.52..803T

2000PASJ. .

PASJ: Publ. Astron. Soc. Japan 52, 803-820 (2000)

CO Observations of Luminous IR Galaxies at Intermediate Redshift

Yoshinori TuTul,* Yoshiaki SOFUE,! Mareki HONMA,22 Takashi ICHIKAWA,* and Ken-ichi WAKAMATSU®

LInstitute of Astronomy, The University of Tokyo, Mitaka, Tokyo 181-8588
E-mail (YT): tutui@sci.nhk.or.jp
2VERA Project Office, National Astronomical Observatory, Mitaka, Tokyo 181-8588
3 Mizusawa Astrogeodynamics Observatory, National Astronomical Observatory,
Mizusawa, Iwate 023-0861
4 Astronomical Institute, Tohoku University, Aoba, Sendai 980-8578
5 Department of Technology, Gifu University, 1-1 Yanagido, Gifu 501-1193

(Received 1999 December 3; accepted 2000 June 5)
Abstract

We present new measurements of the 12CO (J = 1-0) emission from 16 luminous infrared galaxies (LIGs)
at intermediate redshift (cz ~ 10000-50000 km s~—1). These new data were selected by isolated and normal
morphology. Although there already exist measurements of CO emission from LIGs in the literature, they
are mostly strongly interacting/merging systems. The new CO data represent an important new addition to
the literature in that they both expand the relatively small number of samples of LIGs measured in CO, and
they include an interesting subset of LIGs that were selected based on isolated and normal morphology.
The CO observations were performed using the NRO 45-m telescope. From measurements of the CO
emission and the IRAS database, we discuss the molecular gas and dust properties of late-type galaxies
at intermediate redshift. Comparisons of the CO and dust properties of the new result with those from
other CO measurements have revealed the characteristics of this sample: (1) It shows the deepest CO
observations of IRAS galaxies at intermediate redshift without any strong interaction features. (2) It has
typical properties of normal IRAS galaxies in terms of star-formation efficiency, color—color diagrams and
galactic nuclear activity. (3) It has a smaller gas-to-dust ratio than normal IRAS galaxies. This can be

explained by a two-component dust model; our sample consists of mostly warm dust.
Key words: galaxies: distances and redshifts — galaxies: ISM — galaxies: spiral

1. Introduction

The Infrared Astronomical Satellite (IRAS) has re-
vealed a number of extragalactic objects with luminos-
ity dominated by FIR emission (e.g., Soifer et al. 1984).
IRAS has surveyed 96% of the sky, with a complete-
ness limit of ~ 0.5 Jy at 12 pm, 25 pm, and 60 pum,
and ~ 1.5 Jy at 100 um, and with an angular reso-
lution of ~ 0!5 for 12 pm and ~ 2’ for 100 ym. It
discovered ~ 20000 galaxies, which had not been pre-
viously cataloged. The majority of IRAS extragalac-
tic galaxies are late-type galaxies. Galaxies detected
by IRAS, whose luminosity is dominated by FIR emis-
sion, are called IRAS galaxies, and are categorized as lu-
minous infrared galaxies (LIGs) with infrared luminosi-
ties of Lig > 10! Lg, ultraluminous infrared galaxies
(ULIGs) for Lig > 10'2 Lg, and hyperluminous infrared
galaxies (HyLIGs) for Lig > 103 Lg. Infrared lumi-

*x Present address: NHK (Japan Broadcasting Corporation),
Program Production Department, Science Programs Division,
2-2-1 Jinnan, Shibuya-ku, Tokyo 150-8001.

nous galaxies, whose luminosity is more than 101! Lg),
become the dominant population at an intermediate red-
shift of 2 < 0.3 (Sanders, Mirabel 1996). The fraction
of merger and interacting systems among IRAS galax-
ies increases with the infrared luminosity; that is ~ 12%
for log(Lir/Le) = 10.5-11, ~ 32% for log(Lir/Le) =
11-11.5, ~ 66% for log(Lir/Le) = 11.5-12, and ~ 95%
for log(Lir/Le) > 12 (Sanders, Mirabel 1996).

CO-line observations have revealed that LIGs are ex-
tremely rich in molecular gas. Early CO observations
of infrared selected galaxies with Lig = 10'0-10!! Lg
showed a rough correlation between the CO and FIR
luminosity (Young et al. 1984, 1986). A number of
single-dish CO surveys of IRAS galaxies have been per-
formed (Sanders et al. 1991; Mirabel et al. 1990; Tinney
et al. 1990; Downes et al. 1993; Mazzarella et al. 1993;
Young et al. 1995; Elfhag et al. 1996; Solomon et al.
1997), which consist of galaxies with IR luminosities of
Lir = 101°-10'2 Lg from nearby to intermediate redshift.
Correlations between CO and IR luminosities are also
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found for these samples. Furthermore, it is found that
the IR-to-CO luminosity ratio (Lir/Lgg), which repre-
sents the star-formation efficiency in a galaxy, increases
with the CO luminosity, suggesting that molecular-gas-
rich galaxies show a high star-forming efficiency. As-
suming a galactic 12CO (J = 1-0)-Hz conversion factor
of Nu,/Ico = 3.0 x 10%° the total molecular-gas mass
for ULIGs is as high as My, % 10'° Mg, and the star-
formation efficiency in ULIGs is, on average, much higher
than any of the most active star-forming galactic GMC
cores.

CO observations of ULIGs at intermediate redshift
(cz ~ 10000-50000 km s~!) have been performed by
Mirabel et al. (1990) using the SEST 15-m telescope,
Sanders et al. (1991) using the NRAO 12-m telescope,
Solomon et al. (1997) using the IRAM 30-m telescope,
and Lavezzi and Dickey (1998) using the NRAO 12-m
telescope (see Sanders, Mirabel 1996, for more refer-
ences). In addition to the above, we have performed CO
observations using the NRO 45-m telescope. CO obser-
vations for ULIGs at intermediate redshift are important
concerning the following points: (1) Objects at interme-
diate redshift (z ~ 0.1-1) are significant for galactic evo-
lution from the most-active epoch at z ~ 1-2, to the
local Universe at z ~ 0. (2) Galaxies at intermediate
redshift are the most distant targets in which we can
detect the CO-line from the galactic disk, which is re-
lated to the global properties of the molecular gas in a
galaxy. (3) A high ratio of merger or interacting systems
and a high star-formation efficiency of ULIGs can help
reveal the star-formation history. (4) Strong CO emis-
sion and stable CO linewidths can be used for the Tully-
Fisher relation to measure the distances to galaxies at
intermediate redshift. Photometric observations for the
CO-line Tully-Fisher relation have been performed us-
ing the Okayama Astrophysical Observatory 1.88-m tele-
scope, and the results will be discussed in a forthcoming
paper.

The results of our CO-line observations and definitions
of CO and FIR properties discussed in this paper are
described in section 2. We compare our sample with
these CO observations to evaluate the characteristics of
our sample in section 3. The results are discussed in
section 4, and summarized in section 5. We also discuss
the samples in terms of the IRAS color—color diagrams
and galactic activities in appendices 1 and 2. Throughout
this paper we use Hy = 75 km s~! Mpc~! and g = 0.5.

2. Data and CO Observations

12CO (J = 1-0) line observations of galaxies at in-
termediate redshift were obtained using the Nobeyama
Radio Observatory (NRO) 45-m telescope. We also use
data from the literature (Solomon et al. 1997; Sanders
et al. 1991; Mirabel et al. 1990; Lavezzi, Dickey 1998).

[Vol. 52,

In comparing these samples, we used given integrated
intensities and the same formulae to estimate the CO
luminosities, or molecular gas mass.

2.1. Sample Selection

The main purpose of our CO observations was to ob-
tain CO linewidths in order to apply them to the CO-line
Tully-Fisher relation to measure the distances to galax-
ies and to determine the Hubble constant at interme-
diate redshift. The target was late-type galaxies with
bright CO-line emission and isolated normal morphology
located at intermediate redshift. The sample selection
was made using the following criteria.

(1) Redshift criterion. The redshift criterion of the
sample was cz = 10000-20000 km s~—! in 1994/1995 ob-
servations and cz = 20000-30000 km s~! in 1995/1996
observations. After we confirmed the possibility of CO
detection at such redshifts, we set the redshift criterion
to cz = 30000-50000 km s~! in 1996/1997 observations.

(2) FIR flux density criterion. In order to obtain
sufficient CO emission at intermediate redshift we se-
lected relatively strong FIR-emission sources at 60 um
and 100 pm, because FIR emission, which is dominated
by the thermal emission of dust heated by surrounding
starlight in UV, is related to CO emission from dense
molecular-gas regions. We selected galaxies whose IRAS
flux densities at 60 pm and 100 ym are greater than 1 Jy.

(3) Morphology criterion. Although morphology in-
formation at intermediate redshift was not sufficient in
catalogs, we judged the morphology of the sample us-
ing images from the STScI Digitized Sky Survey (DSS).
Strong interacting galaxies and mergers were excluded
from the sample. However, weakly interacting galax-
ies, whose tails or irregular arms were not resolved by
the DSS images at the resolution limit of ~ 1", were in-
cluded, because the influences of weak interaction do not
affect the CO line-width very much compared to the H1
linewidth (Tutui, Sofue 1997).

(4) Position error criterion. Since the half-power beam
width (HPBW) of the NRO 45-m telescope was 15" at
the frequency of 12CO (J = 1-0), 115.271204 GHz in the
object rest frame, galaxies whose position error listed in
the NASA Extragalactic Database (NED) is less than 10”
were selected. We also cross-checked the position using
the DSS images.

(5) Recession velocity error criterion. The band width
of the 12CO (J = 1-0) observation of the NRO 45-m tele-
scope was 250 MHz, corresponding to 650 (1+2z) km s~!.
Since the linewidths of the observed galaxies were ex-
pected to be about 200-500 km s~ 1, the recession velocity
error criterion to select galaxies was less than 100 km s~1.
The recession velocity was taken from the IRAS redshift
surveys by Strauss et al. (1992) and Fisher et al. (1995).
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Table 1. Galaxies detected in the CO-line using the NRO 45-m telescope.

Galaxy RA(B1950) Dec(B1950) cz z Dy, Type
hms e km s~ ! Mpc

PG 01574001 01 57 16.3 +00 09 09 48869 0.16301 676.64 —
TRAS 0218540642 02 18 40.3 +06 43 03 29347 0.09789 400.70 —
IRAS 0241140354 02 41 09.3 +03 53 56 43050 0.14360 593.66 —
IRAS 0724341215 07 24 20.6 +12 15 09 28204 0.09408 384.77 —
17Zw 23 09 56 01.0 +52 29 48 12224 0.04077 164.73 S?
CGCG 1113.742936 11 13 47.1 +29 35 58 13880 0.04630 187.29 SB(s)b
IC 2846 11 25 24.8 +11 26 01 12294 0.04101 165.68 —
JIRAS 1406042919 14 06 04.9 +29 18 59 35060 0.11695 480.72 —
CGCG 1417.24+4759 14 17 14.8 +47 59 00 21465 0.07160 291.35 —
IRAS 1421044829} 14 21 06.2 +48 29 59 22690 0.07569 308.26 —
CGCG 1448.9+1654 14 48 54.5 +16 54 02 13700 0.04570 184.84 —
NGC 6007 15 51 01.6 +12 06 27 10547 0.03518 141.94 SABbc
IRAS 1653346216 16 53 19.8 +62 16 36 31808 0.10610 435.10 —
PGC 60451 17 30 00.6 +20 09 49 14989 0.05000 202.43 - —
IRAS 1751746422 17 51 45.0 +64 22 14 26151 0.08723 356.22 —
IRAS 2338940300 23 38 56.9 +03 00 48 43470 0.14500 599.63 —

Col.(1): Galaxy name. A dagger and double dagger denote a galaxy of marginal detection and upper limit of the detection,
respectively. Col.(2) and (3): Coordinates in B1950. Col.(4): Heliocentric velocity. Col.(5): Heliocentric redshift from Fisher
et al. (1995). Col.(6): Luminosity distance derived from the redshift in Col.(5). Col.(7): Morphological type from RC3

(de Vaucouleurs et al. 1991).

2.2. CO Observations

CO-line observations were performed as a NRO 45-m
long-term project, and were carried out on January 14
to 23 and December 9 to 12 in 1994, January 6 to
10, March 13 to 17, and December 17, 18, 21, 22 in
1995, January 17 to 22, February 18 to 22, and De-
cember 2 to 5 in 1996, and January 8 to 12 in 1997.
The HPBW of the NRO 45-m telescope was 15” at
the frequency of 2CO (J = 1-0) line, and the aper-
ture and main-beam efficiencies were 7, = 0.35 and
Tmb = 0.50, respectively, as measured by observing
the planets Mars and Saturn. As the receiver front-
ends, we used cooled SIS (superconductor-insulator-
superconductor) receivers, which could receive two or-
thogonal polarizations simultaneously, with an SSB fil-
ter to select one of the sidebands. The receiver back-
ends were 2048-channel wide-band acousto-optical spec-
trometers (AOS). The total channel number corresponds
to frequency widths of 250 MHz and, therefore, to a
velocity coverage in the rest frame of the galaxy of
~ 650 km s~1. The center frequency was set to the 1024-
channel, which corresponded to 115.271204 (1+z)~! GHz
for each galaxy. The system noise temperature was 300-
800 K in the single side band at the observing frequen-
cies. Calibration of the line intensity was made using an
absorbing chopper in front of the receiver, yielding an
antenna temperature (T ), corrected for both the atmo-
spheric and antenna ohmic losses. The intensity scale of

T'x was converted to the main-beam brightness tempera-
ture by Timp = T'x /Tmb- Subtraction of sky emission was
performed by on—off position switching, and the offset of
the off-position was 5’ away from the on-position. The
on-source total integration time for each galaxy ranged
from 30 min to 3 hr. Antenna pointing was performed
by observing nearby SiO maser sources at 43 GHz every
60—90 min. The pointing accuracy was better than 44"
during all observations. The total observation time for
the on/off position integrations and pointing was about
90 min to 9 hr for individual galaxies. After flagging
bad spectra, subtraction of the baseline was performed
by linear-baseline fitting. Adjacent channels were binned
to a velocity resolution of 10 km s™1. The noise level of
the resultant spectra at a velocity resolution of 10 km s~!
was 2-5 mK in Tj,.

2.3. CO-Line Profiles

We have obtained CO-line spectra of sixteen galax-
ies at intermediate redshifts, cz ~ 10000-50000 km s~1,
which are listed in table 1. These galaxies are some of
the most distant examples of IRAS galaxies whose CO-
line has been detected. The observed CO-line profiles are
shown in figure 1. Measurements of the CO integrated
intensities and linewidths were carefully performed, not
only by using the final CO-line profiles, but also by com-
paring the CO-line profiles between individual spectrom-
eters and each run. In table 2 we list the observed prop-
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Fig. 1. CO-line profiles for all galaxies whose CO linewidth was obtained using the NRO 45-m telescope. The scale of intensity
is the antenna temperature (T ). The center of the abscissa is the heliocentric radial velocity /frequency given by optical
redshift determinations.

erties of the CO-line profiles; the on-source integration
time, the r.m.s. antenna temperature, the CO linewidths
at the observed and rest frames, the antenna temperature
at the peak level, and the integrated intensity corrected

for the main beam efficiency.

2.4. CO Luminosities and Molecular Gas Properties
The CO luminosity is expressed mainly in two ways.
One is formulated by an integrated flux density with a
unit of Lg. The other is formulated by the integrated
intensity, or sometimes the integrated flux density, with
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Fig. 1. (Continued)

units of K km s~! pc?. The observed integrated intensity
is described by

L. = / TmbdVobs, (1)

where Ty,p is the main beam temperature related to the
antenna temperature, T, and the main beam efficiency,

b, 88 Tmb = T'a /Tmb. We should note the integrated in-
tensity for a point source object when comparing between
different measurements, because the intensity depends on
the beamsize and efficiencies. For example, the observed
integrated intensity of PG 0157 (= Mrk 1014), which
should essentially be a point source for both the NRO
45-m and IRAM 30-m telescopes, are 5.11 K km s~! for
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Table 2. CO-line observation results using the NRO 45-m telescope.
Galaxy cz tint r.m.s. Wobs Weest Tx Ico
km s! min mK km s~?! km s7?! mK K km s™?
PG 01574001 48869 90 2 349 300 15 5.11 (0.22)
IRAS 0218540642 29347 90 4 391 356 40 13.05 (0.48)
IRAS 0241140354} 43050 60 5 498 435 8 <1.90 (0.66)
IRAS 07243+1215¢ 28204 920 3 237 217 6 1.79 (0.28)
17w 23 12224 60 4 108 104 39 4.82 (0.26)
CGCG 1113.7+2936 13880 60 5 313 299 14 4.33 (0.55)
IC 2846 12294 30 4 374 360 19 4.78 (0.48)
IRAS 14060+2919 35060 120 3 420 376 8 1.91 (0.37)
CGCG 1417.2+4759 21465 180 3 314 293 13 4.66 (0.32)
IRAS 14210+4829} 22690 60 4 496 461 11 3.08 (0.54)
CGCG 1448.9+1654 13700 60 4 295 282 28 7.03 (0.42)
NGC 6007 10547 60 7 360 347 28 11.24 (0.82)
IRAS 16533+6216 31808 90 3 236 213 10 3.54 (0.28)
PGC 60451 14989 60 7 482 459 20 10.35 (0.95)
IRAS 17517+6422 26151 920 5 522 480 19 4.00 (0.69)
IRAS 23389+0300 43470 180 3 311 272 8 3.92 (0.31)

Col.(1): Galaxy name. A dagger and double dagger denote a galaxy of marginal detection and upper limit of the detection,
respectively. Col.(2): Redshift in cz. Col.(3): Integration time of on-source in minute. Col.(4): Root mean square of antenna
temperature after binning of 10 km s~! in emission-free region of the spectrum. Col.(5): Observed CO linewidth defined as the
full width at 20% of the maximum intensity. Col.(6): CO linewidth converted to the rest frame. Col.(7): Antenna temperature
at the peak level intensity. Col.(8): Integrated intensity corrected for the main beam efficiency. Col.(9): Uncertainty of 1o

in the integrated intensity.

NRO 45-m and 1.8 K km s~ ! for IRAM 30-m in Solomon
et al. (1997), but are consistent within 50% of the in-
tegrated intensity for the efficiency of 7, = 0.35 and
Tmb = 0.5 for the NRO 45-m, and 7, = 0.3 and 7y, = 0.6
for the IRAM 30-m.

The CO luminosity, Ly, in units of K km s™! pc? is
denoted by the observed integrated intensity, I, , and
the beam solid angle, Qy, as

W1, D}
’ — Vobs L 2
cO (1 ¥ Z)3 ) ( )

where z is the redshift and Dy, is the luminosity distance
formulated using the Hubble constant, Hy, and the de-
celeration parameter, qq, as

D= g oo + (0 - D20z T 1-D]. ()

The mass of the molecular gas is estimated from CO
emission, assuming the galactic CO-to-H; conversion fac-
tor. We adopt a conversion factor of Ny, /Ico = 3.0 X
10%° ¢cm~2 (K km s~!)~! (Strong et al. 1988; Solomon,
Barrett 1991). The correction factor from Hy mass, to
molecular gas mass including He and other elements, is
referred from Allen (1973), as

Mgas = 1.36 X My,. 4)

We estimated the CO properties of the galaxies based
on the results of the CO observations listed in table 3.
The ranges of the CO luminosity and molecular gas mass
of our sample are L, = 5.5 x 108-7.4 x 10° Lg and
Mygas = 3.3 x 109-4.6 x 10'° Mg, respectively. These are
about 20-times greater than the CO luminosity and the
molecular gas mass of the Milky Way, interior to the solar
circle (Solomon, Rivolo 1989).

2.5. FIR Luminosities and Dust Properties

The FIR luminosities of LIGs are normally adopted by
the formula using the IRAS 60 and 100 um flux densities,

LFIR) 5
=392 x 10
( Le

o) ()
5

where the constant C is a correction factor of the flux
density beyond the range of 60-100 pm, which is typically
in the range of 1.5-2.1 (Solomon et al. 1997); here, we
assumed C = 1.8.

The dust mass is estimated by the dust temperature,
T4, derived from flux densities at 60 pum and 100 pm of
the blackbody radiation. Assuming that the dust emis-
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Table 3. CO properties of the observed sample.
Galaxy Ico log Lo log M, log(Lrir/Lco)
K km s™! K km s™! pc? Me
PG O157+001. ... 5.11 9.85 10.50 2.56
TRAS 0218540642 .........ccvvvivniinnnn. 13.05 9.87 10.53 1.93
IRAS 02411+0354% ... ... .. .. ... <1.90 <9.33 <9.98 >2.81
IRAS 0724341215 ........................ 1.79 8.98 9.63 2.48
I1Zw 23. . e 4.82 8.74 9.39 2.07
CGCG 1113.742936 .. ccoeeeeeeeeeeeann 4.33 8.80 9.45 2.16
TIC 2846. ..ot 4.78 8.74 9.39 2.79
IRAS 1406042919 ......................... 1.91 9.17 9.83 2.86
CGCG 1417.244759 ..o oo 4.66 9.18 9.84 2.10
TRAS 14210+4829" . ... ... ... ... ..., 3.08 9.05 9.70 2.05
CGCG 1448.9+1654 .......ccvvennnnn.. 7.03 9.00 9.65 2.08
NGC 6007 .. ieeeeieeie e 11.24 8.98 9.64 1.76
IRAS 1653346216 .............cccovivii.... 3.54 9.37 10.02 2.56
PGC 60451 . ... 10.35 9.24 9.89 1.64
IRAS 1751746422 ......................... 4.00 9.27 9.92 2.64
JRAS 2338940300 ...........ccvveviien... 3.92 9.65 10.30 2.39

Col.(1): Galaxy name. A dagger and double dagger denote a

galaxy of marginal detection and upper limit of the detection,

respectively. Col.(2): CO integrated intensity. Col.(3): CO luminosity in K km s~! pc?. Col.(4): Molecular hydrogen
gas mass derived with the CO-to-H2 conversion factor N(Hz)/Ico = 3.0 x 10 cm~? (K km s™*)~?, corresponding to
a = Mu,/Lco = 4.5 Mg pc™2 (K km s™*)~. Col.(5): Flux ratio of FIR-to-CO luminosity.

sion follows the emissivity law, S, oc A~!, the dust mass,
Mgust, is approximately expressed as (Hildebrand 1983)

_ S100\ ( Dr \*
where, Ty is given by

Sso _ exp(144/Td) -1
712 exp(240/T4) — 1 Q)

S100

The ranges of the FIR luminosity and the dust mass of
our sample are Lrir = 5.5 x 1019-2.57 x 10!? Lg, and
Mgust = 1.7 x 107-1.1 x 108 Mg, respectively. The dust
properties of our sample are listed in table 4.

3. Comparison with Other CO-Line Samples

8.1. Individual CO-Line Samples

We compared our results (hereafter NRO sample) with
other CO-line observations which had been obtained for
a number of IRAS galaxies at intermediate redshift. We
used data concerning the following four CO samples for
a comparison. Hereafter the samples are denoted as the
IRAM sample (Solomon et al. 1997), the NRAO-S sample
(Sanders et al. 1991), the SEST sample (Mirabel et al.
1990), and the NRAO-L sample (Lavezzi, Dickey 1998).
Sampling of IRAS galaxies at intermediate redshift is
based on the FIR flux density, because it is generally cor-
related with the CO flux density. Figures 2 and 3 show

plots of the redshift cz against the FIR luminosity and
against the CO luminosity for all samples, respectively.
The majority of galaxies in the IRAM sample are ULIGs
with a higher CO luminosity at a greater intermediate
redshift, and are interacting galaxies or mergers. The
NRAO-S sample and the SEST sample made pioneering
surveys of LIGs in the northern and southern skies, re-
spectively, and were relatively shallower samples. The
NRAO-L sample was a sample of IRAS galaxies in clus-
ters of galaxies at relatively lower cz. Our NRO sample
shows the deepest CO observations at intermediate red-
shift. The purpose of our observations was to obtain the
CO linewidths of isolated galaxies with normal morphol-
ogy at intermediate redshift in order to apply them to
the CO Tully-Fisher relation. Although the CO emis-
sion of normal galaxies is generally not as bright as that
for ULIGs, deep observations with long integration have
obtained CO emission from galaxies at intermediate red-
shift. Since the purposes of individual CO observations
were different, the properties of the target galaxies in
each sample also show various features. Remarks and
details concerning individual samples are as follows and
are also listed in table 5.

8.2. CO and FIR Luminosities

A correlation between the CO and FIR luminosities for
LIGs was found by airborne FIR observations (Rickard,
Harvey 1984), and by IRAS observations (Young et al.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



.52..803T

2000PASJ. .

810 Y. Tutui et al. [Vol. 52,

Table 4. IRAS flux densities and dust properties.

Galaxy S12 Sas Seo S100  S25/Seo Seo/S100 T4 log Maust  log Lrir
Jy Jy Jy Jy K . Me Le
PG 01574001 0.123 0.542 2.22 2.16 0.244 1.028 48.9 7.91 12.41
IRAS 02185+0642 <0.100 0.212 1.21 2.45 0.175 0.494 35.3 8.02 11.80
IRAS 0241140354 <0.085 0.224 1.37 1.95 0.164 0.703 40.6 8.03 12.14
IRAS 07243+1215! <0.250 <0.545 0.69 0.94 <0.790 0.734 41.4 7.30 11.46
I1Zw 23 <0.103 <0.154 0.61 1.74 <0.252 0.351 31.3 7.33 10.81
CGCG 1113.74+2936 <0.088 <0.185 0.63 2.03 <0.294 0.310 30.1 7.59 10.96
IC 2846 <0.173 0.383 4.21 6.72 0.091 0.626 38.7 7.53 11.53
IRAS 1406042919 <0.096 0.144 1.61 2.42 0.089 0.665 39.7 7.97 12.03
CGCG 1417.24+4759 <0.098 <0.091 0.62 1.54 <0.147 0.403 32.8 7.68 11.28
TRAS 1421044829t <0.083 <0.072 0.38 0.88 <0.189 0.432 33.6 7.44 11.10
CGCG 1448.9+1654 <0.079 0.148 1.13 2.09 0.131 0.541 36.5 7.22 11.08
NGC 6007 <0.105 0.123 0.69 2.03 0.178 0.340 31.0 7.29 10.74
IRAS 16533+6216 <0.059 0.169 1.48 2.50 0.358 0.592 37.8 7.98 11.93
PGC 60451 <0.069 <0.088 0.48 1.36 <0.183 0.353 314 7.39 10.88
IRAS 1751746422 0.060 0.149 2.22 3.26 0.067 0.681 40.1 7.83 11.91
IRAS 23389+0300 <0.093 <0.349 1.23 1.17 <0.283 1.051 49.5 7.52 12.04

Col.(1): Galaxy name. Col.(2)—(5): IRAS flux densities at 12, 25, 60, and 100 um taken from the IRAS Faint Source Catalog
(as listed in NED). Col.(6) and (7): IRAS flux ratios. Col.(8): Dust temperature. Col.(9): Dust mass. Col.(10): FIR
luminosity.
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Fig. 2. Redshift (cz) and FIR luminosity (Lgir) distri- Fig. 3. Redshift (cz) and CO luminosity (L) distribu-
butions for all the samples. IRAM sample (aster- tions for all the samples. The symbols are the same
isk), NRAO-S sample (plus), SEST sample (open as in figure 2. The symbol in parentheses denotes
square), NRAO-L sample (open circle), and NRO the marginal detection, and the symbol with an ar-
sample (filled square). The broken line represents row denotes the upper/lower limit. The broken line
an iso-flux line for a source. represents an iso-flux line of a source.

1984; Sanders, Mirabel 1985). Figure 4 is a plot of the resents the star-formation efficiency (SFE). The corre-
CO luminosity against the FIR luminosity for all the lation shows that SFE for LIGs is higher than that for
samples, showing a correlation between the CO and FIR  nearby normal spiral galaxies. Nearby samples presented
luminosities. The ratio Lrir/Lpo, or Lrir/Mu,, rep- by Sage (1993) and Solomon and Sage (1988) are indi-
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Table 5. Samples of CO observations at intermediate redshift.

Sample name Reference Telescope HPBW  Number cz log Lrir
" km s~ ! Le
IRAM sample® Solomon et al. (1997) IRAM 30-m 30 37 1000060000  11.5-12.5
NRAO-S sample®  Sanders et al. (1991) NRAO 12-m 55 58 3000-25000  10.5-12.0
SEST sample® Mirabel et al. (1990) SEST 15-m 44 31 5000-25000 11.0-12.5
NRAO-L sample?  Lavezzi and Dickey (1998) NRAO 12-m 55 40 3500-8000 9.0-10.5
NRO sample® This work NRO 45-m 15 16 10000-50000  11.0-12.0

Col.(1): Sample name used in the text. Remarks and the reference of the samples are mentioned below. Col.(2): Reference
which presents the data. Col.(3): Used telescope. Col.(4): The half power beam width of the antenna. Col.(5): The number
of galaxies in the sample. Col.(6): Major range of redshift cz of the sample. Col.(7): Major range of FIR luminosity of the

sample.

*Higher CO luminosity at farther intermediate redshift and mostly mergers or interacting galaxies.

*Shallower sample.

°Shallower sample in the Southern sky.

9Lower cz sample in cluster of galaxies.

°Deeper sample with isolated and normal morphology.

cated as a reference by the solid thick line and the solid
thin line, respectively. The former is a distance-limited
sample, whereas the latter is a flux-limited sample, the
flux-limited sample shows a larger SFE. Lrr/L¢q for
giant molecular clouds (GMCs) in the Milky Way is dis-
tributed between the two dotted lines (Solomon et al.
1987; Mooney, Solomon 1988). Most of the galaxies in
the samples have larger values of Lyir/L( than that of
the GMCs. As Solomon and Sage (1988) and Solomon et
al. (1992) indicated, Lrir/L¢ for LIGs is not constant,
but increases with the CO luminosity, as shown in fig-
ure 4. We fitted all of the samples by a power law, and
obtained a relation between the FIR and CO luminosi-
ties, given by

log Lyir = 1.411log Lo — 1.60 (all samples). (8)

Thus, all of the samples which we examined in this work
have a systematically larger SFE than the nearby normal
spirals. The IRAM sample shows a remarkably higher
SFE, whereas the NRAO-L sample is not far from that
of GMCs. Other samples are distributed between them
uniformly. Plots of the CO against the FIR luminosities
for individual samples are shown in figure 5.

3.3.  Gas and Dust Properties

As indicated in equation (7), the dust mass in galax-
ies is generally estimated using the IRAS flux at 60 and
100 pm, adopting a single-temperature dust model. How-
ever, this estimation overlooks the cold-dust (10-20 K)
radiation, because the radiation of cold dust is dominant
at A > 100 um, and thus the gas-to-dust ratio is overesti-
mated. The gas-to-dust ratio derived from the IRAS flux
for nearby spiral galaxies is typically ~ 570 (Young et al.
1986; Young et al. 1989; Stark et al. 1986). On the other

log L_FIR (L_solar)

7 z :/ L 1 L L 1 1 L

6 65 7 75 8 85 9 95 10 105
log L’_CO (K km/s pci2)

Fig. 4. Diagram of the CO and FIR luminosities. The
symbols are the same as in figure 2. The solid thick
line indicates the average of 65 nearby spiral galax-
ies as a distance-limited sample presented by Sage
(1993), and the solid thin line indicates the average
of 93 nearby spiral galaxies as a flux-limited sam-
ple presented by Solomon and Sage (1988); the dis-
persion is about order of 1. The symbol in paren-
theses denotes marginal detection, and the sym-
bol with an arrow denotes upper/lower limit. The
dotted lines represent the range of Lyir/ L’Co seen
in giant molecular clouds in the Milky Way (5 <
Lrr/Lgo < 50).

hand, the galactic local gas-to-dust ratio is derived from
the gas-column density and the color excess of nearby
stars, and therefore should be close to the real gas-to-
dust ratio of 100-150 (e.g., Spitzer 1978; Bohlin et al.
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Fig. 5. Diagrams of CO and FIR luminosities for each sample.

1978). It has been suggested that the discrepancy of the
gas-to-dust ratio can be explained by two dust compo-
nents, namely warm and cold dust. The two-component
dust model, which consists of cold (10-20 K) dust asso-
ciated with quiescent molecular clouds and warm (30—

Dotted lines represent the ratio of Lpir/L of 5 and 50.

60 K) dust associated with star-forming regions, is con-
sidered (e.g., de Jong, Brink 1987). For nearby spiral
galaxies the discrepancy can be explained when the dust
consists of 10-20% warm dust and 80-90% cold dust
(Devereux, Young 1990). Figure 6 is a plot of the gas
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log M_dust (M_solar)
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Fig. 6. Diagram of molecular gas mass derived from the
CO luminosity and the dust mass derived from the
FIR luminosity. The solid line is an observed gas-to-
dust ratio (~ 570) for nearby spiral galaxies using
IRAS flux at 100 pum. The broken line represents a
typical gas-to-dust ratio of the Galaxy (~ 100) from
observations of nearby stars. The symbol in paren-
theses denotes marginal detection, and the symbol
with an arrow denotes upper/lower limit.

mass against the dust mass. Although the NRAO-S,
SEST, and NRAO-L samples follow the gas-to-dust ratio
of nearby galaxies (~ 570), the IRAM and NRO samples
are distributed between values of nearby galaxies and the
Galaxy. This indicates that the warm dust is dominant
for the IRAM and NRO samples.

3.4. Warm Dust Fraction

Young et al. (1986) showed that the FIR luminosity of
a galaxy depends on both the CO luminosity and the dust
temperature. As shown in figure 7, Lrir/L¢ increases
with the dust temperature. The IRAM sample and the
NRO sample have larger values of Lrir/Lq at any dust
temperature compared to the other samples. We fitted
the data in figure 7 by a power law;

Lrr/Liso o Ta**? (all samples), 9)

LFIR/L,CO o Td4.54
(without IRAM and NRO samples). (10)

As discussed in the previous subsection, dust in galaxies
consists of two components. However, here we assume
simply one dust component, whose radiation is dominant
in the FIR. Thus, the FIR luminosity is described by

Lrir o< MaystT4H™, (11)

CO Observations of Luminous IR Galaxies 813

log (L_FIR/ L'_CO)

g
14 F o
2}

S all samples
w/o IRAM & NRO -~

1

12 1 1
40
Td (K)

Fig. 7. Diagram of dust temperature and a ratio of FIR-
to-CO luminosity. The unit of FIR and CO lumi-
nosity are Lg and K km s™1 pc?, respectively. The
solid and broken line are fitted by a power law for
all samples and for the data without the NRO sam-
ple and the IRAM sample, respectively. The symbol
in parentheses denotes marginal detection, and the
symbol with an arrow denotes the upper/lower limit.

where n is the index of the dust-emissivity law, A~". The
CO luminosity, L, is proportional to gas mass, Mgas,
and Lpir/Lq is described as

1
Lrir/Lgo « ?Té”", (12)

where f is the gas-to-dust ratio. The power of the emis-
sivity law is not well established, and is usually adopted
as n = 1. Therefore, in estimating the dust mass and
comparing the results with previous work, we used an
emissivity law of n = 1. In figure 7, the values of
Lyir/L¢o for galaxies in the IRAM and NRO samples
are high. It is recognized as being due to the fact that
the gas-to-dust ratio for these samples is smaller than
that for the other samples. This is consistent with the
dominant warm dust in the two-component dust model
discussed in the previous subsection.

4. Discussion

4.1.  CO Beam Coverage

Smaller gas-to-dust ratios for the NRO and IRAM
samples may be induced by missing CO flux due to
a smaller beam size. CO observations were performed
by single-dish telescopes and pointed at the centers of
the target galaxies. Assuming a cosmological model of
ho = 0.75 and g9 = 0.5, the linear scale size of the
12CO (J = 1-0) beam (HPBW) of the telescope along
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Fig. 8. Residual of IRAS flux ratio of 60 um to 100 um
(S §0/S 100) to which K-correction is applied, to
observed flux ratio (Seo/S100). The ordinate is
log(S §o/S 100) — log(Se0/S100). Here, we assumed
the thermal spectral energy distribution and the
emissivity law, S, o A~1. The lines represent dif-
ferent cases of the dust temperature.

the redshift against angular size is denoted by

1+2)Y2 -1
(1+z)3/2 )

The beam sizes of the samples are HPBW = 55" for the
NRAO 12-m telescope, 44" for the SEST 15-m telescope,
30" for the IRAM 30-m telescope, and 15" for the NRO
45-m telescope. Even for the NRO sample, which has the
smallest beam, the linear scale size at cz > 10000 km s~!
is greater than ~ 10 kpc, which should cover the whole
extent of the CO-emitting disk of the galaxies.

D(kpc) = 4.0 x 102 4(") (13)

4.2. IRAS K-Correction

In estimating the dust properties we used the observed
IRAS flux densities without any K-correction. We here
discuss the effects of a K-correction. Assuming a ther-
mal spectral energy distribution and an emissivity law
of S, « A1, we estimate the effect of a K-correction
on the IRAS flux ratio at 60 ym to 100 pm and on the
dust mass. The dust temperature, dust mass, and gas-
to-dust ratio are derived from the flux densities at 60 um
and 100 um. Figure 8 shows a residual of the IRAS flux
ratio of 60 um to 100 pum to which a K-correction is ap-
plied (S §o/S 100) to the observed flux ratio without any
K-correction (Sgo/S100). Here the flux densities to which
K-correction is applied are denoted by S g, and S .
The residual for galaxies at a redshift cz of 30000 km s~!

Fig. 9. Ratio of the dust mass to which a K-correction
is applied (M} ,) to that without a K-correction
(Mgqust) along redshift cz, where the thermal spec-
tral energy distribution and the emissivity law, S, o
A~ are assumed. The lines represent different
cases of the dust temperature.

with a dust temperature of 40 K is estimated to be —0.1.
Adopting this result, the effect of a K-correction is found
to be not significant for discussing the galaxy types in fig-
ure 10. Figure 9 shows the dust mass ratio to which a
K-correction is applied to the observed dust mass with-
out a K-correction. The effect of a K-correction for most
of the galaxies used in this study is within 10% of the ra-
tio. )

5. Summary

1. We have performed long-integration 12CO (J = 1-0)
observations for late-type galaxies at intermediate red-
shifts cz ~ 10000-50000 km s~! using the NRO 45-
m telescope, and have obtained CO line profiles from
16 galaxies with isolated and normal aspects. We com-
pared the observed NRO sample with other CO obser-
vations of IRAS galaxies at intermediate redshift, [i.e.,
Solomon et al. 1997 (IRAM sample); Sanders et al. 1991
(NRAO-S sample); Mirabel et al. 1990 (SEST sample);
Lavezzi, Dickey 1998 (NRAO-L sample)], and found that
the NRO sample represents the deepest CO observations
at intermediate redshifts.

2. We compared the samples in terms of the molecu-
lar gas and dust masses. The gas-to-dust ratio for the
NRAO-S, SEST, and NRAO-L samples are equivalent to
the values found in nearby spirals. On the other hand,
the gas-to-dust ratio for the IRAM and NRO samples is
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Fig. 10a. IRAS color—color diagrams of the flux densities at 12 pm to 25 pum against 60 ym to 100 um. All of the samples are
shown in the top-left panel, which is overlaid with the IRAM sample (middle-left panel), the NRAO-S sample (bottom-
left), the SEST sample (top-right), the NRAO-L sample (middle-right) and the NRO sample (bottom-right). The filled
symbols represent fixed values at all of the IRAS bands. The open symbols represent that the 12 pm flux is given as
an upper limit; therefore, the real values should be put leftward. The dot-and-broken quadrangle box represents the
distribution of the normal and non-IR luminous galaxies with the morphology of Sdm-Im given by Sauvage and Thuan
(1994). The distributions of quiescent spiral galaxies, starburst galaxies, and Seyfert galaxies given by Rowan-Robinson
and Crawford (1989) are represented by the solid box, broken box, and dotted box, respectively.
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Fig. 10b. IRAS color—color diagrams of 12 pm to 25 um against 25 um to 60 um. The solid box, broken box, and dotted box
represent the distribution of quiescent spiral galaxies, starburst galaxies, and Seyfert galaxies, respectively.

smaller than that for the other samples, and is close to
the local gas-to-dust ratio of the Galaxy (~ 100-150),
which is derived from gas column density and color ex-
cess of nearby stars; it is thus close to real gas-to-dust
ratio. The method to estimate dust mass using IRAS flux

at 100 um overlooks cold dust, and the gas-to-dust ra-
tio tends to be overestimated. For nearby spiral galaxies
the gas-to-dust ratio is typically 570, which suggests that
the dust components consist of a majority of cold dust
and a minority of warm dust. This discrepancy can be
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Fig. 10c. IRAS color—color diagrams of 25 um to 60 um against 60 um to 100 um. Boxes represent the same as the previous

explained if the dust component of the IRAM and NRO

figures.

samples is mostly warm dust.

3. We compared the samples in terms of IRAS color—
color diagrams and galactic nuclear activity, and found
that there is no clear peculiarity for the NRO sample.

Although the NRO and IRAM samples show a feature of
dominant warm dust, the IRAM sample, which consists
of mostly mergers or interacting galaxies, shows evidence
of very active star-formation, whereas the NRO sample
shows moderate star-formation. Thus properties of the
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NRO sample are distributed between the IRAM sample
and the other samples.
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Appendix 1. IRAS Color—Color Diagram

We discussed the FIR luminosity, dust mass, dust
temperature, and gas-to-dust ratio estimated from the
IRAS fluxes at 60 um and 100 ym based on the assump-
tion of thermal dust emission with an emissivity law of
n = 1. In order to test this assumption, we plot a color—
color diagram at IRAS wavelengths of 12, 25, 60, and
100 pm. Figure 10a shows IRAS color—color diagrams of
log(S12/S25) against log(Seo/S100). The top left panel is
an IRAS color—color diagram for all the samples. Sauvage
and Thuan (1994) examined IRAS color—color diagrams
for normal and non-IR luminous galaxies, and discussed
the dependency of the morphology of galaxies on a color—
color diagram. The dot-and-broken quadrangle box in
the top-left panel of of figure 10a represents the distri-
bution of the normal and non-IR luminous galaxies with
the morphology of Sdm-Im given by Sauvage and Thuan
(1994). Rowan-Robinson and Crawford (1989) also ex-
amined IRAS color—color diagrams for starburst, Seyfert,
and quiescent spiral galaxies. The distributions of these
galaxies are shown in figures 10a—c as the solid box (qui-
escent spirals), the broken box (starburst galaxies), and
the dotted box (Seyfert galaxies), respectively. Galax-
ies whose IRAS fluxes are known at all IRAS bands are
denoted by filled symbols. Galaxies whose 12 pm flux is
given by an upper limit are denoted by the open symbols.
Therefore, the real data point of the open symbols will
be put leftward. Parts of the regions of the quiescent,
starburst and Seyfert galaxies overlap. Comparing each
sample with the results of Sauvage and Thuan (1994) and
Rowan-Robinson and Crawford (1989) in figure 10a, it is
found that the IRAM sample and the SEST sample data
points fall near to the region of Seyfert and starburst
galaxies. The NRAO-S sample is distributed within the
region of quiescent spiral galaxies, whereas some galaxies
in the samples are plotted at the Seyfert and starburst
regions. The NRAO-L sample is distributed in the re-
gion of quiescent spiral galaxies. Although in the NRO
sample there are only two galaxies whose IRAS fluxes
are- fixed, the real data point of the galaxies denoted
by the open squares will be plotted leftward. There-
fore, the NRO sample has characteristics similar to qui-

[Vol. 52,

escent spiral galaxies, as far as the color—color diagram
is concerned. Figures 10b and ¢ are IRAS color—color
diagrams for colors of log(S12/S2s5), log(S25/Se0), and
log(Se0/S100). Comparing them, the same trends as in
figure 10a are found.

Appendix 2. Galactic Active Phenomena

It has recently been recognized that the majority of
galaxies, even normal galaxies, have a supermassive black
hole including the Milky Way (e.g., van der Marel 1998,
and references therein), which is suggestive that they
have experienced galactic active phenomena, such as
starburst, active galactic nuclei (AGN), or powerful radio
emission (e.g., Ho et al. 1995) due to supermassive black
holes at the galactic center to galaxy interactions. Seyfert
and starburst galaxies, whose CO line has been detected,
have been discussed in terms of the CO and FIR lumi-
nosities (e.g., Mazzarella et al. 1993; Sanders, Mirabel
1996; Rigopoulou et al. 1997). A correlation between
the CO and FIR luminosities for Seyfert and starburst
galaxies shows the same trend as for LIGs, and is indistin-
guishable from them (Heckman et al. 1989; Rigopoulou
et al. 1997), and also type 1 and type 2 Seyferts show
no difference. This suggests that FIR emission in Seyfert
and starburst galaxies is responsible for the similar origin
(i-e., dust re-radiation of starlight) of ULIGs and normal
galaxies. Furthermore, a comparison of the luminosity
ratio of FIR to CO, Lgr/L¢q, with the dust tempera-
ture, Ty, also shows the same trend as ULIGs and normal
galaxies, suggesting that the FIR emission is thermal in
origin. Mazzarella et al. (1993) examined the CO and
FIR properties of powerful radio galaxies whose CO emis-
sion had been detected, and also found the same trend
between the CO and FIR luminosities as ULIGs and nor-
mal galaxies, whereas non-thermal radio power showed a
large excess compared to those objects. This suggests
that the origin of powerful radio galaxies may be closely
related to the genesis of dust-enshrouded quasar and clas-
sical UV-excess quasars through the merging of gas rich
disk galaxies (e.g., Sanders et al. 1988a; 1988b). This
trend is also clearly found in an examination by Sanders
and Mirabel (1996).

In order to discuss the galactic activity for the NRO
sample, we compared the CO and FIR properties of
nearby Seyfert, starburst, and powerful radio galaxies
with the NRO sample and the ULIGs in figures 11 and 12.
The nearby CO data references from the literature are as
follows: Seyfert galaxies (Heckman et al. 1989), starburst
galaxies (Jackson et al. 1989), and powerful radio galaxies
which have been detected in the CO-line (Mazzarella et
al. 1993). Figure 12 shows the CO and FIR luminosities
for the nearby active galaxies compared to the galaxies
at intermediate redshift. Figure 12 shows that the excess
of Lrir/ L for the NRO sample is not directly related
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Heckman et al. (1989), starburst galaxies (filled di-
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ferred to from Mazzarella et al. (1993). The NRO
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and small dots, respectively.

3 -
++:*'
Lo e
Lt
25 ® . T+ = A‘ o
a s Nt
A+ . . ,. o
A S 5 :
2t P s e
N 4 PRt
. O g’
+ 7 . ‘Q'A. ..
%0 .
15+ R .. all samples -
: S8 NRO sample ~ +
. Seyfert1 4
Seyfert2 &
starburst &
PRG ©
y ) . \ \
30 40 50 60
Td (K)
Fig. 12. Comparison of Seyfert, starburst and pow-
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temperature (Ty). The symbols and the references
are the same as figure 11. The solid line is the re-
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to the galactic activity. The active galaxies are indistin-
guishable from the galaxies at intermediate redshift.
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