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ABSTRACT
In the complete sample of ultraluminous infrared galaxies (ULIRGs) compiled by D. C. Kim, about

5% consists of widely separated galaxies which are presumably in the early phase of interaction. This
fact is contrary to the conventional view that ULIRGs are in the Ðnal stages of the merger of two gas-
rich disk galaxies. We have undertaken high-resolution CO (J \ 1È0) observations for the ultraluminous
infrared galaxies that have nuclear separations larger than 20 kpc. We have detected CO emission in Ðve
out of six systems, but only in one component of the ULIRG pairs. Four of them have LINER spectral
type and one galaxy has Seyfert 2 spectral type. In K@-band images these components are also brighter
than the other components which have either H II region spectra or no detectable emission
lines. Using the standard conversion factor, the molecular gas content is estimated to be a few times 1010

similar to that of the other ultraluminous galaxies. The result indicates that the galaxy containingM
_

,
the molecular gas is also the source of most, if not all, of the huge far-infrared luminosity of the system.
The optical and K@-band imaging observations and optical spectra suggest multiple merger scenarios for
one system. If the remaining systems are in an early stage of a binary tidal interaction, the commonly
accepted interpretation of the ULIRG phenomenon as the Ðnal merger stage of two disk galaxies may
need to be reexamined.
Subject headings : galaxies : interactions È galaxies : ISM È galaxies : starburst È infrared : galaxies È

radio lines : galaxies

1. INTRODUCTION

Ultraluminous infrared galaxies (ULIRGs) are known to
emit the bulk of their energy in the infrared, and their infra-
red luminosities are equivalent to the bolo-(L IRº 1012L

_
)

metric luminosities of optically selected quasars. For the
past decade, there have been extensive studies of the nature
of these ULIRGs (Sanders & Mirabel 1996). Imaging
studies at optical and near-infrared wavelengths show that
most of these galaxies are either interacting or merging
(Sanders et al. 1988 ; Zou et al. 1991 ; Leech et al. 1994 ;
Murphy et al. 1996 ; Borne et al. 2000 ; D. C. Kim et al. 2001,
in preparation). The fraction of ULIRGs that are inter-
acting or merging ranges from at least 61% (25 objects out
of 41 ; Zou et al. 1991) to possibly as high as 100% for all 10
nearby ULIRGs (Sanders et al. 1988). The rather small frac-
tion of interacting systems derived by Zou et al. (1991)
resulted from the use of Palomar Observatory Sky Survey
(POSS) images in which faint tidal tails are almost impossi-
ble to detect. Recent imaging data by D. C. Kim et al. (2001,
in preparation) showed that close to 100% of ULIRGs in
the complete 1 Jy sample have faint tidal tails, a signature of
recent interaction and merger.

One of the most basic issues of ULIRGs is the energy
source powering the enormous amount of their infrared
radiation. Spectroscopic studies in the optical, near-
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infrared, and mid-infrared suggest that about 70% and 30%
of these galaxies are powered by starburst activities and
active galactic nuclei (AGNs), respectively (Veilleux et al.
1999a, 1999b ; Genzel et al. 1998a). The huge infrared lumi-
nosity of the ULIRGs suggests that they contain a large
reservoir of molecular gas to provide fuel for the star forma-
tion activity and/or a central AGN. Extensive searches for
CO emission have indeed shown that all ULIRGs possess a
huge amount of molecular gas (D1010 and that thereM

_
)

is a trend of increasing molecular gas content with the far-
infrared emission (Downes et al. 1993 ; Solomon et al. 1997).
Recent interferometric observations of nearby ULIRGs
(Downes & Solomon 1998) and luminous infrared galaxies
(Bryant & Scoville 1999) have determined that the molecu-
lar gas is concentrated in a circumnuclear disk of typically
1 kpc in size. From the interferometric observations of
double-nucleus ULIRGs with projected nuclear separations
of 3È5 kpc, Evans et al. (1999a, 1999b) Ðnd that one com-
ponent of the interacting pair contains the majority of
molecular gas in warm ULIRGs whereas both components
contain molecular gas in cool ULIRGs. Based on obser-
vational evidence, Sanders et al. (1988) proposed that
ULIRGs originate from the merger of two gas-rich spiral
galaxies. The large amount of molecular gas accumulated in
the center of the galaxies due to the gravitational inter-
action can sustain strong star formation activities as well as
provide fuel to the central AGN. As the merger proceeds,
the molecular gas reservoir is eventually depleted by the
star formation (Gao & Solomon 1999) and dispersed by the
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AGN activities and supernovae. Finally, the AGN reveals
itself as an optical quasar. The estimated lifetime of the
ULIRG phase is about 107È108 yr. Genzel et al. (1998b)
reviewed most recent observational evidence in favor of this
scenario.

Numerical simulations of interacting galaxies have
shown that violent star formation activity can be triggered
in the merger of two massive disk galaxies (Barnes & Hern-
quist 1991, 1996 ; Mihos & Hernquist 1996 ; Springel 2000).
Furthermore, star formation activities are found to be
dependent mainly on the galaxy structure, and the orbital
geometry plays only a modest role (Mihos & Hernquist
1994, 1996). They suggest that galaxies with dense central
bulges show strong star formation activities at the Ðnal
stages of merging, while bulgeless galaxies show weaker star
formation activity at the early stage of interacting and do
not show any subsequent strong star formation activities.
Thus, according to the numerical simulations, the majority
of ULIRGs would be in the Ðnal stages of merger.

Recently, D. C. Kim et al. (2001, in preparation) have
completed an optical and near-infrared imaging survey of
the IRAS 1 Jy sample of ULIRGs (Kim 1995 ; Kim &
Sanders 1998) and Ðnd that all of the ULIRGs show signs of
tidal interaction and therefore are in a merging or inter-
acting process (D. C. Kim et al. 2001, in preparation). More
interestingly, we also Ðnd that six out of 118 ULIRGs have
projected nuclear separation larger than 20 kpc. The large
nuclear separation observed in these ULIRGs seems to con-
tradict the conventional view of the origin of ULIRGs and
the numerical simulation results outlined above. To become
a ULIRG in the early phase of interaction, the galaxies
must have accumulated a large amount of molecular gas,
and it is still unclear how the star formation activities are
triggered in these cases. The position uncertainty associated
with the poor resolution of IRAS in the far-infrared did not
allow us to determine the distribution of far-infrared emis-
sion as well as the molecular gas in these galaxies. Without
that information, it is difficult to clarify the nature of these
unusual ULIRGs. In this paper we present high angular
resolution CO(J \ 1È0) observations and new K@-band
imaging to study the widely separated ULIRGs. CO emis-
sion and molecular gas are known to be associated with the
source of far-infrared emission. Thus observations of CO
emission will allow us to determine the location and the
distribution of far-infrared luminosity of these ULIRGs, in
addition to the distribution of molecular gas. Also making
use of the optical imaging data (D. C. Kim et al. 2001, in

preparation) and our new K@-band images, we discuss the
nature of these widely separated ULIRGs. We will use q0\
0.5 and km s~1 Mpc~1 throughout this paper.H0\ 75

2. OBSERVATIONS

We used the BIMA (Berkeley-Illinois-Maryland
Association) array (Welch et al. 1996) to search for the CO
(J \ 1È0) emission line from the selected ULIRGs. Each
galaxy in our sample was observed in various runs during
1998 and 1999 (Table 1) in the B conÐguration with base-
lines ranging from 5 kj to 80 kj, and the C conÐguration
with baselines ranging from 3 kj to 30 kj. The digital cor-
relator was conÐgured to cover a velocity range of 1600 km
s~1 centered at the velocity of the ULIRGs calculated from
their redshift. Phase calibration was achieved by observing
nearby quasars every 20È30 minutes. We also observed
planets to determine the absolute Ñux scale.

We used the MIRIAD data reduction package (Sault et
al. 1995) to calibrate and process our data. After phase
calibration and Ñux calibration the visibilities were Fourier-
transformed to make the images. These images were then
cleaned using the standard task CLEAN of the MIRIAD
package. The Ðnal maps have angular resolutions of about
4A for B conÐguration and 8A for C conÐguration.

The K@-band (2.1 km) images of the four galaxies IRAS
F11180]1623, IRAS F14394]5332, IRAS F17028]5817,
and IRAS F23327]2913 were obtained with the QUIRC
1024 ] 1024 near-infrared camera on 2000 July 15, at the
University of Hawaii (UH) 88 inch telescope on Mauna
Kea. The plate scale of the QUIRC is pixel~1 with0A.1886
f/10 and the seeing is estimated about The sky0A.5È0A.7.
frames were constructed by median Ðltering of nine dithered
(20A rectilinear motion) object frames. Dome Ñats were
obtained by turning a lamp in the dome on and o† at the
beginning and end of each night. The dark subtracted and
normalized Ñats were used for Ñat-Ðelding the sky-
subtracted images. Flat-Ðelded images were then co-added
after shifting in fractional pixel units with respect to the
object center. The Ðnal co-added images were calibrated
from observations of infrared standard stars (Elias et al.
1982). K@-band images of two other galaxies (IRAS
F10485[1447, IRAS F12359[0725) together with R-band
images of all the galaxies in our sample were taken from the
work of D. C. Kim et al. (2001, in preparation). The optical
spectra of the nothern object of IRAS F23327]2913 were
taken in 1995 October at the UH 88 inch telescope with
spectral resolution of 8 in the spectral range of 4500È8500Ó

TABLE 1

SUMMARY OF THE OBSERVATIONS

Observation Frequencies
Name Redshift (GHz) Number of Tracks Remarks

IRAS F10485[1447 . . . . . . 0.133 101.739 4 B-array tracks No detection
IRAS F11180]1623 . . . . . . 0.166 98.860 4 B-array tracks No detection

2 C-array tracks CO (J \ 1È0) detection
IRAS F12359[0725 . . . . . . 0.138 101.291 3 B-array tracks No detection

1 C-array tracks Possible detection of CO (J \ 1È0)
IRAS F14394]5332 . . . . . . 0.105 104.317 4 B-array tracks CO (J \ 1È0) detection

3 C-array tracks CO (J \ 1È0) detection
IRAS F17028]5817 . . . . . . 0.106 104.222 4 B-array tracks No detection

2 C-array tracks CO (J \ 1È0) detection
IRAS F23327]2913 . . . . . . 0.106 104.160 1 B-array track No detection

3 C-array tracks CO (J \ 1È0) detection
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The spectra were processed with the standard dataÓ.
reduction procedures.

3. RESULTS

We detected CO (J \ 1È0) emission from the four gal-
axies IRAS F11180]1623, IRAS F14394]5332, IRAS
F17028]5817, and IRAS F23327]2913 at º3 p in the
channel maps. In IRAS F12359-0725 we found possible CO
(J \ 1È0) emission of 3 p with channel width of 200 km s~1

which is coincident within the synthesized beam with one of
the galaxies in the system. Figure 1 shows the integrated
intensity maps for the galaxies observed in our program
together with their R-band and K@-band images. The CO
emission-line proÐles of the detected nuclei are shown in
Figure 2. Some of the properties of these ULIRGs are
provided in Table 2. The CO-emitting regions are not re-
solved by our synthesized beams. In the case of IRAS
F14394]5332, which is the only ULIRG clearly detected

FIG. 1a

FIG. 1b

FIG. 1c

FIG. 1.ÈL eft frame : contour plots of the CO (J \ 1È0) emission from ULIRGs in our sample overlaid on their R-band images. The Ðrst CO (J \ 1È0)
contour is at 50% of the peak. Central frame : contour plot of the same R-band images at the same scale. Right frame : K@-band images. The small image
superposed on the right frame of IRAS F14394 ] 5332 is the K@-band blown-up image of the E component.
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FIG. 1d

FIG. 1e

FIG. 1f

and mapped in the B array, we can infer an upper limit to
the size of the CO-emitting region to be D1A or D2 kpc in
linear scale.

To estimate the molecular gas content from the total Ñux
of CO (J \ 1È0) line we adopt the same conversion factor
as for the Milky Way galaxy (Bryant & Scoville 1999)

M
g
\ 1.20] 104FCOD

L
2(1] z)~1 , (1)

where is the molecular gas mass in is theM
g

M
_

, FCOintegrated Ñux in Jy km s~1, is the luminosity distance inD
LMpc, and z is the redshift. The molecular gas mass derived

for the galaxies in our sample is similar to that found in
other ultraluminous galaxies (Solomon et al. 1997) and in
some high-redshift galaxies (Combes et al. 1999) using the
same Galactic conversion factor as ours. The 1 p upper limit
of the CO Ñux is whererms] *VFWHM/(*VFWHM/*Vres)1@2,rms is the noise level in the channel maps, is the*VFWHMline width determined from the Gaussian Ðtting to the line
proÐles, and is the channel width. The 1 p upper limit*Vresto the molecular gas mass of the companion is then derived
following the above equation. For the ULIRGs with
detected CO emission, the companion may possess a molec-
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FIG. 2a FIG. 2b

FIG. 2c FIG. 2d

FIG. 2e

FIG. 2.ÈCO (1È0) line proÐles from Ðve ULIRGs. The velocity is relative to the galaxyÏs velocity measured from optical spectra.

ular gas content of up to 10%È20% of the molecular gas
content of the main component (Table 2). The upper limit is
in the range of several 109 which implies the compan-M

_
,

ions are not as gas rich as the main component but may
possess a molecular gas content comparable to that of
normal spiral galaxies.

Gaussian Ðtting to the line proÐles gives the FWHM of
200È400 km s~1 except for the case of IRAS F11180]1623.
The weak CO (J \ 1È0) emission from IRAS F11180]1623
did not allow us to determine accurately its line width.
Thus, the value of 600 km s~1 should be regarded as upper
limit to the true line width of IRAS F11180]1623.

Although we did not succeed to detect CO (J \ 1È0)
emission from IRAS F10485[1447, the 1 p upper limit to

the molecular gas mass of D4 ] 109 is still quite high.M
_In addition, this galaxy has been observed only with the B

array which provides long baseline data with high phase
scattering due to the atmospheric Ñuctuation. It would be
very useful to search again for CO emission with improved
sensitivity. Using optical spectra, Veilleux et al. (1999a)
determined the spectral type of all ULIRGs in the 1 Jy
sample. In all cases, the galaxy detected in CO (J \ 1È0)
line has LINER or Seyfert 2 spectral type while the com-
panion has no emission line except for the galaxy IRAS
F17028]5817E, which has spectral type H II, typical of
starburst galaxies (Table 3). The magnitudes of each com-
ponent of the ULIRGs are derived from our K@-band
images and presented in Table 3. In most cases the galaxies
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TABLE 2

OBSERVATIONAL PROPERTIES

COORDINATES (J2000.0)a
D

L
BEAM TOTAL CO FLUX MH2

*MH2
b

NAME R.A. Decl. (Mpc) (arcsec] arcsec) (Jy km s~1) (1010 M
_
) (1010 M

_
)

IRAS F10485[1447 . . . . . . 10 51 03.42 [15 03 19.8 548.6 5.5 ] 4.3 ¹1 ¹0.4 0.4
IRAS F11180]1623 . . . . . . 11 20 41.52 16 06 56.6 689.5 10.2] 9.1 11 5.4 0.8
IRAS F12359[0725 . . . . . . 12 38 31.67 [07 42 32.1 569.8 10.5 ] 6.6 6c 2 0.4
IRAS F14394]5332 . . . . . . 14 41 02.86 53 20 07.9 430.5 4.6] 3.8 21 4.2 0.4
IRAS F17028]5817 . . . . . . 17 03 42.75 58 13 44.5 434.7 6.6] 5.5 14 2.8 0.3
IRAS F23327]2913 . . . . . . 23 35 11.87 29 30 05.8 438.9 7.2] 5.6 8 1.7 0.2

NOTE.ÈUnits of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a From Kim et al. 2001, in preparation.
b 1 p upper limit of the molecular gas mass of the companion.
c Weak emission at 3 p level in 200 km s~1 channel maps.

have compact light distribution in K@ band (Fig. 1).
However, the K@-band image of IRAS F14394]5332 shows
the extended emission with distortion in the east (E) com-
ponent, suggestive of a recent merger.

4. DETAILED DESCRIPTION OF INDIVIDUAL SYSTEM

IRAS F10485[1447.ÈThis system is close to two bright
foreground stars which are visible on the upper left of both
the R-band and K@-band images (Fig. 1). On the R-band
image, the E component shows short tidal tails in two
opposite directions and the west (W) component has a long
curved tidal tail of about 10 kpc. The W component also
has a distortion toward southwest direction. The R-band
luminosity of the W component is only slightly brighter
than that of the E component, whereas in the K@ band the
W component is more than 1 mag brighter than the E
component. The optical emission lines were detected from
the W component with LINER spectral type (Veilleux et al.
1999a). The presence of absorption lines in the spectrum of
the E galaxy (S. Veilleux 2000, private communication) indi-
cates that both galaxies are at the same redshift and are
interacting. Although we did not detect any CO emission in
this system, the general trend of Ðnding molecular gas in the
active component of the widely separated ULIRGs suggests
that most of the gas could reside in the W component.

IRAS F11180]1623.ÈThe optical morphology of the E
component (Fig. 1) shows two tidal tails in two opposite
directions whereas the W component does not show any
strong disturbances. The spectral type of the E component
is LINER (Veilleux et al. 1999a), and no detectable optical
emission lines were observed in the W component. The CO
emission was detected only on the E component. The E
component may itself be a merger because it has two
opposite tidal tails. One of the tidal tails on the E com-
ponent tends to be curved and directed to the W com-
ponent. There is also a small distortion on the east side of
the W component, suggesting that the two galaxies are
interacting. The lack of CO emission as well as the nonde-
tection of optical emission lines in the W component imply
that this galaxy contains only a small amount of gas and is
in the early stage of tidal interaction with the E component.
Because there is no measured redshift for the W component,
we classify this pair as a tentative merger system. There are
three additional galaxies around the system, and if they are
at the same redshift as the two galaxies considered, then this
whole system is likely an example of the Hickson compact
groups (Hickson 1982).

IRAS F12359[0725.ÈOn the R-band image (Fig. 1), the
south (S) component shows a curved tidal tail whereas the
north (N) component has no visible tail except a small

TABLE 3

PHYSICAL PARAMETERS OF ULIRGS

TOTAL MAGNITUDE

PROJECTED SEPARATION FIR F20 cm
NAME SPECTRAL TYPEa z (kpc) (1012 L

_
) (mJy) R Band K@ Band

IRAS F10485[1447E . . . . . . Absorption lines 0.134b (20.0)c (1.48) (4.4) 18.1 15.9
IRAS F10485[1447W . . . . . . LINER 0.133 17.7 14.7
IRAS F11180]1623E . . . . . . LINER 0.166 (21.8) (1.74) (4.7) 17.9 14.7
IRAS F11180]1623W . . . . . . No emission lines . . . 19.4 16.1
IRAS F12359[0725N . . . . . . LINER 0.138 (22.9) (1.29) (4.5) 18.2 14.8
IRAS F12359[0725S . . . . . . . H II 0.138 18.2 15.9
IRAS F14394]5332E . . . . . . Seyfert 2 0.105 (50.5) (1.10) 38.0 16.3 13.1
IRAS F14394]5332W . . . . . . No emission lines . . . . . . 16.9 14.2
IRAS F17028]5817E . . . . . . H II 0.106 (23.3) (1.26) (16.7) 17.4 14.8
IRAS F17028]5817W . . . . . . LINER 0.106 17.1 13.5
IRAS F23327]2913N . . . . . . Absorption lines 0.106 (22.7) (1.15) . . . 16.5 14.1
IRAS F23327]2913S . . . . . . . LINER 0.107 8.4 16.8 13.6

a From Veilleux, Kim, & Sanders 1999.
b S. Veilleux 2000, private communication.
c Values in parentheses are for the system as a whole.
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depression on the western part of the galaxy. The two gal-
axies are found to be at the same redshift and are likely in
the early phase of interaction. A foreground star is present
to the west of the system on both the R-band and K@-band
images. The R-band magnitudes of both components are
similar, whereas K@-band magnitude of the N component is
1.1 mag brighter than that of the S component. The N
galaxy with LINER spectral type is more active than the S
component which has H II spectral type. We found possible
CO (J \ 1È0) emission coincident with the N component
within the synthesized beam of 10@@] 6@@. As the N com-
ponent is the most active in the system, the detection
follows the same trend for other widely separated ULIRGs
in our sample.

IRAS F14394]5332.ÈThis system has large nuclear
separation and shows long tidal tail (D35 kpc ; Fig. 1). The
R-band luminosity of the E component is slightly higher
than that of the W component. In K@ band, the E com-
ponent is about 1.1 mag brighter than the W component.
Furthermore, the E component shows strong optical emis-
sion lines and has a Seyfert 2 spectral type. In contrast, the
W component shows no detectable emission lines. We
detected CO (J \ 1È0) emission from the E component
only.

The E component has Seyfert 2 spectra and bright near-
infrared nucleus. Radio continuum observations at 20 cm
with the VLA B array (4A resolution) detected a fairly strong
continuum source of 38 mJy (Crawford et al. 1996) at the
same position of this galaxy. This result is expected as
Seyfert galaxies are known to be strong continuum sources.
An obscured AGN at the center of the E component is
likely the source of most of the continuum emission.

Our new K@-band image of IRAS F14394]5332 (Fig. 1)
under good seeing condition reveals that the E com-(0A.5)
ponent has two nuclei in the center with nuclear separation
of Thus, K@-band morphology suggests that this1A.29.
galaxy is already a merging system.

IRAS F17028]5817.ÈIn the R-band image (Fig. 1), the
W component is larger than the E component, but it has a
more di†use light distribution. Faint emission resembling
tidal tails can be seen in the W component, in the R-band
images of D. C. Kim et al. (2001, in preparation) and
Murphy et al. (1996). In the K@-band image, the W com-
ponent is much brighter than the E component and shows a
compact light distribution. The CO emission was detected
in this W component. The W component also has a very red
nuclear color as observed in the typical merger ULIRGs
(D. C. Kim et al. 2001, in preparation). Strong optical emis-
sion lines detected from both components indicate that they
are at the same redshift. The spectral types of the W and E
components are LINER and H II region, respectively.

IRAS F23327]2913.ÈOn the R-band image (Fig. 1), the
S component resembles a normal spiral with very thick bar
structure, whereas the N component looks much more dis-
turbed with a big plume on the northern direction and has
small protrusion on the eastern direction. Both components
have comparable R-band magnitudes. In K@ band the S
component shows a compact distribution and is brighter
than the N component. Interestingly, the optical emission
lines were detected only from the S component and
not from the much disturbed N component, except
for the strong stellar absorption line of Mg Ib j5175 A�
[EW(Mg Ib)\ 5.5 Fig. 3]. The spectral type of the SA� ,
component is LINER and the CO emission line was

FIG. 3.ÈOptical spectrum of IRAS F23327]2913 N taken from the
University of Hawaii 2.2 m telescope on Mauna Kea Observatory.

detected only from this component. Radio continuum emis-
sion at 20 cm and 6 cm has been detected in this component
(Crawford et al. 1996). The continuum emission at 6 cm was
resolved by the 4A beam of the VLA. The large equivalent
width of the Mg Ib absorption line which originates from
the intermediate stellar population (º109 yr ; Bica, Alloin,
& Schmidt 1990), and the lack of Balmer absorption lines
(originating from a stellar population of age 108È109 yr)
both suggest that star formation activity in this galaxy has
already ceased some time ago. It is unclear whether the big
northern plume on the N component is a remnant of past
tidal interaction or caused by recent tidal interaction with
the S component. The latter is more likely, since if the
plume was caused by the past tidal interaction more than
109 yr ago, then it should already have been relaxed at this
time and not be observable.

5. DISCUSSION

5.1. Molecular Gas Mass
The most interesting result of our observations is the

detection of CO emission from only one component in the
pair of the selected ULIRGs. The molecular gas content in
this component is quite high (several times 1010 if weM

_
)

adopt the Milky Way conversion factor. However, the value
of the conversion factor has been suggested to be lower for
ULIRGs (Solomon et al. 1997). By modeling the high-
resolution observations of CO lines from nearby ULIRGs,
Downes & Solomon (1998) derived molecular gas masses
which are a factor of 5 lower.

From the IRAS Ñuxes at 60 km and 100 km we have
estimated the dust temperatures in the ULIRGs clearly
detected with CO emission. The dust temperatures are
roughly the same in these galaxies, D40 K (Table 4). If we
assume that the gas is in thermal equilibrium with the dust,
namely we can estimate the radius of the CO-Tgas \ Tdust,emitting region from the observed CO integrated Ñux FCO(Solomon et al. 1997)

L CO@ \ 3.25] 107 FCO lobs~2 D
L
2(1] z)~3 , (2)

RCO\ (L CO@ /nTgas f
V

*VFWHM)0.5 , (3)

where is the velocity Ðlling factor, is the linef
V

*V FWHMwidth, and is the observed frequency in GHz, and islobs D
Lthe luminosity distance in Mpc. For simplicity, we assume
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TABLE 4

DYNAMICAL MASSES DERIVED FROM CO DATA

fl(j)a

60 km 100 km Tdust L CO@ *VFWHMb RADIUS DYNAMICAL MASS

NAME (Jy) (Jy) (K) (109 K km s~1 pc2) (km s~1) (kpc) (109 M
_

)

IRAS F11180]1623 . . . . . . 1.19 1.60 41.5 11.0 600 0.38 31.0
IRAS F14394]5332 . . . . . . 1.95 2.39 43.3 8.6 380 0.40 13.3
IRAS F17028]5817 . . . . . . 2.43 3.91 36.9 5.8 330 0.40 10.0
IRAS F23327]2913 . . . . . . 2.1 2.81 37.9 3.4 200 0.38 3.5

a From Kim & Sanders 1998.
b The FWHM is derived from Gaussian Ðtting of the line proÐle.

that the velocity Ðlling factor is equal to unity. We alsof
Vassume the thermalization and optical thickness of CO

(J \ 1È0) line, with the CO (J \ 1È0) brightness tem-
perature equal to the gas temperature. The dynamical
(virial) mass (Table 4) contained inside the CO-emitting
region is where G is the gravitational con-RCO*V FWHM2 /G,
stant. We Ðnd that the dynamical masses are a factor of 3È4
lower than the molecular gas masses. As a result, the H2-to-

luminosity conversion factor for ULIRGs must beCO
lower than the Galactic value. It was suggested by Downes
et al. (1993) and Solomon et al. (1997) that in ULIRGs the
dynamical mass is dominated by the molecular gas mass. In
this case, the dynamical masses estimated above are the
upper limit to the actual molecular gas mass.

5.2. Far-Infrared and Radio Continuum Emission
The component containing most of the molecular gas is

also the most active galaxy in the pair, having either Seyfert
2 or LINER-like spectral type. The other component is less
active having either a H II spectral type typical of starburst
galaxies or no detectable emission lines. Since there is a
correlation between CO emission and the 100 km Ñux from
luminous and ultraluminous galaxies (Solomon et al. 1997),
the galaxy detected in CO is likely to be the source of most
of the far-infrared luminosity coming from the system and
presumably the site of vigorous star formation activity. Our
result is consistent with the Evans et al. (1999a, 1999b), who
found most of the molecular gas in several warm double-
nucleus ULIRGs to be associated with only the Seyfert
nuclei. All ULIRGs in our sample are also found to be
associated with 20 cm continuum sources (Becker et al.
1994 ; Condon et al. 1998). The continuum sources have Ñux
densities ranging from a few mJy to D40 mJy. For the two
galaxies IRAS F14394]5332 and IRAS F23327]2913,
high angular continuum observations have been reported
(Becker et al. 1994 ; Crawford et al. 1996). The continuum
sources in these two galaxies coincide with the position of
CO (J \ 1È0) emission. In particular, the spectral index of
radio continuum emission derived from 20 cm and 6 cm
observations of IRAS F23327]2913 is [0.52 (Crawford et
al. 1996), suggesting a nonthermal nature of the emission.
For other ULIRGs in our sample, due to the lack of obser-
vations at other frequencies, we could not determine the
nature of the continuum emission. However, IRAS
F14394]5332E, a Seyfert 2 galaxy, appears to have strong-
er radio continuum Ñux relative to CO luminosity, com-
pared to other ULIRGs in this sample. SigniÐcant fraction
of the radio continuum could arise from an AGN in this
galaxy.

5.3. W hat Is the Origin of the W idely Separated UL IRGs?
From the optical and K@-band images we found evidence

that the active component of IRAS F14394]5332 possesses
two nuclei. IRAS F14394]5332 and three other systems
identiÐed by D. C. Kim et al. (2001, in preparation) in the
1 Jy sample of ULIRGs by imaging and spectroscopic data
can be classiÐed as multipled mergers. Recent survey with
the HST images of 113 ULIRGs by Borne et al. (2000)
found that the fraction of multiple mergers among ULIRGs
might be as high as 20%. However, this percentage could be
overestimated since Borne et al. (2000) did not identify real
interacting members with spectroscopic observations.
Studies of the ULIRGs and luminous infrared galaxies
(LIRGs), which are less luminous in the infrared than
ULIRGs, by Gao (1996, 1997) also found that ULIRGs and
LIRGs have strong clustering. They suggested that some
LIRGs and ULIRGs were formed by the merger of groups
of gas-rich galaxies.

Other systems studied in our paper appear to be in the
early stage of interaction. Thus, these systems do not Ðt into
the standard interpretation of the ULIRGs because the star
formation activity is expected to happen at the late stage of
interaction. Murphy et al. (1996) also found seven ULIRGs
in their sample with nuclear separation greater than 10 kpc.
They suggest several possible scenarios to explain these par-
ticular systems such as the presence of a third nucleus from
previous encounter or that the ULIRG phenomenon can
occur early in the interaction. If the second scenario applies
to the ULIRGs considered here, our detection of molecular
gas in only one component of the system indicates that the
ULIRG phenomenon might be triggered during the early
phase of interaction in a system composed of a gas-rich
galaxy and a much less gas-rich galaxy. Recent spectro-
scopic and imaging data obtained by Murphy (2000) and
Murphy et al. (2001) show that some ULIRGs are very
young mergers, which seems to Ðt into this scenario.

The IRAS F23327]2913 system is unique in the whole
1 Jy sample of the ULIRGs compiled by Kim & Sanders
(1998). The presence of absorption features in the optical
spectrum of the northern component suggests that the N
component did not experience a star formation episode for
the last 109 yr at least. The molecular gas is detected in the
southern component which has a LINER spectrum. Thus,
spectroscopic evidence suggests that the S component is
more active than the N companion. More surprisingly, in
the R-band image the S component appears as a spiral
galaxy with a large barlike structure at the center. There-
fore, the morphology of the S component is very di†erent
from other ULIRGs which have either elliptical appearance
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or strongly disturbed morphology (Sanders et al. 1988 ;
Borne et al. 2000 ; D. C. Kim et al. 2001, in preparation).
Numerical simulations of the merger involving two massive
disk galaxies (Mihos & Hernquist 1996 ; Springel 2000)
showed that the two galaxies are strongly disturbed dur-
ing the interacting phase and the Ðnal product of the mer-
ger resembles an elliptical galaxy. Therefore, IRAS
F23327]2913 does not Ðt into the commonly accepted sce-
nario of merger between two disk galaxies for ULIRGs.
Other mechanisms should be considered to explain the
presence of the large reservoir of molecular gas as well as
the huge far-infrared luminosity of the S component. The
extended 6 cm radio continuum emission reported by
Crawford et al. (1996) indicates that the star formation
activity is not concentrated in the nuclear region as in other
ULIRGs (Downes & Solomon 1998 ; Bryant & Scoville
1999) but spread over the galaxy. The existence of the thick
bar in a system of two merging disk galaxies can be
observed in the early stage of the tidal interaction in the
numerical simulations (e.g., Noguchi 1988 ; Barnes 1992 ;
Barnes & Hernquist 1996). If this is the case, then we are
witnessing the earliest stage of interaction in ULIRGs. In
order to become an ULIRG at this early phase of the inter-
action, the S component should have a large amount of gas
initially or the timescale to collect gas into the nuclear
region is very short. In addition, the presence of a barlike
structure suggests that the molecular gas might be driven to
the center of the galaxy under the inÑuence of a non-
axisymmetric gravitational potential. However, Ho et al.
(1997) and Mulchaey & Regan (1997) found that Seyfert and
LINER galaxies do not show any signiÐcant preference for
bars. As a result, it is still unclear whether a bar is e†ective
enough to drive the large amount of molecular gas current-
ly found in the S component. Higher resolution obser-

vations of CO emission lines and radio continuum are
needed to better understand the origin of this galaxy.

6. CONCLUSION

We have detected CO (J \ 1È0) emission line in Ðve out
of six widely separated ULIRGs selected from the complete
1 Jy sample. The molecular gas mass present in these
ULIRGs indicates that they are gas-rich. Our high angular
resolution observations also reveal the concentration of the
molecular gas in only one galaxy of the pair. Optical spectra
suggest that galaxy is also the most active in the pair,
having either LINER or Seyfert 2 spectral type. Using
optical and K@-band images of the ULIRGs, we found evi-
dence in support of the multiple merger scenario for IRAS
F14394]5332. Other systems are likely in the early phase
of interaction. In particular, the optical image of IRAS
F23327]2913 reveals that a large amount of molecular gas
is concentrated in a spiral-like galaxy with no evidence for
strong tidal interaction. Our observational results suggest
that the conventional view of ULIRG phenomenon as the
Ðnal phase of the merger of two massive disk galaxies prob-
ably does not apply to the widely separated ULIRGs. Other
mechanisms are needed to explain their origin. Future sen-
sitive and high-resolution observations will help to clarify
the nature of these unusual ULIRGs.
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