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ABSTRACT 

In this paper (the second in a series), we present results of optical multicolor broadband CCD imaging 
of IRAS galaxies with spectral energy distributions peaking near 60 /¿m. As roughly two-thirds of the 
galaxies are previously unidentified in optical catalogues, this paper also serves as an optical catalogue 
for 60 fim peakers. All the 60 ¿on peakers are strong emission-line galaxies (Vader et al ) [AJ ( 1993), 
in press]. Our most striking result is that spiral structure is noticeably lacking among the 60 /¿m peakers, 
in view of the fact that IRAS galaxies and optically selected samples of emission-line galaxies are 
typically spirals. The majority of galaxies in our far-infrared (FIR) selected sample have a peculiar 
morphology (tidal tails, plumes, rings, shells, etc.) and the remaining galaxies have an amorphous 
appearance. This is reflected in a proposed morphological classification scheme consisting of four 
classes, ranging from amorphous to peculiar. Morphology class correlates well with optical colors and 
magnitudes; spectroscopic type; and FIR spectral indices. We interpret these correlations in terms of 
two scenarios, in which an interaction/merger is a key element that accounts for the observed 
morphology of the galaxies and the nuclear activity producing the “warm” FIR colors. Scenario A 
attributes the different optical morphologies of 60 jum peakers to differences in the precursor galaxies 
before the interaction, while scenario B attributes the morphological classification scheme to an 
evolutionary sequence that links galaxy morphology to nuclear activity. Both scenarios can explain the 
data equally well. The wide range in luminosity of our sample indicates that the short-lived phase of 
nuclear activity and 60 ¡im emission are not restricted to high luminosity galaxies. 

1. INTRODUCTION 

Observations at infrared wavelengths have been crucial 
for identifying galaxies undergoing large bursts of star for- 
mation, uncovering nuclear sources obscured by interstel- 
lar dust, and understanding the emission mechanisms 
present in active galactic nuclei. The Infrared Astronomi- 
cal Satellite {IRAS), which surveyed more than 95% of 
the sky from 10 to 100 jum, has permitted the study of 
complete magnitude-limited samples of extragalactic far- 
infrared (FIR) sources. 

Most of the galaxies detected by IRAS are normal disk 
galaxies that contain relatively large amounts of cool dust 
and gas. These normal disk galaxies have FIR spectral 
energy distributions that rise from 60 to 100 ¡im, with a 
substantial fraction of their FIR flux being emitted at 
wavelengths longer than the IRAS limit of —120 ptm (cf. 
Telesco & Harper 1980, Thronson & Bally 1987). The FIR 
spectral index a (60, 25 /xm), defined as Fvocva, is gener- 
ally quite steep {a 2.5) for the FIR detected disk gal- 
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axies, and results from dust emission in the disk, analogous 
to the cirrus emission from our Galaxy. Elliptical and SO 
galaxies, on the other hand, were rarely detected by IRAS 
(de Jong et al 1984). Due to the absence of massive disks 
of star formation, we expected optically selected early type 
(E and SO) galaxies to have relatively low FIR luminosi- 
ties. Yet the strongest FIR sources associated with SO gal- 
axies are as powerful as the strongest FIR sources in late- 
type spiral galaxies (Dressel 1988). The long wavelength 
spectra of early and late-type normal galaxies have nearly 
identical shapes (Knapp et al 1989), implying that the 
radiation has a common origin. Previously identified qua- 
sars detected by IRAS have spectral energy distributions 
that are much flatter or “warmer” than those of normal 
galaxies, i.e., they are strongly emitting at 12 and 25 /xm 
(e.g., de Grijp et al 1985, Miley et al 1984, Neugebauer 
et al 1984). The almost flat FIR spectral index a (60, 25 
/xm) of quasars, ranging from —0.7 to —1.2 (Neugebauer 
et al 1984), is attributed to a nonthermal component. 

We have chosen to systematically study a complete sam- 
ple of infrared-selected galaxies with FIR spectral indices 
intermediate between normal galaxies and quasars, and 
with spectral energy distributions (SEDs) peaking near 60 
/xm, hereafter referred to as 60PKs. We have defined a 
60PK according to the following selection criteria: good 
quality detections at 25 and 60 /xm in the second version of 
the IRAS Point Source Catalogue with flux density ratios 
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Table 1. Instrumental setup for observing program. 

UT Dates 
(1) 

Filters 
(2) 

CCD Chip 
(3) 

Gain 
(4) 

Read Noise 
(5) 

Scale 

_ÍS_ 
Apr 15-19 
Oct 4-6 
Oct 7-10 
Mar 30 
Mar 31-Apr 4 
Oct 11-Oct 13 

1988 
1988 
1988 
1989 
1989 
1990 

B, V, R, I 
U, V 
B, R, I 
U, B 
U, B, V, R, I 
U, B, V, R 

RCA #4 
TI#1 
RCA #5 
TI#2 
n#i 
TI#2 

2.14 
2.23 
2.11 
2.19 
2.04 
2.04 

33. 
7.09 

42.8 
7.69 
7.14 
8.49 

0.495 
0.494 
0.495 
0.494 
0.494 
0.494 

Notes to Table 1 
Col.( 1) Dates of Observing Run 
Col.(2) Broad band filters used during observing run. 
Col.(3) Type of Charged-Coupled Device used during observing run. 
Col.(4) The number of photo-electrons per A/D unit as set by the electronic gain. 
Col.(5) Readout noise (in units of e’) of the CCD used for observing run. 
Col.(6) Final scale of CCD in units of arcsecond/pixel. 

feo tim/f 100 ¡im > 1 (including upper limits at 100 fim) and 
4>/60 /im/f25 /im> 1 at a galactic latitude \b\ > 10°. We 
consider only the extragalactic objects which satisfy the 
aforementioned criteria to be a 60PK (for a more detailed 
discussion please refer to Vader et al 1993, Paper I). The 
scarcity of 60PKs (Paper I) suggests that they represent a 
transient phase of evolution for more common galaxies. 
This paper, the second in a series, reports on the optical 
broadband imaging and photometry program, and presents 
a catalogue of the optical broadband CCD images of 
60PKs. In a paper to follow (Paper III), narrow-band Ha 
imaging clearly demonstrates the central concentration of 
activity. Paper III also contains a detailed statistical anal- 
ysis which examines whether morphology or activity type 
is the fundamental parameter that produces the strongest 
segregation of the observed properties discussed in Papers 
I-IIL 

This study of the optical morphologies, colors, and mag- 
nitudes of 60PKs, all of whose optical spectra show strong 
emission lines characteristic of Seyfert and/or starburst 
galaxies, will significantly extend previous morphological 
studies of emission-line galaxies, most of which were based 
on optically selected samples (e.g., Adams 1977, Heckman 
et al 1978, Simkin et al. 1980, Bothun et al 1989, Mac- 
Kenty 1990). The majority of 60PKs are previously uni- 
dentified in optical catalogues and most of these are too 
faint to classify on the POSS or ESO prints. The larger 
dynamic range and resolution of CCD detectors are better 
suited for our morphological study. Both low surface 
brightness features (too faint to be detected on POSS), and 
bright central features that may be situated in the “burnt 
out” portion on photographic plates can be detected on the 
same image. The telescope focal ratio and the pixel sizes of 
the CCDs used for our observations, yielded a resolution of 
approximately 16.67 arcsec mm-1, which is four times bet- 
ter than that of the POSS/ESO sky surveys and allows for 
the detection of small scale morphological features. We 
present here the results of a very careful and detailed anal- 
ysis of the optical images of 60PKs, including the applica- 
tion of various digital enhancement techniques. 

This paper is organized in the following manner: CCD 

observations and data reductions are described in Sec. 2. 
Data analysis is given in Sec. 3. Our observational results 
are discussed in terms of a morphological sequence in Sec. 
4, and are summarized in Sec. 5. On the basis of the mor- 
phological sequence of 60PKs, we propose two extreme, 
simple scenarios in which a tidal interaction event is cru- 
cial, and we examine the data in terms of these two sce- 
narios in Sec. 6. We summarize conclusions in Sec. 7. 

We adopt a Hubble constant Hq—15 kms-1Mpc-1 

and deceleration parameter q^O.5 throughout this series 
of papers. 

2. THE DATA 

2.1 Instrumental Setup 

Optical imaging and photometry of 60PKs were ob- 
tained between 1988 April and 1990 October, using the 0.9 
m telescope at CTIO with the Cassegrain Focus CCD 
Camera system, a RCA or Texas Instrument (TI) CCD, 
and broadband U, B, F, R, and / filters. Table 1 describes 
the instrumental setup of our optical imaging program. 
The TI and RCA CCDs, set at 2 X 2 and 1x1 pixel bin- 
ning, respectively, provided a scale of approximately 0.5 
arcsec/pixel for both CCDs. Compared to the RCA chip, 
the TI chip responds better in U, has a higher quantum 
efficiency, a much lower read out noise ( —7 electrons for 
TI compared to —42 electrons for RCA), and a slightly 
smaller cosmic ray rate (by a factor of 2). The TI CCDs 
suffer very little fringing ( < 1% of sky) in the I band, and 
none at shorter wavelengths, while /-band frames taken 
with the RCA CCDs display noticeable fringing, resulting 
in slightly higher errors for /-band photometry. The ad- 
vantages of the TI CCD, and the long integration times 
required for our program objects in the U band, made the 
TI the ideal chip for our sample, and it was used whenever 
possible. 

All the CCD frames were corrected for instrumental 
effects by subtracting an averaged bias frame. Long inte- 
gration times were required for the faint galaxies in our 
sample, thus the CCDs were checked for possible hot spots 
using “dark” frames. These long dark exposures—typically 
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1800-3600 s—were taken for each instrumental setup, 
from which we typically found less than 5e~/h. Pixel-to- 
pixel variations in the sensitivity of the CCD were cor- 
rected with flatfield frames using sky flats and/or dome 
flats. A considerable red leak affects the dome flats (for U 
and 5 filters) at the 0.9 m telescope at CTIO (CTIO Ob- 
servers Manual 1989). About 10 to 25 twilight sky frames 
were combined using IRAF to create a sky flat for the 
broadband U and B filters. Flatfielding of images was ac- 
complished using these sky flats, yielding very flat sky 
backgrounds (variations <0.6%). Dome flats (observa- 
tions of a white spot in the dome illuminated by a quartz 
lamp, taken with a color balance filter that closely resem- 
bles the sky color), were sufficient for flat fielding the 
frames (variations < 1%) taken with broadband V, R, and 
/ filters. 

2.2 Observations 

Images through optical broadband filters ( C/,5, F,R,/) 
were obtained for most 60PKs with <5 <3 Io. A detailed 
observing log including dates, exposure times, and filters 
used to observe each object is given in Table 2. We present 
a catalogue of our optical broadband CCD images of pre- 
viously unidentified, and previously identified 60PKs in 
Figs. 1 [Plates 4-9] and 2 [Plates 10-14], respectively. We 
briefly discuss the individual galaxies in the Appendix. We 
were unable to observe 12 galaxies (IRAS 03445, 03578, 
06457, 06097, 07314, 07329, 08321, 12474, 12540, 13449, 
19315, 21169) from CTIO due to their northern declina- 
tion. Fortunately four of these were previously well-studied 
galaxies (IRAS 06097 = Mkn 3; IRAS 06457 = Mkn 6; 
IRAS 08321 =Mkn 93; IRAS 12540=Mkn 231), and are 
included in this study. 

The FIR flux of a few 60PKs may have a significant 
contribution from a bright foreground star. Reflection 
rings due to a bright star contaminate the optical images of 
two objects: IRAS 13452 [Fig. 2(k)] and IRAS 16343. We 
have retained the former object in our sample because it is 
a relatively nearby previously identified galaxy, while we 
reject the latter because its faint optical counterpart is pre- 
viously unidentified. Six additional previously unidentified 
sources are not considered in the analysis of this paper 
because they are too faint (even in deep exposure CCD 
frames) to be distinguishable from stars (IRAS 00260, 
05209, 06047, 16442, 17096, 18526), and since optical 
spectra were not obtained for them, their nature (star or 
galaxy) remains unknown. Two of these (IRAS 06047 and 
IRAS 16442) appear to be blank fields on POSS prints. 
Our deep CCD exposures with broadband V and R filters 
have revealed a faint object for 06047, but nothing for 
16442. 

We retain a final sample of 46 galaxies for further anal- 
ysis, half of which are previously unidentified in optical 
catalogues. 

2.3 Photometric Calibration 

After correcting for instrumental effects the frames were 
calibrated photometrically to account for observing time, 

airmass, and transformation to the standard Cousins 
broadband filter system (1967a,b). Instrumental magni- 
tudes of standard stars were determined by summing the 
sky-subtracted intensity in concentric circular apertures of 
increasing radii centered on the star. Photometric standard 
stars from lists of Graham (1982) and Landolt (1983) 
were used to derive transformations from the instrumental 
to the standard system of Cousins. Transformation rela- 
tions were defined for each night using between 10 and 18 
standard stars per night. 

A least-squares fitting routine was used to solve for co- 
efficients in equations of the general form 

(1) 

(Jl//io-M/li) = Z>o+Z>i(w1i0-w/li), (2) 

where A refers to the wavelength band of the observations, 
i.e., U,B,V,RJ; upper-case letters and denote the 
magnitude in the standard Cousins photometric system; 
lower-case letters and denote the instrumental 
magnitudes corrected for exposure time and extinction due 
to airmass as given in Eq. (3); C0 and D0 denote the zero 
point for the best fitting line; Cj and Dj are the correspond- 
ing slopes; (Mx0 — M^) is the standard Cousins photomet- 
ric color term for the transformation 

"U0=2.5 log t0-KXox0-2.5 log 7Ao+23.5, (3) 

where is the instrumental magnitude; t0 is the exposure 
time; K¿o is the extinction coefficient; Xo is the airmass; 
I¿o is the sum of the pixel intensity. 

When performing a least-squares fit on Eq. ( 1 ) the con- 
stant C2 is initially set to one. For those cases where a 
least-squares fit gave a value close to zero for Q and a very 
poor correlation coefficient, the constant Q is set to zero 
and a value for C2 (which is the slope in these cases) is 
then determined by a least-squares fit. Errors for the 5, V, 
R, and / magnitudes and colors are typically less than 0.05 
mag, while U magnitudes have slightly larger errors of 0.08 
mag. The reader may refer to Heisler (1991) for a more 
detailed listing of the specific transformation relations for 
each night of observing, along with the coefficients for the 
zero points and slopes, and their associated errors and rms 
of the fit. 

3. DATA ANALYSIS 

3.1 Optical Morphology 

3.1.1 Image enhancement 

Several image enhancement techniques (unsharp mask- 
ing and two-color mapping) were applied to our data to 
study the morphology of 60PKs. The basic idea behind the 
procedure of unsharp masking is to remove the large-scale 
brightness distribution to uncover small-scale light varia- 
tions (Malin 1977; Schweizer & Ford 1985). The tech- 
nique briefly outlined below has been used successfully by 
us (Heisler et al. 1989a,b,c) and others (e.g., Malin & 
Carter 1983; Veron-Cetty & Veron 1988; Ebneter et al. 
1988) to reveal low surface brightness features (e.g., shells, 
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Table 2. Observing log. 

IRAS 
01,  

OTHER NAMES 
 2)  

u 
_2L 

B 
(4) 

V 
_2L 

R 
(6) 

I 
(7) 

00160 - 0719 10/11/90, 1800s 10/08/88,300s 
00198 - 7926 10/04/88,3600s 10/07/88,3600s 10/04/88,900s 
00260 - 7315 10/10/88, 2700s 10/10/88, 1800s 
00344 - 3349 ESO350-1G38 10/06/88,900s 10/08/88,3x600s 10/09/88,3x450s 
00521 - 7054 10/05/88,3600s 10/07/88, 1800s 10/05/88, 1800s 

01053 + 2147 10/12/90,3200s 10/12/90, 1600s 10/13/90, 1200s 
01072 - 0348 10/06/88,3x2000s 10/10/88, 1800s 10/06/88,3x450s 
01413 + 0205 MKN 573, M+00-05-033 10/11/90, 1200s 10/10/88, 3x300s 10/09/88, 3x240s 
01475 - 0740 10/04/88, 1800s 10/07/88,3600s 10/04/88,900s 
02304 + 0012 UGC 2024 10/11/90,2100s 10/08/88, 1800s 10/09/88,3x160s 

02530 + 0012 10/12/90,2400s 10/12/90,3x600s 10/13/90,900s 
03106 - 0254 10/11/90, 1800s 10/10/88,900s 10/13/90,600s 
03344 - 2103 NGC 1377, ESO 548-IG51 10/06/88, 3000s 10/08/88, 1200s 10/06/88, 900s 
04259 - 0440 04/02/89,2200s 04/02/89, 1200s 10/13/90,600s 
04385 - 0828 10/04/88,3600s 10/12/90,900s 10/06/88,300s 

05189 - 2524 
05209 - 0107* 
05530 + 0323 HZw40 10/05/88, 1500s 10/07/88, 1500s 10/05/88,3x300s 
05570 - 8123 10/11/90,2100s 04/17/88,3x600s 04/18/88,3x450s 
06047 - 0546* 10/13/90, 1800s 

04/01/89,600s 04/01/89,300s 10/13/90,600s 

10/08/88, 200s 
10/07/88, 1100s 

10/08/88, 3x360s 
10/07/88, 600s 

10/10/88, 1200s 
10/08/88, 3x600s 
10/10/88, 3x240s 
10/07/88, 1200s 
10/08/88, 720s 

10/10/88, 900s 
10/10/88, 600s 
10/08/88, 450s 
10/10/88, 700s 
10/13/90, 600s 

10/13/90, 600s 
10/10/88, 600s 
10/07/88, 600s 
04/17/88, 3x450s 
10/13/90, 900s 

10/09/88, 3x300s 
10/09/88, 720s 

10/09/88, 3x720s 
10/09/88, 3x240s 
10/09/88, 1200s 
10/09/88, 3x180s 

10/09/88, 500s 
10/10/88, 600s 

10/10/88, 600s 
10/09/88, 1200s 

06488 + 2731 MCG+05-16-010 
08007 - 6600 
08014 + 0515 MKN 1210, UGC 4203 
08170 - 1126 
09497 - 0122 MKN 1239, M+00-25-026 

04/02/89, 2100s 
04/01/89, 2400s 
04/01/89, 1200s 
04/02/89, 1800s 

03/30/89, 1800s 
04/01/89, 1500s 
04/01/89, 450s 
04/02/89, 900s 

03/30/89, 3x1800s 03/30/89, 3x600s 

04/04/89, 3x300s 04/04/89, 300s 
04/15/88, 1200s 04/15/88, 1200s 
04/04/89, 3x240s 
04/16/88, 3x600s 
04/18/88, 4x200s 

04/04/89, 3x240s 
04/16/88, 3x600s 

04/04/89, 300s 

04/04/89, 3x180s 

10567 - 3323 
13329 - 3402 ESG383-G35, MCG-6-30-15 
13370 - 3123 NGC 5253, ESO 445-IG4 
13452 - 4155 ES0 325-IG22 
13536 + 1836 MKN 463, UGC 8550 

14082 + 1347 CGCG Zwicky 
14167 - 7236 
15295 + 2414 3C321, PKS 15295 
16343 - 1023* 
16380 - 8123 ESO 023-IG03 

16442 - 0930* 
17096 - 1524* 
18333 - 6528 ESO 103-G35 
18526 - 2445* 

04/02/89, 4000s 
03/30/89, 3x1800s 
04/01/89, 3x300s 
04/01/89, 3x240s 
04/02/89, 1200s 

03/30/89, 3600s 
04/01/89, 2400s 
04/02/89, 2700s 

03/30/89, 1500s 

10/06/88, 3600s 
04/01/89, 1800s 

19245 - 4140 ESO338-IG04, Tololol9245 04/02/89, 1000s 

04/02/89, 2000s 
03/30/89, 600s 
04/17/88, 3x180s 
04/18/88, 3x300s 
04/02/89, 600s 

03/30/89, 1800s 
04/01/89, 1200s 
04/02/89, 1200s 
04/18/88, 3x450s 
03/30/89, 600s 

04/15/88, 3x600s 
10/07/88, 600s 
04/01/89, 600s 
10/08/88, 3x500s 

04/15/88, 3x 1000s 04/16/88, 3x1500s 
04/17/88, 3x240s 04/17/88, 3x240s 
04/17/88, 3x180s 
04/18/88, 3x200s 
04/18/88, 3x180s 

04/03/89, 900s 
04/15/88, 3x600s 
04/17/88, 3x300s 
04/18/88, 3x450s 
04/16/88, 3x300s 

04/18/88, 3000s 
04/15/88, 3x600s 
10/06/88, 1800s 
04/18/88, 3x180s 
10/10/88, 3x450s 

04/17/88, 3x180s 
04/19/88, 3x300s 
04/03/89, 600s 

04/03/89, 780s 
04/16/88, 3x600s 
04/17/88, 3x300s 
04/19/88, 3x300s 
04/16/88, 3x300s 

04/19/88, 2100s 
04/15/88, 3x500s 
10/07/88, 600s 

04/17/88,600s 

04/19/88, 3x900s 

04/19/88, 3x300s 
04/03/89, 300s 

04/03/89, 720s 
04/19/88, 3x600s 

04/19/88, 3x300s 
04/19/88, 3x300s 

10/09/88, 3x300s 

10/10/88, 3x300s 

19370 - 0131 10/04/88,2000s 10/07/88,2000s 10/04/88, 1200s 10/07/88,600s 
20210 + 1121 10/06/88,2400s 10/08/88,900s 10/06/88,900s 10/08/88,3x300s 
20253 - 8152 10/05/88,3600s 10/07/88,2400s 10/05/88, 1200s 10/07/88,900s 
20460 + 1915 10/11/90,3600s 10/11/90, 1500s 10/13/90, 1200s 10/12/90,900s 
20481 - 5715 IC 5063, PKS20481 10/05/88, 1800s 10/08/88,3x600s 10/05/88,900s 10/08/88,3x300s 

21062 + 1752 10/12/90,2100s 10/08/88,900s 10/09/88,600s 10/08/88,2x600s 
23060 + 0505 10/11/90,3600s 10/11/90,2400s 10/13/90, 1200s 10/13/90, 1200s 
23446 + 1519 MCG+02-60-017 10/12/90, 1800s 10/08/88,450s 10/09/88,300s 10/08/88,3x300s 
23547 - 1914 10/12/90, 2700s 10/12/90, 900s 10/13/90, 1200s 10/13/90, 900s 

10/09/88, 1200s 

10/09/88, 600s 
10/10/86, 
10/10/88, 3x450s 

10/09/88, 600s 

10/09/88, 300s 

Notes to Table 2 
Col. (1) 

Col. (2) 
Col. (3)-(6) 

IRAS Name - an * denotes those galaxies that are not considered in the analysis of this paper because we are uncertain as to the 
nature (star or galaxy) of IRAS source, due to lack of spectra and/or the sources have stellar-like light profiles on CCD images. 
Other names for previously catalogued galaxies. 
Date (month/day/year), exposure time (in seconds) of images taken with broad band filters: U, B, V, R, and I, respectively. 
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ripples, dust features) that are normally hidden by the 
strong intensity gradient of the galaxy itself. 

We take the following steps when constructing an un- 
sharp masked image. First, the original CCD frame is 
Gaussian smoothed by convolving the image with a Gaus- 
sian kernel having a circular cross section and a Gaussian 
profile with values of sigma ranging from 3 to 10 pixels. 
This procedure in essence creates an “out-of-focus” mask. 
We next divide the original frame by this mask to produce 
an unsharp masked image. A two-color map (B—R 
and/or B—I and/or U—V) is constructed in a similar 
manner, following a technique tantamount to that de- 
scribed by Sparks et al (1985). Regions of enhanced star 
formation have very blue colors relative to the background 
galaxy and appear as relatively darker regions on our grey- 
scale images of the two-color processed CCD frame. Dust 
lanes and patches have red colors and appear as lighter 
regions compared to the background galaxy on two-color 
maps. We display digitally enhanced images (i.e., unsharp 
masked images, and two-color maps) for some previously 
unidentified and identified 60PKs in Figs. 3 [Plates 15 and 
16] and 4 [Plates 17-19], respectively. We use these digi- 
tally enhanced images in conjunction with the original 
CCD frames to morphologically classify the 60PKs, as dis- 
cussed in Sec. 3.1.2. 

3.1.2 Morphological classification 

Sorting galaxies by morphology can be an ambiguous 
and complicated task. Morphological classification de- 
pends on many parameters: the bandpass of the filter used 
for the observation (effective wavelength and bandwidth), 
the resolution of the pixel elements of the CCDs, the seeing 
conditions at the time of the observations, and the distance 
of the object. A striking result is the absence of prominent 
spiral structure in 60PKs. Only four galaxies display spiral 
structure (IRAS 21062, 02304, 08321, 23446), and all of 
these also possess a faint outer envelope extending beyond 
the spiral arms that is not a common characteristic of nor- 
mal spiral galaxies. Most of the 60PKs have smooth global 
light distributions with rather inconspicuous nuclei com- 
pared to optically selected Seyferts. We refer to the galaxies 
with smooth global light distributions as amorphous and 
discuss them in more detail below. The remaining objects 
appear disturbed or peculiar—they have multiple nuclei, 
tails, “jets,” plumes, etc. Digital masking techniques en- 
hance these features, and more importantly, uncover low 
surface brightness features which are not obvious on the 
original CCD images of many of the otherwise featureless 
amorphous galaxies. 

Two-thirds of 60PKs have optical spectra characteristic 
of Seyfert galaxies (Paper I). In general, Seyfert galaxies 
have many features that are not well described by the Hub- 
ble sequence. The first attempts to fit Seyferts into the 
standard morphological classification system revealed that 
Seyfert 2 galaxies tended to have spiral structure, while 
Seyfert 1 galaxies were more likely to have an amorphous 
form, typical of SO galaxies (Khachikian & Weedman 
1971). A generalized description of Seyfert galaxies pro- 
posed by Simkin et al. (1980), and based on the morpho- 

logical description given by Khachikian & Weedman 
(1971), involved three components: an inner disk; an in- 
termediate envelope, bar, or lens; and a faint outer enve- 
lope or bar. The distinction between these three compo- 
nents was first noted by Sandage (1961) for the active 
galaxy NGC 1068. The amorphous class was originally 
defined by Sandage & Brucato (1979) as follows: a smooth 
unresolved, high surface brightness background of light 
with no spiral structure evident, sometimes with embedded 
star formation, dust lanes or irregular dust patches, emis- 
sion lines in optical spectra, and a strong underlying A star 
absorption spectrum. We take from above the elements 
appropriate for our sample and adopt the following simple 
classification scheme. 

Class 0. Amorphous: a galaxy with a smooth global 
light distribution; totally featureless morphology. 

Class I. Amorphous + Features: a galaxy whose main 
body is amorphous, upon which low surface brightness 
features (shells, rings, tails, dust lanes) are superposed. 

Class II. Spiral: a galaxy with prominent spiral arms. 
Class III. Peculiar: a galaxy with prominent peculiar 

features such as multiple nuclei, tails, plumes, jets, etc. 
The basic characteristics of the amorphous classes are 

the same as those specified by Sandage & Brucato (1979), 
except that we distinguish two categories of amorphous 
galaxies: class 0 and class I. Class 0 galaxies appear com- 
pletely featureless (even on digitally enhanced images), 
while class I galaxies contain hot spots of star formation, 
and/or low surface brightness features such as dust lanes 
or patches, and/or shells or faint rings. IRAS 09497 [Fig. 
2(h)] is a prototype class 0 galaxy, while IRAS 14082 [Fig. 
2(m)] typifies a class I galaxy in our sample. The main 
bodies of both class 0 and class I 60PKs possess a smooth 
global light distribution on the original CCD frames, and 
we distinguish between these two classes using digitally 
enhanced frames that clearly reveal peculiar features for 
the class I galaxies [e.g., Fig. 4(1)]. Both of the amorphous 
classes (0 and I) may contain SO and/or elliptical galaxies, 
as emphasized by Gallagher & Hunter (1989) in the case 
of optically selected amorphous galaxies. In fact, some of 
the previously identified galaxies in our sample are labeled 
as all three types by various authors (e.g., Sandage & Bru- 
cato (1979) classify NGC 5253 as a prototype amorphous 
galaxy, while Tully (1988) classifies it as an E/S0). In this 
paper we make no attempt to distinguish between amor- 
phous, elliptical, or lenticular galaxies, and we group them 
all into the amorphous category. In a subsequent paper 
(Paper IV) we investigate whether the amorphous galaxies 
(classes 0 and I) are disk-dominated or bulge-dominated 
systems, through a detailed examination of the axial ratio 
distributions, degree of light concentration, and surface 
brightness profiles (cf. Heisler 1991). The class II mor- 
phology is self-explanatory. An example is IRAS 02304 
[Fig. 15(f)], one of the four spiral galaxies in our sample, 
all of which are characterized by a faint outer envelope. 
These faint outer envelopes are similar to lenses described 
by Kormendy (1979), although such lenses preferentially 
occur in later-type barred galaxies that contain a nearly 
complete central ring encircling the bar (Sandage & Bru- 
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Fig. 5. Redshift vs 60 /tm luminosity (in units of solar luminosity). The 
symbols have the following meaning: open circles—class 0; filled circles— 
class I; plus signs—class II; stars—class III. The solid line represents the 
detection limit of 0.5 Jy at 60 /¿m. 

cato 1979). Only one of the spirals in our sample (IRAS 
23446) contains a bar. Class III galaxies have obvious pe- 
culiar features that are clearly visible on CCD frames and 
a main body that appears chaotic (bright knots, multiple 
nuclei, dust patches). The major distinctions between class 
III and class I are the surface brightness of the peculiar 
features, and the light distribution of the main body of the 
galaxy. An example of class III is IRAS 00198 [Figs. 1(b) 
and 15(a)] which has multiple nuclei, tidal extensions, and 
an overall chaotic appearance. 

Morphological classification depends on the limiting 
sensitivity of the observations and the resolution. The abil- 
ity to resolve features on our CCD images is a function of 
seeing conditions and distance of the object. The average 
seeing for the morphological classes ranges from 1.2 ±0.2 
to 1.4 ±0.2 arcsec, so that there is no systematic depen- 
dence of morphological classification on seeing. We exam- 
ine the possibility that distance affects our classification 
scheme by investigating the plot of redshift vs 60 /xm lu- 
minosity (Fig. 5). In Fig. 5 the symbols have the following 
meaning: open circles—class 0; filled circles—class I; plus 
signs—class II; stars—class III. The solid line represents 
the detection limit of 0.5 Jy at 60 /xm. This diagram dem- 
onstrates that the lack of observed features in the class 0 
60PKs is not a resolution problem due to distance, because 
we resolve features in other galaxies (classes I-III) over 
the range of redshifts covered by class 0 galaxies. The only 
possible exception being IRAS 20460, which has the high- 
est redshift among the sample of 60PKs. Structure is just 
barely resolved in IRAS 23060, which has the second larg- 
est redshift among 60PKs. Similarly, the difference in 
classes I and HI is not due to a bias in redshift, because the 
redshift range is similar for both classes. Given that the 
four morphology classes are not segregated with respect to 
redshift, we conclude that the morphological classification 

scheme we have adopted for the 60PKs is not resolution 
biased due to distance. 

The classification scheme may be biased as a result of 
the bandpass through which the image is observed. For 
example, a blue filter will be sensitive to young star forma- 
tion, while a red filter will be more sensitive to the older 
underlying stellar population. CCD frames and digitally 
enhanced images (masked and two-color frames), have 
been carefully examined for each galaxy over a wide range 
in optical wavelengths ( U, B, V, R, and I). Our morpho- 
logical classes may not hold up in other passbands (i.e., 
near IR, UV, x-ray, etc.), but in the optical range consid- 
ered here the classification scheme is valid. 

We have confirmed that our classification scheme does 
not show a bias with respect to optical bandpass or reso- 
lution (due to distance or seeing). Table 3 lists the mor- 
phological class assigned to each galaxy. 

3.2 Optical Colors and Magnitudes 

3.2.1 Integrated colors 

Integrated magnitudes and colors were determined from 
curves of growth. The sum of sky-subtracted pixel intensi- 
ties in concentric circular apertures centered on the galaxy 
were calculated as a function of aperture radii. The total 
magnitude was determined from the asymptotic limit of 
the curves of growth. The galaxies in this sample have a 
small angular diameter relative to the size of the CCD 
(with the exception of IRAS 13370 and 03344), thus de- 
termination of sky is relatively straightforward. A modal 
value for the local sky level is calculated within an annulus 
centered on the galaxy. The inner radius of the sky annulus 
is chosen such that contamination due to light from the 
galaxy is negligible. Table 4 gives the integrated apparent 
magnitudes and colors. 

3.2.2 Nuclear and annular colors 

Our sample of 60PKs contains galaxies that span a large 
range in luminosity and sizes. We define the “nucleus” as 
the central region containing 1/4 of the total blue light. 
This blue quarter-light radius, rx/A, is the aperture size used 
for determining the “nuclear” magnitudes and colors (Ta- 
ble 4). A nuclear magnitude is not given for six galaxies 
because their blue quarter-light radius is within their seeing 
disk as measured from the full width at half-maximum 
(FWHM) of several stars on the CCD frames. One-third 
of our sample of 60PKs consist of multiple galaxies or 
nuclei. The nuclear magnitudes of these multiple nuclei 
60PKs are measured within small apertures (Table 5). 

Annular magnitudes and UBV colors were derived for 
the outer region of the galaxies (disk or faint outer enve- 
lope). For all 60PKs, we chose an annulus with an inner 
radius equal to the blue quarter-light radius and an outer 
radius that contains the entire galaxy as determined by 
curves of growth. Annular colors could not be calculated 
for those galaxies whose blue quarter-light radius is within 
their seeing disk or 60PKs which consist of closely sepa- 
rated multiple nuclei. 
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IRAS NAME 
(l) 

Table 3. Morphological classification of 60 /¿m peakers. 

COMMENTS REDSHIFT 
(2) 

MORPH. 
(3) JÖL 

00160-0719 
00198-7926 
00260-7315 
00344-3349 
00521-7054 

01053+2147 
01072-0348 
01413+0205 
01475-0740 
02304+0012 

02530+0211 
03106-0254 
03344-2103 
04259-0440 
04385-0828 

05189-2524 
05209-0107 
05530+0323 
05570-8123 
06047-0546 

06097+7103 
06457+7429 
06488+2731 
07314+6207 
08007-6600 

08014+0515 
08170-1126 
08321+6624 
09497-0122 
10567-3323 

12474+4345 
12540+5708 
13329-3402 
13376-3123 
13449+3511 

13452-4155 
13536+1836 
14082+1347 
14167-7236 
15295+2414 

16343-1023 
16380-8120 
16442-0930 
17096+1524 
18333-6528 

18526-2445 
19245-4140 
19370-0131 
20210+1121 
20253-8152 

20460+1925 
20481-5715 
21062+1752 
23060+0505 
23446+1519 

0.018 
0.0728 
* 
0.0210 
0.0689 

0.0550 
0.0546 
0.0170 
0.0177 
0.0221 

0.0276 
0.0272 
0.0058 
0.0155 
0.0151 

0.0419 
* 
0.0022 
0.0126 

0.014 
0.019 
0.0410 
0.1207 
0.0412 

0.013 
0.0535 
0.0180 
0.019 
0.0586 

0.0622 
0.041 
0.008 
0.001 
0.0539 

0.0386 
0.051 
0.0158 
0.0261 
0.096 

0.0290 

0.013 

0.0090 
0.0186 
0.0541 
0.0309 

0.1810 
0.011 
* 
0.1738 
0.0258 

0 featureless, smooth 
m mncl, tails 
rejected stellar radial profile 
in mncl, tails 
1 asymmetrical isophotes 

m mncl, tails 
I sheUs 
I ring 
0 many fuzzy patches 
II knots, faint outer envelope 

1 shells 
I ring caused by inner dust 
I dust lane along minor axis 
I shells 
I knots, faint inner arms 

I tails, off-centre nucleus 
rejected stellar radial profile 
I mncl, tails, knots 
0 featureless, smooth 
rejected stellar radial profile 

0 1 
0 1 
1 shells 
rejected no CCD images 
m mncl, tails 

I shells 
m mncl, tails 
n 2, faint outer envelope 
0 featureless 
1 3 knots in tidal extension 

rejected no CCD images 
m 3 
I disk? on masked frame 
I dust lanes, patches, knots 
rejected no CCD images 

IH tail 
m mncl, tails 
I sheUs 
I tails, off-centre nucleus 
HI DG, tail 

rejected stellar radial profile 
m DG, disk+dwarf 
rejected blank field 
rejected stellar radial profile 
0 featureless, smooth 

rejected stellar radial profile 
ID mncl, tails 
HI elongated due to 2nd nucl 
HI ring, DG 
0 featureless, smooth 

0 featureless, smooth 
1 mncl, dust, central knots 
n spiral, faint outer envelope 
in tails, central knots 
n bar, faint outer envelope 

23547+1914 0.0263 shells 
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Table 3. (continued) 

Notes to Table 3 
Col.(l) IRAS Name 

Col.(2) 

Col.(3) 

Col.(4) 

Redshift based on optical spectroscopy (paper I). An * in this column indicates that redshift is 
unknown , so their nature (star versus galaxy) is unclear. All these objects (with the exception of 
ERAS 21062) are too faint for morphological classification using our deep exposure CCD frames, and 
are rejected from analysis in this paper. 
Optical Morphological Class: 

Class 0 Amorphous 
Class I Amorphous + Features 
Class II Spirals 
Class III Peculiar 

Comments regarding morphology. Abbreviations have the following meaning: 

DG 
mncl 
dust 
knots 
ring 
no CCD images 

Double Galaxy 
multiple nuclei 
dust patches or dust lanes 
bright knots (relatively blue in colour) 
complete or partial ring encircling main body of galaxy 
optical CCD images were not obtained of galaxy 

A number in this column refers to the reference used to classify morphology of previously identified 
galaxy when a CCD image was not obtained by us: 

1. Neff et al. 1990, and references therein 
2. Mazzarella and Balzano 1986 and references therein 
3. Sanders et al. 1988 a,b and references therein 

3.2.3 Foreground extinction and reddening corrections 

The colors and magnitudes were corrected for fore- 
ground extinction using maps of Burstein & Heiles ( 1982). 
As the redshifts are relatively small (z<0.18) we assumed 
a linear dependence of redshift and used k corrections 
based on tabulations by Pence (1976). This yields the fol- 
lowing equation for the final corrected colors: 

(MÁ-MÁ2)COTT=(MÁ-MÁ2)0-E(MÁ-MÁ2) 

— (kMk_M2i)z, (4) 

where (Af^ — Af/l2)corr is the final reddening and redshift 
corrected color; — Af^2)0 is the observed color; 

— Af¿2) is the reddening; z is the redshift, and 
kM, -Mi is t*16 ^-correction coefficient. We adopt E( U 
— 2?) =0.78E(2?—F). The ^-correction coefficients, de- 
rived as a function of intrinsic color rather than morpho- 
logical type from Pence’s (1976) data, are approximated 
by 

kB=5.96(B- F),—0.64, (5a) 

kB_y—2A^(B— F)c-|-0.74, (5b) 

ku_B=-0.96{U-B)c-(33% (5c) 

for redshifts z<0.2, and extinction-corrected colors 
(£-F)cand (U-B)c. 

Table 6 lists the absolute blue magnitudes and the 
(U—B)0 and (B—V)0 colors corrected for galactic red- 
dening E(i?—F) and redshift for: the total galaxy; the 
nucleus; and the outer annular region. 

3.3 Blue Surface Brightness 

We calculate the effective blue surface brightness— 
defined as the average surface brightness through a blue 
broadband filter within the half-light radius (as specified 
by curves of growth), corrected for foreground extinction 
and redshift—according to 

<SBe)=wÄ+5 log(re)+2.5 log(277-)-^-¿¿z, (6) 

where m 5 is the apparent total blue magnitude, re the half- 
light radius, AB the extinction in J0[^45=4.1E(^—F)], 
and kB the k correction as given by Eq. (5a). The half- 
light radii and corresponding effective blue surface bright- 
ness corrected for galactic extinction and redshift are given 
in Table 6. 

The nuclear surface brightness (SB1/4) is calculated in a 
similar manner using the quarter-light radius, r1/4, instead 
of re. The quarter-light radius and corresponding nuclear 
blue surface brightness are also listed in Table 6. 

4. RESULTS 

4.1 Morphology 

An unusual aspect of this sample is the apparent lack of 
spiral structure (cf. Table 7). The near absence of promi- 
nent spiral structure among 60PKs is in sharp contrast to 
the preponderance of spirals ( > 65%) in FIR-selected gal- 
axy samples (e.g., Armus et al 1987) and in optically se- 
lected samples of emission-line galaxies (e.g., Adams 1977, 
Bothun et al 1989). The faint outer envelope, characteris- 
tic of the four spirals in our sample, is uncommon in “nor- 
mal” spirals [i.e., non-(r)-type spirals], supposedly due to 
the fact that the arms generally obliterate the boundary of 
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Table 4. Apparent optical magnitudes and colors. 

IRAS NAME 

0) 
00160-0719 
00198-7926 
00344-3349a 

00521-7054 
01053+2147 

mb 

(2) 
14.77 
16.30 
14.56 
17.18 
16.76 

(u - b)|0t (b - v)tot (v - r)toj (r - i)tot (u - b) 

(3) 
0.30 

-0.33 
-0.77 

0.08 
0.04 

(b - v) (v - r) ' 'nuc ' 'nuc 
(4) 

0.82 
0.53 
1.02 
0.93 

(5) 

0.46 
0.29 
0.43 
0.30 

(6) JZL 
0.60 

0.26 

0.59 
0.33 

0.57 
0.08 

(8) 
1.10 
1.03 

1.02 
0.90 

(9) 
0.42 
0.26 

0.72 
0.31 

01072-0348 
01413+0205 
01475-0740 
02304+0012 
02530+0211 

03106-0254 
03344-2103 
04259-0440 
04385-0828 
05189-2524 

05530+0323^ 
05570-8123 
06097+7103* 
06457+7429* 
06488+2731 

16.59 
14.22 
16.68 
14.92 
16.90 

15.26 
13.64 
15.81 
15.73 
15.25 

16.08 
16.46 
14.49 
15.16 
15.02 

0.00 
0.21 
0.04 
0.20 
0.15 

0.13 
0.44 
0.15 
0.45 
0.22 

0.38 
0.09 
0.10 
0.18 
0.40 

1.08 
1.09 
0.92 
1.04 
1.23 

1.25 
0.81 
0.86 
0.87 
0.80 

1.58 
0.95 
1.15 
0.97 
0.92 

0.18 
0.46 
0.59 
0.28 
0.22 

0.15 
0.70 
0.43 
0.59 
0.46 

0.39 
0.62 

0.54 

0.69 
0.55 
0.66 
0.34 

0.45 
0.76 

0.60 

0.50 

0.48 
0.38 
0.36 
0.51 
0.24 

0.51 
0.98 
0.15 
0.94 

-0.30 

0.20 

0.10 

1.21 
0.71 
1.24 
1.24 
1.18 

1.31 
0.84 
0.89 
1.21 
1.13 

0.50 

0.93 

0.14 
1.27 
0.29 
1.08 
0.58 

0.34 
0.72 
0.46 
0.74 
0.53 

0.76 

08007-6600a 

08014+0515 
08170-1126a 

08321+6624* 
09497-0122° 

16.18 
14.52 
16.96 
15.7 
15.19 

-0.39 
-0.04 
-0.41 

-0.15 

0.65 
0.86 
0.77 

0.79 

0.52 
0.47 
0.25 

0.49 -0.62 0.85 0.66 

10567-3323 
12540+5708* 
13329-3402 
13370-3123b 

13452-4155a 

17.86 
14.68 
14.40 
11.29 
15.60 

-0.19 
0.15 
0.35 

-0.33 
0.21 

0.57 
0.84 
0.95 
0.49 
0.61 

0.33 

0.87 
0.67 
0.80 

0.53 

0.65 

-0.34 

0.95 

0.51 

1.06 

0.61 

0.62 

13536+1836a 

14082+1347 
14167-7236 
15295+2414a 

16380-8120a 

15.01 
15.44 
16.35 
16.71 
15.91 

-0.18 
0.29 
0.33 
0.03 
0.29 

0.89 
0.84 
0.94 
0.99 
1.06 

0.34 
0.55 
0.49 
0.58 
0.70 

0.57 
0.57 
0.77 

0.75 

0.16 
0.07 

0.94 
0.70 

0.63 
0.91 

18333-6528 
19245-4140a 

19370-0131c 

20210+1121° 
20253-8152° 
20460+1925° 

14.92 
14.44 
17.82 
15.79 
17.50 
18.21 

0.40 
-0.56 

0.11 
0.04 
0.02 
0.15 

1.07 
0.55 
1.40 
0.50 
0.64 
1.25 

0.57 
0.15 
0.67 
0.54 
0.94 
0.74 

0.62 
0.02 
0.89 

0.63 

0.93 1.21 0.68 

20481-5715 
21062+1752 
23060+0505° 
23446+1519 
23547-1914 

13.62 
17.04 
17.73 
15.35 
17.00 

0.28 
-0.15 
-0.04 
0.20 
0.08 

1.13 
0.53 
1.16 
0.98 
1.09 

0.72 
0.87 
0.56 
0.37 
0.66 

0.59 
0.52 

0.68 

0.56 
0.14 

0.20 
0.58 

1.37 
0.84 

0.72 
1.14 

0.41 
0.71 

0.41 
0.73 

Notes to Table 4 
Col.(l) IRAS Name. The magnitude was taken from Veron-Cetty and Veron (1987) for those galaxies denoted by a superscript *. 

A superscript letter following the IRAS name has the following meaning: 
a. These 60PKs consist of multiple nuclei or double galaxies. Nuclear magnitudes were not measured within the blue quarter-light 

radius. Instead, the 'nuclear' magnitudes and colours are measured within small apertures that are centered on the individual 
components (Table 5). 

b. Numerous bright central knots prevented the determination of a precise centre, thus the quarter-light radius and corresponding 
magnitudes and colours can not be measured. 

c. The blue quarter-light radius is within seeing disk, thus we were unable to determine the corresponding nuclear magnitudes and 
colours. 

Col.(2) Apparent integrated optical blue magnitude. 
Col.(3)-(6) Apparent (u-b), (b-v), (v-r) and (r-i) integrated colours, respectively. 
Col.(7)-(9) Apparent (u-b), (b-v), (v-r) nuclear colours, respectively, as measured within the blue quarter-light radius. 
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Table 5. Separation and colors of multiple nuclei. 

IRAS NAME 

00344-3^49 nl-n2 

00344-3349 n2-n3 

08007-6600 

ANGULAR LINEAR Nucleus 
SEPARATION SEPARATION II / I 

J2} Q) Í4)_ 

mb Aperture 
Size(M ) 

(5) (6) 

(u - b) (b - v) (v - r) 

JZL JSL 
3.26 arcsec 

3.16 arcsec 

1.3 kpc 

1.3 kpc 

6.13 arcsec 5.0 kpc 

nl / A 
n2 / B 
n3 / C 

nl / A 
n2 / B 

2.96 
2.96 
2.96 

3.96 
1.98 

15.61 
15.82 
15.99 

16.79 
18.00 

-0.80 
-1.16 
-1.07 

-0.47 
-0.40 

0.43 
0.81 
0.85 

0.63 
0.61 

0.28 
0.32 

-0.09 

0.59 
0.38 

08170-1126 

13452-4155 

3.25 arcsec 3.4 kpc 

7.55 arcsec 5.7 kpc 

nl / A 
n2 / B 

Gl/ A 
G2 / B 

2.96 
1.98 

4.94 
4.94 

17.46 
19.26 

16.71 
17.18 

-0.56 

-0.03 

0.68 
1.05 

0.64 
0.58 

0.14 
0.31 

0.56 
0.76 

13536+1836 

15295+2414 

4.25 arcsec 4.2 kpc 

3.09 arcsec 5.9 kpc 

nl / A 
n2 / B 

nl / A 
n2 / B 

2.48 
2.48 

2.48 
1.98 

16.93 
16.86 

17.89 
18.72 

-0.38 
-0.13 

0.01 
0.06 

0.61 
1.29 

1.20 
1.20 

0.04 
0.44 

0.60 
0.02 

16380-8120 

19245-4140 

6.20 arcsec 3.5 kpc 

3.04 arcsec 0.5 kpc 

Gl / A 
G2/ B 

nl / A 
n2 / B 

4.46 
2.97 

3.95 
2.96 

17.23 
17.43 

15.07 
15.68 

0.53 
-0.02 

-0.70 
-0.67 

1.24 
0.78 

0.48 
0.47 

0.78 
0.65 

Notes to Table 5 
Col.(l) IRAS Name 
Col.(2) Angular separation of nuclei or galaxies in arcseconds. 
Col.(3) Linear projected seaparation of nuclei or galaxies in kiloparsecs. 
Col.(4) Identification of nuclei in this paper II and in paper I, respectively. 
Co!.(5) Size of aperture (in arcseconds) within which magnitudes were measure. 
Col.(6) Apparent blue magnitude within small aperture (size given in column 5) of each component. 
Col.(7)-(9) Apparent colours of each component within aperture whose size is given in Col. 2. An * denotes a nuclear component that is very faint. 

Photometry in the U filter was unreliable for these nuclei, thus a (u-b) colour could not be determined. 

the envelope (Sandage & Brucatto 1979). Faint outer en- 
velopes have been observed in Seyfert galaxies (e.g., 
Sandage 1961, Burbidge et al. 1963, Adams 1977) and 
have been incorporated into the generalized morphological 
description proposed by Simkin et al. (1980). The exist- 
ence of the faint outer envelope is consistent with numer- 
ical simulations involving the perturbation of self- 
gravitating disk galaxies by the tidal force of another 
galaxy. iV-body simulations by Noguchi (1987, 1988a,b) 
demonstrate that prominent spiral structure develops 
within a faint envelope as a result of a tidal interaction. On 
the other hand, the fraction (18%) of 60PKs with an 
amorphous appearance (class 0) is similar to that found 
for the optically selected Seyferts studied by MacKenty 
(1990). Galaxies with peculiar features (classes I and III) 
dominate our sample. Three such galaxies (IRAS 01413, 
03106, 20210) have rings surrounding the central nucleus. 
Rings of this type have been explained by either the dy- 
namical response of a disk to a compact intruder, that 
generates an outward propagating kinematic density wave 
(cf. Athanassoula & Bosma 1985, and references therein); 
or alternatively, as the result of a gravitational perturba- 
tion due to an instability that produces a gas flow toward 
the nucleus and a concentration of gas into rings at Linblad 
resonances (cf. Simkin et al. 1980). Seven class I galaxies 
have bright arcs or shells surrounding the main body of the 

galaxy. Models which have been proposed to account for 
the properties of the shells can be divided into two classes 
according to whether the origin of the stars forming the 
shells is internal or external. Internal scenarios invoke ei- 
ther star formation in gas intrinsic to the galaxy (e.g., 
Fabian etal, 1980, Williams & Christiansen 1985), or 
density waves in a thick disk population of dynamically 
cold stars induced by a tidal distortion caused by a weak 
interaction (e.g., Schombert & Wallin 1987, Thomson 
1991). External scenarios invoke a merger event which 
gives rise to shells as the result of material from a compan- 
ion galaxy (or even a whole galaxy itself) falling into a 
galaxy during a close passage (e.g., Schweizer 1980, Du- 
praz & Combes 1986, Hernquist & Quinn 1988, 1989). In 
either case (internal or external) a galactic encounter (be 
it a weak interaction or a full blown merger) is a crucial 
element to the formation of shells surrounding galaxies. 

Our CCD imaging reveals that 12 class III galaxies con- 
tain multiple nuclei or double galaxies. Digital enhance- 
ment has further uncovered possible multiple nuclei in the 
centers of two class I galaxies (IRAS 05530 and 20481). 
These multiple nucleus galaxies are interesting in light of 
the ongoing controversy concerning the relationship be- 
tween ultraluminous infrared galaxies and interactions and 
mergers (e.g., Joseph 1986), and the possible connection 
between nuclear activity and interactions (e.g., Heckman 
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et al. 1986; De Robertis 1985). It is difficult to ascertain 
the nature of bright condensations observed within many 
60PKs based only on optical CCD images and optical spec- 
troscopy. These bright components may be either giant 
H II regions belonging to the galaxy itself, or the nuclei of 
separate galaxies in the process of merging. Optical obser- 
vations alone cannot distinguish between a galactic star- 
burst nucleus and a giant extranuclear H II region. High 
resolution imaging in the near infrared may be useful, and 
even necessary for distinguishing between these alterna- 
tives (cf. Telesco et al. 1985; Joseph et al 1988). For the 
time being, we retain the “peculiar” classification (class 
III) for the 60PKs that clearly show multiple nuclei on the 
original broadband optical images. 

We adopt a morphology-based analysis, and examine 
the dependence of morphological class on nuclear-activity 
type, optical colors and magnitudes, FIR luminosities and 
flux ratios, LmyLm/LBl for the 60PKs. The nuclear- 
activity type as derived from optical spectroscopy may be 
misleading for 60PKs due to the dust enshrouded nature of 
their nuclei. Several 60PKs that have Seyfert 2 nuclear 
activity (based on optical spectroscopy) have much 
broader lines (typical of Seyfert 1 or quasars) when viewed 
in polarized light (Miller & Goodrich 1990) or with near- 
infrared spectroscopy (Hines 1991 ). Thus, in this paper we 
adopt the morphology class as the fundamental parameter 
and investigate how observable properties depend on it. In 
Paper III of this series we examine the validity of such a 
morphology-based analysis using multivariate statistical 
tests. We do not include IRAS 20460 in the following cal- 

culations of the average properties of each morphological 
class, because its amorphous morphology may be attrib- 
uted to the fact that it is the furthest object in our sample 
(Sec. 3.1.2). This is the only dubious morphological clas- 
sification for the 60PKs. Deeper exposures at higher reso- 
lution are required to rectify this case. 

4.1.1 Optical nuclear activity 

All of the galaxies in our FIR-selected sample for which 
optical spectra are available are strong emission-line 
galaxies—ranging from H II (30%) to Seyfert 2 (58%) to 
Seyfert 1 (12%) (Paper I). The dependence of morpho- 
logical class on nuclear activity is presented in Fig. 6. It is 
clear that the peculiar class III and the amorphous class 0 
follow nearly opposite trends while the class I galaxies are 
roughly evenly divided between H II and Seyfert 2 nuclear 
activity. The 60PKs with predominantly nonthermal nu- 
clear activity (Seyfert 1) tend to have a class 0 morphol- 
ogy, with the exception of the unusual galaxy Mkn 231, 
while those with predominantly thermal nuclear activity 
(H II regionlike) tend to have a class HI morphology. The 
60PKs which are classified as Seyfert 2 according to optical 
spectroscopy are primarily those with a class I optical mor- 
phology. The few spirals (class II) in our sample show no 
preference for a particular type of optical nuclear activity. 
Table 8 clearly displays the number of galaxies of each 
nuclear-activity type vs morphological class. We note that 
there are only five Seyfert 1 galaxies in our sample, and 
caution must be taken when drawing conclusions from 

Table 6. Optical photometric properties of 60 pm peakers. 

IRAS NAME) 

_ilL 

M Biolal 
J2L 

(U-B)lol (B-VV 

-12L JdL 

(U-B)nuc (B V)nuc (U-B)^, (B-V)^ 

(5) (6) (7) (8) 

<SBe> rj/4 <SBi/4> 

(9) 00) (ID (12) 
00160-0719 
00198-7926 

00344-3349a 

00521-7054 
01053+2147 
01072-0348 
01413+0205 
01475-0740 

02304+0012 
02530+0211 
03106-0254 
03344-2103 
04259-0440 

04385-0828 
05189-2524 
05530+0323b 

05570-8123 
06097+7103* 

06457+7429* 
06488+2731 

08007-6600a 

08014+0515 

19.68 
-21.50 

- 20.20 

- 20.53 
- 20.35 
- 20.47 
-20.13 
- 17.73 

- 20.02 
- 18.73 
- 20.23 
- 18.34 
- 18.35 

- 18.49 
-21.50 
- 15.87 
- 17.72 
- 19.78 

- 19.66 
-21.94 

- 20.62 

- 19.16 

0.30 
-0.38 

-0.79 

0.07 
0.04 
0.00 
0.21 
0.03 

0.20 
0.12 
0.12 
0.43 
0.13 

0.42 
0.14 

-0.04 
-0.02 

0.02 

0.13 
0.29 

-0.51 

-0.04 

0.79 
0.57 

0.76 
0.73 
0.88 
1.02 
0.85 

0.95 
1.07 
1.12 
0.77 
0.79 

0.77 
0.58 
1.03 
0.77 
0.99 

0.84 
0.64 

0.42 

0.81 

0.59 
0.28 

nl -0.82 
n2 - 1.18 
n3 - 1.12 

0.56 
0.07 
0.48 
0.37 
0.35 

0.51 
0.21 
0.50 
0.96 
0.14 

0.91 
-0.37 

0.09 

-0.01 

nl -0.59 
n2 - 0.52 

-0.62 

1.03 
0.78 

0.37 
0.75 
0.79 

0.76 
0.70 
1.01 
0.63 
1.17 

1.19 
1.02 
1.18 
0.80 
0.82 

1.11 
0.91 

0.32 

0.65 

0.40 
0.38 

0.80 

0.21 
-0.54 

-0.06 
0.02 

-0.12 
0.15 

-0.06 

0.11 
0.09 
0.02 
0.29 
0.14 

0.29 
0.40 

-0.06 

0.41 

0.25 

0.70 
0.51 

0.76 
0.88 
0.84 
1.11 
0.72 

0.88 
1.08 
1.10 
0.75 
0.78 

0.63 
0.45 

0.88 

0.63 

0.82 

4.61 
6.52 

2.62 
5.32 
2.69 
6.22 
2.37 

6.52 
3.58 
6.54 
13.47 
6.19 

6.18 
4.55 

3.24 

4.09 

5.95 

20.00 
22.14 

21.04 
22.21 
20.64 
20.10 
20.48 

20.90 
21.42 
21.21 
21.16 
21.64 

21.43 
20.04 

20.36 

19.33 

20.35 

3.50 
3.75 

1.46 
2.12 
1.15 
4.33 
1.38 

3.66 
2.19 
3.10 
7.36 
3.20 

3.30 
2.00 

1.52 

2.04 

2.50 

20.16 
21.66 

20.53 
20.96 
19.54 
20.07 
20.05 

20.40 
21.10 
20.34 
20.60 
20.96 

20.82 
19.01 

19.47 

18.57 

19.22 
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Table 6. (continued) 

08170-1126a 

08321+6624 
09497-0122e 

10567-3323 
12540+5708* 
13329-3402 
13370-3123b 

13452-4155a 

13536+1836a 

14082+1347 
14167-7236 

15295+2414a 

16380-8120a 

18333-6528 

19245-4140a 

19370-013Ie 

20210+1121c 

20253-8152c 

20460+1925d 

20481-5715 

21062+1752e 

23060+0505c 

23446+1519 
23547+1914 

-20.11 

- 18.78 
- 19.42 
- 19.44 
-21.57 
- 18.53 
- 17.09 

- 20.73 

-21.76 

- 18.64 
- 19.78 

-21.63 

- 20.05 

- 19.02 

- 18.69 

- 17.88 
-21.58 
-18.53 
- 22.02 
-19.87 

-22.15 
- 20.01 
- 18.38 

-0.46 

-0.17 
-0.24 

0.17 
0.28 

- 0.40 

0.17 

-0.18 

0.30 
0.16 

0.06 

0.21 

0.36 

-0.63 

-0.12 
-0.06 
-0.06 

0.15 
0.25 

-0.24 
-0.01 

0.18 
0.07 

0.58 

0.70 
0.71 
0.38 
0.73 
0.84 
0.40 

0.46 

0.74 

0.80 
0.65 

0.68 

0.86 

0.96 

0.45 

1.04 
0.27 
0.45 
0.51 
1.04 

0.41 
0.52 
0.86 
0.97 

ni -0.61 
n2 

-0.40 

0.88 

G1 -0.06 
G2 

0.17 
-0.10 

-0.39 

0.53 

0.05 

0.18 
0.57 

0.49 
0.86 

0.32 

0.95 

0.49 
0.43 

ni -0.37 0.46 
n2 -0.12 1.14 

0.90 
0.40 

ni 0.04 0.89 
n2 0.09 0.89 

G1 0.45 1.03 
G2-0.10 0.57 

0.88 

ni -0.76 0.38 
n2 - 0.73 0.38 

0.89 

1.28 

0.72 

0.60 
1.02 

-0.18 

0.14 

0.35 
0.27 

0.22 

0.17 

-0.32 

0.18 
-0.06 

0.39 

0.80 

0.76 
0.71 

0.91 

0.95 

0.28 

0.93 
0.96 

2.78 

2.50 
2.19 

5.19 

20.93 

19.05 
21.22 

19.60 

6.69 21.56 
4.94 20.87 

3.21 21.17 

5.28 21.02 

6.72 20.76 

4.26 
7.03 
2.69 

13.58 

2.70 
1.25 
8.80 
5.28 

21.73 
21.40 
21.14 

21.07 

20.70 
19.97 
21.90 
22,48 

1.70 

1.40 

2.42 

6.73 

1.24 

4.28 
3.11 

20.62 

21.00 

18.70 

3.64 20.99 
2.70 20.31 

2.04 20.93 

3.40 20.82 

3.20 19.90 

20.30 

19.76 

21.09 
22.08 

Notes to Table 6 

Col. 1 IRAS name, superscripts have the following meaning. 
a Nuclear colors of multiple nuclei—derived from a small aperture (Table 5)—do not refer to color within the blue quarter-light radius. Annular colors 
are not relevant in these instances. <SBe) and <SB1/4> are not given due to the nearly equal contribution to the optical brightness and/or small separation 
of the nuclei. The exceptions (IRAS 08170, 15295, and 16380) consist of one very bright component that completely dominates the optical emission. 
b Numerous central bright knots prevented the accurate determination of the center of the galaxy, thus (SBe) and (SB1/4), nuclear and annular colors 
could not be calculated. 
c The blue quarter-light radius is within seeing disk. This prevented the calculation of nuclear and annular magnitudes, /*1/4 and <SBj/4). 
d The effective blue half-light radius is within seeing disk. This prevented the calculation of nuclear and annular magnitudes, (SBe) and (SB1/4>. 
e The absolute magnitude is not given because the redshift for object is unknown. The colors are not corrected for redshifted spectral energy distribution, 
they are only corrected for galactic extinction. 
* Magnitude and/or colors taken from Veron-Cetty & Veron (1987). 
Col. 2 Absolute blue magnitude for total galaxy assuming a Hubble constant of i/o=75 km/s/Mpc and #0=0.5. 
Cols. 3, 4 UBV colors for the total galaxy (including all multiple nuclei and galaxy components). All colors in this table are corrected for galactic 
reddening and redshifted spectral energy distribution. 
Cols. 5, 6 UBV colors for the nuclei of 60 PKs. These colors were determined within a region corresponding to the blue quarter-light radius for galaxies 
with single nuclei, or within small apertures for multiple nuclei galaxies (see the text for explanation). 
Cols. 7, 8 UBV colors for annular regions of 60PKs. 
Col. 9 Effective blue half-light radius in arcseconds. 
Col. 10 Effective blue surface brightness in mag arcsec-2. 
Col. 11 Blue quarter-light radius in arcsec. 
Col. 12 Blue quarter-light (nuclear) surface brightness in mag arcsec-2. 

such a small number of objects. In Paper III of this series 
we present a detailed multivariate analysis which addresses 
the question of whether morphology class or nuclear- 
activity type is the fundamental parameter that produces 
the strongest segregation of properties. 

4.1.2 FIR colors and luminosity 
In Fig. 7 we display plots of the dust temperature- 

sensitive FIR flux ratios, /60 against 
fis ¡im^f 12 /zm- Figure 7(a) displays all 60PKs with respect 
to morphology class, including those with upper limits to 
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Table 7. Mean properties for the morphological classes of 60 /¿m peakers. 

QUANTITY 
(1) 

CLASS 0 
(2) 

CLASS I 
(3) 

CLASS n 
(4) 

CLASS in 
  

% of total sample 

<f60/f25> 

<f25/fl2> 

<f60tfl00> 

<log(L50|im/^s)> 

<log(LB/L0)> 

<log(L6o^m/LB)> 

<Mb> 

<log(Mg/LB)> 

<SBe> (Bmag/arcsec2) 

<re> (kpc) 
<B-V>total 

cB-V^ucl 
<B'^>annul  

18% 

1.63 ±0.63 

3.05 ± 0.99 

1.25 ±0.30 

10.08 ± 0.24 

9.55 ± 0.34 

0.53 ± 0.30 

- 18.94 ± 0.86 

-2.18 ±0.31 

20.30 ± 0.72 

1.28 ±0.42 

0.80 ±0.17 

0.91 ± 0.40 

0.80 ±0.11 

42% 

2.57 ± 1.01 

3.82 ± 0.87 

1.21 ±0.16 

10.32 ± 0.78 

9.65 ± 0.59 

0.66 ± 0.44 

- 19.24 ± 1.45 

- 1.88 ±0.38 

20.89 ± 0.80 

2.19 ± 1.07 

0.81 ±0.21 

0.87 ± 0.26 

0.80 ± 0.20 

3.16 ±0.26 

1.10 ±0.13 

10.50 ± 0.37 

9.81 ±0.29 

0.69 ± 0.17 

- 19.60 ±0.71 

-1.78 ±0.20 

21.40 ±0.71 

3.62 ± 1.14 

0.73 ± 0.24 

0.84 ±0.31 

0.70 ± 0.36 

31% 

3.13 ±0.87 

4.33 ± 0.99 

1.17 ±0.16 

11.10 ±0.67 

10.22 ± 0.49 

0.87 ± 0.37 

-20.63 ± 1.22 

- 1.61 ± 0.46 

21.32 ±0.73 

3.76 ± 2.50 

0.61 ± 0.20 

0.79 ±0.10 

0.69 ± 0.26 

Notes to Table 7 
Summary of average properties for each morphological class of 60PKs. The number of galaxies used for calculating the average properties of each 
morphological class are often not the same, and depend on the property being measured. 
Col. 1 Mean Property: fraction of total sample; FIR flux ratios /60 m/f25 fis ^fu feo Mm//ioo ¡j,m (galaxies with upper limits at 12 or 100 /¿m 
were not included (cf. Table 1 of Paper I; 60 /¿m luminosity in units of solar luminosity; blue optical luminosity in units of solar luminosity; 
60-/xm-to-blue luminosity ratio; absolute blue magnitude; effective blue surface brightness in mag/arcsec2; effective radius (in kpc); integrated (B-V); 
nuclear (B-V) (within blue quarter-light radius); annular (B-V). 
Col. 2 Class 0 (amorphous) {IRAS 20460 was excluded when caclulating mean properties of class 0 60PKs. This source has the largest redshift in our 
sample, thus the classification is somewhat dubious—see the text}. 
Col. 3 Class I (amorphous+features). 
Col. 4 Class II (spiral). 
Col. 5 Class HI (peculiar). 

the 12 /xm flux (as indicated by arrows next to data point). 
Figure 7(b) displays the mean values of the FIR flux ratios 
for each morphological class, and excludes those sources 
with upper limits at 12 /xm. The error bars in Fig. 7(b) 
refer to the standard deviation of mean value. We find a 
correlation between the FIR flux ratios and optical mor- 
phology in the sense that the FIR flux ratios for 60PKs 
tend to become “cooler” along the morphology sequence 
O-I-III (Fig. 7). This dependence of optical morphology 
on FIR flux ratios is not surprising considering the corre- 
lation between optical morphology and optical nuclear- 
activity type discussed above. In Paper I we established 
that 60PKs follow the well-known segregation of FIR flux 
ratios with respect to nuclear-activity type—namely that 
starburst galaxies tend to have cooler FIR flux ratios com- 
pared to Seyferts [cf. Fig. 5(a) in Paper I]. 

The 60PKs display a morphological segregation with 
respect to 60 /xm luminosity (Fig. 8): all 60PKs with 
L60 /im> lOnL0 show peculiarities in their optical mor- 
phology (class I or class III)—a trait commonly found for 
FIR-selected samples of galaxies (e.g., Sanders et al 
1988a,b). As the optical morphology becomes more pecu- 
liar along the morphological sequence 0-I-II-III, the 
mean luminosities <log(L60 increase from 10.1 to 

0.8 

0.7 

0.6 

3 °-5 cd u 
H 0.4 
1? 0 
t °-3 

1 
^ 0.2 

0.1 

0.0 

-0.1 

-•©- Class 0 • Class I 
- □ - Class HI + Class II 

-O 

+ 

+ 

SI 

Optical Nuclear Activity 

Fig. 6. The population frequency of optical morphological class vs the 
type of optical nuclear activity. The amorphous class is represented by 
open circles; the peculiar class by open boxes; the amorphous+features 
class by filled circles, and the spirals class by plus signs. The dashed lines 
connecting the amorphous and peculiar classes emphasize the opposite 
trends followed for each of these classes with respect to nuclear-activity 
type. The total number of H II, Seyfert 2, and Seyfert 1 galaxies being 
plotted is 13, 23, and 5, respectively (see the text). 
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Table 8. Numbers of galaxies of each activity type vs morphological class. 

Nuclear Activity Type 

Seyfert 1 
Seyfert 2 
HII 
unknown 

Morphological Class 
CLASS 0 CLASS I CLASS H CLASS in Total 

Notes to TABLE 8. 

* Nuclear Activity Type is taken from paper I and refers to the optical spectroscopic type based on 
emission line ratio diagnostics, (see Sec. 4.1.1 of paper I for more details) 

11.0 (Table 7). However, since the mean optical luminos- 
ities increase likewise, we need to consider a dimensionless 
quantity such as L60 ^/LB. 

4.1.3 FIR-to-optical luminosity ratios 

The ratio of 60-jizm-to-blue luminosity is calculated ac- 
cording to 

(a) flSpro/hlyim 

3.0 E 
1=2.5 

(b) 
3 4 

*25>irr/f 12¿im 

Fig. 7. (a) Plot of /2. „m vs /«, f,m//25 for all 60PKs, includ- 
ing those with upper limits at 12 ¡im. It is evident from this graph that the 
amorphous galaxies tend to have warmer FIR colors while the peculiar 
galaxies tend to have cooler FIR flux ratios, (b) Plot of the mean of 
fis m/fn vs the mean of Mm for each morphological class, 
excepting class II as none of the objects from this class of 60PKs was 
detected at 12 fim. All 60PKs with upper limits at 12 fim were omitted in 
this plot. The error bars refer to the standard deviation of the mean values 
for each class. It is evident from this graph that as the morphology 
becomes amorphous the FIR colors become cooler. 

^60 /um ^60 fim 
_7¡_=4.4X10'-0'4^-1!17)’ (7) 

where the blue luminosity was derived from the quasibo- 
lometric flux given by FB=vfv at 4400 A, assuming a 
calibration of 4300 Jy at 0 mag (Allen 1973); mB is the 
apparent blue magnitude corrected for galactic reddening; 
and F60 ^ is the 60 fim flux in units of (W m-2). In 
general, galaxies have a very wide range of L6Q ^m/LB, 
from less than 0.1 to over 100. For 60PKs Mm always 
exceeds LB (Fig. 9), and the median value of 
Z,6o fmJLB=l is three times larger than that of randomly 
selected IRAS galaxies (Soifer et al 1987a). As apparent 
in Fig. 9 the mean blue luminosity is significantly lower 
than the 60 fim luminosity, while the dispersion in the blue 
luminosities, <r[log( L5)]=0.56, is about 15% oí the 60 fim 
luminosity, a[log(L60 í¿m)]=0.77. The ratio Lœ ^/Lß 
correlates well with ^ [Fig. 9(a)], while there is ap- 
parently no correlation between L60 ßm/L B and L B [Fig. 
9(b)]. Therefore larger ^m/LB ratios imply larger 
L6o rather than smaller LB) so that the 60 fim lumi- 
nosity and the blue luminosity components are essentially 
independent. Thus, the correlation of ßm/L B with 
L6o is mainly a result of increasing FIR emission in thç 
more FIR-luminous galaxies, rather than a result of de- 

1oS(L60u»A©) 

Fig. 8. Histogram of the logarithm of the 60 fim luminosity in units of 
solar luminosity for 60PKs with respect to morphological class. 

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



X LO oo 

49 O' o 

h) 
^r1 

co co 

C. A. HEISLER AND J. P. VADER: 60 /xm GALAXIES 

(a) L°g(L60uiiAe) 

1.5 - 

o.o - 

8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 
(b) Log(LB/Le) 

Fig. 9. (a) Plot of the logarithm of 60-/xm-to-blue luminosity ratio vs the 
logarithm of the 60 fim luminosity in units of solar luminosity. The 
symbols are the same as in Fig. 5. There is a clear trend for increasing 
¿60 increasing ^ (b) Plot of the logarithm of 60-/xm- 
to-blue luminosity ratio vs the logarithm of the blue luminosity in units of 
solar luminosities. There is no trend of Lm ^/L B with ^ Compar- 
ison of this plot with (a) clearly shows that the blue luminosity does not 
extend as high as the 60 /xm luminosity. 

creasing visible radiation. A morphological segregation is 
apparent, with Leo ^m/L B increasing from class 0 to class 
III galaxies (see also Table 7), i.e., galaxies with morphol- 
ogies indicative of a recent interaction have a larger FIR 
emission per unit blue luminosity than galaxies whose mor- 
phology is apparently relaxed. Similar trends have been 
observed for both optically selected and FIR-selected gal- 
axies (e.g., Lonsdale et al 1984). 

4.1.4 Gas mass-to-blue luminosity ratio 

The mass of FIR-emitting dust and of the associated 
gas, ^was estimated in Paper I. Millimeter wave CO 
observations of some of the galaxies in our sample (e.g., 
Scoville et al 1989, Sanders et al. 1986) yield molecular 
gas (H2) masses that are only slightly larger than the gas 
masses we infer ( 106-1010^q) from their FIR properties, 
indicating that the latter masses are fair estimates of the 
total gas mass. There is a weak tendency for the gas mass- 
to-blue luminosity ratio to decrease as the morphological 
type changes from peculiar (class III) to amorphous (class 
0) (Table 7). 

The 60-jum-to-blue luminosity ratio is plotted against 
the FIR spectral index in Fig. 10, where the symbols refer 
to morphological class as described for Fig. 5 (Sec. 
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Fig. 10. Plot of the 60-/xm-to-blue luminosity ratio vs the 100-/xm-to- 
60-/xm spectral index. As discussed in Paper I, the 60-/xm-to-blue lumi- 
nosity ratio can be interpreted as a measure of the ratio of the gas mass- 
to-blue luminosity. The dashed lines represent lines of constant ratio of 
gas mass-to-blue luminosity, labeled in units of log (^q/Lq). The rect- 
angular region outlined in this plot is populated by FIR-selected galaxies 
(without color restrictions) (e.g., Soifer et al. 1987a,b, Wolstencroft 
et al. 1986). The symbols have the same meaning as in Fig. 5, with the 
smaller symbols representing 60PKs with upper limits for /100 

3.1.2)—the larger symbols refer to good quality detections 
at 60 and 100 ¿xm and the correspondingly smaller symbols 
refer to upper limits at 100 jum. On this same diagram are 
drawn lines of constant ratio of gas mass to blue luminosity 
for Xogi'Jf'g/LB) =0, —1, —2, and —3, where is in 
units of solar masses and is in units of solar luminosity. 
The 60PKs cover nearly two orders of magnitude in 
^g/LB, with the majority in the range 
— 1 <log(c^/Z,£) < — 2. For comparison, FIR-selected 
galaxies (without color restrictions) populate the rectan- 
gular region between the —2 and 0 lines (Soifer et al. 
1987a, Wolstencroft et al. 1986). Although our FIR- 
selection criteria has singled out galaxies with dust temper- 
atures that are larger than randomly selected IRAS galax- 
ies, the dust and gas contents are similar to those of other 
IRAS galaxies. Thus, the 60PKs are able to heat more than 
1O6-1O1O^0 of gas and dust to temperatures which are 
significantly greater than those found in other samples of 
galaxies. The high dust temperatures for the 60PKs pre- 
sumably result from the concentration of dust and gas in 
the nuclear regions of the galaxies, where it is exposed to a 
more intense radiation field, while the relatively cooler dust 
temperatures of randomly selected IRAS galaxies result 
from dust and gas that is dispersed throughout the galax- 
ies, where it is heated by the general interstellar radiation 
field. 

4.1.5 Integrated optical magnitudes and colors 

The absolute B magnitudes of 60PKs span a large 
range, from values typical of dwarf galaxies to values char- 
acteristic of the brightest normal galaxies [cf. Fig. 9(b)]. 
The {B—V) colors cover a similarly wide span, from val- 
ues typical of late-type dwarfs to values characteristic of 
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giant ellipticals (Fig. 11 and Table 7). The V magnitude 
was not available for IRAS 00160, but we obtain B—V 
from the B—R color using the transformation 

(B-V)C=0.59(B-R)C. (8) 

This transformation is obtained from the foreground 
extinction corrected colors of galaxies in our sample with 
available 5, F, and R magnitudes. It is similar to other 
determinations (e.g., Salzer et al. 1989). The integrated 
{B—V)c colors of 60PKs are comparable to those of other 
FIR-selected samples of galaxies (e.g., Armus et al 1987, 
Vader & Simon 1987). 

The dependence of optical luminosities and colors on 
morphological class is weak. The peculiar galaxies in our 
sample tend to have larger integrated B luminosities and 
bluer {B—V) colors, while the amorphous galaxies are 
intrinsically fainter and redder (Table 7). Similar results 
have been found for other FIR flux-limited samples of gal- 
axies (e.g., Armus et al 1987) as well as for optically se- 
lected Seyferts (e.g., MacKenty 1990). The large range in 
colors of 60PKs is illustrated in the two-color UBV dia- 
gram (Fig. 11), where the solid line represents the ob- 
served average locus of normal galaxies which has a nar- 
row width (c7<0.5 mag). This locus of normal galaxies is 
well explained in terms of theoretical stellar population 
models with standard stellar mass functions, and a variety 
of star-formation histories, but excluding strong bursts of 
star formation in the last 5Xl08 yr (Larson & Tinsley 
1978). The 60PKs show a much larger scatter than normal 
galaxies, which we attribute to a combination of nuclear 
activity due to recent ( <5X 108 yr) bursts of star forma- 
tion and/or a nonthermal source, and internal extinction. 
The upper short-dashed line in Fig. 11 shows the effect of 
ongoing starbursts of variable strength. The lower dotted 
line represents the evolutionary track after the cessation of 
a single strong burst. The upper short-dashed line and 
lower dotted line define an area that encompasses about 
50% of the sample of 60PKs. The remaining galaxies have 
redder (B—V) for a given ( C/— j?), as would be expected 
from internal reddening. We show this effect by superpos- 
ing an internal reddening of E( Æ — F) =0.4 on the variable 
starburst locus (long-dashed line in Fig. 11). It is clear 
that a combination of starburst and/or active nucleus and 
such internal reddening can account for the UBV colors of 
the 60PKs with only a few exceptions. One of these excep- 
tions is IRAS 19370 which is a very red Seyfert 2 galaxy 
whose UBV colors suggest an internal reddening of the 
order of E(i?—F) = l, which is as large as the nuclear 
reddening inferred from its optical spectrum (Paper I). 
Two other exceptions (IRAS 00344 and 19245) are H II 
regionlike galaxies that have very blue (U—B) colors for 
their (B—V) colors. These colors may be explained by a 
blue contribution of gaseous emission. Gaseous emission is 
also apparent from the flat continua of their optical spec- 
trum and their blue near-infrared colors (Paper I). At 
redshifts z < 0.2 the effect of emission lines in the U and B 
passbands is negligible, but the F passband is contaminated 
by the [O ill] lines at — 5000 A (and the R passband by the 
Ha + [N il] lines). Using the observed line strengths from 
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optical spectra we estimate that the line emission contrib- 
utes up to 20% to the total flux in the F passband, and can 
cause a reddening in B— V of up to 0.2 mag. Hence the 
integrated UBV colors indicate a global internal extinction 
of order E(j9—F)=0.2, which is considerably smaller 
than the nuclear values inferred from the Balmer decre- 
ment (Paper I), but similar to the global internal extinc- 
tion of other IRAS-selected Seyfert galaxies (e.g., Goud- 
frooij & de Grijp 1990). 

We conclude that nuclear activity, starburst or nonther- 
mal, of the 60PKs, combined with central dust obscuration 
can account for the large scatter of the integrated UBV 
colors. One would therefore expect the nuclear colors to 
show an even larger scatter with respect to the locus of 
normal galaxies, as is indeed shown in Fig. 11(b). 

4.1.6 Nuclear and annular optical colors 

The colors of the nuclei and annular regions of 60PKs 
are shown in Figs. 11(b) and 11(c), respectively. These 
two figures are incomplete with respect to Fig. 11(a) be- 
cause nuclear and/or annular colors are missing for those 
objects with integrated colors taken from the literature 
(Table 6), with seeing limitations, and with multiple nuclei 
(Table 5). For the case of double galaxies (e.g., IRAS 
13452, 16380, 20210) we have adopted as the IRAS source 
the galaxy with the reddest near-infrared colors (cf. Table 
5 of Paper I). The nuclei of the 60PKs extend to much 
redder colors [Fig. 11(b)] than their outer annular regions 
[Fig. 11(c)]. This must be due to unusually strong internal 
reddening, in support of our view that the FIR emission of 
60PKs is due to an often heavily obscured central source. 
On the other hand, about one-third of the nuclei have bluer 
U—B than their annular regions, sometimes in spite of 
significantly redder B—V [a. good example is 05189 (Table 
6)]. This is explained by the fact that the active nucleus 
significantly contributes to the F passband flux by [O III] 
emission lines at —5000 A, which is negligible within the 
U and B passbands. The colors of the nuclei, by themselves 
or relative to their annular regions, are not related to mor- 
phological class. 

The scatter displayed by the annular colors of class I 
and class III objects [Fig. 11(c)] indicates that the main 
bodies of these galaxies have also been significantly per- 
turbed in their star-formation histories by the interaction/ 
merger event that we believe is at the origin of their per- 
turbed morphology and the 60PK phenomenon. The few 
class 0 objects have relatively red annular colors typical of 
normal optically selected amorphous galaxies. 

4.2 Blue Surface Brightness 

Both <SBe) and (SB1/4) span a range of 3 mag/arcsec2. 
They are well correlated, with a slope of 1 and an average 
difference of 0.7 magarcsec-2. The trends or absence 
thereof described below for (SBe) also hold for (SB1/4). A 
plot of (SBe) against is a scatter diagram (Fig. 12). 
For comparison we also show the relationship between MB 

and (SBe) for Virgo ellipticals (Vader 1986). The range 
and average value of the effective surface brightness for all 
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FlG. 11. í/2? F diagram of integrated colors of 60PKs corrected for galactic reddening and redshifted spectral energy distribution. The solid line represents the locus of normal 
galaxies which is well explained in terms of theoretical stellar population scenarios with standard stellar mass functions, and a variety of star-formation histories excluding 
strong bursts of star formation in the last 5x 108 yr (Larson & Tinsley 1978). The upper short-dashed line is the locus of different burst strengths, and the lower dotted line 
represents the evolutionary track after the cessation of a strong burst. The long-dashed line represents the short-dashed line with an internal reddening ofE(B-V) =0.4. The 
symbols have the same meaning as in Fig. 5. (b) The same as (a) except that the UBV colors represent the nuclei of the 60PKs. (c) The same as (a) except the UBV colors 
are for the annuli of the 60PKs whose inner boundary is defined by their blue quarter-light radii and outer boundary is defined by the extent of their curves of growth. 
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FlG. 11. (continued) 

60PKs of 20.94 ±0.81 is almost identical to that found for 
normal early type galaxies in the same absolute magnitude 
range (e.g., Sandage 1983, Binggeli et al 1984), and 1 mag 
brighter than for later-type galaxies. This implies that 
60PKs and normal early type galaxies also have similar 
optical sizes. Since 60PKs are expected to become normal 
early type galaxies after the cessation of nuclear activity, 
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mb 

Fig. 12. Plot of effective blue surface brightness (SBe) against the abso- 
lute blue magnitude MB. 

the above suggests that on average the optical surface 
brightness will remain the same. This is consistent with our 
proposition that the central source in 60PKs is heavily 
obscured (Paper I), and therefore contributes little to the 
optical emission of the galaxy. A plot of (SBe) against 
L60 is also a scatter diagram (not shown). Finally, sur- 
face brightness is not correlated with optical color. The 
effective surface brightness of the peculiar 60PKs (class 
III) is thus presumably a result of their distended mor- 
phology, independent of optical or FIR luminosity. 

The effective blue surface brightness of the 60PKs is not 
correlated with either ^ ox LB individually, but a 
weak trend appears with L60 ßm/L B in the sense that 
fainter (SBe) is associated with larger values of ^/Lß 
(Fig. 13). This result is interesting since both quantities 
considered are distance independent. It is most likely due 
to dust extinction in the central region: the systems with 
faintest surface brightness have the most heavily obscured 
central regions. This global trend is reflected in the fading 
of (SBe) with increasing {Lm ßm/LB) along the morpho- 
logical sequence O-I-III. This trend can be attributed to 
the more disturbed objects having a larger internal extinc- 
tion, while the active central region contributes an increase 
in (SBe) in the undisturbed amorphous systems with rel- 
atively small L60 ßm/L B. An opposite global trend has 
been observed for optically selected normal spirals (Phill- 
ipps & Disney 1988) and irregulars (Hunter et al 1989), 
and is attributed to enhanced star formation that causes 
both brighter (SBe) and larger i.e., extinction ef- 
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Fig. 13. Plot of effective blue surface brightness (SBe) vs the 60-/¿m-to- 
blue luminosity ratio. 

fects are not important. To the best of our knowledge, 
studies of this correlation do not exist in the literature for 
other IRAS-selected samples of galaxies. 

The effective blue surface brightness shows a weak de- 
pendence on the FIR flux ratio /60 ^/f 25 ¡¿m- The 60PKs 
with the warmest ^m/f 25 m colors have brighter 
(SBe), while those with the coolest FIR flux ratios 
/so ,tm tend to have fainter <SBe> (Fig. 14). No 
trend is observed for the ratio of Ao 100 with 
<SBe>. 

5. SUMMARY OF OBSERVATIONAL RESULTS 

In contrast to randomly selected IRAS galaxies, which 
are mostly spirals, the morphology of the 60PKs is pre- 
dominantly amorphous or peculiar. This has led us to 
adopt a morphological classification scheme consisting of 
four classes: 0—amorphous; I—amorphous + features; 
II—spirals; III—peculiar. The relative population frequen- 
cies and mean characteristics of the morphological classes 
are given in Table 7. The usefulness of our classification 

^óOuiV^Sum 

Fig. 14. Plot of the effective blue surface brightness <SBe) vs the FIR flux 
ratio fm ßm/f 25 /znr 

depends on its ability to discriminate between and single 
out physically meaningful characteristics particular to each 
class. We summarize the many properties that are indeed 
dependent on optical morphological class. 

(1) The 60PKs, all of which are strong emission-line 
galaxies, show a dependence of optical nuclear activity 
with morphology in the sense that the nuclear activity 
tends to change from starburst to Seyfert 2 to Seyfert 1 
along the morphological sequence III-I-0. 

(2) The 60PKs show a dependence of morphology on 
both L60 ^ and ^m/LB. All galaxies with peculiarities 
in their morphology tend to have relatively large values of 
L60 (another well-known result, e.g., Sanders et al. 
1988a,b), while those galaxies with a smooth global light 
distribution are less luminous in the FIR. The luminosity 
ratio L60 pm/L B tends to decrease along the morphological 
sequence III-I-0. 

The FIR flux ratios /60 (im//25 ,tm and /25 ßm/fn 

also vary with morphology. The class 0 galaxies tend to 
have warmer FIR colors, while the class III objects tend to 
have cooler FIR flux ratios, and the class I galaxies have 
intermediate FIR flux ratios. This trend is a direct result of 
the dependence between morphology and nuclear activity, 
and the well-known dependence of FIR spectral slopes 
with nuclear activity (i.e., which are steepest for starburst 
galaxies, flattest for Seyfert Ts, and intermediate for 
Seyfert 2’s). 

( 3 ) The absolute blue magnitudes of the 60PKs cover a 
wide range (—22<Af^<—16) similar to other FIR- 
selected samples. The integrated (B—V) colors have val- 
ues that range from those typical of late-type dwarf galax- 
ies to those typical of giant ellipticals. Both the integrated 
and annular broadband colors tend to become redder along 
the sequence III-I-0. The colors of the nuclei do not de- 
pend on morphological class, and can be extremely red, 
presumably as a result of internal extinction. 

(4) The mean effective blue surface brightness and the 
optical sizes of our sample of 60PKs are similar to those 
obtained for normal early type galaxies. 

A new and intriguing result of our observations is the 
trend of increasing 60-/¿m-to-blue luminosity ratio with de- 
creasing effective blue surface brightness, which is most 
likely due to internal extinction. This is reverse to the trend 
obtained for optically selected normal galaxies, which is 
attributed to enhanced star formation. If internal extinc- 
tion effects prevail, this reinforces our suggestion (Paper I) 
that 60PKs are good candidates for containing dust- 
obscured Seyfert 1 nuclei. 

6. DISCUSSION OF RESULTS 

6.1 Interpretation of Classification Scheme 

One of the major goals of our observing program was to 
determine the morphology of the 60PKs, roughly half of 
which were previously unidentified in optical catalogues. 
We have proposed a morphological classification system 
and argued that the differences between the four morpho- 
logical classes are related to fundamental differences in the 
galaxies themselves, and are not an artifact of observa- 
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tional limitations. One of the interesting findings of this 
investigation is the paucity of spiral structure among the 
galaxies in our sample. We find an unusual preponderance 
of amorphous galaxies on the one hand, and a large frac- 
tion of peculiar galaxies on the other hand. 

The morphological characteristics described in this pa- 
per and the highly centrally concentrated activity of 60PKs 
(Paper I) strongly favor the hypothesis that 60PKs are the 
product of galaxy interactions. The peculiarities of class I 
and class III galaxies, the faint outer envelopes of the few 
spirals in our sample (class II), as well as the amorphous 
appearance of class I galaxies can all be attributed to in- 
teractions. In the case of spiral galaxies, the interaction was 
strong enough to create an outer envelope but too weak to 
fully destroy the disk or clear it of its gas and spiral struc- 
ture. In the case of amorphous galaxies, the interaction was 
strong enough to funnel the gas to the central region and 
erase any existing spiral structure without necessarily de- 
stroying the disk. For many of the peculiar galaxies, the 
interaction has been strong enough to fully destroy the 
disk. Furthermore, the observational results summarized 
in Sec. 5 suggest that galaxy interactions and nuclear ac- 
tivity are closely linked for 60PKs. A connection between 
nuclear activity and interactions has often been proposed. 
For example, Gunn (1979) suggested that an interaction 
may be an effective means for supplying the nucleus of an 
active galaxy with fuel. Recent numerical simulations 
clearly demonstrate that galactic interactions are indeed an 
effective means for transporting gas and dust to the center 
of a galaxy (e.g., Noguchi 1988, Hernquist 1989, Barnes & 
Hernquist 1991). Assuming that 60PKs are the product of 
interactions, we propose two simple scenarios to explain 
their phenomenology. Scenario A suggests that the mor- 
phological classes reflect differences in the precursor gal- 
axies, while scenario B interprets the morphology classifi- 
cation scheme as an evolutionary sequence. 

We describe each of these two extreme scenarios and 
discuss how they fare in terms of the observational results. 

6.1.1 Scenario A: The classification scheme reflects differences in the 
precursors of 60PKs 

Scenario A proposes that the optical morphologies of 
60PKs reflect the nature and relative disk and gas masses 
of the precursor galaxies. There is no evolution from one 
morphological class to another during a given 60PK phase. 
In this scenario class III 60PKs result from the 
interaction/merging of precursor galaxies with massive 
star-forming disks (such as gas-rich spirals) that generate 
typical signs of the interaction in the form of luminous 
bridges and tails of stars (Toomre & Toomre 1972), and 
supply large amounts of gas and dust to the central regions 
on short time scales (Barnes & Hernquist 1991). If a 
broadline region already exists, the gas and dust will act to 
obscure it, giving rise to optical spectra characteristic of 
Seyfert 2 or starburst galaxies. Precursor galaxies with less 
prominent disks (or no disks at all) would generate less 
obvious signatures of the interaction and produce 60PKs 
with a class 0 or class I optical morphology, and they 
would have less gas and dust available to funnel to the 
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central region, thus the dust shroud will not be as thick as 
in the case of class III 60PKs. In all cases the interaction 
was strong enough to funnel all the gas to the center, by 
destroying the disk or depleting it of its gas, so that any 
existing spiral structure is erased. Class II galaxies repre- 
sent those rare cases whose spiral structure survived an 
interaction strong enough to produce the observed nuclear 
activity. These requirements, and the limited duration of 
the central activity phase, explains the scarcity of 60PKs. 
This scenario precludes evolution from one class to another 
with the implication that the central activity ceases before 
the supply of gas and dust is exhausted, so that a given 
galaxy could have recurrent 60PK phases, and thus un- 
dergo a progressive change in morphology. 

6.1.2 Scenario B: The classification scheme represents an evolutionary 
sequence 

Scenario B proposes that the morphological sequence of 
60PKs represents a time sequence following an 
interaction/merger event involving at least one galaxy with 
a prominent star-forming disk. In this case class III galax- 
ies represent the relatively early stage of an interaction 
with prominent tidal features, class I galaxies depict a later 
stage of the interaction event where evidence for the past 
interaction is revealed through low surface brightness fea- 
tures, while class 0 galaxies represent the latest stages after 
an interaction event with no visible fossil records of this 
event except for the active central source. Class II galaxies 
do not fit into this scheme. 

In this scenario the appearance of the central source 
evolves along with the morphology. During the class III 
phase, the channeling of gas and dust toward the central 
regions has produced a starburst and a thick circumnuclear 
dust shroud that would obscure any previously existing 
nuclear source. The starburst subsides and the dust shroud 
is depleted due to radiation pressure and evaporation by 
the hard radiation field of the active galactic nucleus 
(AGN), supernovae winds, etc., so that the narrow-line 
region surrounding the AGN (Seyfert 2) becomes visible 
in class I galaxies and finally as the central dust is ex- 
hausted the broadline region (Seyfert 1) becomes apparent 
in class 0 galaxies. This evolution of central activity has 
been proposed by many workers (e.g., Norman & Scoville 
1988, Sanders et al 1988a,b). For 60PKs, the last stage 
would be an amorphous Seyfert 1 galaxy. 

6.2 Confrontation with Observational Results 

Scenario B is more restrictive in terms of precursor gal- 
axies, all of which should be gas-rich disk systems. In con- 
trast to scenario A, scenario B allows for only one 60PK 
phase during the lifetime of a given galaxy. Since the dif- 
ference among precursor galaxies in scenario A can, in 
principle, be construed as due to recurrent 60PK phases 
resulting in a morphological evolution similar to that de- 
scribed in a single such phase by scenario B, it is obvious 
that our observations do not allow us to discriminate be- 
tween the two scenarios. Whether the 60PK stage can be 
recurrent or not, depends on the efficiency of central gas 
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depletion by a central starburst or AGN on the one hand, 
and on the possibility of a nucleus that is dormant though 
embedded in a large central gas concentration on the other 
hand. 

6.2.1 Optical nuclear activity 

The observed dependence of nuclear activity with mor- 
phology (Fig. 6) is consistent with both scenarios, al- 
though the underlying cause for the relationship between 
morphology and nuclear activity is fundamentally different 
for the two scenarios. Both scenarios predict a decreasing 
amount of circumnuclear dust and gas along the morpho- 
logical sequence III-I-O. According to scenario A, the pre- 
cursor galaxies of class III objects have more dust and gas 
than the class I and class 0 galaxies, respectively. This 
results in complete obscuration at optical wavelengths of 
any pre-existing nonthermal source in class III galaxies, 
and to a lesser degree for class I and class 0 galaxies, re- 
spectively. According to scenario B, the nuclear activity 
becomes more apparent along this morphological sequence 
(III-I-O) due to the depletion of circumnuclear dust with 
time; the circumnuclear dust has just formed in the class 
III galaxies, while the dust shroud has depleted with time 
for the older class 0 galaxies. 

6.2.2 FIR properties 

The FIR colors (/60 m/f25 ^ and /25 ,,m//12 for 
the 60PKs become cooler along the morphological se- 
quence O-I-III (Fig. 7). Galaxies with nuclei obscured by 
a very thick, dust shroud have relatively cool FIR colors, 
because the emission from the hotter, inner layers has been 
absorbed by the cooler outer layers of dust. The central 
luminosity source will destroy the inner dust component 
quite rapidly (e.g., Sanders et al. 1988b), while at the same 
time the cooler dust will move inwards so that the amount 
of cool dust effectively decreases. As the central dust de- 
creases, the dust shroud will cease to be optically thick at 
these mid-infrared wavelengths, resulting in warmer FIR 
flux ratios, because we are detecting hotter dust located 
closer to the active nucleus/starburst. Further support for 
our claim that the circumnuclear dust has very large ex- 
tinctions and opacities is given by Krolik & Lepp (1989), 
who studied the physical state of obscuring material in 
(AGN), and find that it is possible to have radiation at 
only relatively long FIR wavelengths >50-100 ¡im leaving 
the central region. We conclude that both scenarios A and 
B can equally well account for the observed mean FIR 
colors of the 60PKs, because both scenarios attribute the 
increasing FIR color temperature along the morphological 
sequence III-I-O, to a decreasing mass of circumnuclear 
dust along this same sequence. We observe a weak mor- 
phological dependence with respect to the luminosity ratio 
L60 ^m/LBl in the sense that L60 ^m/LB decreases along 
the sequence III-I-O (Table 7). This is consistent with a 
decrease in the circumnuclear dust content along the mor- 
phological sequence III-I-O. 

The fate of the circumnuclear dust in the 60PKs is an 
interesting question to consider. Due to several mecha- 
nisms such as radiation pressure and evaporation by the 
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hard radiation field of the central source, the dust shroud 
will be depleted with time. An order of magnitude estimate 
for the lifetime of the dust shroud is < 107 yr (e.g., Sanders 
et al 1988b). The relatively short lifetime for the circum- 
nuclear dust is a plausible explanation for the paucity of 
galaxies with FIR spectral energy distributions that peak 
near 60 /¿m, and is consistent with both scenarios. 

6.2.3 Optical colors 

The annular UBV colors, which represent the outer 
regions of the galaxy free of contamination by the nucleus, 
are slightly redder for the amorphous 60PKs compared to 
the peculiar 60PKs. An older stellar population is presum- 
ably responsible for the redder annular colors of the amor- 
phous galaxies. Scenario B predicts that the annular galaxy 
colors will evolve from blue to red as the morphology of 
the galaxies evolve from class III to class 0, due to an aging 
stellar population. According to scenario A the class 0 
galaxies have relatively red annular colors because the gal- 
axies were initially red, lenticular galaxies, while the class 
III galaxies are bluer because they were formerly later-type 
spirals with younger disk populations. The segregation of 
annular colors with respect to morphology is consistent 
with both scenarios. 

6.2.4 Effective blue surface brightness 

The global properties associated with the effective blue 
surface brightness of 60PKs are similar to that obtained for 
normal early type galaxies. Both scenarios incorporate an 
interaction/merger event as a key element, and according 
to numerical simulations the end product of such an event 
is a galaxy with the overall properties of an elliptical gal- 
axy, thus qualitatively, both scenarios are consistent with 
the observed surface brightness of 60PKs. We would ex- 
pect that the amorphous 60PKs become normal early type 
galaxies, once their nuclear activity ceases. 

The trend of effective blue surface brightness (SBe) be- 
coming fainter with increasing L60 ^/LB (Fig. 13) for the 
60PKs is exactly reverse of that found for optically selected 
normal spiral galaxies (Phillipps & Disney 1988), and blue 
irregulars (Hunter et al 1989). This is presumably attrib- 
uted to the fact that the 60PKs have centrally concentrated 
dust that is heated by a central luminosity source (an ac- 
tive nucleus and/or starburst), while normal spirals have 
dust which is intimately related to star-forming regions 
located throughout their disks. 

7. CONCLUSIONS 

We have adopted a morphological classification scheme 
to describe the optical appearance of 60PKs. The four 
classes, amorphous (class 0), amorphous with features 
(class I), spirals (class II), and peculiar (class III), con- 
tain 18%, 42%, 9%, 31% of our sample, respectively. We 
have inspected the relationship of optical morphology to 
many other properties of 60PKs. Along the morphological 
sequence III-I-O the nuclear activity tends to change from 
starburst to Seyfert 2 to Seyfert 1; the FIR colors become 
warmer, the FIR-to-blue luminosity ratio decreases, the 
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optical colors of the outer regions (excluding the nucleus) 
tend to become redder, and the effective blue surface 
brightness tends to increase. In Paper III we present a 
multivariate analysis to determine the relative importance 
of morphological class and nuclear-activity type for pro- 
ducing the strongest segregation of observable properties. 
The morphological properties of 60PKs and their depen- 
dence on manifestations of nuclear activity strongly sug- 
gest that the 60PK phenomenon is due to galaxy interac- 
tions. Such interactions would be responsible for funneling 
gas to the center of the galaxy and, with few exceptions, 
erasing any existing spiral structure. The cases of 60PKs 
whose spiral structure survived an interaction strong 
enough to trigger nuclear activity are in the minority. We 
have proposed two extreme scenarios (A and B) to explain 
the morphological classification scheme adopted for 60PKs 
and its relation to interactions and nuclear activity. Sce- 
nario A attributes the morphological differences among 
60PKs to differences in the precursor galaxies, allowing no 
abrupt evolution from one morphology to another during a 
60PK phase, though such evolution may occur progres- 
sively if the 60PK phenomenon is a recurrent one. Scenario 
B proposes an evolution through classes III, I, and 0 dur- 
ing a single 60PK event and does not account for class II. 
While both scenarios can equally well explain the trends of 
dimensionless quantities such as luminosity ratios or colors 
with morphological class, scenario B is more contrived in 
that it would also have to explain a strong evolution in the 
sense of decreasing optical luminosity, as well as optical 
size along the evolutionary sequence III-I-O, which cannot 
be reconciled with a simultaneous increase in optical sur- 
face brightness. It therefore seems that these latter proper- 
ties are at least partly intrinsic to the precursor galaxies. 
The properties of 60PKs are therefore best explained by a 
mixture of scenarios A and B, with morphologically dif- 
ferent precursor galaxies, possible morphological evolution 
during the 60PK phase, and one or more 60PK phases 
which are not expected to outlast the dust-obscured nu- 
clear phase. This is certainly consistent with an estimated 
lifetime of the 60PK phase of a few times 108 yr assuming 
that any 60 fim selected galaxy can become a 60PK once, 
and a shorter lifetime in the case of recurrency (Paper I). 
Examples of morphologically different precursors are the 
merging of two spiral galaxies of comparable mass, the end 
product of which would be an elliptical galaxy (scenario B 
like), and a lenticular galaxy that recurrently accretes a 
much smaller gas-rich companion (scenario A like). This 
leaves open a whole variety of possible precursors of 
60PKs, including elliptical and disk galaxies, as well as 
dwarf and giant galaxies. We will further address the na- 
ture of the precursors with an analysis of the surface 
brightness profiles (Paper IV) and an inspection of the 
environment of 60PKs (Paper V). We conclude that the 
60PK phenomenon does not appear to be restricted to a 
particular class of galaxies, but can result from any inter- 
action involving at least one gas-rich object and strong 
enough to funnel gas to the central region and create a 
dominant central source. The scarcity of 60PKs is due to 
the short lifetime of this phenomenon. 
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APPENDIX: COMMENTS ON INDIVIDUAL GALAXIES THAT 
PEAK NEAR 60 fim 

00160-0719. This galaxy morphologically resembles a 
typical SO galaxy, it is almost perfectly round with no ob- 
servable features on optical broadband frames or on digi- 
tally enhanced color maps. A small detectable radio flux at 
6 cm of —0.9 mJy has been observed for this galaxy. 

00198-7926. A large tail with an almost 90° bend, ex- 
tends to the northwest of the main body of this very pecu- 
liar galaxy. A contour plot suggests that either a second 
nucleus or a large extranuclear region of star formation is 
present [Fig. 15(a)]. A masked B image, and a. B—R color 
map reveal many knots which are presumably H II regions 
embedded in the tails of this galaxy. 

00344-3349 (ESO 350-G38). Three nuclei are clearly 
visible in this peculiar galaxy [Fig. 15(b)]. Spectra of the 
nuclei confirm that they are all at the same distance (Paper 
I), and all three nuclei have emission lines characteristic of 
H II regionlike galaxies. Magnitudes for the individual nu- 
clei [labeled nl, n2, n3 in Fig. 15(b)] were measured 
within an aperture having a radius of 3 arcsec, and are 
given in Table 5. Nucleus n2 was assumed to be the dom- 
inant IRAS source in Paper I. A low surface brightness 
plume extends to the east of the galaxy and is clearly re- 
vealed on a masked frame. A (B—R) color map uncovers 
dust patches, along with low surface brightness plumes 
surrounding the galaxy. 

00521-7054. This faint galaxy which lies behind the 
Small Magellanic Cloud, has peculiar isophotes that dis- 
play a slight twisting and become rectangular as you reach 
the outer isophotes [Fig. 15(c)]. The galaxy has an asym- 
metrical, trapezoidal appearance presumably due to the 
tail feature uncovered in a B—R color map. A detailed 
discussion of this object is given by Frogel & Elias ( 1987), 
who propose that this galaxy may be in the process of 
developing into a classical quasar. The 25-100 /xm colors 
lie at the extreme warm end of the range occupied by 
objects with the highest degree of nuclear activity—namely 
Seyfert 1’s and quasars. 

01053+2147. Two tails extend straight out from the 
central nucleus at roughly 130° to each other. At the radio 
wavelengths of 6 and 20 cm this galaxy was found to 
be a weak radio emitter with fluxes of 1.0 and 4.8 mJy, 
respectively. 
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Fig. 15. For the contour plots {a—z) the spacing between tickmarks is 1 pixel (corresponding to 0.5 arcsec). North is to the top and east is to the right, 
(a) 00198-7926, 1100 s in R\ (b) 00344-3345, average of three 450 s exposures in F; (c) 00521-7054 600, s in R\ (d) 01053+2147, 1600 s in B\ (e) 
01413+0250, average of three 600 s exposures in R\ (f) 02304+0012. 1800 s in B. (g) 03106-0254, 600 s in R\ (h) 03344-2103, 1200 s in B\ (i) 
04385-0828, 600 s in F; (j) 05189-2524, 600 s in F; (k) 05530+0323, 600 s in i?; (1) 06488 + 2731, 300 s in R. (m) 08007-6600, 1200 s in F; (n) 
08170-1126, average of three 600 s exposures in B\ (o) 14082+1347, 720 s in /; (p) 14167-7236, 1200 s in B-, (q) 15295 + 2414, 2700 s in t/ filter; (r) 
18333-6528, 600 s in B. (s) 19245-4140, average of three 450 s exposures in F; (t) 19370-0131, 1200 s in F; (u) 20210+1121, 900 s in B\ (v) 
20481-5715, average of three 600 s exposures in 2?; (w) 21062+1752, average of three 600 s exposures in R\ (x) 23060+0505, 1200 s in R. (y) 
23446+1519, 450 s in B, (z) 23547+1914, 1200 s in /. 
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Fig. 15. (continued) 
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FlG. 15. (continued) 
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Fig. 15. (continued) 
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01072-0348. A ridgelike feature is visible in the NE por- 
tion of this IRAS galaxy on deep exposure CCD images. A 
masked frame reveals that there are bright arcs or shells 
surrounding this galaxy. The isophotes of the main body of 
the galaxy are smooth and regular. This is one of the stron- 
ger radio sources in our sample and it has a radio jet (Pa- 
per I). An apparently flat edge-on galaxy [labeled G2 in 
Fig. 1(e)] is located ~39 arcsec to the north of IRAS 
01072 (labeled Gl). We have not obtained a redshift for 
this edge-on galaxy G2. There are many fuzzy patches 
around IRAS 01072, but they are too faint for reliable 
photometry. We do not have enough information to deter- 
mine if these faint patches are a group of background gal- 
axies or faint companions or dwarf galaxies of IRAS 
01072. 

01413 + 0205 (Mkn 573). The isophotes for this amor- 
phous galaxy are peculiar in the sense that the major axes 
of the ellipses in the central regions are aligned in an east- 
west direction, while the major axes of the outer isophotes 
appear to be aligned in a north-south direction [Fig. 
15(e)]. Adjusting the contrast level so that the central 
portion of the galaxy is visible uncovers bright condensa- 
tions (presumably of star formation) embedded in a ring 
that almost completely surrounds the galaxy, which is 
clearly visible on a masked image [Fig. 4(c)] of the galaxy. 
Mkn 573 is a relatively high ionization Seyfert 2 with nar- 
row emission-line profiles that are believed to have resulted 
from optically thick emission-line clouds in high density 
regions (De Robertis & Osterbrock 1986). It contains a 
compact triple radio source that extends — 1 kpc (Ulves- 
tad & Wilson 1984), and is nearly symmetric with the 
optical center. 

01475-0740. Deep CCD frames and digitally enhanced 
frames show that this amorphous, nearly round galaxy 
lacks any distinguishing features. There are many faint 
patches surrounding this galaxy and we label them in Fig. 
16. We estimate that the errors associated with U—B and 

Fig. 16. CCD frame of a 3600 s exposure in R filter of IRAS 01475-0740, 
with faint patches that are believed to represent a background group of 
galaxies. Colors and apparent magnitudes are given for objects listed in 
Table 9. 
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Table 9. Photometry of faint objects surrounding 01475. 

B-R 

-§7- 

Object# 
(1) (2) 

U-B 
(3) 

B-V 

1T94^ 
1.26 
0.77 
0.65 
1.58 

0.58 
0.87 
1.41 
0.71 

T 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 

20.75 
20.91 
21.45 
21.47 
21.94 

31.36 
21.48 
21.27 
21.20 
22.34 

19.78 
20.60 
21.20 

-0.44 
-0.18 
-0.67 
-0.65 
-0.41 

0.35 
-0.82 
0.16 
0.24 

2.04 
0.94 
1.30 
2.54 

0.14 
0.87 
1.30 
1.06 
1.87 

1.68 
1.53 
1.82 

Notes to TABLE 9. 

Col. (1) The identification number of object labeled in Fig. 16. 
Col. (2) Apparent blue magnitude (not corrected for extinction 

nor redshift) of the faint object. 
Col.(3)-(5) Apparent colors (U-B), (B-V), (B-R), respectively of 

faint objects. A dash indicates that a reliable magnitude 
could not be obtained with the data available. 

B—V colors of these faint patches to be roughly ±0.20 
and ±0.10, respectively. The measured colors of these 
faint patches (Table 9) are too blue to be typical globular 
clusters. If these faint objects are companions at the same 
redshift as IRAS 01475, they are intrinsically faint (abso- 
lute blue magnitudes fainter than —13), and cover a radius 
of only —40 kpc, making them unlikely candidates for 
companion dwarf galaxies. If, on the other hand, we as- 
sume that they are normal galaxies with absolute blue mag- 
nitudes of roughly —21 to —22, then their apparent mag- 
nitudes would place them at a redshift of z—0.4, and they 
would cover a projected radius of — 1 Mpc, which is the 
typical size of a group of galaxies. We conclude that these 
faint patches surrounding IRAS 01475 have magnitudes 
and colors that are consistent with them being a back- 
ground group of galaxies. 

02304+0012 (UGC 2024). A faint halo surrounds the 
relatively large, bright nucleus of this disk galaxy. Small 
spiral arms emerge from the nucleus in the east and west 
directions, and are labeled on a contour plot [Fig. 15(f)] as 
arml and arm2, respectively. The spiral arms clearly ex- 
tend into the faint outer halo of the galaxy. An unsharp 
masked image and B—R color image reveals many knots, 
and dust patches. 

02530+0211. A faint, fuzzy tail-like feature is visible to 
the SW of the main body of this amorphous galaxy. The 
isophotes are regular and smooth. A masked image reveals 
inner shell-like features within this galaxy [Fig. 3(d)]. 

03106-0254. This galaxy looks like an amorphous disk 
galaxy without spiral arms [Fig. 15(g)]. There appears to 
be dust surrounding the central bulge. A masked image 
clearly reveals a central ring surrounding the nucleus. 

03344-2103 (NGC 1377). This galaxy looks normal on 
deep exposure CCD images, however when one examines a 
contour plot an interesting feature is revealed, namely an 
indentation in the southern portion of the central region 

gives rise to the kidney-bean appearance of the inner 
isophotes of this galaxy [Fig. 15(h)]. A B—R color map 
[Fig. 4(e)] reveals a central dust patch along the minor 
axis direction, corresponding to the “indented” region in 
the contour plot of the broadband B CCD image. 

04259-0440. This amorphous galaxy looks like a typical 
SO galaxy on deep exposure CCD frames. Shells are visible 
on a masked image of this galaxy. The serendipitous dis- 
covery of a companion galaxy on Ha images (Paper III), 
has given us the opportunity to examine optical properties 
of the apparent “companion.” This companion appears al- 
most stellar with no nebulosity apparent on the CCD im- 
ages, but a radial profile reveals that it has extended struc- 
ture. We have labeled this probable companion G2 in Fig. 
Ki). 

04385-0254. A deep CCD image of this galaxy does not 
reveal any peculiar characteristics in this galaxy. A con- 
tour plot gives no indication of structure as the isophotes 
are smooth, regular ellipses [Fig. 15 (i)]. An unsharp 
masked image however uncovers some interesting features: 
two bright condensations (presumably H II regions) on 
either side of the nucleus, which is suggestive of a bar, as 
galactic bars typically have H II regions at either end; and 
an arc extending from this barlike feature almost com- 
pletely encompasses the central nucleus. This galaxy was 
detected at 6 and 20 cm with corresponding fluxes of 11.9 
and 14.3 mJy, respectively. 

05189-2524. An off-center nucleus is visible in deep ex- 
posure CCD frames of this amorphous galaxy [Fig. 15 (j)]. 
The outer part of this galaxy appears distorted, with ridges. 
A masked image uncovers a very low surface brightness 
tail which forms an arc surrounding the galaxy. This gal- 
axy is one of the ultraluminous FIR galaxies discussed in 
detail by Sanders et al ( 1988a,b), and has been detected in 
the radio at 6 and 20 cm with fluxes of 12.7 and 28.3 mJy, 
respectively. 

05530+0323 (II Zw 40). This peculiar galaxy is a well- 
studied blue compact dwarf galaxy, and is a prototype ex- 
tragalactic H II region (Baldwin et al. 1982, Brinks 1988). 
The main body of the galaxy displays elliptical isophotes 
with an off-center nucleus, and a fainter second nucleus 
directly south of the central nucleus [Fig. 15(k)]. There 
are two long tails or plumes extending to the S and SE of 
the main body of the galaxy in which are embedded nu- 
merous knots. In addition there is a low surface brightness 
feature which extends in the western direction from the 
galaxy. A color map reveals dust patches and areas of 
presumably enhanced star formation. This galaxy has a 
large infrared excess and extended radio continuum emis- 
sion with a flat spectral index (Jaffe et al. 1978), presum- 
ably of nonthermal origin. 

05570-8123. This amorphous galaxy has regular, 
smooth isophotes. Unsharp masked images and two-color 
maps do not reveal any additional structure. 

06097+ 7103 (Mkn 3). This well-studied galaxy was not 
observed by us, but it has been discussed in detail by others 
(e.g., Neff & Ulvestad 1988). It has a small broadline re- 
gion < 1 pc and narrow-line region of — 1 kpc in radius. It 
is a strong double radio source, that is one of the strongest 
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for Seyfert galaxies, and does not coincide and is asymmet- 
ric with respect to the optical nucleus. Each component of 
the double radio source is slightly extended and separated 
by —1.5" (-600 pc) (Wilson ^û/. 1980). 

0645 7-f- 7429 (Mkn 6). This well-known galaxy was not 
observed by us, but it has been discussed by others (e.g., 
Neff & Ulvestad 1988). It is a strong double radio source 
with components separated by — 1" (570 pc) at 6 cm (Ul- 
vestad a/. 1981). 

06488+2731 (MCG+05-16-010). This amorphous gal- 
axy has smooth, very elongated elliptical isophotes [Fig. 
15(1)]. Deep exposure CCD frames reveal a low surface 
brightness envelope surrounding the galaxy, and a faint tail 
or plume extending from the galaxy. A {B—K) two-color 
frame uncovers dust patches, and shells or arcs surround- 
ing the main body of the galaxy. Very low surface bright- 
ness plumes or tails covering a large area on the frame 
become apparent in the color images. 

08007-6600. The two nuclei in this galaxy are almost 
circular, and possess regular, smooth isophotes [labeled nl 
and n2 in Fig. 15(m)], and have a projected separation of 
6.1 arcsec ( — 5 kpc). Faint, straight, narrow jetlike plumes 
extend in the NE and SW direction, along the same line as 
the nuclei. Nucleus nl has been identified as the IRAS 
source (component A in Paper I). 

08014+ 0515 (Mkn 1210). This almost circular, amor- 
phous galaxy morphologically resembles a typical elliptical 
galaxy. Masked frames display arcs or shells surrounding 
the main body of the galaxy. This galaxy has been detected 
at 22 and 5 GHz, and at these frequencies the flux is 17 
±2.3 and 66 ±9 mly, respectively (Malkan 1990). 

08170-1126. This peculiar galaxy contains two separate 
nuclei, one (nl) of which is — 1 mag brighter in the blue 
than the other (n2). A low surface brightness tail extends 
toward the north, and appears to emanate from nucleus nl 
[Fig. 15(n)]. At 6 cm this galaxy remains unresolved with 
a flux of 3.6 mJy, but at 20 cm it is slightly resolved with 
a FWHM of between 1 and 2 beam diam with a flux of 23.8 
mJy. Nucleus nl has been identified as the IRAS source 
(component A in Paper I). 

08321 + 6624 (Mkn 93). This previously identified gal- 
axy was not observed by us, but it has been discussed by 
Mazzarella & Balzano (1986). 

09497-0122 (Mkn 1239). This amorphous galaxy has 
very smooth, regular isophotes, and resembles an elliptical 
galaxy. Careful examination of masked frames and two- 
color maps do not reveal any low surface brightness fea- 
tures nor dust patches. This galaxy has one of the warmest 
FIR colors in our sample, and has an optical-to-near- 
infrared spectral energy distribution indicative of hot dust 
( — 1000 K) and/or synchrotron radiation (Rafanelli & 
Bonoli 1984, Rudy et al. 1982). 

10567-3323. A low surface brightness feature extends to 
the east of this amorphous galaxy. Digital enhancement 
reveals three bright knots within this extension. This gal- 
axy was detected at 6 cm with a flux of 2.0 mJy, but not at 
20 cm, and it has been previously discussed in detail by 
Heislerei a/. (1989a). 

12540+5708 (Mkn 231). This very extraordinary gal- 

axy was not observed by us, but it has been extensively 
studied by others (e.g., Sanders et al 1988a,b). It is a 
FIR-ultraluminous galaxy believed to be in an advanced 
stage of a merger. Mkn 231 has a strong, nonthermal nu- 
clear source surrounded by an unusually young, stellar 
population (Hamilton & Keel 1987). The observed x-ray 
luminosity is lower than that found for Seyferts Ts and 
quasars, with similar bolometric luminosities (Eales & Ar- 
naud 1988), but comparable to those of Seyfert 2’s. 

13329-3402 (MCG-6-30-15, ESO 383-G35). This galaxy 
resembles a very elongated lenticular galaxy, with smooth, 
regular isophotes and a bright, circular nucleus. The bright 
source south of the nucleus, within the galaxy, is a fore- 
ground star. The detailed study by Pineda et al. (1980) 
shows that it has a typical Seyfert 1 spectrum. It is an 
unresolved radio source at 6 and 20 cm with a size < 80 pc 
(Ulvestad & Wilson 1984). There are no features apparent 
on the deep exposure CCD images, but digitally enhanced 
images reveal elongated, almost straight features on either 
side of the nucleus. These features may be indicative of a 
nearby edge-on disk, although no spiral structure is evi- 
dent. 

13370-3123 (NGC 5253). This well-studied galaxy has 
been classified as a prototype amorphous galaxy (Sandage 
& Brucato 1979). There are many bright knots embedded 
in what appears to be a lenticular galaxy. A {B—R) two- 
color map better illustrates these bright knots, and also 
reveals dust patches and lanes in this galaxy. 

The optical spectrum shows high excitation emission 
lines and a blue optical continuum, with a remarkably flat 
spectral index (a = —0.25). These properties are indicative 
of very young, hot stars, and gas with negligible internal 
reddening and normal abundances (Osmer et al. 1974). A 
molecular hydrogen mass of ~ 10 ^<+7 0 has been deduced 
from CO measurements (Wikland & Henkel 1989). The 
gas content is small and in the form of neutral and ionized 
hydrogen, which is typical for early type galaxies (Knapp 
et al. 1989, Sadler et al. 1985). An unresolved 6" diam 
emission region in the near infrared has colors indicative of 
dust with temperatures up to 1000 K (Glass 1973). The 
near-infrared emission lines indicate the presence of the 
highest excitation gas observed thus far in starburst galax- 
ies with a temperature of — 50 000 K ionizing spectrum, 
equivalent to an average spectral type of 04 (Moorwood & 
Glass 1982), which together with the compact size suggest 
that a very young compact starburst nucleus is responsible 
for the very hot dust (Roche 1987). This near-infrared 
line-emitting region is completely obscured visually (Av>% 
mag), and is estimated to contain a central source with a 
luminosity comparable to that of II Zw 40 ( Aitken et al. 
1982). Such a nucleus is short lived which is consistent 
with the suggestion that the 60PKs are in a rapid phase of 
evolution. The peculiar morphology and enhanced star for- 
mation are strongly suggestive of a recent accretion event, 
presumably as a result of a recent encounter ( < 109 yr) 
with the nearby gas-rich spiral M83 (van den Bergh 1980). 

13452-4155 (ESO 325-IG22). The IRAS Point Source 
Catalogue (Second Version) flagged this galaxy as a point 
source within a complex field. As evident on optical CCD 
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images [Figs. 2(k) and 4(j)] a bright foreground star lies 
very close to this IRAS galaxy, with the result that IRAS 
13452 is contaminated by rings due to internal reflections 
in the telescope from this bright star. Three galaxies lie 
within the IRAS position error ellipse, but spectra were 
obtained for only the brightest one (identified as the IRAS 
source in Paper I). This galaxy appears to be a peculiar 
disk galaxy and we label it as G1 in Fig. 2(k). A masked 
image reveals a long tail extending in the north direction 
from this galaxy [Fig. 4(j)]. This peculiar galaxy is re- 
solved at 6 and 20 cm with a FWHM of —2 and 7 arcsec, 
respectively, and fluxes of 9.9 and 38.1 mJy, respectively. 
The morphology of the other two objects (labeled as G2 
and G3) is less clear—they have no peculiar characteris- 
tics. 

13536+1836 (Mkn 463). This well-studied double- 
nucleus galaxy (e.g., Kollatschny & Fricke 1984, Hutch- 
ings & Neff 1988, Neff & Ulvestad 1988, Mazzarella et al 
1991) has three low surface brightness tails as revealed by 
deep exposure CCD images. The optical nuclei are sepa- 
rated by approximately 4 arcsec corresponding to —4 kpc. 
Each nucleus has optical emission lines typical of Seyfert 
type 2 galaxies, but when viewed in polarized light this 
galaxy has the spectrum of a Seyfert 1 (Miller & Goodrich 
1987). A two-color map uncovers many bright knots, arcs, 
and dust patches. This galaxy has a double radio source 
separated by 1.3" at 6 cm (Ulvestad & Wilson 1984). 

14082+1347 (CGCG Zwicky). Shells surround the 
amorphous main body of this galaxy [Fig. 15 (o)], and are 
clearly visible in a masked frame [Fig. 4(1)]. The shells 
around this galaxy are the most prominent of the shell 
galaxies in our FIR-selected sample. 

14167-7236. This amorphous galaxy is located in a very 
crowded field. It has a relatively large, bright nucleus 
which appears to be off* center with respect to its fainter 
surrounding halo [Fig. 15(p)]. The two bright objects on 
either side of the galaxy are foreground stars. A masked 
image reveals a plume extending to the SW of the main 
body of the galaxy. 

15295+2414 (3C 321). The double nuclei of this well- 
studied galaxy (e.g., Filippenko 1987) have optical spectra 
characteristic of Seyfert type 2 galaxies. The nuclei are 
separated by 3.1 arcsec, corresponding to a linear projected 
separation of —6 kpc [Fig. 15 (q)]. The brighter nucleus nl 
is a flat-spectrum compact radio source with a one-sided jet 
containing a steep spectrum radio knot near the second 
nucleus (Kuhr et al. 1981). A low surface brightness tail 
extends to the south of the galaxy, and the object to the 
north is a foreground star. 3C 321 is the most distant gal- 
axy among the previously identified 60PKs. 

16380-8120 (ESO 023 IG03). There are two galaxies 
located within 6.20 arcsec of each other within the IRAS 
error ellipse in position. The galaxy to the west appears to 
be a disk galaxy and the smaller galaxy to the east appears 
to be an early type or amorphous galaxy, we have labeled 
these as G1 and G2, respectively, in Fig. 4(m). This 
masked image reveals that G1 contains a tidal tail emerg- 
ing straight out in the southern direction and another tail 
with a slight warp extending in the northern direction. The 

brighter galaxy G1 was assumed to be the IRAS source in 
Paper I. A redshift for the small apparently nearby galaxy 
(G2) was not obtained, but in light of the results of our 
Ha emission mapping program (Paper III), we believe it 
lies at approximately the same distance as the disk galaxy, 
and may be a satellite or companion galaxy. G2 exhibits no 
structure in optical broadband images or digitally en- 
hanced images, but it has an integrated Ha flux that is at 
least four times larger than Gl, and is possibly the major 
contributor to the IRAS emission (this is discussed in 
more detail in Paper III of this series). 

18333-6528 (ESO 103-G35). This galaxy has smooth, 
regular, elongated isophotes [Fig. 15(r)], and has drawn 
attention as the optical counterpart of a HEAO-A2 x-ray 
source (Phillips et al. 1979). These authors have suggested 
that it may be an SO galaxy. The eccentricity of the iso- 
photes is indicative of a disk galaxy, yet there is no evi- 
dence for spiral arms. This Seyfert 1 galaxy is among the 
warmest FIR emitters in the sample. It has a very high 
excitation emission-line spectrum similar to broadline ra- 
dio galaxies, superposed on a red stellar continuum with 
absorption lines. There appears to be an amorphous satel- 
lite galaxy to the NW at a projected distance of —30". 

19245-4140 (ESO 338-IG04, TOLOLO 19245). This is a 
well-studied blue compact galaxy (e.g., lye et al. 1987). A 
contour plot of a deep exposure CCD image [Fig. 15(s)] 
suggests the presence of two nuclei separated by —3.04 
arcsec, labeled as nl and n2, and an unsharp masked image 
clearly reveals the two nuclei, along with a bright arc to the 
east of the brighter nucleus nl [Fig. 4(n)]. 

19370-0131. An apparent second nucleus or a tidal ex- 
tension, labeled as n2, is visible to the NW of the central 
nucleus of IRAS 19370, labeled nl [Fig. 15(t)]. There is 
also a fainter knot (possibly an H II region), labeled as n3, 
to the NE of nl. The central nucleus itself appears elon- 
gated in the E-W direction relative to the stellar profiles. 
Optically, this is one of the reddest galaxies in our sample. 
At radio wavelengths of 6 and 20 cm, this galaxy has fluxes 
of 5.4 and 15.5 mJy, respectively. 

20210+1121. This IRAS source, labeled as Gl in Fig. 
15(u), displays low surface brightness plumes. This is one 
of the strongest radio sources measured in the sample with 
flux densities at 6 and 20 cm of 15.9 and 44.5 mJy, respec- 
tively. There is an apparent companion (G2) —7 arcsec to 
the north of the IRAS galaxy (G2) [with IRAS coordi- 
nates of a( 1950) =20 21 02.1, 5(1950) = 11 21 49]. The 
companion G2 is also a weak radio source with a flux at 6 
cm of 1.4 mJy. An arc or tidal tail, within which a bright 
knot (kl) is embedded, extends in the SW direction from 
this IRAS galaxy, and a second bright knot (k2) is located 
east of IRAS 20210. We have also included a peculiar 
object in our CCD frame [Fig. l(s)], labeled as G3, be- 
cause this object may be interacting with the system IRAS 
20210 and G2 (projected linear separation of approxi- 
mately —0.1 Mpc). 

20253-8152. This amorphous galaxy has smooth, regu- 
lar isophotes, and lacks any distinctive features even when 
carefully examined using digitally enhanced images. 

20460+1925. This galaxy has the largest redshift 
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among the galaxies measured in our sample, and its bolo- 
metric luminosity of 7X 1012 Lq, makes it one of the two 
most luminous galaxies known (Frogel et al. 1989). Opti- 
cal spectra show line ratios characteristic of a Seyfert type 
2, but the permitted and forbidden lines are broader than 
most other Seyfert 2’s. In fact, it has been demonstrated 
that this galaxy has broad Paa lines characteristic of 
Seyfert 1 type galaxies (Hines 1991). This amorphous gal- 
axy has smooth, regular isophotes with no visible structure 
even when examined using digitally enhanced images. 

20481-5715 (IC 5063f PKS 20481). Numerous dust 
lanes are clearly visible in the NE section of this well- 
studied peculiar galaxy (e.g., Caldwell & Phillips 1981, 
Danziger et al 1981). It has been previously classified as 
both an elliptical and an SO galaxy. A contour plot of the 
original CCD image displays smooth, elliptical isophotes 
[Fig. 15(v)], while a masked image clearly delineates the 
dust lane structure, and reveals a peanut-shaped nucleus, 
which has been proposed to be the result of multiple nuclei 
(Heisler et al 1989a). Our Ha imaging has indeed re- 
vealed that there are three nuclei (Heisler et al 1989b), 
which is discussed in more detail in Paper III of this series. 
The radio source is weaker than for typical radio galaxies, 
but unusually strong for Seyfert galaxies. A 21 cm radio 
continuum map reveals an extended source ( — 8 kpc) co- 
inciding with the optical center of the galaxy, and a small 
mass of ionized and neutral hydrogen which is character- 
istic of early type galaxies (Danziger et al 1981). This 
galaxy has a very red near-infrared nuclear source (K—L 
=2.1) and a high polarization (17%), which requires a 
contribution from a nonthermal synchrotron source 
(Hough et al 1987). The presence of an active nucleus is 
supported by a very high excitation emission-line spectrum 
(Bergeron et a/. 1983). 

21062-1-1725. This face-on galaxy has central smooth, 
regular isophotes with small faint spiral arms [Fig. 15(w)]. 
There are no dust patches or peculiar features evident on 
masked or two-color frames. At radio wavelengths of 6 and 
20 cm this galaxy has fluxes of 2.0 and 4.3 mJy, respec- 
tively. 

23060-f-0505. This faint galaxy is one of the more dis- 
tant objects in the sample, and has been extensively studied 
by others (e.g., Hutchings & Neff 1988; Hill et al 1987), 
who find bright knots embedded in the central body of the 
galaxy. Near-infrared spectroscopy has demonstrated that 
this galaxy has broad Paa lines characteristic of Seyfert 1 
type galaxies (Hines 1991). A tidal tail or plume extends 
in the SW direction [Fig. 15 (x)]. This source is unresolved 
at 6 cm but resolved at 20 cm with fluxes of 3.0 and 13.5 
mJy, respectively. 

23446-hl519 (MCG-h 02-60-01). This galaxy is one of 
the few prominent spirals in the sample of 60PKs. The 
spiral arms appear to emanate from a barlike feature [Fig. 
15(y)]. Similar to the few other spirals in our sample, a 
faint outer envelope surrounds the galaxy. Inspection of an 
unsharp masked frame reveals a low surface brightness tail 
extending from the eastern arm from the point at which 
the bar and the arm connect. 

23547-f-1914. This galaxy has a smooth global light dis- 
tribution with rather elongated isophotes [Fig. 15(z)]. A 
bright arc or shell feature (SI) lies along the minor axis 
direction, just north of the galaxy [Fig. l(w)], while an 
unsharp masked image uncovers more shells [Fig. 3(1)], 
and an asymmetry in the central region, which may be due 
to a second nucleus. 
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Fig. 4. (a) A 900 s Gunn-r exposure of BRI 1013+00 taken at the Palomar 60 in telescope on UT 1993 May 14. (b) A 900 s Johnson-R exposure of 
BRI 1050—00 taken at the Palomar 60 in telescope on UT 1993 April 22. Note the faint galaxies directly West of the quasar. Both images are 2 arcmin 
square with N up and E to the left. 

Smith et al. (see page 26) 
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FIG. 3. Digitally enhanced CCD images of previously unidentified 60PKs. The length of the bar is 25 arcsec and it is located in the NE portion of the 
image. The IRAS name is listed followed by the type of digital enhancement used, (a) 00160-0719 B—R color map revealing circumnuclear dust patches, 
(b) 00198-7926 B—R color map revealing asymmetrical nucleus which is suggestive of a second nucleus, along with bright tidal tails, (c) 01072-0348 
B—R color map showing inner shells, (d) 02530+0211 Unsharp masked frame (900 s in Ä filter) reveals shells, (e) 03106-0254 Unsharp masked frame 
(900 s in 5 filter) displays central dust lane encircling nucleus, (f) 04259-0440 Unsharp masked frame (700 s in Æ filter) reveals shells. 

C. A. Heisler and J. P. Vader (see page 39) 
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Fig. 3. (continued) 
(g) 04385-0828 Unsharp masked frame (300 s in F filter) shows bright knots (presumably H II regions) and central arms or tidal features, (h) 
05189-2524 Unsharp masked frame (300 s in 5 filter) reveals faint circular plumes surrounding galaxy, (i) 08170-1126 Unsharp masked frame (1200 
s in Æ filter) displays two nuclei and a tail emanating from the brighter nucleus in the north direction, (j) 10567-3323 B—I color map displays plume 
containing three bright knots east of the galaxy, (k) 14167-7236 Unsharp masked frame of a ( 1200 s in 5 filter) shows tidal tail feature in SW direction. 
(1) 23547-1914 Unsharp masked frame (1200 s in 2? filter) uncovers inner shells, and asymmetric nucleus which strongly suggests a second nucleus. 

C. A. Heisler and J. P. Vader (see page 39) 
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Fig. 4. Digitally enhanced CCD images of previously identified 60PKs. The length of the bar is 25 arcsec and it is located in the NE portion of the image. 
The IRAS name is listed together with its catalogue name, followed by the type of digital enhancement used, (a) 00344-3349 Unsharp masked frame 
(median of three 600 s in 5 filter) clearly shows three nuclei and a plume extending from the eastern nucleus in the SE direction, (b) 00344-3349 B—I 
color map displays dust patches (white regions) and regions of enhanced star formation (relatively darker regions), (c) 01413-1-0205 Unsharp masked 
frame (median of three 240 s in Æ filter) clearly shows arcs with bright knots embedded in them, (d) 02304+0012 B—R color map reveals bright knots 
(H II regions) at either side of the nucleus along the same line as the spiral arms, (e) 03344-2103 B—I color map prominently displays central dust lane 
along the minor axis direction, (f) 05530-0323 B—R color map shows dust and blue tidal tails are clearly visible. This digitally enhanced frame also 
reveals an asymmetry of the nucleus suggesting a possible second nucleus. 

C. A. Heisler and J. P. Vader (see page 39) 
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Fig. 4. (continued) 
(g) 06488 + 2731 B—I color map clearly reveals shells, tidal tails, and patches of dust, (h) 13329-3402 Unsharp masked frame of 600 s exposure in B 
filter uncovers disklike structure, (i) 13370-3123 B—R color map clearly display numerous dust patches and bright central condensations believed to 
be H II regions, (j) 13452-4155 Unsharp masked frame (median of three 300 s in Æ filter) reveals tidal tail extending towards the north, (k) 13536+1836 
Unsharp masked frame (600 s exposure in B filter). (1) 14082+1347 Unsharp masked frame (780 s exposure in R filter) clearly shows shell features. 

C. A. Heisler and J. P. Vader (see page 39) 
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Fig. 4. (continued) 
(m) 16380-8120 Unsharp masked frame (600 s exposure in B filter) shows that the northern portion of the disk is warped, while the small companion 
shows no features, (n) 19245-4140 Unsharp masked frame (median of three 500 s in 2? filter) clearly displays the second faint nucleus and a plume 
emanating from the brighter nucleus, (o) 20481-5715 Unsharp masked frame (median of three 600 s exposures in B filter) uncovers numerous dust lanes 
running parallel to the major axis of the galaxy. 

C. A. Heisler and J. P. Vader (see page 39) 
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Fig. 1. False-color composite image of the late-stage merger NGC 7252 showing: the summed B-\-R CCD mosaic image obtained using the CTIO 4 m 
(green); the VLA C+D map of the integrated H I emission (blue); and KPNO 2.1 m observations of the Ha line emission (red). The Ha data consist 
of three 4!6x4!6 CCD frames, one centered on the nucleus of NGC 7252 and one on the H II region in each of the two tidal tails. The line emission has 
been continuum-corrected using an Æ-band image and stars which are saturated on this CCD frame appear red in the color image. The H I is located 
almost entirely in the outer tidal regions and extends beyond the end of the optical tails, particularly in the northwest. 

Hibbard et al. (see page 72) 
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