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Abstract

I have performed a high-resolution imaging survey of the molecular gas in seven lu-
minous infrared galaxies using the Owens Valley millimeter array. This work has
produced 2"-resolution »maps of the CO 1—0 emission. Further high-resolution data
has been obtained for subsets of these galaxies in CO 2—1, HCN 1—0, HCO* 1—0,
and CS 1-0.

The CO maps reveal a systematic variation in the morphology of the moiecular
gas with the interaction state of the system. The three mergers with a single IR /radio
nucleus show very bright and compact CO cores that peak at the stellar nucleus. The
two mergers with double IR /radio nuclei also possess bright CO cores,v but these peak
roughly midway between the nuclei and show an extent nearly equal to the nuclear
separation. In these objects, the gas cores of the individual merging galaxies appear
to be coalescing while the stellar nuclei still remain distinct.

Based on dynamical arguments, the Galactic conversion factor from CO luminos-
ity to molecular gas mass is overestimating the gas mass in Mrk 231 by at least a
factor of 3.6 and in NGC 6240 by at least a factor of 1.5. Nonetheless, the molecular
gas likely dominates the nuclear gravitational potential. The probable cause of the
severe overestimate in Mrk 231 is the high brightness temperature of the CO 1—0
emission (T3 > 34 K).

Starbursts remain a viable explanation for the powerful output of luminous in-

frared galaxies. Upper limits to the free-free mm-wave continuum are used to con-



vii
strain a starburst model from the literature, with the result that starbursts can rea-
sonably explain all the systems studied here except perhaps Mrk 231. In several cases,
though, they are required to be older than several 107 yr. Furthermore, the extreme
mid-IR optical depths implied by the CO surface brightnesses confirm a prediction of
the compact starburst model of Condon et al. (1991).

The trend of increasing Ly /Lco ratio with increasing CO surface brightness is
confirmed.” The high 'concentrations of molecular gas thus appear intimately related
to the high luminosities of these systems.

The CO/HCN ratio varies by an order of magnitude even in this small sample of

luminous mergers, suggesting that the gas properties are dramatically variable.
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Chapter 1

Introduction

Lurking at the hearts of large, colliding galaxy systems lie the most powerful
energy generators in our neighborhood of the universe. Due to the thick shrouds
of dust surrounding the cores of these galaxies, nearly all of this energy emerges
at far-infrared wavelengths (40-400um) that are completely absorbed by our planet’s
atmosphere. This significant population of luminous galaxies thus remained unnoticed
until the 1970s and 1980s. Now in the 1990s, the mechanism responsible for these
powerhouses is still a controversial subject. Is a burst of star formation extending over
hundreds of parsecs at rates near to or higher than those in the most active OB star
formation regions in our own Galaxy responsible for the incredible luminosities? Or
are other phenomena necessary—such as the accretion onto a massive black hole which

may power quasars and other AGN? This thesis indirectly attacks these questions,
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among others, by studying the molecular gas—the fuel that apparently stokes the

engines of the luminous infrared galaxies.

1.1. Luminous IR galaxies before IRAS

Early ground-based infrared observations at wavelengths of 1-25 pm suggested for
the first time that a large fraction of the nuclei of bright spirals, plus virtually all
Seyfert gaiaxies, confaiﬁ very strong infrared emission that could dominate tﬁeir
bolometric luminosities (Rieke & Lebofsky 1978; Kleinmann & Low 1970; Rieke
& Low 1972; Kleinmann & Wright 1974; Neugebauer et al. 1976; Dyck et al. 1978;
Rieke & Lebofsky 1979). The 10 um silicate absorption, seen in several nuclei, led
to the notion that thermal emission from large columns of dust was the source of
the infrared emission (e.g., Lebofsky & Rieke 1979). The blackbody dust temper-
atures were estimated to be 30-50 K based on observations from airplane-based
telescopes that enabled the broad-band spectra of a number of bright galaxies to
be traced out to wavelengths 300 um (e.g., Telesco & Harper 1980; Harper & Low
1973).

Most of the first observed IR galaxies had luminosities of order 10'°-10'! Lg,
(see Rieke & Lebofsky 1979 and references therein) and only a small number of
the earliest objects were found to have IR luminosities over 10! L (e.g., Rieke &
Low 1972)—for example, NGC 1068, NGC 1614, Arp 299, and Mrk 231. These
infrared-luminous galaxies tended to contain active, emission-line nuclei, such as

Seyferts. It was recognized, however, that, due to the empirical anti-correlation
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of ultraviolet and infrared fluxes (Rieke 1978), the known sample of Seyfert galax-
ies was probably biased against strong infrared sources. An all-sky survey at far-
infrared wavelengths was required to discover if a large population éf infrared-bright,
visually-faint galaxies existed. This was one of the motivations behind the Infrared
Astronomy Satellite (IRAS) mission of 1983-1984 (Soifer, Houck, & Neugebauer

1987).

1.2. Luminous IR galaxies after IRAS

IRAS indeed resulted in the discovery of a population of galaxies with exceptional
infrared luminosities of up to several times 10'? Ly—one to two orders of magnitude
greater than their optical luminosities (Soifer et al. 1984ab; Aaronson & Olszewski
1984; Houck et al. 1985). The IRAS survey also revealed for the first time that these
objects are a very significant population in our local universe: at luminosities over
10! L, the space density of IR galaxies is comparable to or larger than those of
other classes of luminous extragalactic objects, such as Seyferts (Soifer et al. 1986).
Hereafter, those galaxies with L (8~1000pm) > 10! Ly are referred to as luminous

IR galaxies or LIRGs.

1.2.1. Interactions and mergers of gas-rich galaxies

Galactic mergers appear to play a significant role in the production of high IR
luminosities—the fraction of IR galaxies that have undergone strong tidal interac-
tions, as revealed by their large-scale optical morphology, increases as the luminosity

increases. At luminosities below 10! L, only 18% of galaxies appear to be involved



4 CHAPTER 1: INTRODUCTION

in strong interactions; at luminosities above 10* L, however, nearly half are strongly
interacting (Lawrence et al. 1989); and at the highest luminosities—above 10'? Lo—
more than two-thirds and perhaps over nine-tenths appear to be strongly interacting
or merging (Leech et al. 1993; Sanders et al. 1988; Murphy et al. 1996).

LIRGs are, nearly ﬁniversally, bright emitters of CO J = 1 — 0. Using the
empirical conversion factor from CO luminosity to molecular gas mass measured for
Milky Waf disk giant’ molecular clouds (GMCs), the implied molecular gas masses
usually approach or exceed 10'® My, (e.g., Sanders, Scoville, & Soifer 1991). The first
aperture synthesis observations of CO showed that these large amounts of molecular
gas are often highly concentrated towards the cores (e.g., Scoville et al. 1991). Only a
small number—for example VV 114 and Mrk 273 (Yun, Scoville & Knop 1994; Yun &
Scoville 1995)—have shown CO distributions comparable in size to the stellar disks.
The highest-resolution CO observations prior to this thesis revealed that Arp 220 and
IC 694 contain bright cores of less than 400 pc radius, in which the estimated gas mass
approaches the nuclear dynamical mass (Scoville et al. 1991; Sargent & Scoville 1991).
The CO cores in many other LIRGs remained essentially unresolved at resolutions
of 1-3 kpc (e.g., Scoville et al. 1989; Planesas, Mirabel, & Sanders 1991), suggesting
that very compact, massive CO cores are common in LIRGs. Simulations of galactic
mergers have produced similarly extreme nuclear concentrations of gas as a result
mergers of equal-mass gas-rich galaxies (Noguchi 1988, 1991; Hernquist 1989; Barnes

& Hernquist 1991).
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1.2.2. The nature of the luminosity source

The large amounts of dust and gas in the cores of luminous IR galaxies extinguish
much of the optical and near-IR radiation emerging from their nuclei, greatly compli-
cating the study of the phenomena responsible for their intense activity. As a result,
a controversy concerning the nature of the luminosity source has raged ever since
IR-luminous galaxies were discovered. At least three mechanisms have been pro-
posed to bé the dominant energy source: a prodigious burst of star formation (e.g.,
Wright, Joseph, & Meikle 1984; Rieke et al. 1985; Joseph & Wright 1985; Condon
et al. 1991, hereafter CHYT), a dust-enshrouded Seyfert or quasar-like AGN (e.g.,
Sanders et al. 1988; DePoy, Becklin, & Geballe 1986; Lonsdale, Smith & Lonsdale
1995), and the kinetic energy of colliding galaxies (Harwit et al. 1987). Furthermore,
it has been argued that the interstellar radiation field from the old stellar population
also contributes significantly to the IR luminosity of these objects (Thronson et al.
1990). Much of the work on LIRGs in the last decade has focused on the problem of
which mechanism is dominant and how much does each contribute, yet no satisfactory

conclusions have been reached.

1.2.2.1. Starbursts

There is plenty of observational evidence to suggest that star formation is occurring
at exceptional rates in and around the nuclei of luminous IR galaxies. The nuclei
of a large fraction show narrow-line optical spectra with line ratios reminiscent of
Galactic H II regions (e.g., Joseph & Wright 1985); even those that show LINER

or Seyfert nuclear spectra often exhibit substantial evidence for starburst activity in
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the area immediately surrounding the nucleus (e.g., Veilleux et al. 1995; Boksenberg
et al. 1977; Cutri et al. 1984; Wilson et al. 1986; Ashby, Houck, & Matthews 1995).
Several near- and mid-IR spectral features also point to significant star formation:
many LIRGs exhibit deep absorption in the 2.3 ym ro-vibrational absorption bands
of CO, which are believed to arise in the photospheres of red supergiants (Rieke
et al. 1985; Lester, Harvey, & Carr 1988; Ridgway, Wynn-Williams, & Becklin 1993);
many also exhibit str('mg silicate absorption at 10 um and a bright emission feature
at 3.3 pm that are commonly observed in starburst galaxies and frequently absent in
optically-selected Seyferts and quasars (Lebofsky & Rieke 1979; Roche et al. 1984;
Rieke et al. 1985). Global ratios of IR luminosity to CO luminosity comparable to
those in high-mass star formation cloud cores in the Milky Way—implying gas deple-
tion timescales of <10% yr—also suggest that powerful starburst activity is occurring
in most LIRGs (Sanders et al. 1991). The strongest evidence suggesting that star
formation is actually the dominant source of luminosity is that most LIRGs closely
follow the tight correlation between far-IR and non-thermal radio fluxes seen for the
disks of spiral galaxies (Sanders & Mirabel 1985; Helou, Soifer, & Rowan-Robinson
1985). Even those LIRGs that exhibit raw ratios of far-IR to radio flux too high to
fit this correlation agree with it after their radio flux is corrected for the free-free ab-
sorption at frequencies above 1.4 GHz that likely plagues these very compact objects
(CHYT). After correction for this effect, only 1 of the 40 LIRGs studied by CHY'T
does not follow the spiral galaxy far-IR/radio correlation, a result which suggests

starburst-dominance in the vast majority of LIRGs.
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1.2.2.2. AGNs

Despite the proliferation of evidence for powerful starbursts in LIRGs, Sanders et al.
(1988) argue that the most luminous LIRGs—the “ultraluminous” objects, Lz >
10'? Lgy—are dominantly powered by dust-enshrouded quasars. The best case for
this is the one LIRG that CHYT found to disagree with the spiral far-IR /radio cor-
relation: the Seyfert 1 galaxy Mrk 231, which, at Lig = 3.5 x 10'? Ly is the most
luminous c;bject in the local universe (Sanders et al. 1988). Not only is its radio
emission, after correcting for free-free absorption, too strong for its far-IR emission
relative to star-forming galaxies, but its radio source is variable on timescales of years
(Condon, Frayer, & Broderick 1991), implying an extremely compact size of ~1 pc.
Many other LIRGs also show evidence for the existence of dust-enshrouded AGNs,
especially amongst the highest luminosity objects (Sanders et al. 1988), but also at
more moderate luminosities. The most direct evidence is that a significant fraction
of LIRGs show nuclear emission-line optical spectra that are classified as Seyfert 1,
Seyfert 2, or LINERs (e.g., Veilleux et al. 1995). Some objects that show only rel-
atively narrow emission lines at optical wavelengths reveal broad lines at near-IR
wavelengths where the dust extinction is decreased (e.g., DePoy et al. 1986). Rel-
atively flat cm-wave radio spectra have also been interpreted as evidence for the
presence of AGNs (e.g., Gehrz, Sramek, & Weedman 1983), though CHYT argue
that free-free absorption in very compact starbursts can also explain the flat cm-wave

spectra. Many LIRGs show compact, cm-wave VLBI radio cores (Lonsdale, Smith, &
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Lonsdale 1993). In fact, Lonsdale et al. (1995) claim that LIRGs follow the same re-
lation between core radio power and bolometric luminosity as do radio-quiet quasars,
albeit with large scatter. They argue that enshrouded AGNs may thus account for
the bulk of the IR luminosity—especially if the far-IR/radio correlation is due to
“fundamental properties of the dusty gas,” rather than a common link to star for-
mation. On the other hand, Rieke (1988) argues that the weakness of hard X-ray
emission from LIRGs‘ implies that AGNs are not energetically significant; however,
subsequent high-resolution observations of the molecular gas in Arp 220, IC 694, and
the bulk of the objects presented in this thesis have revealed that the gas column
densities in front of the nucleus are so great as to extinguish even hard X-rays. So
it remains uncertain if the AGNs produce more energy than the nuclear starbursts
that are often simultaneously observed. It is also possible that the AGNs and nuclear

starbursts are intimately related via a process that is not understood.

1.2.2.3. Other possibilities

Two other mechanisms have also been proposed to power at least some LIRGs: the
kinetic energy of colliding galaxies (Harwit et al. 1987) and the interstellar radiation
field from the old stellar population (Thronson et al. 1990). The former hypothe-
sis was designed to explain the commonly observed LINER optical spectra and the
powerful near-IR H, lines seen in some LIRGs such as NGC 6240. CHYT point out,
however, that this mechanism requires a special collision geometry (face-on) that im-
plies an luminosity source extended over several kpc, contrary to the compact sources

(< 1 kpc) seen in most LIRGs. Also, the observed space density of LIRGs is difficult
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to explain with the short timescales for the high-luminosity phase in this scenario (few
108 yr). Thronson et al. (1990) argue that the old stellar population from two merging
galaxies provides a substantial portion of the luminosity in the Ligr = 6.6 x 101 Lg
object NGC 6240. Again, however, the compact nature of the radio and mid-IR
emission argues against this mechanism playing a significant role in the majority of
LIRGs, especially when combined with the abundant and prominent evidence for the

more exotic phenomena described above.

1.3. The importance of studying the molecular gas

Whatever the nature of the luminosity source of LIRGs, the dense concentrations of
molecular gas in their cores likely serve as the fuel. It is therefore important to learn
more about the spatial distribution, kinematics, and properties of the molecular gas
in order to better understand the phenomena that are occurring at the cores of these
mysterious objects. In particular, parameters of starburst models can be constrained,
revealing whether or not it is possible for star formation to be the dominant luminosity
source. Furthermore, CO emission of such extreme surface brightness is not seen in
any other known objects; LIRGs thus provide a laboratory for studying the behavior
of the molecular gas in extreme environments not found anywhere else.

Two crucial parameters for constraining starburst models are the total nuclear
mass and the nuclear molecular gas mass. The difference between the two is the
maximum mass allowable in the form of already-formed stars. This number, together

with the IR luminosity, constrains the age and initial mass function of the starburst
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(e.g., Scoville & Soifer 1991). The gas mass constrains the future evolution of the
starburst.

The total nuclear mass can be measured dynamically with maps of any spectral
line that probes the entire nuclear region. Due to the large extinction at optical and
near-IR wavelengths, radio and mm-wave spectral lines—in particular CO J =1 — 0,
the brightest non-maser tracer of molecular gas—are the most easily observed lines
that can do this. A m;ajor uncertainty in the observational estimate of the dynamical
mass arises if the gas is aspherically-distributed, so that inclination effects can cause
the observed line width to be smaller than the actual range of velocities. If the gas
distribution can be spatially resolved, however, its geometry can be modeled and the
inclination uncertainties minimized.

The nuclear molecular gas mass is significantly harder to reliably estimate. As
an initial guess, many authors have used the empirical conversion factor from CO
luminosity to molecular gas mass as measured for Milky Way GMCs. It has long
been understood, however, that this conversion factor may not apply to molecular gas
where the cloud densities or CO brightness temperatures are substantially different
than for local GMCs or where clouds are not self-gravitating (e.g., Dickman, Snell, &
Schloerb 1986). The molecular gas cores in LIRGS are almost certainly much hotter
and denser and at higher pressure than GMCs in the Milky Way disk. Also, due to
the powerful activity, the interstellar ultraviolet radiation field is much more intense.
Without observational demonstration, there is no compelling reason to expect the

same gas mass conversion factor to be appropriate in such an extreme environment.
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Previous observational estimates of the gas mass conversion factor in LIRGs have
produced ambiguous results. Radford, Solomon, & Downes (1991) use single dish
observations of the CO 2—1/CO 1—0 ratio in four LIRGs (IC 883, Arp 220, Mrk 231,
and VII Zw 31) to argue that the conversion factor is within a factor of a few of the
Galactic value. On the 6ther hand, Shier, Rieke, & Rieke (1994) estimate dynamical
masses in two LIRGs (NGC 1614 and IC 694) using the dispersion of the stellar
A2.3um CO absorptibn- bands and claim that the conversion factor is 4-10 times
smaller than the Galactic value. In fact, neither of these studies is definitive. Aperture
synthesis observations of Mrk 231 reported here (Chapter 2) reveal that the brightness
temperature of the CO is at least 34 K and likely much bigher, contradicting the
inference of Radford et al. that T3 is only ~10 K and raising the possibility that the
Galactic conversion factor overestimates the gas mass. The claim of Shier et al. is also
highly doubtful, because they assume isotropic velocity distributions and relatively
little internal extinction at near-IR wavelengths in LIRGs; in fact, as I argue in
Chapter 3, the mean extinctions through the nuclei of LIRGs are likely to be several
magnitudes or more, and it is therefore unlikely that near-IR tracers reveal the full
range of velocities.

By resolving the gas distributions and probing through the entire nucleus, aper-
ture synthesis observations of the molecular gas in LIRGs can provide improved esti-
mates of the total nuclear mass and the nuclear molecular gas mass—two of the most

crucial parameters for understanding if starbursts provide the energy that powers
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the LIRGs. Knowledge of the properties of the starbursts in LIRGs will also con-
tribute understanding to the broader problems related to starbursts—in particular,

the formation and evolution of galaxies.

1.4. Thesis overview

With this motivation, I undertook an observational study of the spatial distribution,
kinematics; and propérties of the molecular gas in luminous IR galaxies for my Ph.D.
thesis. The best and brightest tracer of the entire molecular gas content is the 115 GHz
CO J =1 — 0 transition. Prior to this work, due to the relatively large distance of
all but the very nearest LIRGs, only a handful had been mapped in CO 1—0 with
the resolution necessary to resolve the compact molecular gas distributions (2-4", or
1-2 kpc at 100 Mpc; see Scoville et al. 1991). Furthermore, only a single LIRG, Arp
220, had been mapped at such high-resolution in a tracer of high-density molecular
gas—HCN 1—0 in this case (Radford et al. 1991), and none had been mapped at this
resolution in higher rotational transitions such as CO 2—1. The brightness of high-
density tracers relative to CO provide qualitative estimates of the mean density of the
molecular gas, while observations of higher rotational transitions help to constrain the
excitation of the gas in addition to providing superior resolution. When I began my
thesis, these observations were becoming more feasible due to the rapid improvements
in the sensitivity and the number of baselines of the Owens Valley millimeter array.

Thus I have incorporated such observations into this work, in addition to the high
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signal-to-noise, high-resolution CO 1—0 observations that provide the fundamental
starting point for studies of molecular gas.

The bulk of this thesis constitutes papers I have written for publication in peer-
reviewed journals. Chapter 2, previously published in a similar version as Bryant
& Scoville (1996a), contains the description and analysis of high-resolution aperture
synthesis CO 1—0 and CO 2—1 maps of the Seyfert 1 merger remnant Mrk 231—
the most luminous gélaxy in the local universe and the LIRG that is most likely to
be energetically-dominated by an AGN. The emphasis of the conclusions has been
altered slightly from the published version to improve the fit of Chapter 2 within
the broader context of this thesis. Chapter 3, to be published as Bryant & Scov-
ille (1996b), contains the results of a high-resolution aperture synthesis survey of
7 LIRGs ranging in luminosity from 3.2 x 10* to 3.5 x 10'? L, five of which are
mergers and two of which are members of interacting pairs of galaxies. This sur-
vey more than doubles the number of LIRGs for which high-resolution (~2") CO
spectral line maps have been published and reveals further exceptionally-massive and
compact gas cores. Chapter 4, to be published as Bryant & Scoville (1996c), de-
scribes the results of an aperture synthesis survey of the high-density tracer emission
in six of the systems studied in the Chapter 3. The HCN 1—0 line was imaged
in 6 objects, HCO* 1—0 in 3, and CS 1—0 in one. Measurements of the 3 mm
radio continuum are also presented here, and the extra constraints they place on

starburst models are discussed. In conclusion, Chapter 5 summarizes the results of
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the thesis and presents possibilities for future work. The Appendix, originally pub-
lished as an appendix to Bryant & Scoville (1996a), describes a detailed theoretical
analysis of the behavior of the conversion factor from CO luminosity to molecu-
lar gas mass; the variation of the conversion factor relative to the empirical value
is studied in several different gas configurations and in different physical environ-

ments.
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Chapter 2

The Molecular Core of Markarian 231

2.1. Introduction

Luminous infrared galaxies constitute a significant population in the local universe
(Soifer et al. 1986), yet the source of their luminosity remains uncertain: nuclear
starbursts (Rieke et al. 1985), dust-enshrouded quasars (Sanders et al. 1988), and
the kinetic energy of colliding galaxies (Harwit et al. 1987) have all been proposed.
A possible clue to the nature of the luminosity source is that galactic interactions
(Sanders et al. 1988; Lawrence et al. 1989) and powerful, yet highly-compact CO
emission (e.g., Scoville et al. 1991) appear to be intimately associated with the high
infrared luminosities. According to numerical simulations, a strong interaction be-
tween two galaxies, at least one of which is gas-rich, can cause the rapid accumulation

of large amounts of molecular gas in the nuclear regions (Barnes & Hernquist 1991).
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This massive gas concentration can then serve as the fuel for a powerful starburst, a
central AGN, or both. High resolution observations of the spatial distribution and
kinematics of the molecular gas in these systems yield critical constraints on the cen-
tral concentration of the molecular gas, its physical conditions, and the dynamical
mass of the nuclear region. These constraints can then provide understanding of the
nature of the luminosity source and the evolutionary status of these systems.

The CO J = 1 — 0 transition is the most easily observed tracer of the total
molecular gas content in galaxies, yet only a few luminous infrared galaxies have
been observed in this transition with the angular resolution necessary (~2") to re-
solve the kiloparsec-size central concentrations of molecular gas (e.g., Scoville et al.
1991 and references therein). We have therefore undertaken a high-resolution imaging
survey of a sample of luminous IR galaxies in the CO 1—0 transition. With followup
observations in the CO J = 2 — 1 transition we can achieve a resolution of approxi-
mately 1”. This paper presents the first results of this project—on the ultraluminous
galaxy Mrk 231.

Mrk 231 (UGC 8058) is an unusual object, even amongst the population of lumi-
nous IR galaxies. At a distance of 174 Mpc (using Hyp = 75 km s™! Mpc™ and the
Virgocentric flow model of Aaronson et al. 1982), Mrk 231 is the most luminous object
in the local universe, with an infrared luminosity, Lir (8~1000 um), of 3.5 x 10'2 Lg
(see Sanders et al. 1988). From its optical morphology, the galaxy appears to be
the product of a recent merger—it is an asymmetrical object with two linear, low

surface brightness features that may be tidal tails (Hutchings & Neff 1987; Sanders
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et .al. 1987; Hamilton & Keel 1987). The optical spectrum of the Seyfert 1 nucleus
of Mrk 231 shows further peculiarities, including highly reddened continuum and line
emission (Ay = 2, Boksenberg et al. 1977), strong Fe II emission, very little narrow
line emission, and several systems of low ionization absorption lires at blueshifts up
to 8240 km s~! relative to the systemic velocity (Adams & Weedman 1972; Boksen-
berg et al. 1977; Rudy, Foltz, & Stocke 1985; Boroson et al. 1991). One of these
absorption‘ line systezﬁs is variable on a time scale of a few years (Boroson et al. 1991;
Kollatschny et al. 1992). Also, the X-ray (0.1-4.5 keV) to bolometric luminosity ratio
of Mrk 231 is two orders of magnitude lower than other broad line galaxies (Eales &
Arnaud 1988). Finally, several observations directly suggest that Mrk 231 contains
large amounts of gas and dust in the vicinity of its nucleus: it possesses a very broad
neutral hydrogen line, entirely in absorption, with a full width at zero intensity of
240 km s~! (Heckman, Balick, & Sullivan 1978), a strong 10 um silicate absorption
feature (Roche, Aitken, & Whitmore 1983), and a bright, previously unresolved CO

emission region immediately surrounding the nucleus (Scoville et al. 1989).

2.2. Observations

Our observations were carried out at the Owens Valley millimeter array at Big Pine,
California, between 1993 April 28 and 1993 May 14 in the CO 1—0 transition, and
on 1995 January 2 in the CO 2—1 transition. During the earlier period, the array
consisted of four 10.4m telescopes; on the latter date, five telescopes (of the six

telescope array) were in operation. Table 2-1 lists details of the observations. For
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Table 2-1. Observational parameters for Mrk 231

Pointing center (B1950.0) .........c......... RA 12k 54™055.01, Dec 57°08'38".1
Center of passband ........cccveevumreennnnne cz = 12660 km s™?!

Bandwidth of spectrometer................. 464 MHz

Resolution ..coeeeevveereirneccineccieneccaenneeees 4 MHz

Dates of tracks....ccceevveeirociecrnnnniirnnnnns 28 Apr 1993 CO 1—-0 4 telescopes

06 May 1993 CO1-0 4
14May 1993 CO1-0 4
02 Jan 1995 CO2-1 5

CO 1—0, good spatial frequency (uv) coverage was achieved by tracking Mrk 231 for
several ho1;rs on both sides of transit using two configurations of the array, while for
CO 2—1, a single configuration was used. Data were obtained simultaneously with
a digital spectrometer and an analog continuum correlator (500 MHz bandwidth in
1993; upgraded to 1000 MHz bandwidth by 1995). The digital correlator consists
of four independent modules (Padin et al. 1993). For our observations, the modules
were set up to cover adjacent, partially-overlapping, portions of the IF, covering a
bandwidth of 464 MHz with 116 clean frequency channels. A single field (HPBW =
63" at 110.6 GHz) was observed, centered at the position of the peak centimeter-wave
emission (Condon et al. 1990), and the phase calibrator (1150+497) was observed
every thirty minutes.

Initial phase, passband, and flux calibration of the data was done using Owens
Valley millimeter array software (Scoville et al. 1993). The instrumental passband was
derived from spectra of the bright quasars 3C 273, 3C 454.3, and 3C 279. The absolute
flux scale was determined from integrations on Uranus and Neptune, after correcting

the planet fluxes for resolution effects. We estimate the accuracy of the flux calibration
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to be 10% at 110 GHz and 15% at 220 GHz. For CO 1—0 only, we performed self-
calibration of the antenna phases on the line-center emission using the CIT DIFMAP
software package (Shepherd, Pearson, & Taylor 1994); a 30-minute averaging time
was used to achieve sufficient signal-to-noise ratio for each gain solution. Following
calibration, we subtracted the continuum emission from the uv data with the task
‘UVLIN’ from the NRAO AIPS software package, using the average of two regions
of line-free emission (120 MHz for CO 1—0 and 80 MHz for CO 2—1) on either
end of the spectrometer bandwidth. We extracted continuum uv data near 111 GHz
from the entire spectrometer bandwidth in the opposite sideband to the CO 1—0
emission and from the line-free portion of the spectrometer in the same sideband.
We extracted continuum data near 222 GHz from the analog correlator data in the
opposite sideband to the CO 2—1 and from the line-free spectrometer channels in the
same sideband. After Fourier transforming the line and continuum uv data, channel
maps were deconvolved using the CLEAN algorithm, as implemented in the AIPS

task ‘MX.

2.3. Results

2.3.1. CO line emission

Maps of the integrated CO emission and the intensity-weighted mean velocities in Mrk
231 are presented in Figure 2-1 for CO 1—0 and Figure 2-2 for CO 2—1. Quantitative
properties derived from the CO maps are summarized in Table 2-2. The CO 1—0

emission is only barely resolved by the 2”.5 x 2”.0 beam, and the deconvolved source
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Figure 2-1. Aperture synthesis maps (uniform weighting) of CO 1—0 emission from the nucleus
of Mrk 231. The reference point for the right ascension and declination axes is 12P 54™ 05°.01,
+57°08'38".1 (B1950.0), representing the position of the peak of the 1.49 GHz continuum flux
(“4”; Condon et al. 1990). The hatched ellipse at lower left represents the half-power beam size.
(a) Velocity-integrated emission; contours are uniformly spaced at 2.12 Jy beam~! km s~ intervals,
starting at 4.24 Jy beam™! km s~2. (b) Mean velocities (intensity-weighted); contours are uniformly
spaced at 20 km s~ intervals and are labeled relative to cz = 12660 km s~*. To produce these maps,
we smoothed the data cubes to eight times the inherent velocity resolution (from 5.4 to 43.4 km s~1)
and blanked pixels below 20 (28 mJy).

size is required to be under 1”.5. The velocity map indicates a significant east-west
velocity gradient, however, and the CO 2—1 map, at much higher resolution, confirms
this structure. In CO 2—1, the source is well resolved in the east-west direction by
the 0”.8 beam, showing a deconvolved size of 1”.0 + 0”.1. At the adopted distance,
this size corresponds to a radius R = 420 pc. The source is still only marginally
resolved along its minor axis, showing a deconvolved size of 0”.3 & 0”.2. The velocity
gradient is much stronger in the CO 2—1 map, and it is closely aligned with the

major axis of the CO emission distribution. The CO velocity gradient also matches
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Figure 2-2. Same as Figure 1, but for CO 2—1. (a) Velocity-integrated emission; contours are
uniformly spaced at 4.23 Jy beam ™! km s~ intervals, starting at 8.46 Jy beam™! km s™. (b) Mean
velocities (intensity-weighted); contours are uniformly spaced at 20 km s~ intervals and are labeled
relative to ¢z = 12660 km s~!. To produce these maps, we smoothed the data cubes to eight times
the inherent velocity resolution (from 5.4 to 43.4 km s™!) and blanked pixels below 2¢ (66 mJy).

the direction and slope of that seen optically in the extended narrow line gas (Keel
& Hamilton 1995).

Spectra measured in an aperture containing the entire emission are depicted in
Figure 2-3. Both lines are consistent with having Gaussian profiles with a full width
at half maximum Av = 186 km s™!; however, the CO 2—1 line is redshifted by
22 + 6 km s™! relative to CO 1—-0.

The integrated CO 1—0 flux detected by the millimeter array is 62 Jy km s,
corresponding to a CO 1—0 luminosity Lig = 5.0 x 10° K km s7! pc?; the integrated
CO 2—1 flux detected is 180 Jy km s~!. Both of these numbers are about 65% of the
fluxes detected by single-dish telescopes (Radford, Solomon, & Downes 1991; Aalto-

Bergman 1995). While the existence of extended CO emission cannot be ruled out,
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Table 2-2. Mrk 231 CO line emission parameters®

CO 1-0 CO 2-1
Synthesized beam .......c.ccccc...... 2".5 x 2.0, PA 64° 0".80 x 0”.73, PA 109°
Gaussian fit to source................ 2".7 x 2”2, PA 105° 17.2 x 0”.8, PA 73°
Source size (deconv.)........oueeenee. <1".5 1”7.0 x 0”.3, PA 69°
B (€Z) ereemeenrerermrrresreeeeeeeesenane 12645 (4) km s~! 12667 (4) km s™?
AVEWHM -eveeerervveesoncennneeeroncaannns 186 (9) km s™? 189 (10) km s™!
OO cevaeemmremreneeeeee e e 62 Jy km s™! 180 Jy km s™!
Tl peakresrereeseesmersesssnsssnssssrens 47K 14 K

a Numbers in parentheses are formal uncertainties from Gaussian fits to the line profiles.

given the combined uncertainties in the single dish and interferometer flux scales of
around 20%, it is not required.

The peak beam-diluted brightness temperature of the CO 1—0 line is 4.7 K above
the background, while that of the CO 2—1 line is 14 K. If we assume that t}£1e lower-J
transition arises from the same regions as the higher-J transition so that the area of
the (unresolved) 1—0 source is the same as the measured area of the 2—1 source, then
the intrinsic brightness temperatures are Ty 10 ~ 83 K and Ty 21 = 33 K. These
numbers are highly uncertain, however, since one dimension of the CO 2—1 source
is nearly unresolved. If instead we utilize the 30 upper limit to the deconvolved area
of the CO 2—1 source (1”.20 x 0”.66), we can place confident limits: Ty 3.0 > 34 K
and Ty o, > 19 K. If the CO 1—0 source is larger than the CO 2—1 source, then
the lower limit to T} 1.0 is somewhat smaller than the value quoted above.

We have not detected CO emission in either transition at the position of the
“secondary nucleus”—roughly 3".5 south of the Seyfert nucleus (Armus et al. 1994).
The possibility still exists that this region shows CO emission outside our bandpass

(cz = 12030-13290 km s™!), because one of the two optical narrow line components
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Figure 2-3. Average spectra of the CO 1—0 and CO 2—1 lines from the nucleus of Mrk 231. We
calculated velocities according to v = (vp —v)/vp, where vy = Vyest /(1 +20), and czp = 12660 km s~*.
In order to compare the line profiles of the two lines, we convolved the natural-weighted CO 2—1
map to the same resolution as the natural-weighted CO 1—0 map (HPBW 3"”.0 x 2".4), and then
extracted the spectra of each line using the same aperture—a rectangle 4”.4 long in the east-west
direction and 4”.0 long in the north-south direction, centered on the phase center.

at this position shows a velocity of 12160 + 200 km s~!(Hamilton & Keel 1987).
If CO 1—0 emission is present is our bandpass at this position, it must have a
peak (beam diluted) surface brightness less than 0.39 K (20) averaged over 8 MHz

(21.6 km s™?) channels.

2.3.2. Continuum emission

We measured the continuum emission in the unresolved core of Mrk 231 to be 49 mJy

at an effective frequency of 109.0 GHz by averaging the line free portion of the up-
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Table 2~3. Mrk 231 continuum emission®

Epoch \ 5109.0 GHz 5223.3 GHz
(UT) (mJdy) (mJy)
98.4 Apr 1993 ooeeeeeeenn.. 48 (6)

06.1 May 1993 ...oereeremnen... 55 (8)

14.2 May 1993 ....oooeeeennn. 46 (6) ..
02.5 Jan 1995 ...cvuieiinieiiannans - 24 (9)

2 Numbers in parentheses are uncertainties that include
both map noise and calibration uncertainties.

per sideband with the entire lower sideband passband. Our data consist of three
separate observations of Mrk 231 over the course of two weeks, and are consistent
with a constant flux to within the calibration errors (Table 2-3). Based on only two
measurements, McCutcheon & Gregory (1978) claimed that the 23 GHz continuum
of Mrk 231 varied by a factor of two in a single day. No other radio frequency mea-
surements of Mrk 231 in the literature suggest such extreme, rapid variability, and
indeed, we see no evidence for such behavior at 109 GHz during the course of our
observations.

Examination of the literature does reveal that the non-thermal continuum of
Mrk 231 is dramatically variable on time scales of months to years at frequencies
from 1.5 to 23 GHz. By extrapolating earlier lower frequency observations (Condon
et al. 1991b; Condon, Frayer, & Broderick 1991a; Israel, Seielstad, & Berge 1988;
Edelson 1987; Preuss & Fosbury 1983; Biermann et al. 1980; McCutcheon & Gregory
1978; Kojoian et al. 1976; Sulentic 1976; Sramek & Tovmassian 1975) to 109 GHz
using a spectral index § = —0.6 (S, x v# Edelson 1987; Kojoian et al. 1976), we

would expect a non-thermal continuum at 109 GHz of anywhere between 18 and
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65 mJy. The 109 GHz continuum is thus consistent with being either entirely non-
thermal or mostly thermal. We are therefore unable to significantly constrain the
contribution of thermal bremsstrahlung emission to the continuum flux at 109 GHz.

We measured the continuum emission at an effective frequency of 223.3 GHz on
2 January 1995 by averaging the line free portion of the lower sideband spectrometer
passband with the upper sideband data from the 1000 MHz bandwidth analog corre-
lator. The resultant map shows a 30 detection of 24 mJy bm™!. If the bulk of the flux
we see at 109.0 GHz is non-thermal (with a spectral index of —0.6), this detection
is consistent with being entirely non-thermal emission (32 mJy would be expected if
Mrk 231 did not vary). If the bulk of the flux at 109.0 GHz is thermal bremsstrahlung
emission (e.g., 18 mJy non-thermal, 31 mJy thermal), then 41 mJy would be expected
at 223.3 GHz for a non-varying Mrk 231; this disagrees with our detection by 20. Un-
fortunately, uncertainties due to the possible variation of Mrk 231’s non-thermal flux

prevent significant constraints on the thermal contribution.

2.4. Discussion

2.4.1. Total nuclear mass

We can estimate the total mass in the CO-emitting region by assuming that the
CO-emitting gas is in dynamical equilibrium with the central gravitational potential
of Mrk 231; however, the dynamical mass estimate is dependent upon the assumed
geometry of the gas. In the Appendix (§A.3), we discuss the derivation of dynamical

mass for two simple geometries: a sphere and a rotating disk.



CHAPTER 2: MRK 231 29

For a spherical gas distribution, the dynamical mass is given by equation A-26.

Using the observed values for the line-width and the CO radius gives
Mgy (sphere) = 3.4 x 10°7'(1 + ¢)™* Mo, (2-1)

where « is a constant of order unity that relates the observed line-width to the physical
velocities in the gas. A probable value for a is 1.5, though it can range from around
0.55 to 2.4 (see §A.2.2). The term ¢ measures the strength of confining pressure
(thermal and magnetic) relative to gravity (see §A.2.1). For gravitationally-bound
clouds, g < 1; clouds confined by external pressure have g > 1.

For a rotating disk, the expression for the dynamical mass is slightly altered (see
equation A-27):

Mjyr(disk) = 3.4 x 10%3* (sin i)™ Mo, (2-2)

where i is the inclination of the disk axis relative to the line-of-sight, and o4 is a
constant similar to «, but for a disk geometry. og4 is nearly equal to one in most cases

(see §A.3).

2.4.2. Nuclear gas mass

Analysis of observations of Galactic molecular clouds shows that the masses required
to gravitationally bind the observed internal motions, MyT, agree well with the gas
masses determined by independent techniques. This result implies that Galactic

molecular clouds are in gravitational virial equilibrium, with the molecular gas mass,
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My, roughly equal to the virial mass, Mvyr. Empirically, My is nearly linearly related
to the CO “luminosity”:

Myt « (Lgo)™® (2-3)

where Lo = [f ThdvdS is the CO brightness temperature integrated over velocity
and area of the cloud (Scoville & Good 1989). Theore;;ica.lly, assuming gravitational
virial equilibrium and optically thick CO line emission, the M, /Lt conversion factor
is proporti(;nal to 7i*/2/T;,, where 7 is the mean density of the cloud, and T} is the
brightness temperature averaged over the face of the cloud (see §A.2.2 and references
therein). Both M, and L¢, are integral quantities for the clouds, and the same result
will hold for observations where many clouds are averaged in a single beam, as long as
the clouds do not shadow each other. Thus, in other galaxies, the M, /Lo conversion
factor will be proportional to a weighted average of #2'/2/T;, over the cloud ensemble,
for clouds in gravitational virial equilibrium.

The environment of the molecular gas in luminous IR galaxies likely is quite
different from that in the Galactic disk, due to much higher radiation energy densities
and the possibility of frequent cloud collisions and shock fronts. There is no a prior:
reason to expect that the value of 7'/2/T;, for molecular clouds in these objects is the
same as seen locally, or even that the assumption of gravitational virial equilibrium
for individual clouds still holds. Furthermore, Downes, Solomon, & Radford (1993)
suggest for the case of Arp 220 that the molecular gas may be distributed smoothly
throughout the entire central region several hundred parsecs in radius rather than in

numerous smaller clouds. Lf, would then no longer directly trace M,, but instead
co g g
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would trace the geometric mean of the gas mass and the dynamical mass; this quantity
will only be the same as the gas mass if the gas mass fraction is nearly unity. The
application of the Galactic M,/L{ conversion factor to luminous IR galaxies as is
often done in the literature is thus a controversial matter.

With this in mind, we were motivated to re-examine how different assumptions
about the gedmetry and physical state of the molecular gas can affect the relation
between Ly and M,, and thus to better understand the uncertainties involved in
the use of the Galactic conversion factor in other galaxies. We consider several cases,
the details of which are given in the Appendix: (1) optically thin CO emission, |
where the results are independent of geometry; and, for optically thick CO emission,
(2) a clumpy gas distribution, and (3) a smooth gas distribution. The optically thick,
clumpy distribution case is also independent of the large-scale geometry in which the
clumps exist; however, this is not the case for smoothly-distributed gas. We consider
two possible geometries for smoothly-distributed gas: (3a) a spherical region, and
(3b) a thin, rotating disk. A summary of some of the results of this analysis of the
behavior of the M,;/L¢ conversion factor is presented in Figure 2—4.

For Mrk 231, the Galactic conversion factor, 4.9 Mg (K km s pc?)~! (Solomon
& Barrett 1991), which we hereafter refer to as the “standard” conversion factor,
yvields a molecular gas mass estimate of 2.4 x 10'® M, in the nuclear concentration.
If this is correct, it implies that a molecular gas mass ten times greater than that
in the entire Milky Way is confined to a region less than a kiloparsec in diameter

about the nucleus of Mrk 231. We need to know how strongly we can trust this gas
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mass estimate before we can begin to understand the nuclear phenomena in Mrk 231.
Below, in an attempt to understand the uncertainties in the standardly-derived value
for the molecular gas mass, we apply the results of our analysis on the behavior of

the conversion factor to Mrk 231.

2.4.2.1. Optically thick CO assumption

For optically thick emission, the relation between Lo and M, depends upon the as-
sumed geometrical configuration of the gas, as discussed in the Appendix. A fortunate
situation exists for Mrk 231, however, that allows us to place constraints upon the ge-
ometry of the gas even though our observations do not yet spatially resolve the struc-
ture of the CO emission. This situation is that the value of M, derived from certain
geometrical scenarios is larger than Myy,. By avoiding this unphysical result, we are

able to significantly constrain models for the geometry of the nuclear molecular gas.

2.4.2.1.1. Spherical gas distribution hypothesis

As described above, the dynamical mass implied by the CO emission of Mrk 231 must
be less than roughly 2.3 x 10° Mg, for a spherical distribution of clumps; however, the
standard conversion factor combined with the observed Ly implies a mass in molec-
ular gas alone of 2.4 x 10'® M. Reconciling these numbers places tight constraints on
the parameter-space allowed for the hypothesis that the gas is distributed spherically

about the nucleus of Mrk 231.
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For both a clumpy and a smooth spherical gas distribution, M, is given by an

expression of the form (see equations A-15 to A-18):
M, =bLo f'/2(1+ )72, (2-4)

where b = (2.57/a/?)(7"/%/T;) Mp (K km s~! pe?)~1, g is the ratio of pressure to
gravitational confinement as defined in the Appendix (¢ = 0 for pure self-gravitating
clouds and ¢ > 1 for pressure-confined clouds), and f is the gas mass fraction
of individual clumps in the clumpy case and of the entire nuclear cloud (which
can be thought of as one large clump) in the smooth case. Note that bLy, is
equal to M, for pure gas clouds in gravitational virial equilibrium (f ~ 1 and
g < 1). Since Galactic disk molecular clouds meet those criteria, M, = b*Lp,
where b* = 4.9 Mg (K km s™! pc?)~! is the standard conversion factor.

For clouds in a spherically-symmetric distribution, we can place three constraints
upon the value of b in Mrk 231. The ﬁrsi: constraint, an upper limit, arises from the
requirement that the nuclear gas mass fraction be less than the single-clump gas mass
fraction. The second, a lower limit, results from direct calculation of b from limits
on the mean density and mean brightness temperature of the gas clumps. The third,
another lower limit, comes from the lower limit to M, obtained by assuming that the
CO emission is optically thin.

First, whether the gas is clumpy or smoothly-distributed, the gas mass fraction
averaged over the entire nucleus, fouc = M,/Mqyy,, must be less than or equal to the

single-cloud gas mass fraction f. This leads to the inequality

, 2
(——bLSO) A+ '<f<1, (2-5
Mdyn
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where M}, = 6v*R/(aG) = 3.4 x 10%a~! My, is the dynamical mass for a spherical
gas distribution uncorrected for any confining pressure (§2.4.1). We later argue that
g < 1 for the molecular gas in Mrk 231, i.e., that pressure confinement is unimportant
(§2.4.2.1.2). In this case, bL{o must be less than or equal to Mj,. Expressing
bLyo for Mrk 231 in terms of the standard conversion factor gives bLyo = 2.4 X

10%°(b/b*) Mg. Hence, inequality (5) implies
b/b* < 0.14a7' =~ 0.09 (2-6)

must hold for Mrk 231. In other words, if the gas is spherically distributed (clumpy
or uniform) in Mrk 231, the maximum value for the molecular gas mass, bL¢(, is only
nine percent of the value given by the standard conversion factor.

A lower limit to the value of b in Mrk 231 can be estimated by using a lower
limit to the mean cloud density and an upper limit to the mean cloud brightness
temperature, since b o 74/2/T;. The dust temperature serves as a useful upper limit
to the brightness temperature of the CO emission at densities of greater than 10° cm™3
since the dust and gas will come into thermal equilibrium with the dust keeping the
gas from cooling. The 60-800 um spectrum of Mrk 231 yields an upper limit to the
dust temperature of 85 K (Roche & Chandler 1993), which we adopt as an upper limit
to Ty. (Note that since Tp, > 19 K for CO 2—1, this requires the area covering factor of
the CO emission to be large—at least 0.2.) A lower limit to the mean cloud density can
be estimated using the lower limit to M, obtained by assuming that the CO emission is
optically thin: Mpi, = 1.3 x10%271 Mg (§2.4.2.2), with £ = Xco/107%, where X¢o is

the relative abundance of CO molecules to H, molecules. If this amount of molecular
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gas were spread uniformly throughout a spherical region of the observed radius, 7
would be 63z~ cm™3; however, this configuration is inconsistent with observations as
it implies Ay =~ 100 (for a normal dust to gas ratio) towards the nucleus of Mrk 231,
yet the Seyfert core is readily observable with Ay =~ 2 (Boksenberg et al. 1977).
Hence the gas must be clumped, and the density of the emitting gas must be higher:
7 = 6327143 cm™2, where ¢v is the fraction that the gas occupies of the volume of
a 420 pc radius sphere about the nucleus. Combining this informatipn with the limit
on T; above implies that b > 0.24(azdv) Y% = 0.20(zév) /2 Mg (K km s~ pc2)~L.
Therefore,

b/b* > 0.049(azdy)™V/? ~ 0.040(zgv) /2 . (2-7)

For this lower limit to be consistent with the upper limit derived above, z¢v >
0.13a = 0.19. Hence, for the spherical gas distribution hypothesis to remain valid,
either the CO abundance or the volume filling factor of the gas must be relatively
large; in fact, Xcomust be greater than 1.9 x 10~ for any value of ¢v less than 0.1,
and Xco must be greater than 1.5 x 107° in any situation.

An additional lower limit to the value of b/b* in Mrk 231, one that is independent
of the assumed geometry, comes from the optically-thin limit to the molecular gas
mass, M. Since bLyo is the maximum possible value for M, bLco must be greater

than Mp;,. This condition implies
b/b* > 0.055z7" . (2-8)

This lower limit on the value of b in Mrk 231 can only be reconciled with the upper

limit above if z > 0.39a = 0.59, i.e., Xco > 5.9 x 107>, This is a slightly tighter
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constraint on the CO abundance than the one derived in the previous paragraph, and
is independent of the volume filling factor of the gas.

The preceding analysis provides strong constraints on the hypothesis that the gas
is spherically distributed about the nucleus of Mrk 231. This hypothesis forces the
product of the CO abundance and the volume filling factor of the gas to be relatively
high, despite the fact that the gas must be clumped to allow us to see the Seyfert
nucleus optically. This éondition cannot yet be confidently ruled out since Mrk 231
is an extremely luminous and unusual object. For example, starburst activity could
contribute to a super-abundance of CO relative to Hy (Xco > 107%). A spherical

geometry for the gas in Mrk 231 remains a possibility, albeit an unlikely one.

2.4.2.1.2. Gas disk hypothesis

As an alternative, we hypothesize that the molecular gas occupies a rotating disk.
Note that the velocity gradient is aligned with the major axis of the emission dis-
tribution, which is consistent with this hypothesis. In this section, we consider the
implications of the disk hypothesis on the mass conversion factor and on other prop-
erties of such a disk.

If the gas disk consists of discrete clouds, whatever the large-scale geometry, M,
is given by equation 2-4, and pressure-confinement may reduce the mass conversion
factor; however, the pressure needed for this effect to be significant in Mrk 231 is quite
large. Figure 2-5 graphically depicts how the parameters I, X;, and ¢ are related
for given value of b (hence for given value of #*/2/T;). The optically thin mass limit,

Min = 1.3%x10° Mg, implies a minimum gas surface density of 2.4 x 103z~! Mg pe~2.
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Figure 2-5. This figure illustrates how the pressure confinement term g affects the derived value
for the gas mass (represented by the gas surface density X; on the abscissa) for a population of gas
clumps in virial equilibrium with fixed values of 7 and 7}, and hence fixed values for b oc 2'/2/T},.
For the purposes of this diagram, the parameters z and f (see text) have both been fixed at 1.0.
As described in the text, the ordinate Il./k represents the total thermal and magnetic confining
pressure. Thin solid lines trace the loci of b/b* = 0.055 (lower limit), 0.333, and 1.0. (b* is the
standard, Galactic Mg/Lco conversion factor.) Dashed lines trace loci of constant g; the thick
solid line at ¢ = 1 represents the boundary between gravitationally-confined clumps (lower right)
and pressure-confined clumps (upper left). The dash-dot line represents the optically thin lower
limit to the gas surface density (for z = 1, i.e., Xco = 10%), and thus the shaded region of the
parameter space is ruled out by the CO observations. For pressure confinement to be important for
the molecular gas in Mrk 231, Il/k must be over 2.8 x 108 cm™* K (for z = 1 and f = 1). For
the purposes of comparison, note that the interstellar pressure in the local Galactic disk lies three
orders of magnitude below the bottom of the diagram.
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Defining Il .i; as the value for the total confining pressure needed to have ¢ = 1,
equation A-12 implies IL, crie/k > 2.8 x 10°f~'z~2 cm™3 K. This confining pressure
can consist of either magnetic or thermal pressure or a combination of both. Pure
magnetic confinement would imply external field strengths of over a milligauss—
nearly three orders of maénitude greater than the Galactic magnetic field (e.g., Han
& Qiao 1994; Rand & Lyne 1994; Thomson & Nelson 1980; Manchester 1974)—unless
COis supér—abundant relative to Hs.

Pure thermal pressure confinement is only consistent with the data for Mrk 231
if the molecular gas surface density is near the lower end of the permitted values. If
we assume that the confining medium is at a temperature of 5 x 10" K (4.3 keV),
the minimum Il implies a thermal bremsstrahlung luminosity of 2.2 x 108 Lo
(Rybicki & Lightman 1979; this assumes that the hot medium occupies a sphere of
420 pc radius); about 64% of this energy would emerge in the Einstein bandpass (0.1-
4.5 keV) in the limit of no absorbing gas column. In fact, Einstein X-ray data yield an
upper limit of 2.0 x 108 Ly, to the 0.1-4.5 keV luminosity of Mrk 231 (Eales & Arnaud
1988; limit converted to Hy = 75 km s~ Mpc™?). If &, is greater than the optically-
thin limit, II, ., is raised, and thus so is the thermal bremsstrahlung luminosity, which
varies as [127%/2. If the gas surface density is even 20% higher than the optically thin
lower limit of 2.4x10° Mg pc™2, the expected X-ray luminosity from free-free radiation
is over twice the observational limit, and an atomic hydrogen column density of over
1022 cm™2 is required (using the absorption cross-sections in Morrison & McCammon

1983); this implies an unreasonable Ay > 5 over the entire nuclear region if the
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dust to gas ratio is normal. (Note that this hypothetical absorption cannot be due
to the molecular gas, which by assumption must be enveloped by the hot medium.)
The data thus rule out pure thermal pressure confinement of the molecular gas for
g > 2.9x10° Mg pc~? with a 5% 107 K confining medium. This constraint is further
tightened if the confining medium has a somewhat lower temperature. Only for hot
medium temperatures above 5 x 107 K and below about 2.5 x 10° K do the constraints
on thermal pressure conﬁnement start to loosen. Therefore, we conclude that pressure
confinement is likely unimportant (¢ < 1) for the molecular gas in Mrk 231.

The inclination of the gas disk in Mrk 231 can be constrained using the expression
for the dynamical mass for a rotating disk (equation 2-2) and the requirement that

the disk mass be less than the dynamical mass. This leads to the constraint:

M p\ 7! '
2 g < dyn —- 1/2 _
sin® < (b*L'co) (b*) (1+4¢)"/°, (2-9)

where M}, = 6v°R/(0aG) = 3.4 x 10°%3" Mo, is the dynamical mass for a rotating

gas disk uncorrected for inclination effects. Taking oy = 1.0 and ¢ < 1 leads to
sini < 0.37(b/b*)~Y/2. If b/b* is near its minimum (optically thin) value of 0.055z7%,
and z = 1 (i.e., CO abundance is approximately that of Galactic GMCs), then M is
then less than Mc’iyn, and ¢ is unconstrained. If b/b* is greater than one-third, however,
then the inclination of the disk axis with respect to our line-of-sight is restricted to be
less than 40°, and if b/b* ~ 1, then 1 < 22°. Since b/b* = M, /M for a self-gravitating
molecular clouds (Equation 2-4), where M, = b*L¢q is the gas mass derived using

the standard conversion factor, a disk of such clouds in Mrk 231 is constrained to be
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within 40° of face-on unless the molecular gas mass is being overestimated by over a
factor of three by the standard conversion factor.

If the nuclear disk in Mrk 231 consists of a smooth distribution of gas rather
than discrete clouds, the constraints on ¢ are somewhat looser. For a self-gravitating
smooth gas disk, the gas mass is given by equation A-22. The inclination constraint
becomes sinitani < 0.4805'(b/b*)~!. Note that b/b*, which relates the ratio of
A2 /T, in a gas distribution to the same ratio in Galactic GMCs, is not equal to
Mg/M; in this scenario; instead, the conversion factor is reduced for similar 7 and
Ti, by roughly a factor of three relative to what it is in Galactic GMCs: M, /Mg =
0.15-0.44(b/b*) (§A.2.4.1). For ag = 1.0 and b/b* > 1/3in a self—gravifating smooth
gas disk, the inclination constraint is ¢ < 59°. While the disk is not constrained
to be face-on in this case, a disk within 30° of edge-on is ruled out unless the ratio
of 71/2 /T, is over a factor of three smaller than in Galactic GMCs. For a non-self-
gravitating smooth gas disk, the gas mass is given by equation A-25. It is not known
explicitly unless the ratio of gas to stellar density at the mid-plane is known. While
this knowledge will generally not be available, as it is not for Mrk 231, the fact
that the gas mass fraction must be less than this density ratio, which in turn must
be much less than one (so that the disk is indeed non-self-gravitating), allows the
inclination of a Mrk 231 gas disk to be constrained as in the scenarios considered
above: sinitani < 0.38a3'(b/b*)~!. For ag = 1.0 and b/b* > 1/3, the constraint is
i < 54°. In either of these smooth disk scenarios for Mrk 231, if the ratio b  7#/T}

for the molecular gas is within a factor of three of the value for Galactic GMCs, the
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gas disk cannot be within 30° of edge-on to our line-of-sight—the larger the value of
b, and hence the larger the amount of molecular gas, the more the disk is constrained
to be face-on.

The entire preceding discussion has assumed no a prior: knowledge of the incli-
nation of a gas disk in Mrk 231. The aspect ratio of the CO 2—1 emission, however,
yields independent information. That ratio is 1.0/0.3 = 3.3, which implies 7 = 73°.
For such a nearly edge-on orientation, Mgy is only 3.7 x 10° Mg, requiring that
that the molecular gas mass be over six times smaller than indicated by the standard
M, /Lo conversion factor (2.4 x 10 Mg, §2.4.2). The minor axis measurement is
highly uncertain, however, so it is quite possible that the inclination is as low as 45°
(aspect ratio 1.41), though it is unlikely that is much lower than that. In this case,
My is still only 6.8 x 10° M, and the molecular gas mass is required to be 3.6 times
smaller than the value given by the standard conversion factor.

As argued above, pressure-confinement is unlikely to be contributing to such an
overestimate. Instead, a likely cause is the very high brightness temperature of the
CO emission (T, > 34 K, §2.3.1)—because the conversion factor for gravitationally-
confined gas clouds is proportional to T, ! (Equation 2-4). As the conversion factor is
also proportional to 7*/2, high densities can act to counter the effect of high brightness
temperature. The brightness temperature effect likely triumphs in Mrk 231, though,
as the CO 2—1/CO 1—0 line temperature ratio of 0.7 (see Figure 2-3; Radford et al.
1991), considered together with the high brightness temperatures, suggests that the

mean density of the bulk of the CO-emitting gas is not much over 10 cm™3.



CHAPTER 2: MRK 231 43

If the gaseous disk consists of numerous clumps of gas, collisions between these
clumps would create a viscosity that would cause mass to flow inward. In fact, this
effect can account for the infall rate necessary to power Mrk 231’s luminosity via
accretion onto a central black hole. To obtain a rough estimate of the size of this
effect in a molecular disk in Mrk 231, we use the expression for the mass infall rate
in a viscous disk given in Canzian (1990) and assume constant kinematic viscosity,
constant mass surface density, and a rotation curve that is solid body at the inner
radius, and flat at the outer radius of the disk. A rotation curve similar to this would
be expected if the gas disk constitutes most of the nuclear mass, as seems likely from
the constraints on M, and Myy,. We estimate the kinematic viscosity in a similar
fashion to Canzian (1990); we take the area covering factor of clumps in Mrk 231 to be
approximately 0.5 (§2.4.2.1.1), and for the scale height, we substitute the expression

for a self-gravitating disk. This results in the mass infall rate

3
vl Oy -1
M= 0.79(———10 S_l) My yrl,

where o, is the (one-dimensional) clump-clump velocity dispersion. Using an accre-
tion luminosity Lycer = 0.1M¢? results in Lacer = 1.1 x 10'2(0,,/10km s71)3 Lg. To
account for the entire luminosity of Mrk 231, o, need be only about 15 km s™2, well
within the range permitted by the observed line width. Hence, while a dominant
starburst contribution to the luminosity of Mrk 231 cannot be conclusively ruled
out (although strong constraints are possible, §2.4.3), a massive, viscous molecular
gas disk can account for the sustained, high accretion rate required to power the

ultraluminous nucleus.
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2.4.2.2. Optically thin CO assumption

A lower limit to the mass of molecular gas can be obtained by assuming that the ob-
served CO emission is optically thin, as we discuss in the Appendix. To estimate the
excitation of the gas, we use the lower limit to the intrinsic peak brightness temper-
ature of the CO 2—1 transition, T}, > 19 K, as a lower limit to the actual excitation
temperature of the gas. By assuming LTE level populations at this excitation temper-
~ ature, we oi)tain a minimum molecular gas mass for Mrk 231, My, = 1.3x10%27! M.
Even this conservative lower limit is comparable to the entire molecular mass of the
Milky Way Galaxy (Sanders, Solomon, & Scoville 1984).

The self-consistency of this number can be checked by estimating the minimum
possible optical depth of this amount of gas in a region of the observed size (equa-
tion 2-6), which occurs for the case of the gas spread uniformly in a spherical re-
gion. Using the upper limit to the dust temperature from Roche & Chandler (1993)
(§2.4.2.1.1) as the upper limit to the LTE excitation temperature and the lower limit
to Tp1—0 of 34 K (§2.3.1), the minimum optical depth of the CO 1—0 emission is
approximately 0.1. This illustrates that the gas in Mrk 231 is so concentrated that,
even for the smallest permitted gas mass, only a relatively modest degree of clumping

results in optically thick gas.

2.4.3. Constraints on starburst luminosity

Whether a nuclear starburst or a Seyfert AGN can account for the bulk of the lu-
minosity of Mrk 231 has not vet been established. Several observations indicate a

large amount of recent star formation, including blue continuum colors and relatively
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strong stellar absorption features in regions surrounding the nucleus (Adams 1972;
Kodaira, Iye, & Nishimura 1979; Hamilton & Keel 1987). Double-peaked (800 km s~*
separation, Boksenberg et al. 1977; Hamilton & Keel 1987) [O II] A3727 and [O III]
A5007 narrow emission lines in nearby regions suggest a superwind-like outflow that
could be caused by a massive starburst (Lipari, Colina, & Macchetto 1994). Fur-
thermore, Cutri, Rieke, & Lebofsky (1984) state that the strong silicate absorption
feature seen in Mrk é31 seems to be typical of starburst galaxies, and Hutchings
& Neff (1987) claim that the OH megamaser seen by Baan (1985) is evidence for
ongoing starburst activity. Mrk 231 also shows ample evidence for the presence of
a compact non-thermal AGN, however. Both its radio (Condon et al. 1991a) and
optical continuum (Miller 1979) are variable on time scales that suggest a source size
of less than a parsec. Centimeter-wave VLBI observations directly reveal a compact
core that contributes a large fraction of the radio flux of Mrk 231 (Preuss & Fos-
bury 1983; Neff & Ulvestad 1988; Lonsdale, Smith, & Lonsdale 1993; Taylor et al.
1994). In an attempt to quantitatively estimate the relative contribution of a star-
burst and an AGN to the bolometric luminosity of Mrk 231, Cutri et al. (1984) model
the near-infrared spectrum of Mrk 231 as a linear combination of the spectra of M82
(starburst) and NGC 4151 (Seyfert 1.5) and conclude that the luminosity of Mrk 231
is divided roughly equally between starburst and Seyfert activity. Such a spectral
modeling technique is necessarily highly uncertain, especially in view of its ambigu-
ous results; the relative contribution of starburst and AGN activity to the luminosity

of Mrk 231 thus remains undetermined.
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An ultimate aim of our study of the molecular gas in luminous infrared galaxies
is to use starburst models in conjunction with data on the molecular gas (which
provides the fuel for star formation) to place constraints on the fraction of the infrared
luminosity which can be generated in a starburst. If one can constrain this fraction
to be much less than uhity in a number of objects, this would be a major piece of
evidence in favor of the dust-enshrouded quasar hypothesis (Sanders et al. 1988). The
compact, variable ra.d;io source in Mrk 231 suggests that the Seyfert 1 AGN, and not
star formation, powers the dominant fraction of its infrared luminosity (Condon et al.
1991b). Hence Mrk 231 is a good candidate for attempting to constrain the starburst
luminosity to be much less than L.

We estimate the ratio, Lg,/M,, of starburst luminosity to the total mass of stars
in a starburst by using the constant-rate starburst model of Scoville & Soifer (1991).
The results depend upon the upper and lower cutoffs of the stellar IMF (m,, my;
shape is assumed to be Miller-Scalo) and the age of the starburst (fs,). Maximizing
the luminosity of a starburst of a given mass requires a very young and top-heavy
IMF; for instance, Lg,/M, is as large as 600 Ly Mg ™! for tg, = 107 y1, my = 3 Mo,
my = 80 Mg. (In Mrk 231, any starburst is unlikely to be much younger than 107 yr,
since the dynamical time scale for its nucleus is 840pc /186 km s =~ 5 x 108 yr.)
Even for such an extreme IMF, the total stellar mass is required to be 6 x 10°fy, Mg,
where f, denotes the fraction of the 3.5 x 10*2 Ly luminosity of Mrk 231 that is

supplied by starburst activity. Along with the derived values for the dynamical mass
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(§2.4.1), this reasonable lower limit to the expected stellar mass of a starburst imposes
tight constraints on fgp.

For the spherical large-scale gas distribution discussed in §2.4.2.1.1, the upper
limit to Mgy, is 2.3 X 10° M. Hence, fg, must be less than ~0.4. In fact, if we allow
for the minimum amount of gas (1.3 x 10°z~! Mg, §2.4.2.2), fip must be less than
0.17 unless CO is both super-abundant and optically thin. Thus, the spherical gas
distribution hypothesis requires a powerful additional source of luminosity in Mrk 231
besides starburst activity. For older and less top-heavy starburst IMF's, M, is even
greater, and this constraint is tightened.

We can also constrain fg, in Mrk 231 for the gas disk hypothesis if we adopt an
inclination for the disk. We conservatively adopt i = 45°, though the CO 2—1 axis
ratio suggests the inclination may be more edge-on (§2.4.2.1.2). (A more edge-on
inclination would tighten the following constraint on fg,.) The dynamical mass for
a disk of this inclination is 6.8 x 10° My. For normal CO abundance, the minimum
gas mass pushes the available mass in stars down to 5.5 x 10° M. This is roughly
comparable to the lower limit given above to the stellar mass of the starburst with
the luminosity of Mrk 231. Any starburst in Mrk 231 is likely to be significantly older
than 107 yr, however, even if it does have a top-heavy IMF. For an age of 5 x 107 yr,
the lower limit to the stellar mass rises to 1.0 x 10 £, My, and thus the upper limit
to fsp falls from unity to ~0.5.

Our observations thus indicate that only for very extreme circumstances can a

starburst account for the bulk of the luminosity in Mrk 231. The molecular disk must
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be distributed in a disk at an inclination of 45° and the starburst must be less than a
few 107 yr old and have a very top-heavy IMF. More edge-on disk inclinations tighten
the starburst constraints further, while more face-on inclinations disagree with our
measurement of the aspect ratio of the CO 2—1 emission. This result is consistent
with the suggestion by Condon et al. (199b) that Mrk 231 is dominated by compact

(~1 pc) AGN.

2.5. Conclusions

Our high-resolution CO 1—0 and CO 2—1 observations of the extrgmely luminous IR
galaxy Mrk 231 have resolved a compact emission region with a diameter of around
1”.0 (840 pc). In both transitions, a significant velocity gradient is seen closely aligned
with the major axis of the emission distribution. The area covering factor of the CO
emission must be greater than ~0.2 due to the high brightness temperature of the
emission (T} 10 > 34 K, and possibly is as high as 83 K). No emission is detected in
either transition at the position of the “secondary nucleus” described by Armus et al.
1994, roughly 3".5 south of the Seyfert nucleus.

In order to more fully understand the uncertainties involved in converting the ob-
served CO luminosity into a molecular gas mass, we have analyzed in detail the behav-
ior of the M /Lo conversion factor for a variety of different geometries and physical
conditions. The main results of this analysis as applied to Mrk 231 are the following.

1. The large-scale distribution of the nuclear molecular gas in Mrk 231 cannot

be spherically-symmetric unless the product of the CO abundance relative to Hs
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(Xco) and the volume filling factor (¢v) is high: (Xco/10™4)¢y > 0.19. If the large-
scale gas distribution is indeed spherically symmetric, the standard, Galactic Mg/ Lo
conversion factor must be overestimating the molecular gas mass by at least a factor
of 11. Also, in this case, a starburst can generate no more than forty percent of the
Lr of Mrk 231, suggesting that the Seyfert 1 AGN would be the dominant luminosity
source. A uniform spherical distribution of gas and dust is ruled out from comparison
of the obseived visualt ektinction to the nucleus with the extremely large obscuration
expected in this case.

2. The large-scale distribution of the nuclear molecular gas is likely disk-like.
The aspect ratio of the CO 2—1 emission constrains the inclination of this disk to
be 45° or more from the line-of-sight. The molecular gas mass is thus required to
be less than 6.8 x 10° My—3.6 times less than the value derived from the standard
value of the conversion factor. For such a gas disk, a starburst cannot account for the
majority of the luminosity of Mrk 231 unless it is younger than a few 107 yr and has
a very top-heavy IMF, so that Ly, /M.2300 Ly Mg~!. This is consistent with the
suggestion of Condon et al. (1991) that the luminosity of Mrk 231 is dominated by
a compact (1 pc) AGN. Along these lines, we show that a massive, viscous accretion
disk with properties consistent with the molecular gas in Mrk 231 can account for the
accretion luminosity necessary to power the infrared luminosity of Mrk 231.

Irrespective of the large scale geometry of the nuclear molecular gas, we conclude:

3. Thermal and magnetic pressure confinement of clumps are unlikely to account

for a significant lowering of the M, /L, conversion factor below the Galactic value.
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The medium required for thermal confinement would, via thermal bremsstrahlung,
produce a higher X-ray luminosity than is reported by Eales & Arnaud (1988) unless
Mg is within a factor of two of the optically thin lower limit or the gas temperature
of the confining medium is outside the range 2.5 x 10° K to 5 x 107 K. Magnetic

confinement requires fields of over a milligauss over a region 420 pc in radius.
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Chapter 3

High-Resolution CO Observations of
Luminous Infrared Galaxies

3.1. Introduction

The discovery of large concentrations of molecular gas at the cores of luminous in-
frared galaxies (e.g., Scoville et al. 1991 and references therein) has revealed a strong
candidate for the fuel powering these enigmatic objects. The source of their lumi-
nosities of 3 x 10! L, or more remains uncertain, with the leading candidates being
compact nuclear super-starbursts (Rieke et al. 1985; Joseph & Wright 1985; Con-
don et al. 1991, hereafter CHYT) and dust-enshrouded active nuclei (Sanders et al.
1988b; Lonsdale, Smith, & Lonsdale 1995). Using spatially- and velocity-resolved
observations to constrain the properties, distribution, and kinematic behavior of the

molecular fuel, one can better understand whether the gas is capable of supporting
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an outburst of star formation luminous enough to power the bolometric luminosity,
or whether a dust-enshrouded AGN is necessary. Because of the distance of the clos-
est of these objects (50-150 Mpc) and the small size (<1 kpc) of the molecular gas
complexes, 2-3” angular resolution is required to significantly resolve the central gas
concentrations. Such resolution has become possible with millimeter arrays in the
last few years.

The most easily ob‘served tracer of molecular gas is the CO J = 1 — 0 transition at
115.3 GHz, yet only a handful of luminous infrared galaxies have been imaged at such
high resolution (Scoville et al. 1991; Sargent & Scoville 1991; Yun, Scoville & Knop
1994; Yun & Scoville 1995). In order to enlarge this sample, we have undertaken a
high-resolution survey of several luminous IR galaxies in several molecular transitions.
Our observations of the CO J =1 — 0 and CO J = 2 — 1 transitions in Mrk 231,
the most luminous object in our sample, are presented in Chapter 2. Chapter 2 also
contains an extensive discussion of the analysis techniques for deriving molecular gas
masses and the gas conditions. In the present paper, we present the results of our
observations of the CO 1—0 transition for six additional luminous infrared galaxies:
NGC 2623, IC 883, NGC 6090, NGC 6240, NGC 7469, and NGC 7674. In §3.2 we
describe how the sample was selected; in §3.3 we discuss the observations and the
data reduction; in §3.4 we present the results of the observations, with a discussion of
each individual object; in §3.5, the implications of these results on our understanding
of the general population of luminous infrared galaxies are discussed; and in §3.6 we

present a summary of our conclusions.
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3.2. Sample selection

The sample of seven objects was chosen from galaxies with Lig > 10'*° Ly in the
original and extended IRAS Bright Galaxy Samples (BGS1 and BGS2). for which
single dish CO 1—0 data exist (Sanders, Scoville, & Soifer 1991; hereafter SSS). BGS1
and BGS2 together include galaxies over nearly the entire sky above galactic latitudes
of 5° with F,(60 pm) > 5.24 Jy (Soifer et al. 1986, 1989; Sanders et al. 1995). SSS
obtained siilgle dish CO 1—0 data for a large number of the most luminous of the BGS
galaxies; they observed 43 out of 69 BGS1 objects with L (8-1000 pm) > 10*! L,
plus 6 additional objects from BGS2 in the same luminosity range. SSS selected
these objects based on sky position at the time of observation, so their sample is not
biased by any galaxy properties. From this list of luminous IR galaxies observed in
CO 1—-0, we selected our sample. Interested in the most luminous objects, but those
close enough so that we could resolve kpc-size structures, we set a lower luminosity
limit of 10"1-% L. This resulted in a reasonably large set of objects, which we narrowed
down by selecting objects closer than 125 Mpc, plus the extraordinary object Mrk 231
at a distance of 174 Mpc. In this final selection, we also biased our choices towards
single nucleus or close double nucleus systems so that only one pointing center was
required, and towards high declination objects so that deconvolution of the aperture
synthesis images would be more straightforward.

Table 3-1 summarizes some of the basic properties of the seven luminous infrared
galaxies we have studied. The distances used in this paper are those quoted by SSS,

which were calculated using the Virgocentric flow model of Aaronson et al. 1982, with
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Table 3-1. Basic data for the galaxy sample

spectral interaction  nuclear

object D Lir class class® separation  common aliases ref®
(Mpc) (Lo) )
1) 2 3 4 &) (6) (M ®
NGC 2623 ..... 76.1 3.5x10'! LINER M1 UGC 4509, Arp 243, VV 79 1
Mrk 231 ........ 1739 3.5 x 1012 Sy1 M1 UGC 8508 2
IC 883 ......... 97.8 4.0 x 101! Hu M1 UGC 8387, Arp 193, VV 821 3
NGC 6090 ..... 123.3 3.2 x 1011 Hu M2 5.8 UGC 10267, Mrk 496, VV 626 4
NGC 6240 ..... 100.9 6.6 x 1011 LINER M2 1.5 UGC 10592, VV 617 5
NGC 7469 ..... 664 4.0 x 10! Sy 1 1 80 UGC 12332, Arp 298, Mrk 1514 6
7

NGC 7674 ..... 115.3 3.2 x 1012 Sy 2 1 33 UGC 12608, Mrk 533, Arp 182
. VV 343a, HCG 96a

Columns: (1) object; (2) distance, using Ho = 75 km s~* Mpc~! and the Virgocentric flow model of Aaronson
et al. 1982; (3) infrared lurninosity from 8-1000um, as quoted in Sanders et al. 1991; (4) optical spectral class of
nuclear emission lines; (5) morphological interaction class (e.g., Sanders et al. 1991); (6) angular separation of double
nucleus at radio wavelengths (optical for NGC 7674/HCG 96c and NGC 7469/IC 5283); (7) common aliases, from
the NASA/IPAC Extragalactic Database; (8) reference for the optical spectral class.

Notes: :

2 M1: merger, single nucleus; M2: merger, double nucleus; I: member of interacting pair, non-overlapping disks.

b Spectral class references: (1) Heckman et al. 1983; (2) Boksenberg et al. 1977; (3) Liu & Kennicutt 1995; (4) Maz-
zarella & Boroson 1993; (5) Heckman, Armus, & Miley 1987; (6) Khachikian & Weedman 1974; (7) Mazzarella
& Balzano 1986.

Hy =75 km s™! Mpc™!. Except for ultraluminous Mrk 231 at 3.5 x 10'2 L, they all
have L in the range from 3.0 to 6.6 x 10*! L. Based on their optical morphology,
five objects are classified as mergers and two as interacting pairs (SSS). Two of the
mergers—NGC 6090 and NGC 6240—are known to have double nuclei. The nuclear
optical spectra cover a wide range of types (see Table 3-1)—Seyfert 1, Seyfert 2,
LINER and H II-—underlining the uncertainty in the luminosity source of luminous

infrared galaxies.

3.3. Observations

The CO observations were performed with the Owens Valley millimeter array at Big

Pine, California. The array was expanded from 3 to 6 telescopes during the period of
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Table 3—2. Summary of CO 1—0 observations

pointing center center of dates no. of synthesized beam
(B1950.0) passband®* of tracks telescopes natural uniform
object a é cz HPBW PA HPBW PA
(km s=1) ) "

NGC 2623 ... 8B35™255.27 +25°55'50".2 5538 1993 Sep 18 3.46 x 2.43 98° 2.54 x 1.89 95°
1993 Dec 31

1994 Feb 16°

Mrk 231°..... 12P54™055.01 +57°08'38”.1 12660 1993 Apr 28
1993 May 06
1993 May 14

IC 883 ........ 13818™m175.03 +34°24'04".5 7000 1993 Apr 24
) ‘ 1993 May 16

1993 Jun 23

1993 Dec 10

NGC 6090 ... 162 10™24%.56 +52°35'05".2 8831 1993 Feb 03
1993 Jun 10
1994 Jan 15°

NGC 6240 ... 168 50™275.862 +2°28'587.87 7335 1993 Jan 01
1993 Jan 26
1993 Apr 16
1993 May 22
1993 Jun 15
1993 Dec 15

NGC 7469 ... 232 00™ 4454  +8°36'16".0 4963 1993 Jul 04

NGC 7674 ... 23P25m 24541 +8°30'12".6 8669 1992 Dec 16
1992 Dec 30
1993 Feb 06
1993 Apr 14
1993 Jun 11
1993 Jun 12
1995 Dec 20
1995 Dec 29
1996 Jan 08

2.97 x 2.41 67° 2.51 x2.03 68°

3.81x3.23 95° 2.41x1.90 98°

3.21x2.19 90° 2.69x1.83 89°

493 x4.12 11° 3.32x2.38 90°

8.33 % 6.28 175°
3.47 x 2.40 102°  3.21 x 1.77 97°

RO R BB R WW b BB BRW bR G bR R R UG

Notes:

a All spectrometer data has 112 channels of 4 MHz (10.7 km s~!) bandwidth.
b Data affected by time round-off error; see text for explanation.

¢ Maps and results discussed in Chapter 2.

the CO 1—0 observations—from 1992 Dec to 1994 Feb. In order to obtain sufficient
spatial frequency (uv) coverage to produce reliable aperture synthesis images, tracks
of 6 to 12 hours were taken on each galaxy using several different configurations of
the telescopes. Occasionally, duplicate tracks were obtained in a single configuration
when poor atmospheric transparency or poor coherence reduced the quality of the

data or when scheduling conflicts caused a track to be prematurely ended. Table 3—-2
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lists the pointing and passband centers for each object, as well as the dates and
number of operational telescopes for each track. Data were recorded simultaneously
with a digital spectrometer and a 1 GHz analog continuum correlator. (For data
obtained prior to 1993 Sep, the bandwidth of the analog correlator was 500 MHz.)
The digital spectrometer consists of four independent modules (Padin et al. 1993),
which were arranged to cover adjacent, partially-overlapping, sections of the IF. In
this way, the spectrométer covered a bandwidth of 464 MHz (~1240 km s™!) with 116
clean frequency channels of 4 MHz resolution (~10.7 km s™!). The half-power width
of the primary beam is 66” at 112.5 GHz, so only a single pointing center for each
object, centered at or near the position of the peak of the centimeter-wave continuum
emission (Condon et al. 1990; Carral, Turner & Ho 1990), was needed. To remove
time-dependent atmospheric and instrumental phase drifts, we observed unresolved
quasars near in the sky to the sample objects every thirty minutes.

Phase, passband, and flux calibration were performed using the OVRO millimeter
array software (Scoville et al. 1993). Instrumental passbands were derived from the
spectra of bright quasars (e.g., 3C 273, 3C 454.3, 3C 345), and the absolute flux scales
were obtained from integrations on Uranus or Neptune, correcting the planet fluxes
for resolution effects. The uncertainty of the flux calibrations are roughly 10%.

After the uv data for each track had been calibrated and the tracks combined into
a single dataset for each object, spectral line maps were made using the NRAO AIPS
and CIT DIFMAP (Shepherd, Pearson, & Taylor 1994) software packages. For objects

in which continuum emission was detected in the line-free spectrometer channels, we
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subtracted a constant continuum value from each uv data point with the AIPS task
‘UVLIN.’ The properties of the millimeter-wave continuum emission are discussed in
§4.3.2. Using the AIPS task ‘MX,’ we Fourier transformed and deconvolved—with
the CLEAN algorithm—the individual channel maps to produce CO 1—0 data cubes
for both natural and uniform weighting of the uv data. (For NGC 7469, we only have
data in a single configuration, and the difference between the two weighting cases
is minimal; hence we 'used only natural weighting for this object.) The synthesized
beam half-power widths (HPBW) for both weightings are listed in Table 3-2 for each
object. Absolute positions in the final maps should be accurate to within 0”.5. For.
the five-telescope tracks on NGC 2623 and NGC 6240, we used DIFMAP to perform
self-calibration of the amplitudes and phases on the line-center emission. Comparison
of the maps produced with and without self-calibration reveals that self-calibration
had little effect upon the final data cubes.

Two of the CO 1—0 tracks—one for NGC 2623 in an intermediate-resolution
configuration and one for NGC 6090 in a high-resolution configuration—are corrupted
by a time round-off error that was present in the observing software at the time of the
observations. Approximately every 10 minutes, a random timing error from +50 to
—50 milliseconds was introduced. This real-time error has two detrimental effects on
the data (DeGeus 1994): (1) decorrelation of the signal due to random phase jumps,
and (2) beam smearing in the direction of right ascension due to random position
errors. The first effect is proportional to the instantaneous length of the projected

baseline in the east-west direction (u), while the second effect is proportional to the
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cosine of the source declination. For the corrupted track on NGC 2623, the longest
east-west baseline is only 115 m, so the decorrelation problem is not overly severe
(213%) and was corrected by self-calibration. The beam smearing, while impossible
to correct, amounts to less than a second of arc—significantly less than both the final
synthesized beam size and the deconvolved source size, which are both around 2".5.
To verify that the east-west structure seen in our CO map of NGC 2623 is not due
to this smearing, we mapped the object using only the two tracks unaffected by the
round-off error (one of which was in a high-resolution configuration) and achieved
the same result. The corrupted NGC 6090 track contains east-west baselines up to
200 m, and thus it is more seriously affected by the time round-off error. We discarded
all data with Ju| > 50 kA (11% of the data in the track) to bring the maximum
decorrelation to less than 8%. (Because we did not perform self-calibration on this
object, we used a more stringent decorrelation criterion than for NGC 2623.) Due
to the high declination of NGC 6090, the beam smearing amounts to only 0”.6. This
is three times smaller than the smallest dimension of the synthesized beam and ten
times smaller than the observed source size; the smearing thus has a negligible effect

on the final map.

3.4. Results

3.4.1. General

Measured quantities from the aperture synthesis images of the seven galaxies are

listed in Table 3-3 for the global CO emission and in Table 3—4 for the core CO com-
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Table 3—-3. Global CO 1—-0 properties

object Fr or Feq Fr/Fs reference®
(Jy kms~1) () (Jy km s™%)
® (2 (3 (4) (5) (6)
NGC 2623 ..ueiiiiiniiiiiiiiiiciiiiiiniianeens 153 1.8 110 1.4 1
Mrk 2310 e 62 <1.5 97 0.64 2
IC B83 Lot 202 4.1 220 0.9 3
NGC 6090 -.ccovneneeerarenaiiaeeninaeeenenaens 169 31° 99¢ 1.7d 1
NGC 6240 cuuevviiiiiiiiiiiiiiiciiineiiinaes 324 28¢ 277 1.2 2
NGC 7469 .eovriiiaaiiic ittt cericancreaaanenn 317 4.6 220¢ 1.4¢ 1
NGC 7674 ..... Coverterneenanaas eeeeraeaaas 85 22¢ 92 0.9 1

Columns: (1) object; (2) total CO flux detected by the Owens Valley millimeter array observations; (3) maximum
(deconvolved) extent of the integrated CO emission in the natural weight maps; (4) single dish CO flux; (5) ratio of
the interferometer to the single dish CO flux; (6) reference for the single dish CO flux.

Notes:

2 References for single dish CO fluxes: (1) Sanders et al. 1991; (2) Solomon, Downes, & Radford 1992; (3) Mazzarella
et al. 1993. The first reference directly quotes neither Fyq (Jy km s—1) nor a calibration constant (Jy K1), so we
have re-calculated Fyq from the quoted Fco (K km s~!) and the primary beam of the telescope used (see Gordor,
Baars, & Cocke 1992).

b See Chapter 2.

¢ The maximum size scale to which the interferometer is sensitive is 25-30", so the total CO extent may be greater
than these numbers, though due to the large values of Fr/Fyq, any undetected component is almost certainly 2 small
fraction of the total CO flux.

4 The published single dish spectrum shows a line width only two-thirds of that seen in the current observations.

€ The quoted line width of the single dish spectrum is only three-fourths of that seen in the current observations.

ponents which dominate each object except NGC 7674. Selected derived quantities
are presented in Table 3-5. The CO 1—0 data for five of the objects studied here are
displayed in Figures 3-1 to 3-15 and Figures 3-17 to 3-20. For Mrk 231, CO 1—-0
and CO 2—1 are presented and discussed in detail in Chapter 2; for NGC 7469, our
CO 1—0 map is of higher signal-to-noise, but lower spatial resolution, than the earlier
map of Sanders et al. (1988a), and so is not shown here.

For all the galaxies except NGC 6090, the aperture synthesis maps have recovered
64-140% of the single dish flux (see Table 3-3)—consistent with the entire single
dish flux within the large relative calibration uncertainties (~20%). In NGC 6090,

however, the array sees 70% more flux. The discrepancy is likely due to spectral
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Table 3—4. Core CO 1—0 properties

coordinates of peak

object F. fe 6c (B1950.0) FWHM FW20 eZmid
(Jy km s™1) " a s (kms™1) (kms™!) (kms™!)

(1) (2) (3) 4) (5) (6) (7 (8) 9

NGC 2623 .... 153 1.0 1.8x1.5 8h35m 25528 425°55'50"”.3 317 (21) 423 5540
Mrk 231>...... 62 1.0 1.0x0.3>  12h54m055.00 +57°0838".1 186 (9) 296 12645
IC 883 ......... 202 1.0 41x22 13 18m 175,00 +34°24'03".5 388 (18) 454 6995
NGC 6090 .... 96 0.57 5.4 x 3.0 16" 10™245.36 +52°35'03".8 138 (6) 322 8849
NGC 6240 .... 185 0.57 1.6x15 16850m275.83 +2°28'58"”.1 469 (15) 731 7313
NGC 7469 ..... 317 1.0 4.6 x 3.9 23h 0™ 445,42 +8°36'167.2 273 (3) 346 4917
NGC 7674 .... 12 0.14 <(1.6x0.9) 23225m24538 +8°30°12".8 147 (16) 192 8669

Columns: (1) object; (2) CO 1—0 flux of the core component; (3) fraction of the interferometer CO flux in the core
component; (4) deconvolved major and minor axis of the core component; (5) peak value of the velocity-integrated
CO flux; (6)-(7) coordinates of the peak; (8) line profile full width at half maximum at the position of the peak;
(9) kine profile full width at 20% maximum at the same position; (10) line profile midpoint at 20% maximum at the
same position.

Notes:
2 See Chapter 2.
® From CO 2—1 map (Chapter 2).

baseline uncertainties in the single dish data, since the single dish spectrum of SSS
shows a significantly narrower line width than our data. Thus, there is no compelling
evidence for any missing flux in the CO data presented bere.

The synthesized beam resolves the CO emission in each object in our sample. In
six of the seven objects, nearly all of the detected CO emission is concentrated within
a region smaller than 1.6 kpc in radius. In Mrk 231, NGC 2623, and NGC 6240,
the small sizes of the powerful CO cores (R, < 0.42 kpc) rival those seen in Arp 220
(Scoville et al. 1991; Scoville, Yun, & Bryant 1996) and IC 694 (Sargent & Scoville
1991; Aalto et al. 1996).

The morphology of the CO emission varies with the interaction class of the object
in this small sample. The three single nucleus mergers in our seven-object sample

(Mrk 231, NGC 2623, IC 883) exhibit no CO emission outside the core component.
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Table 3-5. Derived quantities

total core
object dr M r R Mg, Mayn M7 /Mayn <Z;.> <Ag> Ipe
(kpc) (10° M)  (kpc) (10° M) (10° Mg) (Mg pc~?) (mag) (K)
1) 2) (3) ) (5) (6) (7N (8) 9 (10)
NGC 2623 ..... 0.66 104 0.33 10.4 5.37 1.9 21000 56 1
Mrk 2312....... 0.84 216 0.42 21.6 3.38 6.4 27000 72 34b
IC 883 .......... 1.92 22.7 0.96 22.7 22.6 1.0 5400 14 10
NGC 6090 ..... 18.5 29.9 1.61 17.0 4.60 3.7 2600° 6.9 7
NGC 6240 ..... 13.7 386 0.39 22.1 14.3 1.5 32000 85 17
NGC 7469 .....” 1.46 16.5 0.73 16.5 8.46 2.0 6800 18 8
9.534 1.7¢
NGC 7674 ..... 12.3 13.2 <0.45 1.86 1.50 1.2 >2100 >5.4 11
26.3¢ 0.07¢

Columns: (1) object; (2) maximum linear extent of CO emission; (3) total mass of molecular gas seen by the array,
estimated using the standard Mg/L(, conversion factor; (4) linear semi-major axis of core CO component; (5) mass
of molecular gas in the core, estimated using the standard conversion factor; (6) dynamical mass of the core, estimated
for a spherical geometry from the observed line width and radius; (7) ratio of molecular gas mass to dynamical mass
in the core; (8) mean molecular gas surface density in the core, using a source area of 7R2/1n2; (9) mean K-band
(A2.2um) extinction through the core implied by the molecular gas column density, assuming a standard extinction
law (e.g., Mathis 1993); (10) minimum CO 1—0 excitation temperature in the core.

Notes:

2 From CO 1—0 and CO 2—1 maps (Chapter 2).

b Assumes that CO 1—0 arises from 2 smaller area than the 3¢ upper limit on the CO 2—1 source size: 17.2 x 0" .66
(Chapter 2).

¢ Calculated using the deconvolved source solid angle.

9 Disk with an axis inclined 47° to the line-of-sight.

¢ Disk with an axis inclined 17° to the line-of-sight.

The two double nucleus mergers (NGC 6240 and NGC 6090) show low-level CO
emission outside the core, extended over scales greater than 10 kpc. NGC 6090, with
the widest double nucleus of the mergers, possesses the CO distribution with the
largest core radius (1.6 kpc). On the other hand, the two objects that are members
of interacting pairs exhibit different morphologies from each other: NGC 7469 shows
all of its CO emission within a radius of 0.73 kpc, and resembles the mergers in that
sense; NGC 7674, on the contrary, is the only object to show the bulk of its CO

emission extending out to a large fraction of its optical disk radius.
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For disk molecular clouds in the Milky Way, the molecular gas mass is nearly
proportional to the CO luminosity (Scoville & Good 1989). We have used the empir-
ical constant of proportionality, 4.9 Mg (K km s~! pc?)~? (e.g., Solomon & Barrett
1991), which we hereafter refer to as the “standard conversion factor,” to make initial

estimates of the masses of the molecular gas concentrations, M, = M(H; + He):
M =1.20 x 10* Foo Digpe (1 +2)"1 [Mog)] (3-1)

(A superscripted asterisk to M, and other quantities refers to the use of the standard
conversion factor.) In equation 3-1, Fgo is the interferometric spatial- and velocity-
integrated CO flux in Jy km s™!, Dy is the adopted luminosity distance in Mpc,
and z is the redshift. The standard conversion factor that we adopt is equivalent to
N(Hy)*/Ico = 2.25 x 102 ¢cm~? (K km s™1)~1.

We also have used the CO sizes and line widths to dynamically estimate the total
mass in the cores of these objects, Myyn (see Appendix A). The dynamical masses in
Table 3-5 have not been corrected for inclination effects except where noted.

In the cores of the five mergers, M is either comparable to or significantly greater
than Mgy, and for Mrk 231 and NGC 6090, Mg is many times greater than Mgyx.
This unphysical result can be explained either by inclination effects causing Mgyn
to underestimate the true dynamical mass (e.g., if we are viewing a gas disk whose
rotation axis is nearly along our line-of-sight) or by the standard conversion factor
causing M; to overestimate of the actual gas mass, or by a combination of these
effects. For Mrk 231, in Chapter 2, we use a detailed analysis of the behavior of the

CO conversion factor to argue that M is unlikely to be overestimating the gas mass
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by the minimum factor of 6.4 required, and thus conclude that much of the M /My,
discrepancy in that object is due to inclination effects, a conclusion supported by
the relatively narrow CO line width of 186 km s~ FWHM. For NGC 6090, similar
conversion factor arguments fail to place as strong constraints on the possible overes-
timate of the gas mass— primarily due to the smaller discrepancy between Mg and
Mayn and the order of magnitude smaller 1. Nonetheless, inclination appears to be
the principal culprit m causing Mayn to be smaller than M;: the CO line width of
NGC 6090 is an exceedingly narrow 138 km s~!—remarkable due to the relatively
large extent (3.2 kpc) of the bright CO emission; the optical morphology of NGC 6090
further reinforces the suggestion that we are viewing this merger from a direction close
to its axis of angular momentum. If the angle of inclination between our line-of-sight
and the rotation axis is 30°, the intrinsic line width becomes 276 km s™!, still smaller
than the line widths in IC 883 and NGC 6240, and the dynamical mass estimate
becomes 1.8 x 10 M, roughly equal to M;. Smaller inclinations can raise Mayn
comfortably above M without any appeal to an overestimate of the gas mass. Such
an overestimate, however, remains a possibility.

The nuclear dynamical masses of NGC 7469 and NGC 7674 are also likely being
severely underestimated by Mgy, when no inclination corrections are performed. The
axis of the galactic disk of NGC 7469 is inclined 47° to our line-of-sight (e.g., Genzel
et al. 1995); accounting for this still leaves Mgy, 1.7 times smaller than My (see
Table 3-5). The nuclear ring of starburst emission from which much of the CO

emission arises (§3.4.2.5; Meixner et al. 1990), however, appears nearly circular and
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may be at a significantly smaller inclination angle (cf. Genzel et al. 1995). If the
inclination of the ring is only 25°, Myy, becomes significantly larger than M and no
gas mass overestimate is required. The disk of NGC 7674 is also very nearly face-on
to our line-of-sight; correcting for this large effect on the observed line widths reveals
that M is less than 10% of May, in the nucleus. NGC 7674 is thus the only object in
our sample in which the molecular gas is obviously not the dominant mass component
in the core.

On the other hand, the appeal to viewing angle to resolve the discrepancy between
M; and Mgy, fails in several of the galaxies studied here. In at least two, and probably
three, galaxies in the sample, the standard conversion factor must be overestimating
the gas mass by a significant number. In Mrk 231, the CO 2—1 observations reveal a
source with an aspect ratio of 3:1, uncertain by 40% (Chapter 2). To be conservative,
we adopt an aspect ratio of 1.5:1, which, if it is an inclined disk, suggests that M is
3.6 times greater than the inclination-corrected dynamical mass. Thus, M; is likely
overestimating the gas mass of Mrk 231 by more than a factor of 3.6. In NGC 6240,
Mg is 1.5 times the dynamical mass implied by the observed line width. Based on
the very broad observed line width (Av = 469 km s~ FWHM), the highly elongated
large-scale optical/infrared morphology, and the prominent dust lane, NGC 6240 is
probably an edge-on system; thus the observed Mgy, should closely approximate the
actual dynamical mass. Hence the true gas mass must be at least 50% smaller than
M;, and, accounting for a likely stellar mass of several 10° M, in its inner few hundred

pc, perhaps significantly smaller still. IC 883 also shows a relatively broad CO line
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width (Av = 388 km s~! FWHM) and a highly elongated optical infrared morphology
indicative of an edge-on orientation. In this galaxy, My ~ Mgy, but if we account
for a reasonable mass of stars within the 1 kpc-radius CO emission region, M; is at
least slightly overestimating the gas mass. While for the other galaxies, the viewing
angle uncertainties do ﬁot require the gas masses to be smaller than M, this remains
a significant possibility given the results for Mrk 231, NGC 6240, and IC 883.

Even if the actuai gas masses are smaller than M, the molecular gas almost
certainly constitutes a major fraction, and possibly the majority, of the nuclear mass.
For this not to be the case, the conversion factor would have to be reduced from the
standard value by factors of over 3-4 or more. In Mrk 231, the most extreme case, the
molecular gas mass is a minimum of 40% of the total nuclear mass, even if CO 1—0
is optically thin (§3.5.1.2) and the molecular gas is taken to be a disk inclined 60° to
our line-of-sight. More conservative choices for either the optical depth of CO or the

viewing geometry raise the nuclear gas mass fraction even higher.

3.4.2. Individual objects

In this section, we briefly summarize previous work on the individual objects, and
we discuss the aperture synthesis CO maps. The discussion of the resuits for the

CO 1—0 and the CO 2—1 maps of Mrk 231 is in Chapter 2.

3.4.2.1. NGC 2623

The prominent, long optical tails of NGC 2623 led Toomre (1977) and Joseph &

Wright (1985) to infer that this system is the product of a strong tidal encounter
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Figure 3-1. CO 1—0 maps of NGC 2623. (a) Velocity-integrated CO emission from the natural-
weight aperture synthesis map. Contours are spaced linearly beginning at 4 Jy beam™! km s71
(b) Velocity-integrated CO emission from the uniform-weight map. Contours are spaced linearly
beginning at 5 Jy beam™! km s~1. (c) First velocity moment map of the CO emission from the
uniform-weight map. Contours are at intervals of 40 km s, and are labeled relative to the central
passband velocity of cz = 5538 km s~1. Relative velocities are calculated by the expression v =
c(v—wyp) /v, where 1y is the central passband frequency, v = vg(1+2)™}, and vz = 115.271204 GHz is
the rest frequency of the CO 1—0 transition. (d) Second velocity moment map of the CO emission
from the uniform-weight map. Contours are spaced linearly beginning at 25 Jy km s™!. The
integrated emission maps were produced by summing over all line channels, while blanking pixels
below twice the RMS noise level. The first and second moment maps were produced in a similar
fashion, but with a blanking threshold of three times the rms noise. The hatched ellipses represent
the half-power beam size, and the bars represent a linear dimension of 1 kpc. The “+” symbol
represents the position of the sub-arcsecond 8.44 GHz continuum emission (Condon et al. 1991).

between two disk galaxies of similar mass. NGC 2623 shows a single, symmetric
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Figure 3-2. CO 1—0 map (uniform weight) in contours, superposed on a grayscale near-infrared
K’ image of NGC 2623 from Sanders et al. 1996. To register the images, we assumed that the peak
of the K’ emission is spatially coincident with the compact radio continuum source. The symbols
have the same meaning as in Figure 3-1.

nucleus in the near-infrared K band (Joy & Harvey 1987), with a radial brightness
profile that closely follows a 7*/4 law out to a radius of 8" (3 kpc; Wright et al. 1990;
Stanford & Bushouse 1991), suggesting that the original nuclei of the two systems
have coalesced into a common merged nucleus. Optical emission lines appear in the
central 5” (1.6 kpc), and show a [N II]/He ratio around unity, implying a significant
degree of shock excitation or a weak LINER source (Joy & Harvey 1987; Bernlhr
1993; Heckman et al. 1983). Since 10 pm photometry in a 5”.7 aperture detects almost

all of the flux seen by IRAS (Wynn-Williams & Becklin 1993), most of the infrared
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Figure 3-3. Position-velocity cut of the uniform-weight CO data cube for NGC 2623 through
the peak of the integrated emission, along position angle 90°. This direction is roughly coinci-
dent with the that of the maximum velocity gradient. Contours are spaced linearly beginning at
34 mJy beam~! (20 for a smoothed frequency resolution of 8 MHz [21.2 km s~!]). Negative con-
tours are shown as dashed lines. The black rectangle represents a single resolution element in both
dimensions.

luminosity likely arises from a small region around the single nucleus. In conjunction
with H — K infrared photometry (Carico et al. 1988), the strength of the nuclear
2.3 um CO absorption bands leads to the interpretation that the nuclear K band
emission is dominated by reddened light from the photospheres of red supergiants
produced in a recent starburst (Ridgway, Wynn-Williams, & Becklin 1994). In fact,
using models of starbursts, several authors have suggested that the powerful infrared

luminosity of NGC 2623 is dominated by a recent nuclear starburst (CHYT; Bernlohr
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1993; Prestwich, Joseph, & Wright 1994). Norris et al. (1990) and Lonsdale, Smith, &
Lonsdale (1993) detect a compact VLBI core in NGC 2623 at centimeter wavelengths
with a size of order a milliarcsecond and brightness temperature greater than 107 K.
This VLBI core, however, is the weakest relative to the infrared luminosity of all the
detected objects in the sample of Norris et al., so the existence of the compact radio
core in NGC 2623 may still be consistent with the interpretation that a starburst
dominates the generaf;ion of the infrared luminosity.

The aperture synthesis CO 1—0 map of NGC 2623 (Figures 3-1 to 3-3) shows
that the CO emission is dominated by a bright, slightly resolved core. The peak of
the CO emission is coincident, within the uncertainties, with the peak of the cm-wave
radio continuum core (0”.38 diameter, CHYT; Eales et al. 1990). Deconvolving the
synthesized beam from the CO source reveals that the source is slightly resolved,
with a major axis of 1”.8 in the north-south direction, and a minor axis of 1”.5.
We estimate the uncertainties of these dimensions to be 0”.3 and 0".5, respectively;
so the CO emission region is consistent with being circular. The velocity gradient
(Figure 3-1c) is roughly east-west, parallel to the major axis of the near-infrared
emission (Figure 3-2). A position-velocity diagram in this direction (Figure 3-3)
hints that the velocities may begin to flatten just before the CO emission cuts off,
consistent with the hypothesis that the molecular gas mass constitutes the bulk of
the mass in the nuclear region. If so, as M;/Mgym = 1.9 in NGC 2623, after allowing
for inclination effects to raise the observed Mayn, M; may only be overestimating the

gas mass by a relatively small factor (<2), if at all. The CO spectrum of the bright
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core (Figure 3-22a) reveals a very flat profile, with a full width at zero intensity of

500 km s~*.

3.4.2.2. IC 883

Previous work on IC 883 suggests that IC 883 is a recently-merged system with a
high star formation rate and a large mass of gas and dust. Like the other objects
in our samble, IC 88?; exhibits a peculiar optical morphology (Arp 1966). Its two
linear optical “jets” show stellar absorption features, and thus are likely to be tidal
tails (Keel 1985). The strong Balmer and [O II] emission lines in the nuclear opti-
cal spectrum indicate a large amount of star formation, while the presence of [O I]
emission indicates a smaller contribution to the excitation from either shocks or a
weak power-law UV source (e.g., Liu & Kennicutt 1995). Further evidence for a re-
cent high rate of star formation is provided by the strong absorption in the 2.3 pym
ro-vibrational bands of CO, suggesting prominent continuum emission from young
supergiants (Ridgway et al. 1994). Like NGC 2623, IC 883 is an example of the for-
mation of an elliptical-like remnant due to a merger: its near infrared K band profile
approximates a r/* profile out to a radius of 19”.5 (9 kpc), though deviations from
the mean profile indicate that the system has not yet completely relaxed (Stanford
& Bushouse 1991). Large quantities of gas in IC 883 are revealed by single dish ob-
servations, which show very bright CO emission (Radford, Solomon, & Downes 1991;
Mazzarella et al. 1993). Indirect evidence for the presence of this gas comes from the

colors of the near infrared continuum, which become progressively redder in H — K
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Figure 3—4. CO 1—0 maps of IC 883. (a) Velocity-integrated CO emission from the natural-
weight aperture synthesis map. Contours are spaced linearly beginning at 4 Jy beam™! km s~L.
(b) Velocity-integrated CO emission from the uniform-weight map. Contours are spaced linearly
beginning at 5 Jy beam~! km s~!. (c) First velocity moment map of the CO emission from the
uniform-weight map. Contours are at intervals of 40 km s™!, and are labeled relative to the central
passband velocity of ¢z = 7000 km s™*. (d) Second velocity moment map of the CO emission from
the uniform-weight map. Contours are spaced linearly beginning at 25 Jy km s~1. These maps were
produced in the same fashion of Figure 3—-1. The hatched ellipses represent the half-power beam
size, and the bar represent a linear dimension of 1 kpc. The bold crossed lines represent the peak
position and the major and minor axis lengths of the 8.44 GHz continuum emission (Condon et al.
1991).

closer to the nucleus, indicating an obscured mixture of emission from stars and warm

dust, and the ratio of Brvy recombination line emission to the thermal radio flux at
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Figure 3—5. CO 10 map (uniform weight) in contours, superposed on a grayscale near-infrared
K’ image of IC 883 from Sanders et al. 1996. The CO emission shows a similar morphology to both
the near infrared and the radio continuum emission. To register the images, we assumed that the
peak of the K’ emission is spatially coincident with the peak of the radio continuum emission. The
symbols have the same meaning as in Figure 3—4.

8.44 GHz, which implies a very large K band dust optical depth of from 1.7 to 14
(Smith et al. 1995).

The aperture synthesis maps of the CO 1—0 emission are presented in Figures 3—-4
to 3-7. The deconvolved CO source size is 4”.1 x 2".2 (1.9 x 1.0 kpc)—significantly
larger than the synthesized beam. Near the CO core and to its south-east, the near-
infrared, non-thermal radio continuum, and the major axis and velocity gradient of
the CO emission are all elongated along a position angle of 322°. To the north-west

of the CO peak, both the major axis and velocity gradient of the CO emission bend
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Figure 3—6. Position-velocity cut of the uniform-weight CO data cube for IC 883 through the peak
of the integrated emission, along the major axis position angle of 329°. Contours are spaced linearly
beginning at 43 mJy beam™! (20 for a smoothed frequency resolution of 8 MHz [21.3 km s~1]).
Negative contours are shown as dashed lines. The black rectangle represents a single resolution
element in both dimensions.

towards the north. The near-infrared K’ band emission exhibits a similar bending
of its major axis in the north-west (Figure 3-5; Sanders et al. 1996), while the non-
thermal radio continuum becomes more diffuse and less collimated to the north-west
than it is in the south-east (CHYT).

The lowest contours of the integrated CO emission show an irregular shape, yet the
brightest emission is remarkably symmetric, suggesting an ordered gas distribution.

The channel maps (Figure 3-7) exhibit the same qualitative behavior as a disk inclined
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Channel maps of the IC 883 uniform-weight CO data cube, binned by 16 MHz
(42.6 km s™!), with the central velocities of each map shown at upper right. Contours are spaced
linearly beginning at 34 mJy beam™! (2.20). As in Figure 4, the bold crossed lines represent the
8.44 GHz radio continuum emission.

at a moderate angle to the line-of-sight (cf. Koerner, Sargent, & Beckwith 1993).

The position-velocity diagram along the major axis of IC 883 (Figure 3-6) reveals,

however, that the kinematics are more complicated than a symmetric rotating disk,

as the north-west region of CO emission exhibits a broader line width and weaker

intensity than the south-east region. This asymmetry shows up in the integrated CO

spectrum as an asymmetry in the line profile (Figure 3-22b).
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3.4.2.3. NGC 6090

Unlike many other luminous infrared galaxies, NGC 6090 shows no evidence at op-
tical or radio wavelengths for a compact AGN. At optical wavelengths, this object
appears as a double nucleus system with an asymmetric disk and two arched tails
approximately one arcminute (36 kpc) in length (e.g., Mazzarella & Boroson 1993).
The nuclei are separated by 6”.4 (3.8 kpc) at B band, and 5”.8 at K band. Maz-
zarella & Boroson (1993) classify the emission line spectra of both nuclei as H II by
the line ratios of [N II}, [S II], and [O I] to Ha. Additional evidence points to current
starburst activity in the core of NGC 6090: the Ho//Lp luminosity ratio (Calzetti &
Kinney 1992), deep CO absorption at 2.3 um (Ridgway et al. 1994), and the spatially
extended non-thermal radio emission (Batuski, Hanisch, & Burns 1992).

The aperture synthesis CO 1—0 map of NGC 6090 shows one dominant compo-
nent, peaking roughly halfway between the two nuclei seen at optical, infrared, and
radio wavelengths (Figures 3-8 and 3-9). The core of the CO emission is well-resolved
and elongated along the direction between the radio nuclei (PA 60°). The deconvolved
major axis (FWHM) is 5”.4 (3.2 kpc), which is very nearly the same as the distance
between the two radio continuum peaks, 5”.3. Perpendicular to the major axis, the
CO emission is also resolved, with a deconvolved size of 3”.0 (1.8 kpc).

The complex shape of the isovelocity contours (Figure 3-8c) indicates that the
velocity field is rather disordered. A position-velocity slice along the major axis
reveals a relatively uniform velocity gradient between the nuclei at low resolution

(Figure 3-10a). Thus, much of the gas in the core of NGC 6090 appears to have
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Figure 3-8. CO 1—0 maps of NGC 6090. (a) Velocity-integrated CO emission from the natural-
weight aperture synthesis map. Contours are spaced linearly beginning at 2.8 Jy beam™! km s™1.
(b) Velocity-integrated CO emission from the uniform-weight map. Contours are spaced linearly
beginning at 2.8 Jy beam™! km s™!. (c) First velocity moment map of the CO emission from the
uniform-weight map. Contours are at intervals of 15 km s, and are labeled relative to the central
passband velocity of cz = 8831 km s™!. (d) Second velocity moment map of the CO emission from
the uniform-weight map. Contours are spaced linearly beginning at 12.5 Jy km s™!. These maps
were produced in the same fashion of Figure 3-1. The hatched ellipses represent the half-power
beam size, and the bars represent a linear dimension of 1 kpc. The two “+” symbols represent the
positions of the peaks of the 1.49 GHz continuum emission (Condon et al. 1990).

relaxed into a coherent structure. Yet some irregularities in the kinematics become

apparent in the position-velocity diagram at higher resolution (Figure 3-10b); in fact,
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Figure 3-9. CO 1—0 map (uniform weight) in contours, superposed on a grayscale near-infrared
K’ image of NGC 6090 from Sanders et al. 1996. The CO emission shows a dramatically different
morphology from either the near infrared or the radio continuum emission. To register the images,
we assumed that the north-east peak of the K’ emission is spatially coincident with the north-east
peak of the radio contiruum emission. The symbols have the same meaning as in Figure 3-8.

Figure 3-10b hints that there may be two distinct velocity components which have
not completely merged yet. Because the merger is still far from completion (evidence
the clearly distinct nuclei at infrared and radio wavelengths, separated by 4 kpc), the
current state of the molecular gas is likely a short-lived phase.

The morphology of the CO emission in NGC 6090 is somewhat similar to that of
the CO emission in VV 114 (Yun et al. 1994). Like NGC 6090, VV 114 shows a ridge
of CO emission between its two infrared nuclei; however, in VV 114 the nuclei are

more widely separated than in NGC 6090 (6 kpc compared to 3.2 kpc in NGC 6090).
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Figure 3-10. Position-velocity cut of the CO data cubes for NGC 6090 through the peak of the
integrated emission, along the major axis position angle of 60°. (a) Natural-weight CO data cube.
Contours are spaced linearly beginning at 26 mJy beam™" (20 for a smoothed frequency resolution
of 8 MHz [21.4 km s™!]). (a) Uniform-weight CO data cube. Contours are spaced linearly beginning
at 31 mJy beam™! (20 for the same frequency resolution). 'Negative contours are shown as dashed
lines. The black rectangle represents a single resolution element in both dimensions.

V'V 114 also shows a larger fraction of its CO emission outside of the central ridge than
does NGC 6090. This gas is suggested to be falling into the nuclear ridge (Yun et al.
1994), and it is possible that VV 114 will eventually evolve to exhibit infrared and

CO morphology more like NGC 6090. A major difference between the two objects is
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Figure 3-11. Channel maps of the NGC 6090 uniform-weight CO data cube, binned by 8 MHz
(21.4 km s™1), with the central velocities of each map shown at upper right. Contours are spaced
linearly beginning at 34 mJy beam™! (2.2¢). The symbols have the same meaning as in Figure 3-8.

the relative distribution of the CO emission and the cm-wave continuum. In VV 114

the radio continuum extends over a similar region to the CO bar, while in NGC 6090

the radio continuum exhibits a double structure with peaks at the two near-infrared

nuclei, (Hummel et al. 1987) rather unlike the morphology of the CO “bar.”

The velocity width of the CO emission is very narrow (Av = 136 km s~! FWHM;

Figure 3-22c). and the dynamical mass implied by the line width is several times less
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than the standard estimate of the mass of molecular gas in the core (see Table 3-5).
This discrepancy is discussed in §3.4.1.

The natural-weight CO map reveals knots of CO along a curvilinear feature to the
north-east of the core, with nearly the same position angle as the core CO emission.
The kinematic gradient in this arc is opposite to that seen in the central CO ridge
(Figure 3-10). A corresponding spur of emission is also visible in optical images of
NGC 6090 (e.g., Mazz:arella & Boroson 1993). This feature is distinct from the tails
noted above. In fact, we do not detect CO along the optical tails, although the buige
in the CO contours north of the position of the eastern nucleus does coincide with

the base of these tails.

3.4.2.4. NGC 6240

NGC 6240 is one of the most extensively studied of the luminous infrared galaxies.
Optically, it appears highly disturbed (Zwicky, Herzog, & Wild 1961) and is believed
to be the merger of two disk galaxies (Fosbury & Wall 1979). A double nucleus is
apparent at optical, infrared, and radio wavelengths, with a projected separation of
1.5-2" that decreases as the wavelength increases (Fried & Schulz 1983; Condon et al.
1982; Carral et al. 1990; Eales et al. 1990; Thronson et al. 1990; Herbst et al. 1990;
Barbieri et al. 1993). The nucleus of NGC 6240 shows a low-ionization spectrum
and has been classified as a LINER by Heckman, Armus, & Miley (1987). In the
near-infrared, the nuclear spectrum shows anomalously bright lines of H, and [Fe II]

and very strong CO absorption bands, while the hydrogen recombination lines are
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Figure 3-12. CO 1—0 maps of NGC 6240. (a) Velocity-integrated CO emission from the natural-
weight aperture synthesis map. Contours are spaced linearly beginning at 4.8 Jy beam™! km s~1.
(b) Velocity-integrated CO emission from the uniform-weight map. Contours are spaced linearly
beginning at 5.9 Jy beam~! km s™!. (c) First velocity moment map of the CO emission from the
uniform-weight map. Contours are at intervals of 40 km s~!, and are labeled relative to the central
passband velocity of cz = 7335 km s™!. (d) Second velocity moment map of the CO emission from
the uniform-weight map. Contours are spaced linearly beginning at 30 Jy km s~2. These maps were
produced in the same fashion of Figure 3~1. The hatched ellipses represent the half-power beam size,
and the bars represent a linear dimension of 1 kpc. The two “+” symbols represent the positions of
the two brightest components of the 15 GHz continuum emission, both of which are well under an
arcsecond in size (Carral et al. 1990).

relatively weak by comparison (Rieke et al. 1985; DePoy, Becklin, & Geballe 1986;

Lester, Harvey, & Carr 1988). The 12 and 25 pm emission from NGC 6240 is very



CHAPTER 3: CO OBSERVATIONS 85

NGC 6240
A S L E

- (a)

10

~ L A

Q

]

[42] I -

S ok -

@]

~ L .

Lo

p i ]
i 1
ot ]
|
e ]
il [ ]

AS (arcsec)
0
i

-10

Ao (arcsec)

Figure 3-13. CO 1—0 map in contours, superposed on a grayscale near-infrared K' image of
NGC 6240 from Sanders et al. 1996. (a) Natural weight CO map, emphasizing the correlation of the
low-level CO contours with the near infrared emission; (b) uniform weight CO map, emphasizing
the lack of elongation of the core CO emission along the position angle of the double nucleus. To
register the images, we assumed that the south-west peak of the K’ emission is spatially coincident
with the south-west peak of the radio continuum emission. The symbols have the same meaning as
in Figure 3-12.
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Figure 3-14. Position-velocity cut of the CO data cubes for NGC 6240 through the peak of the
integrated emission. (a) Natural-weight CO data cube; cut along position angle 30°, corresponding
to the direction of the extension of the low-level CO contours. Contours are spaced linearly beginning
at 34 mJy beam™! (20 for a smoothed frequency resolution of 8 MHz [21.3 km s™1}). (a) Uniform-
weight CO data cube; cut along position angle 0°, roughly the direction of maximum velocity
gradient. Contours are spaced linearly beginning at 60 mJy beam~! (20 for the same frequency
resolution). Negative contours are shown as dashed lines. The black rectangle represents a single
resolution element in both dimensions.

compact, with virtually the entire emission arising from within a 5”.7 (2.7 kpc) aper-
ture (Wynn-Williams & Becklin 1993). The bulk of the cm-wave radio continuum is

even more compact, with most of the emission concentrated in the two nuclei, each of
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Figure 3—15. Channel maps of the NGC 6240 uniform-weight CO data cube, binned by 32 MHz
(85.3 km s™!), with the central velocities of each map shown at upper right. Contours are spaced
linearly beginning at 33 mJy beam™? (2.20). The symbols have the same meaning as in Figure 3-12.

which is under 0”.15 (0.04 kpc) across (Carral et al. 1990). The low-level radio emis-
sion exhibits a complex morphology, extending 15” to the east of the nuclear region,
and may be associated with a “superwind” (Colbert et al. 1994; Armus, Heckman, &
Miley 1990).

The nature of the source of the infrared luminosity in NGC 6240 is highly con-
troversial. As such, this source epitomizes the class of luminous infrared galaxies.
An extremely powerful burst of star formation is the preferred explanation of many
authors (e.g., Wright, Joseph, & Meikle 1984; Rieke et al. 1985; Van der Werf et al.

1993), while the weak recombination line emission leads others to prefer a Seyfert-like
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Figure 3-16. A test for consistency of the CO emission distribution in the core of NGC 6240 with
a double nucleus. A profile of the integrated CO emission (uniform-weight) along position angle
20°, the position angle of the NIR/radio nuclei, is shown as the thick solid line. In (a), the thin
solid line represents a single gaussian fit to this profile (with a fixed “background” level), while in
(b), the thin solid line represents a double gaussian fit (fixed “background”), with the centers of
the gaussians fixed at the positions of the NIR /radio nuclei (0.0 and —1”.53 on this diagram) and
the widths forced to be equal to the smallest dimension of the synthesized beam. If the widths are
left unconstrained, the best double gaussian fit results in profiles of the individual components that
are 10% narrower than the synthesized beam. Residuals are shown as the dashed lines; the vertical
dot-dash lines indicated the central positions of the gaussians, which were fit in (a) and held constant
in (b). The dotted lines in (b) indicate the individual components of the best fit double gaussian.

active nucleus as the luminosity source (DePoy et al. 1986; Carral et al. 1990). Herbst

et al. (1990) suggest that shocks generated by the collision of interstellar clouds in
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the merger (cf. Harwit et al. 1987) are more likely to account for the infrared Iumi-
nosity than either a starburst or an active nucleus. Finally, Thronson et al. (1990)
argue that only a quarter of the luminosity can come from young stars and that dust
heating by the old stellar population can account for most of the rest. Clearly this is
a very intriguing object. |

The uniform-weight CO 1—0 map of NGC 6240 (Figure 3-12b) shows a slightly
resolved core of emissi;)n, which peaks between the closely-spaced infrared/radio nu-
clei (Figure 3-13b). A relatively weak arm of emission to the north and a weaker
southern arm are also suggested by the map. The core appears only slightly larger
than the synthesized beam. Deconvolved, it is consistent with being circular, with a
diameter of 1”.6 (0.78 kpc); the uncertainty in the size is roughly 0”.4 north-south and
0".7 east-west. The velocity gradient in the core (Figure 3-12c) is roughly parallel
to the direction of the infrared/radio nuclear separation (PA 20°). (The gradient re-
verses itself in the northern arm, similar to the behavior seen in the north-east arc of
CO emission in NGC 6090.) The line width in the core is extremely broad, with a full
width at zero intensity of over 900 km s~} (Figure 3-22d). In the weak extensions of
emission outside the core, the line width drops dramatically, especially to the south,
as can be seen in the position-velocity diagrams in Figure 3-14. Channel maps of the
core CO emission are presented in Figure 3-15.

Like NGC 6090, the CO source at the core of NGC 6240 appears to peak between
the radio nuclei rather than on them. The close separation of the nuclei means, how-

ever, that this is not immediately apparent by inspection of the integrated emission



90 CHAPTER 3: CO OBSERVATIONS

map. Nonetheless, it is unlikely that the apparent peak of the CO between the ra-
dio nuclei in NGC 6240 is due to the effect of limited resolution on a true double
CO nucleus. In Figure 3-16, we compare the fits obtained with a single gaussian
component (Figure 3-16a) and with two gaussian components positioned on the two
nuclei (Figure 3-16b); the former yields a much better fit. We thus conclude that
the integrated CO emission peaks between the two radio nuclei of NGC 6240. In this
way, the CO morpholég& of NGC 6240 is similar to that of the other double nucleus
merger in our sample, NGC 6090 (§3.4.2.3).

The natural-weight aperture synthesis map of NGC 6240 (Figure 3-12a) reveals
that the low-level CO emission has a morphology similar to the extended K’ band
emission (Figure 3-13a). Both show extensions along the optical dust lane to the
north-east and south-west of the core, a bulge immediately to the north of the core,
and a faint, irregular extension to the west. The secondary CO component seen in
an earlier aperture synthesis image of NGC 6240 to the north-east of the core by
Wang, Scoville, & Sanders (1991) appears to be associated with the dust-lane CO
emission seen in the present map and does not represent a secondary CO nucleus.
We do not detect any CO associated with the western extension of radio continuum
emission; this result is consistent with the “superwind” interpretation for the western

arm (Colbert et al. 1994).

3.4.2.5. NGC 7469

The two galaxies remaining to be discussed are the only two non-mergers in our
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sample. Both NGC 7469 and NGC 7674 are barred spiral galaxies with Seyfert
nuclei, and are the largest members of interacting galaxy pairs.

NGC 7469 is a prominent example of an object where an AGN and a nuclear
starburst are known to co-exist. The Seyfert 1 nucleus was one of the original broad
emission line galaxies discussed by Seyfert (1943), but NGC 7469 also contains a
bright ring of emission lines at a mean radius of 1".5 from the nucleus that is hosting a
starburst that likely a’ccounts for the majority of the luminosity of the galaxy (Genzel
et al. 1995 and references therein). The companion to NGC 7469 is a late-type spiral,
IC 5283, and is centered 80" (26 kpc) away, well outside of the primary beam or our
observations.

For NGC 7469, we only performed a track in a low-resolution configuration of the
array, and the resulting map does not show much spatial structure and is thus not
shown here. The signal-to-noise is excellent, however, as evidenced by the spatially-
averaged spectrum (Figure 3-22¢), and we are able to measure a source size of 4”.6 x
3".9, elongated along a position angle of 87°, despite the 8.3 x 6.3 synthesized
beam. A slightly higher resolution, but lower signal-to-noise, aperture synthesis map
of NGC 7469 made with the Owens Valley millimeter array is published in Sanders
et al. (1988a). The CO source size we determine is consistent with theirs. Though we
measure over twice as much CO flux as Sanders et al., our flux is consistent with that
for the aperture synthesis map of Meixner et al. (1990) from the BIMA array. The
double-horn shape of the core CO spectrum suggests that the bulk of the CO emission

arises in the starburst ring—consistent with the results of Meixner et al. (1990).
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3.4.2.6. NGC 7674

NGC 7674, like NGC 7469, is the largest member of an interacting pair. It is a large
barred spiral galaxy (e.g., McLeod & Rieke 1995) with faint tidal tails (MacKenty
1990), and it is one of four members of the compact group HCG 96. Its two closest
neighbors, a small Sa (HCG 96¢) and a small irregular galaxy (HCG 96d), both show
signs of having undergone a recent interaction, while the remaining galaxy in the
group, NGC 7675, appears to be a relatively normal, quiescent elliptical (Mendes
de Oliveira & Hickson 1994). It appears that NGC 7674 and at least one of the
nearby small galaxies are undergoing a strong interaction or series of interactions.
NGC 7674 has a Seyfert 2 nucleus, and it is one of the few Seyfert 2s known to
harbor a hidden broad line region, visible in polarized light (Miller & Goodrich 1990;
Tran 1995). Unlike nearly all other known members of this class, however, dust scat-
tering, rather than electron scattering, is the dominant mechanism for the polarization
(Tran 1995). Moderately broad near-infrared He I and Pag lines are also seen towards
the nucleus, though with much narrower line widths (~1100 km s™%; Ruiz, Rieke, &
Schmidt 1994) than are seen in polarized HB (2830 km s~!; Tran 1995). A compact,
VLBI triple source is also seen (Unger et al. 1988); the brightest components are
separated by 0”.5 (280 pc) and are less than 0”.028 (16 pc) and 0”.013 (7 pc) across.
Unger et al. are unable to rule out a starburst as the source of the compact radio
emission based on the energetics, but they prefer collimated ejection as the source due
to the structure of the emission. Other features of NGC 7674 include an extreme blue-

ward asymmetry up to 2000 km s~! in the narrow nuclear emission lines (e.g., Unger
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Figure 3-17. CO 1—0 maps of NGC 7674. (a) Velocity-integrated CO emission from the natural-
weight aperture synthesis map. Contours are spaced linearly beginning at 1.15 Jy beam™! km s,
(b) Velocity-integrated CO emission from the uniform-weight map. Contours are spaced linearly
beginning at 1.15 Jy beam~?! km s™!. (c) First velocity moment map of the CO emission from the
uniform-weight map. Contours are at intervals of 20 km s™!, and are labeled relative to the central
passband velocity of ¢z = 8669 km s™1. (d) Second velocity moment map of the CO emission from
the uniform-weight map. Contours are spaced linearly beginning at 8 Jy km s~!. These maps were
produced in the same fashion of Figure 3-1. The hatched ellipses represent the half-power beam
size, and the bars represent a linear dimension of 1 kpc. The “+” symbol represents the position of
the brightest component of the compact VLBI triple at the core of NGC 7674 (Unger et al. 1988).

et al. 1988) and an extended narrow line region covering the entire visible extent of

the galaxy (Durret et al. 1993). As is the case is many other luminous IR galaxies,
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Figure 3-18. CO 1—0 map in contours, superposed on a grayscale near-infrared K’ image of
NGC 7674 from Sanders et al. 1996. (a) Natural weight CO map, showing the detection of CO
associated with the small galaxy HCG 96c to the north-east of the barred spiral NGC 7674; (b)
uniform weight CO map, emphasizing the relative alignment of the CO and stellar bars in NGC 7674.
The bright compact object between NGC 7674 and HCG 96c is likely a foreground star. To register
the images, we assumed that the peak of the K’ emission is spatially coincident with the peak of
the 1.49 GHz radio continuum emission. The dotted circle represents the half-power radius of the
primary beam of the Owens Valley millimeter array telescopes. The other symbols have the same
meaning as in Figure 3-17.
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Figure 3-19. Position-velocity cut of the CO data cubes for NGC 7674 through the peak of the
integrated emission. (a) Natural-weight CO data cube; cut along position angle 290°, the direction
of the bar in the natural-weight integrated CO map. Contours are spaced linearly beginning at
32 mJy beam™! (1.90 for an unsmoothed frequency resolution of 4 MHz [10.7 km s~!}). (a) Uniform-
weight CO data cube; cut along position angle 285°, the direction of the bar in the uniform-weight
integrated CO map. Contours are spaced linearly beginning at 40 mJy beam™! (1.8¢ for the same
frequency resolution). Negative contours are shown as dashed lines. The black rectangle represents
a single resolution element in both dimensions.

the 10 ym emission of NGC 7674 is extremely compact, with 77% of the IRAS flux

concentrated within a few arcseconds of the nucleus (Wynn-Williams & Becklin 1993).
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Figure 3-20. Channel maps of the NGC 7674 uniform-weight CO data cube, binned by 8 MHz
(21.4 km s~1), with the central velocities of each map shown at upper right. Contours are spaced
linearly beginning at 26 mJy beam™! (2.20"). The symbols have the same meaning as in Figurel?7.

The aperture synthesis CO map of NGC 7674 reveals a much more extended
structure than any of the other objects presented in this paper (Figure 3-17). The
CO emission in the natural-weight map shows a broad, irregular ridge 20" in length
at position angle 290° with bright, compact concentrations at the nucleus and at
the western end of the ridge. The ridge east of the nucleus appears more irregular

in its morphology than that west of the nucleus. The uniform-weight map reveals
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Figure 3-21. CO 1—0 spectrum at the position of HCG 96c, the nearest companion galaxy to
NGC 7674, smoothed to a resolution of 16 MHz (42.8 km s™!). The best-fit gaussian is shown
as a dashed line. The ordinate is labeled with both the specific intensity (I,) and the equivalent
brightness temperature (Tb): Ty = I, ¢2/(2kv?).

a more linear CO distribution at a slightly different position angle of 285°. Only
one-seventh of the CO flux arises from the unresolved concentration near the position
of the nuclear VLBI triple. Interestingly, the peak of this concentration is displaced
by 0”.9 along the bar from the position of the brightest VLBI component. The peak
shows the broadest line width in the object, 150 km s~* FWHM; the other emission
regions have line-widths of only ~20 km s~ FWHM.

The inclination of NGC 7674 is 17° & 12, based on the axial ratio of the optical
isophotes (DeVaucouleurs, DeVaucouleurs, & Corwin 1976)—so it is very nearly face-
on. The extended ridge in CO is thus likely a molecular bar. It is nearly coincident

with the near-infrared (stellar) bar, as shown in Figure 3-18. A velocity-gradient of
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200 km s~! across the length of the bar is apparent in our data. If this motion is
rotational, the magnitude of the projected velocity suggests that the inclination of the
rotational plane to our line-of-sight is closer to the upper end than the lower end of
the range noted above. An inclination of 29° implies a rotational velocity of slightly
over 200 km s~! at the end of the bar (6 kpc from the nucleus), while an inclination of
5° would imply an implausibly large rotational velocity of over 1100 km s™*. For an
inclination of 17°, the~inferred rotational velocity at the end of the bar is 340 km s™1.

We tentatively detect CO 1—0 at the position of the nearest companion to
NGC 7674, HCG 96¢c. A large scale natural-weight map of the CO 1—0 emission
around NGC 7674 is shown overlaid on a K’ band image (Sanders et al. 1996) in
Figure 3-18a and the spectrum at the position of HCG 96¢ is shown in Figure 3-21.

A gaussian fit to this spectrum, smoothed to a resolution of 75 km s™*

, yields a cen-
tral velocity of cz = 8749 & 30 km s~* and a FWHM of 220 + 70 km s™!, where the
quoted errors are the formal errors from the fit. The systemic velocity of the optical
spectrum of HCG 96c¢ is cz = 8753 km s~! (Mendes de Oliveira & Hickson 1994), only
4 km s~! different than the best-fit CO velocity. This tentative detection corresponds
to a velocity-integrated flux of 7.9 & 3.4 Jy beam™ km s~*. Because HCG 96c¢ is
33" away from the pointing center, a correction factor of approximately 2.2 is needed
to compensate for attenuation by the primary beam. Using the standard conversion
factor and the adopted distance for NGC 7674, the molecular gas mass in this beam

area is then approximately 3 x 10° Mg, and the mean molecular gas surface density

is 400 My pc™2.
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Figure 3—22. CO 1—0 spectra of the peak emission in the natural-weight maps of (a) NGC 2623,
(b) IC 883, (c) NGC 6090, (d) NGC 6240, and (e¢) NGC 7674, smoothed to frequency resolution of
8 MHz. The entire instrumental passband is shown. The ordinate is labeled with both the specific
intensity (7,) and the equivalent brightness temperature (Ty,): Ty = I, c?/(2k?).
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3.5. Discussion

3.5.1. Gas morphology in double nucleus objects

In both mergers with double near-IR /radio nuclei, NGC 6090 and NGC 6240, the CO
emission exhibits a single component that peaks between the stellar nuclei. Recent
aperture synthesis CO 2—1 observations of the ultraluminous double nucleus merger
Arp 220 have revealed that most of the molecular gas is located between the two stellar
nuclei in that system as well (Scoville et al. 1996). On the other hand, all three of the
single nucleus mergers studied here show the CO emission coincident with the peak
of the near-IR/radio emission. The results for NGC 6090, NGC 6240, and Arp 220
strongly suggest that the ‘gas is in the process of or has already coalesced into a single
component, while the stellar cores remain well separated (~0.5-3 kpc). Such a merger
of the gas nuclei significantly earlier than the merger of the stellar nuclei has not yet
been seen in gas-dynamical simulations of merging galaxies; instead, simulations have
indicated that the gas nuclei and the stellar nuclei merge nearly simultaneously (e.g.,
Barnes & Hernquist 1991; Mihos & Hernquist 1996). The observations reported
here, which provide the first observational evidence for gas nuclei merging prior to
the stellar nuclei, will serve as constraints for future simulations of at least a subset
of mergers. Dissipation in the gas is a likely cause for the early coalescence of the
gas cores. Further high-resolution CO observations of mergers with double IR /radio
nuclei separated by a few kpc or less are required to determine if the gas morphology
seen in NGC 6090, NGC 6240, and Arp 220 represents a typical stage in the evolution

of gas-rich mergers.
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Due to the empirical correlation between far-IR and non-thermal radio fluxes for
galaxies (e.g., Helou, Soifer, & Rowan-Robinson 1985), the regions of bright non-
thermal radio emission likely trace the regions of bright far-IR emission and hence
the areas from which most of the luminosity arises. Correspondingly, the CO emission
traces the molecular gas—the likely fuel for the activity. Because the non-thermal
radio emission only encompasses the stellar nuclei, while the CO emission stretches
between them, the 1u11'11n0u5 active nuclei do not appear to be tapping the entire fuel
reservoir in NGC 6090, NGC 6240, and Arp 220. The luminosities of these three
mergers thus have the potential to rise further as the mergers progress, and we may

be seeing a relatively early phase of the strong activity in these systems.

3.5.2. Applicability of the standard M, /L, conversion factor

The value of the conversion factor from CO luminosity, Ly, to the molecular gas
mass, M, depends on the physical conditions of the molecular gas, its environment,
and its geometrical configuration. In Chapter 2, we have analyzed the behavior of the
conversion factor for a variety of different conditions and geometries. For a smooth,
spherical distribution of gas, and for a clumpy distribution (independent of geometry
as long as the clumps do not shadow each other’s emission), the gas mass is given by
the equation

Mg =bLoof/?(1+q)71%, (3-2)

where b = (2.57/a~Y?)(7*/2 /T) Mg (K km s7* pc?)~1, 7 and T are the mean cloud H,
density and CO 1—0 brightness temperature, g is the ratio of pressure to gravitational

confinement, and f is the gas mass fraction of either the entire cloud (for the single
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smooth cloud case) or individual clumps; o is a parameter of order unity, which we
adopt as equal to 1.5 as in Chapter 2. The pressure confinement parameter g can be

expressed as

B f T/k [em™ K]
g=00201 - S5 Mo pe (3-3).

where II, is the sum of the confining thermal and magnetic pressure and ¢ is another

parameter of order unity; we adopt a; = 1.0 as in Chapter 2.

3.5.2.1. Requirements for pressure confinement of gas clouds

If the total (thermal and magnetic) pressure of the medium external to the molecular
gas is great enough, the molecular gas clouds can be confined by this pressure rather
than by self-gravity. In this case, for a given mass, the line width can be much greater
than for a self-gravitating cloud, increasing the line luminosity and hence decreasing
the M, /Ll conversion factor by an arbitrary amount. The mass of pressure-confined
clouds can therefore be severely overestimated by blind use of the standard conversion
factor derived for self-gravitating Galactic GMCs.

Estimates of the external pressure that is required for pressure confinement to sig-
nificantly decrease the conversion factor can be made by setting ¢ = 1 in equation 3-3
above:

Meic/k = 49.8f 7152 [em™ K] . (3-4)

By using the minimum value for &g, derived for optically thin CO (§3.5.1.2), lower
limits to this critical pressure can be derived. These lower limits are listed in column 2

of Table 3-6.
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Table 3—-6. Minimum Requirements for Pressure Confinement of the Molecular Gas

L?in
object e crit/k 5x 107 K 5x 10° K
(cm™3 K) (Lo) (Lo)

1) 2 (3) 4

NGC 2623 coveiivnnieeneeeenaraeneemraneneeeeenenns 4.0 x 107 1.5 x 108 1.5 x 107
MrK 2312 coeeieeeeieeeeeiieeeeans e 2.4 x 108 9.1 x 107 9.1 x 108
IC 883 eeeieerniieeernarennssnanannaaeneeeannaanareeans 2.6 x 108 5.7 x 104 5.7 x 10°
NGC 6090 .uuneeeemrenrrnnsemaeenaemeanaeennennerenans 6.0 x 10° 8.4 x 10° 8.4 x 10*
NGC 6240 .eeenmnnneceaceennaaens et 1.3 x 108 2.2 x 107 2.2 x 108
NGOG 7489 .eeevveenerenremaenemeaeneeeneeneencensasnns 3.9 x 10° 7.2 x 104 7.2 x 10°
NGC TOTA -eevenneernrnennnrrmeamarieaeeeensansnns 3.8 x 10° 2.7 x 102 2.7 x 10°

Columns: (1) object; (2) lower limit to the external pressure required for pressure confinement to dominate gravita-
tional confinement of molecular clouds, using the lower limit to the gas surface density shown in Table 3-7; (3) lower
limit to the thermal bremsstrahtung luminosity associated with such a hypothetical confining medium for a tempera-
ture of 5 x 107 K, using a volume for the medium of 7R2h, with h = 100(T/5 x 10® K)°- pc; (4) same as column 3,
but with T = 5 x 10° K.

Note:
3 See Chapter 2.

Even these rather conservative limits are strikingly high in some cases—especially
for the most compact objects: Mrk 231, NGC 6240, and NGC 2623. Are there
observational consequences of such a high pressure medium if it exists? This hy-
pothetical medium is almost certainly ionized; if it were not ionized, it would be
cool, and the high pressures would imply a density high enough so that the ex-
ternal medium would itself be molecular. An ionized gas will produce thermal
bremsstrahlung at a rate proportional to nen;TY/2, where n. and m; are, respec-
tively, the electron and ion volume density and T is the temperature of the confining
medium (e.g., Rybicki & Lightman 1979). The bremsstrahlung luminosity is given
by Lg(Lo) > 3165 V(kpc®) T7%? (Tecrie/k)?, where V is the volume of the medium,

which must be greater than the volume encompassed by the molecular gas. Using
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equation 3-4, the bremsstrahlung luminosity can also be expressed as

~3/2
) Ll (3-5)

Lg > 2.22 x 1075 f~2 V(kpc®) ( 3 g

5x 107 K
Values for these limits, using the optically thin values for ¥; and a temperatures of
5x 107 K (4.3 keV) and 5 x 10° K (0.43 keV), are given in Table 3-6. For a temper-
atures in the approximate range 2.5 x 10% to 5 x 107 K, the bulk of this luminosity
should emerge within the bandpass of typical X-ray satellites.

The strongest constraint is for Mrk 231, which is undetected by the FEinstein
satellite at a limit of 2.0 x 10® L. As discussed in §2.4.2.1.2, this suggests that the
molecular gas in that object is unlikely to be confined by thermal pressure. The other
objects with published X-ray data, NGC 6240 (Brinkmann, Siebert, & Boller 1994),
NGC 7469 (Fabbiano, Kim, & Trinchieri 1992), and NGC 7674 (Awaki et al. 1991),
all exhibit X-ray luminosities significantly greater than the minimum expected from
a medium that thermally confines the molecular gas; hence the existence of such a

medium cannot be ruled out in these objects.

3.5.2.2. Lower limits to the mass of molecular gas

A lower limit to the mass of molecular gas can be obtained by assuming that the
CO 1—0 emission is optically thin, though assumptions for the abundance and exci-
tation of CO are required (see Appendix A). We assume a [CO]/[H,] abundance ratio
of 10~ and LTE excitation with the minimum excitation temperatures (7-34 K)
listed in Table 3-5. The resulting lower limits to the core gas mass, | ;‘Ci“, are shown

in Table 3-7. These limits are typically 4-5% of the estimates given by the standard
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Table 3—-7. Optically Thin CO 1—-0 Case
object Mpin TR MPP/Mayn <IPR>  <ARR> < ARn >
(10° Mp) (Mg pc~2) (mag) (mag)
® (2 3) 4) (5) (6) (7
NGC 2623 eveeeeeeiieeeeeeeeeeniennn 0.44 0.06 0.083 890 2.4 22
Mrk 2312 oo 1.77 0.19 0.52 2200 5.8 54
IC 883 eeneieieiiineeaeeeene e eeneeenns 0.94 0.06 0.042 230 0.6 5.6
NGC 6090 «eoneeeeeneeaeinieeeeenennan 0.69 0.04 0.15 110 0.3 2.6
NGC 6240 «ovveiieninneeeeeaneenennennns 1.12 0.09 0.079 1600 4.3 40
NGC 7469 oonvnireeeiieeeeeeeeeeaeanans 0.68 0.05 0.071° 280 0.7 6.8
NGC 7674 «oofoeeeecacaaenn. e 0.079 0.06 0.003° 88 0.2 2.2

Columns: (1) object; (2) minimum molecular gas mass of core, derived by assuming that the CO emission is optically
thin, using [CO]/[Hz] = 10~% and LTE level populations with the minimum T} given in Table 5 (see Chapter 2);
(3) minimum optical depth of CO emission, assuming CO uniformly distributed in spherical region of observed radius
at a LTE excitation temperature of less than 60 K; (4) ratio of minimum gas mass to dynamical mass of core; (5) mean
molecular gas surface density of core in the case of optically thin emission; (6) mean K-band (A2.2um) extinction
through the core implied by the minimum molecular gas column density, assuming a standard extinction law (e.g.,
Mathis 1993); (7) corresponding mean V-band (A0.55um) extinction.

Notes:

2 See Chapter 2.

b For a disk inclined 47° to the line-of-sight.
¢ For a disk inclined 17° to the line-of-sight.

conversion factor, except for Mrk 231 where the strong constraint on 7, requires Mé’fci“
to be 8% of M;.

The minimum optical depth can also be estimated, which allows a self-consistency
check for the assumption of optically-thin CO emission (see §2.4.2.2). This minimum
optical depth occurs if the CO is assumed to be uniformly distributed in a sphere of
the observed radius. Because the dust temperatures of actively star-forming galaxies
are almost always between 30 and 50 K (e.g., Chini, Kriigel, & Kreysa 1992), we
further assume that the CO excitation is LTE with 7, < 60 K. In this case, the
CO optical depth cannot be smaller than the values listed in column 3 of Table 3-7
(0.04-0.19). While these values are significantly less than ome, it would not take

much clumping to raise the optical depths to values approaching unity. Also, if
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the excitation temperature is only 30 K, a possibility excluded by the data only
for Mrk 231, the minimum optical depths jump to values of 0.15-0.35. Optically-
thin CO emission cannot be ruled out, but it requires exceptionally warm excitation
temperatures and very diffusely-distributed molecular gas.

The core molecular gas masses implied by the CO observations in the five mergers
and NGC 7469 range from minimums of 0.4-1.8 x 10° to maximums of 2-3 x 10%.
The possible gas masées for the core of NGC 7674 cover an equally broad range, but
for masses about an order of magnitude smaller.

Even at the extreme lower limit, the column densities of gas in the cores of these
objects must be very large. The lower limits to the V band extinctions through the
cores (Ay = 2.2-54) are very large in all seven objects. Extinction at near-infrared
wavelengths is also very significant for the three most compact objects (Ax = 2.4-
5.8). If the CO emission is optically thick and from self-gravitating GMCs like those
in the Milky Way, the estimated extinctions are much greater, and very substantial
in all seven objects (Ax = 7-56; Table 3-5). In all these galaxies—with the possible
exceptions of NGC 6090 and NGC 7674 where the lower limits to Ak are only 0.2
and 0.3, respectively—the column density of gas is large enough to have a severe
impact upon the emergent K band radiation, because, at extinctions greater than 1
magnitude, the amount and distribution of the observed emission is highly sensitive to
the relative geometry of emission and absorption (e.g., Witt, Thronson, & Capuano

1992).
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3.5.3. Empirical correlations for a larger sample of gas-rich IR galaxies

We have compiled interferometric CO data for 18 infrared-bright, gas-rich galaxies
from the literature to add to the 7 galaxies studied here, in order to search for empir-
ical correlations that can provide insight into the physical properties of such galaxies.
We have restricted the compilation to galaxies at distances greater than 20 Mpc, so
that the angular size of the CO emission is small enough that relatively little of the
CO emissic;n is resolved out. Table 3-8 lists the CO data and derived quantities, as
well as other basic data for these galaxies. A similar, but smaller compilation was
provided by Scoville et al. (1991).

The original references for the data in Table 3-8 use various conventions for
deriving quantities such as distances, luminosities, molecular gas masses, and gas
surface densities. In compiling Table 3-8, we have re-calculated these quantities using
consistent definitions. We adopt the distances quoted by SSS, calculated as described
in §3.2, for the galaxies more distant than 40 Mpc, and by Tully (1988) for the galaxies
closer than 40 Mpc. We calculate the molecular gas masses, My = M(H; + He), from
equation 3-1; the value we adopt for the standard CO conversion factor is 25% less
than the value originally used by many of the references for the data in Table 3-8.
Finally, we calculate the far-infrared luminosities, Lgir, from the luminosity of single-
temperature blackbody fits to the IRAS 60 and 100 pm fluxes.

Most of the references listed in Table 3-8 quote velocities in heliocentric cz units.
The line width in these units does not correspond to the actual velocities in the gas

if the object is significantly redshifted. If Av and Av’ are the actual and cz line
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widths, respectively, then Av’' = (vy/vr)Av = (1+2)~1Av, where vy is the redshifted
line center frequency and vy is the rest frequency of the line. As a result, integrated
CO fluxes in ¢z velocity units, which we denote as F(y, will be less than Fco by a
factor of (1 + z): Foo = Ffo(1 + 2z)™!. When necessary, by using this expression,
the integrated CO fluxes in Table 3-8 have been converted to physical velocity units
from those originally quoted. These are relatively small corrections due to the low
redshifts of the galaxies in Table 3-8.

Correlations involving the total molecular gas mass, Mgy, and Ly / Mg+ are
discussed in SSS using single dish CO data for a sample which contains most of the
objects in Table 3-8 as a subset. Our analysis differs in that we use interferometric
CO fluxes to calculate M; rather than single dish CO fluxes. We thus are ﬁleasuring
the nuclear molecular gas masses rather than the total molecular gas masses. From
the numbers in Table 3-8, M; and Lr/ M exhibit trends consistent with those seen
by SSS for Mgt and Lir/M;y, where Lig is an estimate of the infrared luminosity
from 8-1000 pm. Lpr/ Mg increases as Lyg increases and also as the ratio of IRAS
60 and 100 um fluxes increases. The latter trend exhibits a slope consistent with that
reported by SSS: Lir o T3®, where SSS have parameterized the 60/100 um color
with the “dust temperature,” Ty. Lrr/ Mg and Mg are uncorrelated in our sample,

also consistent with the larger sample of SSS.

3.5.3.1. Central gas surface density and IRAS colors

Due to the distances and the compact sizes of the molecular gas distributions of
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most of the galaxies in Table 3-8, the central CO surface brightnesses cannot be
estimated with single dish CO data. SSS thus do not study correlations with respect
to the central gas surface density. With the compilation of interferometric CO data
in Table 3-8, we are able to examine how the standard central gas surface densities,
¥, vary with selected global properties of infrared-bright galaxies.

The central gas surface density is strongly correlated with the IRAS 12/25 pm
color. As depicted in f‘igure 3-23, the objects with higher X7 generally exhibit redder
12/25 pm colors. The scatter is large, up to an order of magnitude in 37 on either
side of the mean trend, but a Spearman rank correlation test (e.g., Press et al. 1986)
yields a probability of only 1.0 x 10~° that such a trend could arise by chance if the
quantities are uncorrelated in the sample. In infrared-selected galaxies, the IRAS
12/25 pum colors are strongly anti-correlated with the 60/100 pm colors (Helou 1986;
Soifer et al. 1989; Lutz 1992; Bicay et al. 1995). Thus, because high gas surface
densities are associated with cool 12/25 um colors, they are also associated with
warm 60/100 um colors. This is shown in a Figure 3-24, where the sizes of the
symbols represent the surface densities.

The empirical anti-correlation of the IRAS 12/25 and 60/100 pm colors in galaxies
has been explained using multi-component dust models as due to an increase in the
amount of dust near star-formation regions relative to cool “cirrus”-type dust (Helou
1986; Rowan-Robinson & Crawford 1986, 1989). We suggest that at the warm 60/100
pm end of this trend, where the gas surface densities are over 10* My pc~2, the

12/25 pm color can also be affected by a significant amount of reddening due to
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Figure 3—23. The CO surface brightness, parameterized as a gas surface density via the standard
conversion factor, is plotted versus the IRAS 12/25 ym colors for the galaxies in Table 3-8. The
data from this work are labeled by the galaxy name. The different symbols represent whether the
8.44 GHz radio continuum is more compact than the minimum blackbody size for the IRAS 25-60—
100 um emission (CHYT). Those that are more compact in the radio are tagged as CHY'T compact
starbursts (or AGN, for Mrk 231, whose radio continuum varies on a timescale of months); those

that are not are tagged as CHYT non-compact.
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extinction. Optical depth effects have been offered previously as a partial explanation

for the behavior of galaxies on IRAS color-color plots (Soifer et al. 1989). As we

explain below, we now have strong quantitative evidence for this in our compilation

of infrared-luminous galaxies.
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Figure 3—24. The IRAS 12/25 pm colors plotted versus the 60/100 um colors for the infrared-bright
galaxies in Table 3-8 show the well-known anti-correlation. The size of the symbols is proportional
to the logarithm of X7. Solid symbols are galaxies with measurements of T3, while open symbols
are galaxies with lower limits to £3. High CO surface brightness galaxjes concentrate in the upper
left portion of the diagram. The data from this work are labeled with the galaxy names.

Extinction and its corresponding reddening can quantitatively account for the
size of the correlation in Figure 3-23. The reddest objects, with log(f,(12)/£.(25)) =
~1.0, show I} ~ 2 x 10* Mg pc~2, which corresponds to Ay = 500 and Aizum = 14,
using the extinction law tabulated in Mathis (1993). Accounting for the finite band-

widths of the IRAS filters, such a large column of gas can redden the observed



CHAPTER 3: CO OBSERVATIONS 113

log(£.(12)/f.,(25)) by 0.35 to 1.91. The lesser value corresponds to a uniform mixture
of absorbers and emitters, while the greater value corresponds to a foreground ab-
sorbing screen. The bulk of infrared-selected galaxies show log(f,(12)/f,(25)) from
—0.1 to —0.7, and very rarely show a 12/25 pum color less than —0.8 (Soifer et al.
1989; Sanders et al. 1995). The 7 galaxies from Table 3-8 with the highest 7 (above
9 x 10°* Mg pc?) show extremely red 12/25 um colors from —0.65 to —1.09. They
are thus redder than a typical infrared-selected galaxy (log(f.(12)/£.(25)) = —0.4)
by 0.25 to 0.69 decades; the most extreme, Arp 220. is redder by 0.3 decades than
the sharp edge of the color distribution of infrared-selected galaxies. Furthermore,
models of infrared dust emission that neglect extinction have difficulty producing
12/25 um colors redder than —0.8 (Désert 1986; Rowan-Robinson & Crawford 1989).
Hence, the 12/25 pm colors of the densest objects in our sample are entirely consis-
tent with the degree of reddening expected from the column of gas implied by the
CO observations. The large scatter in Figure 3-23 is likely due to the high sensitivity
of the amount of reddening to the relative geometry of the emitting and absorbing
material. Variations in the CO conversion factor, as well as variations in the intrinsic
12/25 pm color due to varying interstellar radiation fields (e.g. Désert 1986), should

also contribute to the scatter.

3.5.3.2. Central gas surface density and L/ Mg

In a larger sample, with improved CO data for many objects, we confirm the corre-
lation of central gas surface density (CO surface brightness) with Lrr/M; that was

first noted by Scoville et al. (1991). From the Spearman rank correlation test, the
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Figure 3—-25. The ratio of FIR luminosity to the standard molecular gas mass (proportional to
CO luminosity) is plotted versus the standard gas surface density (proportional to the CO surface
brightness) for the infrared-bright galaxies in Table 3-8. The data from this work are shown as solid
symbols and are labeled with the galaxy names.

probability that the observed trend could be due to the chance alignment of uncor-
related quantities is under 1%. The trend is shown in Figure 3-25. High efficiencies
of luminosity generation per unit gas mass are associated with a high central gas

densities.
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If a starburst dominates the luminosity output, and Lrr/ Mg is interpreted as an
efficiency for star formation (which is true as long as the shape and boundaries of the
IMF is constant in the sample galaxies), then the empirical correlation in Figure 3-25
implies that the efficiency increases with increasing concentrations of gas. This is
consistent with both cloud-cloud collision and gravitational instability models of star
formation. In the former case, the timescale for collisions is inversely proportional to
Nov, where N is the .mean density of clouds, ¢ is the collision cross section, and v
is the mean velocity; this timescale hence decreases as the gas mass density, which is
proportional to the cloud density, increases. For gravitational instability models, the
timescale for collapse is inversely proportional to n!/2, where n is the mean particle
density in clouds; this timescale also decreases with increasing density, though in this
case, the empirical trend suggests that the mean particle density, and not simply the
mean cloud density, is higher for higher gas surface density.

Alternatively, high Ler/ Mg ratios may signify that the bulk of the luminosity
is being generated by sources other than star formation, such as a dust-enshrouded
AGN. In this case, the empirical trend suggests that the fueling of the AGN be-
comes more efficient, i.e., the accretion rates increase, at higher gas surface densities.
Whatever the source of luminosity, the strong correlation of Lrig/ M and 2; clearly
demonstrates that the high luminosities of these galaxies are related to the high degree
of concentration of molecular gas.

Several possible systematic and random errors in the determination of Lyg/ Mg

and X} complicate the interpretation of the correlation between these observed quan-
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tities. These effects, however, act to mask any correlation between the physical
quantities corresponding to the observed Lpig/ Mg and X3. The presence of a corre-
lation in the observed quantities in Figure 3-25 thus strongly suggests that there is
an actual correlation in the physical quantities as well.

First, the conversion factor from CO luminosity to molecular gas mass can vary
from object to object in both a systematic and a random fashion. According to theo-
retical undérstandjng,.the CO conversion factor can vary tremendously depending on
the physical conditions in the molecular gas being observed and also upon the geom-
etry and orientation of the molecular gas (see Chapter 2, Appendix A and references
therein). Variation of the conversion factor is therefore expected between galaxies
and even with position in a single galaxy. Since high 7 strictly means nothing more
than high CO surface brightness, a systematic variation of the CO conversion factor
with 23 is a strong possibility. Given the large ratios of M; to Mgy, for objects
of high 37, any such systematic variation is likely causing an overestimate of actual
gas surface density for high 7, and not an underestimate. If the standard conver-
sion factor is causing such an overestimate, it is also overestimating M; and causing
Lrr/ M to be depressed from the actual ratio at high E;. This observational effect
thus has the potential to reduce, hide, or reverse a positive physical correlation be-
tween luminosity-to-gas mass ratio and gas surface density; however, it cannot create
an observed correlation if there is no physical one.

Systematic errors can also be introduced by the large difference in apertures

between the FIR measurements and the CO measurements. Lgg is a global measure-
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ment, while the M; reported here are the estimated gas masses in the central regions.
Near and mid-IR observations (e.g., Keto et al. 1992; Wynn-Williams & Becklin 1993)
suggest that most of the IR luminosity arises from the central regions of the most
IR-luminous objects. This is not always the case for lower luminosity objects, how-
ever. At lower Lpr, anci hence lower Lpr/M; (see above), Lpr may overestimate
_ the luminosity associated with the central regions, and thus may overestimate the
central value for me./ M;. Like systematic variations in the CO conversion factor,
this effect can reduce, hide, or reverse a positive correlation between Lgir/ Mg and
T3, but cannot create an observed trend out of nothing.

Also, the lack of uniform linear CO apertures in the sample in Table 3-8 should
increase scatter in the derived central gas densities, and thus may hide weak corre-
lations involving ¥7. Fortunately, no systematic bias in £} appears to be introduced
by the non-uniform apertures (Figure 3-27a; §3.5.2.3).

Due to the above effects that can reduce or hide a positive correlation between the
luminosity-to-gas mass ratio and the central gas densities, the observation of a strong
positive correlation in Figure 3-25 and Scoville et al. (1991) provides robust evidence
for an actual physical correlation between the gas surface density and the efficiency

of luminosity generation per unit gas mass in the centers of luminous galaxies.

3.5.3.3. Distance and aperture biases

The sample in Table 3-8 was not selected based on strict observational criteria, con-

tains galaxies at a wide range of distances, and utilizes data with highly non-uniform
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CO apertures. We must ask whether observational biases are affecting the trends
shown in Figures 3-23 to 3-25. Figures 3-26 and 3-27ab illustrate that, despite the
inhomogeneity of the data, neither £} nor Lrir/M; appear to be biased by distance
or aperture. The measured gas masses, M; do show a trend with aperture size (Fig-
ure 3-27¢), which is likely explained by interferometers resolving out some CO emis-
sion for nearby objects where the synthesized beam covers a small area. This bias, by
artificially raising Lpu; /M for nearby galaxies, would by itself produce trends oppo-
site to those seen for this variable with respect to £, Ly, and log(f,(60)/f,(100)),
and so cannot be responsible for the observed behavior. Therefore, this bias has no
qualitative impact on our conclusions.

Another potential bias is the trend of increasing deconvolved CO source diameter
with increasing linear beam size (Figure 3-27d). This behavior, though, can be intro-
duced by the observational procedure and need not be the result of an artificial bias
introduced by inaccurate deconvolution. Imagine a large sample of objects observed
at low (e.g., several kpc) resolution. Some of these will be well resolved, but most will
be either marginally resolved or completely unresolved. The ones that are re-observed
at higher (e.g., 1-2 kpc) resolution will belong to the latter category. Repetition of
this process will produce a trend such as that seen in Figure 3-29d, where the largest
objects were observed with the largest apertures and the smallest objects with the
smallest apertures. We therefore conclude that neither distance nor aperture biases
corrupt the qualitative behavior of the observed trends discussed above, despite the

inhomogeneity of the data in Table 3-8.
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Figure 3-26. The quantities (a) ; and (b) Lrr/M; are plotted versus the distance (Ho =
75 km s~! Mpc™?) for the infrared-bright galaxies in Table 3-8 to search for possible biases in the
sample of objects. Neither quantity shows a significant trend with distance. The data from this
work are shown as solid symbols and are labeled with the galaxy names.

3.5.3.4. Implications for the compact starburst hypothesis

Eleven of the objects in our sample were part of the sample of infrared-luminous
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Figure 3-27. The quantities (a) Z;, (b) Lrir/M;, (c) M, and (d) dco (the CO source diameter)
are plotted versus the linear CO bea.m size for the mfrared-bnght galaxies in Table 3-8 to search
for possible biases in the sample of objects. See text for a discussion. The data from this work are
shown as solid symbols and are labeled with the galaxy names.

galaxies mapped in the radio continuum by CHYT. Four, plus 10 not in our sample,
were found to exhibit radio source sizes smaller than the minimum angular size re-
quired for the thermal IRAS 25-60-100 um emission. CHYT interpret these objects
as compact starbursts (CSBs), a hypothesis which requires that the dust be opti-
cally thick at all wavelengths shorter than 25 ym. In their model, the non-thermal
radio flux and the thermal far-IR flux both arise from star formation regions, thus

explaining the strong empirical correlation between these quantities. The far-IR flux
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normally should be roughly coincident with the star formation since nearly all of the
optical and ultraviolet radiation produced by starbursts is quickly absorbed by dust.
The non-thermal radio, due to the propagation of the energetic particles produced
in supernovae responsible for the synchrotron radiation, should encompass a slightly
larger region. For the radio to appear smaller than the far-IR requires that the far-IR
radiation emergent from the immediate vicinity of the star formation regions be ab-
sorbed an'd're-emitted' by a surrounding dust layer that is optically thick in the far-IR
(CHYT). CHYT also point out that, unlike starbursts, AGNs can possess smaller ra-
dio sources than far-IR sources without such optically thick dust, since the radiation
emergent from their surfaces may still be in the optical and ultraviolet.

As can be seen in Figure 3-23, three of the four CSBs in Table 3-8—Arp 220,
Mrk 273, and NGC 2623—exhibit three of the four reddest 12/25 pum colors: —1.09,
—1.00, and —0.89, respectively (see Figures 3-23 and 3-25). The fourth “compact
starburst” in our sample, IRAS 1017340828, has an upper limit to its 12/25 ym color
of —0.78, meaning it is likely as red as the other three. Zw 049.057, the only other ob-
ject in Table 3-8 with so red a color, was not studied by CHYT, but it also fits the def-
inition of CSBs: a blackbody responsible for its 60100 ym emission must have an an-
gular diameter greater than 0”.76, while its 1.5 GHz emission is only 0”.5 across (Con-
don et al. 1990). Such extreme red colors (see §3.4.1) suggest that the optical depths

of these objects are indeed very large. The interferometric CO observations provide

further evidence, in the association of high gas surface densities with the extremely
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red 12/25 um colors (Figure 3-23). The gas surface densities (from the standard con-
version factor) of the three compact starbursts that have been resolved in CO emission
correspond to Aps,m ~ 8-15. Even accounting for the additional uncertainty in the es-
timated Ass,.m of at least a factor of 2 due to the imprecise knowledge of the extinction
law at 25 pm (Mathis 1990), these observations provide quantitative support for the
hypothesis that the CSBs described by CHYT are optically thick at A<25 um. The
standard conversion fa'.ctor would have to be overestimating the gas surface density by
much more than a factor of 4-8 for these objects to be optically thin at 25 um. The
CO observations, along with the IRAS 12/25 um colors, thus provide strong evidence

supporting a crucial prediction of the compact starburst hypothesis of CHYT.

3.6. Conclusions

We have obtained 2-3"-resolution aperture synthesis CO 1—0 data on five merging
and two strongly-interacting systems with infrared luminosities from 3.2 x 10'* L, to
3.5x10"? L. The CO maps reveal that all five mergers and one of the two interacting
systems possess extremely compact, but massive, concentrations of gas with radii
from 0.33 to 1.6 kpc. The only object to show bright CO emission extending to radii
approaching the size of the optical disk is the interacting barred spiral NGC 7674.
The morphology of the CO emission varies with the interacting class of the galaxy
in this small sample. The single nucleus mergers—Mrk 231, IC 883, and NGC 2623—
show all their CO emission concentrated in bright, compact cores (R, = 0.33-

0.96 kpc) coincident with the peaks of the cm-wave radio continuum. The double
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nucleus mergers also exhibit extremely bright, compact CO cores; however, these
peak between the radio continuum nuclei and have extents nearly equal to the nu-
clear separation; these presumably less-evolved mergers also contain low-level CO
emission features that extend over 10 kpc in length. The two interacting systems
observed show very different CO morphologies from each other: NGC 7469 exhibits a
compact CO core with R, = 0.76 kpc and no extended emission, and thus resembles
the single nucleus me;gérs; NGC 7674, on the other hand, is the only object in our
sample that does not have a dominant CO core—instead, it exhibits a bright CO
bar-like feature of 12 kpc length, roughly coextensive with the K band stellar bar.

The two double nucleus mergers studied here—NGC 6090 and NGC 6240—and
also Arp 220 (Scoville et al. 1996) show single CO components peaking between the
stellar nuclei and having an extent nearly equal to the nuclear separation. These
observations provide the first empirical evidence that the gas nuclei merge prior to
the stellar nuclei in gas-rich mergers. This behavior, likely due to dissipation in the
gas, has not yet been seen in gas-dynamical simulations of mergers, and so these
observations should provide useful constraints for future simulations. The lack of a
morphological correlation between the non-thermal radio and CO emission in these
three objects suggests that the luminous nuclei are not tapping the entire reservoir
of molecular gas and thus that their luminosities may increase further as the mergers
evolve.

Using the observed line widths to estimate the dynamical masses, Mgy, and the

standard Galactic conversion factor to estimate the molecular gas masses, Mg, we
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find that Mg 2 Maym in the cores of all seven objects. We argue that we are viewing
several of these galaxies nearly along their rotation axes, causing us to underestimate
Mgyn—especially in Mrk 231, NGC 6090, NGC 7469, and NGC 7674. In the latter
three, this geometrical argument can completely remove the discrepancy between M;
and Mgy, without any éppeal to an overestimate of the gas mass.

Nonetheless, our results indicate that the standard conversion factor is indeed
causing significant ov;arestimates of the nuclear molecular gas masses in Mrk 231,
NGC 6240, and perhaps also IC 883. The aspect ratio of the CO 2—1 source in
Mrk 231, if interpreted as an inclined disk, implies that the actual nuclear gas mass
must be at least 3.6 times smaller than M;. Similarly, the edge-on optical morphol-
ogy, coupled with the very broad CO line width, of NGC 6240 suggests that the
observed Mgyym is accurate and thus that the actual nuclear gas mass must be at least
1.5 times smaller than M.

Even allowing for smaller gas masses than given by the standard conversion factor,
the molecular gas is likely the dominant nuclear mass component in all seven systems
except NGC 7674. For Mrk 231, even if we take the extreme case of optically-thin CO
emission (with [CO]/[H2] = 10™*), and adopt a disk inclined 60° to our line-of-sight,
the molecular gas mass constitutes 40% of the total mass in the inner 840 pc region.
Realistically, this fraction may be significantly higher. In the other compact objects,
gas mass overestimates of more than factors of 3-4 are needed to reduce the mass of
molecular gas to a relatively small fraction of the total. In NGC 2623, the CO position-

velocity diagram suggests that the rotation curve stars to turn over at a radius near
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where the CO emission ceases, providing direct evidence that the molecular gas dom-
inates the kinematics in this object. The standard conversion factor is thus unlikely
to be overestimating the gas mass in NGC 2623 by more than a factor of two, if at all.

The column densities of gas implied by the CO surface brightnesses are extremely
large. Using the standard conversion factor, the mean gas surface densities range
from 2.1 x 10% to 3.2 x 10* My pc~2—one to two orders of magnitude higher than
the surface density wi{:hin a typical Milky Way disk GMC (e.g., Solomon et al. 1987).
The corresponding mean K band extinctions range from 5.4-85 magnitudes. Only if
the CO is optically thin can the mean K band extinctions be reduced below unity, and
then only for the least compact objects. In Mrk 231, NGC 6240, and NGC 2623, even
this extreme case cannot reduce Ak below 2.4-5.8. For such large extinctions, the
resultant emission is very sensitive to the relative geometry of emission and absorption
(e.g., Witt et al. 1992), and thus extreme caution must be exercised when interpreting
the near-infrared emission in luminous infrared galaxies, especially when comparing
emission from different components that may experience different extinction patterns.

That the nuclei can be seen at near-IR wavelengths at all in Mrk 231, NGC 6240,
and NGC 2623 in spite of the extreme mean extinctions strongly suggests that the
molecular gas is aspherically distributed, possibly in a nuclear disk. These disks,
due to their extreme mass surface densities (~10* Mg pc™2), must be thin, with half
the mass contained within a full width of 30-40 pc for a vertical velocity dispersion
of 90 km s! (such as that inferred for Arp 220 by Scoville et al. 1996). These

scale heights are only one-tenth of the radii of the gas cores. For such thin, high
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surface density gas disks, the mean volume density of molecular hydrogen must be
over 10* cm 3.

We have compiled interferometric CO data from the literature for 18 infrared-
galaxies at distances over 20 Mpc in addition to the 7 studied here and have used this
sample to search for empirical correlations that could provide insight into the nature
of these objects. We examined the sample for distance and aperture biases and found
none that'signiﬁcantl}; affect the results.

With a larger sample and improved CO data, we confirm the trend of increasing
Lyir/M; with increasing X3 originally noted by Scoville et al. (1991). This implies
that galaxies with high gas surface densities contain either more efficient or high-
mass biased star formation, or else it may signify that a luminosity source other
than star formation, e.g., an AGN, becomes increasingly dominant as the gas surface
density increases. In either case, the empirical trend strongly suggests that the large
concentrations of molecular gas are intimately associated with the powerful activity
in luminous infrared galaxies.

We also note a significant trend of redder IRAS 12/25 pm colors with higher
¥, and suggest that extinction at mid-infrared wavelengths plays a significant role in
galaxies with the most extreme observed 12/25 um colors: log(f,(12)/£.(25)) < —0.8.
The gas surface densities estimated from high-resolution CO observations can quan-
titatively account for the size of the observed trend. We note that those galaxies

with the reddest 12/25 um colors are, virtually exclusively, the same objects identi-

fied by CHYT as having more compact cm-wave radio continuum than far-infrared
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emission, and also that none of these “compact starbursts” (CSBs) show more normal
12/25 um colors (except for Mrk 231, whose variable radio emission is dominated by
a pc-size AGN; CHYT). Extinction thus appears to be affecting the 12/25 um colors
in the CSBs. In fact, the CO surface brightnesses of the CSBs mapped in CO at kpc-
resolution—NGC 2623 (§3.4.2.1), Arp 220 (Scoville et al. 1991), and Mrk 273 (Yun
& Scoville 1995)—imply that the dust is optically-thick at a wavelength of 25 um.
This confirms a cmcial prediction of the compact starburst hypothesis of CHYT,

though it does not yet rule out AGNs as dominant luminosity sources in the CSBs.
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Chapter 4

High Density Molecular Tracers
in Luminous Infrared Galaxies

4.1. Introduction

The CO molecule has dominated extragalactic observations of molecular gas ever
since the CO J = 1 — 0 emission line was first detected in the nearby galax-
ies M 82 and NGC 253 in 1975 (Rickard et al. 1975). Several other non-masing
molecular emission lines were detected in these galaxies soon afterwards— including
HCN J =1 — 0 (Rickard et al. 1977), HCO* J =1 — 0 (Stark & Wolff 1979), the
NH; J, K = 1,1 inversion transition (Martin & Ho 1979), and CS J =2 — 1 (Henkel
& Bally 1985)—but have not been comprehensively studied due to their faintness rel-
ative to the CO 1—0 line. Due to its low dipole moment, the CO molecule traces gas

of moderate density (ng,>10% cm™3). In contrast, the other non-masing molecular
3 2 g
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transitions—the brightest of which are HCN 1—0, HCO* 1—0, and CS 2—1—are
from molecules with much higher dipole moments and need much denser gas to be ex-
cited (ng, 210* cm=2). While CO observations can provide information on the overall
distribution of molecular gas in galaxies, observations of other molecules are needed
to provide information on the density and chemical properties of the gas.

Several surveys of the dense gas tracers HCN 1—0, HCO* 1—0, and CS 2—1 have
been perfofmed in th(; last few years with single dish telescopes (Mauersberger et al.
1989; Sage, Shore, & Solomon 1990; Israel 1992; Nguyen-Q-Rieu et al. 1992; Solomon,
Downes, & Radford 1992, hereafter SDR; Helfer & Blitz 1993; Aalto et al. 1995). Most
of these studies have concentrated on nearby spiral galaxies with bright CO emission
in order to maximize detection rates. The results indicate that HCN and HCO™ are
often of comparable strength (Israel 1992; Nguyen-Q-Rieu et al. 1992), with CS about
2.5 times fainter (Helfer & Blitz 1993). Also, Helfer & Blitz (1993) find that the ratio
of integrated intensities, CO/HCN = [ T;,(CO)dv/ [ T, (HCN)du, is very sensitive to
the resolution of the observations. Lower ratios are found in smaller beams.

Two of the surveys of dense gas tracers have focused on luminous merging galaxies,
rather than more normal nearby galaxies. SDR examined the HCN 1—0 emission
from eight interacting and merging galaxies with high Lgr /Lco ratios and two normal
galaxies with low Lpr/Lco ratios. They find that Lycn/Lir is relatively constant
and that Lco /LHC\I drops by an order of magnitude as Lpg and Lyr/Lco increase
by 1.5 orders of magnitude. Aalto et al. (1995), on the other hand, find no such

correlation in their observations of HCN 1—0 emission from eleven interacting and
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merging galaxies and one normal galaxy. In fact, in their sample, CO/HCN exhibits
little variation from galaxy to galaxy.

Luminous infrared galaxies (Ligr > 10'!®) are believed to contain large amounts of
dense molecular gas due to the extremely compact, bright cores of molecular gas that
are seen in CO 1—0 emission (e.g., Chapters 2 and 3; Scoville et al. 1991; Sargent
& Scoville 1991) and the low CO/HCN ratios seen in several of these objects for
which HCN data. are 'available, such as Mrk 231 and Arp 220 (SDR; Radford et al.
1991). This class of objects, which constitutes a significant population in the local
universe (Soifer et al. 1986), is often associated with strong galactic interactions
and mergers (e.g., Sanders et al. 1988; Lawrence et al. 1989). The nature of the
dominant luminosity source, however, remains uncertain, with nuclear starbursts and
dust-enshrouded AGNs being the leading candidates (e.g., Joseph & Wright 1935;
Sanders et al. 1988). The large amounts of molecular gas and dust in the cores of
these objects vastly complicate probing the innermost regions at optical and near-
infrared wavelengths. Fortunately, the spectral lines that trace the large amounts of
molecular gas lie at wavelengths unaffected by the severe dust extinction, and thus
can probe the entire nuclear regions. This gas likely serves as the fuel for the activity,
especially if nuclear starbursts are the dominant luminosity source, so by using mm-
wave molecular tracers to measure the gas properties, distribution, and kinematics,
one can better understand whether the gas is capable of supporting an outburst of
star formation luminous enough to power the bolometric luminosity, or whether a

dust-enshrouded AGN is required.
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Only a small number of these luminous merging galaxies have been studied in
high-density tracers of molecular gas (SDR; Aalto et al. 1995), and only Arp 220
has previously been mapped in a high-density tracer at the few-arcsecond resolution
necessary to resolve the dense gas distribution (Radford et al. 1991). In this paper,
we present aperture synthesis observations at 4-6"-resolution of the HCN 1—0 line
in six additional luminous infrared mergers, HCO™ 1—0 in three, and CS 2—1 in
one. This work is paﬁ 6f a larger study of the molecular gas in the dense cores of
luminous infrared galaxies. Previous results on the CO 1—0 maps in six objects, and
one CO 2—1 map, are described in Chapters 2 and 3. Results of additional CO 2—1
maps will be presented in a forthcoming paper (Bryant & Scoville 1996).

Basic data on the six objects studied here are listed in Table 4-1. These are
among the most distant objects in which high-density molecular tracers have been
detected in emission, and all except NGC 7469 are more distant than Arp 220—
previously the most distant object mapped in a high-density molecular tracer with

aperture synthesis.

4.2. Observations

We have obtained 4-6"-resolution HCN 1—0 data for the five brightest CO 1—0 ob-
jects of the six studied in Chapters 2 and 3. The selection of the sample is described
in §3.2. For three of these objects, we were able to obtain HCO* 1—0 data simul-
taneously with HCN 1—0. In addition, we have obtained 8-10"-resolution data for

CO 1—0, HCN 1—0, and CS 2—1 in NGC 7469.



138 CHAPTER 4: HIGH-DENSITY TRACERS

Table 4-1. Basic data for the galaxy sample

spectral interaction nuclear

object D Lir class class*  separation common aliases reference®
(Mpc) (L) ("
(1) (2) )] 1C)) (5) (6) (M (8)
NGC 2623 ..... 76.1 3.5x 10} LINER M1 UGC 4509, Arp 243, VV 79 1
Mrk 231 ........ 1739 3.5x1012 Sy1 M1 UGC 8508 2
IC 883 ......... 97.8 4.0x10! Hu M1 UGC 8387, Arp 193, VV 821 3
NGC 6090 ..... 123.3 3.2x10*' Hn M2 5.8 UGC 10267, Mrk 496, VV 626 4
NGC 6240 ..... 1009 6.6 x 10 LINER M2 1.5 UGC 10592, VV 617 5
NGC 7469 ..... 66.4 4.0%10! Sy1 1 80 UGC 12332, Arp 298, Mrk 1514 6

Columns: (1) object; (2) distances, using Hp = 75 km s~! Mpc™! and the Virgocentric flow model of Aaronson
et al. 1982; (3) infrared luminosity from 8-1000 um, as quoted in Sanders, Scoville, & Soifer 1991; (4) optical spectral
class of nuclear emission lines; (5) morphological interaction class (e.g., Sanders et al. 1991); (6) angular separation
of double nucleus at radio wavelengths (optical for NGC 7469/IC 5283); (7) common aliases, from the NASA/IPAC
Extragalactic Database; (8) reference for the optical spectral class.

Notes:

2 M1: merger, single nucleus; M2: merger, double nucleus; I: member of interacting pair, non-overlapping disks

b Spectral class references: (1) Heckman et al. 1983; (2) Boksenberg et al. 1977; (3) Liu & Kennicutt 1995; (4) Maz-
zarella & Boroson 1993; (5) Heckman, Armus, & Miley 1987; (6) Khachikian & Weedman 1974.

The HCN and HCO™ observations were obtained with the Owens Valley mil-
limeter array at Big Pine, California between 1993 July and 1995 May, as listed
in Table 4-2. During this time period, the array was expanded from five to six tele-
scopes. In order to obtain sufficient uv-coverage to produce aperture synthesis images
for each object, tracks of six to twelve hours in several different configurations of the
telescopes were combined into single datasets. Occasionally duplicate tracks were
obtained in a single configuration in cases when poor atmospheric transparency or
coherence affected the data or when scheduling conflicts caused a track to be prema-
turely ended. Typical on-source integration times were ~15 hours. For each object,
Table 4-2 lists the pointing centers and observed central velocities, as well as the

dates of each track and the number of operational telescopes for each track. Data
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Table 4-2. Summary of high-density tracer observations

pointing center center of spectrometer dates no. of natural-weight
(B1950.0) passband setup® of tracks telescopes synthesized beam
object a é cz HPBW PA
(km s71) ™
NGC 2623 .... 8h35m255.27 +25°55'50".2 5538 HCN/HCO* 1995 Jan 23 6 6.0 x4.5 157°
1995 May 08 6
1995 May 23 6
Mrk 231 ....... 12h54m 055,01 +57°08'38".1 12660 HCN/HCO¥* 1994 Nov 21 6 4.6 x 4.5 114°
1994 Dec 18 6
IC 883 ......... 13818m175.03 +34°24'04".5 7000 HCN 1993 Nov 21 5 34x3.0 94°
1994 Feb 05° 5
. 1995 Jan 03 6
NGC 6090 .... 162 10™245.56 +52°35'05".2 8831 HCN/HCO+ 1993 Sep 30 5 52 x 5.0 136°
1995 Jan 29 6
1995 Apr 11 5
1995 Apr 14 6
NGC 6240 .... 161 50™275.862 +2°28'58"”.87 7335 HCN 1993 Oct 02 5 54 x 4.2 133°
1994 Jan 16 5
1994 Mar 02 5
1995 Jan 30 5
NGC 7469 .... 232 00™ 445.4 +8°36716".0 4963 HCN 1993 Jul 05 4 12.7x 7.5 179°
(o] 1993 Jul 06 4 9.3x79 15°

Notes:

a For HCN (or CS) observed by itself, the spectrometer contains one band of 112 x 4 MHz channels (1550 km s~ total
bandwidth), centered at the redshifted frequency of HCN 1—0 (or CS 2—1). For HCN/HCO, it contains two bands
of 56 x 4 MHz channels each (775 km s~ total bandwidth), one centered at the redshifted frequency of HCN 1—0
and one at HCOT 1-0.

b Data affected by time round-off error; see text for explanation.

were recorded simultaneously with a digital spectrometer and a 1 GHz analog contin-
uum correlator. (For data taken prior‘to 1993 Sep, the bandwidth of the continuum
correlator was 500 MHz.) The digital spectrometer consists of four independent mod-
ules (Padin et al. 1993), which we arranged to cover adjacent, partially-overlapping,
sections of the IF. For the three objects in which the full CO velocity width at zero
intensity (FWZI) was less than about 500 km s~!, we split the spectrometer into two
bands of two modules each, in order to observe the HCN 1—0 and HCO* 1—0 lines
simultaneously. In this setup, each band contained 56 x 4 MHz non-overlapping chan-

nels, for a velocity coverage of ~775 km s~* at 13.8 km s™* resolution. For IC 883 and
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NGC 6240, where the FWZI of the CO line approaches 775 km s™!, all four spectrom-
eter bands were dedicated to the HCN 1—0 transition. In this setup, the passband
contained 112 x 4 MHz channels, for a velocity coverage of ~1550 km s™! at the same
resolution. The half-power width of the primary beam is 86" at 87 GHz, so we used
only a single pointing center for each object, centered at or near the position of the
peak of the centimeter-wave continuum emission {Condon et al. 1990; Carral, Turner,
& Ho 1990). To ren.:tove the time-dependent atmospheric and instrumental phase
drifts, unresolved quasars near to the sample objects were observed every 30 minutes.

Phase, passband, and flux calibration were performed using the OVRO millimeter‘
array software (Scoville et al. 1993). Instrumental passbands were derived from the
spectra of bright quasars (e.g., 3C 273, 3C 454.3, 3C 345), and the absolute flux scale
was obtained from integrations on Uranus or Neptune, after correcting the planet
fluxes for resolution effects. The accuracy of this flux calibration is ~10%.

After the uv data for each track had been calibrated and the tracks for each ob-
ject combined into a single dataset, maps were made using the NRAO AIPS software
package. For objects in which continuum emission was detected in the line-free spec-
trometer channels, we subtracted a constant continuum value from the calibrated
uv data with the ATPS task ‘UVLIN.” The data were Fourier-transformed and de-
convolved using the CLEAN algorithm in the AIPS task ‘MX.” Varying numbers of
velocity-channels were binned together to improve the signal-to-noise ratio in the
channel maps. Due to the low signal-to-noise ratio, we used natural weighting of the

uv data to produce the maps used for this analysis. The half-power synthesized beam
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widths (HPBW) are listed in Table 4-2 for each object. Absolute positions should be
accurate to within 0”.5.

The HCN track on IC 883 taken on 1994 Feb 05 suffered from the time round-off
error in the observing software that is described in detail in §3.3. For this track, the
maximum decorrelation is only slightly over 6%, and the east-west beam smearing is
only 0”.8 (compared to the synthesized beam width of 3”.4). Thus, the time round-
off error should have a; negligible effect upon the final map, and all otherwise useable

data from this track have been retained.

4.3. Results

4.3.1. HCN, HCO*

Despite the large distances (66-174 Mpc), HCN 1—0 was detected in all six objects,
and HCO™' 1—0 was detected in the three objects in which it was attempted. The
only marginal detection is for CS 2—1 in NGC 7469. Measured parameters for the
HCN and HCO™ emission lines are listed in Table 4-3. For comparison, we also list
the corresponding measurements for the CO 1—0 emission (and CO 2—1 emission in
Mrk 231) described in Chapters 2 and 3. Table 4-4 contains the integrated brightness
temperature ratios and a lower limit to the HCN 1—0 excitation temperature (derived
assuming that the HCN emission arises from an area no larger than that from which
the CO emission arises). The uncertainties for the CO/HCN and CO/CS brightness

temperature ratios do not include the estimated 10% relative calibration error between
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Table 4-3. Spectral line data

coordinates of peak

object transition Sc Aa Aé o FWHM CZmid Ty
(Jy kms™1) (") ) (kms7l)  (kmsTh) (X)
® 2 ®3) 4 ®  ® ) @® ®
NGC 2623 ...... HCN 1-0 7 ... ... 300 (80) 5592 (40) 0.09 (0.02)
HCOt 1-0 7 - ... - 290 (80) 5517 (40) 0.08 (0.02)
CO 10 153 0.15E 0.05N 0.04 317 (21) 5543 (11) 43 (0.3)
Mrk 231 ......... HCN 10 10.0 076 W 0325 020 191 (25) 12613 (11) 0.42 (0.04)
HCO* 1-0 8.3 046 W 0.36S 0.33 203 (44) 12651 (21) 0.23 (0.03)
CO 1-0 62 013W 002N 0.04 186 (9) 12645 (4) 47 (0.3)
CO 21 180 008 W 004N 002 189 (10) 12667 (4) 14  (1.6)
IC 883 .......... : HCN 1-0 9.5 . .. . 200 (70) 6961 (27) 0.12 (0.03)
CO 10 202 0.19W 0.18 N 0.03 388 (18) 7014 (9) 6.6 (0.5)
NGC 6090 ...... HCN 1—0 5.5 046 W 1.08S 053 155 (44) 8882 (22) 0.10 (0.02)
HCO* 150 6.0 1.09W 098S 0.34 125 (31) 8842 (14) 0.12 (0.02)
CO 1-0 9% 1.85W 1.37S 0.04 138 (6) 8835 (3) 38 (0.3)
NGC 6240 ...... HCN 1—0 22 0.63W 0.85S 0.12 401 (47) 7345 (19) 0.09 (0.02)
CO 10 185 055W 0.66S 0.03 469 (15) 7342 (7) 41 (0.9)
NGC 7469 ...... HCN 10 15 0.00 1.50 N 0.9 334 (79) 4889 (37) 0.076 (0.018)
CS 21 A 0.24E 006N 13 0.054 (0.014)
CO 10 317 022E 016N 011 273 (3) 4917 (1) 1.74 (0.06)

Columns: (1) object; (2) spectral line; (3) line flux integrated over velocity and solid angle; (4)—(5) offset of integrated
flux peak from pointing center listed in Table 4-2—blanks mean that the map is too poor to yield accurate coordinates
for the peak; (6) formal uncertainty in peak coordinates—does not include possible systematic errors due to calibration
or baseline measurement; (7) full-width at half-maximum (FWHM) of the line profile, with the 1o formal uncertainty
in parentheses; (8) heliocentric velocity at midpoint of FWHM of profile; (9) peak brightness temperature of the line
emission in the synthesized beam listed in Table 4-2 (see Chapters 2 and 3 for synthesized beams of the CO 1—0 and
CO 2—1 observations)— these numbers should be compared only after correcting for the different beam sizes.

Note:
2 Marginal detection.

the ipdividual line measurements; the HCO*.,/HCN T, ratios are not subject to this
error since the data for each line were obtained simultaneously.

Single dish HCN 1—0 data have been published for three of the six objects stud-
ied here: Mrk 231, NGC 6240, and IC 883 (SDR). For the other two molecules, the
only published single dish data is HCO* 1—0 in Mrk 231 (SDR). Columns 6 and 7
of Table 4-4 compare our measurements with those from the IRAM 30 m telescope.
Our HCN fluxes for Mrk 231 and NGC 6240 agree fairly well with the IRAM mea-

surements, given the large uncertainties in the relative calibration of ~20%. On the
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Table 4—4. Line ratios and excitation

OVRO OVRO OVRO IRAM  HCN1-0 HCO*1—0 HCN 10
object CO/HCN HCO+*/HCN CO/CS CO/HCN OVRO/IRAM OVRO/IRAM Ty min
1 @ 3 @ (5) (6) (M ®
NGC 2623 ..coeenvenen. 12 (3) 1.0 (0.2) 38K
Mrk 231 .ooeeeieeeenne 3.3(0.3) 0.7(0.1) 3.9 0.69 2.5 32
IC 883 .oeeeeeeerennenne 18 (4) 3.8 0.38 2.9
NGC 6090 .....ccenne. 26 (9) 1.7 (0.6) 2.9
NGC 6240 .....c.oce.... 9.2 (1.0) 6.3 0.85 3.5
NGC 7469 ..vvenvnnen. 10.0 (1.4) 29 (10) ... 3.2

Columns: (1) ébject; (2) observed brightness temperature ratio of CO 1—0 to HCN 1—-0, convolved to the same
beam size and averaged over the CO line profile; (3) same as column 2, but for the ratio of HCO+ 1—0 to HCN 1—0;
(4) same as column 2, but for the ratio of CO 1—0 to CS 2—1; (5) single dish velocity-integrated temperature ratio of
CO 1-»0 to HCN 1—0, corrected for the CO source sizes measured in Chapters 2 and 3 and assuming that the HCN
source size is the same as that of CO; (6) ratio of the HCN 1—0 flux detected by the Owens Valley millimeter array
to that detected by the IRAM 30m telescope; (7) same as column 6 but for HCO+ 1—0; (8) minimum excitation
temperature of HCN 1—0, derived by correcting the observed peak brightness temperature for beam dilution, cosmic
background, and the Rayleigh-Jeans approximation.

other hand, the HCN flux that we measure for IC 883 (Arp 193) is 2.5 times fainter
than that reported by SDR, and the HCO* flux we measure for Mrk 231 is over 2
times brighter than that reported by SDR. Given the highly compact nature of the
CO emission in these objects, and that there is there is no evidence for any missing
CO flux in the aperture synthesis maps (Chapters 2 and 3), we cannot attribute the
unexpectedly weak HCN flux that we see towards IC 883 to emission resolved out by
the array. Instead, we suspect spectral baseline uncertainties may have contributed
to the excess flux measured in the single dish data on this object. Unfortunately
SDR do not publish their spectrum so a judgment of the quality of the single dish
spectrum of IC 883 cannot be made. For Mrk 231, the HCN and HCO* aperture
synthesis data were taken simultaneously, and the HCN flux agrees fairly well with

the flux reported from IRAM; if anything it is somewhat less than the IRAM flux. So
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the larger HCO™ flux we measure is unlikely to be due to a relative calibration dif-
ference. We suspect that the weaker HCO™ flux in Mrk 231 reported by SDR is also
attributable to instrumental uncertainties in the single dish data, such as pointing
eITOorS.

Both the maps and the line profiles from our data suggest that the HCN, HCO+,
and CO trace similar gas distributions. The HCN maps (see Figures 4-la, 4-3,
and 4-8a) and the HCO+ maps (see Figures 4-1b and 4-8b) are consistent with all
of the high dipole moment emission lines arising from the same compact core as the
CO emission. The HCN, HCO* and CO line profiles are also consistent to within
the uncertainties. The spatial resolution and signal-to-noise ratio of the data do not
allow us to state conclusively whether the HCN emission distribution differs from the
CO emission distribution, though in NGC 6090 there is marginal evidence that the
HCN arises from a more compact area than the CO and HCO*. This is seen best
when the maps are convolved to the same beam size (Figure 4-9a).

Below we describe the data for each object separately, in order of decreasing
far-infrared luminosity.

Mrk 231. The HCN map shows a point source of emission, with a 20 upper
limit on its diameter of <2".3 (Figure 4-1a). The HCN peak is offset from that of
CO by 0”.8—four times the formal uncertainty. This offset is not significant, however,
since baseline measurement errors add a systematic uncertainty of around 0”.5 to the

absolute positions. No significant constraints are placed on the relative distribution



CHAPTER 4: HIGH-DENSITY TRACERS 145
Mrk 231

L R
(a) Hc&sco ]

10

46 (arcsec)
0

LN AL N B RN N Mt AL BN S B I R St S It M B

T

(b) D ~“ HCO™ vs CO
(\

400
T

d

PN T

AS (arcsec)
0 5
rorfr———

-5

=10

-10

Ao (orcsec)

Figure 4-1. (a) The velocity-integrated HCN 1—0 emission from the natural-weight aperture syn-
thesis map is shown in contours overlaid on a grayscale of the velocity-integrated CO 1—0 emission
(uniform weight; Chapter 2). Contours are spaced linearly beginning at 3 Jy beam™! km s™t. (b)
The velocity-integrated HCO* 1—0 emission from the natural-weight aperture synthesis map is
shown in contours overlaid on the same grayscale image in (a). Contours are spaced linearly be-
ginning at 1.8 Jy beam™! km s~1. The integrated emission line maps were produced by smoothing
the frequency resolution to 32 MHz (~113 km s~!) and summing over all line channels, blanking
pixels below 20 (6.4 mJy for the HCN map and 6.1 mJy for the HCO™* map). The hatched ellipses
represent the half-power beam size of the high dipole moment molecule observations, while the solid
ellipses represent the beam size for the CO observations. The bars delineate 1 kpc, and the “+”
symbols mark the position of the compact 1.49 GHz continuum emission (Condon et al. 1990).
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of the CO and HCN emission since the CO arises from a source ounly 1” in diameter
(Chapter 2), much smaller than the resolution of our HCN map.

The observed peak HCN brightness temperature of 0.42 K translates into a min-
imum HCN 1—0 excitation temperature of 32 K if the HCN arises from a region
no larger than that froﬁ which the CO 2—1 arises. Even using the conservative 3o
upper limit to the size of the CO 2—1 emission (1”.20 x 0”.66) results in a lower limit
of 14 K for the excitaf:ion temperature of HCN 1—0. A reasonable upper limit to the
excitation is given by the upper limit to the far-infrared color temperature of the dust
grains: Ty < 85 K (Roche & Chandler 1993). Thus, like the CO lines (Chapter 2),
the HCN line probably has a large area filling factor (>0.2) in the molecular core of
Mrk 231.

The HCO™ map shows an elongation 40% longer than the 4”.7 synthesized beam
at PA 70° and is unresolved in the perpendicular direction (Figure 4-1b). The elon-
gation is roughly 2.5 times the uncertainty in the source size estimated from the
signal-to-noise ratio and expected calibration uncertainties. If this elongation is real,
it corresponds to a deconvolved major axis of 4”.4 = 17.0. The data were examined
in detail, and no plausible calibration errors due to individual telescopes, baselines,
or tracks were found that could account for this elongation.

The measured HCO™ flux is comparable to the HCN flux, in contrast to the single
dish results of SDR, which have HCO™ several times weaker than HCN. The average
CO/HCN brightness temperature ratio across the line profile of Mrk 231 is 3.3; only

NGC 1068 is known to have a lower ratio. The velocity-averaged CO/HCO Ty, ratio
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Figure 4-2. The upper panel shows the line profiles for CO 1—0, HCN 1—0, and HCO* 1—0 for
Mrk 231. For easy display, the amplitude of CO is reduced by a factor of five, and HCN and HCO*
are offset vertically by 60 and 120 mJy beam™!, respectively. To obtain the velocity profiles, each
data cube was convolved to the same spatial resolution (4”.7x4".7) and then was sampled through a
region 0”.5 east-west by 0”.25 north-south centered on the peak of the CO emission. The lower panel
shows the line ratios, converted from flux to brightness temperature units, obtained after smoothing
the CO profile to the same velocity resolution for which the fainter line profiles are displayed. The
velocities, v, shown in this and subsequent figures are related to the observed frequencies, v, by
v = ¢(vo — v) /v, where vy is the central frequency of the bandpass, given by vg = vr(1+ z)™1, where
Vg is the rest frequency and z is the redshift listed in Table 4-2.
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Figure 4-3. The velocity-integrated HCN 1—0 emission from the natural-weight aperture synthesis
map is shown in contours overlaid on a grayscale of the velocity-integrated CO emission (natural
weight; Chapter 3). Contours are spaced linearly beginning at 4 Jy beam™ km s~!. The HCN
map was produced by smoothing the frequency resolution to 64 MHz (~222 km s~!) and summing
over all line channels, blanking pixels below 20 (4.9 mJy). The hatched ellipse represents the half-
power beam size of the HCN observations, while the solid ellipse represents the beam size for the
CO observations. A bar delineates 1 kpc, and the two “+” symbols mark the positions of the two
brightest components of the 15 GHz continuum emission (Carral et al. 1990).

is 4.7+ 0.5, and the line profiles of both HCN and HCO™ are consistent with the CO
line profiles to within the uncertainties (Figure 4-2).

NGC 6240. The HCN map (Figure 4-3) shows a compact emission source with
a maximum deconvolved diameter of <3".7 (2¢), consistent with the emission arising
from within the 1”.6-diameter CO core. The line profile is similar to that of CO to
within the uncertainties (Figure 4-4), as also seen by SDR. The average CO/HCN
brightness temperature ratio is 9.2 £ 1.0.

IC 883. The HCN line profile agrees well with the CO line profile to within the

uncertainties (Figure 4-5), but as noted above, we find only 40% of the flux reported
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Figure 4—4. The upper panel shows the line profiles for CO 1—0 and HCN 1—0 for NGC 6240.
For easy display, the amplitude of the former is reduced by a factor of ten, and the latter is offset
vertically by 45 mJy beam™!. To obtain the velocity profiles, each data cube was convolved to the
same spatial resolution (4”.9 x 4”.9) and then was sampled through a 0”.3-square region centered
on the peak of the CO emission. The lower panel shows the line ratios, converted from flux to
brightness temperature units, obtained as in Figure 4-2.

by SDR. The CO/HCN brightness temperature ratio that we measure (18 = 4) is
thus rather typical of galactic nuclei (e.g., Aalto et al. 1995; Helfer & Blitz 1993),

rather than the extremely small ratio reported from the IRAM observations. Due to
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Figure 4-5. The upper panel shows the line profiles for CO 1—0 and HCN 1—0 for IC 883.
For easy display, the amplitude of the former is reduced by a factor of ten, and the latter is offset
vertically by 40 mJy beam~!. To obtain the velocity profiles, each data cube was convolved to the
same spatial resolution (7" x 7") and then was sampled through a 6".9-square region centered on the
peak of the CO emission. The lower panel shows the line ratios, converted from flux to brightness
temperature units, obtained as in Figure 4-2.

the faintness of the HCN line in this object, the map provides no significant spatial

constraints.
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Figure 4-6. The upper panel shows the line profiles for CO 1—0, HCN 1—0, and CS 2—1 for
NGC 7469. For easy display, the amplitude of CO is reduced by a factor of ten, and HCN and
CS are offset vertically by 100 and 150 mJy beam™!, respectively. To obtain the velocity profiles,
each data cube was convolved to the same spatial resolution (12”.7 x 8”.1) and then was sampled
through a 3".75-square region centered on the peak of the CO emission. The lower panel shows the
line ratios, converted from flux to brightness temperature units, obtained as in Figure 4-2.

NGC 7469. The HCN 1—0 emission is unresolved in the 12"”.7 x 7".5 synthesized
beam. The velocity-averaged CO/HCN brightness temperature ratio is 10.0 = 1.4

(Figure 4-6). The CS 2—1 line is seen above 30 over only about one-third of the
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CO line profile (Figure 4-6). From velocities of —200 to —100 km s, the CO/CS
brightness temperature ratio is 13.1 +£4.2. Averaged over the full CO line profile, the
ratio is 28.8+10.4. Both the HCN and CS lines appear stronger relative to CO on the
blue side of the CO line profile. Due to the weakness of the HCN and CS emission,
however, we can only conclude that both profiles are consistent with the CO profile.
At roughly 30, CS 2—1 in NGC 7469 is merely a tentative detection.

NGC 2623. The' HCN and HCO™ emission are nearly equal in this object, and
both exhibit brightness temperatures twelve times lower than CO 1—0 (Figure 4-7).
The integrated line fluxes (and the continuum flux) were obtained by comparing the
total fluxes in the two digital spectrometer bands (224 MHz bandwidth each) to the
total flux in the 1 GHz correlator. Due to the low signal-to-noise, the maps provide
no significant spatial constraints.

NGC 6090. Despite the weakness of the HCN and HCO™ lines in this object
at a distance of 123 Mpc, we were able to produce good maps of both lines. The
HCN map suggests a slightly more compact emission region than the CO map (Fig-
ure 4-8a). This is especially clear when the maps are convolved to the same beam
size (Figure 4-9a). The HCO* map, obtained simultaneously with the HCN, agrees
very well with the CO when the same comparison is made (Figure 4-9b). Subtracting
the HCN from the HCO™ data cube, the most significant difference (>2¢) is the de-
ficiency of HCN emission in the far northeast of the molecular core. The line profile
of HCO™ agrees very well with that of CO 1—0. With less significance, the HCN

profile is also consistent with the CO profile.
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Figure 4-7. The upper panel shows the line profiles for CO 1—0, HCN 1—0, and HCO* 1-0
for NGC 2623. For easy display, the amplitude of CO is reduced by a factor of ten, and HCN and
HCO™ are offset vertically by 40 and 70 mJy beam™?, respectively. To obtain the velocity profiles,
each data cube was convolved to the same spatial resolution (6”.5 x 4”.5) and then was sampled
through a region 0”.5 east-west by 0”.25 north-south centered on the peak of the CO emission. The
lower panel shows the line ratios, converted from flux to brightness temperature units, obtained as

in Figure 4-2.

In NGC 6090, like M 82 but unlike most other previously observed extragalactic

source, HCO™ is brighter than HCN. The velocity-averaged CO/HCN brightness
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Figure 4-8. (a) The velocity-integrated HCN 1—0 emission from the natural-weight aperture
synthesis map is shown in contours overlaid on a grayscale of the velocity-integrated CO emission
(uniform weight; Chapter 3). Contours are spaced linearly beginning at 0.65 Jy beam™! km s!.
(b) The velocity-integrated HCO* 1—0 emission from the natural-weight aperture synthesis map
is shown in contours overlaid on the same grayscale image in (a). Contours are spaced linearly
beginning at 0.65 Jy beam™! km s~!. The integrated emission line maps were produced by smoothing
the frequency resolution to 32 MHz (~111 km s~!) and summing over all line channels, blanking
pixels below 1.5¢ (3.2 mJy for the HCN map and 2.7 mJy for the HCO™* map). The hatched ellipses
represent the half-power beam size of the high dipole moment molecule observations, while the solid
ellipses represent the beam size for the CO observations. The bars delineate 1 kpc, and the two “+”
symbols in each panel mark the positions of the peaks of the 1.49 GHz continuum emission (Condon
et al. 1990).
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Figure 4-9. (a) and (b) Same as for Figure 4-8, except that the CO map has been convolved to
the same resolution as the HCN and HCO™* maps to ease comparison.

temperature ratio is 25.6 & 8.7, but the same ratio for CO/HCO? is only 15.5 £ 2.7
(Figure 4-10).
4.3.2. Continuum

For all the objects studied here except NGC 2623, the spectrometer band was sub-

stantially wider than the spectral lines, so that continuum maps could be made by
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Figure 4-10. The upper panel shows the line profiles for CO 1—0, HCN 1—0, and HCO* 1—0 for
NGC 6090. For easy display, the amplitude of CO is reduced by a factor of twenty, and HCN and
HCO™ are offset vertically by 25 and 40 mJy beam™!, respectively. To obtain the velocity profiles,
each data cube was convolved to the same spatial resolution (5.5 x 5”.1) and then was sampled
through a 4"”.25-square region centered on the peak of the CO emission. The lower panel shows the
line ratios, converted from flux to brightness temperature units, obtained as in Figure 4-2.

averaging the line-free channels. For NGC 2623, continuum maps were made by linear
combinations of the channel-averaged spectrometer maps and the 1 GHz correlator

maps. All objects except NGC 6090 and NGC 7469 were detected at levels of a few
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Table 4-5. Radio continuum emission

object v Sy SNR epoch a sNT ST refs®
(GHz) (mly) (peak/rms) (mJy)  (mJy)
(1) (2) (3 4 (3 (6) M (8 (9)
NGC 2623 ...... 87.3 6.6 (3.3) 5 1995 Jan—-May —-0.58 (0.04)> 9.2 (1.0) <43 1,2
Mrk 231 ......... 85.3 31.6 (1.7) 19 1994 Nov 21 —0.59 (0.05)° 21-75¢ < 30.5° 34
85.4 26.5 (3.3) 8 1994 Dec 18
85.3 30.5 (1.7) 18 average
IC 883 ........... 86.7 8.6 (2.8) 6 1993 Nov-1995 Jan —0.64 (0.04)* 7.9(0.8) <6.6 2,5
NGC 6090 ...... 86.4 < 1.8f 1993 Sep-1995 Apr —1.04 (0.16)8 1.0(0.3) <1.8 6
NGC 6240 ...... 86.5 8.7 (3.8) 3.4 1993 Oct-1995 Jan —0.65 (0.07)® 13.9(3.0) <45 7
NGC 7469 ....~ 87.2 < 6.0f 1993 Jul 5 —0.77 (0.07)° 6.9(0.9) <4.08 3
9%6.4 <57 1993 Jul 6
920 < 4.0f ... average

Columns: (1) object; (2) effective frequency of continuum flux measurement; (3) continuum flux, 1o uncertainty
in parentheses does not include 10% calibration uncertainty; (4) signal-to-noise ratio of continuum detections; (5)
epoch of continuum flux measurement; (6) cm-wave continuum spectral index, S, o v*; (7) extrapolation of cm-wave
continuum to frequency in column 2; (8) estimated 20 upper limit to the thermal continuum flux at the frequency in
column 2, derived by subtracting column 7 from column 3 except where noted; (9) references for cm-wave continuum
flux and spectral index measurements.
Notes:
2 Cm-wave continuum references: (1) Hummel et al. 1987; (2) Condon et al. 1991; (3) Edelson 1987; (4) Kojoian et al.
1976; (5) Condon et al. 1990; (6) Batuski, Hanisch, & Burns 1992; (7) Colbert et al. 1994.
b Evaluated between 1.5 and 8 GHz.
¢ Evaluated between 4.9 and 20 GHz.
4 Extrapolation of the extreme range of the observed cm-wave variability.
€ Due to the strong cm-wave variability of Mrk 231, the thermal contribution to the 85 GHz continuum cannot be
constrained below the total observed flux;

20 upper limit.
& Evaluated between 4.9 and 15 GHz.
b The extrapolated cm-wave flux is significantly greater than the upper limit to the 92 GHz continuum flux, so the
non-thermal continuum spectral index must steepen at mm-wavelengths—hence the upper limit on the total 92 GHz
continuum is also the upper limit to the thermal contribution.

times the noise (Table 4-5). The detections are all consistent with unresolved sources,
as expected from the compact nature of the lower frequency radio continuum in these
objects (e.g., Condon et al. 1990; Carral et al. 1990).

For NGC 2623, IC 883, NGC 6090, and NGC 6240 the observed continuum fluxes
(or limits) agree remarkably well with the cm-wavelength non-thermal continuum ex-
trapolated to 87 GHz (Table 4-5). For NGC 7469, the measured 20 upper limit to the
mm-wavelength continuum (4.0 mJy) is substantially lower than the extrapolation of

the cm-wavelength continuum (6.9+0.9 mJy). Thus, in these five objects, there is no
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evidence for any excess continuum that could be attributed to thermal bremsstrahlung
or dust emission. Estimated upper limits (20) to the thermal continuum contribution
at 87 GHz are provided in column 8 of Table 4-5.

For Mrk 231, the non-thermal extrapolation is complicated by the fact that the
central radio source varies dramatically on time scales from months to years at cm
wavelengths (see §2.3.2 and references therein). We have listed the measurements
for its two tracks sepz;rately in Table 4-5. The two tracks do not show evidence for
significant variation during the intervening month, so we have also listed the average
measurement of 30.5 mJy at 85.3 GHz. On the other hand, the 3 mm continuum did
vary by ~50% over the 19 months between our measurements at 109 GHz (49 mJy;
§2.3.2) and the present data at 85 GHz—variability behavior similar to that of the
lower frequency continuum. Also, the 85 GHz measurements fall well within the range
(21-75 mJy; §2.3.2) of non-thermal continuum at 85 GHz predicted by extrapolating
earlier cm wavelength measurements. These two facts strongly suggest that the ob-
served 85 GHz continuum in Mrk 231 is dominated by non-thermal emission, and that
the thermal contributions from bremsstrahlung and dust are relatively minor. While
the strict upper limit we place on the thermal continuum in Table 4-5 is the total

detected flux, the actual thermal contribution is likely less than half this amount.
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Table 4-6. Central CO/HCN measurements: Galaxies with Lpir > 101 Lg

object D A o 6. da Ty  logLpr type refs®
(Mpc) (") (kpe) Mo pc2)  (Lo)
(1) (2) (3) 4) () (6) ("N ® (10)
NGC 828...cevvnennnn.. 72.6 100 ... 28 9.9 11.22 Sa: pec 10
NGC 1614 .............. 62.3 143> 3.8 12° 3.6 1141 SBc pec/HII Sy2 1
NGC 2623 .....cu....... 76.1 12¢ 2 1.8  0.66 20900 11.47 /LINER this work
NGC 3256 ...ccvvvnnnnn. 374 20 8 56 10.2 11.47 Pec merger/HII 7
15.5* 1.2 gk 1.6 1
(o ;17 S 48.0 20 ... 28 6.5 11.52 IBm pec/AGN 10
9c 1 14 033 29000 2
Mrk 231 .ooeenrennnnnne. 173.9 67 ... 28 24 12.36 SAc ? pec/Syl 10
33° 03 1.0 0.84 27000 this work
IC 883 ceveennciinnnnnns 97.8 63 ... 28 13 - 11.52 Im: pec/LINER 10
18¢ 4 42 20 5370 this work
ATp 220.ccuniinnn.. 79.2 128 ... 28 10.8 12.12 S 7/Sy2 10
NGC 6090 .............. 123.3 26° 9 58 35 2570 11.34 Sd pec/HII this work
NGC 6240 .............. 100.9 107 ... 28 14 11.69 I0: pec/LINER Sy2 10
9.2° 1.0 1.6 0.78 31600 this work
IRAS 18293-3413 ...... 731 >1eb 7 2.5 11.62 /HII 1
NGC 7130 .coeuvnenennne 63.0 13% 4 0P 3.1% ... 11.18 Sa pec/LINER Sy2 1
NGC 7469 .....cece.... 66.4 >20 ... 10 23 11.41 (R")SABa/Syl 4
10.0¢ 14 46 1.5 6800 this work
NGC 7771 v 58.6 18 ... 28 8.0 11.24 SBa/HII 10

Columns: (1) object; (2) distance—from Tully 1988 for objects closer than 40 Mpc, otherwise from Sanders, Scoville,
& Soifer 1991; (3) velocity-integrated temperature ratio of CO 1—0 to HCN 1—0-—not corrected for different CO and
HCN beam sizes or for source sizes smaller than beam except where noted; (4) uncertainty in temperature ratio when
quoted in reference; (5) angular diameter of HCN aperture to which temperature ratio applies; (6) linear diameter of
HCN aperture; (7) CO surface brightness in units of gas surface density, using the standard M,/ L, conversion factor,
for the objects in Figure 4-12; (8) far-infrared luminosity (40-120xm), from Condon et al. (1990, 1996), but adjusted
to the distance adopted in column 2; (9) morphological class from the NASA/IPAC Extragalactic Database—nuclear
spectral classification given after the slash; (10) references for the CO/HCN line ratio in column 3.

Notes:

2 References for CO/HCN line ratios: (1) Aalto et al. 1995; (2) Aalto et al. 1996; (4) Helfer & Blitz 1993; (7) Israel
1992; (10) Solomon, Downes, & Radford 1992.

b Temperature ratio and aperture corrected for source size smaller than beam.

¢ Temperature ratio derived using same beam size for CO and HCN.

4.4. Discussion
4.4.1. CO/HCN line ratios

4.4.1.1. Luminous infrared galaxies

In this study, we have measured nuclear CO/HCN ratios in six luminous interacting
galaxies for which we have previously resolved the CO emission (Chapter 3). Eight
additional objects with Lpg > 10" Ly have measurements of CO/HCN previously

published (Aalto et al. 1995, 1996; SDR; Radford et al. 1991). Two of these have
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been mapped at high-resolution in CO 1—0 (Arp 220, Scoville et al. 1991, Scoville,
Yun, & Bryant 1996; Arp 299, Sargent & Scoville 1991, Aalto et al. 1996). The
observational results for these objects are summarized in Table 4-6.

The small sample of luminous interacting galaxies in Table 4-6 display a wide
range of CO/HCN ratibs, implying that the molecular gas properties vary substan-
tially amongst this class of galaxies. The lower ratios (i.e., relatively brighter HCN)
are associated with tile highest CO surface brightnesses. The CO surface bright-
ness, Xco, can be translated into a gas mass surface density, X3, via the standard
b* = M;/L¢o conversion factor: £i = b*Lco. The trend we find is then consistent
with the hypothesis that the HCN emission traces the high-density gas (ng,2 10°),
while the CO emission traces the total molecular gas content. The high CO sur-
face brightnesses imply large mass surface densities of gas, and it is reasonable that
when the gas is so concentrated, a larger fraction will be dense as a result of both
self-gravity and cloud-cloud collisions.

In Mrk 231, NGC 6240, and NGC 2623, the molecular gas may reside in thin
disks with mean H, densities of 10 cm™2 or more (§3.6). Under these conditions, the
critical density of HCN is approached or exceeded throughout the entire molecular
gas content. Thus, strong HCN emission must occur, independent of the rate of
star formation in the gas, contrary to the suggestion of SDR that HCN traces star
formation. Further evidence against a close general association between HCN emission
and star formation rate comes from the Seyfert nucleus of NGC 1068, which exhibits

the lowest CO/HCN ratio yet measured (Helfer & Blitz 1995), but which is unlikely
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to house a significant amount of star formation. Furthermore, a possible association

between strong HCN emission and broad-line AGN is discussed below in §4.1.3.

4.4.1.2. Comparison with moderate luminosity galaxies

Several dozen nearby, moderate luminosity (Lrr < 10* Lg) galaxies have published
CO/HCN ratios. These are tabulated in Table 4-7. Most of these galaxies are
late-type, gas-rich, and forming stars at high rates; they also exhibit a wide range of
CO/HCN ratios—a range which encompasses that seen in the very luminous galaxies.
As shown in Figure 4-11, the observed ratios depend dramatically on the linear size
of the region around thej nucleus sampled by the observations. For nearby galaxies,
apertures smaller than a kiloparsec result in a typical CO/HCN of 5-15, while larger
apertures result in ratios of around 15-40. For individual galaxies, this result was first
found by Helfer & Blitz (1993) and supported by Jackson et al. (1996). We confirm
this result for individual galaxies, as demonstrated by the preponderance of positive
slopes for the dotted lines in Figure 4-11. These lines connect measurements made
with different beam sizes for the same galaxy.

The trend of increasing CO/HCN with increasing aperture from 0.2 to 2 kpc is
likely due to increasing contamination of the nuclear emission by the disk emission.
The values of CO/HCN in the disks of gas-rich galaxies are larger than 40 (Helfer
& Blitz 1993; Kuno et al. 1995; Liszt 1995), so HCN is much brighter relative to CO
in the inner kpc of gas-rich spirals than in the disks. The standard interpretation
is that dense gas is more strongly concentrated towards the centers of these galaxies

than is the total gas distribution (e.g., Helfer & Blitz 1993). The relative paucity of
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Table 4-7. Central CO/HCN measurements: Galaxies with Lrig < 10! Lg

object D o 6a da 254 log Lrir type refs?
(Mpc) (") (kpc) (Mo pc?) (Lo)

¢y (2 ® @ 6 (5 M ® (10)
Milky Way .....ooovvennenes e 14 . ees 0.4 1300 ces v 8
NGC233....cciviiannee. 3.0 43 02 170 1.02 ces 10.33 SABc 4
10.8 14 56 0.81 7
86 24 28 0.41 . 9
7 - 21 0.30 3300 8
NGC 404....ccccconunenene.. 2.4 >15 (1] 0.81 - ... SA0 4
NGC520...ccciieennnnnnnn.. 27.8 14 ... 28 3.8 . 10.78 S pec 10
NGC660......cccvuevacnann 11.8 195 6.3 14 0.80 cee 10.33  SBa pec/LINER 1
NGC891..cooovvvinnnnnnnns 9.6 29 10 70 3.3 ... 10.32 SAb ? 4
56 22 28 1.3 720 9
NGC986....... poanenacannan 23.2 11 2 15 1.7 . 10.53 (R'1 )SBb 1
Maffei 2 ...... eeeeranenes 3.4 5.1 1.5 28 0.46 260 cee SABbc: 9
NGC 1068 (M77).......... 144 89 08 170 4.9 ve- 1090 (R)SAb/Sy2 4
20 ... 5 0.35 1720 5
NGC 1097 ceeevreeennnenn. 14.5 27 7 70 4.9 63 1045  (R}:)SBb/Syl 4
IC342 ..., 3.9 17 3 70 1.3 . 10.08 SABcd 4
12 34 28 0.53 1000 9
7 2 11.5 0.22 vee 3
NGC 1808 ...vevenennen... 10.8 181 1.3 18 0.94 3100 1041  (R})SABb/Sy2 1
NGC 2146 ......cceeeeeeen.. 17.2 >30 cen 28 2.3 . 10.95 SBab pec 1
. 17.2 34 24 2.0 . 9
NGC 2903 ...cccevveennennn. 6.3 38 15 70 2.1 80 9.85 SABbc 4
4.4 1.5 28 0.86 140 9
NGC 3034 (M82).......... 3.25 14 4 28 0.44 3500 10.43 10 9
NGC 3079 ...coeevveennnnn.. 20.4 24 8 28 2.8 ... 10.76  SBc/Sy2 9
NGC 3147 .ccceceiinvainnn 40.9 9 aes 28 5.6 eee 10.83 SAbc/Sy2 10
NGC 3628 ...cccecevvennnnn 7.7 >T74 cee 70 2.6 cee 9.92 Sb pec 4
24 9 28 1.05 720 9
NGC 4254 (M99) .......... 16.8 25 6 70 5.7 . 10.52 SAc 4
NGC 4303 (M61).......... 15.2 >43 e 70 5.2 . 10.39 SABbc/HII Sy 4
NGC 4321 (M100)......... 16.8 30 7 70 5.7 ees 10.39 SABbc/HII 4
NGC 4527 coveeiniannnnans 13.5 25 4 70 4.6 - 10.19 SABbc 4
NGC 4569 (M90).......... 16.8 20 6 70 5.7 . 9.98 SABab/LINER Sy 4
NGC 4826 (M64) .......... 4.1 23 g 70 14 9.22  (R)SAab/Sy 4
NGC 4945 .......ooceeie.. 5.2 20 4 56 14 een . SBcd:/Sy2 6
NGC 5055 ..ccoeeeennenne. 7.2 >36 . 43 1.5 ... 9.98 SAbc 1
NGC 5128 ..couvinmennnnnn.. 4.9 5.5 ... 15 0.36 . 10.17 SO pec/Sy2 7
18 .ee 56 1.3 .. 7
NGC 5194 (M51).......... 7.1 31 6 170 2.4 10.24  SAbc pec/Sy2.5 4
14 4 28 0.96 490 9
NGC 5236 (M83).......... 4.7 29 3 70 1.6 ... 10.24 SABc 4
15 4 56 1.3 440 7
7 2 28 0.64 850 9
NGC 5248 ...cceemeinnennn. 22.7 42 16 70 7.7 cen 10.49 SABbc 4
ESO 97-G13 (Circinus) .. 4.2 33 6 56 1.14 . e SAb:/Sy2 7
217 07 20 0.41 .. 1
NGC 6946 ....ccceeennnnn... 5.5 41 5 70 1.9 .. 10.10 SABcd 4
16 5 28 0.75 1000 9
NGC 7331 ..ocicieiinnannns 14.3 41 17 28 1.9 ... e SAb/LINER 9
NGC 7552 .icoveinennnnnnns 19.5 12.2 1.3 16 1.5 ... 10.77 (R;l )JSBb 1
NGC 7582 ..coveeennnnnnn.n. 17.6 158 4.0 20 1.7 10.55  (R})SBab/Sy2 1

Columns: see column descriptions for Table 4-6.

Notes:

2 References for CO/HCN line ratios: (1) Aalto et al. 1995; (2) Aalto et al. 1996; (3) Downes et al. 1992; (4) Helfer
& Blitz 1993; (5) Helfer & Blitz 1995; (6) Henkel et al. 1990; (7) Israel 1992; (8) Paglione, Tosaki, & Jackson 1995;
(9) Nguyen-Q-Rieuet al. 1992; (10) Solomon, Downes, & Radford 1992.
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Figure 4-11. (a) CO/HCN line ratios from Tables 4-6 and 4-7 are displayed versus the linear
aperture, d,, of the measurements. Different symbols are used for the each reference. For galaxies
that have been observed multiple times, the points are connected by a dotted line. Galaxies with
measurements from this work are labeled. (b) Same information as in (a), but here the symbols
represent the galaxy distances. Nearby galaxies (open symbols) show a strong trend towards higher
CO/HCN ratios at larger apertures. The lack of many high ratios for more distant galaxies (solid
symbols) is likely a selection effect. See the text for further discussion of these points.
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objects with observed CO/HCN > 20 in apertures larger than 4 kpc may be largely
a selection effect due to the difficulty of detecting faint HCN emission in distant
galaxies.

As described above, the luminous sample shows a steep trend of decreasing
CO/HCN with increasing £co- This trend, necessarily tentative due to the small
number of objects, is shown in Figure 4-12 for the sample of luminous interacting
galaxies in which botﬂ qﬁantities have been measured (solid symbols). Since the HCN
emission is effectively unresolved in our maps, and consistent with arising from the
same area as the CO emission, the effective apertures of our observations are taken
to be the sizes of the CO emission regions (see Chapter 3). Similarly, the apertures
we adopt for the observations of IC 694 (Arp 299A; Aalto et al. 1996) and Arp 220
(Radford et al. 1991; Scoville et al. 1996) are the deconvolved sizes of the CO emission
regions.

With the data available, it is impossible to distinguish whether Figure 4-12 re-
flects a trend of CO/HCN ratio with CO surface brightness in luminous interacting
galaxies, or whether it reflects an aperture effect similar to that seen in the lower
luminosity galaxies. If the HCN can be imaged at higher resolution and spatially
resolved (as is the CO emission), it becomes possible to distinguish between the two
cases above by directly comparing CO/HCN with the CO surface brightness at dif-
ferent locations and in different size regions. The result can provide extra constraints
on models of the molecular gas emission and hence on the state and properties of the

molecular gas.
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Figure 4-12. CO/HCN line ratios versus CO surface brightness, parameterized as a gas mass
surface density, Xz, via the standard M, /Lo conversion factor. The symbols represent the linear
aperture sizes of the measurements. Also, solid symbols represent galaxies with Lrr > 101! Lg, and
open symbols represent those with Lrig < 10! Lg. All luminous galaxies with CO/HCN measure-
ments and resolved CO emission maps are shown—6 of the 8 are from this work (see Table 4-6). For
comparison, a random sampling of galaxies nearby enough so that single dish telescopes significantly
resolve the CO distribution are also shown (see Table 4-7). “MWG” is the Milky Way Galaxy.

Fourteen of the moderate luminosity galaxies in which CO/HCN has been mea-
sured and which are nearby enough so that single dish telescopes significantly resolve
the central CO distributions are also shown in Figure 4-12. In contrast to the ten-
tative, but steep, variation of CO/HCN with ¥3 in luminous galaxies, the moderate
luminosity galaxies show no correlation between these quantities. In fact, while the
higher luminosity galaxies exhibit an order of magnitude higher 7 than do the mod-

erate luminosity galaxies in similar apertures, they have about the same CO/HCN
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(perhaps marginally lower). The variations in CO/HCN within both samples are
much greater than between them. The intense CO emission in the luminous galaxies
requires very unusual gas properties, because either the gas is over an order of magni-
tude more concentrated than in the center of the Milky Way or its emissivity is over
an order of magnitude greater or some combination of these effects. Nonetheless, the
similarity of the range of CO/HCN ratios in the luminous and moderate luminosity
galaxies suggests that; in the inner kpc, these galaxies have similar fractions of dense
gas.

This similarity in CO/HCN ratios between otherwise rather dissimilar samples
raises the possibility that the deep gravitational potential well and high hydrostatic
pressure of the nucleus (cf. Spergel & Blitz 1992; Helfer & Blitz 1993) dictate the
amount of dense gas in galactic nuclei. While these conditions appear to play a
role in determining the fraction of dense gas in galactic nuclei, the large scatter of
CO/HCN ratios in similar apertures for nuclei of galaxies of similar Hubble type—
from as small as 2.0 in NGC 1068 (Helfer & Blitz 1995) to as large as 22 in ESO 97-G13
(Aalto et al. 1995)—suggests that they are not the sole determinants (Figure 4-11).
The CO/HCN ratios in galactic nuclei thus must be affected by something in addition
to the hydrostatic pressure. The elemental abundances, the dust temperature, the star
formation rate, or the luminosity of an AGN can all affect the excitation and chemistry
of the molecular gas and hence the molecular line radiation from the different species.

This then results in a large dispersion in the observed CO/HCN ratios.
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4.4.1.3. Very low CO/HCN line ratios and Seyfert nuclei

Prominent Seyfert nuclei are associated with the two lowest CO/HCN ratios published
to date: 2.0 in NGC 1068 (Helfer & Blitz 1993) and 3.3 in Mrk 231 (§4.3.1). These
two galaxies differ by a factor of 30 in luminosity and by over an order of magnitude
in ¥F; their most dramatic similarity is that both host a broad-line AGN at their
cores (e.g., Antonucci & Miller 1985; Boksenberg et al. 1977). NGC 7469, the only
other obvic;us broad-line AGN (Seyfert 1943; Khachikian & Weedman 1974) with a
measured CO/HCN ratio, also has a low ratio (10) over a 1.5-kpc region (§4.3.1). Of
all objects measured in a 1.1-kpc or larger aperture, only Mrk 231, NGC 1068, and
NGC 6240 have CO/HCN ratios confirmed to be below 10. (The low ratio for IC 883
from SDR conflicts with our measurement, and that for NGC 3147 from the same
authors is unconfirmed).

While very low CO/HCN ratios appear to be associated with broad-line AGNs,
the presence of an AGN does not guarantee low ratios. According to the NASA/IPAC
Extragalactic Database, 18 of the 47 objects shown in Figure 4-11 have a Seyfert
nucleus at some level (all are these are Seyfert 2s except Mrk 231, NGC 7469, and
possibly NGC 1097). This sub-sample exhibits the same variation in CO/HCN as
the rest of the sample; however, the bulk of these are relatively weak AGN which
may not have as strong an impact on their surrounding gas as the AGN in Mrk 231,

NGC 1068, and NGC 7469.
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4.4.1.4. Interpreting line ratios

Without a detailed model of the molecular gas emission, it is very hard to infer any
quantitative properties of the molecular gas. Since CO 1—0 and HCN 1—0 have
different critical densities, their emission likely arises in different gas components.
Smaller CO/HCN ratios are conventionally attributed to larger fractions of the total
molecular content being in high density cloud cores. Because the CO and HCN
emission a£ise in different regions, however, the two molecules probably have different
excitation conditions and beam filling factors, both of which can strongly affect the
observed line intensities. Radiative transfer models, along with measurements of
multiple molecular line ratios, are required to place detailed constraints on the state
and properties of the molecular gas. Single component models of the gas have been
used often when only a small number of line ratios are known, but these models
are certainly a vast over-simplification of the true state of the observed molecular
gas. Recently, Aalto et al. (1995) studied emission from several dozen galaxies in
six molecular transitions, and used a two-component (core/envelope) molecular gas
ensemble—described in Aalto et al. (1994) for NGC 1808—to successfully model the
behavior of the line ratios. With studies in even more transitions, especially the
sub-mm transitions which will tightly constrain the excitation, increasingly realistic
models might be developed.

The low CO/HCN values in the presence of prominent AGN can best be ex-

plained by boosting the emission from the higher-density “core” component, from



CHAPTER 4: HIGH-DENSITY TRACERS ‘ 169

which most of the HCN emission arises, relative to that from the lower-density “en-
velope” component, from which most of the 2CO emission arises (Aalto et al. 1995).
The alternative—decreasing the emission from the envelope component—is unattrac-
tive due to the high CO surface brightnesses in NGC 1068 and NGC 7469, and
especially in Mrk 231, where the CO filling factor implied by the brightness temper-
ature is 20.2 (Chapter 2). The core component can be boosted in several ways. For
example, almost all of the molecular gas may be dense, so that most of the CO emis-
sion arises from a medium which has a density far exceeding its critical density. It is
hard to see how an AGN can force this state on the molecular gas without being able
to strip most of the low -density gas originally in the envelope component. Instead,
we speculate that the existence of large amounts of dense gas in the central nuclear
disk may in fact enhance the accretion rate and hence the luminosity of the AGN.
Whatever scenario is favored, the molecular gas model of Aalto et al. (1995) makes
definite predictions for molecular line ratios in addition to CO/HCN (e.g., 12CO/**CO
and CO 2 — 1/CO 1 — 0 for both 2CO and 13CO)'. Thus, while CO/HCN ratios
alone are unable to significantly constrain the properties of molecular gas, when they
are combined with a variety of other molecular line ratios they should be a powerful
probe of the conditions in the center of active galaxies. At this time, only a handful
of the very nearest galaxies have been measured in a sufficient number of line ratios
to usefully constrain multiple-component gas models such as that of Aalto et al.

described above.
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4.4.2. Near-infrared extinction

The large amounts of dust in the cores of luminous infrared galaxies have inspired
many studies of these objects in the near-infrared J, H, and K-windows. Since the
emission in these bands is much less affected by extinction than is the emission in
the optical bands, it is generally hoped that the NIR observations directly probe the
nuclear regions. The extremely large column densities of molecular gas seen towards
the cores of these objects, however, suggest that extinctions are extreme even at wave-
lengths of 2 um (e.g., see Chapter 3). In contrast, estimates from optical and infrared
reddening measurements imply that the NIR extinction is less than a magnitude at
K. Clumping of the ISM, though, may cause reddening measurements to severely un-
derestimate the true extinction, since the light we see predominantly arises in regions
of low extinction. In cases where the extinction is patchy, observational selection will
always tend towards an apparent extinction of order unity at the observed wavelength.
Furthermore, forward scattering by large columns of dust may completely negate the
reddening caused by extinction, and thus exacerbate the underestimate of the true
column density of dust (Witt, Thronson, & Capuano 1992). More reliable estimates
of the effective dust content require observations at longer wavelengths.
Millimeter-wavelength free-free radiation provides an optically-thin tracer of ion-
ized gas that is unaffected by extinction. Its ratio relative to NIR hydrogen recom-
bination lines such as Brvy can thus provide an estimate of the extinction factor,
X = Frintrinsic /| pobserved ' gy ffered by NIR recombination lines. Knowledge of extinc-

tion factors for the NIR recombination lines will greatly assist interpretation of the
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NIR emission and hence of the nature of the nuclear phenomena in luminous infrared
galaxies. Care must still be taken when interpreting NIR emission that arises from
regions other than the ionized gas (such as the H, ro-vibrational lines). The rela-
tive distribution of emission from these regions and extinction may be significantly
different than for the ionized gas, and a different extinction factor may apply.
Measuring the thermal bremsstrahlung is difficult, however, because it is weak
and is contaminated l;y non-thermal synchrotron emission or thermal dust emission
at most radio frequencies. At centimeter and longer wavelengths, radio emission from
galaxies is dominated by non-thermal synchrotron emission, which decreases with in-
creasing wavelength. At sub-millimeter wavelengths, thermal emission from dust rises
very steeply to quickly dominate the other continuum emissions. Continuum obser-
vations at millimeter wavelengths thus provide the best hope for placing significant
constraints on thermal bremsstrahlung in galaxies (cf. Carlstrom & Kronberg 1991).
Using case B recombination (e.g., Osterbrock 1989), the radio thermal brems-
strahlung continuum emission can be related to the total intrinsic near-infrared Bry

recombination line emission by the expression
Fi., [107¥Wm™] = 14.96 T %% 1" S [mJy] , (4-1)

where Fli3rv is the intrinsic Brv line flux, T} is the temperature of the ionized gas in
units of 10* K, and ST is the bremsstrahlung flux at frequency v1;, given in units of
100 GHz. Our observational upper limits to the ST, obtained by subtracting power
law extrapolations of the cm-wave non-thermal spectrum from the observed mm-wave

continuum fluxes, are listed in Table 4-5. Table 4-8 lists the corresponding upper
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Table 4-8. Near-infrared extinction constraints

object Fh. g XBry  TK(XBry) ix(Zg)i TK
(10" Wm=2) (10~¥ Wm—2?) mixture  standard minimum reddening
(1) (2) (3 4 (5) (6) M (8
NGC 2623 ....... < 63 9.6 (0.5) < 6.6 < 6.6 51 2.6 0.42
Mrk 231 ... < 445 24.7 (5.0) <18 <18 103 5.7 0.46
IC 883 ............ <97 13.5 (0.5) <71 <71 13 0.54 0.41
NGC 6090 ....... < 26 16.0 (1.9) <16 <1ll 6.3 0.26 0.17
NGC 6240 ....... < 66 18.9 (4.5) <3.5 < 34 78 4.0 0.49
NGC 7469 ....... < 60 45.7 (2.4) <13 <06 17 0.8 0.00
Arp 220.........z. <1522 5.9 (1.3) < 26 <26 ligb 5.7 1.00

Columns: (1) object; (2) predicted intrinsic Bry flux predicted by the thermal bremsstrahlung flux and case B
recombination for 7. = 10% K; (3) observed Bry fiux in a 3" slit from Goldader et al. 1995; (4) Bry extinction factor,
defined as the ratio of the predicted intrinsic Bry flux to the observed Brvy flux; (5) dust optical depth at the near-
infrared K band, assuming that the dust is uniformly mixed with the ionized gas so that X = 7/(1 —e~7); (6) K-band
dust optical depth, derived from the CO 1—0 emission using the standard Mg/L{ conversion factor and extinction
law (see Chapters 2 and 3); (7) lower limit to the K-band dust optical depth, derived from the CO 1—0 emission
by assuming that the line is optically thin and that {CO]/[Hz] = 10~* (see Chapters 2 and 3); (8) K-band dust
optical depth, derived from optical-or near-infrared broad-band reddening measurements—based on Ak estimated by
Goldader et al. 1995.

Notes:
2 Based on the upper limit of 10 mJy for the thermal flux at 110.3 GHz from Scoville et al. 1991.
b From preferred conversion factor of 40% times the standard value (Scoville, Yun, & Bryant 1996).

limits for the intrinsic Bry line flux (using Ty = 1), as well as the observed Bry
line fluxes in a 3" slit (Goldader et al. 1995), which should encompass the bulk of
the ionized gas emission in these compact objecté. The upper limit to the extinction
factor for Bry emission, Xg;,, is tabulated, and the results from millimeter continuum
measurements of the ultraluminous merger Arp 220 (Scoville et al. 1991) are also
shown.

The most significant constraints on the Bry extinction factor are for NGC 6090
and NGC 7469. In these objects, our radio continuum observations imply that the
NIR observations are seeing at least 61% and 76% of the total intrinsic Bry flux.
Extinction is thus not a dominant factor in the appearance of the NIR recombination

line emission in NGC 6090 and NGC 7469. In the other objects, the possibility
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remains that the Bry emission may be being extinguished by a large factor. More
sensitive mm-wave continuum observations are needed to confirm or rule out such
large extinction factors in these objects.

If the relative distribution of the dust and the ionized gas is known, the extinction
factor can be converted into an estimate of the dust optical depth and hence the into
an estimate of the gas column density in the nucleus. As a simple but reasonable
starting point, we assﬁmé that the dust and the ionized gas are distributed similarly,
in a uniform spherical mixture. For this case, the dust optical depth 7 is related to
the extinction factor by

-

X=r— (4-2)

For 7 > 1, X ~ 7. Table 4-8 lists the upper limits to the K-band dust optical depths,
7k (XBry), that correspond to the upper limits to the extinction factors for the assumed
uniform mixture of dust and ionized gas. Also shown are the K-band optical depths
determined from the gas column densities implied from the CO observations, 7k (%),
both for use of the standard M,/L¢, conversion factor and for the case of optically-
thin CO 1—0 emission (see Chapters 2 and 3). The latter serves as a lower limit to the
total dust column though the nucleus of these galaxies for [CO]/[H,] < 107%. A stan-
dard extinction law (Mathis 1993) is assumed to apply in all these objects. For com-
parison, the K-band optical depths derived from optical or NIR reddening measure-
ments, assuming a foreground screen of dust, are also shown (Goldader et al. 1995).

In each object studied here, the upper limits to 7x(Xg.,) derived assuming a

uniform mixture of dust and ionized gas are several times lower than the values for
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7k (Z;) derived using the standard CO conversion factor. As long as the dust and
ionized gas are indeed uniformly mixed, this result would imply that the standard
conversion factor is overestimating the mass of molecular gas by factors from 1.8 to
23, at a minimum. Yet, if the large-scale distribution of the dust in the nucleus is
more confined than that of the ionized gas, the upper limits to 7x(Xgr,) may be
severely underestimated by the above procedure. To take an extreme example, if the
dust is confined to a fegion several times smaller in radius than the ionized gas, the
dust can have a (practically) infinite column density and still extinguish only a few
percent of the recombination line emission.

Indeed, we have evidence that a similar, though much less extreme, geometry
exists in NGC 6240 and NGC 7469. In these objects, the upper limit on 7¢ for
the uniform mixture hypothesis is smaller than the lower limit on 7x derived by
assuming that the CO emission is optically thin. So either CO is super-abundant,
thus lowering the minimum 7k for the optically thin CO case, or the dust is more
compactly distributed than the ionized gas in NGC 6240 and NGC 7469. We favor
the latter alternative since it does not require the extreme case of optically thin CO
emission. The dust may be more compactly distributed than the ionized gas on either
a large or small scale and still satisfy the above geometrical requirement. For example,
individual clouds of arbitrarily small size may consist of dusty cores surrounded by
less dusty regions of ionized gas, or the dust and molecular gas may be distributed in
a dense, thin disk (not viewed edge-on), with the ionized gas either having a larger

scale height or concentrated in a nuclear source.
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Such geometries may well also apply in the other objects studied here. If so,
the upper limits to 7x(Xpr,) would be raised into better agreement with the 7
derived from the standard conversion factor. Thus we are unable to rule out the large

molecular gas masses implied by the standard conversion factor.

4.4.3. Starburst constraints

The limits on thermal bremsstrahlung can be used to place constraints on nuclear
starbursts. Since bremsstrahlung should be optically thin at mm wavelengths, mea-
surements of its strength provide an estimate of the rate of production of ionizing
photons, Q. If the bulk Qf the IR luminosity is powered by a nuclear starburst (i.e.,
Lir = Lg), the ratio Lig /Q then provides a constraint on the starburst’s age and
initial mass function (IMF). This is because Lip is dominated by moderately long-
lived intermediate mass stars and @ is dominated by short-lived high mass stars.
Figure 4-13 shows the variation of the Lg,/@ ratio as a function of the upper mass
limit of the IMF, m,, and the age of the starburst, tg,. The figure was produced using
the power law parameterization given by Scoville & Soifer (1991) for their constant
rate, modified Miller-Scalo IMF starburst model.

For case B recombination, the rate of production of ionizing photons is related to

the thermal bremsstrahlung flux by

- 50 as(T
Qls 1]=1.ssx100%1/&16%53[:3&@1, (4-3)

where ap(T) is the hydrogen recombination coefficient for case B as a function of

the temperature of the ionized gas and D, is the distance to the object in Mpc.
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Table 4-9. Starburst constraints

object sT Q Lir/Q
(m3y) (10%% s~ 1) (10~% Ly s)

1) 2) (3) 4
NGC 2623 ..oeiiiiiiiieiiniiieanans < 4.3 < 3.2 > 10.8
Mrk 231 ceeiiciiiiiieii e < 30.5 < 120 > 29

) (O . % SO U < 6.6 <82 > 49
NGCB090 ...coeviniiiinianeiannnes <18 < 3.6 >9.0
NGC6240 ...coviiiiiiiniiieiinenn, < 4.5 < 5.9 >11.1
NGC 7469 ..ccoiiiiiiiiiiiaiieannns < 4.0 <23 > 17

ATD 220 uniieeeeeee e < 102 < 8.5P > 18P

Columns: (1) object; (2) upper limit to the thermal mm-wave continuum flux, from column 8
of Table 4-5; (3) upper limit to the rate of production of ionizing photons, derived assuming
case B recombination at T. = 104 K and that the dust continuum contribution to ST is negligible;
(4) lower limit to the ratio of infrared luminosity to the rate of production of ionizing photons.

Notes:

2 From Scoville et al. 1991.

b Based on estimates of Scoville et al. 1991, but slightly modified by the use of a distance of
79.2 Mpc (Sanders, Scoville, & Soifer 1991) instead of 77 Mpc and by the use of a more accurate
power law expression for the gaunt factor at mm wavelengths.

For T = 10* K, the upper limits to @ and the lower limits to Lir/Q are shown in
Table 4-9. The latter limits are also depicted in Figure 4-13, with the assumption
that Lig = L.

For a constant rate starburst to account for the both Lig and the Lr /Q ratios,
the starburst’s age must be greater and its upper mass limit must be less than those
given by the lines plotted for each galaxy in Figure 4-13. If the nuclear starbursts
account for only a fraction, fg, of the total Lig, the limits on Lig/Q are lowered by
the same fraction, and the starburst constraints are loosened. With the current limits
on ST, the luminosities of all six galaxies studied here can be explained by starbursts
with reasonable values of m, and tg,. The strongest constraint is for NGC 7469. In
this galaxy, fs» = 1 rules out young starbursts (s, < 5 x 107 yr) unless m, is smaller
than 30 M. A similar constraint is placed on the ultraluminous galaxy Arp 220 by

Scoville et al. (1991, 1996). The constraints on NGC 6240, NGC 2623, and NGC 6090
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Figure 4-13. Contour plot of Lig/Q (see Table 4-9) as a function of the upper mass limit, m,,
and the age of the starburst, ¢, for the constant rate starburst model of Scoville & Soifer (1990).
The contours are labeled in units of 10~%* Lgs. If a starburst accounts for 100% of Lir, the
observational limits in Table 4-9 permit only solutions below and to the right of the lines shown
for each luminous infrared galaxy . If a starburst accounts for 50% or less of Lir, the observational
limits are shifted to the left by a factor of two or more, significantly loosening any constraints on
the starburst parameters. The limit for Arp 220 is based on data from Scoville et al. (1991).

are somewhat looser but still significant in requiring either relatively old ages (ts >
10® yr) or IMF's truncated at m, < 50 M. The starburst parameters remain virtually
unconstrained by the limits on L1z /@ in IC 883 and Mrk 231, primarily due to the
high upper limit on the free-free fluxes.

In order to tighten the constraints on the starburst parameters, it is crucial to
obtain measurements of the radio continuum at frequencies between 8 and 100 GHz.
With these measurements, the thermal and non-thermal contributions can be dis-

entangled. Since the thermal contribution is expected to be less than a few mly,
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these observations will require high sensitivity. When the thermal continuum can
be directly measured, it promises to yield more reliable constraints on the Lyman
continuum than NIR recombination lines such as Brv, since the radio emission is not
subject to dust extinction exterior to the H1I regions. We do note that dust inside
H 11 regions will compete with the gas for the ionizing photons, and can reduce the
resultant emission of both Bry and thermal bremsstrahlung.

Genzel et al. ( 1995) perform a detailed comparison of optical and infrared obser-
vations of NGC 7469 with starburst models similar to that of Scoville & Soifer (1991).
For their constant rate starburst with a Salpeter IMF slope, adopting a uniform mix-
ture extinction model with Ay = 15, measurements of Lyo/Lg;, and Lx/Lg; yield
constraints consistent with, but somewhat tighter than, our constraints from Lig /LT:
ts» from several 107 to several 10® yr and m, from 30 to 40 M. This is not surprising
given the strong agreement of our upper limit on the thermal bremsstrablung with
the observed Bry flux. Genzel et al. also try a rapidly decaying starburst model,
with an adopted exponential decay time of 5 x 108 yr, simulating a very brief burst.
For this model, their observations require much younger ages of 1-2 x 107 yr. These
authors prefer this decaying starburst model, because it does not require an upper
mass cutoff to the IMF to explain the current lack of ionizing stars, and also thus
explains the relatively low He I/Bry ratio they observe (though they note that this
observational parameter is very sensitive to the density, dust content, and velocity
structure of the H1I regions). Since the derived starburst age is much younger than

the presumed interaction age of 1.5 x 108 yr for NGC 7469 and its companion IC 5283,
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Genzel et al. suggest that the present burst in NGC 7469 is not the original one, or
else that there has been a long delay between the tidal trigger and the beginning of
the starburst. This then raises the minor problem that it would be unlikely for us to
catch the starburst at this very special decaying, but still luminous, phase.

We suggest that the exceptionally young age that Genzel et al. determine for
their decaying starburst model is the direct result of their choice of a very short
decay time. Their aée constraint depends upon the observed ratio of bolometric
luminosity (Lboi~Lir) to Lyman continuum luminosity (Lypyc & Lpry). The modeled
Lyman continuum luminosity is extremely sensitive the amount of very high mass
stars remaining, so a burst which terminates after only a few 10°% yr will lose most
of its ionizing stars after an additional few 10° yr, leading to a rapid decrease in
Lyyc. Since Ly is dominated by intermediate mass stars for a Salpeter IMF, it only
decreases slowly at this point, so Lyo/Lyyc rises rapidly through the observed value
and beyond. If Genzel et al. had adopted a longer decay time of, say, 3 x 107 yr,
new ionizing stars will be produced to replace the early generations, and the rapid
increase of Lio1/Liyc is postponed until a few 107 yr. There is no obvious mechanism
to terminate a starburst after only 107 yr or less; in fact, if the starburst is dynamically
triggered, then the decay time cannot be less than a dynamical timescale, ~3 x 107 yr
for the nucleus of NGC 7469. Thus, we find the ages suggested by constant rate or
slowly decaying starburst models more plausible. There is then no need for the long
delay between the inmitial tidal trigger and the onset of the starburst postulated by

Genzel et al.. We note that if such long delays (> 108 yr), followed by short starbursts
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(few 107 yr), were common, we would expect to find large numbers of gas-rich tidally
interactjng galaxies without starburst activity. Previous studies indicate that this is
not the case, and that most such interacting galaxies host substantial activity: Xu &
Sulentic (1991) find that close optically-selected spiral-spiral pairs with morphological
signs of an interaction exhibit enhanced FIR to optical luminosity ratios and warmer
FIR colors when compared with isolated spirals and more widely separated spiral-
spiral pairs; and Combes et al. (1994) find enhanced Lpr, Lco, and Lpr/Lco in
tidally-perturbed, optically-selected binary galaxies. These results suggest that any
delay between the trigger and the beginning of the starburst much be substantially
less than the time elapsed since the interaction and that the starburst persists for

timescales similar to that of the interaction.

4.5. Conclusions

In this paper, we have presented new, high-resolution observations of high-density
molecular tracers in six luminous infrared galaxies, greatly increasing the sample of
such observations. We have observations of HCN 1—0 in all six, HCO* 1—0 in three,
and a tentative detection of CS 1—0 in one. The primary conclusions from this study
are as follows.

1. The CO/HCN ratios cover nearly an order of magnitude, ranging from as low as
3.3 in Mrk 231 to 26 in NGC 6090. This requires that the properties of the molecular
gas, specifically the fraction of the gas which is at high density, vary substantially

among our sample.
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2. The line profiles and spatial extent of the high-density tracers are consistent
with those of the CO 1—0 emission to within the uncertainties. So the high-density
tracer emission can arise from the same nuclear region as does the CO emission.

3. For Mrk 231, the most luminous object in our sample, the excitation temper-
ature of the HCN 1—0 iine is greater than 32 K if the HCN emission arises from a
region equal to or smaller than the 1”.0 diameter (440 pc radius) CO 2—1 source
measured in Chapter 2 Using the conservative 3¢ upper limit to the CO 2—1 source
size of 1”.2 x 0”.66 still results in 2 minimum HCN 1—0 excitation temperature of
14 K. The equivalent constraints on the CO 1—0 excitation temperature are 83 K
and 34 K (§2.3.1). Both the CO and HCN emissions in this galaxy must arise in hot
gas with a moderate to large filling factor.

4. The mm-wavelength continuum is detected in four of the six objects. All
detections and limits are consistent with or slightly lower than the extrapolation of the
cm-wave non-thermal continuum. We are able to place significant limits on the free-
free contribution to the mm-wave continuum in all objects except IC 883 and Mrk 231.
In Mrk 231, the 3 mm continuum decreased by ~50% in the 19 months between 1993
May and 1994 Dec. This is similar to the variability seen by previous investigations
at cm wavelengths. Both measurements of the 3 mm continuum fall within the range
predicted by extrapolation of the historical range of cm-wave continuum variation.
The observed 3 mm continuum emission of Mrk 231 is therefore likely to be dominated

by non-thermal emission.
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5. We find a trend of decreasing CO/HCN with increasing CO surface brightness
for the higher luminosity infrared galaxies. This may suggest that the fraction of
dense gas in molecular gas clouds increases as the surface density of clouds increases.
Alternatively, the trend could be produced by an aperture effect due to the nuclear
gravitational potential if the dense gas is more concentrated towards the nucleus than
the overall molecular gas distribution.

6. The CO/HCN ratios in luminous IR galaxies cover a range similar to the
ratios measured in galaxies with Lpr < 10'! L, despite the extreme properties of
the molecular gas in luminous IR galaxies. The large scatter in CO/HCN ratios in
each class of objects may be caused by differences in abundances, dust content, star
formation rates, or AGN luminosity, among other effects.

7. The strength of HCN emission relative to CO is not necessarily related to the
rate of massive star formation in a galaxy, as suggested by SDR, but may simply
reflect the preponderance of high-density (10* cm™3) gas in the nuclei of objects like
Mrk 231, NGC 6240, and NGC 2623.

8. The lowest CO/HCN ratios are associated with prominent broad-line AGN:
NGC 1068, Mrk 231, NGC 7469. The presence of an AGN, however, does not guar-
antee low CO/HCN ratios. This may be a function of the luminosity of the AGN and
the amount of gas in close proximity to the AGN. We speculate that the existence of
large masses of dense gas in the central nuclear disk may in fact enhance the accretion

rate and hence the luminosity of the AGN.
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9. In NGC 6240 and NGC 7469, the maximum dust 7k derived from the Bry
extinction factor and a uniform mixture extinction model is less than the lower limit
to 7k, derived from assuming that the CO 1—0 emission is optically thin. Thus
either CO is super-abundant ([CO]/[H,] > 10~%) and still optically thin, which
we view as improbable, or, more likely, the dust is distributed more compactly
than the ionized gas, on either a small or large scale. Such an extinction geome-
try may also apply i£1 the other objects, resulting in a larger 7 than implied by
the application of the uniform mixture extinction model to the Bry extinction fac-
tor.

10. Using the observed constraints on the ratio of starburst luminosity to the rate
of production of ionizing photons in conjunction with constant rate star formation
models, we are able to place significant constraints on the age and upper mass limits
of nuclear starbursts in four objects, assuming that the starburst contributes most
of Lir. In NGC 7469, Lir/Q > 17 x 10™* Ly s rules out starbursts younger than
10® yr unless m, < 35 Mg. We find no reason to favor a young age for rapidly
decaying starburst, as suggested by Genzel et al. (1995) for this object. In NGC 2623,
NGC 6090, and NGC 6240, somewhat lower constraints on Lz /Q require either
relatively old starbursts with ¢y, > 10® yr or truncated IMFs with m, < 50 M. The
starburst parameters for IC 883 and Mrk 231 are essentially unconstrained by the
observed limits on Lig /@). Reasonable-parameter nuclear starbursts remain a viable
explanation for the bolometric luminosity of all six luminous infrared galaxies studied

here.
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Chapter 5

Summary and Future Work

5.1. Thesis summary

My dissertation research has focused on the observation and interpretation of spectral
lines that trace the molecular gas in luminous infrared galaxies (LIRGs). This class
of objects (Lir[8~-1000um] > 10" Lg) consists primarily of gas-rich galaxies that
are undergoing strong interactions or merger events (Sanders, Scoville, & Soifer 1991;
Leech et al. 1993; Sanders et al. 1988). It remains unclear whether prodigious bursts of
star formation or more exotic phenomena such as dust-enshrouded AGNs account for
the bulk of the luminosity in these systems (e.g., Joseph & Wright 1985; Condon et al.
1991, hereafter CHYT; Sanders et al. 1988; Lonsdale, Smith, & Lonsdale 1995); vet by

studying the spatial distribution, kinematics, and physical properties of the molecular
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gas—w]iich likely serves as the fuel for both forms of activity—constraints can be
placed on the size, duration, and nature of the luminosity-generating mechanism.

Previous to my dissertation work, only a handful of luminous IR galaxies had
been mapped in the best tracer of the entire molecular gas content, CO 1—0, with
the resolution necessary (2-4") to resolve the molecular gas distributions; these obser-
vations showed very compact CO distributions well under a kiloparsec in radius (e.g.,
Scoville et al. 1991; éa.rgent & Scoville 1991). Also, only a single object had been
mapped at few-arcsecond resolution in a high-density molecular gas tracer (Arp 220
in HCN 1—-0; Radford et al. 1991). Using the Owens Valley millimeter array, I have
made 2"-resolution (970-pc at 100 Mpc) aperture synthesis maps of the CO 1—0
emission in six luminous IR galaxies, five of which are mergers—MTrk 231, NGC 6240,
IC 883, NGC 2623, NGC 6090—and one of which is a member of an interacting
pair—NGC 7674 (Chapter 3). I have also made a 0”.8-resolution map of the CO 2—1
emission in Mrk 231, thereby achieving the first sub-arcsecond resolution CO map
of an extragalactic object (Chapter 2). Finally, I have mapped the five mergers in
HCN 1—0 and three in HCO* 1—0 (Chapter 4). A qualitative estimate of the den-
sity of the molecular gas is obtained from these observations due to the high dipole
moment of these two molecules: their lowest rotational transitions require densities
of around 10%-10° cm ™3 to be excited—nearly two orders of magnitude greater than
the densities required to excite CO 1—0.

The CO observations reveal that the morphology of the molecular gas emission

varies with the IR /radio interaction morphology. The three mergers with a single
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IR /radio nucleus all show very bright and very compact CO cores, with resolved radii
of 0.33-0.96 kpc; these CO cores peak at the same position as the non-thermal radio
continuum. The two mergers with double IR /radio nuclei also show very bright CO
cores, but these peak roughly midway between the radio continuum components and
show an extent foughly equal to the nuclear separation. These objects—NGC 6090
and NGC 6240, plus also Arp 220 based on the work of Scoville, Yun, & Bryant
(1996)—provide the first observational demonstration that the gas nuclei merge prior
to the stellar nuclei. This behavior is not previously seen in gasdynamical simulations
of gas-rich mergers and will provide constraints for future merger simulations. Ad-
ditionally, the lack of a morphological correlation between the radio/IR components
and the CO in the three double nucleus mergers mentioned above implies that the
activity is not tapping the entire reservoir of gas. This suggests that the luminosity
of these objects can increase further as the merger progresses.

Two crucial parameters for constraining starburst models for luminous IR galaxies
are the total nuclear mass (stars and gas) and the molecular gas mass. The CO
emission, unaffected by dust extinction, provides a reliable dynamical estimate of the
total nuclear mass. I have found that the standard Galactic conversion factor from
CO luminosity to molecular gas mass is overestimating the gas mass in Mrk 231 by
at least a factor of 3.6 and in NGC 6240 by at least a factor of 1.5. The strong
overestimate in Mrk 231 is most likely explained by the high temperature of the
molecular gas: the brightness temperature of the CO 1—0 emission is at least 34 K

and probably as high as 80 K. If the filling factor is less than unity, the excitation
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temperature must be even higher. This exceptionally warm molecular gas in Mrk 231
constitutes the majority of the total nuclear mass within a radius of 440 pc. The
molecular gas appears to constitute the majority of the total nuclear mass in all the
other mergers studied as well, even if the gas mass conversion factor is several times
less than the standard Galactic value.

The extreme CO surface brightnesses observed in the objects with the most com-
pact gas cores—Mrk ‘231, NGC 6240, and NGC 2623—imply large mean optical
depths even at near-IR wavelengths. The mean visual extinction must be >20-50
magnitudes in these objects and likely is substantially higher. Extreme caution is
therefore required when -interpreting optical and near-IR observations of compact
LIRGs, since the unknown extinction geometry can play a dominant role in their
appearance at those wavelengths. Because the nuclei of Mrk 231, NGC 6240, and
NGC 2623 can be seen at near-IR wavelengths despite these extreme mean extinc-
tions, the gas cannot be uniformly distributed; instead, it may form thin (30-40 pc),
dense (10* cm™2) molecular disks of ~400 pc radius.

Combining the data presented in this work with earlier CO data in IR-bright
galaxies has confirmed the suggestion by Scoville et al. (1991) that the IR-to-CO lu-
minosity ratio increases with the CO surface brightness. If starbursts provide the
dominant sources of luminosity, the higher Lig/Lco ratios at higher CO surface
brightnesses can be interpreted as due to an increased efficiency of star formation
at higher gas surface densities. On the other hand, if AGNs dominate the luminosi-

ties, this empirical correlation suggests that higher accretion rates result from higher
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gas surface densities in the nuclear gas disk. Whatever the nature of the luminosity
source, the high concentrations of molecular gas appear to be intimately related to
its strength.

The HCN observations reveal that the gas properties vary significantly from object
to object, even in this small sample of five luminous mergers. The CO/HCN intensity
ratio varies by nearly an order of magnitude, requiring strong variations in the mean
density of the gas or in the fraction of the gas which is at higher densities. The lowest
CO/HCN ratios are associated with the objects that contain the most prominent
broad-line AGN. This is inconsistent with the suggestion of Solomon et al. (1992),
who interpreted HCN as a tracer of star-forming gas in galactic nuclei.

In Mrk 231, the two molecular line ratios currently known are hard to reconcile
when interpreted separately: the mean CO 2—1/CO 1—0 temperature ratio is only
0.7, which, given the very high brightness temperature of the emission, suggests
sub-thermal excitation at densities no higher than ~10% cm™2 (Aalto 1996); yet the
CO 1—0/HCN 1—0 ratio is among the lowest ever seen in extragalactic objects,
naively suggesting a large fraction of dense gas (210* cm™%). To reconcile these line
ratios and provide quantitative density determinations in Mrk 231 and other luminous
galaxies requires further multi-species, multi-transition molecular line observations
(see §5.2.1).

Nuclear starbursts remain a viable option for powering the activity in most lu-
minous mergers, but are likely to be substantially aged—over 10 yr—in most of the

objects studied. Measurements of the 3 mm continuum, obtained simultaneously with
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the HCN observations, allow upper limits to be placed on the thermal free-free emis-
sion. For the free-free emission to be produced by H II regions around ionizing stars,
constant-rate starbursts (e.g., Scoville & Soifer 1991) in four systems—NGC 2623,
NGC 6090, NGC 6240, and NGC 7469—are required either to be over 10® yr old or
to be several 107 yr old and have IMFs truncated at masses over 30-40 M.

Also, the results of this work support a crucial prediction of CHYT’s hypothesis
that virtually all luminous IR galaxies are powered by star formation. CHYT argue
that those luminous IR galaxies that exhibit non-thermal radio source sizes smaller
than their minimum far-IR blackbody sizes are not necessarily powered by AGNS.
They point out that starbursts can actually explain these objects, which they therefore
call “compact starbursts.” This hypothesis requires that the dust be optically thick
at wavelengths as long as ~25 um. The CO observations reported here support this
prediction for those objects with the most compact CO distributions, and thus, while
not ruling out AGNs as the dominant luminosity source, provide a crucial piece of
evidence in favor of CHYT’s “compact starburst” hypothesis.

There is one luminous IR galaxy, however, that is unlikely to be dominated by a
starburst; it is the unusual Seyfert 1 Mrk 231-—the most luminous object in the local
universe. The starburst model of Scoville & Soifer (1991) suggests that the stellar
mass of a starburst that can account for the bulk of the 3.5 x 10'2 Ly of Mrk 231 will
be larger than the observational limit on the dynamical mass minus the minimum gas
mass unless the starburst is younger than a few 107 yr and has an exceptionally top-

heavy IMF. This result is consistent with the suggestion by CHYT that Mrk 231 is
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the only one of the forty most luminous galaxies in the IRAS Bright Galaxy Sample
that is dominated by a compact AGN—a suggestion based upon the strength and

strong yearly variability of Mrk 231’s non-thermal radio continuum.

5.2. Ideas for future work on luminous infrared galaxies

In order to resolve the controversy of the luminosity source of luminous IR galaxies,
a useful set of object-s to concentrate on are those identified by CHYT as having
radio source sizes smaller than their minimum far-IR blackbody size (hereafter called
“CHYT objects”). While CHYT claim that 13 of the 14 such objects they studied |
can be explained by powerful, optically thick, compact starbursts, AGN-dominance
is not ruled out. In fact, CHYT admit that one ultraluminous system—Mrk 231—is
probably AGN-dominated: its highly-variable radio source implies a source size of
only ~1 pc. Non-CHYT LIRGs show more extended radio emission (and hence, via
the empirical radio-FIR correlation, similarly extended far-IR radiation is implied),
so the CHYT LIRGs are those most likely to be AGN dominated. Studies such as
those outlined below can be used to learn about the nature of any sample of LIRGs,

but are likely to provide the most profound results when applied to CHYT LIRGs.

5.2.1. Molecular gas and dust

Given the highly compact sizes of the molecular gas distributions around most LIRGs
(see Chapters 2 and 3), improving the spatial resolution of the observations is crucial
to improving our understanding of the condition and properties of the molecular

gas. In the immediate future, the best prospects for this lie in aperture synthesis
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mapping of the CO 2—1 transition, with which sub-arcsecond resolution is currently
obtainable. Such observations have already been performed for Mrk 231 (Chapter 2)
and Arp 220 (Scoville et al. 1996), and we are currently reducing similar observations
for several other LIRGs. With the improved resolution, the size, structure, and
kinematics of the molecular gas distributions can all be more accurately determined.
Furthermore, in the most compact objects—such as Mrk 231 (Chapter 2)—important
lower limits can be piaced on the excitation temperature of CO, providing crucial
constraints for gas cloud models. The higher angular resolution obtainable with
CO 2—-1 observations also greatly increases the distance to which compact molecular
gas cores are resolvable,- thus significantly increasing the number of LIRGs whose
molecular gas can be studied in detail. Eventually these observations, plus further
CO 1—0 observations of more nearby LIRGs, will provide a statistically-significant
sample with which to test the suggestion of a morphological CO sequence presented
in Chapter 3.

Another important direction for future work is to obtain multi-transition mea-
surements of several molecular species. Only when a wide variety of line ratios are
available will it be feasible to produce quantitative radiative transfer models of the
state of the molecular gas (e.g., Aalto et al. 1994; Aalto et al. 1995). With such mod-
els, the mass of molecular gas can be reliably estimated without reliance upon the
conversion factor for Galactic GMCs. Geometrical and dynamical constraints on the
gas mass, such as those for Mrk 231 and NGC 6240 explained in Chapters 2 and 3,

can then be used as a reality check on the molecular gas models. As explained in
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Chapter 1, knowledge of the mass of molecular gas is a crucial constraint for starburst
models that account for the luminosity. Detailed gas cloud models will also shed light
on the feedback between the energetics of the luminosity source and the interstellar
medium. This should lead to better understanding of the nature and evolution of the

luminosity source.

5.2.2. Extinction models

A primary difficulty in understanding the nature and evolution of the energy source(s)
in LIRGs has been penetrating the thick shroud of dust surrounding the central en-
gines. Only observations at wavelengths between cm-wave and the far-infrared can di-
rectly probe the core. At .near- and mid-infrared wavelengths, we obtain a partial view
of the core, but the mean extinction is still so large (e.g., Chapter 3; Goldader et al.
1995) that the factor by which emission is reduced is extremely sensitive to the rel-
ative geometry of the emission-region and the absorbing dust (e.g., Witt, Thronson,
& Capuano 1992). This geometry has been virtually unconstrained by observations
to date. If future observations can place constraints on the extinction factors for
near- and mid-IR emission features, a great deal more quantitative information will
be available for modeling the nature of LIRGs: a wealth of diagnostic spectral lines
are available at these wavelengths and the imaging technology has been rapidly im-
proving.

In fact, due to the improved sensitivity of mm-wave receivers and infrared detec-
tor arrays, it is rapidly becoming practical to directly map the effects of extinction

on emission from the ionized gas in LIRGs. The thermal continuum at millimeter
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wavelengths is essentially unaffected by optical depth affects. It therefore traces the
entire content of ionized gas, and its strength should be proportional to the rate of
production of ionizing photons. In the absence of extinction, the integrated flux of
near-IR and optical recombination lines should also be proportional to the rate of pro-
duction of ionizing photons, and thus to the thermal radio continuum. By measuring
the actual ratio of the recombination lines to the free-free mm-wave continuum and
comparing it to the ratio predicted by case B recombination, the extinction factor can
be directly measured. With high-resolution maps of Bry (and other optical/IR re-
combination lines) and similar resolution maps of the free-free radio continuum, the
extinction distribution can be directly constrained. Interpretations of the near-IR
spectra and maps will thus be greatly strengthened. The results of such observa-
tions on CHYT objects will also provide a direct test of CHYT’s compact starburst
hypothesis, which predicts exceptionally large optical depths at near-IR wavelengths.

Whatever the answers to the questions concerning the nature and evolution of the
luminosity source of luminous merging galaxies, they are likely to have a profound
impact on our understanding of the creation and evolution of normal galaxies. The

coming years promise to be an exciting time; I am eagetrly looking forward to them.
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Appendix A

Estimating Molecular Gas Mass
from CO Luminosity

In this Appendix, we present in detail an analysis of how the molecular gas
mass to CO luminosity conversion factor, M,/L{q, depends upon assumptions of the
physical properties and geometrical configuration of the gas. We begin in §A.1 by
discussing the assumption of optically thin emission, which provides a lower limit to
the amount of CO. Optically thick emission is discussed in §A.2. In this case, the
assumed geometry of the gas can significantly affect the conversion factor; several
cases are looked at in detail. The estimation of the dynamical mass is discussed in
§A.3. This estimate provides an upper limit to the amount of molecular gas. Finally,

a summary of the results of the analysis is provided in §A 4.
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A.1l. Optically thin emission

A firm lower limit on the amount of CO present can be derived by assuming that the
CO J =1 — 0 emission is optically thin at all velocities. In this case, the detected

specific intensity will be (e.g., Linke et al. 1977; Goldsmith et al. 1992)
I, = 1,[B,(1y) — B,(Tig)] » (A-1)

where B, (T) is the Plénck function at temperature T', T is the excitation temperature
of the transition, Ty, is the cosmic background blackbody temperature, 2.73 K (e.g.,
Mather et al. 1994), and 7, is the optical depth of the transition. Equation A-1 holds
both for single dish measurements, where the cosmic background is directly subtracted
from the data by position-switching, and for interferometric measurements, where the
uniform cosmic background is resolved out. Converting to brightness temperature and

integrating over velocity and area leads to the relation:

M,  8vkumg, v _ _,
7 = = X £ul 9 A_za:)
o he3 14'.1l Co (

where pmy, is the mean mass per Hy, molecule, vy, is the frequency of the transition,
Ay is the spontaneous emission rate of the transition, X¢o is the relative abundance
of CO to H, molecules, and

hu/kTy _ -1
¢ 1) , (A-2b)

— -1
§u = fy (1 T et T

where f, is the fraction of CO molecules in the upper (J = 1) state. Note that

equation A-2a can be applied to any molecular line by substituting the appropriate
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abundance and the appropriate molecular constants. For CO 1—0, equation A-2a

evaluates to

M, Xco\ _
_,g_ = 0.079 (1—0'%) &a Mg (K km s~! pcz) 1, (A—3)

co
In this case, the conversion factor depends upon both the CO abundance and the
excitation of the gas. We can place limits on the excitation term, &, even with no
detailed knowledge of the conditions. For non-LTE excitation, &, can drop as low
as 4/3 =~ 1.333 (unless level populations are inverted); however, this requires that
the J = 1 level be fully populated while all J > 1 levels are empty—an unrealistic
situation. A more realistic lower limit is obtained by assuming LTE level populations.

For this case, &, reaches a minimum of 2.546 at T, = 8.35 K. The lower limit to the

conversion factor is therefore

10_4)_1 Mo (K km s~ pe?)" . (a-4)
Further refinement of this lower limit is possible if constraints can be placed on the
excitation or abundance. For instance, the excitation can be partially constrained
using the observed brightness temperature, which provides a lower limit to T.

We now check the lower limit in equation A—4 for consistency with the original
assumption that the gas is optically thin. The optical depth is the integral of the

absorption coefficient along the line of sight, and for a gaussian profile, the optical

depth of CO (1 — 0) at line center is

_ Ny, Oy ' (Xeo _
7o = 2.08 (1020 Cm_2> (1kms_1) (F Yul (A-5)
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where Ny, is the column density of H, molecules, o, is the gaussian velocity disper-
sion, and ¥y = fy (e™/¥7x — 1) varies roughly like 772, (vy = 1.85, 0.321, 0.0171,
and 0.00442 for T, = 2.73, 10, 50, and 100 K, respectively, for LTE populations.)
Now, for a given total gas mass, source radius, and total line width, the optical depth
is minimized by spreading the gas uniformly throughout a spherical region. Using
the lower limit on M, given in equation A—4, the minimum possible optical depth at
line center is

Tmin = 0.46 T}, Yu 3 (A_6)

where Tj, is the intrinsic brightness temperature of the emission. If 1, exceeds unity,
then it is impossible for the CO to be optically thin, and the actual conversion factor

will significantly exceed the lower limit in equation A-4.

A.2. Optically thick emission

For optically thick emission, it is not immediately obvious that the CO line luminosity
should trace the total amount of material; however, use of the virial theorem enables
the observed size and line-width to be related to the total amount of gravitating mass.
Most analyses in the literature have only considered gravitational forces in virial
analyses, but pressure and magnetic forces may also be significant in real molecular
clouds in galactic nucleus environments. Below we examine how inclusion of these

non-gravitational forces affects the virial relation.
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A.2.1. Virial theorem

The virial theorem for a cloud in equilibrium can be expressed as (see Spitzer 1978,

ch. 10)
~W = 2T + 31 + M + [L(7-B)(B-d5) - [(@®+E)(7-d5), (A-Ta)
) )

where

BZ
II= [pdV, and M= [ =dV. (A-Tb)
v/ ! 8

In this equation, S is the surface of volume V, 7 is the position vector, p is the gas
density, ¢ is the gravita.t‘ional potential, v is the bulk velocity, p is the thermal gas
pressure, and B is the magnetic field vector.

To approximate a molecular cloud, we consider a spherical, “turbulent” cloud
of radius R containing gas and stars. For the computational surface S, we take a
spherical surface immediately outside the radius of the cloud. We assume that mass
external to the cloud has little effect on the gravitational term (i.e., we neglect tidal
shear since the cloud would then be unstable). Thus —W = oG Mgyn M, /R, where
Mgyn is the total mass contained in the cloud, M, is the gas mass, and o is a constant
of order unity (o3 = (3 —)/(5—27) for p x r~7). The quantity 2T + 3II integrated
over the volume of the clump, V, can be rewritten as J, (vt + %,2) dM , which is simply
the intrinsic, three-dimensional velocity dispersion of the cloud gas averaged over the

entire cloud, < v3; >, multiplied by the gas mass. For simplicity, we assume that the
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magnetic field, B, is uniform throughout the volume of the cloud. The expression of

virial equilibrium then reduces to

G Maya
R

2 _ o
=<l > — 3p. _ B - B, , (A-8)
Pg 87pg

051

where p; is the mean gas density of the cloud, p. is the external gas pressure at the
surface of the cloud, and B, is the magnetic field immediately outside the cloud.

In order to make this expression relevant to observations of molecular clouds, we
need to relate the intrinsic velocity dispersion of the gas to an observed line width.
Shu & Lizano (1987) argue that the turbulent gas velocities in molecular clouds are
sub-alfvenic, and that due to photon trapping in the >CO line, observations select
the highest velocities, v ~ v = B?/4np,. The observed FWHM will then be slightly
less than twice the alfven velocity; to parameterize this, §v? = apv3. If we further
assume that the amount of mass possessing (three-dimensional) velocities in a given
velocity interval decreases linearly with velocity up to va, then < v2; >= v% /a3, with
a3 = 2. (For a mass per velocity interval ranging from constant to decreasing as the
square of velocity, a; varies from 5/3 to 3.) Now, we can group the < v2; > and

B?/87p, terms of equation A-8 together on the left-hand side, leaving the expression

2 2
v (]__*_gi) =a%.+§l)ﬁ+ Be (A—g)

003 2 "R Pg 87pg

The terms on the left-hand side—kinetic and magnetic pressure—represent the sup-
port of the cloud against the terms on the right-hand side—gravity, external thermal

pressure, and external magnetic pressure.
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The observed line width can now be expressed as

%Y_n_*__g_E

6 = a , A-10
e (A-10

where o = 01a03/(1 + Ja3) and I, = 3p, + B2 /8. Rewriting (A10),
§v? = ag%l;—yn (1+9q), (A-11)

where ¢ = (4f /37, G)(Il /) is the factor that corrects gravitational virial equilib-
rium for non-gravitational forces; f = Mg/Myy, is the gas mass fraction of the cloud,
and I, = (4/3)p.R is the gas surface density of the cloud. Rewriting the expression

for the pressure-confinement term is convenient units:

f I/k [em™3K]
= 0.0201 — : ~12
¢ = 0.0201 - 52 Mo po7] (A-12)

The relationship between the size, line width, and cloud mass expressed in equa-
tion A-11 enables the determination of relations between L and M, for optically

thick gas.

A.2.2. Clumpy gas distribution

We first examine the case where the optically-thick molecular gas exists in discrete
clouds, as in our Galaxy, rather than as a smoothly distributed medium. A useful
discussion of this case applied to observations of other galaxies is given in Dickman,
Snell, & Schloerb (1986; hereafter DSS); however, they do not discuss the effects of
non-gravitational forces, which can significantly alter the M,/L{q conversion factor
in certain environments. For observations of other galaxies, many molecular clouds

will be averaged together in a single beam. If we assume that the clouds do not
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shadow each other, then the CO luminosity can be calculated by simply summing

over all V' clouds in the beam, so that in general (DSS),

$h 73
] - 3 N ?
co z Tb,iév,-rz?
i=1

where 7;, Tb,,-, 6v;, and 1; are the mean density, mean peak brightness temperature,
FWHM line width, and radius, respectively, of the 7th cloud. We now can use the virial
theorem, as given in equation A-11, to express the 6v; in terms of Mayn; = Mg;fi %,
Ti, and g;. Mg; can then be expressed in terms of n; and r;, leading eventually to a

general expression for the conversion factor for clouds in virial equilibrium:

g n 3

1/2 n;T;

My _ ( 4umH2) / =1 (A-14)
] N o '
CO 37TaG Z:l Tb’zﬁ:-/2rz3 2'_1/2(1 + qz)1/2

In order to simplify this relation, we must make further assumptions. A common
assumption in the literature, supported by observations of Galactic clouds, is that
the mean brightness temperature of each cloud is roughly the same: Tj; = Tb,o-
In our more general analysis, we make the further assumptions that the gas mass
fraction and the pressure term are roughly constant for all clouds: f; = f, ¢ = q.
Both of these assumptions are consistent with observations of Galactic clouds (e.g.,
Solomon et al. 1987), which appear to be in gravitational virial equilibrium with
a constant molecular gas mass fraction of unity, and which appear to have nearly

constant surface density; since both f and X are constant, g should also be constant
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as long as the confining pressure II. defined above does not vary from cloud to cloud.

The conversion factor now becomes

N
2 2 773
Mg —_ (4/‘l'mH2 ) 1/ ( f ) 1/ _1 ié:l nz’rz . (A_15)
co 3raG 1+¢ Too ‘i‘f: 1723

1

-
Il

If we assume a power law for the variation of mean cloud density with cloud size,
7 = fig(T/Rmax) ", and a power law distribution of clouds with size, P(r) oc 7=, over
a size ra.ngé Rin to R:mu, the quotient of summations in equation A-15 simplifies to
Mgy = Afig/®, with the constant A given by A = [(4 — 6 — v/2)/(4 — 6 — 7)] [(1 -

€*757) /(1 — €+%-7/2)], where € = Rpin/Rmax- The conversion factor now reduces to

- /2 _1/2
M, 4pumy, ' Teft 172 -1/2
= (222 . 1+ A-16
,co ( 37 aG Ti,,o f ( q) ’ ( )

where 7ieg acts as an effective mean density of the gas averaged over the entire cloud
population. Equation A-~16 is similar to the traditional gravitational virial equilibrium
expression for the conversion factor (e.g., DSS; Solomon et al. 1987), except for the
additional factors f and ¢, which respectively account for the possibilities that the
gas mass fraction of a cloud may be less than one or that the clouds may be pressure-
confined.

The conversion factor can be rewritten in observational units as

—8 _— T _efl M~ (Kkm s~ A-17
Iro 172 Tb,of (1+4q) o ( st pc)T, ( )

where we have used p = 1.36. Equation A-17 agrees well with the empirically deter-

mined value for the conversion factor in the Galactic disk, 4.9 Mg (K km s7* pc?)~!

(Solomon & Barrett 1991), if we take f = 1 and ¢ < 1. To estimate o, we use
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oy = 1.0, @ = 1.5, and a3 = 2.0, giving o = 1.5 (§A.2.1). (Using a range of likely
values for these parameters yield values for o from 0.55 to 2.4.) Observations of
Galactic clouds serve to constrain other parameters: 7ip =~ 50 cm™2, v =~ 1 (Solomon
et al. 1987), 6 ~ 2.3, and € < 0.1 (Sanders et al. 1985), implying that A ~ 1.5-
1.7, and hence that fieg ~ 130 cm™3. Substituting these numbers, plus Tpo = 6 K
(DSS), into equation A-17 results in Mg/Lgo ~ 4.0 Mg (K km s7! pc?)~!, about
four-fifths 6f the empirical value. The difference is likely explained by uncertainties
in the estimation of the parameter a.

The gravitational virial mass often used in the literature on molecular clouds,
Myt = Rév?/(0G) = Maym(1 + q), can be very different from Myyy if ¢ is larger than
one. Then, non-gravitational effects will dominate the dynamics of the cloud, and
hence increase the velocity width of the emission line. In this case, the gravitational
virial equilibrium analysis produces a significant overestimate of the cloud mass. This
is not the situation for Galactic molecular clouds, however. For Galactic disk clouds,
M~y agree well with masses derived by independent methods, implying that both
f =~ 1and ¢ <1 (Solomon & Barrett 1991). Solomon et al. (1987) use the empirical
size-line-width relation to derive a constant surface density, £y = 170 Mg pc~2, for
Galactic disk molecular clouds. Using this value of &, and a representative Galactic
disk interstellar medium pressure of p. = 4000 cm~3 K (Jenkins, Jura, & Loewen-
stein 1983) in equation A-12, neglecting magnetic terms (which are comparable and
thus will not raise g to an appreciable level), gives ¢ = 0.008, consistent with the

original interpretation that Galactic disk molecular clouds are in gravitational virial
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equilibrium. If one were to observe a hypothetical galaxy with similar 7y and Ty
for its molecular clouds, but with a much lower gas mass fraction per cloud or, more
probable, a much higher confining pressure, the CO mass conversion factor would be
significantly decreased. If ignored, high external pressures or small gas mass fractions
can therefore lead to significant overestimates of the molecular gas mass corresponding

to a given CO luminosity.

A.2.3. Smooth gas distribution—spherical configuration

Downes et al. (1993) suggest that the molecular gas in the nucleus of Arp 220 may
consist of a single huge molecular cloud. The expression for the conversion factor for
a spherical cloud of smoothly-distributed gas is the same as that for a single clump in
the clumpy distribution discussed above. Setting V = 1 in equation A-13 for clouds

in virial equilibrium leads to

/2
which is of exactly the same form as the expression for the conversion factor for the
clumpy gas case in equation A-16, with ﬁ:{fz replaced by 71/2, the square root of
the mean density of the cloud, and T replaced by Ty, the mean peak brightness
temperature of the cloud.

For Arp 220, the standard conversion factor gives ; > 2 x 10* Mg pc2 (Scoville
et al. 1991). From equation A-12, ¢ > 1 only for II,/k > 2x10'° cm~3 K. This requires

thermal pressures of nearly 10'° cm ™2 K or magnetic fields of nearly 10 mG throughout

a region several hundred kiloparsecs in radius. For Arp 220 and other luminous
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galaxies with dense nuclear concentrations of molecular gas which lack evidence for
such extreme pressure, neglecting ¢ in the derivation of M, is self-consistent. Downes
et al. (1993) point out, however, that f may be significantly less than one for their
proposed single molecular cloud several hundred parsecs in radius, as such a cloud
would likely encompasé a large mass of stellar and other CO-dark matter. If this
material contributes more to the gravitating mass of the cloud than the molecular
gas itself, the gas mass will be overestimated by use of the Galactic conversion factor

(ignoring possible differences in 7 and T3, from Galactic clouds).

A.2.4. Smooth gas distribution—thin disk configuration

The expression for the Mg /Lo conversion factor will be somewhat different in the
case of optically-thick gas distributed smoothly in a rotating disk than for the smooth
spherical case for two reasons: (1) there will be an inclination effect since a more
highly-inclined disk will present less surface area to the observer and thus show a
lower L for a given M, than a more face-on disk; (2) the line width that determines
the observed L is the local velocity dispersion (not an observable quantity unless
the disk is well resolved) and not the observed line width as in the spherical case.
Note that if the molecular gas exists in a rotating disk, but is arranged in non-
shadowing clumps rather than smoothly distributed, the conversion factor will be
given by equation A-16 above.

For gas in a smooth thin disk observed in a single beam, basic geometrical argu-
ments give the following expression for the conversion factor:

My

nH, /2 .
» pmy, To60 sec ( )
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where ¢ is the angle that the disk axis makes with the line-of-sight, H; is the distance
from the midplane between which half of the disk gas mass is contained, and 7 is
the mean density averaged over this region. If we can relate H;;,, and év to 7,
equation A-19 can be simplified further. There are at least three different extreme
scenarios for relating the vertical scale height to the local velocity dispersion and mean
density (Spitzer 1942): (a) a self-gravitating gas disk; (b) a thin gas disk embedded in
a much bréader and denser (stellar) disk that has an essentially constant density, p.o,
over the extent of the gas; (c) a thin gas disk of radius R circling a dominant central
point mass, M.. The first two scenarios are examined further below. Case (c) yields
the same form for the conversion factor as case (b), with p.q in case (b) replaced by

M./4A7R3 in case (c).

A.2.4.1. Self-gravitating thin disk

Spitzer (1942) gives the solution for the distribution of gas density with height in the

self-gravitating disk. Hi/, for this solution is given by

c 0_2 1/2
H —_ _ = A-2
1/2 (127rGumH27‘z> ’ (A-20)

where ¢; = tanh™!(0.5) ~ 0.5493 and o, is the vertical velocity dispersion, which is
related to the local FWHM line width in a thin disk by 6v* = o’oZ, where o/ ~ 10 is
a constant that accounts for the conversion from a velocity dispersion to FWHM and
for the increase in observed line width due to saturation (here using line center optical

depth of 50-100 and a ratio of line-of-sight velocity dispersion to overall local velocity
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dispersion of 0.5, following the discussion in DSS). Using this relation between the

scale height and the local line width to rewrite Hy/»/6v in terms of 7:

/2 =172
M, 4c;umy, 12 py )
= . A-21
,CO ( 37ra’G Tb sect ( )
In observational units,
M 90 @l/?
E = 1.90 7 seci Mg (K km s™! pcz)‘l. (A-22)

L,CO a/l/? Tb

The ratio between the conversion factor for a smooth self-gravitating disk and that
for Galactic disk clouds (equation A-17 with f ~ 1 and ¢ < 1) is 0.74(a/’)}/? sec .
Using likely ranges for _the parameters, a/a’ can vary roughly from 0.04 to 0.36;
hence the ratio of conversion factors can range from 0.15sec 7 to 0.44seci. Therefore,
for a smooth, face-on self-gravitating disk, the molecular gas mass conversion factor
is somewhat reduced from the Galactic one, assuming similar values of # and Ty;
however, as such a disk becomes more edge-on to our line-of-sight, the CO luminosity
decreases and hence the conversion factor increases. At i =~ 65-80°, the conversion

factor becomes comparable to the Galactic value.

A.2.4.2. Thin gas disk embedded in a thicker, denser stellar disk

Spitzer (1942) also gives the solution for the distribution of gas density with height
for a gas disk embedded in a much broader and denser stellar disk, where the stellar
mass density can be assumed constant over the extent of the gas. For the stellar

mass to dominate the vertical dynamics of the disk requires p.o > po, where pp is
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the gas mass density at the midplane (otherwise, the gas disk would become partially

self-gravitating). In this situation,

0.2

1/2
H 1/2 = € ( 6m Gzp*o ) ) (A“23)

where ¢, =~ 0.4769. The conversion factor now becomes

Mg _ 16umH2 1/2 'ﬁllz 1/2 .
’Co - CZ( 37TQIG Tb fp sec? b (A 24)

where f, = po/p«0. In observational units,

M, 2.45 p}/?
L'ci = a,1/52 nTb £l seci Mo (K km s™? pc?)~L. (A-25)

For this case, the ratio b;etween the conversion factor for a face-on disk and that for
Galactic clouds is 0.19-0.57f}/%. Since f, < 1, a molecular gas disk embedded in a
thicker, denser stellar disk will show a much higher line luminosity for a given amount
of mass, similar to the case of pressure-confined clouds. In both of these cases, the
effective line width is determined by conditions external to the gas and thus the gas

mass cannot be determined without additional information (e.g., I, f,).

A.3. Dynamical mass

The total mass in the CO emission region can be estimated dynamically using the
observed size and line width of the CO source, and serves as an upper limit to the

amount of molecular gas. The derived dynamical mass will depend upon the assumed
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configuration of the molecular gas. We consider here the cases for a sphere and a ro-
tating thin disk. Assuming the molecular gas occupies a spherical region, we can use
the virial theorem as discussed above. Rearranging equation A-11 yields

2

Mgyn(sphere) = 5; GR (1+g¢)7t. (A-26)

If the molecular gas occupies a rotationally-supported disk, however, slight differ-
ences arise, because the rotational speed for a disk relates differently to the observed
line width than does the intrinsic velocity dispersion for a sphere. To begin, we as-
sume that the line full-width at zero-intensity, §vsyz, represents twice the maximum
rotational speed, v, corrected for inclination effects, and we relate the observed
FWHM line width, év, to 6vs,; by defining a line profile parameter a = dvgys/6v,
leading to év = (2/a)vresini. (We ignore the saturation correction because the
source line width is determined by the rotational velocity, not the much smaller local
dispersion where saturation may be important.) Next, the rotational velocity can be
related to the dynamical mass by centrifugal equilibrium, v2;, = ay 4G Mgy, (disk)/R.
The parameter o, 4 is slightly under unity since the rotational velocity for a disk
is generally somewhat higher than that for a sphere of the same mass distribution
with radius (see Binney & Tremaine 1986, ch. 2). Solving for the dynamical mass
gives
v’R 1

Magn(disk) = = 575

, (A-27)

where aq = (2/a)?014 is a correction factor of order unity very similar to o for

the spherical case. While a ranges from 0.55 to 2.4, with a representative value
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of 1.5 (§A.2.2), a4 takes on values close to unity. Note that if the peak rota-
tional velocity is reached at a radius less than the observed source size, R, then
the actual dynamical mass of the disk will be less than the derived value in equa-
tion A-27. The principal difference between the two cases is that, for spherical
gas distributions, My, cannot be larger than §v2R/aG and may be significantly
smaller, while for disks, the value of Mgy, can be much larger than 6v2R/aqyG if i is

small.

A.4. Summary

Many factors can cause the M,/Lcq conversion factor in other galaxies to depart
from the value measured for Galactic disk clouds. It has been long understood that
differences in the mean cloud properties # and T3, can lead to such variations, but we
wish to emphasize that differences in the cloud environment and in the geometrical
configuration of the gas can lead to even more significant variations. Except for the
cloud shadowing and the inclination effect for optically-thick gas distributed smoothly
in a disk, ignorance of which cause underestimates of the gas mass, ignorance of
these additional factors tend to cause overestimates of the gas mass if the Galactic
conversion factor is applied blindly. The properties of the material surrounding the
molecular gas and the geometrical configuration of the molecular gas itself thus need to
be well understood in order to accurately determine the amount of molecular material
from molecular line observations alone. High-resolution millimeter interferometry

observations can place lower limits on the gas mass fraction, using the lower limit on
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M derived by assuming optically thin CO emission and Mgy, derived from the CO
source size and line width. Such constraints on the molecular gas mass fraction, f,
plus constraints on the external pressure, I, allow one to make reasonable estimates

of M,, subject to the traditional uncertainties in %'/2/T5.
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