to star formation needed to enable the
observed long-term relationship in equation (9). Alternatively,
it may be that the radial variation of X, is today merely a
convenient observational tracer of some other physical param-
eter, such as total mass surface density, or perhaps molecular
gas surface density, in which case no kick-start may be neces-
sary, as the truly fundamental component is presumably
present when the first generation of stars formed.

Any star formation law primarily dependent upon the stellar
surface density will have great difficulty in reproducing the
observed age-metallicity relationship (Twarog 1980; Carlberg
et al. 1985), which shows a rapid initial growth and only a slow
increase of the metallicity ever since. A law of the form given
simply by equation (6) would predict a runaway growth in the
massive star formation rate (and thus the metallicity) as the
stellar surface density continues to grow. Instead, the fact that
the index of the gas component in equation (9) is numerically
greater than that of the stellar component should help over-
come this problem. Assuming (as most models do) a rapid early
infall rate of gas onto the disk, the metallicity will also initially
build up quickly. At later epochs, gas infall may be negligible,
and the gas supply will diminish rapidly as the ever-increasing
stellar surface density starts to dominate the SFR law. Overall,
however, one expects the SFR will start to decline, and the
metallicity increase to slow, due to the dominance of the gas
term in equation (9). Conceivably, this could continue until
either a critical gas density is reached, or perhaps until mass
loss from evolved objects (e.g., planetary nebulae) ends up pro-
viding the bulk of the gas supply. The latter eventuality could
at least account for a functional dependence of the SFR on the
stellar surface density of old stars. Assuming then that the
“priming ” problem mentioned earlier can be overcome, equa-
tion (9) is in principle capable of accounting for the behavior of
the observed age-metallicity relation.

Alternatively, the increasing stellar surface density may act
to suppress any further star formation occurring, and thereby
act as a self-regulating mechanism. While supernovae may well
play a role in triggering further star formation, they are equally
capable of disrupting star-forming regions. Dopita (1985) has
outlined the likely role of the older stellar population in pres-
surizing the interstellar medium (principally through Type I
supernovae), and thereby influencing the star formation rate.
Thus, it is hypothesized that a combination of the declining gas
supply and increasing surface density of stars is modifying the
rate and distribution of star formation and results in a relation-
ship of the form in equation (6) at the present epoch in galactic
disks. These issues are addressed in a more quantitative
fashion in Paper II using computer models.

Recall also that strictly speaking, the Ha flux traces only the
formation of massive stars. The I-band surface brightness on
the other hand ought to be related to the integral of the SFR
(as measured by uy,) over the last 5-15 Gyr or so. Because of
this, u; should eventually take on a 1:1 relationship with uy,.
Thus, either the exponent in equation (6) has not always been
at its present value of 0.64, or else the IMF varies with radius
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such as to allow more high-mass star formation in the outer
disk relative to low-mass stars at the current epoch. Since
neither the V nor the I-band filters are particularly sensitive to
recent low-mass star formation (§ 4), the latter possibility
cannot be properly addressed. One could perhaps argue that a
variation in u; with massive SFR would arise naturally if the
I-band filter was in some way sensitive to recent star forma-
tion. However the lack of any prominent emission lines or
continuum features in the 7000—9000 A range, combined with
the greater range in g, than that in py,, virtually rules out this
possibility.

 Another question that must be asked is why our “law ” also
breaks down in the bulge region of spiral galaxies. With the
exception of the nuclear hot-spot galaxy NGC 1808, the indi-
vidual Ly, versus L; loci that go into making up Figure 11 all
tend to flatten off at the highest surface mass densities, and
display a significantly increased scatter. Although only very
limited kinematical information is available for the galaxies in
our sample, one can ask for example whether a transition in
the rotation curve, from relatively constant velocity in the
outer disk to a generally linear decline in the inner disk and
bulge, could influence our star formation “law.” Zaritsky
(1992) has recently pointed out that an apparent change in
slope in the abundance gradient of oxygen in spirals is often
associated with this turnover point in the rotation curve. Such
a trend is in fact predicted by the star-forming viscous disk
model of galactic evolution (Lin & Pringle 1987; Sommer-
Larsen & Yoshii 1989, 1990).

Alternatively, the change in slope and increased scatter in
our law may reflect an underlying change in the available gas
supply. Ryder (1993) shows how apparently bar-driven gas
inflow can promote a central peak of star formation (and thus
Ha surface brightness) in a number of these spirals, but only at
the expense of that which would otherwise occur in the disk.
A gas deficiency in the bulge/disk transition region would
suppress the Ha luminosity, while the older stellar distribution
(which suffers different forms of dispersion and diffusion over
generally longer timescales than the gas) could be compar-
atively normal. Central “holes” in the radial H 1 distribu-
tion are not uncommon (e.g., Bosma 1978; W84; Warmels
1988a, b). Even in spiral galaxies without a bar, the presence of
a massive spheroidal bulge can establish a turbulent shear vis-
cosity through cloud-cloud interactions (Lynden-Bell 1969;
Icke 1979) that results in the outward transfer of angular
momentum and the slow radial inflow of gas (Sanders 1979;
Wang 1990a). Such a mechanism could redistribute the gas in
the bulge region such as to cause varying degrees of detriment
to our Ha versus I-band surface brightness relationship there.

As mentioned previously, spatially resolved rotation curves
either from optical or radio observations are still lacking for
the vast majority of these southern spirals, even after the
epochal survey of Mathewson, Ford, & Buchhorn (1992).
Nevertheless, their survey data can still be used to examine
whether or not the turnover radius corresponds, for example,
to some characteristic value of the I surface brightness. From a
sample of spirals having comparatively well-defined turnover
radii, one finds a range in deprojected surface brightness at
those radii of u; = 20.0-24.0 mag arcsec™2. This result is
perhaps to be expected, as the less-luminous galaxies have a
shorter disk scale length on average, so that for a constant
central surface brightness, the I = 21.0 mag arcsec ™2 isophote
will be reached at a smaller radius than for the brighter gal-
axies; whereas the results of Buchhorn (1992) suggest that the
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turnover radius tends to be larger in the lower luminosity gal-
axies. It should be noted that the Mathewson et al. sample is
deliberately biased toward highly inclined spirals, for which
our deprojection correction may be breaking down; even so, it
does not appear as though disk rotational dynamics are a sig-
nificant factor in determining the region of validity of our star
formation law. One cannot, however, rule out the possible
influence of motions perpendicular to the plane of the disk,
which does after all possess a nonnegligible thickness. The
three-dimensional structure of the disk will be considered in
more detail in Paper II.

Finally, we should mention that just about any parameter or
function that shows a roughly exponential decline with radius
in the disks of spiral galaxies could have been substituted for
X, in the various figures and equations contained in this paper,
and a correlation with star formation activity may still have
resulted. For example, one could use the difference between the
local angular frequency and the spiral pattern speed (Wyse
1986), a function of the form (A4/r — B) (Seiden, Schulman, &
Elmegreen 1984), or even the epicyclic frequency (K 89). This is
not to say that the stellar surface density is probably not rele-
vant to the star formation process; Paper II describes a model
that satisfactorily accounts for Figure 11, and in which the
stellar surface density is a fundamental parameter. Rather, we
have used the I-band surface brightness throughout for its
convenience, and in lieu of the missing kinematic and molecu-
lar gas data. Whatever the Ha to I-band correlation is telling
us, it is certainly worthy of further investigation.

6. SUMMARY

Surface photometry from wide-field CCD imaging of a
sample of 34 nearby southern spiral galaxies has been per-
formed, as part of an investigation into the global rates and
radial distribution of star formation in galactic disks. No pre-
vious work has obtained such uniform broad-band and
narrow-band imaging (which has allowed us to compare
directly the results) for such a large sample. Many of our find-
ings challenge those obtained previously from large-aperture
photometry and individual case studies.

Our first major finding concerns the relative disk scale
lengths seen in the three filters. The Ha disk is moderately well
represented by an exponential disk, but with a scale length
much greater than that of the V-band disk, which itself tends to
be slightly shallower than the I-band disk. After considering
various possible systematic errors, and uncertainties in the cor-
rections for dust and optical depth, we are led to the conclu-
sion that these scale length differences are indeed real,
especially since radial broad-band color gradients are not an
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uncommon phenomenon. While it had been thought up until
now that the Ha disk scale lengths were similar to those in the
broad-band filters, our results are in conflict with this, and
suggest instead that recent massive star formation is occurring
with a flatter radial mean distribution than previous stellar
generations.

We have demonstrated the existence of a remarkable and
almost universal correlation in the disk between the Ho surface
brightness and the I-band surface brightness at a given radius.
Thus the rate of formation of massive stars in the disk is closely
related to the surface density of old stars already formed there.
The loci of Ha versus I surface brightness have a mean slope of
0.64 + 0.37, with most exhibiting an offset above or below the
mean trend. This offset is shown to be related to the total H 1
mass per unit area of the optical disk, and thus presumably
reflects the mean surface density of H 1in the star-forming disk.
Consequently, one finishes up with a “law ” for predicting the
present-day rate of massive star formation given by X, oc
(g0 o2t02(x)0-64£0-37  Although this formula bears some
resemblance to the standard Schmidt Law for star formation, it
includes an extra term dependent on the mass surface density,
and is notable for its independence from galactic dynamics and
molecular gas content. We caution also that this is not neces-
sarily the definitive form of the star formation law; rather it
serves simply as an observational constraint that must be satis-
fied in the disk at the present epoch by galaxy evolution
models.

Generally, this study highlights the promise of multiband
and multibandpass CCD imaging in reassessing traditionally
held beliefs about the relative distributions of new and old
stellar populations in spiral galaxies. Since many of these
beliefs from the basis for the constraints imposed on galaxy
evolution models, it is essential that we continue to hold them
up to scrutiny while seeking out any new clues that may
emerge from such surveys. Even tighter constraints on the
various galaxy evolution scenarios must await either gas
distributions for the southern spirals, or equivalent surface
photometry to ours for those northern spirals already having
them.
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