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ABSTRACT 
Of 90 extragalactic objects chosen from the I RAS catalog on the basis of brightness at 60 µm and "warm" 

infrared color [f.(25 µm)lfv(60 µm) > 0.2], 12 have luminosities characteristic of quasars. These 12 ultralumin
ous objects have Seyfert spectra, and nine of them show morphological evidence for recent collisions or 
mergers-they plausibly represent a transition stage between cooler ultraluminous infrared galaxies and 
optical quasars. 
Subject headings: galaxies: general - infrared: general - infrared: sources - quasars 

I. INTRODUCTION 

A recent study by Sanders et al. (1988, hereafter Paper I) of 
the most luminous infrared galaxies in the IRAS Bright Galaxy 
Survey (BGS) (Soifer et al. 1987, hereafter Paper II) suggested 
an evolutionary connection between ultraluminous infrared 
galaxies having bolometric luminosities greater than 1012 L 8 

and quasars. Specifically, it was suggested from optical and 
near-infrared observations that the ultraluminous infrared 
objects were dust-enshrouded quasars triggered by the strong 
interaction/merger of two gas-rich spiral galaxies. 

To discover objects with properties intermediate between 
those of the ultraluminous BGS objects and optical quasars, 
we have made use of the fact that all of the ultraluminous BGS 
objects have relatively "warm" infrared colors in order to 
select high-luminosity objects at lower observed flux levels in 
the I RAS data. It was noted that those galaxies that had the 
warmest 25 µm/60 µm color temperatures, e.g., Mrk 231, 
displayed the closest appearance to "classical" quasars, i.e., 
broad emission lines, dominant optical nucleus, etc. This sug
gests that the bridging of the" gap" between the ultraluminous 
BGS objects and the quasars might be found in the extra
galactic objects selected to be" warmer" than those selected by 
a strictly 60 µm flux density criterion such as used for the BGS. 
This approach was used previously by, e.g., de Grijp, Miley, 
and Lub (1987) and Low et al. (1988) to identify active galaxies 
in the IRAS database. 

II. THE SAMPLE 

The warm galaxies were chosen from the I RAS Point Source 
Catalog (PSC) on the basis of the following criteria: well
confirmed detections at both 25 µm and 60 µm, declination 
b > -30°, galactic latitude lbl > 30°, andfv(60 µm) > 1.5 Jy. 
In addition, the color criterion was imposed that 0.2 < 
fv(25 µm)/fv(60 µm) < 2.0. The area constraints are nearly iden
tical to those of the BGS and were imposed to minimize the 
contamination of the sample with Galactic sources while maxi
mizing the likelihood of previous observations of the sample 
objects. The 60 µm flux density limit was chosen to ensure the 
objects be reasonably bright, while the flux ratio criterion was 
based on the observed colors of the BGS with the intent of 
preferentially selecting objects warmer than commonly found 
in the BGS. There was a specific intent to establish some 
overlap between the two samples so the lower limit of the 25 
µm/60 µm flux ratio was chosen to accept the warmest galaxies 
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in the BGS, while remaining significantly above the mean 
value offv(25 µm)/fv(60 µm) ~ 0.1 of galaxies in the BGS which 
were selected strictly at 60 µm. 

After elimination of clearly Galactic objects, the total sample 
was 90 "warm" extragalactic objects in nearly the same survey 
area as the BGS. The flux limit of the PSC is -0.6 Jy at 60 µm, 
and 0.38 Jy at 25 µm for sources detected at both wavelengths, 
so that the only incompleteness in this sample occurs for the 
coldest sources, i.e., those with 0.2 <f(25 µm)/f(60 µm) < 0.25 
andf(60 µm) < 1.9 Jy. From the distribution of 25 µm/60 µm 
flux ratio for sources withf(60 µm) > 2.0 Jy, this incomplete
ness is not significant. Warm galaxies represent a small fraction 
of the galaxies in the IRAS database; simply scaling the BGS 
to the flux limit and area covered by the search for warm 
galaxies would have given -1800 extragalactic sources 
detected at 60 µm. Thus the 90 sources in the warm galaxy 
survey represent - 4% of the 60 µm sources in the same area, 
very close to the 5% of the sources found in the BGS to meet 
the selection criteria of the warm galaxy survey and consistent 
with the fraction of warm galaxies found in the IRAS data by 
de Grijp, Miley, and Lub (1987). Thus we conclude that the 
galaxies selected as "warm" from the IRAS data do not rep
resent a new class of objects previously excluded from samples 
selected at 60 µm. 

III. OBSERVATIONS 

Of the 90 sources in the warm galaxy sample, 15 had not 
been previously cataloged, while 22 did not have published 
redshifts. Of the objects without published redshifts, 11, prefer
entially chosen to be the faintest optical objects in the sample, 
were observed with the double spectrograph (Oke and Gunn 
1982) on the Palomar 5 m telescope using the same configu
ration as described in Paper I. Including these observations, 12 
objects in the warm sample were determined to be ultralumin
ous, i.e., L :2: 1012 L8 • Of the remaining galaxies in the warm 
sample without redshifts, all are sufficiently bright that the 
relation between infrared and optical luminosities for infrared 
selected galaxies (Paper II; Feigelson, Isobe, and Weedman 
1987) suggests none will be high luminosity systems. 

Optical and near infrared continuum measurements were 
made for all 12 ultraluminous objects in the warm sample. 
Photometric images in standard filters (B, g, r, i) were obtained 
using the CCD camera on the Palomar 1.5 m telescope. Deep 
optical images of each of the ultraluminous objects were 
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FIG. 1.-The luminosity functions of a variety of classes of extragalactic 
sources, normalized to the same Hubble constant (H0 = 75 km s- 1 Mpc- 1) 

and plotted in units of bolometric luminosity. The solid line represents the best 
fit to the IRAS Bright Galaxy (filled circles) luminosity function (Paper II). 
The crosses represent the space density derived for the" warm" I RAS-detected 
galaxies. The diamonds represent optically selected quasars taken from 
Schmidt and Green (1983), and plus signs represent the optically selected 
Seyfert galaxies taken from Huchra (1977). 

obtained by co-adding multiple exposures of each object taken 
at 6500 A (Gunn r). Near-infrared measurements in the J (1.3 
µm), H (1.65 µm), K (2.2 µm), and L (3.7 µm) bands were made 
using a 10" diameter beam with the Palomar 5 m telescope. 
Measurements were also made at N (10.1 µm) with a 4''.6 beam 
using the 5 m telescope. 

IV. LUMINOSITY FUNCTION 

The warm galaxies represent a subset of infrared bright gal
axies having significantly greater luminosity than samples, 
such as the BGS, that are selected strictly on the basis of 60 µm 
flux density. Excluding the galaxies without redshifts, the 
median infrared luminosity from 8 µm to 1000 µm (computed 
using the prescription outlined by Perault et al. 1988) of the 
warm sample is -6 x 1010 L 8 compared to - 2.5 x 1010 L 8 

for the BGS. 
The space density versus infrared luminosity is plotted for 

the warm galaxies in Figure 1 for bolometric luminosities 
greater than 1011 L 8 . Also plotted are the space densities of 
the BGS, Seyfert galaxies, and quasars (see Paper II for the 
details of the bolometric corrections for the Seyferts and 
quasars). As in Paper II, the space density for the warm gal
axies was calculated using the 1/Vm technique (Schmidt 1968; 
Felten 1976). The warm galaxies have a significantly lower 
space density than that derived for the BGS for all bins 
included in both samples. At the higher luminosities, the space 
density of the warm galaxies represents a substantially higher 
fraction of infrared bright galaxies than the overall percentage. 
In the highest luminosity bins where there is overlap, the warm 
galaxies represent 15%-30% of the total of infrared luminous 
galaxies, consistent with the finding of Paper I that 3/10 of the 
ultraluminous galaxies in the BGS meet the color criterion for 
inclusion in the warm galaxy sample . 
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FIG. 2.-Spectral energy distributions for ultraluminous galaxies in the 
IRAS warm galaxy sample. The data from 0.44 µm to 100 µm are from this 
work. Data at.<< 0.4 µmare from Neugebauer et al. (1979, 1986) or Veron
Cetty and Veron (1985). Data at.<> 900 µmare from Kiihr et al. (1981) and 
Kellerman et al. (1987). Dashed lines indicate an extrapolation beyond the 
figure boundary to the data point at A = 6 cm. 
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V. PROPERTIES OF ULTRALUMINOUS OBJECTS IN THE WARM IRAS 

SAMPLE 

The 12 objects in the warm sample with bolometric lumin
osities greater than 1012 L 0 are listed in Table 1. These objects 
meet the minimum bolometric luminosity criteria for quasars 
derived by adopting the criterion M 8 < - 23.5 (Schmidt and 
Green 1983) and integrating the luminosity over the wave
length range 0.01-100 µm (Paper II). Three of the 12 objects 
have previously been reported as ultraluminous galaxies in the 
BGS (Paper I). The spectral classification of each of the ultralu
minous warm objects is summarized in Table 1. All of these 
objects are Seyferts, split equally between Seyfert 1 and Seyfert 
2 galaxies. 

The near-infrared and optical photometry from Palomar has 
been combined with the I RAS data to produce energy distribu
tions for each object. The dominance of the infrared emission 
in the IRAS bands can easily be seen in Figure 2; the fraction 
of total luminosity contributed by emission at A ~ 8 µm ranges 
from - 90% for objects like IRAS 12071-0444 (similar to the 
majority of the ultraluminous BGS objects) to approximately 
50% for IRAS 07598+6508. While the BGS contained no 
objects with strong UV excess, the warm ultraluminous sample 
contains a few such objects (e.g., Mrk 1014, I Zw 1, 3C 273). In 
general the infrared energy distributions of the ultraluminous 
warm objects are flatter than those for the BGS galaxies. 

Nearly all of the objects in Table 1 have infrared luminosities 
greater than 1012 L0 , and except for the radio-loud quasar 3C 
273 (and possibly I Zw 1), the infrared luminosity dominates 
the energy output in every case. Neugebauer et al. (1979) con
clude that the far-infrared emission in 3C 273 is dominated by 
nonthermal synchrotron emission, while in the other objects 
the marked peak in the distribution of vfv in the infrared sug
gests that the infrared emission is dominated by thermal emis
sion from dust. 

The strong peak in the energy distribution near 60 µm pro
vides evidence for large amounts of moderately cool dust 
(T.iust ::;::: 45-55 K) in the majority of the ultraluminous "warm" 
objects, similar to the far-infrared distributions of the ultralu
minous galaxies in the BGS. In addition, the warm objects also 
appear to have substantial emission in the 12 µm and 25 µm 

I RAS bands suggesting the presence of a significant com
ponent of hotter dust (Tdust = 100--200 K), similar to what is 
found for infrared Seyfert galaxies (Miley et al. 1984; Miley, 
Neugebauer, and Soifer 1985; de Grijp, Miley, and Lub 1987). 
There also appears to be substantial emission at 3-10 µm 
which could be due to even hotter dust emission (Tdust = 
300--500 K) or, possibly, to a nonthermal component directly 
associated with a Seyfert nucleus. 

Deep CCD images of all 12 objects are shown in contour 
form in Figure 3. Morphologically eight of the 12 galaxies 
show clear evidence of interaction (double nuclei, tidal tails), 
one shows evidence of a distorted disk, while two are prin
cipally stellar. The remaining object, 3C 273, exhibits nebu
losity on the 1.5 m image (see also Tyson, Baum, and Kreidl 
1982) and has at least one prominent jet. We feel that the 
finding that the majority of the warm objects are strongly 
interacting galaxy systems supports the picture presented in 
Paper I whereby ultraluminous infrared galaxies and quasars 
are two phases in the evolution of strongly interacting, gas-rich 
spiral galaxies. At least 16 of the 19 ultraluminous objects in 
the combined BGS and warm object surveys are interacting 
galaxies. 

In Paper I it was argued that molecular clouds could be 
funneled into a merger nucleus during the strong interaction/ 
merger of two gas-rich spiral galaxies where they could provide 
fuel for both an intense starburst and an active nucleus. Evi
dence for enormous gas supplies was provided by the detection 
of CO(l --+ 0) emission from five of the 10 ultraluminous BGS 
objects, including Mrk 231 and IRAS 05189- 2524 that are 
also in the ultraluminous warm sample. Further evidence that 
large amounts of neutral gas are present in the majority of 
ultraluminous warm objects as well is provided by the detec
tion of CO(l--+ 0) emission from Mrk 1014 and IRAS 
15206+3342 (Sanders, Scoville, and Soifer 1988), and by the 
detection of H 1 emission in I Zw 1 (Condon, Hutchings, and 
Gower 1985). 

We believe the new data for the ultraluminous warm objects 
presented here support the picture for an intimate connection 
between ultraluminous infrared galaxies and quasars. The 
objects in Table 1 span many of the well-known classes of 
active galactic nuclei (AGN), so the distinction between ultra-

TABLE 1 

ULTRALUMINOUS GALAXIES IN THE IRAS WARM GALAXY SAMPLE 

NAME Fv(Jy)b 
cz• SPECTRAL 

IRAS Other (km s- 1) 12 µm 25 µm 60µm 100 µm log (L.JLG) log (Lbo1/ LG) CLASS MORPHOLOGY REFERENCES 

00509+ 1215 I Zw 1 ................ 18,300 0.52 1.25 2.17 2.53 11.87 12.23 Seyfert 1 Tail 1, 2 
01003-2238 ........................ 35,280 0.19 0.56 2.24 1.79 12.14 12.20 Seyfert 2 Stellar 1 
01572+0009 Mrk 1014 ............. 48,900 0.11 0.63 2.34 2.29 12.49 12.79 Seyfert 1 Double tails 1, 3 
05189-2524 ........................ 12,816 0.76 3.52 13.94 11.68 12.10 12.19 Seyfert 1.8 Double tails 4 
07598+6508 ........................ 44,700 0.20 0.60 1.80 1.90 12.45 12.75 Seyfert 1 Stellar 1 
08572+ 3915 ... ····················· 17,480 0.35 1.73 7.53 4.59 12.10 12.19 Seyfert 2 Double nucleus 4 
12071-0444 ... ····················· 38,400 <0.14 0.53 2.57 2.19 12.29 12.35 Seyfert 2 Double tails 1 
12265+0219 3C 273 ................ 47,370 0.52 0.93 2.22 2.91 12.71 13.55 Seyfert 1 Jets 1, 5, 6 
12540+5708 Mrk 231 .............. 12,654 1.81 8.52 33.60 30.89 12.51 12.66 Seyfert 1 Double tails 4, 7, 8 
13451+1232 PKS 1345 + 12 ....... 36,275 0.16 0.66 2.01 2.14 12.28 12.44 Seyfert 2 Double nucleus 1, 9 
13536+ 1836 Mrk 463A/B ......... 15,300 0.57 1.61 2.18 1.87 11.77 12.03 Seyfert 2 Double nucleus 1, 10 
15206+ 3342 ... ····················· 37,550 0.08 0.39 1.74 1.95 12.18 12.26 Seyfert 2 Distorted disk 1 

NoTE.-Objects in the IRAS warm galaxy sample with Lbo, > 1012 LG. 
• Mean heliocentric redshift. In the case of Mrk 1014, IRAS 05189- 2524, Mrk 231, and IRAS 15206 + 3342, the redshift is determined from CO(J = 1 -+ O) data 

and has an uncertainty of± 20 km s- •.In all other cases the redshift is taken from optical data and has an uncertainty of± 100 km s- 1• 

h I RAS flux densities from co-added survey scans. 
REFERENCES.-{!) This work; (2) Phillips 1976; (3) MacKenty and Stokton 1984; (4) Sanders et al. 1988; (5) Tyson, Baum, and Kreidl 1982; (6) Schmidt 1963; (7) 

Arakelyan et al. 1971; (8) Sanders et al. 1987; (9) Grandi 1977; (10) Gilmore and Shaw 1986; (11) Petrosyan, Saakyan, and Khachikyan 1979. 
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Fm. 3.-Contour maps from CCD images at 6500 A (Gunn r) of the 12 ultraluminous infrared galaxies from the IRAS warm galaxy survey. The images were 
obtained with the Palomar 1.5 m telescope. The lowest four contours are linear to emphasize faint large-scale structure, while the higher contours are logarithmic. 
The axes are labeled in arcseconds offset from the I RAS source. The companion object just to the northwest ofIRAS 07598 + 6508 is a star. 
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luminous infrared, radio, or UV-loud AGN appears to be 
diminishing. We suggest that such distinctions are predomi
nantly related to the interstellar medium surrounding the 
luminosity source and the viewing angle through which the 
nucleus is seen. 

We also consider that the optical images of the infrared
selected sample of objects in Table 1 strengthen the picture 
from Paper I that the ultraluminous infrared galaxies evolve 
into the classical quasars. Most of the ultraluminous warm 
objects contain luminous optical nuclei, so that the central 
powerhouse has apparently begun to break through the sur
rounding cloud of dust to reveal itself visibly. Qualitatively, the 
progression is from the objects with the greatest relative infra
red luminosity being the most recognizable as galaxies to those 

with the least relative infrared luminosity having the brightest 
optical nucleus. The warm galaxy sample displays the tran
sition from the cooler ultraluminous BGS galaxies to optical 
quasars by providing a significant sample of intermediate 
objects. 

We thank our night assistants at Palomar, Juan Carasco 
and Skip Staples, for assistance in obtaining the observations. 
G. N., D. B. S., and B. T. S. were supported in part by the IRAS 
extended mission program. Ground-based astronomy at 
Caltech is supported by a grant from the NSF. The Palomar 
1.5 m telescope is operated jointly by the California Institute of 
Technology and the Carnegie Institution of Washington. 
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