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ABSTRACT

We have used Ha emission-line and IRAS far-infrared observations of interacting spiral and irregular
galaxies to assess the influence of interactions on their global star-formation rates. Two samples of
interacting galaxies were observed: a complete sample of close pairs, and an Arp atlas sample of peculiar
systems. When compared to a control sample of single galaxies, both samples of interacting systems
exhibit systematically higher levels of both Ha and infrared emission on average, and a larger dispersion
in emission properties. A large fraction of the galaxies in the complete-pairs sample exhibit normal star-
formation properties, but the Arp atlas sample is heavily biased to the most active star-forming systems.
Emission levels in the very active systems are much more strongly correlated with the properties of the
interaction than with the internal properties of the galaxies themselves. Strong disk emission is almost
always accompanied by unusually strong nuclear activity. Simple star-formation burst models can
reproduce the observed Ha equivalent widths and broadband colors of most of the galaxies. The bursts
are relatively short (few times 107 yr) and rarely involve more than 1%-2% of a galaxy’s total mass.
The initial mass function in the strongest bursts is probably systematically enriched in massive stars.

I. INTRODUCTION

A large fraction of the ‘starburst’ galaxies revealed by ul-
traviolet, infrared, and optical emission-line surveys are
members of interacting systems (e.g., Heidmann and Kal-
loghlian 1973; Soifer et al. 1984; Wasilewski 1983; respec-
tively), and this has led several workers to suggest that inter-
actions are an important triggering mechanism for star
formation in general. Several comparisons of star-formation
activity in isolated and interacting galaxies have yielded con-
flicting results, however. Strongly interacting galaxies ex-
hibit an unusually large scatter in optical colors (Larson and
Tinsley 1978), and often exhibit unusually strong nonther-
mal radio emission and far-infrared emission (Sulentic 1976;
Stocke 1978; Condon et al. 1982; Joseph et al. 1984; Lons-
dale et al. 1984; Joseph and Wright 1985), and all of these
effects have been attributed to induced star-formation
bursts. This interpretation has been questioned, however, by
Hummel (1980,1981), who found no systematic difference
in the disk radio-emission properties of isolated and interact-
ing galaxies when complete samples were observed.

Much of the ambiguity in these results can be traced to
limitations in the observations. The poor spatial resolution
of most available data, for instance, has made it difficult to
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separate the effects of disk star formation from induced nu-
clear activity. Nuclear emission is strongly enhanced in in-
teracting galaxies (e.g., Carlson 1977; Hummel 1981; Con-
donetal. 1982; Joseph et al. 1984; Kennicutt and Keel 1984;
Dahari 1984, 1985; Keel et al. 1985; Cutri and McAlary
1985; Bushouse 1986), and spatially resolved observations
are required in order to detect any additional enhancement
in the disk star-formation rate (SFR). Sample selection ef-
fects are also of importance. Many of the observations have
been restricted to the most peculiar interacting and merging
systems, or to systems which are unusually bright in the ra-
dio or infrared. It is not clear whether the star-formation
properties of these systems are representative of interacting
galaxies in general.

Here we report the results of an optical and infared survey
of star formation in interacting spiral and irregular galaxies.
High-resolution Ha emission-line maps have been obtained
for two sets of galaxies; a complete sample of galaxies with
close companions, and a sample of strongly interacting and
morphologically peculiar systems. We have combined these
data with an earlier survey of Ha emission in normal galax-
ies (Kennicutt and Kent 1983), and with our published nu-
clear spectrophotometry (Keel et al. 1985, hereafter re-
ferred to as Paper I), in order to objectively evaluate the
effects of interactions on the massive star-formation rate
(SFR). We have also used the Infrared Astronomical Satel-
lite (IRAS) data to compare the far-infrared (FIR) emis-
sion properties of the same galaxies. This paper concentrates
on the integrated disk star-formation properties of the galax-

© 1987 Am. Astron. Soc. 1011

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


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1987AJ.....93.1011K&amp;db_key=AST

rT987AT.- - CJ93. I0T1IK

1012 KENNICUTT ET AL. : INTERACTING GALAXIES

ies. Further papers in the series will deal with the distribu-
tion and luminosities of the star-forming regions, and with
the radio-continuum properties of the sample.

II. DATA
a) Sample Selection

- Following Paper I, we have defined two samples of inter-
acting galaxies; a complete sample of galaxies with close
companions, defined independently of any morphological
peculiarities, and an intentionally biased sample of unusual-
ly disturbed systems.

Our ‘complete’ sample was drawn from a catalog of galaxy
associations compiled by T. S. van Albada (1986). He used
positions and magnitudes from the UGC catalog (Nilson
1973) to isolate apparent pairs and groups, and to compute
the statistical probability that the associations are real. We
selected a magnitude-limited subsample of 50 galaxies which
met the following criteria: Hubble type later than S0, associ-
ation probability >90%, companion redshift within Av<600
kms™!, 8" <a <16",8>0°, and B, < 13.0 (de Vaucouleurs
et al. 1976). The strict selection criteria ensure that chance
optical superpositions are negligible. This sample is virtually
identical to the “complete sample” in Paper I, and details of
its properties may be found there.

Our second sample was drawn from the Arp (1966) Atlas
of Peculiar Galaxies. It includes the 29 members of the com-
plete sample that are also in the Arp atlas, and 32 other
galaxies selected on the basis of visible tidal distortions, pe-
culiar morphology, and/or evidence from Paper I for unu-
sual nuclear properties. These members of this ‘Arp’ sample
are very similar to the interacting galaxies studied by Larson
and Tinsley (1978), Joseph et al. (1984), Lonsdale et al.
(1984), and Bushouse (1986).

Our two samples should provide a guide to the star-forma-
tion properties of galaxies in complementary regimes. The
complete sample provides an objective assessment of the ef-
fects of the presence of a close (typical projected separations
0-5 radii) companion on the star formation in a galaxy,
averaged over the duration of the encounter. We have delib-
erately chosen not to impose any further morphological cri-
teria for ‘interaction’ on these systems, such as tidal distor-
tion or unusual disk structure or surface brightness. The
former are only strong for certain orbital geometries, and the
latter are strongly dependent on the very enhancements in
star formation that we hope to quantify. The Arp sample, in
contrast, is strongly biased to just these types of peculiar
systems. The properties of this sample should provide an
indication of how the star formation may be enhanced under
more extreme conditions. It may indicate what happens dur-
ing unusually strong interactions which are too rare to be
represented much in the complete sample, but it will also be
biased to unusually active systems, and to the most active
stages of more ordinary encounters.
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Our primary comparison sample is the Ha survey of Ken-
nicutt and Kent (1983), with E-SO galaxies and members of
close pairs excluded. Although it is not a complete magni-
tude-limited sample, this ‘KK’ sample of 140 galaxies covers
a representative range of morphological types and luminosi-
ties (see Table I). For additional comparison we also ob-
tained FIR data for the magnitude-limited sample of Keel
(1983), again with members of close pairs excluded. As will
be discussed later, the star-formation properties of the two
control samples are very similar.

Table I summarizes the Hubble type distributions, aver-
age absolute magnitudes, and average redshifts in the four
samples. It is possible that the morphological types of the
most perturbed systems have been altered by the interactions
themselves, and the substantial number of 10 galaxies in the
pair samples may be evidence for this effect. In order to mini-
mize this problem, we generally excluded from the Arp sam-
ple extremely disrupted galaxies, such as ring galaxies or
mergers. Overall, the complete-pairs sample appears to be
well matched to the KK control sample, so we should be able
to interpret its star-formation properties directly. The
members of the Arp sample possess a similar distribution of
morphological types, but are more distant and luminous on
average. As a result, we shall base most of our analysis of
their properties on luminosity-independent indices of the
star-formation activity.

b) Optical Data

We chose as our primary star-formation indicator the to-
tal Ha emission of a galaxy. This has proven to be a sensitive
direct tracer of the massive SFR (Kennicutt 1983; Gal-
lagher ez al. 1984), and data are available for a large number
of normal galaxies from the surveys of Cohen (1976), Ken-
nicutt and Kent (1983), and Kennicutt ez al. (1984).

Most of the Har data for the interacting galaxies were ob-
tained on the 2.1 m telescope at Kitt Peak National Observa-
tory (KPNO), using an ISIT video camera (53 galaxies), or
aTexas Instruments CCD direct camera (27 galaxies). Each
of these instruments produces a photon-limited photometric
image over a field of 140" (ISIT) to 160" (CCD) square.
Each galaxy (or close pair) was imaged through two inter-
ference filters, one centered on the redshifted Ha and [N 11]
emission lines (filter FWHM 60-80 A ), and one located in
the stellar continuum at 58006200 or 6350-6450 A. Cali-
bration of the images, consisting of bias subtraction, flat-
field division, and (for the ISIT data) distortion correction,
was performed using the software at KPNO. Finally, contin-
uum-free emission-line images of the galaxies were produced
by subtracting the continuum maps from the observed Ha
maps, using known continuum sources such as foreground
stars or the spheroidal regions of the galaxies for normaliza-
tion of the continuum. Figure 1 [Plate 63] illustrates the
continuum and net Ha + [N 11] CCD images for NGC

TABLE I. Properties of the samples.

Complete pairs Arp pairs KK control Keel control
Hubble types S0a—Sa 16% 15% 13% 11%
Sab-Sb 24% 21% 21% 39%
Sbc-Sd 40% 34% 53% 48%
Sm-Im 12% 20% 13% 1%
10 8% 5% — 1%
Median velocity, km s~' 1700 3100 1300 1200
Median M, —20.4 —21.1 —20.7 —20.5
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5350, a member of the complete sample, and for the pair
NGC 5754 4+ Arp 297C. (Examples of the ISIT images are
illustrated in Paper I.) The effective noise of the CCD im-
ages is approximately 5 times lower than for comparable
ISIT exposures, and hence we reobserved several galaxies
from Paper I with the CCD camera.

Data for an additional 11 galaxies in six systems were ob-
tained using a GEC CCD camera on the 1 m Kapteyn tele-
scope of the Observatorio del Roque de los Muchachos, La
Palma. The technique was similar to that used for the
KPNO observations, except that a broadband R filter was
used for the continuum subtraction. Contamination of the R
frame by line emission was removed in the data reduction.

The images contain considerable information on the
amounts and the distributions of massive star formation of
the galaxies, but we confine the analysis in this paper to the
integrated emission properties. The integrated Ha + [N 11]
and continuum fluxes of each galaxy were measured using a
digital aperture photometry program, and emission-line
equivalent widths (EWs) were derived from the ratio of
these fluxes, combined with the known bandpasses of the Ha
filters. Each galaxy was measured with an aperture that en-
closed as much of the disk as possible, and with 5” and 10"
apertures centered on the nucleus. The latter were obtained
in order to tie the photometry to the nuclear spectrophotom-
etry in Paper I, and to measure the fraction of the integrated
emission that originates in the nucleus and the near-nuclear
regions. The reductions were performed at the University of
Minnesota, using the AIPS software.

Additional photoelectric aperture photometry was ob-
tained for 22 of the galaxies, using the Schmidt Two-Holer
photometer on the UM/UCSD 1.5 m telescope on Mount
Lemmon. Aperture diameters of 32” and an Ha and contin-
uum filter system similar to that described by Kennicutt and
Kent (1983) were used for these measurements. The data
were used to calibrate the flux scale for many of the images,
and served as an independent check on the accuracy of the
EWs derived from the imagery. We also used the large-aper-
ture photometry of Kennicutt and Kent (1983) for a few
large, nearby galaxies in the complete-pairs sample.

The Ha + [N 11] EWs for the interacting galaxies are list-
ed in Table II. Note that the measurements include the emis-
sion of Ha and the satellite [N 11] A4 6548, 6584 lines, but in
most spiral disks the contribution from [N 11] is less than
25%, with a relatively small dispersion among galaxies of
the same type (Kennicutt and Kent 1983), so in the discus-
sion that follows we shall often refer to ‘Ha’ alone for con-
venience. The dominant sources of uncertainty in the EWs
are errors in the sky background and continuum subtrac-
tion. Comparison of EWs derived from the images with the
Mount Lemmon aperture photometry indicates that the
typical uncertainties are + 3-5 A, or + 10% for galaxies
with very strong emission.

Table II also lists the approximate Ha + [N 11] fluxes.
For galaxies observed under photometric conditions, the
fluxes were determined directly, using observations of
KPNO spectrophotometric standard stars. Otherwise, they
were derived by tying the ISIT/CCD instrumental fluxes to
the Mount Lemmon photometry, or to the nuclear spectro-
photometry in Paper I. In each case simulated aperture pho-
tometry was performed on the Ha images, using an aperture
that was identical to that used in the photoelectric measure-
ments. As a final check, we also computed a flux from the
measured equivalent widths and published blue magnitudes
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(de Vaucouleurs et al. 1976), using the average relationship
for the KK measurements. We estimate that the fluxes for
most of the galaxies in Table IT are accurate to + 15%, but
to be conservative we have rounded all values to the nearest
0.1 dex. Fluxes flagged with colons are uncertainto + 25%.
Despite the uncertainties in fluxes of individual galaxies,
these data are still useful for examining the general charac-
teristics of the star formation in the interacting galaxies.

¢) Infrared Data

Far-infrared (FIR) fluxes of the galaxies were obtained
by combining the 60 and 100 um fluxes from the IRAS Point
Source Catalog (1985, PSC), and from the IRAS HCON1
Sky Flux Maps (SFMs). PSC fluxes were used for galaxies
which are substantially smaller than the survey resolution,
while for larger galaxies the fluxes were determined by inte-
grating the SFMs, using the digital aperture photometry
program described earlier. A comparison of fluxes derived
using both methods shows good agreement for galaxies with
D(25)<4' (diameters from de Vaucouleurs et al. 1976), and
hence we have adopted the PSC fluxes for galaxies smaller
than 4', and integrated SFM fluxes for larger galaxies.
Roughly 35% of the galaxies in the complete pairs and con-
trol samples were large enough to require SFM integrations.
PSC fluxes could be used for virtually all of the Arp pairs,
but in this case the emission from individual pair members is
usually unresolved, as discussed below.

The dominant sources of uncertainty in the SFM fluxes
are the sensitivity of the HCON1 survey (for faint galaxies)
and the background correction (for large galaxies). A com-
parison of SFM fluxes and PSC fluxes for small galaxies
shows typical scatter of 15%-25%, except for very faint
sources near the detection limit. We estimate that the SFM
fluxes are accurate to + 20% or better for sources stronger
than 10 Jy, with the fractional uncertainty increasing rapidly
for fainter sources. Other sources of error, such as field dis-
tortion near the edges of the SFM fields, are negligible in
comparison for all of the galaxies measured. The fluxes of 18
of the interacting systems were further checked by measur-
ing the IRAS Additional Observations (AOs), which con-
sist of multiple slow scans across preselected fields of inter-
est. Fluxes in all bands in which each galaxy (or pair) was
detected were derived from the coadded AO data, using soft-
ware at the Leiden JRAS data center. Comparison of the AO
and PSC fluxes for 15 systems small enough for reliable ap-
plication of the PSC algorithm shows scatter of 0.4 Jy at 60
um and 1.5 Jy at 100 gm. The published PSC fluxes are
known to contain small systematic errors for very weak
sources, and a comparison of our SFM integrations with the
PSC data shows a weak trend which is consistent with such
an error. The AO data show no systematic error, in the PSC
fluxes for the small sample in common, however, and as a
result we chose not to attempt to apply a correction to the
PSC data.

The detection rate of the IRAS survey for all of the sam-
ples is excellent. If we exclude a few galaxies which lie in
parts of the sky not covered by IRAS, the detection rates are
92% and 94% for galaxies in the KK and Keel control sam-
ples, respectively, and 98% and 100% for the complete and
Arp samples, respectively. For undetected galaxies we have
estimated lo upper limits, and included these limits in the
subsequent analyses. Galaxies not covered in the survey
were excluded from the analysis.

The 60 and 100 #m fluxes were combined to estimate a

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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TaABLE II. Data for interacting galaxies.

W,(Ha + NII) log f (Ha + N II) log f (FIR)
NGC/IC Arp Type (A) (ergem ™25~ 1) (ergem™?s™ 1) o, Ll(‘lz‘;l){)
a) Complete sample
2276 25 Sc 45+ 5 —11.5 —9.13 0.62
2633 80 SBb 25+ 4 —12.1 -9.07 1.04
2798 283 SBa 63+7 — 119 — 8.95P 1.18P
2805 Scd — — —10.03 —0.03
2964 Sbe 4145 — 115 —-9.17 0.65
2968 10 242 — nd <—0.46P
2976 Sc 26+2 — 113 —8.99 0.31
3031 Sab - — —8.42 —0.35
3034 337 10 55+ 10 — —17.26 1.40
3077 10 27+ 4 —11.2 —-9.11 0.18
3166 S0/a 0+3 — —9.05P 0.21P
3169 Sa 343 — P P
3185 316 SBa 443 —12.7: —10.02 0.19
3190 316 Sa 0+3 — —9.44P 0.22P
3227 94 Sa 78 + 10 - 119 —9.33P 0.17P
3395 270 Scd 84+ 6 — 114 —9.26P 0.43P
3396 270 1Bm 154 + 15 —114 P
3430 Sc 30+ 4 —11.6 — 8.89P 0.67P
3690 299 IBm 238 + 30 —-113 —8.27P 1.69P
IC 694 299 SBm 190 + 30 — 115 P P
3786 294 Sa 82415 — — —
3788 294 Sab 543 —12.6 — —
IC 749 SBc 51+ 10 - 119 — —
IC 750 Sab 25+ 10 —122 — —
3991 313 Im 124 +7 —119 —9.17P 0.62P
3994 313 Sc 74 + 10 —11.8 P P
3995 313 Sm 96 + 7 — 117 P P
4394 SBb 243 — —10.07 —0.30
4438 120 Sb: - — —9.49P —0.30P
4485 269 IBm 60+ 6 —11.6 — 8.52P 0.50P
4490 269 SBd 80438 —10.5* P P
4567 Scd 1143 —12.1* — 8.89P 0.55P
4568 Scd 20+ 5 —11.7° P
4631 281 SBd 3943 - 10.7* —8.31P 0.46P
4647 116 Sc 2746 —11.8° — 9.40P — 0.44P
5194 85 Sbc 28+ 4 —10.5° — 8.14P 0.39P
5195 85 10 20° — P P
5350 SBb 9+3 —12.3* —9.75 0.30
5395 84 Sb 16+5 — 119 —9.14P 0.39P
5457 26 Scd 24+ 6 —10.32 —8.26 0.09
5474 Scd 1842 - 117 —9.94 —0.34
5480 Sc 41 4+ 4 —12.0 —9.62P 0.44P
5544 199 SB0/a 142 — —10.33P 0.04P
5545 199 Scd 3048 - 124 P P
5774 Sd 33+4 - 119 — 8.85P 0.77P
5775 SBc 31+4 —11.6 P P
5850 SBb 342 —12.7: —9.96 —0.24
5929 90 Sab 24+ 6 —12.3: —9.33P 0.62P
5930 90 Sb 2549 —12.3: P
5985 Sb 0+3 — —-9.97 —0.26
b) Additional members of Arp sample
2535 82A Sc 4147 — 115 —9.81P 0.30P
2536 82B SBc 55+ 8 —12.1: P P
5394° 84B SBb 32+4 — 124 —9.14P 0.39P
7753 86A Sbc 11+4 —12.6 —9.48P 0.68P
7752 86B 10 70 + 10 —12.4: P P
5953 91A Sa 5345 —11.8 —9.24P 1.03P
5954 91B Scd 62+ 6 —11.9 P P
5421A 111A S 10+3 —12.8 —10.27P 0.40P
5421B 111B S 443 — 135 P P
275 140B Scd 81+ 10 —11.8 —9.57P 0.45P
2445 143 Sc 45+ 7 — 117 —9.73P 0.54P
2719A 202A Im 110 4+ 30 —12.5 — 10.04P 0.42P
2719B 202B Im 2354+ 60 — 122 P P
6052¢ 209 Sc 150 + 20 -~ 117 —941P 0.83P
5278 239A Sb 50+ 6 — 124 —9.99p 0.32P
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TABLE II. (continued)

W, (Ha + N 1I) log f (Ha + N II) log f (FIR)
2 21 21 L(FIR)
NGC/IC Arp Type (A) (ergem™°s™ ") (ergem™%s™ ) o] 78
5279 239B Sa 36+5 —13.0 P. P
5257 240A Sb 80+ 10 — 119 —9.19P 1.18P
5258 240B Sb S50+ 6 —12.4 P P
4038/9¢ 244 SBm 95 + 10 —10.8* — 8.60P 0.89P
5427 271A Sc 20+ 4 —11.8 —9.30P 0.36P
5426 271B Sc 16 + 4 —12.1: P P
2881A 275A Sc/Im 48+ 6 — 125 —10.12P 0.50P
2881B 275B Sc 30+ 4 — 125 P P
2799¢ 283B SBm 56+6 —12.6 — 8.96P 1.18P
7714 284A SBb 150 + 15 —11.5 —9.28P 0.97P
5754 297A SBb 36+4 —12.6 —9.74P 0.93P
5755 297B SB 18+ 4 —12.9: P P
297C I? 43+5 —13.0 P P
7469 298A Sa 97 + 10 —11.5: — 8.89P 1.15P
1C 5283 298B Scd 14+ 4 —13.0 P P
1241 304A SBb 26+ 5 —12.1: —9.62P 0.42P
1242 304B SBc 2845 —12.7: P P

*He flux does not include entire galaxy.

*Ha data uncertain due to foreground contamination from M51.
“Faint companion to galaxy in complete sample.

9Both galaxies (or merger) measured together.

total FIR flux, using the convention described in the IRAS
Explanatory Supplement (1985). The fluxes are listed for
each detected galaxy (or pair) in the interacting galaxy sam-
ples in Table II. We have also listed the FIR fluxes normal-
ized to the total flux in the Johnson B passband, using blue
magnitudes from de Vaucouleurs et al. (1976) or from Pa-
per I, and the B band photometric calibration from Johnson
(1969).

A serious limitation of the JRAS data for this application
is its relatively poor angular resolution at 60 and 100 zm.
Only 20 members of the complete-pairs sample are clearly
resolved, and virtually none of the other, strongly perturbed
pairs in the Arp sample are resolved. We obtained coadded
scan data for several of the close pairs, but again the resolu-
tion proved to be inadequate in most cases. In Table II we
have listed the fluxes of individual galaxies if they are in pairs
which are resolved by JRAS, or the total flux of the pairs if
the individual components were not resolved. The latter are
denoted by the suffix ‘P’ in Table II. In contrast, individual
FIR fluxes could be obtained for virtually all of the galaxies
in the control samples, a difference that seriously compli-
cates any comparison of the FIR properties of interacting
and noninteracting galaxies.

III. RESULTS
a) Ha Equivalent Widths

Figure 2 shows the distribution of Ha equivalent widths
(EWs) for the two samples of close pairs and for the KK
control sample, integrated over all Hubble types. The Ha
EW, defined as the ratio of the total emission-line flux of the
galaxy to the underlying continuum intensity, essentially
measures the current massive SFR, normalized to the red
luminosity of the galaxy, and as such is a useful distance-
independent and luminosity-independent index of relative
star-formation activity. For the sake gf orientation, the me-
dian EW for Sb galaxies is roughly 10 A, while for Sc galaxies
it is approximately 30 A. The reader is referred to Kennicutt
(1983) and Kennicutt and Kent (1983) for general discus-
sions of the Ha emission properties of normal galaxies.

Figure 2 demonstrates that both samples of interacting

galaxies, especially the Arp sample, exhibit stronger average
Ha emission than isolated galaxies. The differences are espe-
cially pronounced in the high-EW tails of the distributions.
While galaxies with EW > 60 A occur only rarely among
single field galaxies, they comprise over a quarter of the in-
teracting galaxies we observed. These results, especially for
the Arp sample, are in excellent agreement with a study of
Ha emission in very strongly interacting and merging sys-
tems by Bushouse (1986), and we confirm his conclusion
that global SFRs are systematically enhanced in the strongly
interacting systems.

Figure 3 compares the samples on a type-by-type basis,
and here the dispersion in emission among the interacting
galaxies is even more pronounced. Again the Arp sample is
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quivalent widths for single and interacting galaxies, for individual
Hubble types.

extreme in its properties; the strong dependence of Ha emis-
sion on Hubble type which characterizes normal field galax-
ies is virtually absent in that sample. As will be discussed in
Sec. I11 b, the total emission in most of these galaxies is domi-
nated by disk star formation. The only exceptions are several
of the interacting SO/a-Sa galaxies in Fig. 3, which possess
bright Seyfert or starburst nuclei. Hence most of the differ-
ences in He EW which are evident in Figs. 2 and 3 arise from
differences in the disk star-formation rates.

The large range of Ha emission properties among the gal-
axies we observed implies that the effects of interactions on
the global star-formation activity are highly variable. Al-
though many of the interacting galaxies show evidence of
star-formation bursts, a large fraction exhibit essentially
normal SFRs. This is illustrated by Table I11, which lists the
median EWs of the different samples. The median EW of the
complete-pairs sample is only slightly higher than that of the
control sample, indicating that a majority of those interact-
ing galaxies are currently experiencing little or no change in
their SFRs. Starbursting galaxies, although present in signif-
icant numbers in both samples of interacting systems, com-
prise only a small fraction of the complete sample.

There are several possible physical causes for this large
variation in induced star-formation activity. For example,
the SFR is probably sensitive to the orbital properties of the
interaction; wide pairs and pairs with retrograde orbits are
not likely to disturb each other’s disks, while pairs undergo-

TABLE III. Median equivalent widths.

EW (Ha + N1) A

Control sample  Complete pairs Arp pairs
All types 21 27 46
S0/a;Sa 2 4 53
Sab-Sb 9 9 38
Sbc-Sd 26 33 38
Sm-Im 35 140 124
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ing close, slow, and/or prograde passages are likely to suffer
strong disk perturbations. If orbital properties are the domi-
nant determinant of the SFR, then the slight differences
between the Ha properties of the complete pairs and control
samples would suggest that the range in orbital parameters is
quite large. The induced SFR is probably also sensitive to the
ambient properties of the disks themselves, especially in rela-
tively distant, weak encounters. Yet another source of vari-
ability may be the time scale for the induced star formation;
if it is short compared to the lifetime of the gravitational
encounter, then a complete sample of pairs will exhibit a
large range of observed star-formation properties.

In order to test whether the interaction kinematics can
dominate the SFR in these galaxies, we have investigated the
correlation between the EWs of individual members of the
same pair, and the dependence of the EW on pair separation.
Figure 4 shows the Ha emission of each member of a pair
plotted against the corresponding emission of its companion.
Two parameters are plotted, the absolute EW and an ‘Ha
excess’ 7, defined as the EW of a galaxy divided by the medi-
an EW for isolated galaxies of the same Hubble type (Table
III). If the SFR were dominated by the orbital properties of
the interaction, we would expect to observe a correlation
between the emission levels within pairs, while if the induced
SFR were dominated by the ambient properties of individual
galaxies, we would expect little or no correlation. The pairs
observed here, especially those with unusually strong star-
formation activity (EW>50 A), do show a significant de-
gree of correlation in their emission properties. A similar
correlation has been observed between the colors of close
pairs, the “Holmberg effect” (Holmberg 1958; Madore
1986). Part of this effect is probably due to the tendency of
binary galaxies to possess similar morphological types
(Holmberg 1937; Page 1975), but the correlation observed
here in He, especially at high EWs, must largely reflect in-
teraction-induced star formation.

Figure 5 illustrates the dependence of emission on project-
ed pair separation (in units of the harmonic mean galaxy
radius). We restrict this comparison to the complete sample,
in order to avoid any bias in the Arp sample to close, active
star-forming systems. Again, we observe a very large scatter,
which is partly due to projection effects, and is partly real.
Galaxies with very strong emission (EW > 50 A) are usually
members of close pairs, while galaxies with weaker Ha emis-
sion occur at all separations. Application of a Kolmogorov-
Smirnofftest to the EW distributions of two subsamples with
separations closer than and greater than 2 radii shows a sys-
tematic difference at the 90% confidence level. Similar re-
sults have been observed for galaxy colors by Madore
(1986). These results indicate that many strong starbursts
are triggered by close galaxy-galaxy encounters, but that
such interactions by themselves are neither necessary nor
sufficient conditions for such star-formation bursts.

At the same time, the SFRs in the strongly interacting
galaxies appear to be largely decoupled from the internal
parameters which regulate the SFR in normal field galaxies.
It has already been shown in Fig. 3, for example, that the Ha
EWs of the galaxies in the Arp sample are only weakly de-
pendent on morphological type. Another illustration of this
effect is shown in Fig. 6, which shows the dependence of the
Ha EW on H 1 content. The parameter plotted is the ratio of
the H 1 mass of each galaxy, taken from Davis and Seaquist
(1983) for the interacting galaxies and from Fisher and Tul-
ly (1981), Bottinelli et al. (1982), and Huchtmeier (1982)

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


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1987AJ.....93.1011K&amp;db_key=AST

rT987AT.- - CJ93. I0T1IK

1017 KENNICUTT ET AL. : INTERACTING GALAXIES

1000 , ,
L]
L]
L
L]
P 100 — -
0 N 4
8
c L]
= < hd o
f=2 AR
L]
E 10 ¢ -
L] L]
< .
<
\
. ! !
1 10 100 1000
(a) EW (brighter) A

1017

100 T T
5 .
£ 1op . -
b ° e
w [ ]
3] . *
> . .
[17]
z 1 ’ 7
1] * 54 ° e

] |
0'10,1 1 10 100
(b) EW EXCESS (brighter)

FIG. 4. Dependence of integrated Ha + [N 11] emission of an interacting galaxy on the corresponding emission of its companion. In
each case the brightest member (in the blue) is plotted along the abscissa. (a) Emission-line equivalent widths. (b) Equivalent-width

excess factor, as defined in the text.

for the KK control sample, normalized to the square of the
optical diameter, as listed by de Vaucouleurs et al. (1976).
We chose to use this pseudo surface density as anindex of H 1
content, rather than the more conventional .# (H)/L(B)
ratio, because the latter is sensitive to luminosity evolution in
the starbursting systems. Figure 6 demonstrates that Hoa
emission is loosely correlated with H 1 content among the
single galaxies, but this correlation is virtually absent in the
interacting systems. Most of the interacting galaxies have
much higher Ha EWs than field galaxies with similar H1
contents, and have SFRs that are essentially independent of
their total gas contents (at least their H 1 content).
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To summarize, the interacting galaxies we studied exhibit
a large range of responses to interactions, but we can clearly
identify two asymptotic physical regimes. At one extreme
are galaxies with relatively normal SFRs. The Ha emission
in these galaxies is essentially uncorrelated with any identifi-
able interaction parameter. It is likely that most of the ob-
served Ha emission represents the underlying, steady-state
star-formation activity, and this SFR is dictated largely by
the internal properties of the disk, independent of the (usual-
ly weak) interactions. A majority of the galaxies in a com-
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FIG. 5. Dependence of Ha + [N 11] emission of an inter-
acting galaxy on the projected distance to its nearest com-
panion. Separation is in units of the harmonic mean galac-
tic radius. See the text for a definition of the equivalent-
width excess factor.

V<9<V\W A\

I

10
M(H1)/zR?

Mopc2

100

FIG. 6. Relationship between integrated Ha + [N 1] emis-
sion-line equivalent width on neutral-hydrogen content for
single and interacting galaxies.
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plete sample of close pairs will fall into this regime. At the
other extreme are galaxies with abnormally strong Ha emis-
sion. The EWs of these galaxies are only weakly correlated
with the properties of their parent galaxies, such as Hubble
type or H 1 content, and much more strongly correlated with
the properties of the interactions themselves, as might be
expected if the observed emission were dominated by inter-
action-induced star formation. Although such galaxies are
rare in a volume-limited sample, many of the best-known
interacting systems fall into this regime.

b) Ha Luminosities and Nuclear Emission

The Ha luminosities provide additional information
about the star formation in the interacting galaxies. Figure 7
shows a comparison of Ha luminosities for the interacting
(dark symbols) and single (light symbols) Sc—Irr galaxies.
Enhanced emission in the interacting galaxies occurs over
the entire range of absolute magnitude, except possibly at
faint magnitudes where our sample is too small. Several in-
teracting galaxies possess Ha luminosities that are higher
than any of the galaxies in the KK survey, but the brightest is
only three times more luminous than normal Sc I galaxies
such as M101 or NGC 1232. Hence we do not find any opti-
cal analogs to the superluminous interacting/merging galax-
ies which are observed in the far infrared (Houck et al.
1985). This is not surprising, given the low space density of
the FIR sources, the short estimated lifetimes of the bursts,
and the association of such sources with mergers (e.g., Jo-
seph and Wright 1985), rather than with distinct pairs of
galaxies.

Figure 8 shows a comparison of the integrated
Hea + [N 11] fluxes of the interacting galaxies with their nu-
clear fluxes. The latter were taken from the nuclear spectro-
photometry in Paper 1, or measured directly from the Ha
images; in both cases an aperture of 4.7" was used. In most of
the interacting galaxies the nuclear contribution to the inte-
grated emission is small; the median fraction is 13%, and in
all but a few galaxies it is less than 25%. Hence the integrat-
ed emission is usually dominated by disk star formation. The
fraction of Ha emission arising from the nuclear regions is
very similar to that ( ~10%) observed in the radio contin-
uum (Hummel 1981).

Although the fractional contribution of nuclear emission
to the total Ha luminosities of the interacting galaxies is

1018

small, it is approximately three times higher than the aver-
age of 4% in isolated spirals (Kennicutt and Kent 1983).
This suggests that the nucleus (or its immediate environ-
ment) is more sensitive than the disk to the effects of the
interactions. This effect was first observed at radio wave-
lengths by Hummel (1980, 1981), who found that the main
effect of interactions was to enhance the radio emission of
the central source, not the disk. Bushouse (1986) has stud-
ied the distribution of Ho emission in a sample of strongly
interacting systems, and also observes an unusually strong
concentration of the Ha emission to the central regions. As
discussed in Paper I and Bushouse (1986), the ‘nuclear’
emission regions are often spatially extended, and this im-
plies that enhanced emission is occurring in both the unre-
solved nucleus itself and in the immediately surrounding
disk. A more detailed study of this question will be published
elsewhere (Keel et al. 1987).

The same data can be used to investigate whether the lev-
els of nuclear and disk activity are correlated. Figure 9 shows
the relationship between nuclear and disk EWs in the pro-
gram galaxies, including galaxies in the control sample with
available nuclear spectrophotometry (Keel 1983). Here we
have plotted the net disk EWs, in order to eliminate any bias
of the total EW from strong nuclear emission. Among galax-
ies with relatively normal emission (EW <30-40 A), includ-
ing most of the control sample, there is little or no correla-
tion between the nuclear and disk EWs. The two types of
emission do appear to be correlated in the most active galax-
ies, however. Almost all of the galaxies with strong disk star-
bursts (EW > 400 A) also exhibit unusually strong nuclear
emission. (The only exceptions are a few late-type spirals
and irregulars which do not posssess identifiable optical nu-
clei, and hence are not plotted in Figs. 8 and 9.) Apparently,
any perturbation that is strong enough to trigger a burst of
star formation in the disk will also transfer enough gas to the
central regions of the galaxy to enhance the nuclear emission
as well.

While strong nuclear emission almost always accompa-
nies strong disk emission in the interacting galaxies we stud-
ied, the converse does not hold; some of the most active nu-
clei in our sample are embedded in disks that are virtually
devoid of massive star formation. There are at least two pos-
sible explanations for this effect. Most of these latter galaxies
are early-type, gas-poor spirals, and perhaps it is easier to
trigger star formation and/or nonthermal activity in the nu-
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Fi1G. 8. Relationship between total Ha + [N 11] emission-line flux and
nuclear emission-line flux for the interacting galaxies. The three solid lines
indicate fractional nuclear contributions of 1%, 10%, and 100% of the
total flux. The dashed line indicates the median fractional nuclear contri-
bution for single galaxies in the control sample.

clear regions than in the disks of such galaxies. Another pos-
sibility is that the effect arises from widely differing time
scales for the nuclear and disk activities. Models by Loose et
al. (1982) and Scalo and Struck-Marcell (1986) indicate
that star formation in a given galactic component will re-
spond to a disturbance on a time scale that is related to the
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dynamical time scale in that component. Such time scales
are relatively short in the nuclear regions, and perhaps the
nuclei respond more quickly than the disks to a tidal distur-
bance.

¢) Infrared Emission

Infrared emission in galaxies is often associated with star
formation (e.g., Rieke and Lebofsky 1979; de Jong et al.
1984), and thus if the excess Ha emission observed in inter-
acting systems is due to star formation, we would expect a
corresponding enhancement in the FIR luminosities of these
galaxies. Evidence for enhanced IR emission in interacting
galaxies has been reported by Lonsdale er al. (1984), Joseph
et al. (1984), Cutri and McAlary (1985), and Bushouse
(1986). Here we use the IRAS FIR data to test whether this
is a general property of interacting galaxies.

As mentioned earlier, any analysis of the JRAS fluxes of
individual members of close pairs is severely handicapped by
the limited spatial resolution of that survey at 60 and 100
pum. About half of the pairs in our complete sample and most
of the Arp sample are not resolved.

Another serious problem is the uncertain relationship
between the flux of a galaxy in the JRAS passbands and its
star-formation rate. Detailed spectral decompositions of the
FIR emission in galaxies by several investigators (e.g., Cox
et al. 1986; Walterbos and Schwering 1987; Persson and He-
lou 1987) indicate that only part of the FIR emission is asso-
ciated with massive star formation, and this fraction may
vary considerably among different types of galaxies. In view
of these ambiguities, we have chosen to limit our analysis to a
statistical comparison of the FIR properties of the interact-
ing and noninteracting galaxies, as a consistency check on
our interpretations of the optical data.

Since much of the JRAS data for the interacting galaxies
consist of integrated pair fluxes, we first compare the distri-
butions of total FIR emission from pairs rather than from
individual galaxies. Fluxes for the interacting pairs were tak-
en directly from the JRAS data. The total (pair) FIR flux
was then combined with the total blue luminosity to derive
an average L(FIR)/L(B) ratio, following the procedures
described in Sec. II. For the comparison sample, we genera-
ted an artificial set of pairs by matching each member of the
KK control sample (now including E/SO galaxies) with an-
other randomly selected galaxy. In order to match the inter-
acting-pair samples as much as possible, we required that the
difference in recessional velocity of the artificially paired gal-
axies be less than 600 km s~ !, and required that each artifi-
cial pair contain at least one spiral or irregular galaxy. Each
member of the KK sample was paired with two other galax-
ies in this way, in order to generate a smoother distribution
of pair fluxes.

The results of this comparison are shown in Fig. 10. The
reader is referred to de Jong et al. (1984) and Hunter ef al.
(1986) for general discussions of the behavior of the
L(FIR)/L(B) ratio in normal galaxies. Many of the same
features observed in the comparison of He EWs (Fig. 2) are
seen in the FIR distributions as well. The median L(FIR)/
L (B) ratio is systematically higher in the interacting galax-
ies (1.45x for the complete sample and 2.2 X for the Arp
sample), and there is a substantial population of infrared-
bright interacting pairs which is virtually absent from the
control sample. The average enhancements we observe in the
FIR are similar to those observed in Ha. We do not observe
an excess of FIR emission relative to He in interacting sys-
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tems, as has been reported by Bushouse (1986), but this may
be due to a much larger fraction of strongly interacting sys-
tems in Bushouse’s survey.

Figure 11 shows a crude comparison of the FIR properties
of individual galaxies. For galaxies in the two control sam-
ples and for roughly half of the complete-pairs sample, the
FIR fluxes were obtained directly from the JRAS data. For
each unresolved pair, we apportioned the total FIR flux
among its components by setting their relative FIR fluxes
equal to their relative He fluxes. The He and FIR Iuminosi-
ties of individual field galaxies are roughly correlated (Den-
nefeld et al. 1986), so this arbitrary procedure is probably
satisfactory for comparing the general propertiesof the FIR
flux distributions. Values for the complete sample which
were estimated in this way are indicated in Fig. 11. The Arp
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Fi1G. 11. Distribution of total far-infrared luminosity, normalized to
total blue luminosity, for individual isolated and interacting galax-
ies. Shaded areas denote upper limits. Hatched areas denote
members of unresolved pairs where the relative Ho fluxes were used
to estimate the relative infrared fluxes within the pair.
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sample is not included in this comparison, because nearly all
its members are unresolved.

Both control samples are shown in Fig. 11, and the simi-
larity in their FIR properties is reassuring; if anything, the
KK control sample which was used for the Har analysis is
slightly biased toward more active star-forming galaxies.
The interacting galaxies show most of the same qualitative
features which are evident in the comparisons in Figs. 2 and
10; enhanced emission on average and an excess of very ac-
tive systems. Any further interpretation would require high-
er-resolution data.

IV. STAR-FORMATION RATES AND EVOLUTIONARY
PROPERTIES

Larson and Tinsley (1978) interpreted the UBV colors of
interacting galaxies in terms of a simple star-formation-burst
model. The Ha data enable us to test the consistency of this
picture, and to place some rudimentary constraints on the
properties of the star-formation bursts.

Figure 12(a) shows the relationship between the He EWs
and corrected B — ¥ colors (de Vaucouleurs et al. 1976) for
the single and the interacting galaxies. This diagram is very
useful for isolating galaxies with star-formation bursts be-
cause the Ha emission, produced by stars with lifetimes of a
few million years, is sensitive to the very recent SFR, while
the broadband colors, dominated by the ratio of intermedi-
ate-mass main-sequence stars to giants, evolve more slowly
to changes in the SFR. Ha emission is strongly correlated
with color in normal S-Irr galaxies, and most of the interact-
ing galaxies follow this same general relation. A considerable
number of the interacting galaxies, however, possess unusu-
ally high Ha EWs for their color, as would be expected for
galaxies experiencing strong transient star-formation bursts.

In order to interpret these observations, we have comput-
ed a set of Ha and color-evolution models, following the
methods described in Kennicutt (1983), and a summary of
these models is shown in Fig. 12(b). The shaded line shows
the Ha-color relation for a set of standard disk models with
solar metallicity, an “extended Miller-Scalo” IMF (Kenni-
cutt 1983), and a variable star-formation history (e.g.,
Searle et al. 1973; Larson and Tinsley 1978). The shading
indicates the approximate effect of extinction variations.
This model, from Kennicutt (1983), provides an excellent
fit to the observed UBV colors and Ha EWs of normal disk
galaxies. Also shown in Fig. 12(b) are lines representing the
colors of three galaxies with star-formation bursts superim-
posed. These were modeled by adding to each galaxy a 107-
year-old population with continuous star formation. Each
line represents the effect of varying the relative strength of
this star-formation burst; the symbols denote enhancements
of 2, 10, and 100 times the prior SFR in the disk. The proper-
ties of galaxies with longer star-formation bursts will lie
between the limits defined by the 107 yr burst models and the
underlying (steady state) disk models.

Comparison of Figs. 12(a) and 12(b) shows that the sim-
ple burst models can satisfactorily account for the properties
of most of the interacting galaxies in our sample, confirming
the interpretation of the galaxy colors by Larson and Tinsley
(1978). (The only exceptions are NGC 3227, a red Seyfert
galaxy, and M82, which is heavily reddened.) For most of
the interacting galaxies the inferred bursts are relatively
modest, with enhancements in the SFR of 2-3 times the pri-
or rate in the disk, and durations of order 10’-10® yr. The
most active star-forming galaxies in our sample require
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in the disk.

bursts of 5-30 times the prior SFR (assuming that they were
normal Sb-Sc-Irr galaxies prior to the interaction), with
durations of order 107 yr. These results are in good agree-
ment with the earlier UBV models of Larson and Tinsley
(1978).

The Ha fluxes in Table II can be combined with simple
photoionization models such as those in Kennicutt (1983)
or Gallagheretal. (1984), in order to obtain rough estimates
of the SFRs in the interacting galaxies. Applying the calibra-
tion of Kennicutt (1983) to the data (including a mean cor-
rection for extinction) yields SFRs of 0.1-10 .# &, yr~'in
massive (>10.# ) stars, and an estimated range in total

SFRs of ~1-60 .# yr~'. Although the SFRs in the

brightest galaxies are prodigious, they are only a factor 3-5
higher than is typical in luminous normal Sc galaxies.

An important ingredient in these calculations is the pre-
sumed shape of the IMF. The results above have been de-
rived under the assumption that the IMF in the star-forma-
tion bursts is identical to that in the underlying disks (with a
roughly Salpeter slope above 1.# , ). There is evidence from
the work of Huchra (1977), Gehrz et al. (1983), and Au-
guarde and Lequeux (1985), however, which suggests that
the IMF in starbursting galaxies is systematically enriched
in massive stars. Although the normal IMF burst models in
Fig. 12(b) can reproduce the observed Ha EWs and colors
of most of the interacting galaxies, the high EWs in the most

active systems can only be contrived with short bursts
(~107 yr) and very little extinction. Both of the latter are
unrealistic, and consequently the strong Ha emission is most
likely produced by an IMF which is selectively enriched in
OB stars. Hence we tentatively conclude that the massive-
star-enriched IMFs previously observed in a few unusually
luminous starbursting systems are probably a common
property of strong interaction-induced star-formation
bursts. Unfortunately, it is not possible with the colors and
Ha EWs alone to fit a model with both variable IMF and
variable burst properties. If the slope of IMF in the burst is
shallow, the resulting SFRs will be lower, and the inferred
durations of the bursts will be longer than discussed above.

The star-formation rates can be combined with the burst
properties derived earlier, in order to estimate the total stel-
lar mass produced in the starbursts. The most luminous and
active galaxies in our sample, with SFRs of a few times 10
M & yr~ ' and burst lifetimes of 2-3 X 107 yr, will produce a
total of 10°~10'% .# , of stars, corresponding to a few per-
cent or less of the total disk mass. In most of the galaxies we
studied, the mass of stars formed will be lower; less than 1%
of the disk mass. Hence we conclude that while the interac-
tions may cause major transient perturbations in the evolu-
tion of the galaxies involved, the star formation in most
bursts is minor in comparison to the past star formation in
the disks of these galaxies. The stellar mass involved in these
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bursts is also small when compared to the total supplies of
H 1 available for star formation. In the most extreme case,
NGC 3690 + IC 694, the available supplies of H 1 (Davis
and Seaquist 1983) and molecular gas (Sanders et al. 1986)
will fuel the present SFR for at least 2 X 10® yr; in the other
galaxies for which H 1 data are available, the gas supplies
would sustain even the present SFRs for more than 10° yr.

It has been suggested that externally induced star forma-
tion may produce a significant fraction of all of the massive
stars in S-Irr galaxies (Condon 1983), and we can use our
results to test this hypothesis. If we operationally define ‘in-
teracting’ galaxies to be those which meet the criteria estab-
lished for our complete-pairs sample, then approximately
10% of all S-Irr galaxies in a magnitude-limited sample are
members of such interacting systems. The galaxies in our
complete-pairs sample have an average Ha luminosity that
is approximately 1.6 times brighter than the members of the
control sample, and if we ascribe all of the difference to inter-
actions, we conclude that the interactions are responsible for
only 6 + 3% of the total present massive-star formation in
luminous S-Irr galaxies. The considerable uncertainties in
this calculation arise mostly from the arbitrary definition of
interactions, and from uncertainty in the matching of the
complete and KK control samples, but it is clear in any case
that externally induced star formation is a minor contribu-
tion, at least at the present epoch.

Finally, we should briefly mention some aspects of these
results which are not easily understood. As mentioned ear-
lier, the time scales we infer for the star-formation bursts
(order 107 yr) are uncomfortably short when compared to
the expected durations of the tidal encounters themselves. A
related problem is the absence of any blue but Ha-weak gal-
axies in our sample. Since the UBV colors of a galaxy decay
more slowly after a burst than the Ha emission, we expect to
observe several galaxies abnormally low in Ha emission for
their colors. These problems would be relieved if the bursts
have a shallow IMF, as discussed earlier. Another possibility
is that the star-formation bursts decay gradually over a peri-
od of order 10® yr, following a rapid initial rise. If the latter
effect is present, we are probably observing a considerable
fraction of the interacting systems during the relatively qui-
escent stages following a much more active star-formation
burst.

V. CONCLUSIONS

Both the integrated Ha emission and the FIR emission are
systematically enhanced in the interacting galaxies studied
here, and these results provide strong confirmation that tidal
interactions can enhance the star-formation rate in galactic
disks. The degree of enhancement varies enormously, how-
ever, indicating that the induced star formation is sensitive
to both the detailed kinematic properties of the interactions
and to the ambient properties of the galactic disks.

We have found that the inferred star-formation properties
of a sample of interacting galaxies are very sensitive to the
observational selection criteria used. In particular, compila-
tions of peculiar galaxies such as the Arp (1966) atlas ap-
pear to be very heavily biased toward the most active star-
forming systems; virtually every starbursting system in our
complete sample is also a member-of the Arp catalog. Part of
this selection appears to be physical, insofar as the peculiar
galaxies generally include the most strongly perturbed sys-
tems, but much of it appears to reflect a strong bias to unusu-
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ally high-surface-brightness, active systems. Hence, while
the well-known peculiar systems may provide a useful indi-
cation of the extremes in observed star-formation properties,
they do not provide a representative sample of interacting
systems, especially for the study of star formation.

Our results explain what had been a puzzling inconsis-
tency between the studies of Larson and Tinsley (1978),
Joseph ez al. (1984), and Lonsdale et al. (1984), who had
found evidence for strong star-formation bursts in interact-
ing galaxies, and the results of Hummel (1980, 1981), who
found no evidence for abnormal disk star formation. The
former studies were concentrated on peculiar systems, most-
ly from the Arp atlas, and the strong effects which were
attributed to interactions are partly real and partly a mani-
festation of the selection effect discussed above. Hummel, on
the other hand, studied a sample of nearby pairs very similar
to the complete sample in this paper; the subtle differences
which we observed in our complete sample would probably
have escaped detection in his radio survey.

Our Ha-derived star-formation rates are in excellent
agreement with the widely quoted burst models of Larson
and Tinsley (1978). Star-formation bursts of modest
strength (involving a few percent or less of the disk mass in
newly formed stars) and duration (order 107 yr) can repro-
duce the properties of all but the most extreme systems in our
sample. The latter galaxies, with unusually strong Ha emis-
sion, are best understood if the initial mass function in the
burst is enriched in OB stars.

Our results suggest that interactions are not a major influ-
ence on the evolution of most galaxies at the present epoch.
The relatively small number of active systems (< 10%-—
15%) in our complete sample indicates that major interac-
tion-induced perturbations in the SFR are either very rare or
very brief. In environments where interactions or mergers
are common, however, such as in the cores of rich clusters or
at early cosmological epochs, such interactions could be
much more important.

Finally, our results confirm the importance of interacting
galaxies for understanding the most luminous star-forming
systems. The most active interacting galaxies in our sample
possess Ha and FIR luminosities that rarely occur (if every)
in isolated galaxies, a distinction that is shared by the star-
forming nuclei in interacting systems (e.g., Paper I; Balzano
1983; Bushouse 1986). Although the most active systems we
studied represent only a small minority of a volume-limited
sample of close pairs of galaxies, they may dominate the
statistics of surveys that are selected on the basis of strong
ultraviolet, infrared, radio, or optical line emission.
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FIG. 1. Continuum (left) and Ha + [N 11] (right) emission-line images of interacting galaxies. Top: NGC 5350, a member of the complete-pairs
sample. Bottom: NGC 5754 and Arp 297C. Another companion, NGC 5755, is out of the field.
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