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ABSTRACT. Optical and near infrared imaging of the luminous infrared galaxies show 
significant asymmetries, distortions, double nuclei, bars, and tidal tails indicating that 
the galaxies have undergone significant dynamical perturbations. Single dish CO data 
indicate extremely high molecular gas contents (1-20 times that of the Milky Way) in 
these galaxies. Approximately 25 of them have been mapped at high resolution using the 
millimeter interferometers and in virtually all cases, extremely high gas concentrations are 
found in their nuclei. In most instances, a substantial fraction of the total molecular gas 
content is seen within radii ,$ 1 kpc; in a few cases, the gas is concentrated in a central bar 
or massive spiral arms (eg. NGC 1068). The dense molecular gas probably plays a pivotal 
role in the evolution of such dynamically disturbed systems: being dissipative, the gas can 
readily sink to the center of the system where it may fuel a nuclear starburst and/or build 
up and fuel a central active nucleus. 

1. Luminous Infrared Galaxies 

A spectacular result of the IRAS survey was the discovery and recognition of a class of 
luminous galaxies emitting the bulk of their energy at far infrared wavelengths (Soifer et 
al. 1984). Soifer et al. (1987) showed that the infrared luminous galaxies are the dominant 
population in the local universe (z<0.1) at luminosities greater than 3 x l O u L 0 and at 
luminosities greater than 10 1 2 L 0 , the ultraluminous IRAS galaxies outnumber optically 
selected quasars 2:1. The luminous infrared galaxies are also extraordinarily rich in molec-
ular gas with H2 masses in the range 2-50xlO 9 Μ Θ (Sanders et al. 1986, 1990)—1-20 times 
that of the Milky Way. Although the high luminosity ( 1 0 n - 1 0 1 2 L 0 ) and ultraluminous 
( > 1 0 1 2 L Q ) galaxies all have large masses of molecular gas, their gas contents are less ele-
vated than the luminosities, relative to those of normal galaxies like the Milky Way. It is 
therefore clear that these objects are not simply scaled up, more massive versions, of normal 
spiral galaxies, but that they represent a new, perhaps transitory, phase in the evolution 
of galaxies. 

Major questions posed by the luminous infrared galaxies are: 1) the role of large-scale 
galactic dynamics in determining the ISM distribution, 2) whether the high luminosity is 
generated by a high efficiency, short duration, starburst, or due to star formation with an 
initial mass function biased towards high mass stars, 3) whether there exist central non-
thermal energy sources contributing significantly to the luminosity, and 4) the relationship 
of the luminous infrared galaxies to AGNs and QSOs. In other contributions to this sym-
posium, the bulk molecular gas and infrared properties of these galaxies are reviewed (eg. 
Sanders 1990); here we concentrate on galaxies with luminosity > 1 0 1 1 L 0 for which high 
resolution millimeter-wave aperture synthesis data have been obtained. After summarizing 
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Αφ 220 

0 2.7 mm Dutt 
1 Γ)1 ' 

W CO f Dust 

CO (5278-5382 km r 1) 

0 

CO (5590-5694 km s'1) 

Δα Π 
Figu re 1. The λ=2.7 mm dust emission and integrated CO emission are shown in the 
upper panels as a function of displacement coordinates from the centimeter-wave non-
thermal radio peak in Arp 220. Contours are at 8, 16, 24, 32, 40, 60, 80, 100, 120, and 
140 mJy/beam. In the lower panels, the CO emission at 5278-5382 and 5590-5694 km s" 1 

are shown. Contours are at 3.1, 4.7, 7.8, 10.9, 15.6, 23.4, and 31.2 Jy km s _ 1 / b e a m . The 
synthesized beam is 1.9 χ 2.1" (PA=96°, Scoville et al 1990). 

the CO aperture synthesis results for these galaxies and discussing in detail new 2" mapping 
in Arp 220, the prototype ultraluminous galaxy, we comment on evolutionary scenarios for 
these galaxies. 

2. Mi l l imete r -wave In t e r f e rome t ry 

Approximately 25 high luminosity galaxies have now been imaged with interferometers in 
the 2.6 mm CO Une. In Table 1, the observational results are summarized for eighteen 
systems observed with the Owens Valley interferometer (cf. Scoville et al. 1990). Seven 
galaxies, some of which are in the Owens Valley sample, have also been observed using the 
Nobeyama array (Okimura 1990) and two Seyfert galaxies have been observed using BIMA 
(Meixner et al. 1990). The spatial resolutions of these maps are 2-7", a factor of 10 better 
than is possible with single dish observations. 

The galaxies listed in Table 1 span the luminosity range 2x 10 1 0 -3x 10 1 2 L© (λ=8-1000 
μπι) and the masses of molecular gas in the nuclear sources are 1 0 9 - 4 x l 0 1 0 Μ© (assuming 
the Galactic CO-to-H2 conversion factor: 3 x l 0 2 0 c m - 3 (K km s " 1 ) - 1 ) . They all have 
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infrared luminosity-to-molecular mass ratios significantly exceeding that of the Milky Way 
(4 L© M©" 1 , Scoville and Good 1989); the highest (Mrk 231) has a ratio of 200 L 0 M 0

_ 1 . 
It is also clear from Table 1 that the H2 gas is very concentrated. In most cases, the size 
of the CO emitting region is £ 1 kpc in radius. Below, we describe in detail new results 
for Arp 220—the prototype ultraluminous infrared galaxy. 

Arp 2 2 0 

Arp 220 has an infrared luminosity at λ=8-1000 /im of 1 .5xl0 1 2 L 0 , exceeding that in the 
visual by nearly 2 orders of magnitude and placing it in the luminosity regime of quasars. 
Recent single dish measurements show the CO emission extending over a velocity range of 
900 km s " 1 and the derived H 2 mass is 3 . 5 x l 0 1 0 M 0 , approximately a factor of 15 greater 
than that of the Galaxy (Solomon, Radford, and Downes 1990). At optical wavelengths, 
the galaxy appears approximately spherical with a central dust lane and tidal tails, both 
characteristics of galactic merging, extending up to 70 kpc away (Sanders et al. 1988). 

In Figure 1, the interferometric maps at 2" resolution (750 pc) are shown from a recent 
Owens Valley study (Scoville et al. 1990). The continuum (mostly dust emission) and CO 
emission are shown in the upper panels as a function of displacement coordinates from the 
cm-wave radio continuum peak (Norris 1988). Both the CO and 110 GHz continuum peak 
are within 0.5" of the western component of the nucleus seen in high resolution near infrared 
and radio maps (eg. Graham et al. 1990). In addition to the compact nuclear source, an 
extended CO emission component can be seen in maps with smaller velocity ranges. In the 
lower panels of Figure 1, the emission is shown for velocity windows (AV=104 km s - 1 ) , 
centered at 5330 and 5642 km s" 1 . The low level contours of CO emission are clearly 
extended along a NE-SW direction. The full velocity range of CO emission is seen in the 
central component, while a more limited velocity range is seen in positions offset along the 
extended component. 

The CO emission can be separated into two components: a core 1.4x1.9" and an extended 
component 7x15" (deconvolved sizes). The former contains 2/3 of the flux detected by the 
interferometer; the latter contains the remaining 1/3. Comparison of the total CO line flux 
detected in the interferometer maps with that seen in single dish measurements made with 
the IRAM 30 m telescope (Solomon, Radford, and Downes 1990) indicates that these two 
components account for 80% of the total CO emission from Arp 220. The highest velocity 
emission is probably all from the core source. 

For the adopted distance of 77 Mpc, the H2 masses in the core and extended components 
are 1 .8xl0 1 0 M 0 and 9 x l 0 9 M 0 respectively (adopting the Galactic CO-to-H2 conversion 
ratio). The mean diameter of the core component (~1.7") corresponds to a radius of 315 pc 
and the H2 density, smoothed out over the volume is 2900 c m " 3 . If we assume that the full 
range of CO velocities (AVFWZI=§00 km s" 1 ) exists within the central source of radius 315 
pc, then the dynamical mass is 2 .5xlO 1 0 M 0 for a spherical distribution. This dynamical 
mass is almost precisely equal to the total gas mass (H2+He) for the core component. 

In Figure 1 (lower panels), a velocity gradient in both the core and extended components 
may be seen—the lower velocity emission shifted to the Southwest of the nucleus, the higher 
velocity emission to the Northeast. The direction of this velocity gradient is parallel to the 
major axes (PA=52-63°) of the two CO emission components and to the dust lane seen 
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prominently in optical photographs. Thus, the molecular gas has partially relaxed to a disk-
like configuration with angular momentum playing a significant role in the gas distribution, 
probably inhibiting somewhat the further collapse towards the center. 

The λ=2.7 mm continuum flux (~30 mJy) provides a significant constraint on the emis-
sion measure of ionized gas and thus the 0 star luminosity in the nucleus of Arp 220 
(Scoville et al. 1990). If the maximum residual 2.7 mm flux after subtraction of the non-
thermal and dust components is taken to be ~10 mJy and it is assumed to be entirely 
free-free emission, then the upper limit for the emission rate of Lyman continuum photons 
is 7 .5x10 s 4 s " 1 . For an 0 5 star (40 M®), Q. = 1 .3xl0 4 9 s " 1 and the ratio of the bolometric 
luminosity to the ionizing photon production rate is 1 .9xl0~ 4 4 L® s* 1 (Panagia 1973). 
The total luminosity corresponding to the derived upper limit to the ionizing photon pro-
duction rate would be 1 .4xlO n L® for a population of 0 5 stars. Early 0 type stars by 
themselves would therefore fail to provide the observed far infrared luminosity in Arp 220 
by a factor of at least 10. If a starburst is to account for the luminosity , its duration must 
exceed 10 8 yr or the IMF must be deficient at > 30 M®(cf. Scoville et al. 1990). 

3. Nuc l ea r Gas Concen t r a t i ons 

In Figure 2, the luminosity-to-H2 mass ratios are shown as a function of the central gas 
surface density (M® p c - 2 ) for the galaxies listed in Table 1. Only those galaxies for which 
actual size measurements exist (rather than upper limits to the unresolved source size) 
are plotted. Figure 2 clearly shows a trend for increasing luminosity-to-mass ratios with 
increasing central gas surface densities. These data thus strongly support the hypothesis 
that the high "efficiencies" of energy generation (L/# /M/ / 2 ) seen in the infrared galaxy 
nuclei must be linked to the high central gas concentrations. 

There exists three basic classes of models proposed to account for the high luminosities 
of these galaxies: the kinetic energy liberated during the collision of the interstellar media 
in merging galaxies (Harwit et al. 1986), nuclear starbursts (eg. Joeseph, Wright, and 
Wade 1984), and a dust embedded active nucleus (eg. Sanders et al. 1988). Starburst 
models have two flavors—the formation of stars with a higher efficiency per unit mass of 
interstellar gas or with an initial mass function more heavily weighted towards high mass 
stars than in the Milky Way. In the Galaxy, it has been suggested that high mass star 
formation is triggered by the expansion of HII regions or supernova shells (eg. Elmegreen 
and Lada 1977) or by cloud-cloud collisions (Scoville, Sanders, and Clemens 1986). Both 
processes depend on the concentration of molecular gas, not merely the total H2 mass. 
The correlation seen in Figure 1 between the luminosity-to-mass ratios and the central gas 
surface densities is consistent with all three classes of energy generation—the dissipation of 
kinetic energy will occur more rapidly in a dense gas configuration, the formation of high 
mass stars via stimulated or binary processes (such as cloud-cloud collisions) will occur 
more rapidly when the gas is concentrated, and the accretion rate onto a compact, central 
black hole should in principle increase with increasing ISM density. 

Virtually all of the infrared luminous galaxies show evidence of significant dynamical 
perturbations due to a central stellar bar or galactic interaction (cf. Sanders 1990). The 
interstellar matter can play a central role in the dynamics for both cases inasmuch as it 
is dissipative and the gas will respond irreversibly to the perturbation, in general sinking 
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N U C L E A R H 2 C O N C E N T R A T I O N S 
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F i g u r e 2. The infrared luminosity-to-molecular gas mass ratios are shown as a function 
of the central gas surface density in 14 luminous infrared galaxies (Table 1). A general 
correlation is seen with increasing luminosity-to-mass ratios being found in the galaxies 
with higher gas surface densities. In computing the luminosity-to-mass ratios, the total in-
frared luminosity was attributed to the nuclear source since the IRAS data have insufficient 
resolution to separate out any extended component. For NGC 1068, only the far-infrared 
and molecular gas components associated with the spiral arms at 10-15" radius are used 
(cf. Planesas, Scoville, and Myers 1990). 

towards the center of the potential well. The H 2 masses for the luminous infrared galaxies 
are large but in most cases, not more than would be found in two galaxies such as M51 
(M# 2 ~ 1 0 1 0 M 0 , Scoville and Young 1983). [Notable exceptions are the highest luminosity 
systems, VII Zw 31, Arp 220 and Mrk 231 for which the H 2 masses are 2-5X10 1 0 M 0 . ] Thus, 
in most cases, it is plausible that the luminous infrared galaxies result from the merging of 
two gas-rich spiral galaxies and that the disturbed dynamics in the merging system results 
in dissipation of kinetic energy (and outward transport of angular momentum) in the ISM, 
leading to the deposition of a significant fraction of the original interstellar matter in the 
central region of the system. 
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Given the highly concentrated distribution of the interstellar gas and the high luminosity 
energy densities it is unlikely that the molecular gas is arranged in GMCs similar to those 
containing the bulk of the Galactic H 2 . It is to be expected that both the mean gas density 
and gas temperatures will be considerably higher and these in turn will affect the rate of 
emission of CO line photons per unit mass of molecular hydrogen. The C0-to-rÏ2 conversion 
ratio (a) scales approximately as p1^2/Ύχ (cf. Scoville and Sanders 1987). To some extent, 
the elevated gas densities and temperatures will have cancelling effects on the C0- to -Ü2 
conversion ratio. For example, in Arp 220, the mean gas density, assuming the central H2 
mass is smoothed out over a volume 315 pc in radius is 2900 c m " 3 . If the gas temperature 
is 45 Κ (the far infrared color temperature) and n# 2 =2900 c m " 3 , then the p1/2/T scaling 
reduces the CO-to-rÏ2 conversion ratio by a factor of 2. Somewhat higher volume densities 
(10 4-10 5 c m " 3 ) are deduced by Solomon, Radford, and Downes (1990) on the basis of CS 
line measurements. In summary, the H2 mass estimates, based on the CO and CS emission, 
are somewhat uncertain, but probably not by a large factor. 

In Table 1, the gas mass fraction (Mn2/Mdyn) 1 S given for those galaxies in which the 
nuclear mass concentration is well resolved and for which the velocity dispersion can be 
estimated using the CO line-width. For the six cases where this ratio has been evaluated, 
it is in the range 0.2-0.9, indicating that a significant fraction of the total mass is contained 
in interstellar gas. Such high gas mass fractions may reflect the inappropriateness of using 
the galactic CO-to-H2 conversion factor. On the other hand, it is also possible that the 
gas does indeed constitute a large fraction of the overall mass since numerical simulations 
of merging galaxies (Hernquist 1989) which include a gas component show that due to its 
dissipative nature, the gas sinks to the center of the merged system more readily than the 
stellar component. Thus, it is to be anticipated that during the evolution of a merging 
galaxy system, there will be regions with very large gas mass fractions. 

4. Evolutionary Scenarios 

Based on the studies described above, three generalities can be drawn for the highest 
luminosity infrared galaxies: essentially all show optical morphologies indicative of a recent 
galactic interaction or merging, they have abundant molecular gas with total H2 masses 1-
20 times that of the Milky Way, and most show extremely high concentrations of gas in their 
nuclear regions. These facts strongly indicate that the onset of the ultraluminous phase is 
triggered by a strong galactic interaction and that the molecular gas plays a pivotal role 
in producing the high infrared luminosities. The gas, being highly dissipative, accumulates 
in the center of the merged galaxy system. The high concentration of molecular gas in the 
nucleus can then lead to a runaway burst of star formation as a result of stimulated effects 
or the compression of interstellar clouds as a result of cloud-cloud collisions. Norman 
and Scoville (1988) suggest that the formation of a dense young stellar cluster at the 
nucleus can naturally lead to the buildup of a massive black hole if the potential well is 
sufficiently deep to trap the stellar mass loss material. On the other hand, if the burst of 
star formation is spread out, the high mass stars may ionize and disperse the interstellar 
gas. The identification of galaxies and AGNs in this post-IRAS phase with a bare starburst 
nucleus should be an important goal of future research. 
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