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ABSTRACT

Optical (R) and near-infrared (K') images of the IRAS 1-Jy sample of 118 ultraluminous infrared
galaxies have been studied. All but one object in the 1-Jy sample show signs of strong tidal interac-
tion/merger. Most of them harbor a single disturbed nucleus and are therefore in the later stages of
a merger event. Single-nucleus ULIGs show a broad distribution in host magnitudes with significant
overlap with those of quasars. The same statement applies to R — K’ colors in ULIG and quasar hosts.
An analysis of the surface brightness profiles of the host galaxies in single-nucleus sources reveals that
about 35% of the R and K’ surface brightness profiles are well fit by an elliptical-like R'/4-law, while
only 2% are well fit by an exponential disk. Another 38% of the single-nucleus systems are fit equally
well with an exponential or de Vaucouleurs profile. Elliptical-like hosts are most common among merger
remnants with Seyfert 1 nuclei (83%) and Seyfert 2 optical characteristics (69%). The mean effective
radius of these ULIGs is 4.80 + 1.37 kpc at R and 3.48 £ 1.39 kpc at K'. These values are in excellent
agreement with recent quasar measurements obtained at H with HST. The hosts of elliptical-like 1-Jy
systems follow with some scatter the same p, — r. relation, giving credence to the idea that some of
these objects may eventually become elliptical galaxies if they get rid of their excess gas or transform

this gas into stars.
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I. INTRODUCTION

Ultraluminous infrared galaxies (ULIGs; log [Lir /L)

> 12 by definition; Hy = 75 km s™! Mpc~! and ¢p = 0)
are an important class of extragalactic objects that ap-
pear to be powered by a mixture of starburst and AGN
activity, both of which are fueled by an enormous sup-
ply of molecular gas that has been funneled into the nu-
clear region during the merger of gas-rich spirals. Local
ultraluminous infrared galaxies (ULIGs; log [Lir/Lg)]
> 12; Ho = 75 km s™! Mpc™! and gy = 0) represent
some of the best laboratories to study in detail the vi-
olent aftermaths of galaxy collisions and their possible
connection with quasars and normal (inactive) ellip-
tical galaxies. Recent deep surveys with the Infrared
Space Observatory (ISQO) and sub-mm ground-based
facilities have revealed several distant (z &~ 0.5 — 4.0)
infrared-luminous galaxies which appear to share many
of the properties of local ULIGs (ISO : Kawara et al.
1998; Puget et al. 1999; Matsuhara et al. 2000; Efs-
tathiou et al. 2000; Serjeant et al. 2001; Sanders et al.
2002, in prep.; SCUBA : Smail, Ivison, & Blain 1997;
Hughes et al. 1998; Blain et al. 1999; Eales et al. 1999;
Barger, Cowie, & Sanders 1999).

To properly address the issue of the origin and evo-
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lution of ULIGs, two crucial questions need to be an-
swered: (1) What is the dominant energy source in
ULIGs: Starbursts or active galactic nuclei (AGNs) or
mixture of both of them? (2) Is the dominant energy
source a function of the interaction/merger phase in
these systems? Considerable progress has been made
in recent years in answering the first of these questions.
Ground-based optical and near-infrared spectroscopic
survey of the 1-Jy sample has shown that at least 25
— 30% of ULIGs show genuine signs of AGN activ-
ity (Kim, Veilleux, & Sanders 1998; Veilleux, Kim, &
Sanders 1999a; Veilleux, Sanders, & Kim 1997, 1999b;
see also Goldader et al. 1995; Murphy et al. 2001b).
This fraction increases to 35 — 50% among the objects
with log [Lir/Le] > 12.3. Comparisons of the dered-
dened emission-line luminosities of the BLRs detected
at optical or near-infrared wavelengths in the ULIGs
of the 1-Jy sample with those of optical quasars indi-
cate that the AGN/quasar in ULIGs is the main source
of energy in at least 15 — 25% of all ULIGs in the 1-
Jy sample. This fraction is closer to 30 — 50% among
ULIGs with Lig > 10'23 Lg.

In this paper we try to focuss on answering the sec-
ond question from the analysis of optical and near-
infrared images. In §2, we briefly describe observa-
tions and data reduction, in §3, global and nuclear
properties, in §4, morphological evidence for tidal in-
teractions, in §5, host galaxy properties. The details
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of these studies are presented in two separate papers
(Kim, Veilleux, & Sanders (2002) - Paper I; Veilleux,
Kim, & Sanders (2002) - Paper II).

II. OBSERVATIONS AND DATA REDUC-
TION

(a) Optical Imaging

Optical images for all 118 ULIGs were obtained at
the Cassegrain focus of the University of Hawaii (UH)
2.2m telescope with the Kron-Cousins R filter (6400
A). These CCD images were bias-subtracted and flat-
fielded using normalized dome flat. Bad columns were
removed by interpolation using nearby pixel values, and
cosmic-rays were removed with the COSMIC package
in IRAF. Except for one object, all objects were ob-
served under photometric conditions and have been cal-
ibrated with the Landolt standard stars (Landolt 1983,
1992).

(b) Near-Infrared Imaging

All of the near-infrared images were obtained under
photometric conditions with either the NICMOS3 or
QUIRC near-infrared array camera at the Cassegrain
focus of the UH 2.2m telescope using a K' filter. Dome
flats were obtained at the beginning and end of each
night. Flat-fielded images were registered and coad-
ded after shifting in fractional pixel units with respect
to the object center. Hot pixels were properly treated
in this procedure and final coadded images were cal-
ibrated from observations of infrared standard stars
(Elias et. al. 1982).

III. GLOBAL AND NUCLEAR PROPERTIES

Global and nuclear (4-kpc diameter) aperture pho-
tometry was performed for each galaxy in the sample.
The absolute magnitudes range from —20.1 to —26.4 at
R (mean = -21.9 % 0.9, median = ~21.83) and from
-23.7 to —29.3 at K' (mean = -25.3 + 1.1, median =
—-25.2). Using Mp = -21.2 and Mg = -24.1 for an
L* galaxy with Hy = 75 km s™! Mpc™! (see discus-
sion at the end of §1 in Paper II), these magnitudes
are equivalent to ~ 0.4 — 120 (0.7 - 120). L* at R
(K'), with means and medians around 2 (3) L*. The
ULIGs in the 1-Jy sample are on average less lumi-
nous at R than the quasars in the sample of Dunlop
et al. (2002; see also Taylor et al. 1996; McLure et
al. 1999), although there is considerable overlap be-
tween the two samples. We find that 1-Jy ULIGs are
a better match in terms of total K’ luminosities to
the set of “low-luminosity” quasars of McLeod & Rieke
(1994a; —23.2 < Mp < —22.1 mag. for our adopted
Hg) than the “high-luminosity quasars” of McLeod &
Rieke (1994b) and McLeod & McLeod (2001) with
Mp < —~23.2 mag.

The R — K’ and (R — K')4 (nucleus) colors are sig-
nificantly redder than normal galaxies [median R — K’

and (R~ K')4 = 3.25 and 4.27 mag,, respectively, ver-
sus 2.62 + 0.34 mag. for normal galaxies; see §3.3 in
Paper I). These colors are also redder than those of the
PG QSOs (R~ K' = 2.7 mag. on average if redshifted
to z =~ 0.1 to match the average redshift of the 1-Jy
ULIGs; Surace 2002, private communication). The red
ULIGs with integrated R — K’ » 4 mag. or nuclear
(R— K')4 » 5 mag. that can be considered extremely
red objects (EROs; Elston, Rieke, & Rieke 1988) have
a tendency to host Seyfert nuclei and have warm TRAS
25 pum/60 pm colors.

If we define the “compactness” of a galaxy as the
ratio of nuclear (4-kpc diameter) to total luminosities,
then the R (K') compactness ranges from 0.03 (0.10) to
0.53 (0.91) with a mean value of 0.14+0.09 (0.3640.17)
(1 ¢). The ULIGs in our sample are therefore signifi-
cantly more compact at K' than at R, possibly a conse-
quence of the lower extinction and stronger warm-dust
emission at longer wavelengths.

IV. MORPHOLOGICAL EVIDENCE FOR GALAXY

INTERACTIONS

(a) Frequency of Multiple Mergers

As shown in Figure 1 of Paper I, we find nearly 100%
of the objects in 1-Jy sample show signs of a strong
tidal interaction/merger in the form of distorted or dou-
ble nuclei, tidal tails, bridges, and overlapping disks.
Nearly all of these objects are involved in the interac-
tion/merger of two and only five systems out of 118 (g

5%) are comprised of more than two interacting sys-
tems. In all five cases, triplets appear to be involved
although the physical connection between the various
components of the triplets have not all been confirmed.
The fraction (number) of multiple (> 2) nuclei, dou-
ble/pair mergers, and single-nucleus merger remnants
in the 1-Jy sample is 4% (5), 39% (46), and 56% (66),
respectively. A recent HST H-band imaging study of
ULIGs by Bushouse et al. (2002; see also Colina et al.
2001) find similar result. Out of 27 ULIGs, Bushouse
et al. find only one candidate for multiple merger.

(b) Projected Nuclear Separations

We find that more than 70% of the objects in the
1-Jy sample have nuclear separations of less than 5.0
kpe, but 7% of the objects have separations in excess
of 20 kpc. These widely separated pairs may be diffi-
cult to explain in the standard ULIGs scenario, where
the main activity is triggered in the late phase of the
galaxy merger (e.g., Mihos & Hernquist 1996), unless
the ULIG phase was triggered by an earlier merger
event which is not evident at the present epoch.

We also find a significant tendency for the Seyfert 1
galaxies and, to a lesser extent, the Seyfert 2 galax-
ies to have small nuclear separations. In contrast,
starburst-dominated galaxies show a broad range of nu-
clear separation. Single-nucleus sources and close pairs
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Fig. 1.— Interaction classes for the objects in the 1-Jy sample as a function of spectral type.
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Fig. 2.— Fraction of single-nucleus 1-Jy ULIGs with disk-like (D), elliptical-like (E), elliptical/disk-like (E/D) and am-
biguous (A) radial profiles.
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are found to be more common in the highest infrared
luminosity bin (83% of the sources with log [Lir/L)
> 12.5 have NS < 2.5 kpc versus 58% at log [Lir /L]
< 12.24). This trend appears to extend to lower in-
frared luminosities: In a recent study of 56 galaxies
with log [Lir/Le] = 11.10 — 11.99, Ishida (2002) finds
that only about a third of these objects are advanced
mergers with a single nucleus.

(c) Lengths of Tidal Tails

Numerical simulations suggest that a strong reso-
nance between the orbital and rotational motions of
stars and gas produces strong tidal tails in prograde
disks (e.g., Toomre & Toomre 1972; Mihos & Hernquist
1996). In an attempt to further constrain the phase of
the interaction in 1-Jy ULIGs, we have measured the
total projected lengths of the tidal tails from our R-
band images (the K' images are less sensitive to these
faint features, so they were not used for this analysis).
The measurements were done along each tail down to
a constant R surface brightness of 24 magnitudes per
square arcsecond. Slightly more than half of the ob-
jects in the 1-Jy sample have tail lengths of 10 kpc or
less, indicating an advanced merger.

(d) Interaction Classification

We have classified each object in the 1-Jy sample
in 5 different categories according to their morphology
(from early to later stages of the tidal interaction, see
details in Paper II): 1. First Approach, II. First Con-
tact, III. Pre-Merger (IIla. Wide Binary, IIIb. Close
Binary), IV. Merger (IVa. Diffuse Merger, IVb. Com-
pact Merger), V. Old Merger.

We find none of the 1-Jy sources appears to be in
the early stage of an interaction (I and IT). Most (56%)
of the ULIGs harbor a single nucleus and are therefore
in the later stages of the merger. This is a very sig-
nificant result: the ULIG phase is triggered only after
the first close encounter between the two galaxies and
generally when the two galaxies have coalesced into a
single object. The fraction of singles to doubles in the
1-Jy sample varies with infrared luminosity, increasing
steeply for the most extreme ULIGs with log [Lir/Lg]
> 12.5. This fraction seems to decrease when consid-
ering lower luminosity systems with log [Lir/Lg] = 11
- 11.99 (Ishida 2002). Most of these systems fall inter-
action classes of I to IT1.

Figure 1 shows that the interaction class is a strong
function of the optical spectral type. We find that
all ten Seyfert 1s are advanced mergers {class IVb or
V) and that half (50%) of the Seyfert 2s are early
or advanced mergers (class IVa, IVb, or V). On the
other hand, LINERs and H II region-like galaxies show
no preference in interaction class (other than to avoid
classes I and II).

V. PROPERTIES OF THE HOST GALAX-
IES

(a) Swurface Brightness Profiles

Ellipse fitting to the PSF-subtracted images was per-
formed to characterize the R and K’ surface brightness
profiles of the host galaxies in the ULIGs of the 1-Jy
sample. Figure 2 shows the fraction of single-nucleus
objects (i.e. merger remnants with interaction class IV
or V) in the 1-Jy sample with pure disk-like (D: 2%),
pure elliptical-like (E: 35%), elliptical/disk-like (E/D:
38%), and ambiguous (A: 26%) radial profiles. “E/D”
profiles are defined as being equally well fit by an ex-
ponential or de Vaucouleurs profile, while neither fits
galaxies with “ambiguous” profiles. Both E/D and A
profiles are quite common among ULIGs. The large
number of E/D galaxies in our sample probably re-
flects the limitations of our data: images with a larger
dynamical range in surface brightness (i.e. higher spa-
tial resolution to probe the nuclear region and fainter
surface brightness limits to map the outer portions of
the galaxies) would help rule out one type of profile
over the other. The large fraction of ambiguous pro-
files probably reflects the residual effects of the galaxy
interaction on the morphology of the merger remnants.
If we combine the E and E/D galaxies, we find that
73% of the single-nucleus objects are fit adequately by
a de Vaucouleurs profile.

We find that the hosts of most merger remnants with
Seyfert 1 (83%) or Seyfert 2 (69%) optical character-
istics are E-like. A similar trend is seen among warm
objects (10 out of the 13 objects with fo5/fso > 0.2
or 77% are E-like). Starburst and LINER systems, on
the other hand, show no preference between disk-like
and E-like hosts. As expected in the merger scenario
for elliptical galaxy formation, E- and E/D profiles are
more common in the later phases of interaction [class
V (27%) and especially class IVb (49%)] while ambigu-
ous profiles are more often seen in early mergers (IVa,

59%).
(b) Absolute Magnitudes

The median and mean R absolute magnitudes of the
single-nucleus system ULIGs are -21.77 and ~21.77 +
0.92 respectivelly. Same for the K’ absolute magni-
tudes are —24.81 and —25.03 + 0.94 respectivelly. If we
convert these absolute magnitudes to the charateristic
luminosity (L* ), then the median and mean R-band
luminosities are 1.69 and 1.69 + 222 L*, and the me-
dian and mean K'-band luminosities are 1.92 and 2.36
+{35)

We find that the host galaxies of Seyferts are brighter
by about 0.8 — 1.0 mag. on average at both R and K’
than the hosts of LINERs and H II region-like galaxies.
These results can be attributed to real differences in the
host luminosities of AGNs vs non-AGNs, or may be due
to the fact that AGN activity plays an important role
to the total luminosity.
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Fig. 3.— Surface brightnesses, ., as a function of the effective radii, r. for the ULIGs and QSOs (see details in text).

The host magnitudes of ULIGs can be compared
with that of the quasars. At R, the host galaxies in
ULIGs appear slightly less luminous on average than
those measured by Dunlop et al. (2002) in radio-quiet
quasars (-22.35 + 0.15 mag., adjusted to Hy = 75
km s~! Mpc™1) and radio-loud quasars (—22.85 + 0.10
mag.). However, if we focus our analysis on the sub-
set of objects with log [Lin/Lg] > 12.3, fas/feo >
0.2, and with Seyfert characteristics at optical wave-
lengths, the apparent shift in host galaxy R magni-
tudes between these ULIGs and the quasar dataset of
Dunlop et al. disappears. At K', the low-luminosity
sample of quasars of McLeod & Rieke (1994a) have
an average host magnitude Mg ~ —24.3 + 0.6, while
the high-luminosity quasars have My ~ —25.1 £ 0.7.
The host galaxies in the 1-Jy ULIGs are therefore com-
parable in luminosity to those of the high-luminosity
quasars. So even though we found that the 1-Jy ULIGs
have lower integrated K' luminosities than the high-
luminosity quasars of McLeod & Rieke (1994b), we find
that they have host galaxies with similar K’ luminosi-
ties. This good agreement is also found in the more re-
cent analysis of the high-luminosity sample by McLeod
& McLeod (2001).

(¢) Luminosity Ratios in Binary Systems

Simulations suggest that minor mergers comprised of
objects with mass ratios of order ~ 10 are predicted to

have only benign effects on the main component of the
system (e.g., Walker, Mihos, & Hernquist 1996; Bendo
& Barnes 2000; Naab & Burkert 2001) whereas ma-
jor mergers with mass ratio of ~ 3 or less appear to
be needed to create a ULIG (e.g., Mihos & Hernquist
1996). We find that most of the Class III systems have
a magnitude difference of less than 1.5 (median = 0.38)
or a luminosity ratio of less than 4, in general agree-
ment with the predictions from numerical simulations
of galaxy mergers if mass scales linearly with luminos-
ity.

(d) Colors

In contrast to the nuclear colors, the median color of
the underlying galaxies of ULIGs is only slightly red-
der than that of normal galaxies or the host galaxies
of quasars [(R — K')hosts = 3.0 for either H II galax-
ies, LINERs, or Seyfert 2 galaxies compared to 2.6 and
2.5 for normal galaxies and quasars, respectively; de
Vaucouleurs & Longo 1988; Dunlop et al. 2002]. This
result confirms that the obscuring gas and dust is pref-
erentially concentrated within the inner 4 kpc of ULIGs
{e.g., Scoville et al. 2000). The slightly redder colors of
Seyfert 1 hosts [with median (R—K')nost 0f 3.4] may be
due to contamination at K’ by hot dust emission from
the AGN or residuals from the bright central source
subtraction procedure. The colors of ULIG hosts are
similar to those found by Surace et al. (2001) among
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infrared-excess PG quasars. VI. SUMMARY

(e) Effective Radii and Effective Surface Bright- The results from the analysis of k- and K'-band
nesses images were presented in this paper. The followings
) are main conclusions:
The median and mean of r, (seeing-deconvolved ef-

fective radius) at R are 4.60 kpc and 4.80 + 1.37 kpc 1. All but one object in the 1-Jy sample show signs

(1 o), while at K’ we find 3.55 kpc and 3.48 + 1.39
kpe (1 o). These effective radii are virtually indis-
tinguishable from those measured at H by McLeod &
McLeod (2001) in the eight E-like “high-luminosity”
quasars of their sample (< 7, > = 3.39 £ 1.90 kpc).
On the other hand, the values measured by Dunlop et
al. (2002) among high-luminosity radio-quiet quasars
(7.63 £ 1.11 kpc adjusted to Hy = 75 km s~ Mpc™!)
and radio-loud quasars (7.82 + 0.71 kpc) appear to
be significantly larger than those measured in the 1-Jy
ULIGs, although there is some overlap between the two
distributions.

As shown in Figure 3, the E-like host galaxies of
the 1-Jy ULIGs have slightly brighter R-band sur-
face brightnesses than the hosts of the quasars studied
by Dunlop et al. Nevertheless, the elliptical-like host
galaxies of ULIGs appear to follow the u, — 7 rela-
tion of normal ellipticals, although with considerable
scatter. In this figure, we used the fit (dotted line) of
Hamabe & Kormendy (1987) and shifted it in magni-
tude by V — R = 0.5 mag (keeping the slope constant).
Galaxies with E/D-like profiles show a tendency to fall
slightly below the data for E-like galaxies.

(f) A4 Coefficient

The departure of the isophotes from a perfect ellipse
can be measured by the A4, coefficient of the cos 4¢
term in Fourier expansion formular. Typical values for
ellipticals normalized to the major-axis length, a, range
from —0.02 to +0.03 (e.g., Bender et al. 1989), where
the negative values indicate boxy isophotes and pos-
itive values indicate disky isophotes. Ellipticals with
boxy isophotes are generally luminous (massive) radio-
loud ellipticals with X-ray halos, very slow stellar ro-
tation and a distinct cuspy cores, whereas ellipticals
with disky isophotes are low-to-moderate luminosity
{(mass) lenticular and elliptical galaxies which are gen-
erally radio-quiet, show litile or no X-ray emission, and
exhibit significant rotational support and a power-law
surface brightness profile on small scales (e.g., Kor-
mendy & Bender 1996; Faber et al. 1997; Pahre, de
Carvalho & Djorgovski 1998 and references therein).
It found that the distributions of A4/a in elliptical-like
(E and E/D) ULIGs has no clear preference between
positive and negative values. The median and mean
of A4/a are +0.005 and +0.014 = 0.059. The broad
range of A4/a values in ULIG hosts probably reflects
the residual effects of the violent merger that took place
in these galaxies.

of a strong tidal interaction/merger in the form of
distorted or double nuclei, tidal tails, bridges, and
overlapping disks.

. Objects with red R — K’ colors and large nuclear-

to-total luminosity ratios show a tendency to host
Seyfert nuclei.

. None of the 1-Jy sources appears to be in the early

stages of a merger. Most (56%) of them harbor a
single disturbed nucleus suggesting they are in the
late stages of a merger. The fraction of advanced
mergers with a single nucleus increases above in-
frared luminosities of 10'2-5 L, and decreases be-
low 1012 L@.

. All Seyfert 1s and most of the Seyfert 2s are ad-

vanced mergers. LINERs and H II region-like
galaxies show no preference between pre-merger
and advanced merger phases.

. The hosts of single-nucleus ULIGs have mean ab-

solute magnitudes (luminosities) of —21.77 + 0.92
mag. (1.69 + 552’? L*) at R and -25.03 + 0.94
mag. (2.36 & 3:35) at K'. There is-a consider-
able overlap between the host galaxy luminosity
distribution of single-nucleus ULIGs and that of
quasars.

. An analysis of the surface brightness profiles of the

host galaxies in single-nucleus ULIGs reveals that
about 35% and 2% of the R and K surface bright-
ness profiles are fit adequately by an elliptical-like
RY%.law and an exponential disk, respectively.
Another 38% are equally well fit by either an ex-
ponential or an elliptical-like profile. The remain-
der (26%) of the single-nucleus sources cannot be
fit with either one of these profiles. Elliptical-like
hosts are most common in merger remnants with
Seyfert 1 nuclei (83%) and Seyfert 2 characteris-
tics (60%).

. The hosts of ULIGs have effective radii (< r. >=

4.80 £ 1.37 kpc at R and < r, > = 3.48 + 1.39
kpc at K') which are similar to those measured
by McLeod & McLeod (2001) in quasar hosts.
The hosts of 1-Jy systems follow with some scat-
ter the p. — r. relation of normal ellipticals at
R. Elliptical-like hosts in the 1-Jy sample show a
broader range of A4/a values than normal ellipti-
cals.

. The results from this study, with some exceptions,

are generally consistent with the evolutionary sce-
nario in which ULIGs are the results of a merger
of two gas-rich galaxies which first goes through a
starburst-dominated pre-merger phase when the
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system is seen as a binary, next reaches a dust-
enshrouded AGN-dominated merger phase once
the two nuclei have merged into one, and then
finally ends up as an optical (post-ULIG) AGN
where the host is elliptical-like and shows only lim-
ited signs of the merger.
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