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ABSTRACT

Molecular Gas in Virgo Cluster Spiral Galaxies

(May 1987)

Jeffrey D. Kenney

B.S. Bates College

Ph.D. University of Massachusetts

Directed by: Judith S. Young

We have obtained C0(J=1-K)) observations with 45" resolution at over

200 positions along the major axes of 42 Virgo cluster spiral galaxies,

using the FCRAO 14-meter telescope. Although there is a general corre-

lation between the CO flux of a galaxy and its optical diameter, the

S^o/'^opt'^ ratio is found to depend on both the morphological type and

the HI content. Analyses indicate that for the Sa-Sb and highest lumi-

nosity Sc Virgo galaxies, the molecular gas contents and distributions

have not been strongly affected by the cluster environment.

There is a population of Hl-rich, lower-luminosity (10.9<Bt°<12.0)

Sc galaxies in the outer cluster with a mean Sco/^opt'^ ratio a factor

of 5 less than the other Sc's. While it also may be that the conver-

sion of HI into H2 is enhanced in low mass galaxies by an interaction

with the tntracluster medium, these results strongly suggest that the

attainment of an H2-dominated ISM is a function of galaxy mass. These
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outer cluster low mass Virgo Sc galaxies have large massive star for-

mation rates and high central HI surface densities, indicating that

atomic gas plays a direct role in star formation in these systems.

Galaxies which are Hl-def icient by a factor of 10 are gas -deficient

(HI+H2) by only a factor of 2-3, due to the survival of large quan-

tities of molecular gas. The massive-star formation rates, as indi-

cated by Ha, radio continuum and far-infrared emission, are also lower

by factors of ~2-3 in galaxies which are Hl-deficient by a factor of

10. Gonparison of the radial distributions of HI and H2 indicate that

the total gas deficiency is manifested largely by a lack of HI in the

outer galaxy. The inner disk regions, although Hl-def icient, are not

significantly gas-deficient since the ISM in the inner regions of most

of the galaxies in this sample are H2-clominated. The large H2/HI

ratios in the inner regions of Virgo spirals indicate that either the

lifetime of the molecular phase or the lifetime of GMC complexes is

~2xlO^ years in H2~dominated environments.

GO emission has been detected in the center of 2 small-bulge

so-so/a Virgo galaxies which remain undetected in HI. These galaxies

exhibit the expected aftereffects of a severe stripping event which

occurred ~2xl0^ years ago, and may be the first known examples of

stripped spirals in the process of turning into SO-like systems.
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CHAPTER I

INTRODUCTION

§1. Introduction to the Introduction

Molecular gas in galaxies Is Important because It Is the medium

from which stars form. Furthermore, molecular gas comprises a large

fraction of the total interstellar gas mass in many galaxies, and domi-

nates the mass of the interstellar medium (ISM) in the central regions

of most luminous spiral galaxies. In order to understand the evolution

of galaxies, which proceeds as gas turns into stars, it is therefore

Imperative to have a quantitative knowledge of both the distributions

and relative amounts of atomic and molecular gas within galaxies.

For practical and historical reasons, numerous studies during the

last two decades have attempted to understand star formation and galac-

tic evolution with a quantitative knowledge of only the atomic gas com-

ponent. The presence of atomic gas is revealed by radiation from the

21 cm (1.42 GHz) hyperfine transition of neutral hydrogen (HI). Since

the discovery in the early 1950's of widespread 21 cm emission

throughout the Milky Way, centimeter wave radio astronomy technology

has progressed to the stage where it is possible to efficiently survey

HI emission in galaxies as distant as z=0.03 (v=10,000 km s"^). On the

other hand, the presence of molecular gas is currently best revealed by

radiation from the 2.60 mm (115 GHz) rotational transition of carbon

monoxide (CO). Cold interstellar molecular clouds were not discovered

1



in our own galaxy until the early 1970's with the advent of millimeter

wave radio astronomy technology. Although CO emission has been

detected in many galaxies since that time, the work reported in this

thesis represents the first large-scale, systematic survey of CO

emission in the disks of spiral galaxies in a large cluster of

galaxies. The 600 painstaking hours of telescope time needed to

complete this survey illustrates why there is so little molecular gas

data on galaxies today, compared with the large data base of atomic gas

in galaxies.

Three general themes are addressed with the CO data on 42 Virgo

Cluster spiral galaxies: the evolution of galaxies within clusters; the

molecular gas properties of galaxies as a function of mass, morphologi-

cal type, and environment; and the roles of atomic and molecular gas in

the star formation process. These topics are interrelated, and are

consequently discussed together throughout the thesis.

§2. Evolution of Galaxies Within Clusters

The evolution of galaxies is not independent of their environment.

The Virgo cluster was chosen for study because it is the nearest large

cluster of galaxies, and it exhibits evidence for environmental modi-

fication of the galaxies within it. The three-dimensional structure

and dynamical state of the Virgo cluster have been clarified by recent

redshift and HI linewidth studies. The cluster is evidently still In

the process of formation. While the distribution of radial velocities

for the Virgo elliptical population can be characterized by a Gaussian,
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that of the spiral population is flatter and broader, with several

peaks (Huchra 1985). This has been interpreted to mean that the ellip-

ticals have existed in the cluster long enough to dynamically relax,

and that many of the spirals are recent arrivals which have not crossed

the cluster core more than once. Support for this scenario comes from

dynamical studies of the Local Supercluster near the Virgo cluster

region. Tully and Shaya (1984) find that the infalling motion of

supercluster spirals toward Virgo should double the number of galaxies

in the cluster over the next 10^^ years.

Most of the new arrivals are gas-rich spiral galaxies which are

encountering a new environment for the first time in their existence.

In rich clusters, the large density of galaxies, their high relative

velocities, and the existence of intracluster gas yield the potential

for galaxian modification. Several nearby clusters of galaxies are

found to contain large numbers of spiral galaxies which are deficient

in atomic gas, relative to more isolated galaxies (Giovanelli and

Haynes 1985). The fraction of Hl-deficient galaxies in a particular

cluster is well correlated with the strength of the x-ray emission from

the cluster's intracluster gas, which strongly suggests that the

interaction between the Intracluster medium (ICM) and the galaxy's ISM

strips away the atomic gas. The magnitude of the Hl-def ic lency can be

severe: many galaxies have an order of magnitude less atomic gas than

their more isolated counterparts.

Since interstellar gas is the raw material for star formation, the

star-forming ability and future evolution of Hl-deficient galaxies are
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unquestionably altered by their interaction with the ICM. What is

unknown is the severity of the alteration. The answers to 2 important

questions depend upon the severity of the modification. 1) Do cluster

spirals evolve much more rapidly than isolated spirals? 2) Can the

fact that most SO galaxies are located in clusters be partially or

fully explained by the stripping of spiral galaxies?

One measure of the impact of Hl-def iciency is the massive star for-

mation rate, as measured by the Hci equivalent width. To date, surveys

of the He emission have been performed for four clusters containing

large fractions of Hl-deficient galaxies. In the Coma, Cancer, and

Abell 1367 clusters, no correlation between the Ha emission and HI

deficiency is evident (Kennicutt, Bothun, and Schommer 1984). In the

Virgo cluster, Hl-deficient galaxies do have less Ha emission, on

average, than the Hl-normal galaxies (Kennicutt 1983), yet it is shown

in this thesis that the magnitude of the 'H a-deficiency ' is much

smaller than the magnitude of the Hl-def iciency . A likely explanation

for the small impact of the Hl-def ic iency on star formation in the

Virgo cluster (and other clusters) is the existence of molecular gas.

Evidence is presented here that the molecular gas in Virgo cluster

spirals survives the interaction which causes the Hl-def iciency

.

Global star formation rates in Virgo spirals remain relatively high

because molecular clouds, the phase of the ISM in which stars form,

remain abundant.

Although the survival of large amounts of molecular gas mitigates

the impact of Hl-deficiency on star formation and subsequent galactic
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evolution, It does not spare the galaxies from altered evolutionary

paths. The evolutionary fate of cluster spirals can now be considered

for the first time with full awareness of both atomic and molecular gas

components.

§3. CO as a Function of Type and Mass

and the Role of Molecular Gas in Star Formation

Knowledge of the CO properties of galaxies as a function of mass

(or luminosity) and morphological type can help answer questions about

galactic structure and star formation, as well as elucidate the role of

molecular gas in star formation and galactic evolution. The large

number of Virgo galaxies mapped here, and the fact that it is a

complete, magnitude-limited sample, make this a valuable data base for

mass and type comparisons, although care must be taken with possible

environmental effects.

Various tracers of star formation (e.g. B-V colors. Ha emission

line) indicate that the Hubble morphological type sequence of ellip-

tical through Sc spiral galaxies is one of increasing current-day star

formation rate (e.g. Kennicutt and Kent 1983). The disks of Sa

galaxies generally have lower ratios of new to old stars than the disks

of Sc galaxies. This suggests that Sa galaxies have converted a larger

fraction of their original gas supply into stars than have Sc galaxies.

If so, then Sa galaxies would be expected to have less gas per disk

star than Sc galaxies. To date, only one study has addressed the

morphological type dependence of CO emission in galaxies. Young,
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Scoville, and Brady (1985) observed CO emission in the central 45" of

2 5 Virgo Sa-Sc galaxies, and found that the ratios of CO luminosity to

blue luminosity in the central regions were lower in the early-type

galaxies. However, since the light from the central regions of early

type galaxies is dominated by the bulge, and only the central regions

were observed in CO, the study of Young, Scoville, and Brady could not

address the morphological dependence of the gas mass to disk stars

ratio. This issue is addressed in the present study, with particular

attention paid to possible environmental effects.

An early comparison of CO emission with blue light in a small

sample of Sc galaxies showed that the two quantities were well corre-

lated (Young and Scoville 1982b), which could be taken as evidence that

the quantity of molecular gas in a galaxy was directly proportional

either to its mass, or the star-formation rate during the last

2x10^ years. However, several studies (Elmegreen, Elmegreen and Morris

1980; Young, Gallagher and Hunter 1984; Tacconi and Young 1985; Israel

et al. 1986) have shown that dwarf Irregular galaxies have CO to blue

light ratios at least an order of magnitude lower than the more massive

spiral galaxies. Thus, a constant CO to blue light ratio does not

extend down to the smallest galaxies.

There are three schools of thought on the reason for the dif-

ference between the massive spirals and the less massive dwarf irrregu-

lars. One school proposes that the relation between CO intensity and

H2 surface density is not a universal constant, and that the H2 mass to

blue light ratio is actually similar in dwarf irregulars and spirals
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(Israel et al . ), A second school suggests that episodic bursts of star

formation create dwarf irregular galaxies with both high and low

H2 mass to blue light ratios: actively star-forming dwarf irregulars

have low CO to blue light ratios because they have used up their supply

of star forming molecular gas in a galaxy-wide burst of star formation

(Tacconi and Young 1987). Bursts of star formation in spirals do not

envelope the entire galaxy, because of their larger size. Under this

hypothesis, populations of CO-rich, yet optically faint dwarf irregular

galaxies should exist. The third camp believes that dwarf irregular

galaxies simply never form a large steady-state supply of molecular gas

(Hunter, Gallagher and Rauzenkr antz 1982). If so, then the relatively

high star forming rates in some of these galaxies indicate that the

role of molecular gas in star formation is not fully understood.

In order to determine the real reason that spirals and dwarf

irregulars have different CO properties, it would be valuable to

observe galaxies with small bulge-to-disk ratios (B/D) over a large

mass range to determine at what galaxy mass the CO properties begin to

change. After all, the fundamental difference between spirals and

dwarf irregulars is mass: there are no dwarf spiral galaxies (Sandage,

Binggeli and Tammann 1985). Among the sample of Virgo spiral galaxies

studied here, we have discovered that some of the lower mass spiral

galaxies have little CO emission per unit mass, relative to the more

massive spirals. This similarity between the CO properties of the

dwarf irregulars and the lower mass spirals indicates that the weak CO

emission is related to galaxy mass. The Hl-richness of these CO-poor,
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low mass Virgo spirals suggests that the reason for their feeble CO

emission is an actual dearth of molecular gas.

Previous studies have shown that the radial distributions of young

stars in several luminous spiral galaxies follow the CO emission more

closely than the HI emission, indicating that molecular gas plays an

Important role in star formation (e.g. Talbot 1980; Scoville and Young

1983). Yet because of the dominance of molecular gas in the inner

regions of these galaxies, it has not been possible to discern whether

the star formation rate is more dependent upon the surface density of

H2> or the total gas surface density (HI-412). The discovery reported

here of Hl-rich, CO-poor spirals with high massive star formation rates

indicates that atomic gas, as well as molecular gas, may play a direct

role in star formation.

§4. Summary of Chapters

In the first part of Chapter II, the FCRAO telescope system and

observational methods are described. In the later half of this

chapter, the selection criteria and properties of the Virgo galaxy

sample are detailed.

In Chapter III, the CO data for A2 Virgo galaxies is presented.

From this data, both global CO fluxes and radial distributions are

obtained. The derivations of the CO fluxes, CO diameters, and CO asym-

metry parameters, which are used in the subsequent analysis, are sum-

marized. Some of the calibration details are included in 2 appendices.

Chapter IV presents a discussion on the relationship between CO



emission and molecular mass. Recent observational and theoretical stu-

dies which are relevant to this important topic are reviewed.

A detailed analysis of the CO properties of the Virgo spirals

appears in Chapter V. CO emission is first compared with starlight and

galaxy mass. Much of this chapter then focusses on the comparison of

CO and HI emission, including analysis of both global properties and

radial distributions. For most of the Virgo galaxies, CO and HI

emission are uncorrelated, indicating that there is no molecular gas

deficiency in the Hl-deficient galaxies. As a result, the total gas

deficiency is only a small fraction of the Hl-def iciency . There is,

however, a population of HIrich, Sc galaxies in the outer cluster with

low mass ratios of CO luminosity to optical diameter a factor of >5

less than the other Sc galaxies. These galaxies are among the least

massive in the sample -- their existence indicates that the formation

of an H2-dominated ISM is a function of galaxy mass. However, it also

may be that conversion of HI into H2 is enhanced in low mass Sc

galaxies by an interaction with the intra-cluster medium. The suscep-

tibility of atomic and moleculr gas to removal, and the possibility of

enhanced conversion of HI into H2 by an ISM-ICM interaction is examined

theoretically

.

Star formation in Virgo spirals is discussed in Chapter VI.

Ha line emission, B-V colors, radio contiuum emission, and far-infrared

emission are all utilized as tracers of star forming activity. The

far-infrared data is composed of previously unpublished CO-added data

from the IRAS satellite. A description of this data is followed by a
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discussion on the origin of far-infrared emission from "normal"

galaxies. A comparison of these various tracers reveals that global

star formation is reduced in the Hl-deficient galaxies by an amount

comparable to the total gas deficiency. The chapter concludes with a

section on the evolutionary fate of stripped spirals. It is argued the

CO and other data on 3 SO-Sa Virgo galaxies indicate that the transfor-

mation of spirals into SOs is accelerated by stripping.

Chapter VII includes 2 topics which pertain to the roles of atomic

and molecular gas in star formation. A discourse on the lifetime of

the molecular phase in galaxies is motivated by the observation that

the inner regions of the Hl-deficient spirals have systematically

larger mass ratios. Finally, we address the implications of the

co-poor, Hl-rich low mass spirals for the roles of atomic and molecular

gas in the star formation process. It is put forth that the distinc-

tion between H2 and HI as 'star-forming clouds' and 'clouds that form

the star-forming clouds' is inappropriate for all galaxies.

Appendices A and B delve into details on the data calibration.

Appendix A describes the analysis of 200 calibration measurements,

which we used to determine an elevation correction and an absolute

calibration scale for the CO data. Appendix B describes the method

used for calculating global CO line fluxes from major axis maps, a pro-

cedure which accounts for the coupling between the beam and the source,

and for the undersampling of emission.



CHAPTER II

CO OBSERVATIONS & THE VIRGO SAMPLE

§1. The Telescope System

CO observations of galaxies in the Virgo sample were performed with

the 13.7-meter rado me -enclosed telescope of the Five College Radio

Astronomy Observatory. The antenna is of Cassegrain design, with a

single feed horn, sensitive to linear polarization, mounted at the

antenna focus. A quasi-optical system, which lies in front of the feed

horn, contains a chopper wheel for system calibration and a

Fabrey-Perot interferometer for image sideband termination at cryogenic

temperatures. At 115 GHz, the half -power beam width of the telescope

is measured to be 45".

FCRAO's heterodyne receiver utilizes a cooled Schottky diode mixer

with 1.4 GHz intermediate frequency GaAs FET amplifiers of 400 MHz

bandwidth. Single sideband receiver temperatures at 115 GHz were

measured to be 275 K in 1983-84, 250 K in 1984-85, and 215 K in

1985-86. Apart from this improvemeat in receiver sensitivity, the

telescope underwent no significant changes during the period of obser-

vations, from December 1983 to June 1986. The beam efficiency

(corrected to outside the atmosphere) remained constant at r^^
=

0.53±0.04 during the 3 observing seasons.

The backend of the receiver utilizes two 256-channel, 1 MHz resolu-

tion filterbanks, providing 512 MHz of available bandwidth. At the

11
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115.2 71203 GHz rest frequency of the CO J=l-K) transition, each 1 MHz

channel corresponds to 2.60 km s~^ in Doppler velocity units, providing

a total bandwidth of 1330 km s"^. In practice, this total bandwidth

was not usable, particularly during 1984-85 when bad baselines occa-

sionally dominated one of the filterbanks. The lack of the full band-

width is a problem only for the centers of the most luminous edge-on

galaxies, as these systems can have line widths of 6 00-800 km s"^

(Rubin et al. 1985). These luminous galaxies were not observed when

bad baselines were a problem. Normally, 1/2 to 3/4 of the full band-

width provides adequate baseline on either side of the line.

Spectra were calibrated by the standard chopper wheel method

(Penzias and Burrus 1973), which corrects for atmospheric (to first

order) and ambient temperature losses to yield the corrected antenna

temperature T^ . Second order corrections for atmospheric losses are

important at 115 GHz, and require elevation-dependent correction fac-

tors to be applied to all the data. These corrections are fully

described in Appendix A.

§2. Observational Methods

Spectra were obtained by position-switching between the main posi-

tion and a reference position several arcminutes away from the galajQr.

Position-switching has the advantage of cancelling the effects of

receiver drift and atmospheric opacity variations on time scales longer

than the switching rate. In principle, it is desirable to switch as

fast as possible, in order to cancel variations on short as well as



long timescales. In practice, the position-switching rate is limited

by the telescope slew rate and the need for efficient observing. The

finite time required for the antenna to move from the main to the

reference position and settle down is time spent not taking data, and

should be kept to a minimum. For this reason, the reference positions

were chosen to be as close as possible to the galaxies, while still far

enough away to remain free of emission. Experience shows that CO

emission is usually undetectable (with 1987 technology) where the opti-

cal emission falls to 26 mag arcsec"^, so offsets equal to twice the

optical radius were deemed safe. This policy resulted in reference

position offsets of 5 '-10' depending on the optical size of the galaxy

listed in the UGC (Nllson 197 3). It is also worth pointing out that

small reference position offsets are desirable in view of the obser-

vation that large offsets have associated baseline problems.

The offsets were chosen to be in Right Ascension rather than azi-

muth so that the reference position was a specific location relative to

the galaxy, and any contaminating galactic or extragalactlc emission

could be properly removed from the spectrum. Since the main and

reference positions were therefore at different elevations, the

reference time was split between posltons east and west (in R.A. ) of

the galaxy. This technique, called double position-switching, compen-

sates (to first order) for the difference in atmospheric opacity bet-

ween the main and reference positions. As it turned out, contamination

by galactic GO emission was not a problem for any of the Virgo galaxies

observed, since the systemic velocities of most Virgo galaxies are
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higher than velocities encountered in the Milky Way. Contamination is

not a problem even for those galaxies with velocities near zero (as it

is with HI observations) since the cluster is located at high galactic

latitudes (b~75°), and galactic CO emission in the solar neighborhood

(Sanders, Solomon, and Scoville 1984) is confined primarily to a thin

disk layer with a scale height of 60 parsecs. Palomar Sky Survey

prints were examined to ensure that none of the reference positions

were coincident with optically bright galaxies.

The size of the reference position offsets helps determine a prac-

tical switching rate. It takes the antenna roughly a second to move

and settle at a new position 5 '-10' away. Efficient observing there-

fore requires a switching rate much slower than once per second.

Switching at a rate of once every 30 seconds was normally done,

although switching at twice this rate in poor weather sometimes

improved the baselines. Since the observational part of this thesis

was completed, a beam chopping spectral line capability has been imple-

mented at FCRAO. The 1 5 Hz switching rate in the beam chopping mode

results in better baselines, but at the expense of increased overhead

time lost while the edge of the chopper blade is in the beam path.

Spectra were taken every 4 5" along the major axis of each galaxy,

out to where no emission was detected in ~2 hours of integration time.

More precisely, enough data was taken to achieve an rras noise of <10

millikelvins (T^*), after smoothing the data to a resolution of 12 km

s"-^. The weakest line which can be detected depends upon the width of

the line, hence on the rotation curve and inclination of the galaxy.



and the velocity field of the galaxy within the main beam. In general,

the weakest line feature which can be detected (3 a) in this amount of

integration time has an integrated intensity of 1 K(T^*) km s"^.

§3. Pointing

The pointing, focus, and gain (calibration) of the telescope were

measured normally at the beginning of each observing run, and occa-

sionally during the middle of the run. The high velocity gas in Orion

(OrionHV), and the carbon star IRC+10216 were the main standard sources

used throughout the 3-year period, although the variable quasar 3C 273

was used to detemnine the pointing and focus during 198A, 3C 273 is

preferable as a pointing source to OrionHV or IRC+10216, since it is

located only 10° to the south of M8 7, which is at the center of the

Virgo cluster. However, the flux of 3C 273 decreased from ~45 Jy in

April 1983 to ~20 Jy by 1985, so that it became too weak to use as a

pointing source at 115 GHz. No significant systematic pointing offsets

were detected between 3C 273 and either OrionHV or IRC+10216, so that

the lack of a pointing source near the Virgo cluster during 1985-86

provided no difficulties.

We have neasured an rms pointing error of 4" in both azimuth and

elevation, or 6" in total, from all 126 pointing measurements made

during the Virgo galaxy observing runs, over the 3 observing seasons.

This pointing rms of 6" on 3C2 73, Orion, and IRC+10216 is less than the

9" rms found from 365 pointing measurements taken over the entire sky,

and over a large temperature range during 1984-85 (Lord, Young, and
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Kinzel 1985). Presumably, this is due to the fact that the pointing

model does not fit all parts of the sky equally well, so additional

scatter is Introduced when data from the entire sky are considered.

An error of 6" in pointing results in a reduction of 5% in inten-

sity for a point source measured with a Gaussian beam with a half -power

beam width of 45". However, the molecular gas in Virgo galaxies is

generally extended over a region of 1-5 arcminutes. Consequently, for

most of the positions observed, pointing errors do not result in signi-

ficant errors in the integrated line intensities. For a galaxy whose

molecular gas distribution is distributed exponentially (e.g. Young and

Scovllle 1982a), the largest intensity error resulting from a pointing

error occurs at the center of the galaxy. A 6" offset from the center

of a galaxy with an exponential CO disk of scale length 0.3' results in

an intensity error of only 3%.

Small pointing errors can affect lineshapes more than intensities,

particularly in the central regions of galaxies. Our spectrum from the

center of NGC 425A has an asymmetric double-homed profile. Either the

molecular gas distribution in the center of this galaxy is truly asym-

metric, or the telescope was not pointed at the true nucleus. On the

basis of the model fitting which is described in Chapter IV, we esti-

mate that the observed asymmetric profile could be due to a pointing

offset of ~6". The symmetric profiles for most of central spectra with

high signal-to-noise ratios indicates that pointing errors are

generally smaller than ~10".
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§A. The Virgo Sample

A great variety of galaxies exist in the Virgo cluster. In order

to separate the effects of environment from those of morphological type

and luminosity, it is necessary to observe a large sample of objects.

The need for a large sample, and the 2-3 hours of observing time

required for each spectrum, dictate the choice of major axis mapping.

While it would of course be preferable to obtain conplete maps of the

galaxies, major axis mapping allows both the total CO luminosity and

the extent of CO emission to be determined with reasonably small uncer-

tainties in a significant number of galaxies.

In choosing any sample for scientific study, it is desirable to

avoid selection effects which may bias the results. The CO sample was

chosen to be a complete, blue magnitude-limited sample of spiral

galaxies. Because of their availability, blue magnitudes have been

used to select the sample galaxies. In adopting an apparent magnitude

limit, we are in essence adopting an absolute magnitude limit, since

all Virgo galaxies are at approximately the same distance. Given that

a limited number of galaxies are to be observed, the brightest galaxies

are preferred since these are the easiest to detect, are large enough

to map, and are well-studied. With an apparent blue magnitude cutoff

of &r°
= 12.0, the galaxies in this sample span a range of a factor of

10 in luminosity. The particular value of B^o = 12.0 was chosen

because the resulting sample includes enough galaxies to begin to allow

the sorting of environmental effects from those of type and luminosity.
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The motivation for having a complete magnitude-limited sample is

to include all galaxies above a certain mass. Tully and Fisher (1977)

first demonstrated that the total mass of a galaxy is correlated with

its blue luminosity. Due to the presence of scatter in the

Tully-Fisher relationship, there is a range in blue luminosities for

galaxies of a given mass. The presence of this scatter introduces a

bias in atty magnitude-limited sample. The lower luminosity galaxies in

the sample include actively star-forming low mass galaxies with blue

colors, yet no galaxies of comparable mass which are forming stars less

actively. The Impact of this bias, which affects only the lower lumi-

nosity sample galaxies, will be discussed where relevent.

In selecting the sample, we have followed the work, of Helou et al.

(1984), who have mapped the 21 cm HI emission line along the nnajor axis

of all Virgo spirals in a complete, magnitude-limited sample with the

sensitive Areclbo telescope. By choosing a subset of the Helou et al.

sample, we ensure that the CO data can be compared with a homogenous

set of HI data. Galaxies which are classified as type Sa or later,

according to Binggell, Sandage, and Tammann (1985, hereafter BST)

within the rectangle defined by 4°<5<20°30', 12h<a<13h, and with magni-

tude Bt°<12.0, define the CO sample. The rectangle on the sky is

roughly centered on M87, and extends somewhat beyond the region of 4.5°

radius within which most of the Hl-deflclent galaxies are found (Haynes

and Giovanelll 1986). The region is therefore large enough to include

numerous systems with normal HI content, which is Important for com-

parison purposes. In addition to the 38 galaxies In the complete.
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magnitude-limited sample described above, 4 additional Virgo galaxies

were included in the survey for their scientific Interest: 2 SO's with

large far-infrared fluxes, and 2 luminous spirals slightly south of

5=4". Two galaxies (NGC 4235 and NGC 437 8) which meet the sample cri-

teria have been excluded from the survey, since they are likely to be

background galaxies. Table 2.1 lists the galaxies in the sample, along

with their morphological types (columns 2 and 3), coordinates (columns

4 and 5), angular distance from M87 (column 6), cluster membership sta-

tus (column 7), apparent blue magnitude (column 8), and heliocentric

velocity (column 9),

The classifications of BST are used instead of those by deVaucou-

leurs and Pence (1979, hereafter dVP) because of the higher quality

plate material of the former. A sample based on dVP classifications

would contain the same galaxies except for NGC 4293, which BST classify

as Sa pec, and dVP classify as SO/a. Only disk systems classified Sa

or later were Included as part of the complete sample, since few len-

ticulars and even fewer ellipticals have HI emission which has been

detected (e.g. Wardle and Knapp 1986), and until recently, no ellip-

tical or lenticular galajqr had been detected in the GO line (Verter

1985). We have, however, included 2 Virgo SO's in the survey (NGC 4526

and NGC 4710), which are remarkable in having significant far-infrared

emission, but only upper limits on their HI emission.

Care must be taken with the different morphological types in the

analysis of Virgo cluster data, to avoid problems due to the well-kncwn

"morphological segregation" in the cluster. Early-type spirals are



Explanation of columns in Table 2.1:

(1) NGC number.
(2) Morphological type from Binggeli, Sandage, and Tamnann

U985), if available; otherwise from RSA
(3) Morphological type from RC2.
(4) Right Ascension (1950) from Dressel and Condon (1976)
5 Declination (1950) from Dressel and Condon (1976)

(6) Angular distance from M87.
(7) Cluster^membership status, after deVaucouleurs and Corwin

S = S cloud member; Virgo cluster proper.

^\o^T^?^r"'^^^i
galaxies in the Declination range

5 <6<10 may be -20% more distant than the average
galaxy in the S cloud.

(8)

X - X -cloud'; galaxies below 6=5° are at a range of
distances, some are more foreground than galaxies
in the S cloud.

Blue optical magnitude, corrected for inclination and
extinction; B-j from deVaucouleurs and Pence (197q'>

(9) Systemic galaxy redshift Vg^n^cz, generally from HI line
(Helou et al. 1981, 1984; Giovanelli and Haynes 1983)-
although for 2 galaxies which are undetected in HI

'

(NGC 4293 and NGC 4710), we list mean CO velocities;
for NGC 4526, which remains undetected in both CO and
HI, the velocity listed is from an optical spectrum
(Huchra, private communication).
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Table 2. 1

Virgo Galaxy San^)le Properties

NGC RSA Type RC2 Type R.A. Dec. R„87 Mem
s) r ' ••) (») (kn, s-1)

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

4064 SBc (s ): ^B^<! ^a- P 1 9

4178 SBc(s)II SB(rs )dm 12
4192 Sbll: SAB (s )ab 12

4212 Sc(s )II-III SAbc? 1 9

4216 Sb(s) SABb:
4 254 Sc(s )1.

3

4293 Sa pec (R )SB (s )0/a 12
4298 Sc(s )III SA(rs )c 12
4 302 Sc(on edze) Sci sp 12
4303 Sc(s)1.2 SAB (rs )bc 12
4312 Sab SA (rs )ab: sp 12
4321 Sc(s )I SAB(s )bc 12
4380 Sab(8

)

SA(rs )b: ' 12
4388 Sab SA (s )b: sp 12
4 394 SBb(sr)I-II (R)SB(r)b 12

4402 Sc(on edge) Sbsp 12

4419 Sa SB (s )a. SD 12

4424 Sa pec SB ^a- 12

4438 Sb (tides) SA(s )0/a:P 12

4450 Sab pec SA(s )ab 12

4501 Sbc(s )II SA(rs)b 12

4526 S03(6) SAB (s )0

:

12

4527 Sb(s)II SAB(s )bc 12

4532 SmIII IBm 12

4535 SBc(s )1.3 SAB(s )c 12

4536 Sc(s)I SAB(rs )bc 12

4 548 SBb(rs)I-II SB(rs)b 12

4567 Sc(s SA(rs)bc 12

4 568 Sc(s)III SA(rs)bc 12

4569 Sab(s)I-II SAB(rs )ab 12

4571 Sc(s )II-III SA(r )d 12

4579 Sab(s)II SAB(rs )b 12

4639 SBb(r)II SAB(rs )bc 12

4647 Sc(rs)III SAB(rs )c 12

4651 Sc(r)I-II SA(rs)c 12

4654 SBc(rs)II SAB(rs )cd 12

4689 Sc(s)II. 3 SA(rs )bc 12

4698 Sa SA(s )ab 12

4710 303(9) SA(r)0+:sp 12

4 713 SBc(s)II-III SAB(rs )d 12

4 808 Sc(s )III SA(rs)cd: 12

4866 Sa SAO"'"(r):sp 12

01 37.3 +18 43 16 7.8 S 11.74 913
10 13.

1

+11 08 30 4.7 S 11.35 377
11 15.4 +15 10 23 4.8 S 10.31 -135
13 06.4 +14 10 45 4.0 S 11.52 -83
13 20.3 +13 25 38 3.7 S 10.29 138
16 16.9 +14 14 46 3.3 s 10.13 2405
18 41.

1

+18 39 36 6.4 s 10.80 930
19 00.4 +14 53 03 3.2 s 11.75 1136
19 10.2 +14 52 43 3.1 s 11.86 1150
19 21.4 +04 44 58 8.2 X 9.95 1568
19 59.4 +15 48 58 3.7 s 11.97 153
20 23.2 +16 06 00 3.9 s 9.89 1575
22 49. 6 +10 17 33 2.7 s 11.98 971
23 14.8 +12 56 18 1. 3 s 11.20 2515
23 24.7 +18 29 30 5.9 s 11.47 914
23 35.8 +13 23 22 1.4 s 12.01 234
24 25.

1

+15 19 28 2.8 s 11.73 -243
24 39.0 +09 41 51 3.1 s* 11.87 439
25 13.5 +13 17 11 1.0 s 10.43 69

25 58.0 +17 21 40 4.7 s 10.63 1954
29 28.

1

+14 41 50 2.

1

s 9.85 2284
31 30. 4 +07 58 33 4. 8 s

'

10. 15 602

31 35.5 +02 55 45 9.8 X 10.92 1733

31 46.7 +06 44 43 6.0 S' 11.69 2021

31 47.9 +08 28 25 4.3 s* 10.22 1962

31 53.5 402 27 50 10.2 X 10.52 1805

32 55.1 +14 46 20 2.4 s 10.72 484

34 01.

1

+11 32 01 1.8 s 11.78 2277

34 03.0 +11 30 45 1.8 s 11.27 2255

34 18.7 +13 26 18 1. 7 s 9.86 -236

34 25.5 +14 29 33 2.4 s 11.63 342

35 12. 6 +12 05 40 1.8 s 10.31 1520

40 21.7 +13 31 56 3.1 s 11.88 1048

41 01.1 +11 51 21 3.2 s 11.82 1422

41 12.5 +16 40 05 5.1 s 10.99 797

41 25.7 +13 23 58 3.3 s 10.82 1039

45 15.3 +14 02 13 4.3 s 11.34 1620

45 51.8 +08 45 37 6.3 S' 11.15 1008

47 09.0 +15 26 15 5.3 s 11.30 1121

47 25.6 +05 34 58 8.5 S' 11.83 653

53 17.0 +04 34 28 10.2 X 11.93 760

56 57.9 +14 26 25 7.2 s 11.12 1986



more tightly concentrated toward the center of the cluster than the

late-type spirals. While this becomes readily apparent when a large

number of Virgo galaxies are examined, its presence can be seen in the

CO sample. Table 2.2 lists the sample galaxies as a function of

morphological type, apparent magnitude, cluster position, and HI defi-

ciency. (HI deficiency is explained in §V.2). Note that there are

comparable numbers of SO-Sbc sample galaxies 0°-3° and 3°-6° from M87,

while there are nearly 3 times as many Sc-Sm galaxies in the 3°-6''

range compared to the 0°-3° range. This is also apparent in Figures

2.1 and 2.2, which display the locations of the sample galaxies on

R.A.-Dec. maps of the cluster. Dressier (1986) has presented evidence

that the early-type spirals have significantly different orbits than

the late-type spirals: the early -type spirals tend to have predomi-

nantly radial orbits, while the late type spirals tend to have more

isotropic orbits. It is undoubtedly more than just a coincidence that

the early-type spirals are also more Hl-def icient , as a class, than the

late type spirals. Because of these significant differences between

the early and late-type spirals, they will be analyzed separately.

§5. Foreground and Background Galaxies

and the Structure of the Virgo Cluster

The Virgo cluster covers nearly 1% of the sky, so the question of

contamination by foreground and background galaxies becomes relevant.

Furthermore, given that the cluster is still in the process of for-

mation, and that the universe is inhomogenous on scales smaller than
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Table 2.2

Virgo Sample Galaxies as a Function of
Type, Magnitude, Cluster Position & HI Deficiency

NGC number of galaxy (HI deficiency)

Type 0»-3» from M87 3°-6° from M87 6''-ll*' from M87

10.0 4569 (0.99)

4579 (1.00) 4526 ( - )

4450 (1.31)

4293 ( — )

SO-Sab 11.0 4866 (0.24)
4 388 (1.06) 4698 (0.25)

4710 ( - )

4064 (0.99)
4419 (1.06) 4424 (1.09)

12.0 4380 (1.05) 4312 (1.27)

10.0 4501 (0.47)
4216 (0.35)
4192 (0.09)

4438 (1.28)

Sb-Sbc 10.8 4548 (0.86) 4527 (-0.35)

4394 (0.85)

11.8 4639 (0.16)

10.0 4321 (0.52) 4303 (0.17)

4254 (0.02)

4535 (0.17)

4536 (0.03)

4654 (0.00)

Sc-Sm 11.0 4651 (-0.16)

4568 (0.64) 4689 (1.06)

4178 (-0.13)

4212 (0.44)

4571 (0.44) 4298 (0.54) 4532 (-0.30)

4567 (0.64) 4647 (0.51)

4302 (0.15) 4713 (-0.13)

12.0 4402 (0.61) 4808 (-0.68)



Figure 2.2 Location of the sample galaxies on R.A. vs.
Dec. maps of the Virgo cluster. The X marks the location of M87
at (or near) the center of the cluster. Circles of 4.5° radius,
within which most of the Hl-deflclent galaxies are found, have
been drawn on each map. (a) All 42 survey galaxies. (b) The 8
SO-Sa survey galaxies. (c) The 13 Sab-Sb survey galaxies. (d)
The 21 Sbc-Sm survey galaxies.
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100 Mpc, it is not surprising that the distribution of galaxies in the

Virgo region is clumpy. Given the existence of spatially and kinemati-

cally distinguishable entities within the Virgo region, it is necessary

to decide which of these are to be considered part of the "Virgo

cluster". For the purposes of this work, it is desirable to include

galaxies which are at roughly the same distance as the M87 clurrp, in

order to avoid any distance-dependent biases. Galaxies which are at

the same distance as the M87 clump, but which may not be physically

associated with the M87 clunp, are worth including in this study as

comparison galaxies. It is those galaxies which are either much nearer

or much further than the M87 clump which are to be excluded from this

s tudy

.

The first crude step in estimating a galaxy's distance is to use

its velocity and the Hubble ve loci ty-dis ta nee law. This does not work

well for individual galaxies in the Virgo cluster, since the spiral

galaxy velocity dispersion within the cluster of 800 km s~^ is a signi-

ficant fraction of Virgo's mean "Local Groupocentr ic" velocity of 1050

km (Huchra 1985). Nevertheless, it allows the exclusion of

galaxies which are significantly background to Virgo.

An extensive redshift survey of all galaxies brighter than

m =15.5 in the Virgo region indicates that galaxies with Vq >3000 km

s"^ are obviously background objects, and those with smaller velocities

must have their distances estimated by other methods (Huchra 1985).

None of the galaxies in our sample, with a magnitude cutoff of

Bt°<12.0, have velocities greater than 3000 km s"^ However, there are
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as
several galaxies with 2000<Vo<3000 km s"!, which must be considered

suspected background objects. For these galaxies—NGC 4254, NGC 4388,

NGC 4501, NGC 4567, and NGC 4568—a distance has been estimated from

the Tully-Flsher relation, using blue magnitudes and either the HI line

velocity width (Helou et al. 1984) or an optical rotation curve

(Chlncarlni and deSouza 1985). The Tully-Flsher distance estimates are

consistent with Virgo membership in all 5 cases.

There are at least 3 regions in the Virgo area In which there are

relatively nearby background or foreground groups with radial veloci-

ties less than 3000 km s~^, and for which it is difficult to assign

cluster membership. The first is an area between a = 12^^15'" and

12*^25'", 6 = 5°5' and 8°, where the so-called "W cloud" exists. The W

cloud is a group of about 100 galaxies at twice the M87 distance, and

only 1.5 magnitudes fainter than Virgo core galaxies (deVaucouleurs

1961). Two galaxies in this region of the sky, which are within our

magnitude cutoff, have been excluded from the survey because of their

likely membership in the background W cloud. NGC 4378 (Bx°=11.94,

Vq=2554 km s~^) has a Tully-Flsher distance estimate which places it

roughly twice as far as Virgo (Rubin et al. 1978), and therefore is a

certain member of the W cloud. The other galaxy, NGC 4235 (Bx°=11.93,

Vq=2527 km s~l) remains undetected in HI (Helou et al. 1984) and has no

published optical rotation curve, so it is not possible to estimate a

Tully-Flsher distance for this galaxy. However, its velocity and loca-

tion on the sky make NGC 4235 a likely member of the W cloud. Even if

it turns out to be a member of the Virgo cluster, the absence of HI,



far-Infrared (IRAS Point Source Catalog), and radio continuum emission

(Dressel and Condon 1978; Kotanyi 1980) make it unlikely that NGC 4235

has much molecular gas. A second background clump centered at a =

12 12"^, 6 = 13°45', and about 1° in radius, called the "M cloud"

(Ftaclas, Fanelli, and Struble 1984), is also at twice the M87

distance, but is smaller and less of a problem than the "W cloud".

There are no galaxies brighter than 8^-° = 12.5 in this group.

A controversial question has been whether or not any of the nega-

tive velocity galaxies within 6° of M87 are foreground objects.

Sulentic (1977) found that several of the negative velocity Virgo

galaxies have larger angular diameters than most of the other Virgo

galaxies, and claimed this as evidence that these are foreground

galaxies. However, when an Inclination correction is made to the angu-

lar diameters, the 4 spirals in Sulentic 's group no longer stand out in

the velocity-diameter plane, since they are all large Inclination

(i>60°) systems. Furthermore, the negative velocities are likely to be

an indication that these galaxies are indeed associated with the Virgo

cluster, since only in the direction of Virgo are a significant number

of negative velocity galaxies seen. These galaxies form the expected

low velocity tail in the cluster velocity distribution (Sandage and

Tammann 1976). Tully-Fisher distance estimates for at least 3 of these

4 spirals place them safely near the nominal Virgo distance (Helou,

Hoffman, and Salpeter 1979).

One of the galaxies in Sulentlc's suspected foreground group, NGC

4 569, has been claimed to be at roughly half the Virgo distance on the
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basis of the HI line width-absolute nagnitude version of the

Tully-Fisher relationship (e.g. Mould, Aaronson, and Huchra 1980; Tully

and Shaya 1984). Further investigation reveals that the HI line width

is not a reliable luminosity indicator for NGC 4569, since the atomic

gas does not sample the full gravitational potential well of the

galaxy. NGC 4569 is severely Hl-def icient, with no HI in the outer

disk (van Gorkom and Kotanyi 1985; Warmels 1986) as is typical for iso-

lated galaxies. Using optical rotation curve data to derive a more

meaningful Tully-Fisher distance, Stauffer, Kenney, and Young (1986)

find that NGC 4569 lies within 2 a of the mean Virgo distance. Their

results are also consistent with NGC 45 69 being -2-4 Mpc closer than

M87, but still within the range of distances expected for the Virgo

c luster.

The spiral galaxies within the traditional Virgo cluster, even

with the M and W clouds removed, do not form a relaxed dynamical

system. The velocity distribution of Virgo spirals indicates that

spirals are still falling into the cluster (e.g. Tully and Shaya 1984;

Huchra 1985). It is therefore not surprising that there are disting-

uishable regions within the traditional Virgo cluster where the spiral

galaxies are either closer to or further from us than the M87 clump.

deVaucouleurs (1961; see also deVaucouleurs and Corwin 1986) has iden-

tified 3 regions within the Virgo cluster sample area which contain

galaxies that may be at different mean distances. deVaucouleurs uses,

as one of his distance indicators, the "luminosity index", which is

well correlated with absolute magnitude. All Virgo spirals north of 5



f lO'* with velocities less than v, ~ 2600 km s"! (and which are not in

the M cloud) are assigned to the Virgo cluster "proper", or S cloud, in

deVaucouleurs- terminology. Spirals in the declination range S^SCO"
(and which are not in the W cloud) appear -0.4 blue magnitudes fainter

for their luminosity index, on average, than galaxies in the S cloud.

deVaucouleurs assigns these galaxies to the S' cloud; galaxies within

this region may be -20% more distant than the S cloud galaxies. Below

6 ~ 5* is the region called the "southern extension" or X cloud, which

BST describe as a "huge prolate structure of the Virgo supercluster

complex pointing toward the Virgo cluster". Apparently, galaxies in

this region are at a range of distances (deVaucouleurs and Corwin

1986). Column 7 of Table 2.1 lists the cloud which deVaucouleurs

assigns to each sample galaxy.

In order to assess the range of distances to the galaxies in our

sample, we employ the infrared Tully-Fisher relationship, which is more

objective than the "luminosity index" method of deVaucouleurs (although

not necessarily more reliable). Plotted in Figure 2.3 is the corrected

H (1.6 urn) magnitude H^_q^5 vs. the logarithm of the HI velocity width,

corrected for inclination and non-circular velocities. Both quantities

have been taken from Mould, Aaronson, and Huchra (1980) or Aaronson et

al. (1982). Seventeen of the A2 sample galaxies are included in Figure

2.3, Galaxies in the S, S', and X clouds, which are denoted by dif-

ferent symbols, are all well described by the same slope and Intercept.

Part of the scatter in the Virgo cluster Tully-Fisher diagram is asso-

ciated with the HI content of the galaxies. S cloud galaxies which are



Figure 2 3 Infrared Tully-Fisher relationship for Virgo

to'whlch'fh K* . ^'''"i''
"""^ ^ deVaucouleurs cfoud

lLtrJ\ belong Seventeen of the twenty-eight galaxiesplotted here are in the CO survey; all of these are brighter

M/ tno
"^^^ ^ ^^^^ ^"^^^y galaxies are: N4178,N4192 N4216, N4380. N4388, N4438, N4450. N4 501, N4569 N4651and N4654. The S ' cloud survey galaxies are: N4532, N4535

'

lltnl' ^^t "^f ^ ^^^^ ^^"^^^y galaxies are: N4536 andN4808. The four S cloud galaxies with HI def > 0.9 are indi-cated by open circles. These are: N4388, N4438, N4450, and
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severely Hl-def Iclent (those galaxies with HI def > 0.9 are indicated

by open circles in Figure 2.2), have HI line widths which are small for

their H magnitudes (Stauffer, Kenney , and Young 1986). As we have

already described for the case of NGC 4569, a reduced line width is

explained by the lack of atomic gas in the outer disk (which is the

highest velocity gas) in these severely Hl-deficient systems. Removing

these 4 galaxies from consideration reduces the scatter in this rela-

tion to ~0.4 magnitudes. If this scatter is the result of different

distances to the individual galaxies, then the 1 a distance variation

among these galaxies is ~20%. This result is consistent with the

results of deVaucouleurs and Corwin.

The luminous spiral galaxies NGC 4527 and NGC 4536 have been obs-

erved as part of the CO survey, even though they are not in the

complete sample, in order to increase the number of luminous sample

spirals with near-normal amounts of HI. These galaxies are in the X

cloud, and therefore may not be at the same distance as the other Virgo

spirals. The location of NGC 4536 in the Tully-Fisher diagram places

it ~0.4 magnitudes above the best-fit line, suggesting that it may be

as much as 20% closer to us than M87. This is within the acceptable

range of distances for the purposes of this study. Although an H mag-

nitude for NGC 4527 does not appear in the literature, the proximity of

NGC 4536 and NGC 4527 on the sky, and their similar radial velocities

suggest that the 2 galaxies are at approximately the same distance.



CHAPTER III

GO DATA & DERIVED PROPERTIES

§1. Introduction

As with all scientific measurements, It Is desirable to relate the

quantity actually measured to a physically meaningful quantity which Is

Independent of the instrument. The amount of molecular gas is the

quantity of astrophys leal interest, and there are two steps involved in

relating it to the observed CO line intensities. In this chapter, the

obsein/ed CO integrated intensities (=JT^ dv) are related to the CO line

flux (in Janskys km s"-'-) for the entire galaxy. In Chapter IV, the

global CO line flux is related to the mass of molecular gas.

The extraction of the CO flux is not entirely straightforward,

since it requires knowledge of the beam pattern and assumptions about

the intrinsic distribution of CO emission. These complications have

prevented observers of Milky Way molecular clouds from converting their

antenna teri^^e ratures into brightness temperature units. However, the

coupling calculation is more tractable in the case of CO emission from

other galaxies for 2 reasons. First, the CO emission in all but the

nearest extragalactic objects extends over less than a few arcminutes,

where the beam pattern is relatively well-known. Second, the large-

scale distribution of CO emission in most distant galaxies Is fairly

regular and symmetric on size scales of several kiloparsecs, contrast-

ing with the irregular structure of individual Milky Way molecular

35



36

clouds on size scales of parsecs.

A likely reason many extragalactlc GO observers have not quoted

their results In flux units is that the critical relation between CO

flux and molecular gas surface density is derived from Milky Way mole-

cular clouds for which, because of their large size and irregular shape

it is difficult to determine accurate fluxes. This is a separate issue

which is discussed in Chapter IV, and is not a problem if large numbers

of molecular clouds are used to calibrate the CO-H2 surface density

rela tion.

Although this chapter explains some aspects of the calibration,

more thorough discussions are included in two appendices. Appendix A

describes in detail the point source calibration at 115 GHz, including

an elevation dependence to the calibration produced by a gain variation

and atmospheric effects. Appendix B describes a method for calibrating

extended sources which are undersampled.

§2. Summary of CO Data

A sumnary of all the CO line data Is presented in Table 3.1. Data

for all those galaxies which have been detected in 2 or fnore positions

are presented in Figures 3.1 - 3.29. Each of these figures contains

spectra for all observed positions in that galaxy, a plot of the radial

distribution of GO intensities, and in most cases a spatial-velocity

diagram. Central spectra for all galaxies detected in only 1 position

are displayed in Figure 3.30. The central spectra for all undetected

galaxies are shown in Figure 3.31.
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Table 3.1

Record of Observations

NGC i PA #obs Aa A6 fTA*dv Ta* ^mean_ Av

(arcmin) (K km s"^) (mK) (mK) (km s"

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

A064 67° 150° 3 0.00 0.00 1.6 ± 0.4 21 5 927 150

0.38 -0.65 0.2 ± 0.4 <10 7

-0.38 0.65 0.0 ± 0.4 <14 7

4178 69° 30° 5 0.00 0.00 0.9 ±0.3 18 8 415 95

0.38 0.6 5 0.6 ± 0.4 <16 9

0.75 1.30 -0.4 ± 0.5 <16 12

-0.38 -0.65 -0.4 ± 0.4 <11 10 —
-0.75 -1.30 -0.3 ± 0.4 <17 11 —

A192 74° 155° 8 0.00 0.00 4.9 ± 1.5 21 7 -105 330

0.32 -0.68 2.5 ± 0.

8

23 y -i / i jU

0.63 -1.36 1.9 ± 0.6 30 8 19 100

0.95 -2.04 0.3 ± 0.4 <12 10 —
-0.32 0.68 3.1 ± 1.0 30 8 -205 160

-0.63 1.36 1.2 ± 0.4 27 8 -309 90

-0.95 2.04 1.6 ± 0.5 29 9 -345 50

-1.27 2.72 0.6 ± 0.4 <16 9 —

4212 47° 75° 5 0.00 0.00 4.1 ± 1.3 29 8 -60 130

0.73 0.19 2.1 ± 0.6 53 10 -175 50

1.45 0.39 0.3 ± 0.5 <19 14

-0.73 -0.19 1.2 ± 0.3 37 10 20 60

-1.45 -0.39 0.3 ± 0.4 <13 10

4216 80° 19° 9 0.00 0.00 0.3 ± 1.0 <15 8

0.24 0.71 1.2 ± 0.7 <14 7

0.49 1.42 2. 3 ± 0.4 23 8 -68 160

0.73 2. 13 2.4 ± 0.4 26 7 -7 6 150

0.98 2.84 0.4 ± 0.3 <11 7

-0.24 -0.71 0.8 ± 0.5 <16 6

-0.49 -1.42 1.8 ± 0.5 24 8 354 180

-0.73 -2.13 1.3 ± 0.4 31 8 350 100

-0.98 -2.84 0.3 ± 0.4 <14 9
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Table 3. 1 (cont. )

NGC 1 PA //obs Aa A6

(arcmln)
jTA*dv

(K km s~l)
T^*(peak)

(mK)

rras

(n*C)

Vmean
(km s"-^)

(1) (2) (3) (A) (5) (6) (7) (8) (9) (10) (11)

425A 28° 45° 7 0.00 0.00 10.6 ± 2.0 89 10 2407 200
U . J J U. J J J. J + A A- U. 0 OH A

y 2468 95
1 r\c.

1 . Uo 1, 1
4- A±0.5 51 8 2467 60

1 R Q 1. D9 i . 3
+ A A±0.4 37 9 2507 30

— U. D J A "3

-U. J J J. i
4- A fi±0.9 88 1

1

2313 100
— 1 n A _1 A <i— i. Ut) + A A± U. D Qo 2315 ^ A60
-1.59 -1.59 1.0 ± 0.3 19 7 2293 60

7 A O
/ b 11 J A c\r\U. 00 U. UU 0, i

4- A n 44 6 AO A929 O AA200
0.71 0, 23 0. 6

4- A y± 0.4 <13 6
A 7 1 A O "J-U. Z J A0. 3

4- A A± 0.4 si J o

4298 67 140° 5 0. 00 0. 00 6. 0 ± 0.9 40 8 1 100 220
A AO0. 4o A 7-0.5/ A A4.0 ^ C\ c±0.0 oJ Qy 1 A^^ AiUoU 1 AAiUU

0.96 -1.15 0.7 ± 0.4 <16 7

-0.48 0.57 2.8 ± 0.6 41 10 1220 140

VJ. ^ o 1 1 s V. J — U. J 7

i / 0 b n no u. u u + n Q 3R 7 1 090

0.03 -0.7 5 6.8 ± 1.0 55 8 1249 270

0.05 -1.50 2.0 ± 0.5 36 9 1298 90

0.08 -2.2 5 -0.3 ± 0.4 <10 7

-0.03 0.75 1.4 ± 0.4 18 7 1100

-0.05 1.50 0.3 ± 0.4 <10 7

4303 25° 0° 7 0.00 0.00 11.9 ± 2.1 92 8 1555 160

0.00 0.75 5.3 ± 1.1 82 8 1590 80

0.00 1.50 1.2 ±0.3 20 7 1586

0.00 2.25 0.4 ± 0.3 <13 7

0.00 -0.7 5 6.9 ± 1.4 137 7
^

1513 90

0.00 -1.50 1.4 ± 0.4 24 8 1506 50

0.00 -2.2 5 0.4 ± 0.3 <16 8

4312 78° 170° 3 0.00 0.00 3.0 ± 0.7 33 8 161 100

0. 13 -0.74 -0.6 ± 0.4 <11 7

-0.13 0. 74 0.4 ± 0.4 <13 7
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Table 3. 1 (cont. )

NGC PA #obs Aa A 6

(arcmin)
jTA*dv TA*(peak) Av

(K km s-^) (mK) (mK) (km s"l)

(1) (2 ) \J / (7) (8) (9) (10) (11)

4321 28° 120° 8 0 00 \J m \J\J 15.0 + -J
7 1580 200

0 6 5 -0 3 7 5.3 + 1 1 DO Qo 1633 100
1 30 -0 7 5 2.6 + n 7 jy iU 1643 80
1.95 -1.12 0.3 + 0.4 <14 9

-0.65 0.37 4.0 + 0.8 76 9 1485 100
-1 30 0 75 2.7 t n 7 J /

Qy 1 /. Q "7 o r\80
-1 9 5 1 1 2 1.4 + n AU. H 1 1J i.

QO 1 /. Q
1*4JO 70

-2.60 1.50 -0.1 + 0.4 <14 9

4380 55° 63° 3 0.00 0 00 0.1 + QO

0.67 0 34 -0.5 + n A 7

-0.67 -0 34 -0.3 + 0 A QO

4388 79° 90° 5 0.00 0.00 2.7 + 0.8 19 5 2500 350
0 7 5 0 00 1.8 + 0 A 1O J.

71 Qnyu
0 on -0.2 + 0 A Q

-0 7S 0 00 -0.5 + n A
'^i. J.

0 00 0.2 + 0 A VJ. o 71

4394 25° 138° 3 0.00 0.00 1.8 + 0.6 18 5 891 200
0 50 -0 56 -0.1 0 5 <1 5 X X

-0 so 0 Sfi 1.8 + 0 s 1 Q Q ft 70 1 AO

4402 75° 90° 4 0.00 0.00 6.8 ± 1.6 53 8 244 200

0.75 0.00 2.0 + 0.5 39 8 338 70

-0.75 0.00 5.7 + 1.5 65 9 184 160

-1.50 0.00 0.0 ± 0.5 <14 12

4419 67° 133° 5 0.00 0.00 10.2 + 1.7 44 7 -203 300

0.55 -0.51 1.8 + 0.4 19 7 -323 100

1.10 -1.02 0.2 0.4 <13 9

-0.55 0.51 7.5 + 1.5 53 9 -91 180

-1.10 1.02 0.1 + 0.3 <13 7

4424 61° 95° 3 0.00 0.00 0.8 ± 0.3 15 5 449 70

0.75 -0.07 0.4 0.4 <13 8

-0.75 0.07 0.1 ± 0.3 <13 7
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Table 3.1 (cont. )

NGC 1 PA //obs Aa A6 *dv TA*(peak) rms ^mean Av
(arcrain) (K km (mK) (mK) (km s

(1) (2) (3) (4) (5) (6) (7) (8) n 1 ^

A A O O ^ o o
68 20 3 0.00 0.00 9 Q + n Q 28 7 204 250

0.26 0.70 1.4 ± 0.4 21 7 -7 110
-0. 26 -0 7 0 0.3 ± 0.4 <15 7 —

4450 / r O
45 0 4 0.00 0.00 + n Q 21 9 1980 200

0.00 0.7 5 1.5 ± 0.4 23 7 2018 100
0 00 1 50 -0.4 ± 0.4 <15 9 1844 120
0.00 -0.7 5 1.5 ±0.5 29 9 —

4501 58° 140° 7 0.00 0.00 12.0 ±2.4 40 9 2263 450
0.48 -0.57 5.7 ± 1.2 53 7 2437 250
0.96 -1.15 9 Q + n 7- u. / 66 9 2495 100
1.45 -1.73 0.9 ±0.3 22 7 2493 60

-0 48 0 5 7 6.8 ± 1.4 64 9 2082 220
-0.96 1.15 2.7 ±0.6 59 8 2048 100
-1.45 1.73 U. J + n-U.J <13 8

4 526 90° 113° 3 n on 0.0 ±0.9 <15 10 -

0.35 -0.15 0.8 ± 0.6 <18 10 —

-0.69 0.29 -0.6 ±0.5 <15 8

4527 72° 67° 6 0.00 0.00 15.6 ±2.5 72 10 1770 200

0.69 0.2 9 8.7 ± 1.5 79 13 1833 160

1.38 0.58 0.0 ± 0.4 <14 8 """"

-0.69 -0.29 11.9 4- O A±2.0 68 12 1636 200

-1.38 -0.58 2.8 ±0.7 50 11 1550 120

-2.0 7
A O "7

-0. o 7 0.1 ±0.5 <16 9

4532 ? 160° 3 0.00 0.00 0.2 ± 0.4 <14 8 —
0.26 -0.70 0.4 ± 0.4 <14 7

-0.26 0.70 0.5 ±0.3 <14 7

4535 43° 0° 7 0.00 0.00 4.7 ± 1.1 33 8 1949 250

0.00 0.7 5 2.7 ±0.7 45 8 1876 50

0.00 1.50 1.4 ± 0.4 20 8 1864 50

0.00 2.2 5 0.3 ±0.3 <13 7

0.00 -0.7 5 2. 1 ± 0.6 37 7 2041 90

0.00 -1.50 2. 1 ± 0.6 60 7 2064 50

0.00 -2.25 1.0 ± 0.3 27 7
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Table 3. 1 (cont. )

NGC i PA //obs Aa A5
\ C CUV / L, IllO ^mean

(arcmin) (K km (mK) (mK) (km s

/ 1 \
\2) (3)

/ /. \
(4) (5) (6) (7) (8) (9) (10) (11)

4 J JO 57 lib 6 0.00 0.00 10.1 ± 1.8 44 10 1793 310
0.67 -0.33 2.5 ±0.6 22 8 1713 160
1.35 -0.66 -0 1 + 0 f> <17 10

-0.67 0.33 3.3 ± 0.6 23 8 1873 200
-1.35 0. 66 -0.5 ±0.6 <17 10 —
-2.02 0.99 -0.3 ±0.5 <17 9 —

4 548 37° 150° 7 0.00 0.00 3.7 ±0.9 24 5 450 210
0.38 -0.65 + n <10 6

0.75 -1.30 1.1 ±0.3 29 7 571 40
1.13 -1 95 -0.6 ± 0.4 <11 8 —

-0.38 0.65 1.0 ± 0.3 19 7 369 70

- -0.75 1.30 1.

1

± 0.3 31 8 392 40
-1.13 1.95 -0.4 ± 0.4 <12 9

4567 46 80° 4 0.00 0.00 4.7 ± 1.0 51 7 2284 180

0.74 0.13 * 1.5 ±0.5 36 5 2339 130
-0.74 -0.13 1.7 ± 0.5 42 7 2192 80
-1.48 -0.26 0.3 ±0.3 <10 8

4568 64° 23° 5 0.00 0.00 10.5 ±2.3 61 10 2222 260

0.29 0.69 J. ^ + 1 1 67 10 O O A C
2 345 110

0.59 1.38 * 1.0 ± 0.3 3d
c
J O 0 0 o 1 OA

i-JU

4.5 ± 1.1 74 oO olio2112 1 1 A
1 10

-0.59 -1.38 -0.7 ± 0.4 0

4569 63° 23° 5 0.00 0.00 14.6 ±3.0 68 10 -203 320

0.29 0.69 4.9 ± 1.1 67 9 -96 110

0.58 1.38 0.6 ±0.5 <16 9

-0.29 -0.69 7.2 ± 1.5 64 8 -326 160

-0.58 -1.38 2.

1

±0.7 35 8 -408 70

4571 38° 55° 5 0.00 0.00 1.8 ±0.6 23 6 346 130

0.61 0.43 1.1 ± 0.3 40 8 290 50

1.22 0.86 -0.2 ± 0.4 <16 11

-0.61 -0.43 1.1 ± 0.3 30 8 379 40

-1.22 -0.86 0.4 ± 0.4 <17 11



Table 3.1 (cont.

)

NGC i PA //obs Aa A6

(arcmln)
/TA*dv

(K km s"l)
TA*(peak

)

(mK)

rms

(mK)
Vmean
(km s"M

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

4579 37° 60° 6 0. 00 n on A 1 + n QU. ^7 Jz
r
O 1465 380

0.65 0 37 X.J + n A 7
/ 1612 80

1.30 0.75 -0.1 + 0.3 <15 7

-0.65 -0.3 7 2.6 + 0.6 41 7 1403 130
-1.30 -0. 7 5 1 7 t 0 A 97 7 1 ion

/ U
-1.95 -1.13 0 7 t 0 A NXO QJ

4 639 45° 123° 3 0. 00 0. 00 -0 3 + V.J J

0.63 -0.41 0.7 + 0.3 <13 1

-0.63 0.41 0.4 + 0.3 <11 7 —

4 647 36° 125° 5 0.00 0. 00 5.0 + 0.

8

Q 1 A99 1 7 fl

0.61 -0.43 1.4 t 0.

4

32 6 1 A66

1.23 -0.86 -0.

1

+ 0.4 <10 7

-0.61 0.43 2.2 0.5 39 8 1362 80
-1.23 0.86 0.6 t 0.4 <10 7 ——

—

—

—

4651 46° 80° A 0. 00 0. 00 4.

2

+ 1.2 18 7 7A 1 "^60

0.74 0. 13 -0.

1

± 0.4 <15 7

-0.74 -0.13 1.8 ± 0.6 17 7 912 170
-1.48 -0.26 -0.5 ± 0.4 <16 8

4654 52° 125° 5 0.00 0.00 3.3 ± 0.8 36 8 1075 180

0.61 -0.4 3 2.5 ± 0.6 36 6 1139 130

1.22 -0.86 -0.3 ± 0.3 <10 7

-0.61 0.43 3.7 ± 0.8 63 8 971 150

-1.22 0.86 1.1 ± 0.4 <19 9

4689 30° 160° 5 0.00 0.00 3.6 ± 0.9 28 5 1614 210

0.26 -0.70 2.0 ± 0.7 57 10 1685 60

0.51 -1.41 0.0 ± 0.5 <19 12

-0.26 0.70 2.1 ± 0.6 47 11 1545 70

-0.51 1.41 -0.2 t 0.4 <16 10

4698 57° 170° 3 0.00 0.00 0.4 jr 0.7 <13 8

0.13 -0.74 -0.8 ± 0.6 <18 9

-0.13 0.74 0.3 ± 0.5 <16 9



43

Table 3.1 (cont.)

NGC i PA #obs Aa A5 K*dv TA*(peak) rms
lUtfdLl

Av
(arcmln) (K km (mK) (mK) (km s -1)

(1) (2) (3) (4) (5) (6) (7) \y ) (10) (11)

47 10 97 "
0.00 0.00 4.3 ± 1.0 31 5 1121 300
0.17 0.33 2.4 ±0.6 31 8 1090 200
0.34 0.67 0.7 ±0.5 <13 8

-0.17 -0.3 3 2.2 ±0.7 ZD n
y

1 1 O 1

1 18 1 210
-0.34 -0.67 0.3 ± 0.4 vib oo

4713 49° 80° 3 0.00 0.00 -0.4 ± 0.5 <16 9

0.74 0.13 0.2 ±0.5 <16 11
-0.74 -0.13 0.2 ±0.5 <16 10

4808 67° 127° 3 0.00 0.00 1.2 ± 0.6 <17 9

0.60 -0.4 5 0.7 ±0.4 <13 8

-0.60 0.45 0.3 ± 0.4 <12 8

4866 90° 87° 3 0.00 0.00 -0.2 ± 0.9 <10 6

0.75 0.04 -0.3 ±0.5 <11 7

-0.75 -0.04 -0.7 ±0.5 <12 7
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Ejqjlanatlon of Columns for Table 3.1:

(1) NGC number of galajQr.

(2) Inclination, from Helou et_al. (1981, 1984) or computed as
stated therein.

(3) Position angle of kinematic major axis, from Helou et al.
(1981, 1984).

(4) Number of GO spectra obtained in survey.
(5-6) Observed position, in units of Right Ascension and Declination

offsets from central position listed by Dressel and Condon
(1976).

(7) GO integrated intensities /T^*dv and associated 1 a uncertain-
ties, corrected to outside the atmosphere, as described in
Appendix A.

(8) Peak antenna temperature of GO line, at a resolution of
12 km s"l.

(9) rms noise of GO spectrum, in 4.2 MHz (12 km s"^ ) channels.
(10) Intensity-weighted mean velocity of GO line; velocity units

are cz
; typical uncertainties are 10-20 km s~^.

(11) Full width at 0% intensity of CO line; typical uncertainties
are 20-30 km s~^. The starred entries for NGC 4567 and NGG
4 568 represent one spectrum from a position where the 2

galaxies overlap. The velocity information, peak antenna
temperature, and rms of this spectrum is entered under both
galaxies. For the GO integrated intensities, however, we
have assigned a fraction of the total intensity to each
galaxy. The total GO intensity for this position is

2. 5 ±0.5 K km . For more details, see the notes to Table
3.3.
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Figure 3.

1

(a) CO spectra along major axis of NGC 4192, at Inter-

vals of 4 5". C denotes the spectrum obtained from the central posi-

tion, (b) Spatial-velocity diagram for NGC 4192. Contour Intervals

are 10, 15, 20, and 25 mK(Ty^*). (c) Radial distribution of observed CO

Integrated Intensities for NGC 4192. The line through the data points

represents the Gaussian-weighted model source which best fits the

observations.
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NGC 4212 P.A=75''
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Figure 3.

2

(a) CO spectra along major axis of NGC 4212, at Inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4212. Contour Intervals

are 10, 15, 20, 25, 30, 35, 40 and 45 mK(T^*). (c) Radial distribution
of observed CO Integrated Intensities for NGC 4212. The line through

the data points represents the Gaussian-weighted model source which
best fits the observations.
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Figure 3.3 (a) CO spectra along major axis of NGC 4216, at Inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4216. Contour Intervals

are 10 and 20 mK(T^*). (c) Radial distribution of observed CO

Integrated Intensities for NGC 4216. The line through the data points

represents the Gaussian-weighted model source which best fits the

observations.
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Figure 3,4 (a) CO spectra along major axis of NGC 4254, at inter-
vals of 45". G denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4254. Contour intervals

are 20, 30, 40, 50, 60, 70 and 80 mK(T^*). (c ) Radial distribution of

observed CO integrated intensities for NGC 4254. The line through the

data points represents the Gaussian-weighted model source which best

fits the observations.
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Figure 3.

5

(a) CO spectra along major axis of NGG 4298, at Inter-

vals of 4 5". C denotes the spectrum obtained from the central posi-

tion, (b) Spatial-velocity diagram for NGG 4298. Gontour intervals

are 10, 20, 30, 40 and 50 mK(T^ ). (c) Radial distribution of observed

GO integrated intensities for NGG 4298. The line through the data

points represents the Gaussian-weighted model source which best fits

the observations.
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NGC 4302 P.A.= 178°

Distance from Nucleus (arcmin)

cz (km S

Figure 3.6 (a) CO spectra along major axis of NGC 4302, at Inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4302. Contour Intervals

are 10, 20, 30, 40 and 50 mK(T^ ). (c) Radial distribution of observed

CO integrated intensities for NGC 4302. The line through the data

points represents the Gaussian-weighted model source which best fits

the observations.
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NGC 4303 P.A -O'*
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cz (km s~')

Figure 3.7 (a) CO spectra along major axis of NGC A303, at inter-
vals of A5". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4303. Contour intervals
are 20, 30, AO, 50, 60, 70, 80, 90 and 100 mK^^*). (c) Radial distri-
bution of observed CO integrated intensities for NGC A303. The line
through the data points represents the Gaussian-weighted model source
which best fits the observations.
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NGC 4321 P.A=120°
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cz (km s~^)

Figure 3.8 (a) CO spectra along major axis of NGC 4321, at Inter-

vals of 4 5". C denotes the spectrum obtained from the central posi-

tion, (b) Spatial-velocity diagram for NGC 4321. Contour intervals

are 20, 30, 40, 50, 60, 70, 80 and 90 mKd^*). (c) Radial distribution

of observed CO integrated intensities for NGC 4321. The line through

the data points represents the Gaussian-weighted model source which

best fits the observations.
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NGC 4388 P.A =90"
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Figure 3.

9

(a) CO spectra along major axis of NGC 4388 at inter-
vals of A5". C denotes the spectrum obtained from the central posi-
tion, (b) Radial distribution of observed CO integrated intensities

for NGC A388. The line through the data points represents the

Gaussian-weighted model source which best fits the observations.
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NGC 4394 P.A.= 138°
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Figure 3.10 (a) GO spectra along major axis of NGC A39A, at inter-
vals of 45". G denotes the spectrum obtained from the central posi-
tion, (b) Radial distribution of observed CO integrated intensities
for NGC 4394. The line through the data points represents the

Gaussian-weighted model source which best fits the observations.
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NGC 4402 P.A.=90°
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Figure 3. 11 (a) CO spectra along major axis of NGC 4402, at inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4402. Contour intervals
are 10, 20, 30, 40, 50 and 60 mKCT^*). (c) Radial distribution of

observed CO integrated intensities for NGC 4402. The line through the
data points represents the Gaussian-weighted model source which best
fits the observations.
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NGC 4419 P.A-133°
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Figure 3.12 (a) CO spectra along major axis of NGC 4A19, at inter-
vals of A5". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4419. Contour intervals

are 10, 20, 30, 40 and 50 mKd^*). (c) Radial distribution of observed

CO integrated intensities for NGC 4419. The line through the data

points represents the Gaussian-weighted model source which best fits

the observations.



57

NGC 4438 P.A -20°

300 0 300 600

-1,

6

>
-a

"1
I I

I

—I—I—

r

I I '

I

I I I
[

I

NGC 4438
exponential r„=0 3'

PA. = 20°
• East X West

0 I
' ' I -I L-J L
0 .2

-J—
I I I I I I ) I I

•4 .6 .8

Distance from Nucleus (arcmin)

cz (km s~ )

Figure 3.13 (a) CO spectra along major axis of NGC 4438, at inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Radial distribution of observed CO Integrated intensities
for NGC 4438. The line through the data points represents the
Gaussian-weighted model source which best fits the observations.
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NGC 4450 P.A=0"'

Distance from Nucleus (arcmin)

cz (km s~^)

Figure 3.14 (a) CO spectra along major axis of NGC A450, at
Intervals of 45". G denotes the spectrum obtained from the central
position. (b) Spatial-velocity diagram for NGC 4450. Contour inter-
vals are 8, 13 and 18 mK(T^*). (c) Radial distribution of observed CO
integrated intensities for NGC 4450. The line through the data points
represents the Gaussian-weighted model source which best fits the
observations.
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NGC 4501 P.A=140"'
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Figure 3.15 (a) CO spectra along major axis of NGC A501, at inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4501. Contour intervals
are 10, 20, 30, 40 and 50 nK(T^*). (c) Radial distribution of observed
CO integrated intensities for NGC 4501. The line through the data
points represents the Gaussian-weighted model source which best fits
the observations.
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NGC 4527 P.A =67"
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Figure 3.16 (a) CO spectra along major axis of NGC 4527, at Inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4527. Contour intervals
are 20, 30, 40, 50 and 60 mK(T^*). (c) Radial distribution of observed
CO integrated intensities for NGC 4527. The line through the data
points represents the Gaussian-weighted model source which best fits
the observations.
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NGC 4535 P.A =0°
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Figure 3.17 (a) CO spectra along major axis of NGC 4535, at Inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4535. Contour intervals
are 10, 20, 30, 40 and 50 mK(T^*). (c) Radial distribution of observed
CO integrated intensities for NGC 4535. The line through the data
points represents the Gaussian-weighted model source which best fits
the observations.
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Figure 3.18 (a) CO spectra along major axis of NGC 4536, at Inter-
vals of 45". G denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4536. Contour Intervals
are 10, 20, 30 and 40 nK(Tj^*). (c) Radial distribution of observed CO
Integrated Intensities for NGC 4536. The line through the data points
represents the Gaussian-weighted model source which best fits the

observations.
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NGC 4548 P.A = 150''
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Figure 3. 19 (a) CO spectra along major axis of NGC A548, at Inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4548. Contour intervals
are 10, 15, 20, 25 and 30 mK(T^*). (c) Radial distribution of observed
CO integrated Intensities for NGC 4548. The line through the data
points represents the Gaussian-weighted model source which best fits
the observations.
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NGC 4567 P.A =80"
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cz (km s~^)

Figure 3.20 (a) CO spectra along major axis of NGC 4567, at Inter-
vals of 4 5". C denotes the spectrum obtained from the central posi-
tion. The spectrum from the NE region Is confused with emission from
NGC 4568. (b) Spatial-velocity diagram for NGC 4567 and NGC 4568.

Contour Intervals are 10, 20, 30, 40, 50, 60 and 70 rnKd^*). (c)

Radial distribution of observed CO integrated intensities for NGC 4567.

The line through the data points represents the Gaussian-weighted model

source which best fits the observations.
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NGC 4568 P.A =23°
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Figure 3.21 (a) CO spectra along major axis of NGC 4568, at inter-
vals of 45". G denotes the spectrum obtained from the central posi-
tion. The spectrum from the NE region is confused with emission from
NGC 4567. (b) Spatial-velocity diagram for NGC 4567 and NGC 4568.
Contour intervals are 10, 20, 30, 40, 50, 60 and 70 mK(T^*). (c) Radial
distribution of observed CO integrated intensities for NGC 4568. The
line through the data points represents the Gaussian-weighted model
source which best fits the observations.
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Figure 3.22 (a) CO spectra along major axis of NGC 4569, at inter-

vals of 4 5". C denotes the spectrum obtained from the central posi-

tion, (b) Spatial-velocity diagram for NGC 4569. Contour intervals

are 20, 30, 40, 50 and 60 mK(T^ ). (c) Radial distribution of observed

CO Integrated intensities for NGC 4569. The line through the data

points represents the Gaussian-weighted model source which best fits

the observations.
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Figure 3.23 (a) CO spectra along major axis of NGC 4571, at Inter-
vals of 45". G denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4571. Contour Intervals
are 10, 15, 20, 25, 30 and 35 mK(Ty^*). (c) Radial distribution of
observed CO Integrated Intensities for NGC 4571. The line through the
data points represents the Gaussian-weighted model source which best
fits the observations.
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NGC 4579 P.A =60°
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Figure 3.24 (a) CO spectra along major axis of NGC A579, at inter-
vals of 4 5". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4579. Contour intervals
are 10, 15, 20, 25, 30 and 35 rnKd^*). (c) Radial distribution of
observed CO integrated intensities for NGC 4579. The line through the
data points represents the Gaussian-weighted model source which best
fits the observations.
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Figure 3.25 (a) CO spectra along major axis of NGC A647, at Inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4647. Contour intervals
are 10, 20, 30 and 40 mK(T^*). (c) Radial distribution of observed CO
integrated intensities for NGC 4647. The line through the data points
represents the Gaussian-weighted model source which best fits the
observations.
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Figure 3.26 (a) CO spectra along major axis of NGC 4651, at Inter
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Radial distribution of observed CO Integrated intensities
for NGC 4651. The line through the data points represents the
Gaussian-weighted model source which best fits the observations.
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NGC 4654 P.A.^ISS"
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Figure 3.27 (a) CO spectra along major axis of NGC A65A, at inter-
vals of 45". G denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4654. Contour intervals
are 10, 15, 20, 25, 30, 35, 40 and 45 nKd^*). (c) Radial distribution
of observed CO integrated intensities for NGC 4654. The line through
the data points represents the Gaussian-weighted model source which
best fits the observations.
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NGC 4689 P.A-ieO"
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Figure 3.28 (a) CO spectra along major axis of NGC 4689, at inter-
vals of 45". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4689. Contour intervals
are 10, 20, 30, 40 and 50 mK(T^*). (c) Radial distribution of observed
CO integrated intensities for NGC 4689. The line through the data
points represents the Gaussian-weighted model source which best fits
the observations.
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NGC 4710 P.A-27°
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Figure 3.29 (a) CO spectra along major axis of NGC A710, at Inter-
vals of 22.5". C denotes the spectrum obtained from the central posi-
tion, (b) Spatial-velocity diagram for NGC 4710. Contour intervals
are 10, 20 and 30 mKd^*). (c ) Radial distribution of observed CO
integrated intensities for NGC 4710. The line through the data points
represents a Gaussian with a half power, full width of 45".
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were detected (>3a) in only the centers.
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A total of 202 spectra have been obtained In the 42 galaxies.

Thirty-four of the 42 galaxies have been detected In at least one posi-
tion (>3a); these 34 galaxies contain 113 detections. For each of the

survey spectra, Table 3.1 lists the position of the observation, the

integrated intensity /T,*dv and its uncertainty, the pea. antenna tem-

perature TA*(peak), the rms noise level, the mean velocity, and the

velocity width.

The integrated CO line intensities and their associated uncertain-

ties, the peak antenna temperatures, and the rms noise level (see

columns 7-9 of Table 3.1) have been fully corrected for gain variation

and atmospheric effects. This correction is described in detail in

Appendix A, and amounts to nultiplying the raw telescope intensities by

elevation-dependent correction factors, which range from 1.05 at 65° to

1.22 at 30°.

The uncertainties in the individual line intensities listed in

column 7 are the quadrature sums of 3 uncertainty components: a

calibration component, a noise component, and a baseline component. In

Appendix A a formal 1 a uncertainty of 8% is derived for the calibration

component, from the analysis of nearly 200 calibrator source obser-

vations. We adopt the more conservative value of 10% for the calibra-

tion uncertainty in all spectra. The noise components of the line

uncertainties depend upon the rms noise T^^^ and llnewidth Av (see

columns 9 and 11 in Table 3.1), such that



GO (noise) = T^^ (12Av)V2
. (III-l)

In equation III-l. t,.
' rms represents the noise level acheived In a

4.2-MHZ (12 s-1) (Channel in units of Kelvins) and Av (in units of

Km s-1) represents the velocity width of the line at 0% intensity.

Many of the line features in galaxies observed are wide enough to

occupy a significant fraction of the total 512 MHz bandwidth. Conse-

quently, baseline removal is a potential source of significant error

for broad, weak, spectral lines. First -order baselines have been

removed from most of the spectra to derive the final values of integr-

ated intensity. Second- or third-order baselines were removed from a

few spectra whose visual appearance was greatly improved by the higher

order fit. Uncertainties from baseline removal have been estimated by

removing polynomials of various orders (1,2,3) over different parts of

the usable baseline to determine the range in possible values for the

line intensities. The uncertainties from the different order fits are

normally -5-10%, but as high as 25% for some of the broad, weak

features.

For weak lines in galaxies with unknown velocity fields, a poten-

tial source of error caa be the velocity range over which a line

feature is integrated. This is not a significant source of error in

the present study, since the velocity fields are known from the relati-

vely high signal-to-aoise Arecibo HI position-velocity maps of Virgo

spirals (Giovanelli and Haynes 1983; Helou et al . 1981; Helou et al.

1984).
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The detection of broad, weak lines is notoriously difficult in

millimeter spectroscopy because of baseline problems of various

character and origin. In order to avoid mistaking a baseline feature

for a spectral line, the following procedure was used to verify the

reality of all weak lines. 1) The first and second halves of the data

were averaged separately, and any line feature was required to look the

same in each half. 2) Each individual 5-,ninute scan was examined for

baseline excursions. If one or more individual scans was found to con-

tain a feature which significantly influenced the appearance of the

average, it was thrown away. 3) The line's velocity and width had to

agree with the known HI velocity field. In 2 cases in the present

study, a feature originally thought to be a line was subsequently found

not to be, by rigorous application of the above procedures.

§3. Derivation of Global CO Flu xes

In order to calculate the global flux of the CO line in galaxies,

it is necessary to account for the extended nature and the undersampl-

ing of the emission. In Appendix B, it is shown that the total CO line

flux Sco can be related to the observed integrated Intensity /r^*dv by

the following expression:

Sco = GC (E/r^*dv) (Ef)-l (III-2)

where GC is the calibration factor for converting antenna tenqjerature

(T^ ) to Janskys for point sources, or the calibration constant (CC).

The summations in this expression are over all observed positions.
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Both the /r,*dv and CC ter^s which appear In equation UI-2 are (uUy
corrected tor gain variation and at™oapheric effects, a. described in

Appendix A. The quantity f. which „e call 'the fraction of ertsalon

observed', describes how undersanpled the flux Is, and is given by:

2 IT

^ " ; (III-3)

Where B(a) is the beam pattern, as defined In equation B-5. and Tr(J^)

is the source brightness distribution. Note that for a source smaller

than the beam, f~1.0, while for larger sources, f<1.0.

We have chosen, by use of equation III-2, to weight all of the

observed /TA*dv equally. In the Bell Labs 7-meter telescope Virgo CO

survey, Stark et al . (1986), using a similar procedure to estimate CO

fluxes, chose to weight each observation by the inverse square of the

noise and in proportion to the line strength. This scheme has the pro-

perty of weighting the inner galaxy lines more heavily than those in

the outer disk, since the inner galaxy lines tend to have higher

signal-to-noise ratios. However, for major axis mapping this is

somewhat undesirable since each outer point represents a large area of

the galaxy which is unobserved. As a conpromise, we deem it optimal to

weight all lines equally. The weighting scheme of Stark et al. may be

appropriate for their 5-point maps, but is inappropriate for major axis

maps.

In order to find a model brightness dlstribut ion T^ ( f^) which



represents the galaxy for the flux calculation, we have chosen to fit

the azlnn.thally-avera,ed data with a convolution of the beam and trial

sources. This is Justified because we are using the modelling results

only to infer fluxes and diameters, and not to claim anything about the

detailed distribution. IT.e uncertainty in the GO flux which arises

from the assumption of azimuthal symmetry is discussed below in this

section. Quantitative measures of the CO asymmetry are derived in

§111.7.

The galactic brightness temperature dist ribut ion Tr ( n) which

appears in equation III-3 is estimated by least-squares fitting the

observed Jl'A*dv with various model brightness distributions Tr ( a)

weighted by the beam pattern B(n). For more details, see Appendix B.

In an attempt to find the best-fit model for the CO distribut iion,

simple, azimuthally-symmetric exponential, gaussian, and uniform disk

components were fit to the major axis observations of each galaxy. In

several cases, the simple, centered, one-component model could not ade-

quately fit the observations. In these cases, an off-center or two-

component model was also tried.

Twenty-eight of the forty-two galaxies in the sample were detected

in 3 positions or less. For these galaxies, it is generally not

possible to distinguish between exponential, gaussian, r~^, or other

distributions in which intensity decreases with increasing galactic

radius. In order to decide what distribution to assume for these 28

galaxies, we examine the distributions in the 14 galaxies which have

been detected in 4 or more positions. Table 3.2 summarizes the best-
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Table 3.2

Radial Distributions in Galaxies with More than 3 Detections

Galaxy # Det Description of best fit model^ Comments

NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC

A192
A216

4254
4302
4303
4321
4501
4527
4535
4548
4568
4569
4579
4654

4

7

4

5

6

6

4

6

4

4

4

4

4

exponential
off-center gauss ian
exponential + central conponent
exponential offset from center
exponential
exponential + central component
e>q)onential
uniform disk
exponential
exponential - off-center conponent
exponential, slightly asymmetric
exponential, slightly asymmetric
exponential, slightly asymmetric
asymmetric, ejqjonential - central

comp onent

molecular ring
hotter gas in center?

hotter gas in center?

molecular bar ?

Interacting w/N4567

peak NW of nucleus

Notes to Table 3.2:

a) For more detailed description, see Table 3.3.
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fit CO distrllx.tions for these 14 galaxies. m 11 out of the 14

the distribution Is dominated by an exponent lal-liRe co^onent. In 2

of the 11 exponentlal-llRe cases, there Is an additional central com-
ponent (NGC 4254 and NGC 4321); m 4 of the 11 cases, the distribution

is somewhat asymmetric (NGC 4568, NGC 4569, NGC 4579, NGC 4654); and 1

1 case the exponential Is not centered at the position given by Dressel
and Condon (1976) (NGC 4302). Despite these complications, It Is

apparent that an exponential-like distributions Is the best one para-

meter approximation of the az Imu thai ly -averaged CO distributions in

most Virgo spiral galaxies. Exponential-like CO distributions have

been found previously in many Sc galaxies (e.g. Young and ScovlUe

1982a). For these reasons, and the fact that most spiral galaxies have

exponential-like blue light distributions, we have chosen to model the

28 galaxies with less than 4 detections as exponentials. In any case,

the error resulting from making this assumption mistakenly is not

large. In those galaxies which can be reasonably fit by either a

gaussian, an exponential, or a uniform disk, the maximum uncertainty in

Inferred CO fluxes is ~10%.

In all galaxies fit by an exponential or gaussian, the distribu-

tion was truncated 1.3' beyond the outermost detection. The effect of

this cutoff on the total CO flux is generally less than a few percent,

but in the cases of the large face-on galaxies (NGC 4254, NGC 4 303, NGC

4321, NGC 4535), it amounts to -10%.

The final results of the model fitting are presented in Table 3.3.

The best fitting models, together with the observed CO intensities, are



E3q)lanation of Columns in Table 3.3:

(1) NGC number of galaxy.
(2) Inclination of galaxy, from Helou et al . (1981, 198A) or

calculated as described therein.
(3) Number of CO observations in present survey.
(4) Number of CO detections (>3a) in present survey.
(5) Form of primary component of CO radial distribution in bestfitting model:

exp = exponential
gauss = gauss ian
unif = uniform source
unres = unresolved

(6) Reference to description of more elaborate model if a one-
component model could not adequately fit the data; if this
column is blank, then the best fitting model is centered
and consists of the one component referred to in columns
5 & 7.

(7) Scale length of primary component in column 5; see text for
definitions.

(8) Fraction of emission observed for the best fitting model.
(9) Global CO line flux and associated 1 a uncertainty for best

fitting model; upper limits are 2a.
(10) Diameter of best fitting model which contains 70% of the

total CO flux.

(11) Diameter where face-on main beam CO brightness temperature
falls to 1.5 K km s"-^.

(12) CO flux asymmetry parameter; see text for definition; values
in parentheses indicate that the asymmetry is probably not
intrinsic, but may be the result of not using the correct
coordinates for the true dynamical center.

(13) CO diameter asymmetry parameter; see text for definition.
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Table 3.3

Modeling Results

NGC 1 No.

obs
No.

det

Dlst 2nd

comp

Scale
length

Ef
^CO

(Jy km
°COeff ^COlso

8 ') (arcmln)
'^COF

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

406A 67 3 1 exp 0. 18' 1.00 93 + 40 <0.8' <0.9' — _
4178 69" 5 1 exp 0.30' 0.94 60 + 30 <0.8' <0,9' _ —
4 192 74° 8 6 exp 0.90* 0.72 940 ± 170 3.7' 2.2' -0. 14 -0.02
4212 47° 5 3 exp 0.40' 0.67 510 ± 90 1.8' 1.9' 40.28 +0.22
4216 80° 9 4 gauss a 0.20' 0.78 620 ± 120 4.4' 4.5' +0.19 +0.02
4254 28° 7 7 exp b 1.20' 0.37 3000 ± 850 3.4' 5.3' -0.15 +0.02

-4 293 76° 3 1 exp 0.08' 1.05 270 ± 45 <0.4' <0.9 -
4 298 67° 5 3 gauss 0.70' 0.86 660 > 110 1.8' 2.4' -K).18 K).05
4 302 90° 6 4 exp c 0.40' 1.05 620 + 100 1.8' 2.0' (+0.61 +0.41)
4 30 3 25° 7 5 exp 0.48' 0.50 2280 + 470 2.2' 3.4' -0. 12 -0.0 2
4 312 78° 3 1 exp 0.15' 1.05 160 40 <0.7' <1.0' - -

4 32

1

28° 8 6 exp d 0. 90* 0.39 3340 + 920 3.4' 4.5' +0.04 -0.10
4 380 55° 3 0 exp 0.40' 0.78 ( 60 - - - -

4 388 79° 5 2 exp 0.40' 1.00 230 + 40 1.8' 1.2' >+0.41 +0.22
4 394 25° 3 2 exp 0.50' 0.57 280 + 60 1.6' 1. 7' >-0.2 7 -0.2 3

4402 75° 4 3 exp e 0. 30' 0.98 630 + 120 1.4' 2.4' (-0.48 -0.2 3)
4419 67° 5 3 exp f 0.30' 0.91 920 + 190 1.4' 2.2' -0.61 -0.2 7

4424 61 3 1 exp 0. 30' 0.8 7 56 + 30 <1.0' <0.9' - -

4438 68 3 2 exp 0. 30' 0. 94 210 + 40 1.2

'

1.3' >-0.30 -0. 13
4450 45° 4 3 exp 0.55' 0.54 450 + 90 2.2' 2. 1

'

0.00 0.00
4 501 58° 7 6 exp 0.70' 0.59 2220 + 480 2.9' 3.8' -0.04 +0.02
4 526 90° 3 0 exp 0.30' 1.34 < 90
4527 72° 6 4 unlf 1.20' 0.92 1810 + 320 2.0' 3.0' -0.21 -0.08
4532 60°? 3 0 unlf 1.00' 0.79 < 60
4535 43° 7 6 exp 1.10' 0. 38 1570 + 410 3.5' 3.9' -0.07 -0. 13
4 536 67° 6 3 exp 0.25' 0.96 740 + 130 1.2' 2. 3' +0. 14 40.06
4 548 37° 7 4 exp g 0.70' 0.60 540 + 140 3.0' 3.3' -0.12 +0.02
4567 46° 4 3 exp h 0.35' 0.69 500 90 1.6' 2.2'

4568 64° 5 4 exp h 0.40' 0.86 1050 t 190 1.8' 2.7'

4569 63° 5 4 exp 0.40' 0.82 1500 + 260 1.8' 3.2' -K).23 +0. 11

4571 38° 5 3 exp 0.60' 0.52 380 ± 80 2. 3' 1.6' 0.00 +O.01

4579 37° 6 4 exp 0.60' 0.47 910 t 200 2.6' 2.7' -H).30 +0.24

4 639 45° 3 0 unlf 1.00* 0.65 < 70

4647 36° 5 3 exp 0.35* 0.66 600 + 120 1.6' 2.2' +0.2 3 -K). 1 5

4651 46° 4 2 exp 0.25' 0.81 350 60 1.2' 1.6' +0.41 +0.21

4654 52° 5 4 exp 1 0.40' 0.62 730 + 150 2.4' 2.6' +0.22 +0.09

4689 30° 5 3 exp 0.55' 0.50 710 ± 150 2.2' 2.4' +0.02 0.00

4 698 57° 3 0 exp 0.50' 0.7 6 < 90

4710 90° 5 3 unres - 2.10 200 ± 30 <0.5' <1.3'

4713 49° 3 0 exp 0.50' 0.68 < 70

4808 67° 3 0 exp 0.40' 0.87 <100

4866 90° 3 0 exp 1.00' 1.00 < 90



86

tes to Table 3.3:

om
NGC 4216: best fitting model Is a gaussian doughnut, offset frthe center by 2.1', with a scale length of 0.2'.

NGC4 254: best fitting model Is an exponential with a second
gaussian component added to the center; scale length of 0.2'-
central amplitude of gaussian component Is 3 times that of the
exponential component; similar to NGC 4321.

NGC 4302: this dusty edge-on spiral has a best fit model which is
an exponential offset by -0.45' along the major axis from the
central position given by Dressel and Condon (1976). The CO line
profiles in the central region of this galaxy indicate that the
dynamical center is probably closer to a = 12^19™! 1 2^ ±1 5^
5 = +14"52'16"±6" (1950).

NGC 4321: best fitting model is an exponential with a second
gaussian component added to the center; scale length of gaussian
0.2'; central amplitude of gaussian conponent is 3 times that of
the exponential component; similar to NGC 4254.

NGC 4402: best fitting model offset from center by +0.20' along
major axis from central position given by Uressel and Condon
(19 76). The CO line profiles in the central region of this galajqr
suggest that the dynamical center is probably closer to a =
12"23'"2 3.8S ±1.5^ 6 = +13°23 ' 22" ±6" (1950).

NGC 4419: best fitting model is exponential offset by 0.25' along
the major axis from central position given by Dressel and Condon
(1976); CO line profiles suggest that distribution is intrinsically
asymmetric,

NGC 4548: the kinematic major axis of this barred (SBb) galaxy is

nearly perpendicular to the bar; consequently, the observed posi-
tions 45" from the nucleus did not cover the bar, but did cover the

off-bar positions at the same radius. These 2 positions do not

have much emission; the best fit model is an exponential with an

off-center gaussian component removed; offset 0.7'; an^litude 0.8,

scale length 0.25'. Several barred galaxies (e.g. M83, Lord 1987)

have greater CO emission along the bar, so the CO flux for NGC 4548

listed here may be too low.
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Notes to Table 3.3 (cent.):

h) NGC 4567 and NGC 4568: these two Inclined Sc's form an Interacting
pair which overlap In post Ion and velocity space In the northeast
regions of both galaxies. The position 90" to the northeast of NGC
4568*8 nucleus Is separated by only 7" from the position 45" to the
northeast of NGC4567'8 nucleus. Since there Is only one velocity
component In this region, It Is not possible to decide how much of
the CO emission "belongs' to either galaxy. Since the separation
of these 2 observed positions Is roughly the same as the pointing
uncertainty of the telescope, the 2 spectra have been averaged, and
are found to have /T^*dv - 2.5 K km s"^ 1. 5 K km s"^ of this has
been assigned to NGC4567, In order to make its distribution roughly
symmetric about the nucleus. The remainder has been assigned to
NGC 4568. This assignment, although somewhat arbitrary, Is
justified because the position closer to NGC4567 was found to have
a stronger line.

1) NGC 4654 has an asymmetric CO distribution. The position 45" NW of
the nucleus has a stronger line than the central 45". This region
also displays a peak In HI, radio continuum, and Ha emission. Best
fitting model Is an exponential with a central gauss Ian component
subtracted; scale length 0.25; amplitude l.O.
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plotted as a function of radius for each galaxy in Figure 3.1. if the

data could not distinguish between exponential, gaussian, or uniform

disk models, an exponential distribution was chosen for galaxies with

detections. For undetected galaxies, the model which yielded the

largest upper limit is listed in Table 3.3. Second components were

included only for those galaxies which could not be well-fitted by a

single component. Listed in column 5 of Table 3.3 is the type of

distribution used for the final galaxy model. If the data were well-

fit by a single component model centered at the position given by

Dressel and Condon (1976), column 6 appears blank. If the galaxy was

fit by a more complex model, the entry in column 5 Indicates the pri-

mary component, while the letter in column 6 refers to a detailed

description of the model. Column 7 lists the scale length, rQ, of the

primary component, defined in the case of exponential distributions by:

TR(r) = Tr(0) e'^^^^'o (III-4)

while for gaussian models is given by:

TR(r) =Tr(0) e'^^'^^^/'^o)^ (III_5)

and for uniform disk models by:

TR(r)=Tj^(0) for r<rQ (III-6)

= 0 for r<rQ

Column 8 lists the fraction of emission observed, Sf, which is

used in equation III-2 to compute the global CO line flux. This frac-
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tlon ranges from -0.4 for the large face-on Sc's NGC A25A, NGC 4303,

and NGC 4321, to -1.0 for the edge-on systems like NGC 4302. The 2 SO

galaxies observed (NGC 4526 and NGC 4710) were oversampled with half-

beam spacing, resulting in a value of f significantly greater than 1.0.

The global CO line flux and la uncertainty appear in column 9.

The quoted uncertainty is the quadrature sum of 3 conponents, which are

discussed belorf. The first coirponent of the CO flux uncertainty is

that due to the uncertainty in the individual line intensities, which

are listed in Table 3.1. This component includes all calibration,

baseline, and s ignal-to-nolse uncertainties. For each galaxy, an

Intensity -weighted mean uncertainty has been calculated from the Indi-

vidual line unertainties. Since the individual line uncertainties are

uncorrelated, the intensity-weighted mean uncertainty has been divided

by '^N^jgj-, where N^^^ is the number of detections (>3a), to yield this

conponent of the CO flux uncertainty. For most of the Virgo galaxies,

this component is ~15%.

Galaxies which are significantly undersanpled obviously have

larger uncertainties in their derived CO fluxes than those galaxies

which are more fully sampled. In order to estimate this second com-

ponent of the uncertainty, fully sampled CO maps at 45" resolution of

the face-on galaxies M51 (Lord 1987) and NGC 6946 (Tacconi 1987) have

been analyzed. The 45" beam subtends ~2.2 kpc in each of these

galaxies, since each is located at a distance of ~10 Mpc. At any given

radius in these 2 galaxies, with 2.2 kpc resolution, the 1 o scatter in

CO intensities is -36%.
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Since the Virgo cluster is roughly twice as distant as M51 and NGC

6946, the A5" beam in Virgo galaxies subtends 4 times the area. The

la scatter in CO intensities at a given azimuth in Virgo galaxies might

therefore be expected to be somewhat less than 36%. If the distribu-

tion of intensities were completely random, the 1 a azimuth scatter in

Virgo galaxies would be expected to be 36//4%=18%. However, since

molecular features are correlated on various length scales, we have

selected the more conservative value of 30% for the la scatter in CO

intensities at a given azimuth for Virgo galaxies. This roughly agrees

with the difference in CO intensities observed on opposite sides of the

Virgo nuclei.

Using this la value of 30%, we have estimated the typical uncer-

tainty in the total flux due to unders ampling the emission. The proce-

dure for doing this consisted of simulating "observations" of an

artificial galaxy with a la azimuth scatter of 30%. At each position

the computer would randomly select one of the possible intensity values

appropriate for that radius. An estimate of the total flux can be

made, using these random "observations". By randomly "observing" the

same galaxy maity times, a statistical estimate has been made of the

difference between the true and inferred total fluxes. For models with

a la azimuth scatter of 30%, and which have 40% of their emission

observed (I.e. f=0.40) along the major axis, the la difference between

true and Inferred total CO fluxes is found to be ~20%. From testing a

variety of models, we have found that the following simple relation

estimates the undersampl Ing component (AS^) of the total flux
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uncertainty:

tS^a) = 33(lEf) . (III-7)

When all of the emission is observed (i.e. Zf=1.0), AS^=0, since there

is no uncertainty due to undersampling. This simple relation does not

work for Ef<0.30, but is adequate for the Virgo observations described

in this thesis, since the minimum value of Ef in the Virgo sample is

0.37.

The third and final component of the CO flux uncertainty relates

to how well the adopted model matches the observations. We have meas-

ured the quality of fit for each galaxy with the reduced x"^ statistic

(e.g. Bevington 1969). As can be seen in the radial distribution

plots in Figures 3. 1 - 3.29, each model distribution generally agrees

with the observed CO intensities to within the 1 a uncertainty in

/T^*dv. Thus, the reduced of the best fitting model is typically

less than 1.0, and always less than 2.0. For each of the galaxies, we

have estimated the range in flux values permitted by considering all

the models which fit the data reasonably well. The galaxies with

2
X =1.0 generally have a flux range of ~10% for acceptable models, while

2
those with X -2.0 have a flux range of ~20%. Thus we have adopted an

uncertainty conponent due to the fit which is proportional to the

reduced x^ of the best fitting model; this uncertainty component has a

maximum value of 20%.
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§4. A Comparison of FCRAO and Bell Labs Virgo CO Surveys

A CO survey of 47 Virgo spirals made with the Bell Telephone Labs

(BTL) 7-meter telescope has recently been reported by Stark et al.

(1986). In Figure 3.32, we compare the CO fluxes and upper limits

derived in the last section with those of Stark et al. for the 28

galaxies in common. There is a large amount of scatter in this figure,

which requires explanation.

First, we point out several differences in the way that fluxes and

uncertainties are determined in the 2 surveys. Although the manner of

estimating global fluxes is similar, Stark et al. employ a different

weighting scheme (described in §111.4), and assume model distributions

with no outer gala>Qr cutoffs. While these differences undoubtedly

cause some of the scatter, we believe that most of the truly discrepant

cases have other explanations. Furthermore, the 1 a uncertainties

quoted by the 2 groups cannot be directly compared. While the uncer-

tainties we list in Table 3.3 include contributions from the rms noise,

baseline fitting, calibration variation, undersampling, and quality of

fit determinations. Stark et al. have considered only the rms noise and

quality of fit determinations. Thus it may be that some of their

quoted uncertainties are underestimates.

Some illuminating statistics of the two Virgo surveys are conpared

in Table 3.4. Note that while the BTL sample includes a larger number

of galaxies, we have detected a larger number of galaxies, collected a

larger number of spectra, and obtained nearly twice the number of
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1.5 2.0 2.5 3.0 3,5

log FCRAO CO FLUX (Jy km s"')

Figure 3.32 A comparison of the global CO line fluxes derived at

FCRAO (this work) and Bell Labs (Stark et al . 1986) for the 28 Virgo

cluster galaxies in common. The upper limits shown are 2a. The line

through the figure represents equal fluxes.
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Table 3.4

Comparison of FCRAO and Bell Labs Virgo CO Surveys

Quantity being compared^ FCRAO^ Bell Labs

3

// of galaxies observed 42 47
# of galaxies detected 34 (81%) 25 (5 3%)
// of galaxies detected in 3 or

more positions 25 (59%) 11 (23%)
// of positions observed 202 145
// of positions detected 113 (56%) 60 (41%)
average # of positions observed

in observed galaxies 4.8 3.

1

average // of detections in

detected galaxies 3.4 2.4

Notes to Table 3. 4:

1) Detections refer to slgnal-to-noise ratios greater than 3 o.

2) FCRAO refers to this thesis.

3) Bell Labs refers to Stark etal. (1986).



detected positions. Twenty-two of their 47 galaxies were observed in

only I position, and the remainder were mapped in a criss-cross 5-point

pattern with the observations spaced 90" from the nucleus in either

Right Ascension or Declination (the HPBW of the BTL telescope at 115

GHz is 100"). Our observing strategy of mapping along the major axis

until no emission was detected results in a much better estimate of the

brightness distribution T{^(n), which is needed to reliably estimate the

total flux. Thus, although the larger beam area of the BTL telescope

implies that more of each gala)Qr 's surface area can be covered per

observation, our observing procedure resulted in a larger number of

positions observed per galaxy, and a higher number of detections per

galaxy (see Table 3.4), which serve to more reliably constrain the

distribution of emission.

Although the 45" half -power beams Ize of the FCRAO telescope is

small compared to the angular sizes of Virgo galaxies, so that each

galaxy 's surface area will be undersampled relative to the maps made at

BTL, the emission is not seriously undersampled in the FCRAO maps.

From the modeling results presented in Table 3.3, we find that on

average 70±20% of the total CO flux is contained within our major axis

maps.

Here, we try to account for the fluxes which are most discrepant

between the two surveys. Four of the galaxies undetected in the BTL

survey have been detected in the FCRAO survey (NGC 4178, NGC 4216, NGC

4450, NGC 4536). A weak (3a), narrow line was detected in the center

of NGC 4178 in the FCRAO survey, at a level consistent with the BTL



96

upper limit. Lower luminosity Sc galaxies, like NGC 4178, generally

have slcwly rising rotation curves (Rubin et al . 1985), which result in

narrow central line profiles. The fact that a narrow line is observed

despite the high inclination (1=69°) suggests that the molecular gas is

confined to an area smaller than the beam. NGC A216 was observed in 9

positions in our survey, and detected in 4 outer disk positions, making

it the only Virgo cluster galaxy with a confirmed molecular ring or

central molecular depression. Stark et al. observed only the nucleus,

which we also failed to detect. In NGC 4450, we have detected 3 weak

(3-4 a) lines in the central 3 positions. Since these lines are weak,

the greater beam dilution with the Bell Labs 7-meter telescope may

account for Stark et al. 's non-detections in this galaxy. In NGC 4536,

we have detected GO emission in 3 positions, including a strong line

(44 mK) in the center of the galaxy. Stark et al . report a non-

detection in the central region.

There are 3 galaxies for which the fluxes derived by Stark et al.

are a factor of >3 higher than the fluxes we have derived (NGC 4388,

NGC 4438, NGC 4647). Both groups detected 2 or more positions in each

of these 3 galaxies. In NGC 4388, both groups observed positions cen-

tered at (Aa, A6) = (+1.5,0) and (-1.5,0). While the BTL data indicate

detections at both positions, we find no emission at either position.

Thus it may be that the molecular gas is spread out in this galaxy, and

is easier to detect with a larger beam. However, our major axis map

Includes sensitive observations of the entire bright optical disk

region of NGC 4388, as seen on the Palomar Sky Survey Plate. If the
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BTL detections can be confirmed, it would imply that this galaxy has a

very unusual molecular gas distribution. The second galaxy, NGC 4A38,

is the closest survey galaxy to M87, and has distorted spiral arms and

a disturbed central bulge. We surveyed only 3 positions along the

apparent major axis of NGC 4438 's bulge, and did not search for any

emission along any of the distorted arms or filaments. Since the 5

observations of the Bell Labs survey cover a larger area of this dis-

turbed galaxy, we cannot justifiably claim to have a more accurate

estimate of its flux. The third galaxy is NGC 4647, which is a close

companion of the elliptical galaxy NGC 4649, but shows no obvious signs

of disturbance. The discrepancy in fluxes arises from the fact that

Stark et al. report 4 fairly strong detections 1.5' from the nucleus

(in R.A. and Dec), while we detect no emission 1.5' from the nucleus

(along the major axis). The line strengths they observe are incon-

sistent with the distribution of emission we infer. We note that 1.5'

is beyond the optically bright disk region of this galaxy, as seen on

the POSS plate.

There are 5 galaxies (NGC 4192, NGC 4303, NGC 4548, NGC 4569, NGC

4 689) that Stark et al . have detected in only 1 position, and that we

have detected in 3-6 positions, yielding us much better estimates of

the brightness distributions. Finally, the 2 groups disagree by nearly

3a on the flux of NGC 4568, which is an inclined Sc galaxy interacting

with NGC 4567. Because the nuclei of NGC 4567 and NGC 4568 are separ-

ated by less than 1.5', and they overlap in velocity space, observa-

tions with a 1.6' beam suffer from confusion. Stark et al. apparently
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have not corrected for this confusion. There is one position which is

confused in the FCRAO raaps of this galaxy pair: an attempt to correct

for it is described in the notes to Table 3.3.

§5. GO Diameters

It is of great interest to compare the radial distribution of

molecular gas In the Hl-deficient Virgo spirals with non-HI-def icient

galaxies. In order to make such a comparison, it is desirable to

derive a measure of the extents of GO emission in galaxies which

accounts for the galactic Inclinations, and the range of source sizes

relative to the beam. We have established two measures of a gala>ty 's

CO extent: an effective diameter, and an Isophotal diameter. Each of

these diameters is described below, along with Its advantages and

disadvantages.

The concept of an effective diameter in astronomy is simple: it is

that diameter which contains a certain fraction (e.g. 70%) of the total

emission. Effective CO diameters for the Virgo galaxies have been

calculated analytically, using the azlmuthally-symmetric model distri-

butions which best fit the observations. We have chosen to define our

effective CO diameters at the 70% level: 70% Is large enough to con-

tain the majority of a galaxy's flux, yet it is not so large that it is

highly dependent on low signal-to-noise spectra in the outer regions of

a galaxy. It also enables a convenient cotiparlson between GO and HI

diameters, since 70% is the same level used by Glovanelli and Haynes

(1983) to define their effective HI diameters.
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The advantages of effective diameters are that they are easy to

calculate, and they account easily for the inclination of a galaxy.

Unlike isophotal diameters, effective diameters depend on the entire CO

distribution, and so provide a convenient one-parameter description of

the radial distribution of a galaxy. In this respect, they are similar

to the scale lengths used to describe the exponential, gaussian, and

uniform disk fits to the data in §111.4. The difference is that the

effective diameters of gaussian and exponential distributions can be

meaningfully intercompared, whereas the scale lengths of gaussian and

exponential distributions cannot.

k characteristic of effective diameters which is a disadvantage

for our purposes is that they are not very sensitive to differences in

outer disk distributions. Since gas removal occurs more readily in the

outer disk, it is important to have a measure of GO extent which can

distinguish between galaxies with identical central gas distributions

but different outer disk distributions. Hence we also employ an iso-

photal CO diameter: a diameter where the CO intensity falls to a cer-

tain, conveniently defined level.

We have defined an isophotal diameter which is suitably corrected

for inclination and resolution, and which can be directly related to

the mass surface density of molecular gas. As will be discussed in

Chapter IV, the mass surface density of molecular gas is directly

related to the integrated main beam CO brightness teiqjerature /T{^dv.

In order to calculate a diameter which is corrected for inclination, we

first calculate what JT^ dv would be at each position if the galaxy
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were face-on. This requires several steps, which we outline briefly

here.
1) Find the az Imu thai ly -symmetric model brightness distlbutlon

TR(fi) for the Inclined galaxy which best fits the observed Integrated

intensity /TA*dv(obser-ved ). 2) Calculate f(incllned), the fraction of

emission observed, for each position in the inclined, best-fit model.

3) Create an image of a face-on galaxy using the parameters (scale

length, etc.) which describe the best-fit models of the inclined

galaxy. 4) "Observe" each position in the facen^n galaxy with a 45"

gaussian beam, and calculate the fraction of emission observed,

f (face-on), and the coupling efficiency nc(face-on), for each position.

(The coupling efficiency nc is defined in Appendix B. ) Given these

quantities, /TRdv(f ace-on) can be computed as follows. From equation

B-2,

/T^*dv(f ace-on)

jTRdv (face-on) =
. (III-8)

Tifgs iic(face-on)

The face-on value of integrated intensity /T^*dv (face-on) can be

related to the actual observed Integrated intensity /T^*dv(observed) by

the use of equation B-13 (which is the same as equation III-2), once it

is realized that inclining the galaxy does not change its total flux

(assuming that there is no cloud shadowing). This leads to the

relation:

/T^*d v(f ace-on)

f (face-on)

/T^*dv(observed)

f (actual

)

(III-9)
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Since the actual fraction of emission observed is unknown, we substi-

tute our best estimate of it, which is f (inclined), the fraction of

emission observed in the inclined, azimu thai ly -symmetric best-fit

model. Combining equations III-8 and III-9, with this substitution in

III-9, yields:

f ,
f (face-on) /TA*dv(observed)

/TRdv(face-on) =
. (m-io)

f (Inclined) n^gg ri^,(face-on)

By linear interpolation, the diameter where jT^dv (face-on) falls

to 1.5 K km s~^ has been calculated. In considering what value of

/TRdv(f ace-on) to employ, it was deemed appropriate to use as small a

value as possible, so as to be most sensitive to possible environmental

changes In the outer disk. The value of jTf^dv(f ace—on)—1.5 K km

roughly correspoads to a 3 a fl^*dv detection in face-on galaxies like

NGC A321, and a 5-6 a detection in highly inclined galaxies like NGC

4192. For a CO-H2 proportionality factor of x=2.8xl020 H2 cm"2

K(T{^)"-^ km"-^ s, (see Chapter IV), /T^dv = 1.5 K km s"^ corresponds to

4.2x10^0 H2 cm"2, or 6.75 Mq pc"2.

We note here that equation III-IO has also been used to estimate

the face-on, azimu thai ly -averaged, radial distributions of CO bright-

ness in all of the detected Virgo sample galaxies. These inclination-

corrected distributions of jTf^dv (face-on) have been used to estimate

the inclination-correction radial distributions of H2 which appear in



102

Chapters V and VI.

A desirable characteristic of Isophotal diameters is that they are

less model dependent than the effective diameters. While the isophotal

diameters do make use of the best-fit model to make the inclination and

resolution corrections, their model dependence is slight. The assump-

tion of azimuthal symmetry is used in the calculation of f (inclined),

f (face-on) and nc(face-on), but the fact that f (face-on) appears in the

numerator of equation III-IO, while nc(face-on) appears in the denomi-

nator reduces the overall model dependence of /TRdv(f ace-on).

The 2 types of diameters are compared in Figure 3.33. It is evi-

dent that the 2 quantities are well-correlated, and that the isophotal

diameters are generally larger than the effective diameters. A least

squares fit yields

DcOiso = 1.20±0.15 Dcoeff (Ill-li)

The isophotal diameters are generally greater than the effective diame-

ters since the isophotal cutoff level was deliberately chosen to be

near the outermost detection, at a level which contains roughly 90% of

the total emission. A certain amount of scatter is expected in Figure

3.33, since galaxies with different kinds of distributions or different

surface brightnesses will have different relations between their effec-

tive and isophotal diameters, A discussion on 2 of the galaxies which

deviate significantly from the mean relation will serve to illustrate

why we believe that isophotal diameters are a more reliable diagnostic

tracer of environmental effects than effective diameters.
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Figure 3.33 Relation between isophotal and effective CO diameters
for Virgo cluster galaxies. Isophotal diameters are defined at an
intensity level of /Tj^dv(f ace-on) = 1.5 K km s~^. Effective diameters
are defined as the diameters which contain 70% of the total flux.

Upper limits are not shown.
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The most deviant galaxy In Figure 3.33 Is NGC 4192, with an effec-

tive CO diameter of 3.7', and an Isophotal CO diameter of 2.2'. NGC

4192 Is a highly Inclined Sb, with relatively weak emission throughout

the disk, Implying that the face-on CO surface brightness is low.

This, together with a large extent of CO emission, gives NGC 4192 a

small Isophotal diameter and a large effective diameter. NGC 4254

(f^G0eff=3.A', DcOiso=5-3') has roughly the same effective diameter as

NGC 4192, but a much larger Isophotal diameter. NGC 4254 is a face-on

Sc galaxy whose radial distribution is best fitted by exponential with

an additional strong central component. The presence of this centrally

concentrated flux reduces the effective diameter without affecting the

isophotal diameter.

Most of the external gas removal mechanisms which are considered

to be occurring In Virgo cluster galaxies are more effective far out in

the disk, where the total mass surface density binding the gas to the

galaxy is relatively low. Since we are interested in determining

whether molecular gas has been removed from the disk, we will rely pri-

marily on Isophotal diameters as a probe of possible environmental

effects, because they are not affected by the amount of gas In the

galactic nuclei. However, to avoid being overly reliant on one derived

quantity, we will employ both types of diameters in our analysis.

§6. CO Asymmetries

Marty of the galaxies In the Virgo cluster core are found to have

asymmetric HI distributions (Warmels 1986), raising the issue of
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whether the molecular gas distributions are also asymmetric. in this

section, we describe two quantitative measures of asymmetries in the CO

distributions which will be used in Chapter V. The CO asymmetry para-

meters derived here serve not only as a probe of environmental effects,

but also Indicate uncertainties In the total CO fluxes which are caused

by our assumption of azimuthal symmetry. These asymmetry -related

uncertainties are fully reflected in the component of the CO flux

uncertainties, which are described in §111.4 and will not be discussed

further here.

The CO asymmetry parameters we employ are similar to the HI asym-

metry parameters defined by Helou et al. (1981) and Warmels (1986).

The CO diameter asymmetry parameter Is defined by:

Aqod ~ (111-12)

where R^. (R_) refers to the radius where the CO emission falls to

/Ti^dv(f ace-on) = 1.5 K km along the major axis on the side of the

nucleus closest to (furthest from) M87. The maximum possible value of

^COD +1.0, corresponding to all the emission existing on the M87

side; while A^qd = ~1 • 0 Indicates that all the emission Is on the side

away from MS 7. The intracluster gas thought to be responsible for the

stripping of HI appears to be concentrated near M87. If the gala>Qr-ICM

Interactions cause asymmetries in the molecular gas distributions, one

might e5q)ect the asymmetries to exhibit preferential alignments either
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toward or away from M87.

This CO diameter asymmetry parameter and Warmels ' HI diameter

asymmetry parameter are both based on the radius where the emission

falls to some isophotal level. However, 4 important differences must

be mentioned: I) Warmels' HI asymmetries are measured strictly east

and west, whereas our asymmetry parameters are measured along the major

axis. 2) The HI diameter asymmetry parameters are measured further

out in the disk, and at a lower mass surface density, than the CO

diameter asymmetry parameter. 3) Warmels' Westerbork HI synthesis

observations sample nearly all of each galaxies' HI emission, whereas

our CO observations generally undersample the CO emission. A) The

s ignal-to-nolse ratio of the HI data is generally higher than that of

the CO data. As a consequence of these last two reasons, the CO dia-

meter asymmetry parameter is a crude estimate of the intrinsic GO

asymmetry, with respect to the HI asymmetry parameter of Warmels.

Due to these problems, we have also enployed a CO flux asymmetry

parameter, similar to the HI flux asymmetry parameter defined by Helou

et al . (1981). The CO flux asymmetry parameter is defined by:

- F_

iCOF = (III-13)

F+ + F_

where F+ and F_ refer to the CO fluxes along the major axes on the

sides closest and furthest from M87. These are obtained simply by

summing the observed CO intensities JT^ dv on the appropriate side of
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the nucleus, excluding the central position. Key differences between

AcoD and A^of are that A^of makes use of more data (Acqd depends almost

entirely on only the outermost two positions), and Acqf is not model-

dependent (as is Acod). Thus A^qf should be a more reliable estimate

of the intrinsic GO asymmetry.

We are interested in determining whether the observed asymmetries

in the CO distributions of any of the Virgo galaxies are significantly

higher than the CO asymmetries observed in well-studied, reasonably

symmetric galaxies. The CO asymmetries of the Virgo galaxies have been

compared with the CO asymmetries in M51 and NGC 6946, since these two

face-on galaxies have fully sampled CO maps (Lord 1987 ; Tacconi 1987).

If these galaxies were at the distance of the Virgo cluster, the la

variation in CO intensities at a given radius with 45" resolution would

be -30% (see §3). Given a la scatter of 30%, the expected 1 a variation

In Acof ranges from 0.15 for a source with 2 or 3 detections, to 0.09

for a source with over 5 detections. Similarly, the expected

la variation in Aqqc ranges from 0.05-0.08. There are uncertainties in

the asymmetry parameters due to uncertainties In the Integrated CO

intensities. It is found that the formal 1 a uncertainties in Aqqf*

from the propogation of GO intensity errors, range from 0. 06-0. 16 with

a typical value of 0.11. Similarly, the formal 1 a uncertaint ies in

A^oD range from 0.04-0.10 with a typical value of 0.07. Thus the asym-

metries which exist in reasonably symmetric galaxies (like M51 and NGC

6946) are comparable to the formal uncertainties in the asymmetry para-

meters. Figure 3.34 displays the 2 CO asymmetry parameters, normalized
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by the la uncertainties, for all the Virgo galaxies which have been

detected in at least 2 positions. The la values used in Figure 3. 34

are the observed asymmetries in galaxies like M51 and NGC 6946,

although these observed asymmetries are nearly equal to the 1 a formal

uncertainties. There is a good correlation between the 2 asymmetry

parameters, since they are not independent measures of asymmetry.

Only 3 Virgo galaxies have values of Acqd and A^^^^p which are both

greater than 3a. We believe that 2 out of the 3 galaxies with the

largest values of GO asymmetries are not intrinsically very asymmetric,

but have these large values because the central positions listed by

Dressel and Condon (1976) do not refer to the true dynamical centers.

NGC 4302 and NGC 4402 are both dusty, highly inclined galaxies with no

obvious nuclear bulge. It is therefore difficult to determine the

coordinates of their dynamical centers by inspection of an optical pho-

tograph, which was the method enployed by Dressel and Condon. The CO

line profiles of both NGC 4302 and NGC 4402, which are shown in Figures

3.6 and 3.11, are indicative of such an offset from the true nucleus.

The central line profiles are asymmetric, and of the two spectra

obtained on either side of the nucleus, the stronger line is asymmetric

with a sharp cutoff on one side and a tail on the other. If the velo-

city fields and CO radial distributions in these galaxies are actually

reasonably symmetric (as we suspect), then we find that the true dyna-

mical center of NGC 4302 is ~27" south and ~1" east of the position

listed by Dressel and Condon, while NGC 4402 's center is ~12" west

(estimates of the central coordinates are given in the notes to Table
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3.3). For the galaxy modeling In §111.4, we have adopted these coor-

dinates m the determination of the total CO fluxes of NGC 4302 and NGC

4402.

The third galaxy with large asymmetry parameters appears to be

truly asymmetric. NGC 4419 is aa inclined Sa galaxy with some dust

near the center, but not enough to obscure the location of the nucleus.

The bright nucleus is easy to identify on an optical photograph, unlike

the nuclei of NGC 4302 and NGC 4402. The CO line profiles of NGC 4419

(shown in Figure 3.12) are reasonably symmetric, unlike NGC 4302 and

NGC 4402. Inspection of a color photograph of NGC 4419 taken by R.

Schild reveals that dust lanes are more prominent to the northwest side

of the nucleus, where strong CO emission is detected. In view of this

galaxy's large CO asymmetry, large HI deficiency, and large

^Co/^HI r^tio, we believe that this galaxy's ISM has been significantly

modified by the Virgo environment. \ discussion of NGC 4419 's proper-

ties in the context of other Virgo galaxies is presented in §VI.8.



CHAPTER IV

THE RELATION BETWEEN GO EMISSION AND MOLECULAR GAS MASS

§1» Introduction

The utility of the GO emission line is that it is thought to be a

reasonably good tracer of the mass within molecular clouds. It is

perhaps a fluke of nature that this is so. Since ^^CO emission is

generally optically thick, it is not a priori obvious that the ^^^o

line is a measure of the mass within a molecular cloud. However, a

dynamical property of molecular clouds apparently gives validity to the

1

2

use of CO line emission as a mass tracer; GO surveys of the Milky Way

reveal a correlation between the size of a molecular cloud and its

linewidth (e.g. Sanders, Solomon, and Scoville 198A). In other words,

molecular clouds are virialized—larger clouds have larger linewidths,

1 o
allowing ^^CO photons over a range of velocities, and therefore deep

within the cloud to escape.

Three techniques have been used to estimate the mass of galactic

molecular clouds. Hence, there are three forms of empirical evidence

1 2linking the total GO emission line luminosity from a galactic molecu-

lar cloud with its total mass. Dickman (1978) demonstrated a linear

correlation between (relatively optically thin) ^^CO column densities

and visual extinction in dark clouds for extinctions up to A^ = 5

magnitudes. More recently, Dickman (1986) has extended this correla-

tion up to extinctions of A^ = 15 magnitudes. A conversion factor bet-

Ill
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ween 13^0 and H2 column densities follows from this correlation, If the

gas-to-dust ratio Is known. Since 12^0 emission is more optically

thick, It does not correlate as well with visual extinction along a

given line of sight. However, it is an empirical fact that the cloud-

averaged 12co to 13co line intensity ratios are remarkably similar from

cloud to cloud (Solomon et al. 1979; Stark 1983). Young and Scoville

(1982a) have used this fact to derive the 12co/n(H2) ^^tio from A^'s

and 12^0 line intensities for a given gas-to-dust ratio. This rela-

tionship constitutes the first part of the empirical evidence that ^2^0

is a good tracer of molecular mass.

The observation that larger diameter molecular clouds have larger

line widths is probably the physical basis for the similarity in cloud-

averaged ^2^0/13^0 intensity ratios, and in itself leads to a second

piece of evidence for a CO luminosity-mass correlation. While it can-

not be demonstrated that clouds are in true virial equilibrium, the

cloud dlameter-linewidth relation indicates that a fixed proportion of

the gravitational energy released in cloud formation is somehow con-

verted to kinetic energy. Such clouds are said to be ' vi rialized
'
, and

their total mass can be crudely estimated by the virial theorem. CO

can be used as a fairly reliable mass tracer since the CO line lumino-

sities of galactic clouds correlate with their virial mass estimates.

A third method for estimating cloud masses Involves a comparison

of thelongitude distribution of gamma-rays with CO and HI emission.

This is appealing since it is independent of excitation and metallicity

effects, and free of assunptions about the virial theorem or gas-to-
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dust ratios, although it depends upon the galactic distribution of

cosmic rays. Most of the high-energy ga.ma-rays in the galaxy are the

by-product of cosmic ray collisions with interstellar nucleons. In a

study of the radial distribution and energy dependence of the galactic

70MeV-5 GeV gamma-ray emissivity, Bloemen et al. (1986) have simulta-

neously solved for the radial distribution of cosmic rays and the

large-scale distributions of interstellar nucleons. Their comparison

of gamma-ray emissivity with HI and CO surveys reveals that the CO

emission line luminosity is an excellent large-scale tracer of nucleons

within molecular clouds between radii of 2 and -15 kpc. In particular,

this study found that the GO-H2 ratio is independent of galactocentric

radius between 2-15 kpc, within the uncertainties, despite the known

metalliclty gradient in the galaxy. The central few hundred parsecs of

the galaxy does exhibit a strong CO peak without a correspondingly

large gamma-ray peak (Blitz et al. 1985), yet it is presently unclear

whether this is the result of an anomolous CO-H2 proportionality fac-

tor, or the exclusion of cosmic rays from clouds near the nucleus of

t he ga laxy

.

The fact that all three of these methods yield CO-H2 ratios which

are similar to within a factor of 2 indicates that CO is a reliable

large-scale tracer of molecular mass within the Milky Way.

Unfortunately, none of these tests can currently be carried out in

other galaxies, meaning that the galactic value nust be applied

cautiously. In the next section we discuss a theoretical prescription

of the calibration factor, based on a virial theorem analysis. In
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§IV.5, we discuss evidence for possible variations in the

CO-H2 proportionality factor.

§2. A Vlrlal Theorem Analysis

Since the relation between CO Integrated Intensities and H2 surface

density cannot be directly measured In Virgo galaxies, we must Instead

analyze measurable quantities which may be related to the

CO-H2 proportionality factor. As a guide to help us determine which

physical quantities are important, we summarize the vlrlal theorem ana-

lysis of Dlckman, Snell, and Schloerb (1986, hereafter DSS).

The relationship between CO line luminosities of clouds and their

masses has been placed on firmer theoretical ground by the analysis of

DSS. Making only two basic assumptions—that molecular clouds are

vlrlallzed, and that the global CO emission profile of a galaxy can be

treated as a simple superposition of independent, spatially-averaged

molecular cloud profiles—^DSS show that a linear correlation is

1

2

e?q)ected between GO Integrated intensities and cloud mass surface

density. This relation can be written as:

= b /Tj^(CO)dv (IV- 1)

where Oq represents the average mass surface density of clouds within

the main beam (the mass of all the gas and stars within molecular

clouds), and /T{^(CO)dv is the average main beam brightness (or

radiation) temperature, which is corrected for atmospheric and coupling

effects. In the case of a galaxy filled with identical clouds, the
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constant of proportionality b is:

b = ^
r

,V2
tr— } (IV-2)

where Is the area-averaged cloud brightness ternperature, p is the

mean cloud density, and a~2 is a dimensionless parameter which corrects

for geometry and density variations, and saturation broadening. In the

more realistic case of a power law distribution of cloud sizes, a use-

ful expression for b can be obtained if a cloud s ize-linewidth relation

is assumed. The size-linewidth relation can be expressed as:

Avdi) = (li/lo)^ (IV-3)

where Avd^
)

is the observed half -intensity line width in a cloud of

diameter 1^, and Sv^ is the line width in a cloud of diameter 1^. With

equation IV-3, the proportionality factor b becomes approximately:

1 2 5v 1 ^"1
^ ^^o -^max

(IV-4)

To lo

^max represents the diameter of the largest clouds in the galaxy.

DSS give a more general expression for b, which includes explicit

dependences on the lower size cutoff dmin^ "^^^^ cloud power law

exponent. However, the value of b is not strongly dependent on either

of these quantities in most cases, particularly as lmin^«

Current estimates for 3 in the Milky Way range from 3~0.38 (Larson
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1981) to 8^.55 (Scovllle et_al. 1987), implying that b~l^,-0. 5, ^^^^

the C0-H2 proportionality factor is most sensitive to the mean gas tem-

perature Tq. and less sensitive to either the mean cloud density p or

the maximum cloud size 1^^*

§3. The Relation Between GO Intensity and

Molecular Gas Surface Density

One of the primary aims of this work is the comparison of the HI

and H2 masses within galaxies. As such, we wish to include only the

H2 component of the mass within molecular clouds. Estimates of a

cloud's total mass by the virial theorem need to be corrected for the

non-H2 mass within the cloud. The only non-negligible mass

•contaminant' is probably helium, which is thought to comprise 27% of

the gas mass of Milky Way interstellar clouds (e.g. Trimble 1975).

Therefore the virial cloud mass estimates need to be divided by a factor

of 1.36 to yield the H2 mass within clouds.

The relationship between GO emission and H2 mass is most con-

veniently expressed in terms of the area-averaged H2 surface density

within the main beam, c^^* and the integrated-ove r-velocity main beam

brightness temperature /T{^(CO)dv, or:

= X /TR(GO)dv (IV-5)

The CO-H2 proportionality factor in equation IV-5 has been denoted x to

distinguish it from both the quantity X defined by Bloemen etal.

(1986), which is not in units of Tf^, and the quantity b defined by DSS,
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which includes the total mass of molecular clouds (and not just H2).

The Tr which appears in equation IV-5 is the average main beam bright-

ness temperature, which is fully corrected for atmospheric and coupling

effects, and is given by equations B-2 through B-4. It is related to

the observable T^* by:

^ " = (IV-6)

Tic, 'Tc'^ ss

where the coupling efficiency is estimated by model fitting, as

described in Appendix B. For galaxy-to-galaxy comparisons, it is use-

ful to estimate the face-on molecular mass surface density. This has

been done by using the best-fitting model to estimate what /TR(CO)dv

would be if the galajQr were face^n, using equation III-IO.

We adopt in this thesis a CO-H2 proportionality factor of:

X = 2.8 X 10^0 H2 cm-2/K(T,^) km s"! . (iv-7)

This is the value found by Bloemen et al . (1986) in their analysis of

the galactic gamma-ray emissivity. The same factor is also found by

comparing virial mass estimates and CO luminosities of over 1000 Milky

Way molecular clouds (Scoville et al. 1987), if the value given in that

paper is multiplied by a correction factor of (1.7)"V2 = o.77 to account

for saturation broadening (DSS). While there are other studies of the

CO-H2 proportionality factor, some of which are based on a virial

theorem analysis (see Bloemen et al. for summary), we have chosen these
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two studies Since they are co^letely Independent, and are both based
on large numbers of ^le^lar clouds distributed throughc^t the galaxy.

The good agreement for the two n^thods is perhaps fortuitous. System-
atic uncertainties in the CO-H^ calibration undoubtedly dominate the

-10% formal statistical uncertainties derived by Bloemen et^. and

Scoville et_al. The magnitude of the systematic uncertainty is pro-

bably a factor of ~2. as estimated by the range of proportionality fac-

tors derived by different groups (Bloemen et al . 1986).

One systematic uncertainty in the Bloemen et al. study is the

unkown contribution to the gamma-ray emissivity from collisions of

cosmic rays with ionized gas nucleons. Bloemen et al. have attributed

all the gamma-rays to collisions of cosmic rays with neutral atomic

(HI) and neutral molecular (H2 ) gas nucleons. Therefore their

GO-H2 proportionality factor is strictly an upper limit. If the mass

of gas in so-called 'warm ionized medium' is as great as Kulkarni and

Helles (1987) suggest, then the Bloemen et al . CO-H2 proportionality

factor should be revised downward by ~10-30%.

It is important to clarify which temperature is referred to in

equation IV-5. Since the existence of a CO-H2 proportionality is based

upon a physical relationship between the mass of a molecular cloud and

the number of C0(J=1-K)) photons escaping from it, it is desirable to

express the proportionality factor in terms of the telescope-

independent radiation (or brightness) temperature T^. Most authors of

galactic GO studies have expressed their intensities in units of

Tr (Kutner and Ulich 1981), which is equivalent to the radiation tem-
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perature of a uniform source which fills a certain specified solid

angle (for convenience often taken to be the size of the moon).

Tr* does not correct for the coupling between the beam and the source,

and is therefore a telescope-dependent quantity. The telescope-

independent Tr, which is corrected for source-beam coupling, is

obtained if T^* is divided by the coupling efficiency (equation

IV-6). Calculations of coupling efficiencies have not, in general,

been made by observers of galactic CO emission, in large part because

the large angular size and irregular shape of galactic CO emission

regions, combined with the poorly-known telescope error patterns, make

this calculation difficult.

We point out that the intensities in the Columbia telescope galac-

tic plane CO survey, on which the Bloemen et al . study is based, are

ejqjressed in units of the radiation temperature of uniform source which

just fills the main beam (HPBW=8'). However for the Columbia telescope

this differs from T^* by only 2% (Cohen, Dame, and Thaddeus 1986). The

intensities in the Massachusetts-Stony Brook galactic plane CO survey,

on which the Scoville et al . study is based, are expressed in units of

Tf^ . However, since a galactic molecular cloud is typically -30' in

diameter, on average n^, --1.0, and Tj^ ~ Tj^*. Thus while the coupling

calculation on a cloud-by -cloud basis has not been attempted in either

of the aforementioned galactic plane surveys, ~ Tj^* for both surveys

in a statistical sense. We are therefore justified in expressing

equation IV-7 in units of without changing the numerical value of

the proportionality factor.
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Although Tr ~ Tr* for typical Mi Bey Way clouds, there is a signifi-

cant difference between T, and T,* for external galaxies, whose angular

size is typically less than a few arcminutes . From the calculations

described in Appendix B, we find that r,^ ranges from 0.4-0.8 for posi-

tions observed in Virgo galaxies, implying that To - 1.2-2.5T *

As emphasized by DSS, equation IV-5 is not valid for individual

lines-of-sight, but is valid if a number of independently-emitting

molecular clouds are subtended by the telescope beam. This is the case

for all the extragalactic CO observations reported in this work. It

should be remembered that since clouds are not always distributed

throughout the main beam, it is not always possible to reliably esti-

mate Ofi2. For galaxies which have unresolved GO emission, the use of

equations B-2 through B-4 and IV-5 result in a lower limit estimate of

the molecular mass surface density. For edge-on galaxies which have

unresolved emission in only one direction (the minor axis), a face-on

mass surface density can be estimated by galaxy modeling, if azimuthal

symmetry is assumed.

§4. The Relation Between CO Flux and Molecular Gas Mass

For extragalactic studies, it is convenient to have an expression

relating the total GO flux to the total molecular mass. From a com-

bination of equation IV-5 with

2k

Sco = — ! fl^{^,v)dQdv (lV-8)

and
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it Is easily shown that

X2

= X _d2 Sco (IV-10)
2k

or,

= 3.93x10-17 ^ d2

where, in equation IV-11, has units of M^. x has units of solar

masses H2 cm-2 k(Tr)-1 km"! s, D is distance in megaparsecs, and S^q is

in Jy km
. The critical quantity x has been measured only within

the Milky Way, and is not necessarily a universal constant. For x =

2.8xl020 H2 cm-2 k(Tr)-1 km'^ s, which is adopted in this work from

studies of Milky Way molecular clouds,

= 1.1x10^ d2 Sco (iv-12)

where Mh2 is in M^, D is in megaparsecs, and S^q is in Janskys km s"!.

Since this value does not necessarily apply to all the Virgo galaxies,

we discuss possible variations in §IV.5.

It is often useful to express the luminosity in the CO line. The

relation between CO flux and CO luminosity in erg s-^ is given by:

Leo = A.65xl032 ^2 (IV-13)

and in by:



122

^CO = 0. 119 d2 SCO (IV-14)

where we have used 1 L„ = 3. 9x10^3 ^ -1
o erg s

. For the value of x adopted

in this thesis, the relationship between (in solar masses) and

Leo solar luminosities) is given, in solar units by:

= 9.2x10^00
. (IV-15)

§5. Possible Variations in the CO-H. Prnnnrtionality Factor

None of the three observational nethods described in §IV. 1 for

measuring the GO-H2 proportionality factor in the Milky Way have yet

been fully carried out in another galaxy. However, there are both

galactic and ext ragalact ic observations which suggest that the

CO-H2 proportionality factor is not a universal constant. There is

evidence that x may be dependent upon temperature, density, metallicity

and galaxy luminosity. These will be discussed in turn.

1 2 13The CO/ CO line intensity ratios in other galaxies Indirectly

probe the CO-H2 proportionality factor. Being more optically thin than

^^CO, ^-^CO might naively be considered a more reliable tracer of H2

However, the global ^2^0/13^0 ratios are difficult to interpret, since

the emission from the two isotopic species may arise from different

physical regions of a cloud corresponding to different temperatures, as

a result of optical depth effects or chemical fractionation.

Furthermore, the ^^C isotope may be enhanced relative to ^^C as the

result of nucleosynthesis. While the ^^^O/^-^CO ratio interpretation is

not straightforward, the observed range of global values (e.g. Rickard
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and Blitz 1985; Young and Sanders 1986) Indicates that there is a range

in the mean molecular cloud properties of galaxies. Although the

variations in this ratio cannot easily be ascribed exclusively to

variations in the CO-H2 proportionality factor, it is possible that

this is at least partially the case.

Evidence for this interpretation is presented in Young and Sanders

(1986), who find a linear correlation between global ^ho/^'^QO inten-

sity ratios and 60um/100um flux density ratios {=S(,qJS^^^^) in a

sample of 9 galaxies. The S^q^JS^^^^^ ratios, which are a probe of

global dust temperatures, are highest In the galaxies with the largest

12co/13co intensity ratios. If the bulk of the 40-120Mm far-infrared

radiation from most galaxies is associated with dust in molecular

clouds (Young et al. 1986a), the large ^ho/^^Q line intensity ratios

in galaxies like M82 and NGC 1068 are probably due to higher gas tem-

peratures. Although the physical regions probed by the CO emission

(lOK gas) and the 60-lOOym emission (25-40K dust) are different, the

CO/ CO vs. S^oym/^lOOiJin correlation of Young and Sanders is strongly

suggestive of a terrperature dependence to the CO-H2 calibration. (It

should be pointed out that Young and Sanders do not interpret the

correlation in this way.)

Although the observed ^^CO/^^CO vs. S^oym/^lOOMm correlation

suggests a temperature dependence to the CO-H2 proportionality factor

and a linear temperature dependence is theoretically expected, no tem-

perature dependence has yet been observed among Milky Way clouds.

Scoville et al . (1987) find no significant difference in the ratio of
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cloud CO luminosity to virial cloud .asses for cloud samples with mean

peak CO te^eratures of 1 1 K and 7 K. This surprising result needs to

be confirmed and/or explained. It may be that gas temperature is

correlated with some other cloud property which affects the virial mass

determination. In fact, Scoville e^. fmd that for clouds of a

given size, clouds with HII regions, which are systematically hotter,

have larger linewidths than non-HII region clouds (at least for clouds

with diameters <25 parsecs). This suggests that part of the turbulent

kinetic energy of hot clouds is not derived from gravitational energy,

and as a result the virial theorem overestimates the mass of these

clouds

.

Since the question of a temperature dependence is currently

unsettled, we have adopted a constant CO-H2 proportionality factor for

all Virgo galaxies. If there is a linear temperature dependence then

the actual CO-H2 proportionality factor in the Virgo sample nay span a

factor of ~3, judging from the results of Young and Sanders (1986) and

the range in global dust temperatures deduced from the 60um/100ym flux

density ratios of Virgo galaxies. In order to ensure that the assump-

tion of a temperature-independent CO-H2 proportionality factor does not

influence any of our results, we will test relevant correlations in

Chapters V and VI for a dependence on the S50 ^jm/^lOO ym ^^atios.

The study of Scoville et al . (1987) does find tentative evidence

for a cloud size dependence on the Milky Way CO-H2 calibration (or

equivalently , a cloud density dependence, since cloud sizes are well

correlated with mean cloud densities). The magnitude of this possible
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dependence, which Is a factor of ~2 1„ the CO-H, propo.t lonaUty factor
tor a variation of a factor of ^ 1„ either the cloud diameter or n.a„
cloud density, agrees well with the theoretical predictions of DSS

(equations IV-2 and IV-4) Slnrp th^r-^ i^Hj, bince there Is no measurable parameter for
Virgo galaxies which is obviously correlated with the cloud size

distribution, it will be npppQcar,, ^^ iwiii De necessary to rely on theoretical arguments to

assess the importance of this effect on the results presented in

Chapters V and VI.

One physical parameter which does not explicitly appear in the DSS

analysis, yet ^st be considered, is the abundance of metals. In one

respect, variations in the metalllcity have little effect on the

CO-H2 calibration, since 12co is so optically thick. If it were

possible to remove 90% of the 12^0 „,olecules from a Milky Way molecular

cloud without otherwise altering it, the cloud-averaged 12^0 would

appear much the same, since neither the CO brightness temperature nor

the cloud velocity dispersion would change. The only difference would

be that the cloud would have a smaller apparent surface area in CO,

because the CO emission in the parts of the cloud with a small

H2 column density would become optically thin. However, since most of

the co-emitting surface of Milky Way molecular clouds is very optically

thick, this effect would be small.

On the other hand, the low CO intensities observed in Irregular

galaxies (e.g. Elme green, Elmegreen, and Morris 1980; Tacconi and Young

1985; Israel et al . 1986) may be at least partly due to a higher value

of the CO-H2 proportionality factor, which may in turn be related to
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their low metalllcitles. In a recent discussion on the weak CO

emission in the Magellanic Clouds, Israel e^. (1986) observe out

that the optical surface areas of giant dark clouds in both the LMC and

the SMC are similar to the surface areas of Milky Way molecular clouds,

yet the LMC and SMC molecular cloud co^lexes have CO brightness tem-

peratures -4 times l^er than typical Milky Way clouds. Israel et_al.

suggest that the stronger ultraviolet radiation field of the Magellanic

Clouds, together with their low metallicit ies and associated low dust-

to-gas ratios produce a CO-H2 proportionality factor which is a few

times higher than that in the Milky Way. However, we point out that

the abundance of H2 in the Clouds is still unknown. Thus, an alter-

native explanation for the CO emission in the Clouds is a dearth of

molecular gas.

Dust is generally believed to shield CO molecules from the destruc-

tive dissociating power of the UV radiation (although see Glassgold,

Huggins, and Langer (1985) on the possibility that CO might be

self-shielding). Thus the lower dust-to-gas ratio, lower metallicity,

and stronger UV field in the Magellanic Clouds all result in a decrease

in the apparent size of a CO-emitting region. (These effects may

therefore all be incorporated into the DSS formulation through the

cloud size parameter (1 or l^ax^ ^^'^^ cloud size is suitably

defined.) While their Individual effects on the CO-H2 proportionality

factor may not be large, their combined effect can be large. It is

important to note that these three effects are not completely indepen-

dent, and that all may result in part from a lower metallicity. Dust
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is formed from metals, so that a Wr dust-to-gas ratio is expected in

a low metallicity galaxy. Dust absorbs UV radiation and reradiates

energy in the infrared, so that in a galaxy with a lower dust content,

a higher fraction of the UV radiation avoids absorption. These effects

influence the abundances of both CO and but might be expected to

affect the abundance of CO more severely than that of Molecular

hydrogen is self -shielding, so that a lower dust-to-gas ratio does not

strongly affect the H2 destruction rate. However, H2 forms on the sur-

face of dust grains so that a lower dust-to-gas ratio reduces the

H2 formation rate. Thus, the characteristic of a lower dust-to-gas

ratio which affects the abundances of CO and H2 most differently is the

increased destruction rate of CO molecules. The physical properties of

the ISM in the Magellanic Clouds (i.e. lower dust-to-gas ratio, higher

UV radiation density) suggest that both CO and H2 abundances will be

reduced in the Clouds, but that the CO abundances may be more signifi-

cantly reduced. Consequently, the CO-H2 proportionality factor iray be

systematically higher in galaxies like the Magellanic Clouds.

It is likely that the possibly higher CO-H2 proportionality factor

in the Magellanic Clouds is associated with low metallicity, low galac-

tic mass, and low galactic luminosity. Bothun et al. (198A) interpret a

relation between (J-K) color and H magnitude for late-type cluster

galaxies as a relationship between metallicity and luminosity. If

their interpretation is correct, then the metallicity varies by 1 or 2

orders of magnitude over a range of 5 magnitudes in absolute lumino-

sity. In view of this result and the low ratio of CO luminosity to
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blue luminosity in low mass galaxies (Tacconi and Young 1985), we must

consider a possible luminosity-dependence to the CO-H2 calibration.

In one respect, a luminosity-dependent GO-H2 Proportionality factor

should not greatly affect results in this thesis, since the Virgo

galaxy sample was selected to have a range of only 2 magnitudes in blue

luminosity. The LMG is ~1.5 magnitudes fainter than the faintest Virgo

galaxy in our sample, so that if the adopted constant GO-H2 propor-

tionality factor becomes invalid below a certain threshhold luminosity

(or mass), then the effect on our results will be minimal. There is

reason to be cautious, however, since the difference in absolute magni-

tude between the Milky Way and the LMG is only ~2 magnitudes

(deVaucouleurs and Gorwin 1986). In order to ensure that the presence

of a luminosity-dependent GO-H2 proportionality factor does not affect

the results in Ghapters V and VI, we will test all of the relevant

correlations for a luminosity dependence.



CHAPTER V

MOLECULAR AND ATOMIC GAS PROPERTIES OF VIRGO SPIRALS

§1. Introduction

The aim of this chapter Is to determine how the CO properties of

the Virgo spirals have been altered by the cluster environment. An

effective way to assess this would be to compare the Virgo galaxies

with a suitable control sample of Isolated galaxies. However, the CO

data for such a control sample does not yet exist. Because of the

large amount of observing time required, it was not possible to collect

data for both a Virgo and an isolated galaxy sample. Instead, the ana-

lysis will be based on intercomparisons within the cluster. While it

is clearly preferable to have both Intracluster and cluster vs. non-

cluster comparisons, the intracluster comparisons do have several

advantages. 1.) Since the Virgo sample Is a complete, magnitude-

limited sample of galaxies at the same distance, all Virgo spirals

above some optical luminosity have been observed. The resulting lack

of strong selection effects contrasts with any Isolated galaxy com-

parison sample, which would contain galaxies at different distances

and therefore be subject to the Malmqulst bias and other selection

effects. 2.) All the galaxies are at the same distance (±20% due to

the 3-dlmenslonal nature of the cluster, see Chapter II), so that the

scatter which is Introduced in correlations because of distance uncer-

tainties is not a large factor here. 3.) Part of the analysis will be

129
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based on HI observations of a control sa.ple of Isolated galaxies, but

not CO observations. We will utilize the HI deficiency parameter,

which is a n^asure of a galaxy's HI content with respect to a typical

isolated galaxy. It is the comparison of the HI contents of Virgo and

isolated galaxies that lead to the conclusion that ^ny Virgo spirals

are deficient in atomic gas (Davies and Lewis 1973; Chamaraux et_al.

1980; Giovanelli and Haynes 1983). The "normal" HI content of a spiral

galaxy is now based on HI observations of over 300 isolated galaxies

(Haynes and Giovanelli 1984), a much larger sample than will be

attainable through CO measurements anytime in the near future. While

there are still some selection effects present in this HI isolated

galaxy sample, the large number of objects minimizes their impact on

our conclusions. In this chapter, comparisons are tiade between the CO

properties of the Hl-normal and Hl-deficlent Virgo galaxies. Under the

assumption that the Hl-normal Virgo spirals are "normal" in their CO

properties (i.e. typical of isolated galaxies), using the HI deficiency

parameter is tantamount to having a large body of CO data on isolated

galaxies.

§2. Optical and HI Data Used in Analysis

A compendium of the observed optical and HI data which will be

compared with the CO data is presented in Table 5.1. The morphological

types (column 2) used in this chapter's analyses are taken, where

possible, from Binggeli, Sandage, and Tammann (1985, hereafter BST),

who used high quality plate material for the galaxy classification.
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(6)

Explanation of Columns In Table 5.1:

(1) NGC number of galaxy.
(2) Morphological type, based mostly on Blngaeli q.^hTammann (1986), and coded according to?

1=S0 6=Sbc
2=S0/a 7=5c

8=Scd
'^^Sab 9=Sd-Sm

P=peculiarU; Blue optical magnitude B^o correctPd f^r- 4 i.

limits ar. 3.. Galaxies "uJ velocities „LT
"

confused with galactic HI enlsslo:: a^d ha" b::^corrected for this by the authors. NGCA567 and N0C4568

"cat'ed bv'lt^t
'"-=l'y; data source Indl-

rrrLt^ij:i\s-^-d^^rcruiiu:jrL'-?-rs?.-
aperture. «-eiii.raj. 4d

""t^rty^^i^^r:^- z --^e mdi.

''^VIJ^^^V:^ - indi-

"Vndicat"dT7l 't'^r^^' ^5-2' d-^a source
nn^ UT ^ "'^ ^''''^y column 11.UO) HI diameter asymmetry parameter, as defined in §5.2- data

(11) Refer!" 'f'^^^^-^
^y second entry in column 11.

'

(11) Reference key for HI data. The first entry indicates thesource of data for HI flux (colu™. 5), /l line w d h(column 6), effective HI diameter (column 7), and HI fluxasymmetry parameter (column 9). The second entry indi-cates the source of data for isophotal HI diameters
(column 8), and HI diameter asymmetry parameters (column

a=Giovanelli and Haynes 1983
b=Helou, Hoffman, and Salpeter 1984
c=Giovanardi, Krumm, and Salpeter 1983
d=Helou et al. 1981
e=Warmels 19 86
f =van Gorkom and Kotanyi 1986

(8)

(9)
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Table 5.1

Observed Optical & HI Properties of Virgo Galaxies

WI HI HIGalaxy Type B^o optical HI Flux Line Diameters Asymmetries Ref
Diameter Width Dgff Ahtv A„Tn
(arcmin) (Jy km s-l)(km s-l)(Ircmin)

(2) (3) (4) (5) (6) (7) (8) (9) (10) (ii)

4 064 3 11.74 3.9
4178 7 11.35 4.2
4192 5 10.31 7.8

4212 7 11.52 2.9
4216 5 10.29 6.3
4254 7 10.13 5.5
4293 3p 10.80 5.4

4298 7 11.75 2.9
4302 7 11.86 3.8
4303 7 9.95 6.2
4312 4 11. 97 3.6
4321 7 9.89 7.1

4380 4 11.98 3.4
4388 4 11.20 4.0
4394 5 11.47 4.1

4402 7 12.01 3.2

4419 3 11.73 2.8
4424 3 11.87 3.4

4438 5p 10.43 7.9
4450 4 10.63 4.7

4501 6 9.85 6.3

4526 1 10.15 5.9

4527 5 10.92 5.2

4532 9 11.69 3.0

4535 7 10.22 6.6
4536 7 10.52 6.5

4 548 5 10.72 5.4

4567 7 11.78 2.8

4568 7 11.27 4.0

4569 4 9.86 8.3

4571 7 11.63 3.8

4579 4 10.31 5.4

4639 5 11.88 2.8

4647 7 11.82 3.0

4651 7 10.99 3.6

4654 7 10.82 4.4

4689 7 11.34 4.1

4698 3 11.15 3.9

4710 1 11.30 3.9

4713 7 11.83 2.6

4808 7 11.93 2.3

4866 3 11.12 4.8

1.2 207 <2.2
66.6 277 4.8
83.7 477 8.8
12.0 282
33.7 546 6.4
72.0 268 4.2
<1.0 (>200)
12.9 273
25.7 383 5.1
99.1 175 6.6
1.8 227 <2.2

38.0 266 5.2
3.0 303 3.2

5.3 360 <2.6

4.7 171

7.2 289 <2.6

1.7 397

2.8 (>120) 2.3

6.1 350
4.4 317 <2.6

30.4 541 3.8
<0.7 _

116.0 381 9.0

42.3 208 3.2

85.3 290 7.6

69.1 304 6.2

10.7 264 3.8

21.4
211

338
12.4 399 3.2

15.1 163 5.4

11.2 366 3.8

15.8 292

8.2 209 <2.2

57.2 390

56.3 309 4.6

9.1 206 2.8

50.3 445

<1.7 ( >300)

58.2 186 4.9

85.3 280 6.3

28.2 557 10.6

b,
7 C/• 0 -0.04 0.00 a,e

II* 0 +0. 18 +0.09 a,e

7. 0 0.00 +0.09
b

a.e
O A +0.05 +0.14 a,e

c

b

b
Q A0. (J +U. 02 0. 00 a,e

b
7 0 1 A 1 A+U. L (J +0.06 a,e

b
1 A T c -0.09 a,e

A A0 d,e

0 (—U. JO 1 A 1 A \tO. 10

)

a,e

c

D

C

J. /
1 A 1 A
-KJ. 19 a,f

0. 0
1 A O £.+0.26 A It-0. 1

1

a.e

c

-0.04 a

b

8.6 -0.15 -0.04 a.e
-0.12 a

5.2 +0.09 -0.02 a.e
2.0 b,f

4.0 b,f

4.0 -0.04 -0.25 a.e

4.6 -0.13 -0.03 a,

a

4.8 -0.09 +0.21 a.e
4.6 -0.10 -K).07 d.e

>3.0 +0.02 b.f

8.1 +0.12 -K).07 d.e

7.2 -0.23 -0.25 a.e
3.6 -KD.IO b.e

9.8 -0.02 b.e

c

>8.0 -0.05 b.e

b

-0.15 a
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For the galaxies outside the range of the BST survey, RSA classifica-

tions are used, with one exception. Although the RSA classifies NGC

4064 as an SBc galaxy, we use the RC2 and UGC SBa classification. An

examination of the galaxy image on the Palomar Plates reveals that the

lew surface brightness outer disk is featureless, with no suggestion of

spiral structure. The inner region of the galaxy has a high surface

brightness area which appears to be bulge-dominated. With a msdium

value of the bulge-to-disk ratio (B/D) and very weak spiral structure,

NGC 4064 is more properly considered an early type galaxy. An Sa

classification is also consistent with the observation of Dressier

(1986) that early type cluster galaxies tend to have radial orbits in

the cluster, while late type cluster galaxies tend to have isotropic

orbits. NGC 4064 has a radial velocity which is only -200 km

s~^ different from the mean cluster velocity (compared to a llne-of-

sight velocity dispersion of 817 km s~^ for spirals; Huchra 1985), and

is located a distant 8.5° from M87, consistent with a predominantly

radial orbit.

Blue optical magnitudes, B^° (column 3), are taken from the care-

fully calibrated catalog of deVaucouleurs and Pence (1979), while the

corrections for inclination and galactic extinction, B^^-B^* are taken

from the RC2 (deVaucouleurs, deVaucouleurs, and Corwin 1976).

Isophotal optical diameters, Dq (column 4), which are measured in blue

light at an isophote of 25 mag arcsec"^ and are corrected for inclina-

tion and galactic extinction, are also taken from the RC2.

The HI flux data (column 5) are taken from several sources,
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although most of the data comes from the work of two groups, and all

were obtained with the sensitive Arecibo telescope. Since our Virgo

sample was chosen to be a subset of the Helou et al. (1981, 198A)

sample, HI fluxes for most of the galaxies can be found in their

papers. However, we have used the fluxes from Glovanelli and Haynes

(1983, hereafter GH83) where available, rather than those in Helou et

al. (1981), since GH83 sampled more positions along the major axis of

each galaxy, and calibrated the spectra more accurately, according to

GH83. For five of the SO-Sa galaxies, we have used the sensitive

measurements of Giovanardi, Krumm, and Salpeter (1983). For galaxies

observed by more than one group, agreement is generally very good,

except for those cases discussed by GH83. A comparison of the fluxes

for galaxies in common suggests that the typical 1 a uncertainty is

-20%.

There are several galaxies in the sample which are members of

binary systems (NGC A298, NGC 4302, NGC 4394, NGC 4567, NGC 4568, and

NGC 4647). Of these, there is one system which appears to be In close

contact. The interacting binary Sc pair NGC 4567/4568 Is unresolved by

the Arecibo beam (HPBW=3.2'); consequently the HI flux in column 5 is

given for the pair as a whole (Helou et al. 1984, hereafter HHS). On

the basis of the VLA map of this pair (van Gorkom and Kotanyi 1986),

which partially resolves the galaxies, it appears that 78 ±10% of the

emission is associated with NGC 4568 and 22±10% with NGC 4567.

However, since we wish to avoid complications due to the possible

transfer of loosely bound HI gas from one galaxy to the other, we will
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treat the pair as a single entity in comparisons of the global proper-

t ies

.

Global HI linewidths, which can be used to estimate total galactic

masses, are listed in column 6. These linewidths are measured at 20%

of the peak intensity. For galaxies which remain undetected in HI, a

Icwer limit to the global linewidth is provided by the CO linewidth in

the central 45". NGC 4A24 is also listed as a lower limit, even though

HI has been detected in it, since its line profile is suspiciously

small (Helou et al. 1984). It may be that HI is confined to the very

central region of this galaxy, so the HI line does not sample the

higher velocity outer disk regions.

Two types of HI diameters are used in the analysis, corresponding

to the CO isophotal and effective diameters. The effective HI diame-

ters (column 7) are obtained from 2 sources. GH83 have computed Dyg,

the diameter which contains 70% of the total HI flux, which is defined

in exactly the same way as the effective CO diameters in Chapter 3.

For galaxies not observed by GH83, but included in HHS, we have used

1.09D(l/e) as the effective HI diameter. D(l/e) is the diameter where

the HI flux falls to 1/e of the central position. This is a fundamen-

tally different quantity than Dyg, but HHS find that DyQ/Dd/e) =

1.09±0.14 for the galaxies in common with GH83.

Isophotal HI diameters (column 8) are measured where the face-on

HI surface density falls to 1 Mq pc"^^ and are taken from Warmels

(1986), if available, or van Gorkom and Kotanyi (1986). The values

from the Westerbork observations of Warmels have been corrected for
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inclination by the author. The values for the VU observations of van

Gorkom and Kotanyi have been corrected by cos (inclination). With two

exceptions, there is excellent agreement between the Westerbork and VLA

isophotal diameters. The Westerbork diameters are significantly larger

for both NGC A569 (Dw/DvLA=l- ^5) and NGC A579 (Dy /Dvla=1. 60). For the

other 10 galaxies in common, Dy/DyLA=1.09±0.09. Since the synthesized

beams for the VLA observations of NGC 4569 and NGC 4579 are smaller

than the beams for the Westerbork observations and most of the other

VLA observations, it may be that the VLA maps of NGC 4569 and NGC 4579

have missed some extended emission in these galaxies.

Two types of asymmetry parameters are listed in Table 5.1: HI

flux and HI diameter asymmetry parameters. The HI flux asymmetry para-

meter (column 9) is based on Arecibo observations (GH83 and HHS), and

is defined in the same way as the CO flux asymmetry parameter (see

equation III-12). Both CO and HI flux asymmetry parameters are

measured along the major axes of the galaxies, yet the large difference

in resolution (4 5" for CO vs. 3.2* for HI) and radial distributions

means that the same regions are not being compared.

The HI diameter asymmetry parameter (column 10) is taken from

Warmels (1986), but with a different sign convention. Warmels defined

a positive asymmetry in the case of a gala>Qr with a larger HI extent on

the eastern side; we define a positive asymmetry if the HI extent is

greater on the side closest to M87. Thus, for galaxies west of M87,

the sign of A[^j;q in column 10 is the same as Warmels, while for

galaxies east of M87, the signs are reversed. There are important dif-
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ferences between the Westerbork Ahiq and A^qq defined In III. 7. The

Westerbork observations sampled the entire galaxy and measured asym-

metries along east^est axes, while the CO observations undersampled

the emission and measured asymmetries along the major axes.

Furthermore, the HI diameters are measured further out in the disk and

at a Iwer surface density than the CO diameters (1.0 Mq pc"2 for HI

vs. 6.8 Mq pc"2 for CO). Apart from these differences, Ahid is defined

in the same way as Aqqd (equation III-ll).

A summary of derived galaxy properties, using the observed quan-

tities from Table 5.1, is presented in Table 5.2. The distance to

every galaxy is assumed to be 20 Mpc. Columns 2 and 3 give the blue

optical luminosities and linear diameters. Columns A and 5 list quan-

tities which are related to the galactic mass. The mass of a galaxy

within a given radius can be determined from its rotation curve. Under

the assumption of a spherical mass distribution, the mass contained

within a radius R, M(R), is given in Mq by:

M(R) = 6.7x10^ R D V(R)2 (V-1)

where R is in arcminutes, the distance D is in megaparsecs, and the

rotational velocity V(R) in the plane of the galaxy at a galactocentric

distance R is in km s"-'-. Most galaxies have rotation curves which are

flat, or which rise slowly in the outer disk (Rubin et al . 1985),

allowing V(R) to be approximated as a constant in the outer disk.

Widely available HI linewidths, W^j, can be used to estimate the maxi-

mum rotational velocity, Vjn^^* ^ relation:
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E>q)lanation of Columns in Table 5.2:

(1) NGC number of galaxy.

(2) Blue optical luminosity, from 8^°, assuming 0.00 magnitudes
equals 44A0 Jy (Johnson 1966), L„ = 3. 9xlo33 ^-g .-l
D = 20 Mpc.

^

(3) Linear blue optical diameter, from Dq (RG2).

(4) Maximum rotation velocity in disk, computed from W^j =

2(VnaxSin(i)+Vt); values in quotes are lower limits from
central 45" GO linewidths.

(5) Total (indicative) mass within the 25.0 mag arcsec"^
isophote; computed fromM(R) = 6. 7x1 O^lDVniax^, with M(R)
in Mq, R in kpc, D in Mpc, and V^^^ in km s"!

; values in
quotes are lower limits from central 45" GO linewidths.

(6) HI mass, computed from M^i = 2. 36x10^d^Shi, ^^^^ M^j- in M
,

D in Mpc, and in Jy km s"!, upper limits are 3 a.

°

(7) HI deficiency parameter, as defined in §5.2.

(8) Luminosity in G0(J=lO) emission line, upper limits are 2 a.

(9) H2 mass, computed from M^^ = 1. IxIO^D^Scq' "^^^^ ^Hn
D in Mpc, Sco upper limits are 2 a.
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Table 5.2

Derived Optical. HI. CO. and Mass Properties of Virgo Galaxies

Galaxy Lg D^p, v^^ H^^^

NGC (109 (^p,) 3-1^ ^^^9 ^^^3 ^^^3 ^^^^2^
^

<1) (2) (3) (4) (5) (6)

o

(7) (8) (9)

J''.t
" 26 1.1 0.99 4.4 4.1

62.9 -0.13 2.9 2.6

0.35 29.5 27.3
68.0 0.02 143.0 132.0

12.9 11.9
0.54 31.4 29.0

4178 18.0 24 135 52

till 'I'l
^5 236 290 79.0 ^09 u/j

lid i7*« \l
11-3 0.44 24.3 22.44216 47.8 37 265 296 31.8

4254 55.4 32 260 249
^293 29.9 31 (>91) (>30) <0.9
4298 12.5 17 135 36 12.2
^302 11.3 22 180 82 24.3 0.15 29!5 27*.3
4303 65.3 36 179 133 93.6 0.17 109.0 100.0
4312 10.2 21 104 26 1.7 1.27, 7.6 7.0
^321 69.1 41 258 316 35.9 0.52 159.0 147.0
^380 10.1 20 170 66 2.8 1.05 <2.9 <2.6
4388 20.7 23 171 79 5.0 1.06 10.9 10.1
4394 16.1 24 174 83 4.4 0.85 13.3 12.3
^^02 9.8 19 137 40 6.8 0.61 30.0 27.7
4419 12.7 16 203 77 1.6 1.06 43.8 40.5
^^24 U.l 20 (>55) (>7) 2.6 1.09 2.7 2.4
4438 42.0 46 176 164 5.8 1.28 10.0 9.2
4450 34.9 27 207 135 4.2 1.31 21.4 19.8
^501 71.6 37 305 392 28.7 0.47 105.0 96.8
4526 54.3 34 - - <o.7 - <4.3 <A.O
4527 26.7 30 188 123 110.0 -0.35 86.2 79.6
4532 13.2 17 106 23 40.0 -0.30 <2.9 <2.

6

4535 51.0 38 195 168 80.5 0.17 74.7 69.1
4536 37.6 38 152 101 65.2 0.03 35.2 32.6
4548 32.2 31 199 144 10.1 0.86 25.7 23.8
^567 12.1 16 130 32 , _

, ^ _ 23.8 22.0
4568 19.4 23 175 82 ^

^"'^ ^'^^
51.9 48.0

4569 71.0 48 210 246 11.7 0.99 71.4 66.0
4571 13.9 22 113 32 14.3 0.44 18.1 16.7
4579 46.9 31 284 292 10.6 1.00 43.3 40.0
4639 11.0 16 190 67 14.9 0.16 <3.3 <3.0
4647 11.7 17 157 50 7.7 0.51 28.6 26.4
4651 25.1 21 254 156 54.0 -0.16 16.7 15.4
4654 29.3 26 181 96 53.1 0.00 34.7 32.1
4689 18.2 24 182 91 8.6 1.06 33.8 31.2
4698 21.6 23 251 165 47.5 0.25 <4.3 <4.0

4710 18.8 23 (>138) ( >50) <1.6 - 9.5 8.8
4713 11.6 15 107 20 54.9 -0.30 <3.3 <3.

1

4808 10. 3 13 141 31 80.5 -0.68 <4.8 <4.4

4866 22.2 28 267 23 26.6 0.24 <A.3 <4.0
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%I = 2(V„3^sln(i) + V,) (v-2)

where I is the galaxy Inclination, and is the non-rotational

(turbulent) velocity component. Values for V^^ are listed in column

4, using the HI linewidths from Table 5.1, and assuming that = 10 km

In column 5, we list H^^^, the total (indicative) mass within the

2 5 mag arcsec ^ blue tsophote (Do/2), under the assumption that Vmax

V(Do/2).

The total HI mass, in column 6, is computed from the standard

relation:

= 2.36xl05 d2 Shi (v-3)

where M^j; is in M^, D is the distance in Mpc, and S^j- is in Jy km s"!.

As a measure of the 'normalcy' of the HI content of the Virgo

galaxies, we employ the HI deficiency parameter of GH83, which is simi-

lar to the original measure of HI deficiency by Ghamaraux et al.

(1980). In a study of the HI content of 32A isolated galaxies, Haynes

and Giovanelli (1984, hereafter HG84) demonstrated that the HI mass of

an isolated galaxy depends mainly on its optical diameter, and only

slightly on its morphological type. Their detailed study confirms the

original suggestion by Shostak (1978) that the HI surface density

averaged over the optical disk is nearly constant among (isolated)

galaxies. Since the type dependence for types Sa-Sm is slight, we

follow GH83 in adopting an HI deficiency parameter which is Independent

of morphological type. The formula we use for the 'expected' HI mass
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is (GH83);

log Mh
J-
(Isolated) = 7.01 + 0.88 log (^.^^

where Mhi is measured in solar units, and the optical diameter D^p^ in

this relation is the Holmberg diameter, measured in kiloparsecs to a

surface brightness of 26.5 mag arcsec-2. The good correlation of HI

mass and optical diameter in isolated galaxies allows a useful parame-

terization of the normalcy of any galajgr's HI content to be defined as

(GH83):

HI def = log (isolated) - log Mjjj(actual) . (V-5)

HI deficiency values for the Virgo sample are listed in column 7 of

Table 5.2. These have been taken from Giovanelli and Haynes (1985), or

confuted according to the precepts in GH83. Although we have adopted a

type-independent HI deficiency parameter, there is evidence (e.g. HG84)

that isolated Sa-Sab galaxies have, on average, -0.1-0.2 dex less HI

mass for their optical area than late type spirals. The magnitude of

this effect is comparable to the Ict scatter in HI masses for isolated

galaxies of a given type and optical size, which is -0.2 in the log

(HG84), In order to be cautious about the possible type dependence, we

will analyze early and late type spirals separately.

It is important to emphasize, as have Chamaraux et al. (1986),

that the HI deficiency parameter only has meaning in a statistical

sense. HI def does not represent the actual HI deficiency of a galaxy,

but the deficienqr it would have if its "initial" HI content were

exactly the same as the average for its type and size. From the
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scatter In the HI masses in Isolated galaxies of a given type and opti-

cal diameter, we deduce that the HI deficiency parameter yields the

actual HI deficiency to within a la uncertainty of -0.2.

Finally, we point out that the "normal" HI content of SO galaxies

is not well established, due to the large fraction of SO's which remain

undetected (e.g. Wardle and Knapp 1986; Chamaraux et al . 1986).

Because of this, it is not possible to define an HI deficiency para-

meter for SO's. There are 2 Virgo SO galaxies (NGC A526 and NGC 4710)

which are not part of the complete, magnitude-limited sample, yet were

mapped in CO. These galaxies, which remain undetected in HI, will not

be included in any analysts which utilizes the HI deficiency parameter.

In addition, NGC 4293, which is classified as a Sa pec by BST and as

SBO/a by RC2 and is part of the conplete, magnitude-limited sample,

will not be included in any HI deficiency plots. It too remains unde-

tected in HI despite a sensitive search. From Its 3 a upper limit on HI

flux (Giovanardi, Krumm, and Salpeter 19 83), equations V-1 and V-2

would yield HI def > 1.80 for NGC 4293, an extremely large value. On

the basis of its early type classification, its low HI content, and

other similarities to NGC 4710, we will discuss NGC 4293 together with

NGC 4526 and NGC 4710 separately in Chapter VI.

The total luminosity in the CO line, in solar units, is listed in

column 8. The total mass of molecular hydrogen, given in column 9, is

computed from:

= 1.1x10^ Sco (V-6)
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where is In M^, D is In Mpc, and S^q is in Jy km s"!. This rela-

tion, which is derived in §IV.4, is based on a CO-H2 proportionality

factor X = 2.8xl020 H2 cm-2 k(Tr)-1 km"! s.

§3. Comparison of CO Luminosities

with Galaxian Mass and Optical Properties

In order to assess how 'normal' the CO emission is in Virgo

cLister galaxies, it is necessary to find a parameter which compensates

for the size, or mass, or number of stars within the galaxies. This is

best done with CO observations of a large sample of isolated galaxies,

which do not yet exist. Hence we examine the Virgo sample itself for

a suitable normalization parameter. Cluster interaction-related pheno-

mena add scatter to all the correlations which are presented, and may

even introduce systematic trends, thereby reducing their reliability as

predictors of 'normal' or 'average' behavior. For our purposes,

however, the normalization relations derived from the Virgo sample will

prove adequate.

One way to assess the normalcy of CO emission is to compare it

with emission from starlight. For this purpose, it would be desirable

to use light in a band which is dominated by old stars, such as H band

(1.6 ym). Since H magnitudes are not available for the entire Virgo

sample, readily available B magnitudes are used instead. B magnitudes

are less than an ideal choice, since different stellar populations

contribute to the blue light from galaxies. It has been estimated

(e.g. Schweizer 19 76) that as much as ~50-70% of the blue light in



144

•normal- galaxies with small B/D arises from stars which are less than

2xl09 years old. Thus ^30-50% of the blue light from Sc galaxies comes

from older stars, while for galaxies with larger B/D, the fraction

coming from old stars is even larger. Since the contribution to the

blue light from recent star formation varies significantly among

galaxies, we mast identify possible biases which may affect the conclu-

sions. One important bias has been identified. Since the sample

galaxies were chosen on the basis of their blue magnitudes, the lower

luminosity end of the sample will contain low mass galaxies with blue

B-H colors that are actively forming stars. Yet, spirals of comparable

mass, but with redder B-H colors and less star formation, will fall

below the magnitude cutoff, and not be included in the sample. The

effects of this bias will be discussed where relevant.

Global CO fluxes are plotted vs. 8^° in Figure 5.1a, where the

different symbols represent different morphological types. The same

data, but with error bars plotted, appear in Figure 5.1b. In order to

enable the reader to more clearly identify the different morphological

types, all subsequent figures will display only a mean error bar.

Figures 5.2 and 5.3 display CO fluxes vs. the blue isophotal optical

diameters and indicative masses. The relations exhibited in Figures

5.1 - 5.3 are all very similar. Although there are significant corre-

lations in Figures 5.1 - 5.3, there is also a large amount of scatter.

As a result of the analysis presented in this chapter, we have iden-

tified 2 parameters which contribute to this scatter—the HI content

and the morphological type.
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blue luminosity, both in solar units, assuming D = 20 Mpc. 2a upper
limits are plotted. The different symbols represent different morpho-
logical types, and are coded according to the legend. These same sym-
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error bar symbol represents the mean ±la uncertainty in each coordin-
ate.



Figure 5.1b Same as Figure 5.1a, with Individual error bars
plotted.
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Stark et_al. (1986) compared global CO fluxes with total blue

fluxes m 47 Virgo galaxies, and also found a large amount of

scatter, but did not discuss whether the scatter was correlated with

morphological type or any other parameter. Reasonably good correla-

tions for separate morphological types between the CO and blue

emission for the central 50" of 25 Virgo spirals were shown by Young,

Scoville, and Brady (1985). Although there is a tendency for the

Sbc-Sm galaxies to lie above the Sa-Sb galaxies in Figures 5.1 - 5.3,

the least squares fits summarized in Table 5.3 show that this is not

a significant difference if all the Sbc-Sm galaxies are considered.

Omitting all galaxies with HI def < 0 significantly reduces the

scatter for the late type galaxies, but does not significantly alter

the fits to the early type galaxies, since there is only one Sa-Sb

galaxy with HI def < 0. Since the amount of scatter in the Lqq vs.

"^opt » ^tot PlQ'^es for Sc galaxies alone are greater than the

difference between morphological types, the dependence of CO emission

on morphological type will be deferred until §V. 10. The discussion

in the remainder of this section will concentrate on the other causes

of scatter.

Among the Sc galaxies, there is an order of magnitude variation

in the I-cq/^b* '^Go/^opt^* ^^^^ ^CO^'^tot '^^tios. Examination of Figure

5.2 reveals that among the 14 Sc-Sm galaxies in the magnitude range

1 0. 9 <B^° <12. 0, there are 5 galaxies with a mean L^g/Dopt^ that is a

factor of ~5 lower than the other 9 galaxies in this group. The large
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2scatter in Lco/D^pt^ for Sc-Sm galaxies Is due almost entirely to these

5 galaxies. In Figures 5.4 and 5.5, we plot L,,/^^^^2 .^^^^^^^

fromM87, and vs. HI deficiency, and show that in every case these

galaxies are Hl-rich systems which are further than 4.5° from M87.

There are no Sc galaxies brighter than &rO=10.9 which have

Lco/Dopt^ this low. We note that the higher luminosity, Hl-normal, Sc

galaxies in the outer cluster (NGC 4303, NGC 4536) have

^Co/Dopt^ values comparable to the Sc galaxies in the central part of

the cluster.

The results of least squares fits to log(LGo/Dopt2) vs. HI defi-

ciency for various galaxy samples are summarized in Table 5.3. For the

Sab-Sb galaxies, there is no significant correlation between

^co/'^opt^ and HI deficiency (significant at less than the 90% con-

fidence level). However, it is difficult to detect such an effect,

since most of the early type galaxies are located in the cluster core,

and most of them are HI deficient. Conversely, the fit to the Sbc-Sm

galaxies yields a correlation coefficient of r=0.63, which is signifi-

cant at the 99.5% level. Considering that all the Sc CO upper limits

are for galaxies with HI def < 0, the true correlation is even more

significant than this estimate implies.

In Figure 5.6, histograms of the Lco/^opt"^ ratios are plotted for

3 samples from the Virgo Sbc-Sm galaxies: those with B^*^<11.0, those

with 11.0<Bi-^<12.0 and HI def<0, and those with 1 1. 0<Bx°<12.0 and HI

def>0. The distributions of ^co/^opt^ the same in the 2 sarqjles

described by Bt°<11.0, and 1 1. 0<Bt°<1 2. 0 with HI def>0. The distribu-
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Figure 5.6 Histograms of log(Lco/Dopt ) for 3 subsets of the
Virgo Sbc-Sm galaxies: those with 11.0<Bt <12.0 and HI def<0.00; those
v^ith 11.0<B'p°<12.0 and HI def>0.00; and those with Bt^<11.0. 2a upper
limits are indicated by shading. The fainter, Hl-rich galaxies have
the smallest values of LcO^'-'opt^'
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Table 5.3

Least Squares Fitting Results for Various Gas Quantities^

y" Galaxies Fit Slope nt'<a mt^n t" r Notes

Lr,B 39 Sa-Sm 1 on +A o oi . ^ U . 2 2 -8.08±2.24 0.66 d
18 Sa-Sb 1. 2 5 ±0. 30 -8. 88 ±3. 12 0.69
21 Sbc-Sm 1. 2 1 ±0. 25 -8.10±2.62 0.72
16 Sbc-Sra 0.83±0.11 -3. 9 5±1. 12 . o y

HI def>0

opt 39 Sa-Sm 1 s Q +n A A
1. 65±0.64 0.54 d

18 Sa-Sb 1. 36±0. 93 0.57
2 1 O U O 111 /. 4o iU. jU 1.04±0. 69 0.73
16 Sbc-Sm 1. 64 ±0.31 2.36±0.44 0. 80

HI def>0

Leo Mind 38 Sa-Sm 0.78±0. 16 -4. 19 ±1.77 0.60 d
17 Sa-Sb 0.61 ±0.21 -2.62±2.36 0.55
21 Sbc-Sm 1 1 1 1 7 - / . 6 5 ±1 . 0 5 0. 82
16 Sbc-Sm n 7 Q +c\ 1 n Q O £1 -1-1 r\ c-J. y 0 ±1. 06 0. 90

HI def>0

Leo/Dopt^ HI def 39 Sa-Sm -0.09 ±0.13 -A.46iO. 10 -0.11 d
13 Sab-Sb -0.28 ±0.17 -4.47±0.15 -0.4 5

21 Sbc-Sm 0.58±0. 16 -4.44+0.08 0.63
16 Sbc-Sm 0. 17 ±0.1 7 -4.2110.08 0.26

HI def>0

M(HI-Hi2)/Dopt2 HI def 18 Sa-Sb -0.54±0. 13 0.95±0. 11 -0.69
21 Sbc-Sm -0.33±0.08 1.17±0.04 -0.7 0

M(H2)/M(HI) HI def 18 Sa-Sb 0.9 3 ±0.20 -0.52±0.18 0.73 d

21 Sbc-Sm 1.46 ±0.18 -0.39 ±0.08 0.90
16 Sbc-Sm 0.85+0. 16 0.06+0.08 0.80

HI def>0



155

Table 5. 3, (cont. )

Xb Galaxies Fit Slope x-lntercept

——

Notes

HI def 3 3 Sa-Sd —n 11 'ri\ 11\J , /. 1 —U , i i -0. 02 to. 06 -0.41 e,fin Inner galaxy 8 Sab-Sb -0. OA -to. 2 3 -0. 15 -to. 18 -0. 0 5
24 k> U 0 Ll -0.38±0.09 0.03+0.04 -0.64
17 Sbc-Sd 0. 02 to. 07 -0. 52

HI def>0

M (I1I)/M (H2) HI def 22 Sa-Sm -0.67 to. 16 -0. 24 to 09
in Inner galaxy 8 Sab-Sb -0.68 to. 23 -0.10 to. 17 -0.69

13 Sbc-Sc -0.9 8+0.26 -0.24iO.12 -0.78
10 Sbc-Sc -0.A3+0. 14 -0.54 'O.07 -0.69

HI def>0

SeOym/^lOOym HI def 39 Sa-Sm -0.05 ±0.04 -0.41 +O.03 -0. 17
18 Sa-Sb 0.03t0.07 -0.48 it). 07 0. 10
2 1 Sbc-Sm -0. 12 to. 06 -0.39 ±0.03 -0.40

Notes to Table 5. 3:

a) Tabulated quantities are the result of fits to the equation:

log y = m log X + b

where m is the slope, and b is the x-intercept. The logarithm of
all quantities listed in columns I and 2 have been fit, with the
exception of HI deficiency, which is already a logarithmic quan-
t ity.

b) Units are solar luminosities, solar masses, and kiloparsecs.

c) Correlation coefficient.

d) 2a upper limits are treated as detections.

e) Some Virgo galaxies which are not part of the CO sample are included
here.

f) The slope of -0.04 ±0.23 for the Sab-Sb galaxies includes the discre-
pant galaxy NGC 4388, whose HI map is noisy. The slope with

NGC 4388 removed from the sample is -0. 30t0.12.
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tion for the fainter Sbc-Sm galaxies which are Hl-rich (i.e. HI def<0)

are completely different from the other two samples, with a nuch lower

mean value of Lcq/U^^^^^ ^^^^^ overlap. An examination of

Figures 5.1-5.6 indicates that the CO properties do not vary smoothly

with either HI deficiency or distance from M87, but are instead bimodal

in nature. This is confirmed by the fits summarized in Table 5.3. In

particular, although there is a significant correlation between

log(Lco/Dopt^) and HI deficiency when all the Sbc-Sm galaxies are

included, there is no significant correlation when only those Sbc-Sm

galaxies with positive HI deficiencies are considered.

The properties of these 2 populations of GO-rich and GO-poor lower

luminosity late type galaxies are summarized in Table 5.4. While the 2

samples have nearly identical distributions of blue luminosity, optical

diameter, and total (indicative) mass, their Lco/^b* I^Go/^opt^» and

Lco/^'^tot i^atios differ by factors of >5-7. Lest we junp to arry hasty

conclusions, we must first evaluate whether the known systematic dif-

ferences in the optical colors, optical diameters, and HI linewidths

between the Hl-deficient and non-HI-def icient galaxies are large enough

to cause the 2 samples to differ in Lg, ^opt"^* ^tot ^ factor of

5.

Kennicutt (1983) showed that the B-V colors of Virgo Sc's are

redder than those of typical field Sc's. In Chapter VI, we find a dif-

ference of 0.26 magnitudes in B-V between the CO-rich and CO-poor lower

luminosity Sc's. H magnitudes, which are dominated by the light from

older stars, are not available for the entire sample. However, Bothun



Table 5.4

Mean Properties of Virgo Sc-Sm Galaxies with 10.9 12.0

Quantity^ lied 11 V d j.ue OC
HI Def < 0

Quantity
HI Def > 0

Difference

Nunbp rLi U III l^Va* JL 5 oC

1 OP T.n-L "-'6 '-•5 10. 17 ±0.07 10 1 ^ +f) n 0.08 (1.1 a)

lop D 1-2J-^fS '-'opt 2. 49 ±0. 10 0.08 (0.8 a)

lot? M»--»«-^^b "tot 10.61 ±0. 16 10.72 ±0.06 0.11 (0.7 a)

lOR LpA <3.67±0. 14^ 4. 46 ±0.04 >0.79 ( >5. 6 0)

lOP L/^A /Lid <-6.51±0. 10^ -5.67 ±0.04 >0.84 ( >8. 4 a)

log Lco/Dopt^ <1.22±0. 11^ 1.88±0.05 >0. 72 ( >6. 5 a)

log Lco/^tot <-6.90±0.0 3d -6.27±0.04 >0.69 (>17 a)

HI Deficiency -0.31 ±0.09 0.56 ±0.08 0.8 7 (9.7 a)

Cluster Location 4.7°-10.2° 1.4''-4.2°

Notes to Table 5.4:

a) Units are Lq, M^, and kiloparsecs.

b) The quoted errors reflect the uncertainties in the means.
In order to get the dispersions, multiply by

c) Five of the nine galaxies are members of galaxy pairs; the

means for the 4 non-pair galaxies are within 1 a of the

means for the 5 paired galaxies.

d) Gonputed using the 2a upper limits for NGC 4532, NGC 4713,

and NGG 4808.
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et al. (1984) find that A(B-V)t<^ = 0 26 P^npraii,, ^w V /n|^ u.^D generally corresponds to

A(B-H)_o.5 = 0-8 for late-type galaxies in the Pegasus I and Pisces

clusters. This translates into a factor of 2 enhancement (0.32 dex) of

the B luminosity relative to that in the H band. This suggests that

the mean log(Lco/LH) values differ for the 2 samples by >0.52 dex.

Thus the GO luminosities in the Hl-deficient sample are >3. 3 times

greater, in the mean, than their Hl-rich counterparts, when H magnitu-

des are used to normalize the CO luminosities.

Peterson, Strom, and Strom (1979) have presented evidence that the

blue optical diameters of Virgo cluster spirals of a given magnitude

(at the 26.6 mag arsec"^ isophote) are -30% smaller than those in the

Hercules cluster (although see Bosma 1985 on a possible problem with

the diameter and magnitude absorption corrections). If such a dif-

ference exists between the Hl-deficient and non-HI-def icient lower

luminosity late type Virgo spirals at the 25 mag arcsec"^ isophotal

level, then the difference in optical surface areas between the 2

samples might be 70%. If present, this effect would reduce the dif-

ference in log(Lco/^opt'^) between the 2 samples, but only from 0.72 dex

to 0.57 dex.

The method used to estimate total (indicative) masses is not free

from systematic errors. Since the total mass M(R) ~ RVj^^-^, the total

mass determination is plagued by not only systematic uncertainties in

the optical diameters, but by systematic uncertainties in the

inclination-corrected linewidths. Since V^gj^ ~ Wj|];/sin(i ), Vj^^^ is

subject to uncertainties in both the measured linewidth and the incli-
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nation correction, which is largest for low inclination galaxies. All

5 galaxies in the Hl-rich sample have i>45% so the uncertainty in

their inclination corrections is small. Although 3 of the 9 Hl-poor

galaxies have i<A5% their omission does not significantly alter the

mean L^o/Mtot ratio of the Hl-rich sample.

A much larger concern is that the HI linewidths used to infer

Vmax systematically smaller in the Hl-deficient systems due to the

removal of HI from the outer disk. Stauffer, Kenney, and Young (1986)

have shown that the global HI linewidth of the Virgo spiral NGC 4569

significantly underestimates its maximum rotational velocity. NGC 4569

has almost no HI in the outer disk, where the highest velocities are

found, probably as the result of an Interaction with the intracluster

medium. Although NGC 4569 is an extreme example, Stauffer, Kenney, and

Young find a difference of ~0. 1 dex in velocity widths between

non-HI-def icient Virgo spirals and those which are Hl-deficient by more

than a factor of 3. If a linewidth difference of this magnitude is

appropriate between the Hl-rich and Hl-poor lower luminosity late type

Virgo samples, then the systematic uncertainty in indicative mass esti-

mates may be as large as a factor of 2, if a 30% difference in disk

diameters is also included. Thus a liberal estimate of the systematic

error in mass determination reduces the difference in log(L(^o/^tot ^

between the 2 samples from 0.69 to 0.39, but cannot completely account

for the difference. We therefore conclude that the differences in the

L(^o/^B» ^CO''^opt^» ^CO^'^tot ^^^^^^ 2 samples are due predo-

minantly to a difference of a factor of >2-4 in the CO luminosities.
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Thus the magnitudes of these biases are not large enough to give

all the Virgo Sc galaxies the same ratio of CO luminosity to total

mass. However, the existence of these biases (particularly the defi-

nite bias in B-V colors) indicates that the Hl-rich, GO-poor galaxies

may have smaller masses, on average, than the Hl-poor, CO-rich galaxies

of the same blue magnitude. As such, it is possible that the ISM dif-

ferences between the Hl-rich, CO-poor and Hl-poor, CO-rich lower lumi-

nosity late type Virgo galaxies are partly or entirely due to

differences in galaxy mass. Alternatively, there are 2 other explana-

tions for the observed anti-correlation in atomic and molecular gas

masses in the lower luminosity late type galaxies. The first is that

some process in the cluster core enhances the conversion of HI into

H2 in low-mass, small B/D galaxies. The second possibility is that the

co-poor, Hl-rich galaxies in the outer cluster are younger than the

galaxies in the central part of the cluster, and younger than the typi-

cal Isolated galaxy. These hypotheses are discussed in §V.9.

Is a systematic difference in the C0-li2 proportionality factor

responsible for the difference in GO luminosities between the 2

samples? We believe not. The very fact that the GO-poor galaxies are

Hl-rich, while the GO-rich galaxies are Hl-poor, suggests that GO is

representing the molecular gas mass in both sanples. The possibilities

of a systematic difference in the CO-H2 proportionality factors are

more fully discussed in §V.ll. We note here briefly that the mean

S60ym/^100pm ^^^tios, which indicate dust temperatures, are the same for

the 2 samples. While the relationship between gas and dust temperature
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is unknown, It is unlikely that hotter molecular gas in the Hl-poor

sample enhances the CO luminosity.

§4. Comparison of Global CO & HI Fluxes

4.1 Introduction

If there were no interplay between the stars and ISM in a galaxy,

then the atomic and molecular components of a galaxy's ISM could

respond in 3 general ways to the event which causes a given Virgo

galaxy to be Hl-def icient. A) The HI is converted into H2, so that the

total gas mass (Hl4+i2) remains constant. B) The HI is removed from the

galajqr, but the H2 is unaffected. C) Both the HI and H2 components

become deficient in equal proportion. B and G may be considered spe-

cial cases of the more general case in which the H2-def iciency is some

fraction of the Hl-def iciency

.

Obviously, these three cases represent an oversimplification of

reality. The true evolution of the HI and H2 content of all galaxies

depends upon the detailed interplay of HI, H2» and stars. Normal evo-

lution changes the HI and H2 content of galaxies, as gas cycles between

the atomic and molecular phases, as gas is used up to form stars, and

as stellar mass loss returns gas to the ISM. In environmentally-

altered Virgo galaxies, any of these processes may occur at rates which

differ from those in unaltered galaxies. In the following, we e^qplore

the gas evolution history of Virgo spirals under the simplifying

assunptlon that the interplay between gas and stars does not signlfi-
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cantly alter the relative amounts of HI and H2 In the Hl-def ic lent

Virgo spirals. This assumption seems reasonable on 2 grounds. While

the current star formation rates in Hl-deficient Virgo spirals are

reduced (Kennlcutt 1983; Chapter VI), the magnitude of the SFR reduc-

tion is not as great as the magnitude of the HI deficiency. The analy-

sis in Chapter VI shows that the galaxies which are globally deficient

in HI by a factor of 10 have had their SFR reduced by no more than a

factor of 2-3, in the mean. Second, since significant stellar mass

loss occurs in the older stellar population (Faber and Gallagher 1976),

the change in the stellar mass loss rate in Hl-deficient galaxies will

be even less than the change in the current SFR.

Even without the complicating effects of star formation and

stellar mass loss, the evolution of the HI and H2 phases over time may

hide the original nature of the ISM-ICM interaction. For example, it

is conceivable that the HI and H2 phases are in equilibrium. Suppose

that all of a galajqr's HI is swept away, but all the molecular gas

remains. If disruptive events associated with star formation in mole-

cular clouds return a significant fraction of gas to the atomic phase,

then a galaxy may evolve to become equally deficient in both HI and H2,

even though only atomic gas was removed in the original event. If the

time scale to acheive this hypothetical equilibrium were short enough,

and Virgo galaxies were found to be deficient in CO, then it would not

be possible to distinguish widescale molecular gas-stripping from

rapid, post-HI-stripping conversion of HI into H2'

Furthermore, all three possibilities outlined above may be mani-
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fest among the galaxies in the Virgo cluster, or even within a single

galaxy. The nature of the ICM-ISM interaction is likely to depend upon

the galaxy's velocity with respect to the IGM, the inclination of the

disk with respect to the galaxy's velocity vector, the density of the

ICM (hence the orbit of the galaxy through the cluster), the local ISM

surface density, and the total mass surface density of the galactic

disk. Since these parameters vary among the Virgo galaxies, and some

of them vary within a single galaxy, there are good reasons for

expecting scatter in any comparison of the relative amounts of atomic

and molecular gas.

A final complication arises from the different radial distribu-

tions of the atomic and molecular gas conponents in galaxies. It is

possible that the inner and outer galaxy are affected differently by

cluster processes, and that any differences in the HI and CO properties

are merely a by-product of the tighter concentration of molecular gas

in the inner regions of spiral galaxies. This important subject is

discussed in §V.6.

A. 2 Theoretical Gas Evolution Tracks

With these complications in mind, we present two comparisons of

the relative amounts of atomic and molecular gas which will help

discriminate between different gas-evolution scenarios. In Figures

5.7a and 5.8a, we present the ^qq/^hi ^nd M(HI-Hl2 )/Dqpj.2 ratios as a

function of HI deficiency. Since both Lqq and M^j- are proportional to

^opt^'^~^*^» these quantities are corrected to first order for the size
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Figure 5.7 a) Logarithm of CO to HI flux ratio (and H2 to
HI mass ratio) vs. HI deficiency for all sample Sa-Sm galaxies,
b) Same as Flgu re 5,7a, but with only the Sa~Sb galaxies
plotted. The curves represent 3 possible gas evolutionary
tracks. Curve A represents the conversion of HI Into H2, with
the total (HI-Hi2) gas mass remaining constant. Curve B, with a

slope of 1, represents an H2 content which is Independent of the
HI content. (This might be called the 'H2 = normal curve').
Curve C, with a slope of 0, represents an H2 deficiency equal to
the HI deficiency. All the curves are fixed to meet at HI def =

0.00. The vertical location of this junction Is determined by

the 'normal' M(H2)/M(HI) ratio of an Isolated galaxy with HI def
= 0.00, whose logarithm Is defined to be rQ. For Sa-Sb

galaxies, rQ Is currently not well fixed by the observations.

The curves drawn are based on = -0.6, which Is a reasonable
fit to the Virgo Sa-Sb galaxies with HI def<0.4 in both Figures
5.7b and 5.8b. The value of rQ determines the intercepts of all
curves, as well as the shape of curve A. As Tq becomes large,

curve A becomes indistinguishable from curve B. As Tq becomes

smaller, curve A approaches an infinite slope for HI def <0, and
becomes further separated from from curve B for HI def>0. c)

Same as Figure 5.7b, but for Sbc-Sm galaxies. Curves A, B, and

C are the same as in Figure 5.7b, except that = -0.3.





Figure 5.8 Logarithm of M (HI-W2 )/Dopt2 deficiency
for all sanple Sa-Sm galaxies. The vertical axis represents the
total hydrogen mass (HI-HI2), normalized by the optical area of
the galaxy. b) Same as Figure 5.8a, but with only the Sa-Sb
galaxies plotted. The curves A, B, and C represent the same 3
gas evolutionary tracks as in Figure 5.7b. The location of the
curves are fixed by r^ = -0.6, with the additional assunption
that Sa-Sb galaxies of a given optical diameter have 0.15 dex
less gas (HI-Hi2) than an Sbc-Sm gala)Qr of the same size. c)
Same as Figure 5.8b, but for Sbc-Sm galaxies. Location of cur-
ves is determined by rQ = -0.3.
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dependence of the CO and HI luminosities. Under the assunption that

the Sco/Shi (i.e. M(H2)Al(HI)) ratio for an Hl-normal galaxy of a

given morphological type and diameter is a well-defined quaatity with

only a small amount of scatter, the behavior of the Scq/Shi and

M(HI+H2)/Dopt2 ratios as the HI deficiency changes constrains how the

HI and H2 components of the ISM respond to the cluster environment.

Since the GO/HI flux ratio may depend upon morphological type, we

separate the galaxies into Sa-Sb and Sbc-Sm morphological classes in

Figures 5.7b-c and 5.8b-c. There may also be a modest size (or

luminosity) dependence to the Scq/Shi and M(HI+H2)/D^pt2 ^^^ios, if

M(HI) and M(H2) have different dependences on D^p,.. We note that the

largest Sc galaxies lie above the smaller Sc galaxies in Figure 5.7a.

This possible size effect is smaller than the effect of the type depen-

dence, at least among the Virgo sample galaxies.

In the CO/HI flux ratio vs. HI deficiency plane, the locus of

points which describe an H2-def iciency equal to the Hl-def iciency is a

line with a slope of zero. This line Is labelled 'C ' in Figures 5.7b

and 5.7c. The line which describes the case in which the H2 content is

unrelated to the HI content, or equivalently , a 'normal' H2 content

unaffected by the HI deficiency, has a slope of I. This line Is

labelled 'B ' in Figures 5.7b and 5.7c. The slope for each of these

cases does not depend upon the mean CO-H2 proportionality factor

adopted, as long as there is no systematic variation with HI defi-

ciency. For the case In which the molecular gas deficiency is some

fraction of the atomic gas deficiency, the data In Figure 5.7 would
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describe a slope between 0 and 1.

The curve describing the conversion of HI into H2. with the total

gas mass remaining constant, depends upon the H2/H1 mass ratio for a

'normal- galaxy (i.e. a galaxy with HI def = 0.00), and consequently on

the CO-H2 proportionality factor. If a galaxy begins with an HI defi-

ciency of 0.00, and has an initial H2/HI mass ratio given by:

= log ['h.) (v-7)
M^j. HI def=0 ^ ^

it can easily be shown that if this galaxy acheives an HI deficiency =

HI def by converting HI into H2, it will change its H2/HI mass ratio by

an amount given by:

^ = log ( ^ ) -log ["h.) = log Q (v-8)
%I ^I HI def M^j HI def=0

where

1 + lo'^o . io-^^o-«l d-f)

Q =
(V-9)

10-HI def

Using the Virgo Sc galaxies with -0.2 < HI def < 0.2 to normalize the

CO/HI relationship, we find rQ=-0.3, using equation IV-8 to relate GO

flux and H2 mass. As an example, a galaxy which acheives HI def = 1.00

by converting 907. of its HI into H2 will increase its H2/HI mass ratio
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by 1.45 in the log, assuming r^=-0.3. It is more difficult to nor-

malize this curve for early type Virgo spirals, since there are so few

with la. HI deficiencies. The 'A' curve drawn in Figure 5.7b is based

on ro=-0.6, which is a reasonable fit to the non-lll-def icient Sa-Sb

galaxies in both Figures 5.7b and 5.8b.

Additional clues to the gas evolution history of Virgo spirals can

be gained by comparing the behavior of the total gas content as a func-

tion of HI deficiency. It is desirable to compare the location of the

galaxies in Figures 5.7 and 5.8, since these plots have different

advantages. A disadvantage to Figure 5.8 is that the relative location

of the galaxies in the log{ (n^i^-m^^^) /D^^^2^ HI deficiency plane

depends upon the mean CO ->H2 proportionality factor, unlike the CO/HI

flux ratio vs. HI deficiency plane. This is offset by several advan-

tages. Since the HI deficiency is nearly proportional to

log(MHi/DQpt2) (ggg section V.2), both the abscissa and ordinate in

Figure 5.8 have been normalized by the optical area of the galaxies in

order to reduce the scatter caused by Including galaxies of different

size. Upper limits to the CO flux are not a problem in Figure 5.7b,

since the HI mass is larger than the H2 mass upper limit for all the

galaxies which are undetected in GO. The allowable range in total gas

masses for the undetected galaxies is small—whether the undetected

galaxies have no molecular gas or an amount equal to the 2 a upper limit

does not significantly change the location of any of the galaxies in

Figure 5.8. These galaxies have been assigned an H2 mass of zero in

Figure 5.8.
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Two of the gas evolution tracks are simply straight lines in this

plane. If the galaxy becomes equally deficient in both atomic and

molecular gas, the galaxy moves along a straight line whose slope is -1

(labelled 'G • in Figure 5.8). If a galaxy converts its HI into H2, so

that the total gas mass remains constant, the galaxy will move along a

line with a slope of zero (labelled 'A' in Figure 5.8). Since the

total gas mass is constrained to be a constant in this case, there is a

limit to how negative the HI deficiency can be. This limit is given

by:

HI def (min) = -log(l + lo'^o) (V-10)

for a constant total gas mass. For the Sc galaxies, which have

ro=-0.3, HI def (min) = -0.18. This limit is not a physical limit, but

is merely an expression of the fact that if the galaxy was once more

Hl-rich than HI def (rain), it must have lost gas mass (through star

formation or stripping) to reach its present state.

The shape of the H2 = constant curve depends upon the value of r^.

It can be shown that a galaxy which acheives a non-zero HI deficiency,

while maintaining the same H2 mass, will change its total gas content

by an amount described by the following expression:

;%i-^H
Alog ( _) = log (MHi-+i^H2) " (%I-^H2^ = ^^-11)

D 2
opt HI def=0 HI def

where
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1 + lO^o

,
-11 ider r10 + 10 o

For a galaxy which evolves to HI def=1.00 without changing its

H2 content, the total gas mass will be reduced by 0.40 in the log,

assuming r^=-0.3. In the limit as r^ becomes very negative (i.e.

MhI»Mh2)» log K^I def, and the slope approaches -1. Thus, if the

molecular gas mass is insignificant with respect to the atomic gas

mass, a galaxy will evolve along a slope of -1 in Figure 5.8,

regardless of what is happening with the molecular component of the

ISM. For negative HI deficiencies in the case of r^ < 0.0, this curve

approaches a slope of -1, and is nearly indistinguishable from the

H2 deficiency = HI deficiency case. In other words, the location of

galaxies with HI def < 0.00 in Figure 5.8 tells us nothing about the

evolution of the H2 phase, since the gas evolution tracks converge.

For galaxies In the Hl-rich regime. Figure 5.7 is more useful, since

the gas evolution tracks diverge for HI def < 0.00. On the other hand,

if the atomic gas mass is insignificant with respect to the molecular

gas mass (i.e. rQ«0, M^];<<Mh2), ^ g^^^^ will evolve along a slope of

0 in Figure 5.8, since the total gas mass will be nearly independent of

the HI deficiency.

For the H2=constant curves in Figure 5.8 (labelled 'B'), we have

assumed rQ=-0.3 for the late type spirals, and r^=-0.6 for the early

type spirals to remain consistent with Figure 5.7. In addition, in
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order for the early type galaxies with low HI deficiencies to lie close

to the Intersection of curves at HI def=0.00 in Figure 5.8b. „e have

assumed that an Sa-Sb galaxy of a given 0,^, has 0.15 dex less HI gas

mass than an Sbc-Sm galaxy of the same size. The resulting sets of

curves in Figures 5.7 and 5.8 are therefore consistent, but the early

and late types should not be mixed. Finally, we again point out that

if the H2-deficiency is some fraction of the Hl-def iciency , the

galaxies in Figure 5.8 would lie between curves B and C.

4.3 Discussion

The evolution of the atomic and molecular phases of the

Interstellar media of Virgo cluster galaxies is constrained by the

location of the galaxies in Figures 5.7 and 5.8. These figures clearly

show that the data are inconsistent with an H2 deficiency as severe as

the HI deficiency. This result indicates that not only have molecular

clouds avoided removal by some cluster process, but that the time scale

for HI and H2 to acheive equilibrium (if they ever do) is very long.

This important result will be discussed further in Chapter VII.

One other general conclusion can be drawn from the data in Figure

5.8. The slopes of the data in Figures 5.8b and c can be used to esti-

mate the total gas deficiency (HI+H2) as a function of the HI defi-

ciency. Separate least squares fits for the Sa-Sb and Sbc-Sm galaxies

to log(M (HI+H2 )/DQpt.2) vs. HI deficiency have been performed, and are

summarized in Table 5.3. From the slopes derived from these fits, we

conclude that galaxies which are Hl-deficient by a factor of 10 are



174

gas-deficient by only a factor 2-3, in the mean.

The overall data for the early type spirals are best described by

the H2 = constant curve In both Figures 5.7b and 5.8b, and poorly

described by the HI ^2 curve. This conclusion is supported by the

slopes of the least squares fits to the data in Figures 5.7b and 5.8b,

which are summarized in Table 5.3. Tlie slope of -0.5A±0.13 for the

Sa-Sb galaxies in Figure 5.8b (i.e. log (M (HI-tti2 )/DQpt2 ) vs. HI

deficiency) reveals that the early type galaxies are gas-deficient, but

that the magnitude of the gas deficiency is less than the magnitude of

the HI deficiency. The slope of 0.93±0.20 for the Sa-Sb galaxies in

Figure 5.7b (i.e. log(M (H2)/M(HI) ) vs. HI deficiency) is consistent

with a slope of 1.0, which describes the situation if H(H2) is indepen-

dent of the HI deficiency. This conclusion is weakened by the large

amount of scatter for large HI deficiencies, and by the paucity of

early type Virgo spirals with HI def < 0.50, which makes it difficult

to normalize the gas evolution curves.

It is presently unclear whether the large scatter in Figure 5.8b

for the early-type Virgo galaxies with HI def > 0.5 is merely an arti-

fact of the paucity of early types with HI def < 0.5, or represents

something significant about the evolution of stripped early-type

spirals. If the latter is true, the Hl-deficient early-type Virgo

spirals may have followed different gas evolutionary paths, or may be

at different stages in their evolution. For example, NGC 4419 is very

gas rich (log M (HI+H2 )/DQpt2 = 1.2) for its large HI deficiency (HI def

= 1.06), and thus may be considered a strong candidate for a galaxy
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which has converted a significant amount of HI into On the other

hand, there are a couple of early-type galaxies with HI def > 1.0 which

lie close to curve C, which describes an H2 deficiency equal in magni-

tude to the HI deficiency. These are candidates for galaxies which

have either lost molecular gas by an ISM-IGM interaction, or have gra-

dually lost molecular gas through normal evolution (i.e. star

formation) after an HI removal event. We note that NGC 4064 is very HI

deficient (HI def = 0.99) and relatively gas poor (log M(HI+H2)/D^p,2 =

0.0). This galaxy is located 7.8° from M87, which is far outside the

active "stripping zone". It therefore may have acheived its low

H2 mass through normal evolution over the ~3xlo9 year interval it would

take for a galaxy to travel from the cluster core to a projected loca-

tion 7.8° away.

Examination of the Sc-Sm galaxies with HI def < 0.00 in Figure 5.7c

reveals that these galaxies do not fall along the H2 = constant curve,

but are consistent with the HI->H2 curve. The slope of 1.46 ±0.18 from

the least squares fit to log (M (H2 ) Al (HI ) ) vs. HI deficiency for all the

Sbc-Sm data (see Table 5.3) is 3a greater than 1.0, which suggests that

the HI+H2 process may be occurring in some of the Virgo galaxies. It

is premature, however, to conclude that the HI^H2 Process has defini-

tely enhanced by an ISM-ICM interaction. It must be emphasized that

each of the gas evolution curves drawn in Figures 5.7 and 5.8 may be

appropriate for galaxies within a limited mass range. Due to the pre-

viously mentioned difference in B-V colors in the Hl-rich, CO^poor and

Hl-poor, co-rich lower luminosity late type galaxies, the Hl-rich,



176

co-poor galaxies are probably the least nasslve galaxies in the sanple.

Thus, the location of the Hl-rich. CO-poor galaxies along curve A in

Figure 5.7c may be an artifact of their being the least massive

galaxies in the sample.

A fit to all the late type spirals with HI def > 0 in Figure 5.7c

is consistent with a slope of 1.00. Curves A and B lie close to one

another, and each has a slope of -1.0 for HI def > 0. Because of the

uncertainty in the actual HI deficiency of an individual galaxy, the

possible existence of a size dependence to the M (H2 )/M (HI ) ratio, the

existence of interacting binary galaxies among the Sc galaxies, uncer-

tainties in the normalizations of the gas evolution curves and the

C0^2 proportionality factor, and the complicating effects of stars and

evolution alluded to in §V.4.1, the data in Figures 5.7 and 5.8 cannot

clearly distinguish between the H2 = constant and HI ^2 cases for the

Sc galaxies with HI def > 0.00. It is concluded that there is no mole-

cular gas deficiency in the Hl-deficlent Virgo Sc galaxies. The con-

version of HI into H2 may be enhanced by an ISM-ICM interaction, but

selection effects might also e}q)lain the observed anti-correlation in

HI and CO luminosities in the lower luminosity Sc's.

§5. Comparison of CO, HI, and Optical Diameters

In order to understand the nature of the ISM-ICM interaction In

the Virgo galaxies, the radial distribution of atomic and molecular gas

in each galaxy must be examined. Ever since large amounts of molecular

gas were detected in the central few kiloparsecs of our galaxy
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(Scovllle and Solomon 1975), it has been recognized that the HI and

H2 radial distributions in galaxies are dissimilar. Young and Scovllle

(1982a) showed that the GO distributions in a few luminous Sc galaxies

are similar to their blue light distributions, while their HI distribu-

tions are broader and flatter, and in most cases exhibit central

depressions (Rogstad and Shostak 1972). m roughly half of all spirals

with a prominent bulge in which atomic and molecular gas distributions

have been measured, both CO and HI exhibit central depressions (Stark

1979; Young and Scovllle 1982c; Young 1986), yet the HI has a broader

and flatter distribution than the CO. In view of the central con-

finement of molecular gas in a typical galaxy, and the large fraction

of HI in the outer disk, it is important to determine whether large

global CO /HI ratios are merely the result of the outer galaxy becoming

Hl-deficient while the inner galaxy remains unscathed.

Since the CO emission in most galaxies is peaked strongly toward

the center, the total CO flux is dominated by emission from the very

region of the galaxy with the highest gravitational binding energy—

a

region from which it Is therefore difficult to remove interstellar gas.

If molecular gas were deficient in only the outer disk, the total CO

flux would not be the most sensitive tracer of a molecular gas defi-

ciency. The outer disk is more susceptible to external gas removal

processes, so here we examine whether the Virgo galaxy CO distributions

are dependent upon their HI deficiencies.

First, we compare the CO diameters derived in Chapter III with the

optical and HI diameters described in §V.2. Figure 5.9 displays
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Figure 5.9 Logarithmic histograms of Isophotal CO dlamters, nor-
malized by blue optical Isophotal diameters for 39 Sa-Sm Virgo
galaxies. The CO Isophotal diameter Is defined at the Inclination-
corrected 1.5 K(Tr) km s-1 level, while the optical diameter is defined
at the inclination- and extinction-corrected 25 mag arcsec"^ level.
The galaxies are binned according to morphological type (Sa-Sb or
Sbc-Sm) and HI deficiency (dividing point is HI def=0.47, i.e. HI defi-
cient by a factor of 3). Galaxies which are members of pairs (as
judged by position and velocity), and upper limits are appropriately
shaded. For the Sa-Sb galaxies, the Hl-deficient and non-HI-def iclent
galaxies have similar distributions. For the Sbc-Sm galaxies, there is
a lack, of Hl-deficient galaxies with small CO diameters.
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histograms of the Isophotal CO dla^te.s, normalized to Isophotal opti-
cal diameters, both as a function of morphological type and HI defl-
cle„<^. isophotal diameters are used for this conparlson rather than

effective diameters since the Isophotal diameters are more sensitive to

the <x,ter disk, and upper limits can be defined In the case of isopho-

tal diameters. Histograms for the ratios of CO effective diameter to

optical diameter (not shown) are very similar to those for Ura, /Dcuiso' op t»

except that the undetected gaJaxles cannot be included. For the Sa-Sb

galaxies, the distributions of Dcoiso/Dopt appear to be independent o£

HI deficiency, although this comparison is plagued by a lack of

Hl-normal Sa-Sb Virgo systems. For the Sbc-Sm galaxies, the

Hl-deficient galaxies have a larger mean Dcoiso/Dopt ^han the

non-HI-deficient galaxies. The smallest GO diameters are found in the

lover luminosity Hl-rich systems which remain undetected in GO. Thus

the process which has caused some galaxies to become Hl-deficient has

not appreciably reduced their molecular gas diameters. The fact that

the smallest CO diameters among the Sbc-Sm galaxies are found in the

non-HI-deficient systems may be the result of a selection effect (i.e.

the HI~rich, GO-poor galaxies may have the lowest masses in the

sample). Alternatively, it may be that some of the lower luminosity Sc

galaxies may have had their molecular gas diameters increased by

interactions within the cluster.

A comparison of GO and HI diameters confirms that the HI diameters

in the Hl-deficient galaxies are shrunken with respect to their GO

diameters. The histograms in Figure 5.10 display the ratios of effec-
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types, the HI deficient galaxies have systematically smaller HI effec-
tive diameters with respect to their GO effective diameters.
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tlve HI diameter to effective CO dia.eter, binned according to ™.rpho-
logical type and HI deficiency. In both Sa-Sb and Sbc-S. samples, the

Hl-deficient galaxies tend to have smaller effective HI diameters with
respect to their effective CO dian^ters. ^ similar result is obtained

for the HI and CO isophotal diameters, as shown in Figure 5.11. A

drawback to both Figures 5.10 and 5.11 is that not all of the survey

galaxies can be included, since HI distributions are not available for

the entire sample. This problem is partially offset b, the fact that

Figures 5.10 and 5.11 include different subsets of galaxies. However,

the incompleteness causes Figure 5.10, in particular, to be somewhat

misleading. In this figure, the galaxies with the largest values of

^Hleff/DcOeff due to CO non-detections, while the Hl-deficient sub-

samples appear to contain no members of this class. This is misleading

only in the case of the early-type galaxies, since there are 4

Hl-deficient Sa-Sb galaxies in the sample which are unresolved or unde-

tected in CO. These A galaxies probably have large D^ief f /Dcoef

f

ratios, yet there is no information on their HI diameters currently

available. The situation for the late type spirals is accurately

reflected in Figure 5.10: the only late type sample galaxies which

have large HI extents relative to their GO extents are the low lumino-

sity, Hl-rich, CO-poor systems.

The comparison of the CO, HI, and optical diameters demonstrates

that the Virgo galaxy CO extents are no smaller in the Hl-deficient

galaxies, and even greater in the Hl-deficient lower luminosity late-

type galaxies. Yet it is still unclear whether the HI deficienQr
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Figure 5.11 Logarithmic histograms of HI Isophotal diameters,
normalized by CO isophotal diameters. The HI isophotal diameter is
defined at the 1 Mg pc~2 level. The CO isophotal diameter is defined
at the 1.5 K(Ti^) km s ^ level, which corresponds to an H2 surface den-
sity of 6.8 Mq pc~2^ if the CO-H2 prq)ortionality factor described in
Chapter III Is used. The HI deficient galaxies of all types have
smaller HI isophotal diameters with respect to their CO isophotal
diame ters.
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extends aU the way 1„ to the Inner galaxy where the CO Is detected.
The CO diameters ate significantly seller than the HI diameters (see
the vertical scale In Figures 5.10 and 5.11). „hlch In principal allows
the galaxies to be Hl-deflclent exclusively In the outer disk, and
completely normal in the Inner disk. This Issue Is addressed next with
an analysis of the gas distributions In the Inner regions of each

galaxy.

§6. Comparison of CO and HI Radial Distributions

Figure 5.12 displays the radial distributions of HI and CO in the

22 Virgo galaxies which our survey has in common with the HI mapping

survey of Warmels (1986). The CO distributions are expressed in units

of c^2» the surface density of molecular hydrogen, and have been

corrected for inclination and source-beam coupling as described in

Chapter III. The HI distributions are corrected for Inclination and

projection effects, as described by Warmels. Among these 22 galaxies,

16 of the 19 galaxies which are detected in CO have CO distributions

which increase monotonically toward the center. All 19 detected

galaxies from this sample of 22 have their CO emission more centrally

confined than their HI. And in 18 out of the 22 galaxies, the mass of

molecular gas exceeds the mass of atomic gas in the inner galaxy.

An examination of the gas distributions in Figure 5.12 yields the

qualitative impression that even the central regions of the galaxies

with global HI deficiencies are Hl-def icient. In most galaxies with

-0.10 < HI def < 0.60, the surface densities of HI and H2 are observed
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to be equal at so^ radius. m 6 out of the 7 systems with HI def >

0.60, < at all .adU where GO Is detected. The HI distribution
in the remaining galaxy with HI def > 0.60, NGC 4388, Is somewhat

uncertain because the galaxy is edge-on, and the HI data are noisy, due
to imperfect sldelobe removal (Warmels 1986). m the 2 Hl-rlch,

co-poor, low luminosity Sc's (NGC 4178, NGC 4713), c^^ > at all

radii, except for the very center of NGC 4178, where ~
cj^ .

Furthermore, the maximum HI surface density in these 2 systems is -13

Mo PC-2, which is a factor of 2 larger than in any of the other

Virgo galaxies plotted here. The total gas surface densities (HI+H2)

in the inner disks of these Hl-rich, CO-poor galaxies are remarkably

similar to those in the Sc galaxies of the same optical luminosity with

moderate HI deficiencies. A comparison of the gas distributions in NGC

4713 with those in NGC 4571 and NGC 4689 indicates that the central

total gas surface densities and distributions are nearly the same, yet

in NGC 4713 the central galaxy ISM is Hl-domlnated, while in NGC 4571

and NGC 4689 it is H2-dominated. The difference in the gas distribu-

tions of these galaxies Is either related to a possible difference in

total mass, or Indicates that the conversion of HI into H2 has been

assisted in low mass galaxies by an ISM-ICM interaction.

In order to place the conclusion that the central regions of the

Virgo galaxies have been affected by the cluster environment on firmer

quantitative ground, HI and H2 masses within the inner half of the

optical disk have been computed. Figure 5.9 shows that, on average, CO

has been detected out to a radius Dq/4, although there is a lot of



scatter, and CO extents for early-type galax-f^, ...j-y uype galaxies are generally smaller
than those for late-type galaxies. T^e values for the fraction of HI
flux within the inner half of the optical disk have been taken directly
fro. the work of Warmels (1986). m Figure 5.13, we demonstrate that

the galaxies with large global HI deficiencies have less HI in the

inner disk. Plotted in Figure 5.13 is the global HI deficiency vs. the

mean HI surface density c^, in the inner half of the optical disk, nor-

malized by <aHi(T,I)>, the average value for a more isolated galaxy of

the same type (Warmels 1986). AH of the Virgo galaxies in Warmels'

sample have been plotted here. Although this includes several galaxies

which are not in the CO survey, the slope of this relation is unaltered

by omitting the galaxies which are not in common. Sumnarized in Table

5.3 are the results of least squares fits to the data In Figure 5.13.

The slopes for all galaj^r samples (with the discrepant galaj^r ngC 4388

removed) are consistent with a value of -0.35±0.10. This means that

the galaxies which are globally Hl-deficient by a factor of 10 are

Hl-deficient in the inner galaxy by a factor of -2-3.

Warmels (1986) reached a different conclusion from the same data,

since he plotted the normalized inner galajqr HI surface densities vs.

the distance from M87. Although there is a general correlation between

HI deficiency and cluster position, there is a fair amount of scatter,

as we display in Figure 5.14. Scatter is expected, in part due to pro-

jection effects, and in part due to stripped galaxies whose orbits have

taken them out of the core region. The amount of scatter in the HI

deficiency vs. 1^37 plane is sufficient to mask an inner galaxy HI
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Figure 5.13 Logarithm of the mean HI surface density In the Inner
half of the optical disk, (out to a radius Dq/A), normalized by the
average value for a more Isolated galaxy of the same type (taken from
Warmels 1986) vs. HI deficiency. The 33 Virgo galaxies plotted here
Include 11 systems which are not in the CO survey. Their omission does
not significantly affect the appearance of this figure. The 2 most
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This diagram shews that even the inner regions of the globally
Hl-deflcient galaxies are Hl-def iclent.
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deficiency o£ a factor of 2-3. We do concur wUh Uar^els that the

outer disk, of the galaxies are far ™,re Hl-deflclent than the Inner

disks.

A moderate inner galaxy HI deficiency is required to explain a

result obtained by Giovanelli and Haynes (1983). They found that the

mean global HI surface density, defined as the ratio of the global HI
mass to the area which contains 70% of the HI mass, is similar for

Hl-deficient and Hl-normal Virgo spirals. This result constrains how

the radial distribution of HI changes with HI deficiency. If all

regions of a galaxy became equally Hl-def icient, then the mean HI sur-

face density would be smaller in Hl-deficient spirals, since the area

which contained 70% of the total flux would not change. If only the

outer disks became Hl-def icient and the inner disks remained unscathed,

then the mean global HI surface density would increase in the

Hl-def icient galaxies, since the inner disk regions have higher HI sur-

face densities than the outer disk regions. In order to maintain the

same mean HI surface density as the HI deficiency is increased requires

that most of the HI is lost from the outer galaxy, but also that some

of the HI is lost from the inner galaxy. Thus the result of Giovanelli

and Haynes supports our conclusion that the inner disks of galaxies

with severe global HI deficiencies are moderately Hl-def icient.

Given that the inner galaxy is only moderately Hl-deficient with

respect to the global HI deficiency, the question arises as to whether

the molecular gas is also moderately deficient. In Figure 5.15, the

H2/HI mass ratio in the inner half of the optical disk is plotted vs.
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HI deficiency. While the.e is a lot of scatter, the.e is a clea. t.end
for the Hl-deficient galaxies to have larger inner galaxy H,/HI ^ss
ratios. This is confirmed by least squares fits to the data in Figure

5.15, which are summarized in Table 5.3. The fit for the Sab-Sb

galaxies may be ndsleading: the one very Hl-deficient Sab galaxy with
an upper limit to its CO flux could not be included in this plot for

lack of high resolution HI data, so the slope listed in Table 5.3 is

artificially steep. For all the Sbc-Sc galaxies (which do not suffer

from this problem since all the CO non-detections are for Hl-rich

galaxies), the slope of -0.98±0.26, which is much steeper than the

inner galaxy HI deficiency slope of -0.38±0.09, is either the result of

selection effects, or suggests that the conversion of HI into H2 is

occurring in the inner regions of at least sohb of the galaxies. The

slope of -0.43±0.14 for the Sbc-Sc galaxies with HI def > 0 is iden-

tical to the inner galaxy HI deficiency slope. Therefore the

Hl-deficient Virgo Sc's are not even moderately H2 deficient in the

inner galaxy. The fact that these slopes are identical does not,

however mean that the hypothetical conversion of HI ^2 "^st cease once

an Hl-rich galaxy acheives HI def = 0.00. At this stage, the inner

galaxy H2 mass so dominates the HI mass that the additional conversion

of HI into H2 would not create a large fractional change in the

H2 mass. For this reason, it is not possible to tell whether the

hypothetical conversion of HI-»H2 might continue for HI def > 0.
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§7. CO Asymmetries as a Function

of HI Deficiency and Cluster Position

In view of the asymmetric HI distributions observed in many of the

Hl-deficient Virgo spirals (Warme]. 1986), it is prudent to examine the

CO distributions for similar evidence of environmentally-related modi-

fication. With one exception, there is no good evidence that the

observed CO asymmetries are related to the HI deficiency or cluster

pos ition.

In Figure 5.16, the absolute value of the CO flux asymmetry para-

meter (see §111.7), is shown to be essentially uncorrected with HI

deficiency. Comparisons of the CO diameter asymmetry parameter vs. HI

deficiency, and both CO asymmetry parameters vs. the distance from M87

(not shown) all show essentially no correlation. In Figure 5.17, the

signs of the CO flux asymmetry parameter are plotted on a positional

map of the Virgo cluster. The crosses represent those galaxies which

have more CO emission on the side of the galaxy closest to M87, while

the o's represent those with more emission away from M87. There are

nearly the same number of each type, and there is no significant

clustering or radial variation.

Comparisons of the CO and HI asymmetry parameters (not shown) show

no correlation, yet these comparisons are plagued by differences in the

regions sampled in the CO and HI surveys (see §111.7 and §V.2). Thus,

no definite statement can be made on the existence or lack of existence

of correlations between CO and HI asymmetry.
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The galaxy with the largest GO flux asymmetry, NGC 4419, is

interesting because it is significantly HI deficient (HI def = 1.06),

and has the largest GO/HI flux ratio in the Virgo sample (with an

inferred M(H2)/M(HI) = 25). Since the ISM in this galaxy has been

apparently altered by cluster processes, it is likely that the large GO

asymmetry is also the result of an ISM-IGM interaction. It may be that

a GO asymmetry is apparent only in extreme cases of galactic modifica-

tion. The sensitivity and spatial resolution of the present GO data

may be insufficient to reveal intrinsic molecular gas asymnBtries in

galaxies whose interaction with the cluster has been less severe.

§8. The Nature of the IGM-ISM Interaction

The following conclusions can be drawn from the analyses of the GO

and HI fluxes and distributions. Little or no molecular gas has been

removed from the Hl-deficient galaxies. While the outer disks are

severely Hl-def icient, the inner disks are also moderately

Hl-def icient. For most galaxies, it is not possible to distinguish

between removal of HI in the inner galaxy, and the conversion of atomic

gas into molecular gas, since molecular gas dominates the interstellar

medium in the inner regions of most sanple galaxies (as shown in Figure

5.15). For the lower luminosity late type galaxies, there exists an

unexplained correlation in the HI and GO luminosities. One possible

e)q)lanatlon is that low mass galaxies do not form much molecular gas,

and that the Hl-rich, CO-poor galaxies have systematically lower masses

and were included in the sample as a result of selection effects.
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may
Alternatively, the conversion of HI into H2 in the inner galaxy

have been triggered by the cluster environment. m the following 2

sections, we seek to understand why molecular gas has resisted removal,

and how a cluster process might facilitate the conversion of HI into

H2.

Several mechanisms have been proposed to explain the removal of HI

from Virgo cluster galaxies. Most of them can be ruled out because

their predictions are contradicted by the HI observations. Galaxy

collisions are too infrequent to explain the large fraction of

Hl-deficient galaxies (Chamaraux et al. 1980). Tidal stripping is most

effective in low velocity encounters, and is not a plausible mechanism

in Virgo, where the 1-dimens ional spiral velocity dispersion is -^00 km

s-1 (Huchra 1985). Furthermore, the lack of tidal tails, and the dif-

ference in HI and optical radial distributions tolls the death knell

for this model (Warmels 1986). Thermal evaporation (Cowie and Songaila

1977) does not predict the observed HI asymmetries or the large dif-

ference in Hl-def iciency between the inner and outer galaxy, and may

not occur rapidly enough to explain the large fraction of Hl-deficient

systems (Warmels 1986). Ram pressure stripping (Gunn and Gott 1972) is

the one simple model which is consistent with most of the HI obser-

vations. We find that ram pressure stripping can also explain the

basic features of the CO observations.

An objection to ram pressure stripping has been raised by Hoffman

et al. (1985) and Haynes and Giovanelli (1986). Dwarf galaxies have

the same range of HI deficiency values as the large spirals, despite



199

their lower masses and lower resistance to ram pressure stripping. The

consideration of molecular gas may weaken this criticism. Molecular

gas is a significant fraction of the total ISM mass in the large

spirals; it resists removal, and its abundance may be enhanced in some

galaxies by the conversion of HI into As a result, the total gas

(HI-Hi2) deficiency in the large spirals is only a fraction of the HI

deficiency. As is shown in §V.4, large spirals which are Hl-deficient

by a factor of 10 have a mean total gas deficiency of only a factor of

2-3. In non-cluster dwarf irregulars, the CO to HI flux ratios are

generally much lower than in large spirals, indicating that molecular

gas is typically less than a few percent of the total ISM mass (e.g.

Tacconi and Young 1987). Dwarf galaxies, therefore, may have total gas

deficiencies equal to their HI deficiencies. Altemativley, it may be

that the total gas deficiencies of dwarfs are less than their HI defi-

ciencies, if the IGM-ISM interaction converts a large fraction of the

p re-interaction HI into H2. The weak CO signals expected from Virgo

dwarfs will unfortunately keep their molecular content a mystery for

years

.

Turbulent viscous stripping (Nulsen 1982), which results from the

Kelvin-Helmholtz instability formed near the boundary of the hot ICM

and the cold ISM, compliments and in some cases is more effective than

ram pressure stripping. Turbulent viscous stripping is less sensitive

to a galaxy's inclination than ram pressure stripping, thus can remove

gas even if the galaxy is moving edge-on through the cluster, Haynes

and Giovanelli (1986) find that the mass loss predicted from turbulent
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viscous stripping is consistent with the observed HI deficiencies of

both spirals and dwarfs (although they did not consider the

H2 component).

The reality in the Virgo cluster is likely to enconpass both

effects. Here we will assess whether the predictions of ram pressure

stripping are consistent with the CO observations, because of the spe-

cific predictions about the radial distribution and gas density depen-

dence of removal susceptibility, and because of the agreement with most

(if not all) of the observations. With the simple ram pressure

stripping model, gas is removed if the ram pressure PicMVp^ exceeds the

gravitational force per unit area 2 tK? OpoT ) binding the gas to

the disk. The relation for the maximum gas surface density which will

be stripped is:

PlCM^p^

agas(R)^OT(^) < . (V-13)

2tiG

In this expression, piQ^ is the mass density of the ICM, Vp is the com-

ponent of the galaxy's velocity with respect to the cluster ICM that Is

perpendicular to the disk, OpoT^^^ total mass surface density of

the disk (including stars, gas, and dark matter), which Is a function of

galactocentric distance R, and crgggCR) is the gas mass surface density

(^gas ^ ^I ^ ^ie^* Since both crgag(R) and apQ'p(R) decrease with

increasing R, the ram pressure stripping susceptibility increases

strongly with Increasing R.



Estimates of typical values of the above parameters show that

molecular clouds in spiral galaxies are resistant from ram pressure

stripping. Fits to the Einstein x-ray satellite IPC surface brightness

profiles (0.2-4.5 keV) out to 90' from M87 yield n^cM - AxlO"^ cm'^ at

a separation of 1° from M87 (Fabricant and Gorenstein 1983). An extra-

polation of this surface brightness profile to 5° from M87 suggests

^IGM ^ 5x10-5 cm"3. The line-of -s ight velocity dispersion for Virgo

spirals is -800 km s"! (Huchra 1985), but the strong inclination depen-

dence means that Vp can range from 0 to 1400 km s"! among Virgo

spirals. Estimates of total disk surface densities in Virgo galaxies

can be obtained by scaling the solar neighborhood Milky Way value of

^^OT^^o^ ^ ''5 Mq pc-2 (Bahcall, Schmidt and Soneira 1983) by the

appropriate maximum disk rotational velocity and ga lactocentr Ic

distance. The mass contained within a given radius, M{^, is related to

the rotational velocity V and galactocentric radius R by ~ V^R, thus

the mass surface density Oj-qt^'^) ^ V^/r. since massive galaxies have

rotation curves which flatten outside the central regions (Rubin et al.

1985), the rotational velocity at most disk positions can be estimated

by the maximum rotational velocity, V^^j^, which can be Inferred from

the HI linewidth (equation V-2). Armed with V^gj^, the mass surface

density in the disk of a galaxy can be crudely estimated from:

V 2^-1
*'max

Oj-OtC^) = 75 { } { } Mo pc-2 (v-14)

220 km s~^ 8.5 kpc
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where 220 km s"! is the Milky Way's rotational velocity in the solar

neighborhood, assumed to be 8.5 kpc from the galactic center. The

least massive galaxies in the sample have W^^^ ~ 100 km s"!, and opti-

cal radii of -10 kpc (Do/2 at a Virgo distance of 20 Mpc), which

corresponds to aroidO ^^Pc) - 13 pc-2, from equation V-14. If these

small spirals moved with a face-on velocity of 800 km s~l through the

dense intracluster gas 1° from M87, gas with a surface density less

than agasClO kpc) = 17 pc-2 would be stripped. This is nearly twice

the beam-averaged gas surface density of molecular clouds at the limit

of detectablllty (/rR(CO)dv = 1.5 K km s"!, where a factor of 1.36 for

Helium has been Included to compute the total gas surface density).

However, it is not the beam-averaged gas surface density which is

relevant, but the actual gas surface density. CO surveys of the Milky

Way show that the surface filling factor of molecular gas is small.

Analysis of the Massachusetts-Stony Brook Galactic Plane Survey

(Scoville et al. 1987) reveals that over ~80% of the Milky Way's mole-

cular gas is contained in Giant Molecular Clouds (GMCs ) with D >5 pc and

M>10^ Mq. From the relationships between cloud properties given by

Scoville et al. , it can be inferred that the mean cloud surface density

is related to the cloud size by:

agas = 245 { }
M^ pc-2 (v-15)

AO pc

A 'smallish' CMC with D = 5 pc has Oggg = 200 M^ pc-2. (The masses

here include the Helium contribution, and use the CO-H2 proportionality
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used by Scoville et_al
. ) Clouds like this would not be stripped from a

galaxy moving face-on through the dense ICM gas only 1 » f rom M8 7, even

at the extreme velocity of 1400 km s"! unless the disk mass surface

density were lower than 4 pc-2. Disk surface densities do not

become this low in any of the Virgo galaxies studied here until far

beyond the optical diameters.

This example illustrates that molecular clouds are not susceptible

to ram pressure stripping in the Virgo cluster environment. Kritsuk

(1983) reached the same conclusion in a more detailed dynamical treat-

ment of this problem. This is not meant to be taken as evidence that

ram pressure stripping is the only (or even dominant) gas removal pro-

cess operating. The properties of molecular clouds make them less

susceptible than atomic gas to many removal nechanisms. Molecular

clouds are colder, denser, and have a smaller scale height than HI

clouds. Having atomic gas surround molecular clouds means that the

atomic gas can act as a buffer layer between molecular clouds and the

ICM, partially shielding the dense clouds from thermal evaporation and

turbulent instabilities. Finally, the centrally peaked molecular gas

distributions mean that a large fraction of the H2 exists in the inner

regions of galaxies, where it is more tightly bound. It is not

surprising that molecular clouds have resisted removal.
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§9. The Anti-Correlation of HI and CO

in Low Luminosity Late Type Gala xies

One of the more remarkable results from §V. 3 is the discovery that

the HI and H2 masses are ant i-correlated in the lower luminosity late

type galaxies. Interpretations of this finding must explain the

following observations:

1. ) The CO luminosity to optical area ratios span nearly an order

of magnitude among the Virgo Sc-Sm galaxies with 11.0 < h^o < ^2.0.

For < 11.0, there is a good correlation between the CO luminosity

and the optical area, with a scatter of only 0.14 dex.

2. ) The CO luminosity to optical area (or blue luminosity or indi-

cative mass) ratios in the low luminosity systems have a bimodal

distribution. The CO-rich low luminosity systems have the same mean

^Co/'^opt^ the high luminosity systems.

3. ) All of those low luminosity galaxies with low Lco/^opt^

Hl-rich (i.e. HI def < 0.00). All of those low lu mlnoslty galaxies

with high LcO^^opt^ ^^e Hl-poor (i.e. HI def > 0.00).

4. ) All of the Hl-rich, CO-poor, low luminosity late type systems

are in the outer cluster (R^ig? 4.5°). All of the Hl-poor, CO-rich

lew luminosity late type systems are In the inner cluster (Rf^s?

4.5°).

5. ) Among those Virgo galaxies which have been mapped in both CO

and HI, the inner galaxy total gas surface densities (q^j + oj^^^

similar for both types. In the Hl-rich, CO-poor galaxies, the HI sur-
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face densities in the central regions are comparable to the H2 surface

densities in the centers of the Hl-poor, CO-rich galaxies.

A partial explanation for the observed anti-correlation in HI and

GO luminosities among the lower luminosity late type galaxies may be

that the galaxies do not have comparable nasses. As explained in

§11.4, our blue magnitude-limited sample suffers from an important

bias. The lower luminosity end of the sample includes actively star-

forming galaxies with large ratios of blue luminosity to total mass,

but no galaxies of comparable mass which are not actively forming

stars. It will be shown in Chapter VI (see Figure 6.2) that the B-V

colors of the Hl-rich, GO-poor galaxies are systematically bluer than

those in the Hl-poor, GO-rich galaxies. This suggests that the

Hl-rich, GO-poor galaxies have the lowest masses in the entire sample.

If the decisive difference between these galaxy samples is one of total

mass, then it is necessary to understand only why the Hl-rich galaxies

have not formed much H2. If the difference in total masses turns out

to be Insignificant or unimportant, then it is also necessary to

understand why the Hl-poor, CO-rich galaxies have so nuch molecular

gas. The existence of the systematic bias in B-V colors makes it pru-

dent to discuss these 2 Issues separately. Since the lack of GO

emission from the Hl-rich galaxies must be e}q)lained regardless of the

bias, we will discuss this topic first.

In order for molecular gas to become the dominant phase of the

ISM, at least 3 conditions must be met. 1. ) The metallicity must be

high enough to allow sufficient quantities of dust to form. Dust is
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the principal site of H2 formation, and it shields the CO molecules

from dissociating UV radiation. 2.) The total column density of gas

must be large enough to shield the H2 molecules from dissociating

radiation (Federman, Glassgold, and Kwan 1979). 3.) The gas must be

suitably confined. In other words, the gas density becomes large

enough a) for H2 to form efficiently on dust grains, and b) that there

are not too many ionizing sources within the column density of gas.

Clearly, the paucity of GO emission In the Hl-rich low luminosity

galaxies does not arise from a low total column density of gas. In the

2 Hl-rlch galaxies with known HI distributions, the peak HI surface

density of -13 Mq pc"2 ig larger than the total gas surface density

(HI-fH2) at which many spirals have become H2-domlnated. Apparently, a

large column density of gas is a necessary but insufficient condition

for the formation of an H2-dorainated ISM. Some other parameter is also

Important.

It is difficult to evaluate the metallicity of the systems without

a detailed spectroscopic study. Since the galaxies in question all

have nearly the same luminosity, a possible lumlnosity-metallicity

relation for spiral galaxies (Bothun et al. 1984; Rubin et al. 1984) Is

not a factor. While lower metallicitles could result from reduced star

formation rates, we note that the GO-poor galaxies have comparable, and

perhaps even higher massive star formation rates than the CO-rlch

galaxies (Chapter VI). Because of the spatial segregation of the

GO-rich and GO-poor systems, an explanation based on metallicity would

require that the galaxies further from M87 are younger. There is no
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A clue in this matter comes from the observation that this pheno-

menon is a mass-dependent (i.e. luminosity-dependent) phenomenon. The

most massive Sc galaxies in Virgo have similar values of Lon/D 2
L>(J' op t >

regardless of HI deficiency or cluster position. Non-Virgo dwarf

systems, which are the least massive galaxies observed, all have

^Co/Dopt^ approximately an order of magnitude lower than the luminous

Sc galaxies (Tacconi and Young 1985). Another clue comes from the

observation that the (\{^/ 0^1 ratio in most galaxies Increases with

decreasing distance from the galactic center. Both of these obser-

vations may be explained if the local mass surface density Otot^^) of

the disk plays a large role in determining whether the available gas

remains predominantly atomic or becomes predominantly molecular.

Rotation curves of galaxies over a large range of luminosities show

that the local mass surface density in galactic disks decreases with

increasing distance from the center, and is greater in high luminosity

galaxies than in comparable locations in lower luminosity galaxies

(Rubin et al. 1985). With a larger mass surface density, there is a

stronger gravitational force acting to conpress Interstellar gas. If

supporting forces are not increased in proportion to the increase in

gravitational force, then the scale height of the gas will be reduced.

The resulting increase in gas density might facilitate the conversion

of gas from the atomic to the molecular state.

A large mean volume density of gas is Insufficient, on theoretical

grounds, for converting large amounts of HI into H2. A process which
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gathers the gas into large self -shielding clouds is necessary. The

most efficient method for creating a large supply of H2 is to form GMCs

through the process of inelastic cloud-cloud collisions (e.g. Scoville

and Hersh 19 79). The random motions of clouds are thought to lead to

cloud formation rates which are too small to account for the the GMCs

observed in our galaxy (Elmegreen 1987). The velocity shear in the

disks of massive spirals like the Milky Way may play a critical role in

the formation of GMCs, in that velocity shear results in an enhanced

rate of cloud-cloud collisions (Wyse 1986). Low mass galaxies have

slowly rising rotation curves (Rubin et al. 1985) which results in less

velocity shear, and lower cloud-cloud collision rates. Thus slowly

rising rotation curves may be the explanation for the dearth of CO

emission in the outer cluster low mass spirals.

If the onset of an H2-dominated ISM is related to the shape of the

rotation curve, then one would not expect any of the earlier type

spirals in the present sample to lack H2 because of a slowly rising

rotation curve. The rotation curves of early type spirals rise more

steeply to a higher maximum velocity than late type spirals of the same

blue luminosity (Rubin et al. 1985). The lower luminosity Sc galaxies,

which include the 'CO-poor' population, have an absolute nagnitude of

M3=-20 (for D=20 Mpc), which corresponds to an average maximum rotation

velocity of 125 km s"^ (Rubin et al. 1985). An average Sa (Sb) galaxy

with the same-shaped rotation curve is ~2 (~1) magnitudes fainter than

an Sc galajQT. The lack of an obvious 'CO-poor* population of early

type galaxies in the present sample cannot be unambiguously ascribed to
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type Virgo spirals with near-normal amounts of HI. A critical test of

this hypothesis (that the formation of an H2-dominated ISM is related

to the shape of the rotation curve) will be mde through the examina-

tion of the type dependence of the most luminous GO-poor galaxies among

isolated galaxies.

We turn now to the question of why there is so much molecular gas

in the Hl-poor, GO-rich Virgo Sc's with 12 > B^o > 10.9. One explana-

tion is that these galaxies have larger masses than the Hl-rich,

co-poor spirals in the same magnitude range. Their larger msses may

have enabled the galaxies to convert nuch of their original atomic gas

into molecular gas. The passage through the dense ICM in the center of

the cluster caused low density HI to be stripped away, further

increasing the H2/HI ratio. Since this hypothesis can neither be pro-

ven nor disproven with the present data, we investigate another possi-

bility. The important difference between the Hl-rich, CO-poor and

Hl-poor, CO-rich galaxies may not be galaxy mass, but location in the

cluster. In the remainder of this section, we develop this idea.

An appealing explanation is that the action of the intracluster

gas has perturbed the ISM, enabling HI to become H2. It is natural to

associate the existence of these 2 populations of galaxies with an

ICM-ISM process. An ICM-ISM interaction is already strongly suspected

to exist, and to be the cause of the Hl-def iciency in Virgo and other

clusters (Giovanelll and Haynes 1985; Haynes and Giovanelli 1986). The

spatial segregation of the CO-rich and GO-poor populations might result
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Virgo.

Without adopting a specific model for the ICM-ISM interaction, it

may be argued that the strength of this interaction has the potential

to enhance the conversion of HI into H2. The fact that the interac-

tion force is strong enough to remove gas from the outer disk implies

that it is strong enough to perturb gas in the inner disk. In many

locations in many Virgo galaxies, the local circumstances are such

that the ICM-ISM interaction force is insufficient to overcome gra-

vity, yet is still an appreciable fraction of the gravitational

binding force. Such a large perturbation is likely to have dynamical

consequences (Kritsuk 1983). One possible consequence will be a

reduction in the gas scale height by the compression of low density

gas in the atomic phase. In galaxies with large column densities of

atomic gas, compression may aid in the conversion of HI->H2. A second

possibility is that the interaction perturbs the orbits of gas clouds

which are not removed from the galaxy (Kritsuk 1983). The pertur-

bation of orbits would increase the number of cloud-cloud collisions,

enabling low mass galaxies with slowly rising rotation curves to form

GMCs, and thereby convert atomic gas into molecular gas. Low mass

galaxies with small pre-interaction M(H2)/M(HI) ratios have the poten-

tial to convert large quantitities of HI into H2 in an interaction,

thereby significantly increasing their M (H2 ) Al (HI ) ratios. In more

sive galaxies, a cluster interaction can cause only moderate amountsmas
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of HI to become H2, since the galaxy has already by itself converted

most of its inner galaxy gas to the molecular state.

The potential for an ICM interaction to cause the compression of

individual HI clouds can be quantitatively, albeit crudely, illustrated

by comparing the various supportive and compressive forces associated

with Interstellar gas clouds. In Table 5.5, thermal, magnetic, tur-

bulent and gravitational energy densities are compared with ram press-

ure for a 'typical - HI and H2 cloud. (Although ram pressure is used in

these examples, another IGM-galaxy force may be substituted. The fact

that the galaxies are gas-deficient indicates that the gas removal

force has roughly the strength referred to in Table 5.5.) The HI cloud

is likely to be supported by turbulent internal motions, against the

pressure exerted on it by the surrounding ISM. Self -gravity plays

essentially no role at such low densities. Ram pressure on this HI

cloud can be comparable to the internal turbulent energy density and

the external ISM pressure for a typical galaxy-IGM encounter, and thus

can be expected to be dynamically important.

Contrast the situation for the HI cloud with that of a typical

GMC, where gravity is nearly balanced by turbulent (and perhaps

magnetic) forces. In a typical passage of a Virgo galaxy through the

cluster core, the ram pressure might be an order of magnitude less than

the gravitational and turbulent energy densities, meaning that ram

pressure will not be dynamically important. While it is plausible for

ram pressure to conpress low density HI gas and somehow facilitate its
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Table 5.5

Supportive and Compressive Forces In Interstellar Clouds

Formila for
Supportive Forces Energy Density

or Pressure

Energy Density /Pressure
(erg cm~3)

H2 cloud^ HI cloud*^

t he rmal

magnetic

5k

4 irpn^

,2

87;

3x10-13 3x10-1^

1x10-12 4x10-14

turbulent pV 3x10-11 4x10-12

Compressive Forces

ISM pressure

gravitat ional

ICM ram pressure^ PlCM^p

20tt

c 2

3x10-11 3x10-15

2x10-12 2x10-12

a) H2 cloud: R=10 pc, p=5. 2x10-21 gm cm'^, 0^=1.5 km s-1, T= 10 K,

B=5 U3.

b) HI cloud: R=10 pc, p=l. 7x10-23 gm cm-3, a^=5.0 km s"l, T=100 K,

B=l uG.

c) ICM ram pressure: at 2* from M87, pj(^j^
=2. 8x10-28 g^ cm-3,

Vp=800 km s-l*
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transformation to the H2 phase, it is less plausible for ram pres

to accelerate the contraction of molecular clouds and in this manner

increase the star formation rate.

§10. Morphological Type Dependence of CO Emission

The existence of a range of morphological types in the Virgo

sample allows us to examine whether the GO luminosity of spiral

galaxies depends upon morphological type. At issue is whether the gas

mass per unit total mass is systematically lower in early type spirals.

Studies of the Ha emission in samples of spiral galaxies indicate that

the Ha equivalent widths, and hence star formation rates per unit total

luminosity, are systematically lower in early-type galaxies (Kennicutt

and Kent 1983). Is this due to less available gas?

Virgo cluster galaxies do not constitute an ideal sample to answer

this question. The atomic gas contents of marry of the Virgo galaxies

are known to be environmentally modified. Moreover, the modification

appears to be more severe for early type galaxies then for late type

galaxies (e.g. Ghamaraux, Balkowski, and Fontanelli 1986; see also

Figures 5.7-5.8). The existence of this systematic difference raises

the possibility that any difference in the GO properties of early and

late type Virgo spirals may be due to the environment rather than to

morphology. To the extent that it is possible, we will attempt to

separate the effect of morphology from that of environment.

GO luminosities, coded by morphological types, are plotted versus
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blue luminosities, blue optical diameters, and indicative rrasses in

Figures 5.1-5.3. While the different morphological types are not well-

mixed in these figures, morphology is not the only source of scatter.

Among the lower luminosity Sc galaxies, there is an order of magnitude

variation in the values of Lcq/D^^^^ (3^^ ^^^^ ^^^^^ 5^^^^

galaxies in this luminosity range (less than ~2.5xlOlO l or 10^ mo "o*

or smaller than -25 kpc), the variation in CO luminosity among the Sc's

Is greater than the difference between morphological types.

The amount of scatter in the GO luminosities within each morpholo-

gical type is reduced for Virgo galaxies which have blue luminosities

greater than ~2. 5x10^0 Lq, masses greater than -10^1 Mq, and blue opti-

cal diameters greater than -25 kpc. Among these galaxies, the mean

value of Lco/'^opt^ is the greatest for Sbc-Sc galaxies, less for Sab-Sb

galaxies, and lowest for SO-Sa galaxies (see Figure 5.2). The CO lumi-

nosities have been compared with the optical diameters rather than blue

luminosities or indicative masses, since diameters are a disk quantity.

Decomposition of galactic light profiles into bulge and disk components

demonstrates that starlight at the 25th magnitude per square arc second

isophote level is dominated by disk stars, except in galaxies which

have very large bulge-to-disk ratios (Boronson 1981). (We note that no

galaxies with very large bulge-to-disk ratios are included in the Virgo

sample). Thus it appears that the CO luminosity per unit disk lumino-

sity is higher in luminous late-type Virgo spirals than in luminous

early-type Virgo spirals. It remains to be shown that this difference

is due to the morphology of the gala}Qr, rather than the result of
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systematically larger environmentally-induced alterations in the early-

type galaxies.

The effect of cluster position and HI deficiency are taken into

account in Figures 5.4 and 5.5. Figure 5. A shows that within A. 5° from

M87, the Lco/Dopt^ values of the galaxies are clearly separated by

morphological type. In the outer cluster (Rm87>A.5°), there is no such

separation. This is in part due to the presence of the Hl-rich,

co-poor, lower luminosity Sc galaxies in the outer cluster. Figure 5.5

shows that for galaxies with Hldef>0, the Sc galaxies have higher mean

values of Lco/Dopt^ than the SO-Sb galaxies. Unfortunately, this com-

parison is plagued by an uneven distribution of HI deficiency values

for the early and late type galaxies. Most of the Virgo sample

galaxies with 0<HI def<0. 7 are classified as Sc, while all but one of

the Virgo galaxies with HI def>0. 7 are classified as Sa-Sb. For

galaxies with HI def<0, the variation of L^o/^opt^ within the Sc

galaxies is greater than the difference between morphological types.

To conclude, the variation of Lco/^opt^ within a given morphologi-

cal type is observed to be greater than the mean difference between

morphological types. However, for the largest spiral galaxies

(Dqp|.>25 kpc), Sc galaxies have the highest mean value of
^-co/^opt*^»

followed by Sb galaxies and then Sa galaxies. The existence of system-

atic differences in the cluster positions and HI deficiencies of the

early and late type galaxies does not seem to affect this conclusion.

Thus the Virgo data are consistent with the hypothesis that the Hubble

sequence of Sa-Sc morphological types, at least for the largest
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galaxies, Is one of Increasing nean molecular gas mass per unit disk

luminosity. Again, it is necessary to emphasize that the presence of

ISM alteration in the Virgo cluster galaxies makes it difficult to

reach a firm conclusion on the effect of morphology on the molecular

gas contents of galaxies. This issue should be properly addressed with

a study of the CO emission in isolated galaxies of various morphologi-

cal types.

§11. Effect of the C0-H(2) Proportionality Factor

The primary goal in comparing the CO, HI, and optical properties of

Virgo galaxies is to assess the molecular gas contents as a function of

atomic gas content. Since the CO line is not as fundamental a tracer

of molecular gas mass as the HI line is a tracer of atomic gas mass,

the correlations on which our conclusions are based imst be examined

for a dependence on possible variations in the CO-H2 proportionality

factor. The discussion In Chapter IV summarized reasons for believing

that the GO-U2 proportionality factor might depend on the mean gas tem-

perature (at present best indicated by the S^oym/^lOO ym '^^tio), the

optical luminosity (indicated by itself), and the cloud size spectrum

(not indicated by anything currently measurable). In this section, we

evaluate whether a variation in the CO-H2 proportionality factor might

affect the 2 central conclusions of this chapter—the existence of an

antlcorrelation in the atomic and molecular gas masses of lower lumino-

sity late type spiral galaxies; and the near-independence of the mole-

cular and atomic gas masses for all the other sanple galaxies.
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Theoretically, the CO-H2 proportionality factor is expected to be

most sensitive to the mean gas temperature. It is therefore critical

to determine whether the Seo^^n/SioOym values, a sensitive .r^asure of

dust temperature from galaxy to galaxy, depends upon the HI deficiency

parameter, since nuch of our analysis relies on the HI deficiency para-

meter. In Figure 5.18, the logarithm of the S(^q^/S^qq^ ratio is

plotted vs. the HI deficiency parameter. The far-infrared data, which

were obtained with the IRAS satellite, are more fully described in

Chapter VI. Least squares fits to log S(,q^/S^qq^ vs. HI deficiency,

which are summarized in Table 5.3, show that there is no significant

correlation between HI deficiency and dust temperature. If the slope

of -0. 12±0.06 for the Sbc-Sra galaxies is taken to be real, then

galaxies which are Hl-deflclent by a factor of 10 have

SeOpm/^lOOum i^atlos which are 30% cooler than a galaxy with HI

def=0.00. This might result if dust which is associated predominantly

with HI is warmer than dust associated with H2, and this warmer dust is

absent in severely Hl-deflclent galaxies. Alternatively, since the

mean dust tenperatures are slightly cooler in Hl-deflclent spirals, the

mean molecular gas temperatures may also be . In this case the

H2 masses Inferred from the GO luminosities might be slightly

underestimated in the Hl-deficient systems. The magnitude of this

effect is small conpared to the probable uncertainty in the

CO-H2 proportionality factor, and in any case is not statistically

significant. Therefore, there is no significant evidence that the gas

t enperatures are appreciably different in the Hl-deficlent and
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Hl-normal galaxies. There Is also no evidence for a morphological type

dependence. The mean log (S60pm/Si00Mm> values for several subsets of

the Virgo sample are given by:

^60nm
mean log = -O.A4±0.14 for all 42 SO-Sm galaxies,

SlOO ym

and

-0.46±0. 16 for 21 SO-Sb galaxies,

-0.42±0. 12 for 21 Sbc-Sm galaxies,

-0.43±0.13 for 9 Sc-Sm, &rO>10.9, with HI def>0,

-0.39±0.10 for 5 Sc-Sm, Bt°>10.9, with HI def<0.

Within the uncertainties, the Hl-rich and Hl-poor lower luminosity So

galaxies have identical mean S^^q^JS^qq^^ ratios.

The scatter of 0.14 dex in the S^Opm/^ioOym colors corresponds to a

la variation of 38%, which is approximately twice the mean obser-

vational uncertainty of -20% in the flux ratios. If the CO-H2 propor-

tionality factor depends linearly on the mean molecular gas

tenperature, and if the mean gas tenperature depends linearly on the

SeOym/^ioOym i^^^io (as might be suggested by the ^^GO/^^CO study of

Young and Sanders 1986), then the la uncertainty in the H2 mass as

inferred from the GO luminosity is 38%.

Neither of our main conclusions is changed by considering narrower

ranges of galaxy luminosity. The anti-correlation between HI and GO

luminosities occurs only within a narrow luminosity range. We have

examined the correlations of HI deficiency vs. I-qq/^^* ^GO^^HI*

M (HI-Hi2 )/Dqp(-^ for a luminosity dependence. The location of the Sa-Sb



galaxies la all these figures is Independent of optical luminosity.

The higher luminosity (BtO<io.9) Sbc-Sc galaxies lie slightly above the

lower luminosity (Bt°>10.9) Sbc-Sc galaxies in the Scq/Shi vs. HI def

and M(HI«2)/%t2 vs. HI def planes, yet these displacements are of

marginal significance and in any case do not alter our conclusions.

There is no measurable parameter to serve as a probe of the cloud

densities or diameters. As a result, we can make no arguments, based

on empirical evidence, that the molecular cloud properties are the same

in the Hl-deficlent and non-HI-def icient Virgo galaxies. However, the

weak expected dependence of the CO-H2 Proportionality factor on cloud

density (x^P^) or cloud diameter (xM)-V2) would mean that in order to

explain a variation in x of a factor of 3, the mean cloud densities or

diameters would have to change by a factor of 10. Such a large change

seems unpalatable. Thus we believe that the S^i/Sqq ratios in the

inner galaxy, which decrease by a factor of >3 for a decrease of a fac-

tor of 10 in total HI content, cannot be explained by variations in

molecular cloud properties.

§12. Summary

In this chapter, the dependence of GO luminosity on blue lumino-

sity, optical diameter, and Indicative mass have been Investigated.

Although there is a general correlation between the GO luminosity and

the latter 3 quantities, there is a good deal of scatter. The morph-

ological type and HI content have been identified as contributing to

the scatter. For Virgo galaxies with blue optical diameters greater
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than 4.3- (or 25 kpc for D=20 Mpc). Sc galaxies of a given optical

diameter have the highest average CO luminosities, followed by Sb's and

then Sa's. For the Sa-Sb and the largest Sc galaxies, there is no

correlation between CO luminosities and HI masses. This indicates that

molecular gas is not deficient in Hl-deficient Virgo spirals.

For the Sc galaxies with blue magnitudes between 10.9<Bt°<12,

there is an order of magnitude variation in the ratio of GO luminosity

to optical area. The Sc's in this magnitude range closer than A. 5°

from M87 are all Hl-poor (i.e. HI def>0) and have as much CO emission

per unit area as the more luminous Sc's. Those further than 4.5° from

M87 are Hl-rich (i.e. HI def<0) and have on average over 5 times less

CO emission per unit blue optical area than the other Sc's. An

investigation of the possible systematic biases in B-V colors, blue

optical diameters, and global HI linewidths between the Hl-rich,

co-poor and the Hl-poor, CO-rich Sc galaxies reveals that the CO lumi-

nosities in the Hl-rich, CO-poor galaxies are Intrinsically low; but

perhaps by only a factor of 3. However, it also reveals that the

Hl-rich, co-poor galaxies have bluer B-V colors on average than the

Hl-poor, co-rich galaxies. Indicating that the former may have somewhat

lower average masses than the latter. The existence of Hl-rich,

co-poor, lower luminosity late type galaxies demonstrates that large,

steady-state supplies of molecular gas do not exist in (at least some)

lew mass spiral galaxies. Apparently in these low mass spirals, which

are presumably unaffected by cluster processes, large amounts of gas do

not enter or remain in the molecular state, as is the case with most



massive spirals.

Two possible explanations for the lack of CO-poor Sc galaxies In

the Inner cluster are discussed. One posslbllty involves selection

effects. Galaxies In the Virgo sample were selected by their blue

magnitudes. As a result, the lower luminosity galaxies in the sample

contain actively star-forming galaxies with large ratios of blue lumi-

nosity to total mass, but no galaxies of comparable mass which are not

actively forming stars. Galaxies in the inner cluster are generally

Hl-deficient and have somewhat lower massive star formation rates, as a

result of galaxy-ICM Interactions. Thus inner cluster galaxies with

the same total masses as the Hl-rich, CO-poor, outer cluster galaxies

may be too faint in the B band to have been included in the sample.

Alternatively, an ISM-ICM interaction may induce large amounts of

atomic gas to enter the molecular state in the lower mass spirals which

are unable to form large amounts of H2 on their own. It is shown that

the total gas contents (HI-I-H2) are similar in the Hl-poor, CO-rlch, and

in the Hl-rich, CO-poor lower luminosity Sc's, making the cluster-

induced transformation of atomic to molecular gas a viable alternative.

It is pointed out that there may be sufficient energy in an ISM-ICM

interaction to cause the conversion of HI into H2» since there is

enough energy to remove atomic gas from some regions of the Virgo

galaxies. Consequently, when local conditions are such that the

interaction force is just insufficient to remove the interstellar gas,

it is still large enough to perturb the interstellar gas. Such a per-

turbation may result in the conversion of atomic to molecular gas.



The radial distributions of atomic and molecular gas, as well as

the global CO and HI properties, have been analyzed. It is discovered

that Virgo spirals which are globally Hl-deficient by a factor of 10

have total (HI+H2) gas deficiencies which are only a factor of 2-3.

The CO distributions of the Virgo spirals are more centrally peaked

than the HI distributions. The GO diameters in the Hl-deficient

galaxies are found to be at least as great as in the Hl-normal

galaxies. This provides strong evidence that molecular gas is not

removed in the event which causes some of the Virgo spirals to be

Hl-deficient.

It is discovered that even the inner regions of the galaxies with

severe global HI deficiencies are Hl-deficient. In galaxies which are

globally Hl-deficient by a factor of 10, the inner halves of the opti-

cal disks are Hl-deficient by a factor of 2-3. The inner regions of

the Hl-deficient galaxies are observed to be Hl-deficient with respect

to both the starlight and the mass of molecular gas. Since the mass of

molecular gas dominates the mass of atomic gas in the inner regions of

most of the Virgo sample galaxies, it is not possible to tell whether

the inner galaxy HI has been removed or converted into H2.

The observational evidence for the impact of the Virgo cluster

environment on the CO properties of Virgo spirals can be summarized as

follows. For the most luminous galaxies in the sample, neither the CO

luminosities nor diameters are significantly affected by cluster pro-

cesses. For some of the lower mass late-type galaxies, there is

possible evidence that HI may be converted into H2 by an ISM-ICM



interaction, although selections effects might also explain these

observations. Finally, with one exception, there Is no evidence that

asymmetries In the CO distributions are larger In the Hl-deflclent

Virgo spirals. The one exception, NGC 4419, has the most asymmetric CO

distribution In the sample. Is severely Hl-deflclent, and has the

largest known ratio of GO flux to HI flux among galaxies. Its proper-

ties suggest that the large CO asymmetry ,nay be the result of an

ISM-IGM Interaction.

The susceptibility of atomic and molecular gas to removal from

galaxies Is examined from a theoretical standpoint. One reason that

molecular gas has avoided removal In severely Hl-deflclent galaxies Is

that molecular gas Is more centrally confined In galaxies than Is ato-

mic gas. Therefore, a larger fraction of il2 resides deep in the gravl-

tatlonally potential well, where it is relatively difficult to remove

by any external process. Yet, the fact that the HI/H^ ratios are low

In the inner regions of severely Hl-deflclent galaxies suggests that

atomic gas iray also be removed from the Inner galaxy. For remowii pro-

cesses which act as a pressure (e.g. ram pressure stripping), the

column density of material Is the critical parameter which determines

whether gas Is removed from a particular region of a particular galaxy.

It Is shown that Giant Molecular Clouds in the outer disk regions of

even the least massive galaxies in the sample would not be removed by

ram pressure stripping, even under the extreme conditions of a face-on

passage through the dense Intracluster gas 1° from ri87 at a velocity

twice that of the cluster velocity dispersion. Under such conditions,



nearly all of a galaxy's atomic gas, ^ch of which exists in a low

column density state, would be removed.

The dynamical effects of ram pressure on interstellar gas which is

not removed from a galaxy are quantitatively investigated. It is shown

that the ram pressure resulting from a typical galaxy-ICM encounter is

comparable to or exceeds the thermal, magnetic, and turbulent energy

densities in low density HI gas. Ram pressure is therefore dynamically

Important for low density HI gas, and has the potential to enhance the

conversion of low density atomic to high density molecular gas. Two

mechanisms by which an IGM-ISM interaction might enhance the conversion

of HI into H2 are discussed. One mechanism involves the compression of

lew density gas. The other involves perturbing the orbits of gas

clouds to Increase the cloud-cloud collision rate, and thereby enhance

the formation of GMCs. The effects of ram pressure on a GMC are

expected to be minor. In a typical galaxy-ICM encounter, the ram

pressure is estimated to be an order of magnitude less than the gravi-

tational, turbulent, and magnetic energy densities which govern the

structure and evolution of molecular clouds. Thus ram pressure is not

expected to increase the star formation rate by "squeezing" GMCs.



CHAPTER VI

STAR FORMATION IN VIRGO GALAXIES AND THE EVOLUTION

OF STRIPPED SPIRALS

§1. Introduction

Knowledge of both the atomic and molecular gas components of Virgo

spirals permits for the first time a proper examination of the rela-

tionship between the gas contents and star formation rates in a sample

of cluster galaxies. Prior Investigations have found little or no

correlation between the atomic gas contents and star formation proper-

ties of cluster galaxies (e.g. Bothun 1981; Kennicutt, Bothun, and

Schommer 1984). A serious limitation to cluster studies like these has

been the unknown role of molecular gas. Many studies in the last

several years have demonstrated that tracers of star formation are

fairly well correlated with CO emission, and poorly correlated with HI

emission, in samples of luminous spiral galaxies (e.g. Young and

Scoville 1982b; Young et al. 1986a). The importance of molecular gas

in galaxies is not that it is molecular, but that it is the dominant

component of the ISM in the inner regions of many spiral galaxies.

Such an important ISM constituent therefore cannot safely be ignored in

any study of the evolution of cluster or non-cluster galaxies.

In this chapter, various tracers of star forming activity are com-

pared with gas properties to assess the Impact of ISM-alteration on

star formation. The tracers utilized in this analysis are the Ha,
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radio continuum, and far-Infrared (FIR) luminosities, and the B-V

colors. Among these quantities, only the FIR data are previously

unpublished. A brief discussion on the Ha, B-V, and radio continuum

properties will consequently be followed by a description of the FIR

data, a discussion on the origin of FIR emission from galaxies, and an

analysis of the FIR colors and luminosities as a function of HI defi-

c iency

.

§2. Analysis of H a and Radio Continuum Luminosities and B-V Colo rs

High mass star formation has been reduced in the Hl-deficient

Virgo spirals. This was demonstrated by Kennicutt (1983), who found a

systematic difference in the Ha equivalent widths and B-V colors bet-

ween Sc galaxies In the central 6° of Virgo, and those outside the

center. Since Ha photons originate predominantly from the HII regions

surrounding massive, short-lived, young stars, the Ha emission line

luminosity is measure of the massive star formation rate. In Table

6.1, Ha fluxes and luminosities are listed for all those galaxies

observed by Kennicutt and Kent (1983) in common with the CO survey. In

Figure 6.1, we plot the HI deficiency parameter vs. the logarithm of

the Ha luminosity, normalized by the optical area of the galaxy, for

all those galaxies which our Virgo sample has in common with

Kennicutt 's. A least squares fit to the 14 Sbc-Sc galaxies yields a

slope of -0.41 ±0.18, which means that galaxies which are globally

Hl-deficlent by a factor of 10 have ~2-3 times less high mass star for-

mat ion.
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Explanation of Columns in Table 6.1:

(1) NGC number.
(2) (B-V)t<^ from RG2.
(3) Equivalent width of HoH-[NIl], in angstroms, from Kennicutt

and Kent (1983).
(4) Flux of Ha+[N1I], in units of 10-13 g^g cra-2 s"l; upper

limits are 3a.

(5) Luminosity of H of[Nil] line, in units of 10^ Lq.
(6) 1.4 GHz continuum flux density in mJy, from Kotartyi (1980);

upper limits are 3 a.

(7) 1.4 GHz continuum specific luminosity, in units of 10"^^

e rgs.

(8) 2.4 GHz continuum flux density in mJy, from Dressel and
Condon (1978); upper limits are 3a.

(9) 2.4 GHz continuum specific luminosity. In units of 10^^
e rgs.

(10) 60um to 100 urn flux density ratio, uncorrected for color.
(11) Far-infrared luminosity from 40-300iJm, assuming a single

temperature fit to the 60iJtm and 100 urn flux densities and
a A"! emissivity law (see equation VI-2), in units of
IQS Lq.
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Table 6.

1

Global Ha, B-V, Radio Continuum, and FIR Properties

NGC B-V EW(Ha) S^a a ^1.4 ^1 4X • H So A^ m H S (60 un) Ltttd

(1) (2) (3) (4)
S (lOOum)

(5) (6) (7) (8) (9) (10) (11)

406A 0.71 7 3 <12 <6 0.50 32
4178 0.38 23±3 19 24 <10 <5 13 6 0. 38 31
4192 0.66 90 44 37 18 0. 39 100
4212 0.61 20 ±3 20 25 <10 <5 22 11 0.47 70
4216 0.84 <10 <5 <12 <6 0. 26 49
4254 0.51 "V) +1

•Jim —X 1 77.X ^ J 153 516 250 186 90 0.4 5 395
4293 XJ <6 15 7 20 10 0.47 46
4298 0.62 11+2 sJ 6 20 10 19 9

} 0.294 302 0.70 44 21 24 12
121

4 303 0.48 JH —J 1 L\ 175 46 7 226 195 94 0.52 371
4312 0.71 18 9 <12 <6 0. 3 3 27
4321 0.67 18 +1XO —X o y 111 275 133 117 57 0. 41 298
4380 <10 <5 <12 <6 0.24 12
4 388 0.62 140 68 129 62 U. Oi ay
4394 0.76 -1 +3X —J <10 <5 <12 <6 U. Z 0 io
4402 0.63 60 29 50 24 n T 1U. J i 0 /

4419 0.80 49 24 44 21 n AO
1 i.

4424 0.60 <5 <2 13 6 U. J £,
97

4438 0.72 150 73 109 53

4450 0.74 <10 <5 <12 <6 JX

4501 0.65 6 ±2 31 39 313 151 157 76 0 ^4 2SA

4526 0.85 0±2 <7 <3 <12 <6 0.39 64

4527 0.74 238 115 129 62 0. 58 304

4532 0.27 103 50 84 41 0. 56 74

4535 0.62 14±3 37 46 183 89 32 16 0. 44 127

4 536 0.48 18 ±4 33 41 160 77 136 66 0. 78 251

4 548 0.73 3±1 9 11 <10 <5 <12 <6 0.29 41

4 567 0.67
} 14 ±3

63 31 54 26
} 0.40 246

4568 0.75 84 41 75 36

4 569 0.65 6 ±2 24 30 100 48 63 31 0.43 112

4571 0.52 10 ±2 9 11 <10 <5 <12 <6 0.25 25

4579 0.76 4 ±2 <18 <22 123 60 95 46 0.35 79

4639 0.62 <10 <5 <12 <6 0.38 21

4647 0.58 14 7 26 13 0.36 68

4651 0.50 20 ±2 29 36 <20 <10 <15 <7 0.40 68

4654 0.55 17 ±2 28 35 174 84 59 29 0.49 160

4689 0.60 13 ±2 14 18 <10 <5 <12 <6 0.31 39

4698 0.77 <10 <5 <12 <6 0.16 9

4710 0.70 14 7 17 8 0.46 57

4713 0.34 56±3 30 37 14 7 34 17 0.40 47

4808 43 ±7 23 28 45 22 34 17 0.43 67

4866 0.70 -2 ±3 <10 <5 <12 <6 0.35 3
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Figure 6.1 Logarithm of ^a/Dopt vs. HI deficiency for those
Virgo sample galaxies in common with the Ha sample of Kennicutt and
Kent (1983).



From the 18 Sbc-Sm Virgo sample galaxies which have B-V colors

available from the RC2, we find that those galaxies which are HI-

deficient by a factor of 10 are redder in B-V by 0.2510.06 magnitudes

(see Figure 6.2). This large difference is more than can be explained

by a change in the massive star formation rate over -10^ years,

although this is certainly part of the reason for the difference. The

other part of the difference results from the bias discussed in Chapter

V: the lower luminosity end of the sample includes actively star-

forming low mass galaxies, but no galaxies of similar mass which are

not actively forming stars. The Hl-rich galaxies include all the very

blue, low mass galaxies. Since low mass galaxies can achieve bluer

colors than their more massive counterparts, the difference in B-V

colors between an Hl-normal and a severely Hl-deficient galaxy of the

same mass is probably less than 0.25 magnitudes. While this bias may

effect the slope of the relation, a real correlation between color and

Hl-def iciency is present: none of the Hl-deficient Sc galaxies are

very blue, and none of the Hl-rich Sc galaxies are very red.

kn important point raised by Kennlcutt is that the HI contents.

Ha equivalent widths, and B-V colors of many of the Virgo Sc's are

similar to those in more isolated Sb's. In order to correctly

interpret the Ha and B-V results, it is necessary to evaluate whether

there is a systematic difference in morphological type classification

between Virgo and isolated galaxies (or inner cluster and outer cluster

Virgo galaxies). This question was addressed by Stauffer (1985), who

compared the difference in nuclear and total magnitudes for Virgo and
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Figure 6.2 (B-V)^^ color vs. HI deficiency for Virgo sample.



non-Virgo galaxies as a measure of the degree of central concentration,

and concluded that the morphological type classifications in Virgo and

non-Virgo galaxies are consistent to within half a Hubble type.

Radio continuum emission from the disks of spiral galaxies is

found to be correlated with Ha emission (e.g. Gavazzi and Jaffe 1985),

FIR emission (e.g. Helou, Soifer, and Rowan-Robinson 1986), and other

tracers of massive star formation, indicating that it, too, may be a

measure of star forming activity. However, its utility as a probe of

star formation is limited by the existence of non-thermal nuclear radio

sources In mavty galaxies.

All of the Virgo cluster sample galaxies have been observed in 2

radio continuum surveys: the Dressel and Condon (1978) 2.4 GHz Arecibo

bright galaxy survey, and the Kotanyi (1981) l.A GHz Westerbork Virgo

cliister survey. Each survey detected 26 of the 42 Virgo sample

galaxies. The observed fluxes from these 2 surveys are listed in Table

6.1. In Figure 6.3, the 1.4 GHz radio continuum specific luminosity,

normalized by the optical area, is plotted vs. the HI deficiency para-

meter. A least-squares fit confirms the visual impression that there

is essentially no correlation, although this conclusion is weakened by

the large number of non-detections . The results for the 2.4 GHz data

are similar (not shown). For the least-squares fitting, whose results

are summarized in Table 6.2, we have counted 3a upper limits as detec-

tions. Fitting only the detections yields similar results.

Furthermore, we have omitted NGC 4388 and NGC 4438, which are known to

have strong non-thermal nuclear components to their radio emission
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Figure 6.3 Logarithm of 1.4 GHz radio continuum specific lumino-
sity normalized by optical area, vs. HI deficiency for Virgo sample.
The radio continuum data is from Kotanyi (1981). Upper limits are 3 a.
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Table 6.2

Least -Squares Fitting Results for HI Deficiency
Various Tracers of Gas and Star Formation

r\ti ant" 4 f-^r U4 t-t^uanciLy riL
vs. HI Def

Type Number Slope Comment

log(S6o/Sioo) Sa b-Sb 12 -0. 12 ±0.05 0.56
Sbc-Sra 21 -0.1 2 ±0.06 0.40

log(LpiR/D^pt2) Sab-Sb 12 -0.3 7 ±0.1 3 0.66 N4 388 deleted
S bc-Sra 17 -0.2 3 ±0.15 0.37 N4298/4302, N4567/

4 568 deleted
logaHa/Dopt^) Sbc-Sm lA -0.41±0. 18 0.56

log(Li A/D^„f2\° ^ i. . t op t / Sab-Sb 11 -0 n +f) ?(\ N'tjoo, N4Ajo deleted
Sbc-Sm 21 -0.28 ±0.24 0. 11 includes 3 a upper

limits
log(L2.4/Dopt2) Sab-Sb 11 -0. 18 ±0.20 0. 28

Sbc-Sm 21 -0.19±0. 18 0.23

(B-V)t<' Sab-Sb 12 0.00±0.04 0.00
Sbc-Sm 18 0.25 ±0.06 0.73

log(Lco/Dopt^) Sab-Sb 13 -0. 28 ±0. 17 0.4 5 "InplilHAQ n iir\ r%a r

Sbc-Sra 21 0.58±0. 16 0.63 limits

log(MH2/MHI> Sab-Sb 13 0.61+0.16 0.7 5 includes 2 a upper
Sbc-Sm 21 1. 46±0. 18 0.88 limits

log (M (HI-rtl2)/Dopt^) Sab-Sb 13 -0.5 5±0. 11 0.83 includes 2 a upper
Sbc-Sm 21 -0.33±0.08 0.69 limits

log(MHi/Dopt2) Sab-Sb 9 0.23±0.29 0.25 includes galaxies
In inner galaxy Sbc-Sm 24 -0.38 ±0.09 0.52 not in my sample

log(MH2/MHl> Sab-Sb 7 0.92 ±0.2 7 0.84 includes 2 a upper
in inner galaxy Sbc-Sm 13 0.98±0.26 0. 7 5 limits

log(M (HI-W2)/D t^) Sab-Sb 7 0.26 ±0.27 0.39
In Inner galaxy Sbc-Sm 13 0. 14 ±0. 12 0.32

Note to Table 6. 2:

a) Correlation Coefficient.
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(Humtnel, van Gorkom, and Kotanyi 1983). It is likely that much of the

scatter in Figure 6.3 is due to nuclear components in other sample

galaxies. In view of the presence of both disk and nuclear components,

and the large number of non-detections, the strongest conclusion which

can be drawn from the present radio continuum data about the present

day massive star formation rate in Virgo galaxies is that it is con-

sistent with the Ha observations,

§3. Far-Infrared Data

Far-infrared data from the IRAS satellite have been co-added for

all the Virgo galaxies in the sample. The IRAS data were processed

using the facilities of the Infrared Processing and Analysis Center

(IPAC). Co-added IRAS data offer 2 advantages over the data in the

IRAS Point Source Catalog (1985; hereafter PSG). 1) Mary of the Virgo

galaxies are extended with respect to the IRAS resolution in one or

more bands, meaning that the PSC flux densities are actually lower

limits. 2) The signal-to-noise ratio is increased by co-adding the

data, so that many of the sources which are listed as upper limits in

the PSC (especially at 12 y and 25m) are detected by the co-adding pro-

cess. Two different methods of co-adding the data have been used —
the Addscan routine for point sources and slightly extended sources,

and the surv^ area co-add routine in intensity mode (hereafter SCI)

for larger sources (c.f. IPAC User's Guide 1985).

We have taken pains to ensure that the flux density scales for the

Addscan- and SCI-derived data are consistent with each other, and con-



slstent with the PSC (1985 version). This was acconpllshed by com-

paring Addscan, SCI, and PSC flux density values (for sources of the

appropriate size, as described below and In Table 6.3) for a sample of

160 Virgo and non-Virgo galaxies. The analysis of the non-Virgo

galaxies was carried out by S. Xle and J. Young, and kindly made

available (see also Young et al. 1987). For point sources, as deter-

mined by the half-power width of emission observed in the In-scan

direction (W50), which is computed by the Addscan program, the Addscan

and PSC flux density values have been compared. The results of these

comparisons are summarized in Table 6.3. We find that the February

1986 calibration fators used by the Addscan program significantly

overestimate the flux densities at 25 ym (by 10±2%) and 100 ym (by

14±1%), relative to the PSC, while the agreement at 12ym and 60iJm is

good. There is more scatter in the Addscan vs. SCI flux density

ratios, yet we find evidence that the SCI fluxes are underestimated at

12Mm (by 12±6%) and 60iim (by 17±5%), relative to the PSC, while the

agreement at 25iim and lOOum is good. All of our flux density values

have been multiplied by the appropriate correction factor listed in

Table 6.3.

Final flux density values, their associated 1 a uncertainties, and

Addscan widths W50, are tabulated in Table 6.4. Color corrections have

not been made, since these are typically <5%, and in any case do not

vary much among the Virgo sample galaxies because of their similar FIR

colors. Uncertainties for all SCI-derived fluxes are assumed to be

2 0%. There are two components adding in quadrature which contribute to
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Table 6.3

Results of PSC, Addscan, and Survey Go-add Cooparisonsa

PI n J
Fl"'^ Ratio^Fluxes Compared I2u„, 25Mm fiOum loo um

S(PSC)/S (Addscan )c
1.0010.04 0.90±0.02 0.97 ±0.01 0.86iO01

(^6) (36) (90) (103)

S (SCI) /S (Addscan )d
0.89±0.03 0.89±0.04 0.83iO.03 0 89±0 03

<^3) (43) (33) (27)

S(PSC)/S(SCI)e 1.12±0.06 1.01±0.05 1.17t0.05 0.97 ±0.04

Notes to Table 6.3:

a) The February 1986 versions of Addscan and Survey Co-add are
compared with the 1985 version of the Point Source Catalog.

b) Given with each flux ratio is the uncertainty in the mean. To
get the dispersion, multiply this number by /N, where N is the
number of galaxies used to obtain the mean flux ratio, given
in parentheses.

c) Conputed for sources whose Addscan width W50 < 0. 8' , 0.
8

'
, 1 .

6
'

,

and 3.1' at 12, 25, 60, and 100 pm respectively. The IRAS
instrumental resolution is 0.75', 0.75', 1.5', and 3.0* for
the 4 bands. Due to the dispersion in Addscan widths for weak,
point sources, we counted sources with W50 values slightly
greater than the Instrumental resolution as point sources.

d) Computed for sources whose Addscan widths W50 > 0.8', 0.8',
1.6', and 3.1' for the 4 bands, but smaller than W50 = 2.0',
2.0', 2.5', and 3.5'.

e) Conputed by dividing S (PSC)/S (Adds can) by S(SCI)/S(Addscan).
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Note to Table 6.4:

All flux density values come from co-added IRAS data. Addscan
values are used for all galaxies whose Addscan widths W50( X) are
less than 2.0', 2.0'. 2.5', and 3.5' at 12, 25, 60, and lOOym,
respectively. Survey co-add data in intensity mode are used for
all galaxies whose widths are larger than these values.
3a upper limits and 1 a uncertainties are given. All flux den-
sities have been scaled by the appropriate correction factors
listed in Table 6.3 to yield values consistent with the 1985
Point Source Catalog. No color corrections have been made.
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Table 6.4

Far-Infrared Flux Densities

12 um
NGC S(Jy) W50C)

25 um
S(Jy) W50(')

60 ura

S(Jy) W50(')
100 ura

S(Jy) W50C)

4064
4178
4192
4212
4216
4254
4293
4298
4302
4 303
4312
4321
4 380

4388
4394
4402
4419
4424
4438
4450
4501
4526
4 527

4 532

4535
4536
4548
4567
4568
4569
4571
4579
4639
4 647

4651
4654
4689
4698
4710
4 713

4808
4866

0.21±0.05 0.75
<0.20 —

1.14+0.23 1.50
0.93±0.19 1.10
0.75±0.15 3.30
4.38±0.51 1.59
0.23±0.04 0.82

0.29±0.07 0. 75
<0.4 5 —

1.23±0.23 1.50
0.76±0.17 1.10
1.03+0.21 4.50
5.36+0.58 1.55
0.57±0.09 0.82

3.47+0.39 1.45 6.99+ 0.73 2.85
2. 71+0.54 3.03 7.21 + 1.44 3.53
9.00+1.80 1.84 23.28+ 4.66 3.27
7.21+0.77 1.53 15.49+ 1.82 2 99
3.04+0.61 4.34 11.64± 2.33 4!98

39.96±4.42 2.05 87.94+ 9.25 3.29
4.71+0.49 1.48 10.09+ 1.07 2.99

}
0.62±0.12 0.93 1.30+0.26 1.15 8.32±1.66 1.65 28.81 +- 5.76 3.15
4.01±0.80
0.28+0.07
3.39+0.68

<0.22
1.13+0.13
0.20±0.04
0.54 ±0.11

0.62+0.10
0. 17+0.05

<0.18

<0. 15

2.41+0.48
0.36±0.06
2. 48 ±0.30
0.36±0.07
2.00±0.04
1.77±0.21
0.60±0.19

2.52
1.10

1.41

0.75

1.70

0.90
0.76
0.77

1.54

0.7 5

1.10

0.93

2.40

0.80

1.50

4.80±0.96
0.27+0.06
3.93+0.62

<0.19
3.41±0.35
0.20±0.04
0.73±0.12
1.48±0.16
0.30±0.08
0.21 ±0.06

<0.13
2.70±0.34
0.40 ±0.08

3.12±0.34
1.09±0.15
2.20±0.44
4.65 ±0.48

<0.52

2.29

0.80
1.13

0.78
1.00

1.10
0.7 7

0.78

0.80

1.60

0.75
1.01

0.92
1.33

0.79

41.14±8.24
2. 09 ±0.23

28.13±2.96
0.68 ±0.11

10.68±1.11
1.11±0.14
4.91±0.59
7. 66 ±0.78
3.03±0.35
3.77±0.41
1.91±0.25

20.37±2.54
5. 82 ±0.69

35.42±3.73
8.52±0.92
12.66±1.55
33. 3 5 ±3. 48

2.85±0.57

2.40
1.51

1.81
1.47

1.46

1.77

1.48

1.46

1.50
1.54

1.99

1.89

1.50

1.68

1.50
2.17

1.44

2.12

78.50±
6.40±

68.00±
2.89±
17.57±
4.25±
15.92±
15.53±
5.80±
10.39±
7.45±

59.83±
14.85±
61.38±
15.15±
28.52±
42.55±
9.84±

8.66
0.68

7.06

0.39

1.87

0.45

1.61

1.67

0.64

1.08

0.81

6.02

1.66

6.61

1.63

5.70

4.74

1.04

3.29

3.09

3.29

2.91

2.92

3.10

3.03

2.92

2. 94

2.97

3.18

3.17

3.00
3.13
3.00

3.58
2.96

3.33

} 1.94±0.25 1.62 2.87±0.57 1.45 22.52±2.30 1. 79 56. 75±11.35 3. 15

1.38±0.18
0.2 7 ±0.08

0.68±0.12
<0.15

1.21±0.19
0.5 3 ±0.09

1.61±0.29
0. 60±0. 12

<0.2 2

0.26±0.07
0.32±0.07
0.69±0.08

<0.22

1.59

0.60
1.55

1.05

1.00

1.15

1.24

1.20

1.45

0.85

2.29±0.25
<0.22

0.71 ±0.13
0.14±0.04
0.88±0.14
0.63±0.09
2.21+0.44
0.56 ±0.12

<0. 19

0.58±0.09
0.26±0.07
0.69±0.09

<0. 19

1.12

1.22

1.40
1.00
1.08

0.92
0.66

0.88

0.85
0.78

10.89±2.18
1.50±0.22
6.49±1.30
1.84 ±0.1

9

5.72+0.6 5

6. 3 5 ±0.78

17.08±3.42
2.89±0.37
0.30±0.07
5.76±0.63
4.30+0.50
6. 46 ±0.82

0.24 ±0.0 7

1.90

2.22

1.87

1.55
1.62

1.59

1.56

1.68

2.00

1.48

1.53

1.49

1.50

25.22±
5.96±
18.56±
4.82±
16.02 ±

15.71

±

34.58±
9.33±
1.91±

12.61 +

10.77±
15.15 ±

0.69±

5.04

0.75

2.04

0.60

1.64

1.71

4.16

1.06

0.21

1.36

1.20

1.56

0.16

3.13

3.11

3.15

3.03
2.91

3.02
2.96

3.11

3.01

2.92

3.02

3.00

3.00
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the Addscan flux density uncertainties. One component is the larger of

the signal-to-nolse ratio of the final co-added scan, or the scatter in

the flux density values of the individual scans. The other is a

constant component, due in part to background subtraction, which we

have assumed to be 10% in each of the 4 bands.

Co-adding the data has resulted in a significant number of new

detections. Whereas less than half of the sample sources are listed as

detections in the PSG at 12pm and 25pm, 3 3 of the 40 systems are now

detected in these bands (the galaxy pairs NGC 4298/4302 and NGG

4567/4568 are unresolved by IRAS, and have been counted as one each).

All of the sample are now detected at both 60pm and 100pm.

§4. The Origin of the FIR Emission from Normal Galaxies

Heated dust is the source of FIR emission from most galaxies, yet

the heating sources and the nature of the gas associated with the dust

remain somewhat controversial. Although many authors have attributed

the FIR luminosity to recent and ongoing star formation, at least 2

recent papers have suggested an additional heating source for the dust.

In a conparison of H a and FIR emission in over 100 galaxies, Persson

and Helou (1987) attribute much of the FIR emission from galaxies with

large Lpj^/Lj^Qj ratios to dust heated by non-ionizing stars. Both

Persson and Helou, and Rowan-Robinson and Crawford (1986) note the

spectral similarity of 'normal' galaxies with Milky Way 'cirrus'

emission, and thereby associate the emission from 'normal' galaxies

with 'cirrus' clouds heated by the ambient interstellar radiation



fields. Thus, there remains considerable uncertainty as to what degree

the FIR emission from 'normal* galaxies Is related to recent star for-

mation. Before embarking on a discussion of the effect of HI defi-

ciency on the FIR emission from Virgo galaxies, we use the CO and HI

data sets to address the nature of the heating sources and the nature

of the gas associated with 'warm' (25-50 K) dust.

As a measure of the 'total' FIR luminosity, we fit a single ther-

mal component to the 60um and lOOym flux densities, and calculate the

total luminosity of this single component between 1-500 ym, using the

relation given In Cataloged Galaxies In the IRAS Survey (Lonsdale et

al. 1985):

LpiR = 4tid2 1.26{Av6oS(60) + Av^^OO^ (100) } R (Vl-i)

where Av represents the IRAS bandwidth, the factor 1.26 corrects for

the gap missed between the 60 urn and lOOym bands, and the factor R

corrects for the emission longward of 120Mm. If flux densities are

given In Janskys, and the distance is given in Mpc, the FIR luminosity

in Lq becomes:

LpxR = 3.75xl05 (2.588(60) + 8(100) }r . (VI-2)

Values of 'L^i^ S(60)/8(100) for the Virgo sample galaxies are tabu-

lated in Table 6.1. In this thesis, we have adopted values for the

correction factor R corresponding to a dust emissivlty law. Although

this correction factor, which comes from Cataloged Galaxies in the IRAS

Survey, yields the total FIR luminosity of this single temperature com-



ponent between l-500iJin, most of the energy of this 25-50 K component

actually falls between 40-300pm. Since we are not using the actual

measured 10-40 urn luminosities in our estimation of Lpj;^, we will refer

to the quantities defined in equations VI-1 and VI-2 as the 40-300 urn

luminosity. We have not included the emission shortward of 40 ym in

order to facilitate comparison with galaxies which remain undetected at

12ym and 25um. The emission in these bands exceeds that expected from

a single temperature conponent characterized by the 60-100 um color tem-

perature, and would contribute an additional --20% to the FIR lumino-

sity. This 'excess' luminosity between 10-40 ym does not vary greatly

among the Virgo galaxies studied here, because of their similar color

tenqjeratures. Furthermore, as a single tenperature approximation of

the actual FIR spectrum, equation VI-2 represents a lower limit to the

true FIR luminosity between 40-300ym, as it neglects the emission from

colder dust which may constitute most of the dust mass in galaxies

(Young et al. 1986a).

The FIR luminosity is plotted against various gas mass quantities

in Figure 6.4. The CO and FIR luminosities are shown in Figure 6.4a to

be well-correlated in the Virgo sample, as shown previously for other

samples (e.g. Rickard and Harvey 1984; Young et al. 1986a). However,

there is an order of magnitude scatter among the galaxies with lower

FIR luminosities, some of which is associated with the Hl-rich,

co-poor, lower luminosity late type galaxies. Figure 6.4b shows that

^FIR %I almost completely uncorrelated. The sum of the atomic

and molecular components, shown in Figure 6.4c, is as well correlated
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Figure 6.4 Log-log plots of 40-300iim far-infrared luminosity vs.
various gas quantities. Included in these figures are the entire Virgo
sample, with the exception of the unresolved (by IRAS) galaxy pairs NGC
4298/4302 and NGC 4567/4568. a) Lvj^ vs. H2 mass. b) Lpj^^ vs. HI
mass. c) Lpjf^ vs. HI+Ho mass, d) h^i^ vs. HI-1-H2 mass within the

optical diameter Dq (RC2). Galaxies with known HI distributions are
denoted by solid circles. Those denoted by open circles have unknown
HI distributions. The location in 6.4d of galaxies with unknown HI
distributions is estimated as described in Table 6.5.
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with LpiR as is H2 alone: the scatter among the Hl-rich, CO-poor,

lower luminosity late-type galaxies is reduced by considering the total

gas mass, yet the large scatter in the Mhi vs. Lp^R plane carries over

into the M(HI+H2) vs. Lpj^^ plane.

We find that the gas quantity which is best correlated with

LpiR is the total gas mass within the inner galaxy . In Figure 6.4d,

the logarithm of Lpi^ is plotted against the logarithm of the mass of

HI-ftt2 within the optical diameter D^. The galaxies represented by

filled circles in Figure 6.4 are those whose HI distributions have been

given by Warmels (1986). For those galaxies which have not been napped

at high resolution in HI, we have estimated the fraction of the total

HI flux which might originate within the optical diameter. Since the

fraction of the total HI flux which originates within Dq is found to be

well-correlated with HI deficiency for the 21 galaxies which have been

mapped in HI, we have used the HI deficiency parameter as a guide in

estimating the HI flux within Dq. These galaxies are represented in

Figure 6.4 by open circles: the true location of these galaxies is

somewhat uncertain only in Figure 6,4d. Table 6.5 summarizes the least

squares fitting results for Lp^j^ vs. the various gas mass quantities,

and also gives details on how the HI fluxes within were estimated.

The total inner galaxy gas yields a better fit than just H2, since

FIR emission and other tracers of star formation are apparently more

correlated with inner galaxy HI in the Hl-rich, CO-poor galaxies (e.g.

NGC A178, NGC 4713). It yields a better fit than the total HI-tti2 mass,

since FIR emission is apparently not associated with HI emission in the
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Notes to Table 6.5:

a) The sample of 39 galaxies Is composed of all Virgo samolegalaxies, excluding NGC 4388 which has a large Sey^ert

TZ'uT'J^" ""'""^ ''''' A298/4302 and NG^'456 /4568 have been counted as one galaxy each. For fits
2 a upper limits have been counted as detections

b) The same as a, but for the 21 galaxies which have beenmapped in HI with high resolution at WRST (Warlels

c) The slopes and correlation coefficients for Lm are
significantly affected by the presence of 8 upper
limits. The result Is that the actual slope is steeperthan indicated here, and the true correlation coef-
ficients are somewhat lower and probably comparable tothose for log M(HI-m2) vs. log Lpj-^^.

d) For the 18 galaxies which have not been mapped in HI by
Warmels, the fraction of the HI flux within 0.75D^ and
I.ODq have been estimated as follows. It is found that
the fraction of the HI flux within a given aperture is
generally well-correlated with the HI deficiency
parameter. For 4 galaxies with HI def>1.0, it is found
that 0.9 7 ±0.04 of the HI flux arises within 1.0D„, and
0.89±0.13 within 0.75Do; for 7 galaxies with
0.4<HI def<1.0, 0.93±0. 07 within I.ODq,
0.69+0.10 within 0.750^; for 6 galaxies with
0<HI def<0.4, 0.68±0.08 within I.ODq, 0.41 iO. 07 within
0.75Do; for 3 galaxies with HI def<0, 0.58+0.11 within
I.ODq, 0.37+0.09 within 0.75Dq. The only galaxy which
falls well outside these general prescriptions is the
Sa galaxy NGC 4698, which has 0.12 of Its HI flux
within I.ODq, and 0.07 within 0.75Dq. For the 18
galaxies unmapped by Warmels, the fraction of HI within
each aperture has been estimated by using the above
flux fractions for the appropriate HI deficiency value.
The only exception is the Sa galaxy NGC 4866, which is
assigned the same flux fractions as NGC 4698, on the
basis of its similarly low LpiR/'^gas ^^atlo.



Table 6.5

Least Squares Fitting Results for log Lp.R vs
Various Gas Quantities

Quantity Fit
vs. logCLpif^)

Number Slope Correlation
Coefficient

log Leo 39a
0.91 ±0.1 3^ 0.76^

21b
1.00±0.15*^ 0.84^

log Mhi 39 0.55±0.21 0.40
21 0.38+0.2 0 0.41

log M(HI-Hi2) 39 0.66+0.13 0.66
21 0.59 +0.09 0.83

log ri(HI-W2) 39^ 0.84+0.10 0.82
within Dq 21 0.78+0.06 0.95
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-ter disk (e.g. NGC 4698). Fro. Figure 6.4. it can be concluded that

the 25-50 K dust emission from galaxies is associated with inner galaxy

gas. If most of the inner galaxy gas is molecular, then LpiR is asso-

ciated predominantly with molecular gas; if most of the inner galaxy

gas is atomic, then Lp^^ is associated predominantly with atomic gas.

A more quantitative estimate of how much FIR emission is associated

with each gas component has been made for each galaxy. For the 21

galaxies mapped by Warmels, Lp^R has been correlated with the total gas

mass within apertures ranging in size from 0.50^ to 2.00^. The best

fits are for 0.750^ and l.OD^; 0.50^ is slightly worse, and 1.50^ is

significantly worse. In Table 6.6, the fractions of the total gas mass

within 0.75Do and 1.00^ in both the atomic and molecular components are

tabulated. These should be good estimates of the fraction of the total

FIR emission associated with each gas component. For most of the Virgo

galaxies studied here, -60-80% of the FIR luminosity is associated with

molecular gas. Yet, for the Hl-rich, CO-poor Virgo galaxies, as much

as ~90% of the FIR emission is associated with atomic gas.

Although there is a generally good correlation between the FIR

luminosity and the Inner galaxy gas mass, the correlation is tightest

for FIR luminosities greater than 10^^ Lq. For galaxies with luminosi-

ties below lO-'-^ Lq, there is a large amount of scatter. The analysis

of CO and FIR emission for an infrared-selected sample of galaxies pre-

sented by Young et al. (1986a) demonstrated that the LpiR/'^gas ^^^t los

were systematically higher in galaxies with higher S^q/SjoO ratios. We

have examined this possibility as an explanation for the scatter in



Table 6.6

Gas Mass in HI & H2 Phases in Inner Disks

^HI^ fH2^
Galaxy 0.75Do 0.750^ l.OD^

4178 0.89 0.93 0.11 0.07
0. 41 0.53 0.59 0.47

4 zio 0. 29 0.46 0.71 0.51
4z j4 0. 19 0.28 0.81 0.72
4 JU J 0. 32 0.42 0.68 0.58

0. 14 0. 19 0.86 0.81
4 388 0.3 3 0.33 0.67 0.67
4394 0.17 0.23 0.83 0.77
4402 0. 18 0.20 0.82 0.80
4501 0.17 0.22 0.83 0.78
4535 0.30 0.43 0.70 0.57
4548 0.21 0.30 0.79 0.70
4569 0.15 0.15 0.85 0.85
4571 0.34 0.42 0.66 0.58
4579 0.17 0.20 0.83 0.80
4639 >0.66 >0.7 5 <0.2 5 <0.34
4 647 0.18 0.22 0.82 0.78
4651 0.49 0.62 0.51 0.38
4654 0.43 0.53 0.57 0.47
4689 0.18 0.21 0.82 0.79
4698 >0.4 5 >0.58 <0.55 <0.4 2

4 713 >0.83 >0.88 <0.17 <0. 12

Notes to Table 6.6:

a) = M(HI)/M(HI-+H2) within the specified
aperture; where Dq is the corrected
optical diameter at 2 5 mag arcsec""^ (RC2).

b) = M(H2)/M(HI+H2) within the specified
ape rture.
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Figure 6.4d, and find that the galaxies with large Lp^./Mg^^ ratios do

no^have systematically higher S^q/S^oO ratios. Instead, „e find that

the scatter is associated with morphology. Figure 6.4e redisplays the

data from Figure 6.4d, but coded by morphological type. It is apparent

that the Virgo galaxies with the largest Lpi^/Mg^^ ratios are early

type galaxies.

In order to help interpret these large Lpi^/Mg^g ratios, it is

relevant to recall that the Young et al. study found that the gas-to-

warm dust (25-50 K) ratios in their infrared-selected galaxies were

several times higher than the gas-to-total dust ratio in the Milky Way.

This suggests that the warm dust is only -10-40% of the total dust mass

in many galaxies. All the Virgo galaxies which lie within the upper

envelope of data points in Figure 6.4e have gas-to-warm dust ratios

which are also several times larger than the gas-to-total dust ratio in

the Milky Way. This can be taken as evidence that the bulk of the dust

in most Virgo sample galaxies is too cold to radiate at 100 ym. Those

early type systems with high Lp^^/Mg^g ratios, but average

^60^^100 colors, either have lower gas-to-total dust ratios or have a

larger fraction of their dust heated to 25-50 K. The fact that the

850/^100 colors are no different may be explained if the heating sour-

ces in the early type galaxies differ from those in the infrared-bright

sample of Young et al . In the infrared-bright galaxies, both the large

Lpjf^/Mggg and high S^q/S^qq are attributed to efficient massive star

formation, which heats a significant fraction of the dust to tem-

peratures >50 K. In the deviant Virgo galaxies, the large
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LpiR/Mgas 'patios may be simply explained by a lack of cold dust. The

gas-to^arm dust ratios for these galaxies are probably comparable to

the gas-to-total dust ratio in the Milky Way. If so, „e predict that

there are no large reservoirs of optically thick molecular clouds in

these early type galaxies to shield the dust from the heating action of

the interstellar radiation fields. Stars in the bulges of these

galaxies could play a significant role in heating large fractions of

the dust to -^25 K. Submillimeter continuum observations, which probe

the coldest dust, will in principle be able to determine whether there

are large reservoirs of cold dust in these early type galaxies.

The finding that both atomic and molecular gas are associated with

FIR emission from Virgo galaxies Is consistent with the conclusion of

Persson and Helou that a significant fraction of the warm dust

radiating at 40-120 ym Is heated by non-ionizing stars. However, this

fact and the fact that the S^q/Sioo ratios of galaxies are similar to

those of galactic 'cirrus' clouds, do not necessarily imply that the

40-120ym emission from 'normal' galaxies is unrelated to star for-

mation. We point out that 'cirrus' clouds are not unique among Milky

Way Interstellar clouds in having relatively small S50/S100 ratios.

Far-infrared observations of the nearby dark clouds R Coronae Australis

and p Ophiuchi reveal that these clouds have FIR colors similar to both

Milky Way 'cirrus' and 'normal' galaxies (Wilklng et al . 1985). The

FIR emission in each of these clouds appears to be powered by low-mass

star formation, with one B star in each cloud contributing most of the

luminosity. Outflow sources from young stellar objects within molecu-



lar clouds also have similar dust temperatures (Edwards e^. 1986).
It is likely that the FIR emission associated with all stars less

massive than 0 within ^.lecular clouds can be characterized by infrared
color temperatures similar to both 'cirrus' and 'nornal. galaxies.

Giant molecular clouds without prodigious 0 star for^tion are found to
have S60/S100 -0.4 (Scoville, private com^nication), similar to the

values found for the Virgo galaxies and galactic "cirrus' emission.

The sources of heating for this dust include both young stars inside

clouds, and the ambient interstellar radiation fields which heat the

cloud peripheries to temperatures similar to 'cirrus' clouds. It is

difficult to deconvolve the GMC FIR emission into that heated by

•young' stars and that heated by the ambient interstellar radiation

field, since the color temperatures of these components are not unique.

Even the interstellar radiation fields, which heat both GMC peripheries

and 'cirrus-like' clouds, have a substantial contribution from 0 -A

stars, meaning that the FIR emission from this component is a tracer of

star formation on a time scale of lO^-io^ years (Tinsley 1980). Since

different stellar populations dominate the interstellar radiation

fields in different galaxies, this time scale will vary among galaxies,

making it difficult to directly relate the FIR luminosity with a star

formation rate.

Cosmic rays may also be an appreciable heating source for dust

throughout galaxies. It is believed that the 10 K gas within molecular

clouds is heated primarily by cosmic rays, which fully penetrate even

the largest clouds. If so, then this is an additional 'young' heating
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co.pon.nt, Since cos™lc rays arc associated with events related to star
f ormation.

The cloud dust temperature, as well as Its Lp,,/L,
, ratio, is very

sensitive to the upper end of the IMF, as pointed out by Persson and

Helou. There is no. evidence that the IMF varies among clouds in the

Milky way. Myers et_al. (1986) and Scoville et_al. (1987) both find

that 0 stars are found exclusively in massive (M>lo5 m^) GMCs, but that

not all clouds with M>lo5 m^ contain 0 stars. Since the IMF is not

uniform within our own galaxy, there is a precedent for IMF variations

among galaxies. The massive GMCs without 0 stars are probably the

sites of low-mass star formation, and can still contribute a signifi-

cant fraction of the total galactic FIR luminosity.

§5. Analysis of FIR Colors and Luminositi es

The 12-25-60 and 25-60-lOOum colors of the Virgo galaxies are com-

pared in Figures 6.5 and 6.6. Also marked in these Figures are the

locations of galaxies studied by Rowan-Robinson and Crawford (1986;

hereafter RC). The sample of RC consists of all galaxies listed in the

PSC with strong detections in all 4 bands, which were not flagged as

extended. On the basis of FIR color-color plots and other data, RC

identified 3 components which contribute to the 12-100 ym emission from

galaxies: 1) a 'starburst' component (B ) characterized by FIR colors

similar to galactic HII regions, 2) a 'normal disk' component

distinguished from the 'starburst' conponent by cooler S(100)/S(60)

colors and warmer S(25)/S(12) colors, and 3) a Seyfert component which
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Figure 6. 5 25-60-lOOvjm color-color diagram for Virgo sample. The
enclosed region contains all the galaxies in the sample of Rowan-
Robinson and Crawford (1986). The D, B, and S symbols mark the FIR
colors of the 'normal disk' (D), 'starbursf (B), and Seyfert (S ) com-
ponents defined by RC. The galaxy NGC A216 has nuch larger uncertain-
ties in its colors than indicated by the mean errorbar, so its true
colors are not well-determined. NGC A388 is the only Virgo sample
galaxy with a significant Seyfert component to its FIR emission. Non-
detections have not been included in this figure. Note that most of
the galaxies outside enclosed region are Hl-deficient
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peaks near 25ym. Indicated in Figures 6.5 and 6.6 are the general

areas in which RC find galaxies dominated by the 'normal disk',

•starburst', and Seyfert components. It is immediately clear that the

Virgo and RC samples have very different FIR properties. Most of the

Virgo sample is characterized by what RC term 'normal disk' FIR colors.

There are no extreme 'starburst' galaxies in the Virgo sample, although

there are several systems (e.g. NGC 4419, NGC 4532, NGC 4536) which

have warmer S(100)/S(60) and S(60)/S(25) colors, and cooler S(25)/S(12)

colors than the typical 'normal disk' galaxy. There is only one sample

galaxy which has a significant Seyfert component. This galaxy, NGC

4388, is known on the basis of other observations (e.g. Hummel, van

Gorkom, and Kotanyi 1983) to be a Seyfert galaxy.

The large difference between the FIR colors of the Virgo and RC

samples is due predominantly to strong selection effects in the RC

sample. Their requirement of large fluxes in the 12 ym and 25iim bands

and that no sources be extended preferentially selects Seyfert and

'starburst' galaxies at the expense of 'normal disk' galaxies. The

Virgo galaxies, which form a nearly complete, blue magnitude-limited

sample of galaxies all at the same distance, are therefore more repre-

sentative of typical (albeit cluster) spiral galaxies.

In addition to the paucity of Seyfert and 'starburst' galaxies in

the Virgo sample, there is another difference in the IR colors of the

RC and Virgo sanples. In the Virgo sanple, there is a population of

galaxies which have cooler S(100)/S(60) colors and warmer S(60)/S(25)

and S(25)/S(12) colors than any of the 'normal disk' galaxies in the RC
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sample. Part of this arises from the selection effects present in the

RC sample. Other studies, using different selection criteria (e.g.

Smith et_al. 1987) also find galaxies that have cooler S(100)/S(60) and

warmer S(60)/S(25) colors than the typical RC 'normal disk' galaxy.

Several groups (e.g. Pajot et_al. 1985; Henkel, Wouterloot, and Bally

1986; Helou 1986) have remarked on the unexpected anti-correlation of

S(100)/S(60) and S(25)/S(12) colors in galaxies, which we display for

the Virgo sample in Figure 6.7. This ant i -correlation is thought to be

due to very small grains radiating at Uiam. In weak radiation fields,

the 12Mm emission is dominated by very small grains heated transiently

to very high temperatures by single photon absorption; while in

stronger radiation fields the 12pm emission is dominated by single tem-

perature emission from larger grains (Draine and Anderson 1985; Desert

1986). Thus it is reasonable that the selection criteria of RC would

discriminate against galaxies with cooler S(100)/S(60) colors and

wanner S(25)/S(12) colors.

There is evidence that the HI contents of the Virgo galaxies are

correlated with their FIR colors, particularly their S(100)/S(60) and

S(60)/S(25) colors. Nearly all of the galaxies which fall outside of

the boundaries defined by the RC sample in Figure 6.5 are Hl-deficient

by more than a factor of 3. (The one galaxy which appears far outside

the RC boundaries in both Figures 6.5 and 6.6, NGC 4216, has very large

error bars, so its colors are not well-determined). There is a similar

tendency in Figure 6.6, although the Hl-deficient and non-HI-def icient

galaxies are more scattered here. This may arise in part from the
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larger uncertainties In the S(25)/S(12) ratios, and in part fro. the

tenacious 12.. emission, which exists even in weak radiation fields.

We have n^asured the dependency of FIR emission on HI deficiency

by least-squares fitting the HI deficiency to the logarithm of the FIR
flux density normalized by 0,^,2. ^^^^^^^^ ^^^^ ^^^^^^^
vs. the HI deficiency parameter for each of the 4 bands in Figure 6.8.

The results of the least squares fitting are presented in Table 6.7.

Within the uncertainties, both Sab-Sb and Sbc-Sm samples exhibit the

same dependence of S(Ym)/U,^,2 deficiency. For both morphologi-

cal groups, the 12Mm emission exhibits the weakest dependency on HI

deficiency, the 60um emission exhibits the strongest dependency, while

the 25pm and lOOym emission show intermediate dependencies. The sta-

tistical significance of these differences from the fits is low, yet

the fact that Hl-deflclent galaxies from both morphological groups show

the same trend, and that the color-color diagrams of Figures 6.5 and

6.6 exhibit the same trend (i.e. warmer S(25)/S(12) and S (60) /S (25)

colors, and cooler S(100)/S(60) colors) argues that the color differen-

ces are real.

In Figure 6.9, the logarithm of L^i^, normalized by ^Q^^^y is

plotted vs. the HI deficiency parameter. Least squares fits have been

performed separately for the Sab-Sb and Sbc-Sm galaxies, and their

results are summarized in Table 6.2. For 17 Sbc-Sm galaxies the slope

of -0.23±0.15 indicates that the Hl-deficlent galaxies are only modera-

tely deficient in FIR radiation.

Two effects related to HI deficiency may be expected to affect the
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Table 6.7

Least-Squares Fitting Results for HI Deficiency vs. log S(IR)/D^p^2

norpnoiogi cal
Type Band Number Slope^

Correlation
Coeff icient^

Sab-Sb'^ 12 urn 8 -0.30±0.13 0.63
25ym 9 -0.44+0.18 0.63
60ym 12 -0. 4610. 15 0.66
lOOym 12 -0.34±0.12 0.65

Sbc-Sm^ 12 ym 16 -0.11±0.14 0.19
2 5vtm 15 -0.18±0.U 0.37
60iJm 17 -0.3410.17 0.44
lOOym 17 -0.21+0.14 0.34

Notes to Table 6.7:

a) Slopes and correlation coefficients are given for detected
galaxies only. Fits to all the galaxies, counting the
3a upper limits of undetected galaxies as detections,
result in slopes which differ by less than 1 a from the
slopes given here,

b) Results for Sab-Sb galaxies heavily affected by the presence
of 1 Hl-rich galaxy, NGC 4527. Without this galaxy, the
slopes of all 4 bands are consistent with zero. NGC 4388
has been omitted from the fits because of a significant
Seyfert conponent to its FIR emission.

c) The galaxy pairs N4298/4302 and N4567/4568 have not been
included here because IRAS fails to resolve them.
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Figure 6.9 Logarithm of the 40-300pm luminosity normalized by
optical area vs. HI deficiency for the Virgo sample.
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infrared emission fro. Virgo galaxies. There is less heating fro.
.assive stars since there is less Ha eMssion globally (Kennicutt

1983). Secondly, there is less (war.) dust in the inner regions of

Hl-deficlent spirals, since even the inner regions are Hl-def icient.
Two conclusions can be drawn fro. the observation that the magnitude of

the -FIR-deficiency. is no greater (and probably less than) the ^gni-
tudes of the 'Ha-deficiency. and the inner galaxy Hl-def iciency . 1)

The loss of dust associated with inner galaxy HI represents only a

small fraction of the inner galaxy dust mass. 2) The warm dust

radiating at 40-120pm is heated by more than just 0 stars, and these

other sources have not been stifled by the Hl-stripping event.

The slight change in FIR colors associated with HI deficiency,

manifested by weaker emission in the 60pm band relative to the other

IRAS bands, is most easily explained by less efficient massive star

formation (c.f. Young et al. 1986a). This has the additional benefit

of also explaining the smaller Ha fluxes in the Hl-def icient systems.

If the removal of 'cirrus-like' clouds (which have relatively cool

S(100)/S(60) colors) were responsible for lower FIR luminosities in the

Hl-def icient galaxies, one would expect systematically warmer

S(100)/S(60) colors in these galaxies.

§6. The Relationship Between Gas and Star Formation in Virgo Spirals

A comparison of the slopes of the fits for FIR and Ha from Table

6.2 reveals that the FIR slope is less than the Ha slope, although the
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differences between the 'FIR-def iclency • , the 'H a-def iciency ' , and the

•radio-continuum deficiency' are not statistically significant. If the

FIR and Ha slopes are taken to indicate the 'massive star formation-

deficiency', we find that Virgo Sc galaxies which are Hl-deficient by a

factor of 10 are deficient in massive star formation, on average, by a

factor of 2-3. Thus, the magnitude of the 'massive star fornation

deficiency' for Virgo Sc's is identical to the magnitude of the total

gas deficiency, found in Chapter V.

A conparison of the radial distributions of gas and tracers of

star formation, in Figure 6.10, helps to illuminate the relationship

between the star formation rate and the availability of gas. In order

to make these comparisons, we have assembled blue light profiles from

Whitmore and Kirshner (1982) and Fraser (1977), HII region counts from

Hodge and Kennicutt (1983), 1.4 GHz radio continuum distributions from

Condon (1983) and Warmels (1986), and HI distributions f rom Warmels

(1986). The HI and H2 distributions in Figure 6.10 have been corrected

for inclination as described in Chapter V, by taking into account the

instrumental resolution. The radio continuum, HI! region, and blue

light distributions have been corrected by a factor of cos(i) to

account for inclination. No attempt has been made to smooth all the

data to the same resolution, so that some of the apparent differences

(especially blue light) are the result of different resolutions.

Although the relative scaling factors for blue light, radio continuum,

and HII regions are arbitrary, they are the same for every galaxy. In

most of the galaxies shown in Figure 6.10, the radial distributions of



Figure 6.10 Radial distribution of GO (H2), HI, blue light

(B), 1.4 GHz radio continuum (RG), and HII regions (HIl) In Virgo

sample galaxies for which RC, HII, or blue distributions exist in

the literature. The vertical scale gives the HI and H2 mass sur-

face densities in Mq pc~2, corrected for inclination. The blue

light, HII region, and radio continuum data have been crudely

corrected for inclination by multiplying the observed intensities

by cos(l), and scaled so that their values roughly agree with the

H2 distributions in the 3 most luminous Sc galaxies. Although

the scaling is arbitrary, it is the same for every galaxy. The

HII region distributions are the number of HII regions per unit

area (from Hodge and Kennicutt 1983) nultlplied by the global

Ha+[NII] flux (from Kennicutt and Kent 1983). The HII region

counts may be underestimated in the inner galaxy because of plate

burnout or difficulty in counting HII regions in crowded fields.
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H2 (CO), radio continuum, and HII regions are similar. This emphasizes

that the survival (and possible enhancement) of molecular gas has

played a major role in preserving the star-forming ability of

Hl-deficient Virgo galaxies.

It has been previously demonstrated that the distributions and

total luminosities of Ha, FIR, radio continuum, and blue light in

several (mostly luminous) spiral galaxies are more closely related to

the molecular gas than the atomic gas (Talbot 1980; Young and Scoville

1982a; Scoville and Young 1983; deGiola-Eastwood et_al. 1984; Young et

al^. 1986a). Yet because of the dominance of molecular gas in the inner

regions of these galaxies, it was not possible to discern whether the

star formation rate was more dependent upon the surface density of H2,

or more dependent upon the total gas surface density (HI-Hl2)« The

radial distributions presented in Figure 6.10 cannot help settle this

question, since all 12 galaxies displayed are H2-dominated.

Unfortunately, there is no information currently available on the Ha,

radio continuum, FIR, or blue light radial distributions in the

co-poor, Hl-rich galaxies. However, the global massive star formation

rates of these galaxies are large, as evidenced by their Ha line, FIR,

and radio continuum luminosities. A comparison of the Ha luminosities

in the lower luminosity Sc galaxies is revealing. For the 4 Hl-rich,

co-poor galaxies (NGC 4178, NGC 4651, NGC 4713, NGC 4808), the mean

value of log ^Wa^opt'^ = 4. 99±0. 15, For 3 Hl-poor, CO-rich galaxies

(NGC 4212, NGC 4571, NGC 4689), the mean value of the same quantity is

4.58±0. 18. (The reader is invited to compare these results with those
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In Table 5.3, which summarizes the GO and HI properties of these 2

samples.) Uncertainties in the extinction corrections cloud the rele-

vance of this difference. However, unless the Hl-poor. CO-rlch

galaxies suffer twice the extinction at Ha as their Hl-rlch, GO-poor

counterparts, It Is the Hl-rlch, CO-poor galaxies which have slightly

higher massive star formation rates.

High massive star formation rates In the GO-poor, Hl-rlch, spirals

belle the notion that a galaxy must have a large supply of molecular

gas to undergo prodigious massive star formation. Glearly, the massive

star formation rate Is not proportional to the H2 surface density In

these galaxies. The gas In these Hl-rlch galaxies undoubtedly does

pass through the molecular phase on Its way to forming stars (because

of the high densities which gas must achelve on Its way to reaching

stellar densities), but apparently, the pre-exlstence of large quan-

tities of gas In the molecular state Is unnecessary for the star for-

mation process to begin. These data are consistent with the hypothesis

that It Is the total gas surface density, more than the molecular gas

surface density, which Is related to the star formation rate.

Of course, it is known that the star formation rate Is not simply

proportional to the gas surface density In all galaxies, or even at all

radii within an Individual galaxy. The HI profiles in the outer

regions of man/ galaxies (e.g. NGC A303 among the Virgo galaxies in

Figure 6. 10) are shallower than the blue light and other star formation

tracer profiles. Apparently, outer galaxy gas is not as efficient In

forming stars as Is Inner galaxy gas. This could be explained by
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larger scale heights and lower volume densities of gas In the outer

regions of galaxies, as Is observed In the Milky Way (Kulkarnl, Blitz,

and Helles 1982). The volun^ density of gas should be more directly

'

related to the star formation rate than the surface density of gas,

meaning that the surface density would trace star forming activity only

for a constant scale height.

Although the magnitude of the 'massive star formation deficiency'

is equal to the magnitude of the total gas deficiency, we believe that

this is partly a coincidence, because of the different radial distribu-

tions of HI and tracers of star formation. It was demonstrated in

Chapter V that global gas deficiency is manifested by a deficiency of

HI in the outer disks; although the inner disks are Hl-def icient, they

are not significantly gas-deficient because of large amounts of molecu-

lar gas. HI profiles in the outer disk regions of at least some

galaxies are shallower than blue light and star formation tracer profi-

les, indicating that outer galaxy gas is not always as efficient in

forming stars as inner galaxy gas. The region which has lost most of

the gas is the region which is least efficient in forming stars, making

it unlikely that the deficit of massive star formation exists solely in

the outer disk. Instead, we believe that the inner regions of

Hl-deficient Virgo spirals may have lower efficiencies of massive star

formation.

§7. Possible Variations in the IMF

All of the star formation tracers that have been discussed in this

chapter are highly sensitive to the upper mass end of the main
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sequence, and yield little information about the formation of low mass

stars. It is entirely possible that only the formation of 0 and B

stars has been altered in the Hl-deficient Virgo spirals, and that the

total star formation rate (in yr'l) remains unaltered due to prodi-

gious lo^-mass star formation. While no quantitative examination of

this important problem has yet been undertaken, Kennicutt (1985) has

made the following qualitative observation from his H a photometry

:

"The galaxies which are unusually gas-poor generally exhibit much

smaller and fainter HI! region populations. The gas deficiency seems

to have altered not only the star formation rate, but also the proper-

ties of the individual star forming regions."

The physical conditions responsible for the formation of stars in

different mass ranges are observationally unknown. However, as we

pointed out in §VI.4, there is evidence that the formation of 0 stars

in the Milky Way occurs only in a particular class of massive GMC

(Myers et al. 1986; Scoville et al . 1987). Moreover, Scoville et al .

find that the efficiencies of massive star formation in the Milky Way

are a function of cloud size: the most massive CMC's (M-IO^ Mq) may be

less efficient at forming OB stars than their smaller counterparts

(M~10^ Mq). The existence of both Hl-dominated and H2-dominated

spirals in the cluster demonstrates that the physical conditions in the

interstellar madia of Virgo galaxies vary greatly. If the IMF and star

forming efficiencies vary among extragalactic molecular clouds as much

as the results of Scoville et al . suggest, then it would not be

surprising to discover that the IMFs vary among the Virgo spirals as
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well.

lave
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_§8. CO in Virgo SO's and the Fate of stripped Sclr^

In the past, a number of authors (e.g. Gunn and Gott 1972) h.

concluded that Hl-strlpped cluster galaxies would quickly evolve t<

become Inactive, featureless SO-llke systems, since their reservoir of

star-forming material was significantly depleted. This early conclu-

sion was based on the erroneous assumptions that the atomic gas was the

only significant component of interstellar gas mass, or that the mass

of other components were simply proportional to the atomic gas mass.

Both of these assumptions are false. Quantitative knowledge of the

molecular gas in Virgo galaxies allows us to reevaluate the evolu-

tionary fate of Hl-deficient spirals.

An immediate conclusion from Chapters V and VI is that the sur-

vival (and possibly the enhancement) of large amounts of molecular gas

mitigates the impact of HI removal on star formation and subsequent

galactic evolution. We find that the total gas deficiency is equal in

magnitude (within the uncertainties) to the massive star formation

deficiency. The evolutionary fate of gas-deficient galaxies can be

(crudely) assessed by the widely used gas-depletion timescale, which is

the time it will take for a galaxy to use up its supply of gas by

turning it into stars at the current rate. In order to compute the gas

depletion timescale, it is necessary to estimate the total star for-

mation rate (in Mq yr"!). This is generally done by measuring a tracer

of high mass stars (e.g. Ha emission, UV continuum) and assuming an
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IMF. An inportant conclusion can be reached without specifying the

star formation rates. Since the total gas deficiency in Virgo galaxi

is equal to the MSF-def iciency
, the formal gas depletion timescales

Identical in the Hl-rich and Hl-deficient systems.

While this suggests that Hl-deficient galaxies may evolve at the

same rate as Hl-rich galaxies, this does not mean that the Hl-deficient

galaxies undergo 'normal' evolution. We note several uncertainties

which result from using the formal gas depletion timescales to predict

the future evolution of cluster galaxies. I) The IMFs may systemati-

cally differ between the Hl-rich and Hl-deficient galaxies, resulting

in a systematic error in the gas depletion timescales. 2) The gas

depletion timescales consider star formation as the only sink for

interstellar gas, and do not include the continual removal of gas into

the ICM by stripping. Inclusion of this gas loss mechanism decreases

the true gas depletion timescales in Hl-deficient galaxies.

3) Although the global average total gas deficiency is equivalent to

the global average massive star formation deficiency, different regions

of these galaxies may exhibit these deficiencies. It was demonstrated

in Chapter V that the global gas deficiency is manifested by a defi-

ciency of HI in the outer galaxy ; the inner galaxy is not signifi-

cantly gas deficient. We suspect that it is lower Ha emission in the

inner galaxy which is largely responsible for the global "MSF-def-

iciency", although this has not been demonstrated. This suspicion is

based on the observation that the Ha radial profiles in marty galaxies

exhibit much stronger central peaks than HI profiles, and on the quali-



tative Impressions of Kennlcutt, described in §VI.7, on the nature of

the fainter star forming regions in the Hl-deficient galaxies. 4)

Finally, the gas depletion timescale does not uniquely describe galac-

tic evolution. A Virgo galaxy with three times less gas, and a star

formation rate three times lower will evolve and appear differently

than a typical isolated galaxy, even though their gas depletion

timescales are the same. As an extreme exanple, consider the fact that

if both the gas content and the star formation rate were reduced by a

factor of 1000, the gas depletion timescale would remain unaltered,

although the galaxy would be declared gas-free, and devoid of star for-

mation.

Therefore, although the survival of molecular gas lessens the

impact of the HI-s tripping on galaxy evolution, it does not rescue a

severely stripped galaxy from an altered evolutionary path. We have

identified three Virgo galaxies from among the 42 mapped which show

evidence that the transformation of spirals to SO's or 'SO-like'

galaxies may be occurring in the Virgo cluster. All three of these

galaxies are severely Hl-def icient, and have been detected in CO.

The first of these, NGC 4710, is the first SO galaxy in which mole-

cular gas has been detected. It is an edge-on, small B/D galaxy with a

featureless outer disk, and a prominent central dust lane. Emission

regions are visible within the dust lane (e.g. Hubble Atlas photo,

Sandage 1961) which suggests that star formation is ocurring within the

central region. NGC 4293 is similar to NGC 4710 in many respects, yet

is classified as SO/a (RC2) or Sa pec (RSA). It Is highly inclined.
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has a featureless outer disk, and dust lanes throughout the central

region (Sandage 1961). Both NGC A710 and NGC 4293 have a source of CO

emission which is unresolved in a 45" beam. Both remain undetected in

HI, although sensitive searches have been carried out at Arecibo

(Giovanardi, Krumm and Salpeter 1983). Each galaxy has a projected

velocity conparable to the n«an projected velocity of the cluster,

which suggests that most of their kinetic energy is in the plane of the

sky. NGC 4710 is 5.3° from M87, while NGC 4293 is 6.4° away, implying

that both galaxies are beyond the 'stripping zone' of approximate

radius 4.5°. The positions and projected velocities of both systems

are consistent with radial orbits which carry them through the center

of the cluster. If they indeed passed through the cluster core, they

would take approximately 2x10^ years to reach their observed positions

from the core, assuming that they are moving with the mean cluster

velocity

.

These galaxies exhibit the expected aftereffects of a severe

stripping event. Very little gas remains in their outer disks. The

only interstellar matter remaining is dense molecular gas at the bottom

of the gravitational potential wells, which are the locations least

susceptible to removal. The gas contents, cluster locations, kinema-

tics, and morphological appearances of both galaxies are consistent

with the scenario that these were once later-type spirals which suf-

fered severe stripping events approximately 2x10^ years ago.

The third galaj^r, NGC 4419, is an Sa which has been detected in CO

at three positions along the major axis. It has the highest COAlI flux



ratio of any galaxy known, with an inferred M (H2 ) /H (HI ) ratio of 2 5.

It also has the most asymmetric molecular gas distribution of all

galaxies in the Virgo survey. With a projected velocity of -205 km

(among the most negative of all Virgo galaxies), and a projected

separation of 2.8° from M87, NGC 4A19 is undoubtedly on a radial orbit

which passes very close to the cluster core, ensuring a strong interac

tlon with the mtracluster gas. It is likely that the large CO/HI flu

ratio, and the large CO asymmetry are the result of this interaction.

Both of these properties suggest that NGC 4419 is not as evolved as

either NGC 4293 or NGC 4710, so perhaps is closer to M87.

The identification of NGC 4710 and NGC 4293 as stripped spirals 1

the process of evolving into 'SO-llke' galaxies rests largely on the

untested assumption that galaxies with similar properties do not exist

outside of clusters with large fractions of Hl-deficient galaxies. Th

small amount of CO data currently available on SO galaxies precludes

any meaningful comparison of molecular gas In Virgo and non-Virgo SO's

However, the large far-infrared data base provided by the IRAS

satellite allows a comparison of the HI masses and FIR luminosities of

Virgo and non-Virgo SO's. Figure 6.11 displays histograms of the

LfIr/%1 ratio for two samples of galaxies. The upper histogram exhi-

bits the distribution of log (Lp^j^/M^ j ) for the 42 Virgo sample

galaxies. The four Virgo sample galaxies with the highest values of

this ratio are NGC 4293, NGC 4419, NGC 4526, and NGC 4710.

The lower histogram exhibits the same ratio for a san^le of 'SO'

galaxies from the large HI compilation study of Wardle and Knapp



Figure 6.11 Histograms of LpxR/^Hl ^^tlo for 2 samples of

galaxies. The~upper histogram shows the galaxies in the Virgo

sample, which include SO-Sm morphological types. The lower

histogram shows the 80 E/SO-SO/a galaxies from the Wardle and

Knapp (1986) study which have been observed in HI, and detected

at 60um and/or 100 ym. The shaded regions of these histograms

indicate lower limits (3a) to the L^i^M^l Although NGC

4293 NGC 4419, NGC 4526, and NGC 4710 are among the galaxies

with* the largest known L^i^/^l "^ios, many of the other SO

galaxies from the Wardle and Knapp study have less sensitive

upper limits for their HI fluxes, and could therefore be more

extreme in this ratio than these Virgo galaxies.
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(1986). For the Wardle and Knapp study, 305 HI observations of

galaxies classified as E/SO, SO, SO/a, and SOpec were collected fro.

the literature, of which 85 were detected in HI. These data originate

from a variety of sources and telescopes, and are not uniformly sen-

sitive. Of these 305 galaxies, 80 are listed in the IRAS Point Source

Catalogue as a positive detection at either 60um or 100^ or both. It

is these 80 galaxies which appear in the lower histogram of Figure

6.11. Because of the non-uniform HI sensitivity, the ill-defined

selection criteria, and the large number of HI non-detections, this

sample is by no means an ideal sample for statistical comparisions.

These histograms do, however, make the point that NGC 4293, 4419, and

4 710 (and 4526) are among the early-type disk galaxies with the

largest known Lfir/Nhj- ratios. It is clear tliat these galaxies have

unusual properties for early-type systems, which makes it plausible

that these properties are the products of the harsh Virgo environment.

It is of interest to identify the galaxies in these histograms

which are known to have log Lp3;r/M^j->1. 0. Of the Virgo sample, ten

galaxies meet this criterion; eight of the ten are early -type galaxies

which are Hl-deficient by a factor of 10 or more. They are presumably

recently and severly HI-s tripped galaxies whose inner disk infrared

emission remains strong. One of these eight, NGC 4388, has a signifi-

cant Seyfert component to its FIR luminosity. The other two galaxies

are members of the interacting binary Sc pair NGC 4567/4568, which are

Hl-deficient by a factor of 4. In this system, not only is the HI con-

tent low, but the infrared luminosity may be enhanced by an increased
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efficiency of massive star formation, as is observed in strongly

interacting and merging galaxies (Young et al. 1986b). Of the lA SO

galaxies in the Wardle and Knapp sample known to have log L^j^^M^^^
, ^

5 are in the Virgo cluster, 3 are in other Hl-deficient clusters (A262.

A1367, and A2147), one is a member of a galaxy pair, and the status of

the others is uncertain.

The galaxy with the largest ratio in either sample is the

Virgo SO galaxy NGC 4526, which was undetected in the CO line. This

galaxy, like NGC 4 710 and NGC 4293, is slightly outside the Virgo core

•stripping zone', and may therefore have passed through the core region

-2x10^ years ago. This galaxy is more luminous, and therefore more

massive, than either NGC 4710 or NGC 4293, and as a result is more dif-

ficult to detect because of its larger expected linewidth. Its large

ratio suggests that NGC 4526 may also be a severely stripped

spiral in the process of becoming an SO galaxy.

While the preceedlng analysis presents a convincing case that

these galaxies were stripped -2x1 0^ years ago, the evidence that they

were later-type spirals immediately prior to the stripping events is

only circumstantial. The following points suggest that this may be the

case: 1) These galaxies exhibit the e>q)ected characteristics of

severely stripped Sa-Sb galaxies. 2) At some time in their past,

these galaxies underwent prodigious star formation in their disks, and

during that time would have been classified as spirals. Prior to being

stripped, these galaxies had gas in their disks, and therefore could

have been forming stars, creating a stronger 'spiral' appearance. 3)
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There are very few Hl-deficient later-type spiral galaxies in the outer

cluster. In the present sample of 42 galaxies, there are 6 galaxies

with Rm87>^-5'' and HI def>O.A. Four of these (NGC 4064, NGC 4293, NGC

4526, and NGC 4710) are classified as SO^a. The other galaxies are

NGC 4450, an Sab, and NGC 4394, an SBb in close proximity to the ellip-

tical gala^ NGC 4382. This morphological segregation could also be

due to selection effects. If all late-type spirals have predominantly

circular orbits (Dressier 1986), then one would not expect to find

stripped late-type spirals outside the 'stripping zone'.

While the preceeding analysis presents a convincing case that

these galaxies were stripped -2x10^ years ago, the evidence that they

were later-type spirals immediately prior to the stripping events is

only circumstantial. The following points suggest that this may be the

case: 1) These galaxies exhibit the expected characteristics of

severely stripped Sa-Sb galaxies. 2) At some time in their past,

these galaxies underwent prodigious star formation in their disks, and

during that time would have been classified as spirals. Prior to being

stripped, these galaxies had gas in their disks, and therefore could

have been forming stars, creating a stronger 'spiral' appearance. 3)

There are very few Hl-deficient later-type spiral galaxies in the outer

cluster. In the present sample of 42 galaxies, there are 6 galaxies

with RmS?^"^*^" ^'^^ def>0.4. Four of these (NGC 4064, NGC 4293, NGC

4 526, and NGC 4710) are classified as SO-Sa. The other galaxies are

NGC 4450, an Sab, and NGC 4394, an SBb in close proximity to the ellip-

tical galaxy NGC 4382. This morphological segregation could also be



due to selection effects. If all late-type spirals have predominantly

circular orbits (Dressier 1986), then one would not expect to find

stripped late-type spirals outside the 'stripping zone'.

§9. Summa

In this chapter, various traces of star formation in Virgo spirals

are compared with their gas properties. The major conclusion drawn is

that the massive star formation rate in Hl-deficient spirals is reduced

by an amount comparable to the total gas (HI-m2) deficiency.

Comparisons of the radial distributions of HI and CO with Ha line

and radio continuum emission reveal that the survival of molecular gas

plays a prominent role in preserving the star forming ability of

Hl-deficlent galaxies. However, galaxies do not need a large steady-

state supply of molecular gas to form stars. There are several low

mass Sc-Sm galaxies in the cluster which are rich in atomic gas, but

have little or no CO emission. The 2 Hl-rich, CO-poor galaxies which

have been mapped at high resolution in HI have HI surface densities

greater than those observed in any CO-rich galaxy. Despite the lack of

molecular gas, these galaxies are strong sources of Ha line, far-

infrared, and radio continuum emission. The massive star formation

rates per unit area in these galaxies are comparable to those in the

more luminous, GO-rich, Virgo Sc galaxies.

Infrared data at 1 2-100 ijm are used to discuss the nature of the

heating sources for the dust, the phase of the gas associated with the

dust, and the dependence of FIR emission on morphology and HI defi-
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clency. It is found that the gas quantity which exhibits the best

correlation with FIR luminosity is the mass of HI-H12 within the optical

isophotal diameter D^. The correlation between these quantities Is

tight for Sc galaxies. However, there is an order of magnitude

variation in the LpiR/Mg^g ratio for SO-Sb galaxies. The

^FIR/f^gas ^^^io 3"»ong these galaxies Is not correlated with the

S60Mm/Sio0um ratio, Indicating that heating by massive stars is not the

cause of LpiR/Mg^s variations. Either the gas-to-dust ratios in some

early type Virgo spirals are lower than that in the Milky Way, or the

fraction of dust which exists at ~10 K is small.

Virgo spirals which are Hl-deficient by a factor of 10 have

A0-120ym luminosities which are lower a factor of ~2-3. Of the 4

IRAS bands, the emission at 60um Is most affected by HI deficiency.

This effect, although small in magnitude, Is consistent with less

heating from massive stars.

Although the survival of molecular gas mitigates the Impact of HI

deficiency on star formation and subsequent galactic evolution, it does

not spare severely stripped galaxies from altered evolutionary paths.

We have identified 3 early type Virgo galaxies whose properties suggest

that the transformation from spirals to SO-llke galaxies may occur as

the result of stripping. GO emission has been detected in the center

of NGC 4710 and NGC 4293, 2 SO-SO/a galaxies which remain undetected in

HI. The morphologies and orbital constraints on these galaxies suggest

that they are the evolved remnants of early type spirals which suffered

severe stripping events ~2xl0^ years ago. A third galaxy, classified



as an Sa, has the largest known ratio of GO to HI flux, and has the

most asymmetric CO distribution in the Virgo sample. NGC 4419's

extreme negative velocity and its projected location close to M87

ensure a strong interaction with the intracluster medium, its gas pro-

perties suggest that NGC 4419 may be less evolved than either NGC 4293

or NGC 4710, so perhaps it is still close to the cluster core.

A comparison has been made of the Lpj-R/M^j; ratios of the Virgo

sample and the Wardle and Knapp (1986) sample of SO galaxies.

Hl-deficient SO-Sa Virgo galaxies have the highest values of this

ratio among the 2 samples, which provides strong evidence that these

galaxies have been modified by the Virgo environment. Several reasons

are given which support our contention that the galaxies exhibited a

later-type morphology prior to the environmentally induced modifica-

t ion.



CHAPTER VII

THE ROLES OF ATOMIC AND MOLECULAR GAS IN STAR FORMATION

§1. The Lifetime of the Molecular Phase In Galaxies

The existence and persistence of large ratios of molecular-to-

atomic gas in the inner regions of Hl-deficient spirals not only has

important implications for the long-term evolution of these galaxies,

but may also constrain the rate at which gas cycles between the atomic

and molecular phases in these galaxies. Before proceeding, two rele-

vant facts are recalled: 1) In Hl-deficient Virgo galaxies, the HI

surface density within the inner half of the optical disk is low with

respect to both starlight and the surface density of molecular gas. 2)

The large fraction of Hl-deficient galaxies with large 0^2/^1 ratios

inplies that these large ratios endure for a period of order a cluster

crossing time, which is -2x10^ years. The first implication of these

facts, which has already been discussed, is that the long-term survival

of molecular gas minimizes the impact of HI deficiency on star for-

mation and subsequent galactic evolution (particularly in the inner

galaxy ).

The enduring nature of the large 0^2'' °HI ^^^ios Is also relevant

to the lifetime of the molecular phase in the galaxies. It is

necessary to define what is meant by the lifetime of the molecular

phase. We do not mean the lifetime of an individual molecular cloud.

We also do not mean the average amount of time a typical nucleon spends

286
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m the molecular phase. The large H2/HI ratios In the central regions

of both Virgo and isolated high luminosity galaxies indicate that a

typical nucleon in these regions spends most of its existence in the

molecular phase. What we do mean by the lifetime of the molecular

phase is the average length of time a nucleon spends between molecular

formation and dissociation. The rate at which interstellar gas cycles

between the ionized, atomic, and molecular phases is important in

theories of star formation and the evolution of the interstellar

medium. Prior estimates of molecular phase lifetimes in the inner disk

of the Milky Way have ranged from -10^ years (Blitz and Shu 19 80) to

-10^ years (Scoville and Hersh 1979). An Independent assessment of the

molecular phase lifetime in galaxies can be made from the Virgo cluster

observations.

The original conclusion of Kenney and Young (1985, 1986) and Stark

al. (1986) that the molecular phase in galaxies is long-lived was

based on the unstated assumption that the large 042^^! '^^tios were due

only to HI removal. If the large o^^/c^i ratios were due to the con-

version of atomic to molecular gas by a cluster-galaxy interaction pro-

cess, then the possibility exists that the galaxy-ICM interaction might

limit the use of Virgo spirals as probes of typical ISM behavior. The

Idea here is that if gas in molecular clouds were rapidly returned to

the atomic phase, a continuing HI-Hi2 process might maintain large

0^2/^1 ratios. However, such a scenario could not explain the large

inner disk o^^/ 0^1 ratios in Hl-def iclent galaxies which are outside

the active "stripping zone" (e.g. NGC A293). Beyond the 4.5° radius
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"stripping zone", the hypothetical HI^2 Process would no longer

operate. Yet large c^^/ ratios persist in galaxies which appear to

have passed through the densest regions of the core over 109 years ago.

The existence of these galaxies makes it unlikely that large

OH2/0HI ratios are "maintained" by an ICM-ISM interaction.

Even if the low HI surface densities in the inner regions of the

Hl-deficient spirals are due to HI removal, one could imagine a sce-

nario where only low column density HI not associated with CMC's was

removed from the galaxy. The surviving HI in the Hl-deficient galaxies

may be predominantly associated with CMC's. CMC's are massive enough

to be gravitational ly bound, and therefore could act as harbors from

the intracluster storm. Within this gravltationally bound complex,

nucleons might pass through atomic, Ionized, and molecular phases any

number of times during the 2x10^ year cluster crossing time. In order

for this scheme to be tenable, roughly half of the inner disk HI in an

Hl-normal luminous Sc galaxy must be associated with gravltationally

bound CMC's, a typical 'CMC complex' must be composed of -10-30%

neutral hydrogen (see Figure 5.15), and the HI must remain associated

with its CMC for -2x10^ years. While this scenario permits gas within

a 'CMC complex' to cycle between phases on short timescales, it

requires that the Individual 'CMC complexes' survive for -2x10^ years.

Thus the persistence of large o^^/ ^I ratios in the inner regions

of Virgo spirals appears to require that either the molecular phase

lifetime, or the lifetime of individual CMC conplexes is -2x10^ years.

If H2 were rapidly cycled through the atomic phase, then one would
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expect H2 to become rapidly depleted to achieve the value of

OH2/0HI which was present prior to HI removal.

It should be emphasized that the term 'molecular phase lifetime'

does not have physical meaning for an entire galaxy, but nay have

meaning for separate regions within a galaxy (e.g. within annuli). In

the outer disks of galaxies, and even the inner regions of Hl-dominated

galaxies, the small ratios of c^^/^I ^^^V that a typical nucleon

spends most of its life in the atomic phase. Yet in the inner regions

of H2-dominated galaxies, a typical nucleon nay spend long unin-

terrupted periods of time in the molecular state, particularly if most

of the H2 mass exists in hard-to-destroy GMGs.

§2. The Roles of Atomic and Molecular Gas in Star Formati on

Stars form from molecular gas, but molecular gas forms from atomic

gas. In the simplest terms, the evolution of galaxies can be

understood as HI-^2"^^^^^' present, little is known about the roles

that atomic and molecular gas each play, on a global scale, in the star

formation process. The relative amounts of HI and H2, and the rela-

tionship between the star formation rate and the amounts of HI and

H2 can be utilized to constrain the manner in which gas in galaxies is

transformed into stars.

Since Schmidt's (1959) original suggestion that the star formation

rate (SFR) is proportional to some power n of the gas density, a myriad

of papers have discussed this idea. Since the volume density of gas,

Pggg, is difficult to observat ionally determine, the Schmidt law is
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commonly expressed in terms of the gas surface density, o^^^, which U
observatlonally measured, and the scale height of the

the Schmidt law can be written

S^^' 2gag. Thus

n

SFR a Pg^gH oc {—] .

^gas

z,'gas

For several reasons. It Is convenient to express a Schmidt-type rela-

tion for the star formation rate In terms of the surface gas density to

the first power, or:

SFR(R) = agas(R) SEE (VI 1-2)

where the total gas surface density a^^ (In pc-2) and the star for-

mation rate SFR (In yr"! pc-2) are functions of galactocentrlc

radius R, and the proportionality factor Is called the star formation

efflclenqr SFE (In yr"^).

Equation VI 1-2 Is convenient because the quantity a„ac(R) Isga s

directly observed In other galaxies. Moreover, a direct propor-

tionality between SFR(R) and ag3g(R) have been observed In several

luminous spiral galaxies (e.g. Scovllle and Young 1983; Chapter VI).

Equation VII-2 separates the star formation rate Into the amount of raw

material available, and a term which depends on physics. (As such,

equation VII-2 Is not a physical law, as Is equation VII-1. A

variation in Zg^g, or a power of n different from 1 in equation VII-1

would be incorporated into the SFE term in equation VII-2). The pre-
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sent gas distribution o^^^iR) depends on the initial gas distribution,

determined by the collapse of the protogalaxy, and by the amount of gas

already used up to form stars. (This simple picture thus ignores

significant radial transport of gas, and gas accretion after galaxy

formation.) All the physics of star formtion, which is inherently a

local process, are included in the SFE term. Magnetic fields and tur-

bulence support molecular clouds from rapid gravitational collapse

severely limiting the SFE and prolonging cloud lifetimes. Various pro-

cesses may increase the SFE over the quiescent value. These include

passages through spiral arras and barlike potentials, cloud-cloud colli-

sions, and shocks from nearby star forming regions. Evidence for

increased SFE's has been presented for the spiral arms of M51 and the

bar of M83 (Lord 1987), and in interacting and merging galaxies (Young

et__al. 1986b). In all these cases, the increased SFE can be considered

as an enhancement not depending on global galaxy properties, but due to

the local environment.

In the Schmidt-law description of star formation, it is not a

priori obvious whether it is more physically meaningful to consider all

the gas, or just the densest star-forming clouds in the gas surface

density term. Equation VII-I does not distinguish between different

physical states of gas. Yet, we seek an explanation for the large

range of 0^2^ *^I ^^'^^os in galaxies, and this e>q)lanation may or may

not directly involve star formation.

Qualitatively, the decreasing <^2^ ^1 ^^^^^^ with increasing

radius in a galajty might be easy to understand. The total mean gas
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surface density decreases strongly with radius, and for a constant (or

Increasing) scale height, the total mean gas volume density also

decreases strongly with radius. With a lower mean volume density at

large radii, less gas exists at high densities (e.g. H2), and more

exists at low densities (e.g. HI). This simple geometric argument

encounters difficulty in explaining large o^i/c^^ ratios when the total

gas surface density is large. At the location where the HI surface

density peaks in the Hl-rich, CO-poor galaxies, NGC 4178 and NGC 4713,

Ohi=13 pc-2 and 0^/ o^^^>5. At the location in NGC 4254 which has

^I+H2=^^ ^o P'^
. Ohi/^2''°'^* ^ l<^wer volume den-

sity to account for these different 0^1/
o^^ ratios, the gas scale

heights raist differ by a factor of ~6. If the effects of magnetic

fields and cosmic rays are ignored, then the scale height of the gas,

Zgas' related to the total disk mass surface density cf^Q^ by z^^^ a

AvapQ^V2 (Spitzer 1978), where Av is the gas velocity dispersion. For

constant velocity dispersions, the disk mass surface density must be 36

times greater to reduce the scale height by a factor of 6. This is

roughly an order of magnitude greater than the difference between the

estimated disk mass surface densities of NGC 4178 and NGC 4254 1.5'

from their nuclei, using equation V-22 and numbers from Table 5.2.

Even if a lower mean volume density is invoked to explain the large

o^];/o^2 ratios in the Hl-rich, CO-poor galaxies, then one has dif-

ficulty understanding the large star formation rates in these galaxies.

One ejqplanation for the large range of o^^^ ^^^ios in galaxies

is that the HI->H2 and H2-»«tars processes are somewhat independent, and



occur at different rates (Tacconi and Young 1986). In this approach,

the H2 is considered to exist exclusively In 'star-forming clouds' and

the HI in 'clouds that form the star-forming clouds'. Thus the gas

surface density which determines the SJR in equation VII-I Is only the

H2 surface density. An equation similar to VII-I is written for the

rate at which HI^2- This approach encounters serious problems in

explaining galaxies with large surface densities of atomic gas, small

surface densities of molecular gas, and high star formation rates. A

comparison of Ha luminosities and total gas masses in the lower lumino-

sity Virgo Sc galaxies is revealing. For the A Hl-rich, CO-poor

galaxies (NGC 4178, NGC 4651, NGC 4713, NGG 4808), the mean value of

log LHa/MHI-tti2 " -2. 34 ±0.07. For 3 Hl-poor, CO-rich galaxies (NGG

4212, NGC 4571, NGC 4689) the mean value of the same quantity is

-2. 31 ±0.09. Despite the fact that the mean ratio of atomic to molecu-

lar gas in these 2 samples differs by a factor of 40 (see Table 5.3),

their mean global massive star formation efficiencies (using the total

gas mass) are identical . This strongly suggests that it is the total

gas surface density, and not the H2 surface density, which helps deter-

mine the massive star formation rate. The distinction between H2 and

HI as 'star-forming clouds' and 'clouds which form the star-forming

clouds' is somewhat artificial, since galaxies appear to form massive

stars at a rate which is independent of the HI/H2 ratio.

Under this interpretation, the relative amounts of HI and

H2 indicate different mean physical and/or chemical conditions in the

interstellar media, which are directly or indirectly related to the
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total disk n^ss surface densities. Whether gas exists in the atomic or

molecular phase depends on the balance between the rates of molecular

formation and destruction (Hollenbach, Werner, and Salpeter 1971).

Molecular hydrogen is destroyed mainly by a 2-step process, involving

the absorption of a Lyman-band photon, followed by a radiative decay

which results, in some fraction of cases, in dissociation. The disso-

ciation rate therefore depends upon the intensity of the Lyman-band

radiation field. Since dissociation is initiated by absorption of line

radiation, this dissociating field becomes too weak to support the pro-

cess after a certain column density of H2 is built up. The most effi-

cient formation mechanism under typical Milky Way interstellar cloud

conditions is recombination on dust grain surfaces. The formation rate

is linearly proportional to both the number density of hydrogen atoms

and dust grains.

Most of the HI emission in the Milky Way arises from gas with den-

sities ranging from 0.1 cm"^ to 50 cm"^ (Kulkarni and Heiles 1987),

although a small amount of HI, in dark clouds, exists at densities as

large as 10^ cm"^ (Myers 1978). Galactic CO emission arises from gas

with densities greater than 10^ cm"^ (Myers 1978). The densities at

which atoms and molecules exist depend, among other things, on the

dust-to-gas ratio. If the dust-to-gas ratio is varied, and all other

variables are held constant, the gas density at which H2 will begin to

dominate will depend linearly on the dust-to-gas ratio. One could ima-

gine a giant gas conplex. similar in many respects to Milky Way CMC's,

yet with an order of magnitude less dust. In such a dust-poor cloud, a
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large fraction of gas in the ~lo2-io3 cm-3 density range would exist in

the atomic phase, whereas in nearby Milky Way clouds, it is predomi-

nantly in the molecular phase. The densest regions of the cloud would

still be molecular, but most of the cloud mass might exist in the ato-

mic phase. The exact fraction of the cloud mass in the atomic phase

depends upon the critical density at which H2 begins to dominate, and

the fraction of cloud mass existing at densities greater than the cri-

tical density, which are both relatively uncertain quantities.

There is evidence that the Magellanic Clouds have low dust-to-gas

ratios. Dust-to-gas ratios have been estimated to be 4 times lower in

the LMC than in the Milky Way, and 17 times lower in the SMC (Koornneef

1982; Koornneef 198A; Lequeux et al . 198A). GO emission is very weak

in both galaxies. While the CO-H2 proportionality factor may be syste-

matically different from the Milky Way value in the Magellanic Clouds

(Israel et al . 1986), the low dust contents also suggest that the H2/HI

ratios in their star-forming clouds are systematically low.

Dust-to-gas ratios are expected to be correlated with metallici-

ties. Evidence for systematically lower metallicities in low mass

galaxies has been presented by Pagel and Edmunds (1981) and Bothun et

al. (198A). If low dust-to-gas ratios are the correct explanation for

the Hl-dominated galaxies, then actively star-forming Hl-dominated

galaxies are predicted to have systematically lower dust-to-gas ratios

and metallicities than actively star-forming H2~dominated galaxies.

This can be tested with submillimeter continuum observations, to

measure dust masses, in a suitable sample of Hl-dominated and
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H2-dominated galaxies. Metallicltles can be assessed with optical

spectrophotometry of HII regions.

MetalHcities and dust-to-gas ratios are not the only quantities

which vary systematically with galaxy mass. The shapes of rotation

curves also vary with galaxy mass, and may contribute to the formation

of GMC complexes. The most efficient way to form GMCs is through an

agglomeration of smaller clouds by cloud-cloud collisions (e.g.

Scoville and Hersh 1979). However, random cloud motions are thought to

be too small to efficiently form IqS-IO^ gmCs (e.g. Elmegreen 1987).

It has been suggested that the velocity shear in the disks of luminous

spirals plays an important role in the growth of GMCs, since velocity

shear results in more cloud-cloud interactions (Wyse 1986). While

massive galaxies have flat rotation curves, and hence significant velo-

city shear over a large fraction of their disks, diminutive galaxies

have slowly rising rotation curves, and very little velocity shear

(Rubin et al. 1985). In this scenario, the paucity of molecular gas in

lew mass galaxies with large HI column densities is due their inability

to concentrate a large self-shielding mass of gas in a small volume.

The major reason that GMCs are predominantly molecular is that they

have built up enormous column densities of gas, which shield the

interior of the cloud from dissociating UV radiation. If a GMC were to

be broken up into many smaller clunps, and distributed throughout the

galaxy, a larger fraction of its total mass would become atomic, since

dissociating photons from the interstellar radiation field would

penetrate a larger fraction of the total mass. Thus a galajQ^ without



GMCs could still have a significant amount of high density gas-it

could exist in smaller clouds, with a larger fraction of the total gas

mass in the atomic state.

The efficiency of star formation, on large scales, does not appear

to strongly depend on whether gas exists predominantly in the atomic or

molecular phase. Yet, many aspects of star formation are likely to be

different in Hl-dominated and H2-dominated environments. Our

understanding of galactic evolution will be greatly improved if we can

discover the answer to these two questions: What determines the domi-

nant phase of the Interstellar medium? How does star formation (the

process and the product) differ in Hl-dominated and H2-dominated

environments ?

§3. Summary

Two important results are discussed in this chapter. The first

section describes how the large H2/HI ratios in the inner regions of

Hl-deficient Virgo spirals constrain the rate at which gas cycles bet-

ween the atomic and molecular phases. It is argued that either the

lifetime of the molecular phase, or the lifetime of individual GMC

complexes must be ~2xl0^ years in the H2-dominated central regions of

galaxies.

The last section focusses on the roles of atomic and molecular gas

in star formation. A comparison of the Hl-rlch, GO-poor and Hl-poor,

co-rich lower luminosity late type galaxies provides one of the most

interesting conclusions of this thesis. Despite the fact that the
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mean ratio of atomic to molecular gas in these 2 samples differs by a

factor of AO, their mean global massive star formation efficiencies

(using the total HI4+12 mass) are identical. This strongly suggests

that it is the total gas surface density which helps determine the

massive star formation rate.

This conclusion raises an important issue: what determines the

dominant phase of the ISM? Many Hl-rich, CO-poor galaxies apparently

have enough high density gas to form stars, yet very little of this gas

exists in the molecular phase. A parameter related to the low mass of

these Hl-rich galaxies is likely to be responsible for their small

amounts of H2. The dust-to-gas ratio and the shape of the rotation

curve are discussed as parameters which probably play significant roles

in determining whether a gas-rich galaxy forms a significant amount of

molecular gas.



APPENDIX A

THE CALIBRATION OF POINT SOURCES AT 115 GHZ

§1. Point Source Calibration and Correction to the Chopper Wh..l M.^..H

The calibration of C0(J=1>0) data is made difficult by the signifi-

cant atmospheric opacity at 115 GHz. There is an elevation dependence

to the calibration which is due not only to gain changes, but also to

time-variable atmospheric effects. The chopper wheel method, which is

the calibration technique commonly used at millimeter wavelengths (and

at FCRAO) to compensate for atmospheric absorption and emission

(Penzlas and Burris 1973), is inadequate at frequencies near the

atmospheric O2 line at 118 GHz. The wings of this O2 line enhance the

opacity enough at 115 GHz to create significant errors in the chopper

wheel calibration method, especially at lower elevations. This error

arises because the chopper wheel calibration temperature, which is

measured several times an hour, is used as an estimate of the total

(i.e. atmosphere-corrected) system temperature. The chopper wheel

calibration temperature is equal to the total system temperature only

when the temperature of the ambient load (i.e. chopper wheel) is equal

to the effective tenperature of the absorbing regions of the

atmosphere. In general, the atmosphere is colder than the ambient

load, which necessitates a correction to the chopper wheel calibration

temperature to get the true total system temperature.

This correction, pointed out by Davis and Vanden Bout (1973), and

299
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described In Schloerb and Snell (1980), is appreciable when both the

opacity and the temperature difference (^) between the ambient load

(Tamb) and the atmosphere (T^tm) are large. The magnitude of this

elevation-dependent correction is given to first order by

AT

'FAG = 1 + (e'o^ - 1) (A-i)

(Snell and Schloerb 1983), where is the zenith opacity, and

A=l/sin(elevation) is the airmass. In principle, it is possible to

determine Cp^c ^o ^ can be measured. In practice, however,

neither Tq nor AT are easy to accurately determine.

Because of the difficulty in estimating Tq and AT, a different

approach is taken in this thesis. In order to determine both the ele-

vation dependence of the calibration and an absolute calibration scale

(in Janskys K~^), we have analyzed 193 measurements of the planets,

IRC+10216, and OrionHV at 115 GHz, taken from the FGRAO pointing logs

during 1983-86. The only measurements used here are those taken after

the observer checked to make sure that the telescope was properly

focussed and pointed on the source. A mean elevation dependence of the

calibration between 20° and 65°, and a mean absolute constant for con-

verting antenna tenperature (T^*) to Janskys for point sources at 60°

have been determined from these data. Observations on the same day of

a small source (IRC+10216) and a large source (the Moon) from transit

to setting have been used to estimate the fraction of the elevation
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dependence associated with gain changes, and the fraction associated

with atmospheric effects. From fits to the elevation dependence of the

small source and large source calibration data, mean values of and

AT have been inferred, which allow the observed antenna temperatures to

be corrected for all atmospheric effects.

The only strong astronomical sources which can be used as flux den-

sity standards at millimeter wavelengths are the planets. Since the

angular sizes of the planets range from a few arcseconds to over 60"

(which is slightly larger than the HPBW of the FCRAO 14-raeter telescope

at 115 GHz), both the beam efficiency and the aperture efficiency can

be determined from planetary observations, if the appropriate size

corrections are made. Point source calibration factors (Jy K"!), or

calibration 'constants' (GC), for 115 GHz have been determined for each

of 63 measurements of Jupiter, Saturn, and Venus. Since there are no

published determinations of planet brightness temperatures (Tg) at 115

GHz, the values used, which are presented in Table A.l, are based on

Interpolations between the 90 GHz and 150 GHz values of Ulich (1981).

The equation used to calculate the flux densities of the planets is:

1. 0888x1 0"^ v3(GHz) <SD">^

Sv(^y) = (A-2)

exp { 0.047994 v{Giiz) /Tq{K) ]
- 1

(Ulich 1980), where <SD> = V2 (DeqDpoi )^/2 is the semi diameter of the pla-

net in arcseconds, and Dgq and Dp^]^ represent the apparent equatorial

and polar diameters of the planet. This is a general expression which



Table A.l

Calibration Results for 115 GHz

Pointed and Focussed Measurements 1983-86

Calibration
^""iber constant
of Obs. Tg (K)l corrected to 60"'2

Venus 23 337 43.4 + 2.9 Jy K-1

Jupiter 37 174 43.9 3.2

Saturn 3 1A4 45.1 + 3.6

OrionHV^ 29 44.3 + 3.9

IRC+10216'^ 101 43.8 3.3

All Planets 63 43.8 + 3.3 Jy K"^

^Brightness temperature values for planets at 115 GHz
are interpolations of 90 and 150 GHz values of Ulich
(1981).

2a11 data fit to equation A-7 with a=0.18, b=0. 5.

^All OrionHV 12cO(J=l-K)) line data scaled such that at
60° elevation, T^*(peak) = 49.6 K

^All IRC+10216 ^2go(j=1-K)) line data scaled so that at
60° elevation, /r^*dv = 131.0 K km s"^



holds for any uniform disk source of known brightness temperature, and

thus Ignores any possible limb brightening or darkening, or longl

nal brightness differences. Calibration 'constants' are given by:

tudi-

" T (A-3)

The size correction factor

Cs =

l-e"^^

(A-4)

where,

x2 = ln2

HPBW'

(A-5)

compensates for the Gaussian beam-weighting of the planetary disk

emission.

The planetary calibration factors have been plotted In Figure A.l

as a function of elevation. Also plotted In Figure A.l are 130

measurements of the CO emission line in the strong galactic sources

IRC+10216 and OrionHV, to help establish the mean elevation dependence

of the calibration. Since the absolute fluxes of these 2 sources are

not known a priori, their values have been scaled to match the plane-
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20 30 40 50 60
Elevation (Degrees)

Figure A. 1 Uncorrected calibration constant vs. elevation for all
115 GHz observations obtained during 1984-86. The line represents a

least squares solution to the elevation dependence using equation A-7
with a = 0.18, b = 0.5.
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tary calibration values.

The strong elevation dependence of the calibration shown in Figure

A.l can be represented by a function of the form

Cp^c(EL)

CeL = +Cgain(EL) (a-6)

CpAG^^O")

where C^^c given by equation A-1, and Cq^^^(eL) is an unknown func-

tion. For the purpose of correcting the data for the mean elevation

dependence, it is largely irrelevant whether gain changes or

atmospheric effects are responsible. Therefore, we initially assume

^GAIN^^^) = 0» fit the elevation dependence to the following

equation, which has the same functional form as CpAC-

Gel = c 1 1 + a (ebA . i)
}

where

c"l = 1 + a (eb/sin60° _ ^^.g^

There is no unique least squares solution for a and b. Several solu-

tions for a and b yield equally good fits to the data. One such solu-

tion is a = 0. 18, b = 0. 5. The lack of a unique solution has no

bearing on the primary goal of establishing an e>q)ression for the mean

elevation dependence of the calibration. Figure A. 2 displays the

calibration data with the elevation dependence removed, and Table A.l

lists the calibration constants separately for each source. From the
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planet data, the mean calibration constant at 60° elevation is found to

be 43.8±3.3 Jy/KCT^*). At other elevations, the calibration constant

is given by this number multiplied by C^l in equation A-7, with a =

0.18 and b = 0.5. This calibration constant is found to apply to each

of the 3 observing seasons (1983-84, 1984-85, and 1985-86), as shown in

Figure A. 3.

§2. Correcting the Data to Outer Space

Some observers like to fully correct their data for all atmospheric

effects. The procedure outlined in §A.l, which goes only as far as

correcting the data to an elevation of 60°, is adequate for many pur-

poses. However, for comparison with data at other frequencies and at

other telescopes, it is often useful to estimate the line strength

which would be observed by the telescope if it were in outer space,

above all the earth's atmosphere. In this section, we estimate mean

telescope efficiencies for 115 GHz which are fully corrected for

atmospheric effects.

There are at least 2 components contributing to the elevation

dependence of the data displayed in Figure la. This is evident from

Figure A. 4, which displays the antenna tenperatures (normalized to 1.00

at 60° elevation) as a function of elevation for IRC+10216 (whose CO

J=I->"0 emission is extended over a region ~3* in diameter, Kwan and

Linke 1982) and the Moon (~30* in diameter). Since these data were

taken on the same day at the same time (both IRC+10216 and the Moon

transitted at the same time), the large difference in their elevation
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Figure A. 4 Elevation dependence of antenna tenperatures for the

Moon and IRG+10216 on 11-2 2-86. The antenna temperatures have been
normalized to 1.00 at 60° elevation. The different elevation
dependences for the Moon and lRC+10216 indicate that there is a

significant gain variation for small sources at lower elevations.
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dependence rrust be due to their size. Gain variation is a lilcely size-

dependent effect. At lower elevations, the dish deforms, changing the

distribution of power on the sky. The difference between IRC+10216 and

the Moon can be understood if dish deformation at lower elevations

redistributes power from the main beam to near sidelobes. The eleva-

tion dependence of the Moon's antenna tenperatures indicates an upper

limit to the magnitude of the atmospheric conponent of the calibration.

In fact, we find that the Moon's elevation dependence Is consistent

with being entirely the result of atmospheric effects. FGRAO's DIP

routine (Schloerb and Snell 1980) estimated that the zenith atmospheric

opacity was Tq = 0.38 on that particular day. Given = 0.38, the

elevation dependence of the Moon's antenna temperatures could be fully

explained if = 30 K, which is reasonable for a cold clear November

day.

A fit to all the 'small source' data in Figure A.l Indicates that

on a typical observing day, antenna temperatures at 115 GHz for small

sources are 28% lower at 20^* elevation than they are at 60° elevation.

Assuming that the atmosphere is entirely responsible for the Moon's

elevation dependence, then approximately half of the 28% at 20° is due

to the atmosphere, and half is due to gain changes. A difference of

14% between 20° and 60° in the atmospheric conponent of the elevation

dependence implies that Cp^^ ^ 1.05±0.01 at 60° elevation. All the

data in this thesis have therefore been corrected to 60° elevation by

multiplying by equation A-7 to compensate for the mean elevation depen-

dence displayed in Figure A.l, and then corrected to outside the



atmosphere by multiplying by a factor of 1.05. The calibration

constant, corrected to outside the atmosphere, Is 41.7+3.2 Jy/KCT^*)



APPENDIX B

THE CALIBRATION OF EXTENDED SOURCES

§1 . Relating Observed Line Intensities to Global Fluxes

In order to calculate the flux of the CO line observed in galaxies,

it is necessary to account for the extended nature and undersampl ing of

the emission. The basic expression relating the total CO line flux

Sco to the brightness temperature distribution of a source is:

2k

ScO = //Tr(J^,v) dfi dv (B-l)

X2

where fi is the relevant solid angle, v is the velocity, X is the wave-

length of the observation, and k is Boltzmann's constant. It is

desirable to relate S^^q to the quantity actually observed, which Is

called in this thesis the integrated intensity /T^^dv. In the milli-

meter wave radio astronomy terminology proposed by Kutner and Ulich

(1981), T^* is related to the average brightness temperature within the

main beam Tf^g^g by:

T^*(v)

TRavg(^> = (B-2)

nc(v)nfgs

where rifgs the forward scattering and spillover efficiency, and

n^Cv) is the source-beam coupling efficiency. For emission at velocity

312
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V, n^Cv) is given by:

nc(v) =
(B-3)

where B(J^) Is the antenna beam pattern, and J^^^^ is the solid angle

chosen to normalize this definition. The normalization solid angle

chosen here, because it is convenient, is 30' in diameter, so that a

uniform source of that size (e.g. the moon) has a coupling efficiency

of 1.0. TR3^g, which appears in equation B-3, can be represented as:

"^Ravg (B-4)

where %b is the main beam solid angle. In practice, tt^,(v) is esti-

mated from equations B-3 and B-A by finding a model T[^(!^,v) which fits

the data.

To be completely rigorous, one should consider the source-beam

coupling for each velocity channel separately. This requires a well-

known velocity field for each galaxy, which is generally not available.

Furthermore, the calculation of coupling for separate channels would

needlessly complicate the procedure for estimating total fluxes. For

simplicity, we will assume that all velocity conponents are distributed

uniformly throughout the galaxy. The error caused by making this

assumption is partially offset by the assunption of a purely gaussian
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beam pattern with no sidelobes (for a fuller discussion, see §B.2).

From this point on in Appendix B, all explicit references to velocity

will be dropped. The following equations will be formally correct for

each velocity channel separately, and will be assumed to hold when

Integrated over velocity.

The beam pattern B(f^), as defined here, is equivalent to the effec-

tive area function commonly used in radio astronomy (e.g. Kraus 1966),

normalized by its value at beam center, or

B(a) = = (B-5)

where is the aperture efficiency, and A^^^^ is the physical area of

the antenna. This normalization is convenient since B(0) = 1.

For sources which uniformly fill the main beam, the coupling effi-

ciency ric = ^/"^fss' where Og is the main beam efficiency, so that

Ravg (B-6)

For most of the Virgo cluster galaxy GO spectra described in this the-

sis, this expression gives a good rough estimate of the average main

beam brightness temperature.

More rigorously, an expression relating T^* and Tr(^) is obtained

by substituting equation B-3 into equation B-2, and reorganizing to
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yield:

= Hfss _ (B-7)

J^^norm g (

To solve for the Tr(J^) needed in equation B-1, one should properly

deconvolve TrC^) and B ( $^). Unfortunately, this requires both high

signal-to-noise spectra and many map points, and therefore is

impossible for the purposes of this thesis.

What can be done, instead, is to model the source distribution,

approximate the beam pattern, and weight the model source distibution

by the beam pattern at each of the observed positions. If good

agreement can be found between the observed T;^*'s and the beam-weighted

T^i^)'s for a particular model T^i^), then that model T^(^) can be used

in equation B-1 to estimate the total flux. A potential disadvantage

of this method is that if no simple functional form can be found which

fits the data well, Sqq is very uncertain. For this reason, the

following hybrid method is used to estimate GO fluxes In this thesis.

To justify this method, the expression for Sqq which will be used

is derived from equations B-1 and B-7. Integrating equation B-7 over

velocity, then dividing both sides by /r;^*dv, and multiplying the

result by equation B-1 yields:

2k L^ormB(J^)dn j.^"" T^i^) dO.

Sco = - /TA*dv . (B-8)

nfss X2 f TR(f^) B(J^) df2
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The first term on the RHS of this expression Is the calibration

constant (CC) for converting antenna temperature (T,*) ,o Janskys for
point sources. To make this apparent, the integral in the numerator

can be evaluated, using equation B-5, as follows:

^phys

^ss
'0

'^A ^phys

^ss

^A ^phys

2 TT

L Aq{^) da (B-9)

Thus the first term in equation B.8 is equivalent t

2 k
CG =

'^A '^phys

(B-10)

which is the standard definition of the point source calibration

constant. The mean calibration constant corrected to outside the

atmosphere for the FCRAO telescope at 115 GHz during 1983-1986 is

determined in Appendix A to be A1.7±3.2 Jy/K(T^*).
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The second term in equation B-8 is the integrated intensity,

/TA*dv, which is the quantity that is directly observed, times the

elevation-dependent correction factor described in Appendix A.

The third term on the RHS of equation B-8 is the Inverse of what

will be called 'the fraction of emission observed', or simply f, where

^
' • ^^"^^^

/q TR(n) dJ2

This is the term which contains the all-important correction for

source-beam coupling. Note that this implicitly corrects for the

inclination of a galaxy, and for over- or under-sampling of emission,

regardless of the distribution of observed points, provided that a

model TrC^) can be found which fits the data reasonably well.

The description of this quantity as 'the fraction of emission

observed' is appropriate with respect to point sources. For a point

source centered on the beam, f = 1. For a source which is extended

with respect to the main beam, f<l, since the emission away from the

beam center suffers the Gaussian weighting of the beam pattern.

Consequently it does not contribute as much to the observed line as

does an area of equivalent brightness temperature at the beam center.

In this sense, not all of its emission is being 'observed'. If the same

extended flux were squooshed into an area much smaller than the width

of the main beam, the observed line intensity would become greater, and

all of its emission would be 'observed'.

Rewriting equation B-8 in terms of the newly-defined abbreviations,
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ScO = GC (/TA*dv) f-1
.

This formulation is preferable to equation B-1 because it explicitly

includes the observable /T,*dv, and is not as dependent on the model

as is equation B-1. The quantity f contains Tr(J^) in both the

numerator and denominator, so that errors in S^q due to differences

between the actual and model source distributions do not cause as large

an error in equation B-12 as in equation B-1.

While equation B-12 is formally correct even for only one obser-

vation, it is not very useful since the source distribut ion Tr ( can-

not be suitably constrained from only one observation. In practice, to

determine Sqq with a reasonably small uncertainty, it is necessary to

observe enough positions to suitably constrain When more than

one position is observed, equation B-12 is modifed to include sums over

f and /TA*dv:

Sco = CG (s/TA*dv) (Ef)-l
. (B-13)

This relation is used in Chapter III to derive global CO fluxes.

§2. The Beam Pattern

In order to calibrate extended sources, it is necessary to know

both the source brightness distribution and the beam pattern. For the

purposes of estimating CO fluxes, a purely gaussian beam pattern has

been assumed. In this section, the current knowledge on the actual

beam pattern is summarized, and the uncertainties introduced by our
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Elevation-corrected calibration constant vs. source
size correction (equation A-4) for 115 GHz planetary data. The upper
horizontal axis indicates the planet diameter. No discernable trend is
evident out to a source diameter of 60", which means that the beam can
be represented by an azimuthally symmetric gaussian to an accuracy of
~5% out to a radius of 30".
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assumption are discussed.

Since the planets range in si^e fro. a few arcseconds to ^re than
60" (i.e. Venus near inferior conjunction), the calibration data pre-

sented in Appendix A can be used to quantitatively assess how well the

inner beam is described by an azimuthally-symmetric gaussian. Figure

B.l displays the elevation-corrected calibration constant for 115 GHz

plotted against the source size correction (equation A-4). There Is no

significant correlation. From the 115 GHz data, we can set a limit of

-5% out to a radius of 30" on the maximum error resulting from the

assumption of a perfect, azimuthally-symmetric gaussian beam. This

holds for data taken above an elevation of -30°. Below 30% dish

deformation causes power to be redistributed from the main beam to

nearby sidelobes (see Appendix A). The distibution of power in the

main beam is not known below 30% but its effect on the Virgo cluster

CO data is minimal, since nearly all the data were taken at elevations

greater than 35°.

The distribution of beam power beyond a radius of -60" is not that

well-known, although some estimates of it from Sun scans are presented

in Predraore (1982) and Snell (1985). The planet azimuth and elevation

scans of Snell (1985) indicate that there are no sidelobes greater than

2% of the peak (17dB) along these directions within 4' from beam center

at elevations >30°. However, even a 2% sidelobe can result in uncer-

tainties of as much as -10% in the total flux of a source which is a

couple of arcminutes in diameter. We note that the KPNO 11-meter

telescope (before the resurfacing in 19 82) contained -16% of its power



321

in near sidelobes at 91 GHz (Kutner, Mundy , and Howard 1984). a proper

full map of a strong planet with a sensitivity of -1% can be made in a

few hours, and would enable small extended sources at Quabbin to be

calibrated more accurately.

While the presence of sidelobes affects the calibration of small

(few arcminutes) extended continuum sources and galactic molecular

clouds, their effect on small galaxies (like all the Virgo galaxies) is

not as great. The ordered velocity fields of galaxies act to minimize

the Importance of sidelobes. Emission from a region of the sky where a

sidelobe is located will only contribute to the line if the velocity of

the gas in the sidelobe is the same as the velocity of gas in the main

beam. Disk galaxies rotate, so that an inclined disk galaxy has dif-

ferent velocity components originating from different parts of the

galaxy. As a result, if the telescope is pointed somewhere along the

eastern part of the major axis, emission from the western half of the

galaxy will not contribute to the observed line because of the velocity

difference between the eastern and western halves.
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