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Preface

This volume contains summaries of the contributed papers given at
the Second Wyoming Conference, entitled "The Interstellar Medium
in External Galaxies," which took place on July 3-7, 1989, in Grand
Teton National Park, Wyoming. A separate publication from Kluwer
Publishing contains the invited papers given at this meeting; the
program of these invited papers appears on the following pages.

The purpose of the conference was to present a summary of the
current understanding of the interstellar medium in external galaxies
and to discuss the basic physical processes which underlie

interstellar phenomena. The Second Wyoming Conference carried
much of the philosophy of the First Wyoming Conference, which was
entitled "Summer School on Interstellar Processes" and which
focused on the interstellar medium in our own Milky Way Galaxy.
We were especially interested to attract an audience of graduate
students and younger astronomers and to expose them to the wide
variety of interesting processes operating in the interstellar medium.
Like the First Wyoming Conference, the invited talks had a "summer
school" review tone; whereas the contributed papers in this volume
are appropriate to typical symposia: they are generally reports on
current research activities. We have, for the most part, organized the
papers in this volume much as they were organized at the
conference, but numerous changes have been made to improve the
placement of papers in the right category. For the convenience of the
reader, there is an author index and a galaxy index at the back of the
volume.

Approximately 230 astronomers attended the conference and most
of their names appear as authors on the contributed papers in this
volume. We would like to acknowledge their contributions, and the
work of the Scientific Organizing Committee (J. Bally, J. Dickey, B.
Elmegreen, F. Israel, F. Schweizer, N. Scoville, J.M. Shull, C. Telesco, J.
Van Gorkom, and J. Young). We are also grateful to the Local
Organizing Committee (D. Barnaby, C. Wilton, and M. Shea) and to the
Staff Members of the Department of Physics and Astronomy at the
University of Wyoming (E. Haskell, M. Mitchum, and K. Anderson) for
attending to all the details which made the conference possible and
which made the stay at Jackson Lake Lodge so enjoyable for the
participants and their families. We would like to thank the

iii
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University of Wyoming for sponsoring the conference, and for the
financial support provided by R. de Vries (Vice President for
Research), W. Eggers (Dean of Arts and Sciences), and G. Rebka
(Chairman of the Department of Physics and Astronomy). We wish to
thank the National Science Foundation (especially J. Wright) for
financial support which enabled graduate students and other young
scientists to attend the meeting, and the National Aeronautics and
Space Administration (especially F. Gillett and L. Caroff) for financial
support through the University of Wyomying.

iv



The Interstellar Medium in External Galaxies

Schedule of Invited T

Day 1: Monday. July 3
8:30a - 8:45a Welcome/Announcements [H. Thronson (Wyoming)]
8:45a - 9:30a Overview and Background [G. R. Knapp (Princeton))

1. The Cool Phase of the ISM in Galaxies

9:30a - 10:30a Atomic Gas [E. Brinks (RGO)]

10:30a - 11:30a Molecular Gas [J. Young (Massachusetts)]

2:00p - 2:45p Dust [M. Rowan-Robinson (Queen Mary College)]
2:45p - 3:30p Effects of Environment [J. Kenney (OVRO)]

Day 2: Tuesday, July 4
II. The Hot Phase of the ISM

3:30a - 9:15a Energy Input into the ISM:

Supershells, Fountains, etc. [D. Cox (Wisconsin)]
9:15a - 10:00 Cooling Flows & X-Ray Emission [C. Sarazin (Virginia)]
10:15a - 11:00 AGNs & the ISM in the Cores of Galaxies [J. Krolik

(Johns Hopkins)]
1:15p - 2:15p HII Regions & Abundances [H. Dinerstein (Texas)]



Day 3: Wednesday. July 5

III. Dynamics and Evolution

9:00a - 9:45a Models of Phases of the ISM in Galaxies [M. Begelman (Colorado))
9:45a - 10:45a Large-Scale Dynamic Structure: Density Waves

; Propagating Star Formation, Etc. [S. Balbus (Virginia)]
10:45a - 11:30a Gas During Mergers/Collisions [M. Noguchi (Nation. Astr. 0bs.)]
1:45p - 2:30p Magnetic Fields [R. Wielebinski (MPIfR)]

Evening Panel Discussion: Starbursts and the ISM
Moderated by R. McCray (Colorado)

Day 4: Thur \

IV. Early Evolution and Star Formation

8:30a - 9:15a Early ISM and Galaxy Formation [S. White (Arizona)]
9:15a - 10:00a QSO Absorption Lines, Abundances
and the Early Halo [A. Wolfe (Pittsburgh/UCSD))
10:00a - 11:00a Large-Scale Star Formation & the ISM [R. Kennicutt (Arizona)/
1:15p - 2:15p The Star-Gas Cycle [M. Dopita (Mt. Stromlo/ANU)]
Day 5: Friday, July 7

11:00a - 11:30a Conference Summary [J. Ostriker (Princeton)/
J.M. Shull (Colorado)]

Additional Short P. Appear in Conference Pr i

Mass Determinations from 21 cm HI Observations [J. Dickey (Minnesotal/Leiden)]
Mass Determinations from Millimeter-Wave CO Observations [P. Maloney (Leiden)]
Mass Determinations from X-Ray Observations [R. Mushotzky (NASA Goddard))
Mass Determinations from Dust Observations [B. Draine (Princeton)]
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I. THE COOL ISM
A. HI, Atomic Gas, Photodissociation Regions, Depletion

"The Extragalactic Radiation Field and Sharp Edges to HI Disks

in Galaxies", P. Maloney 1
"A Comparison of UV Surface Brightnesses and HI Surface Densities

for Spiral Galaxaies", S.R. Federman, C. Strom 4
"NGC 1058: Gas Motions in an Extended, Quiescent Spiral Disk",

M.M. hansen, .M. Dickey, G. Helou 6
"Neutral Hydrogen in the Starbutst Galaxy NGC 3690/IC 694",

E. Tolstoy, J.M. Dickey, F.P. Israel 8
"High Velocity Gas in External Galaxies", J. Kamphius,

J.M. van der Hulst, R. Sancisi 12
"A Scaling Law of Radial Gas Distribution in Disk Galaxies",Z. Wang 15

"Radial Profiles of Gas in Late-Type Disk Galaxies", C. Struck-Marcell 18
"Disk Mass Densities in Edge-On Spiral Galaxies", M.P. Rupen 21

"A Survey of the Properties of Early-Type Galaxies", J.N. Bregman,
M.S. Roberts, D.E. Hogg 23
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"HI and FIR Emission from SO Galaxies", P.B. Eskridge, R.W. Pogge 29

"Distribution, Kinematics, and Origin of HI Gas in SO and SO/a Galaxies",
H. van Woerden, W. van Driel 32

"The Hot and Cold Interstellar Matter of Early Type Galaxies and Their
Radio Emission", D. -W. Kim, G. Fabbiano 33

"Physical Conditions in Photodissociation Regions: Application to
Galactic Nuclei", M.G. Wolfire, A.G.G.M. Tielens, D. Hollenbach 37

"Far-Infrared Spectroscopy of NGC 6946, IC 342, and Arp 299:,

S.D. Lord, D.J. Hollenbach, S.W.J. Colgan, M.R. Haas, R.H. Rubin,
E.F. Erickson 40
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The Extragalactlc Radiation Field and Sharp Edges to HI Disks in Galaxies /Z? ~
Phil Maloney, Sterrewacht Leiden

Observations of neutral hydrogen are widely used as a probe of the interstellar
medium in galaxies and of galactic kinematics and dynamics.. The 21-cm line can be
used to determine galactic rotation curves far beyond the optical disk, and is one of the
prime sources of evidence for the existence of dark haloes in spiral galaxies. However,
a recent attempt to measure the 21-cm emission from NGC 3198 to very low column
densities (Nz7'2¢'5x'10'8) found that the HI disk is very sharply truncated at a column
density of ‘a few times 10'® (Sancisi 1989, private communication). This discovery
reinforces the earlier suggestion (Briggs et al. 1980) that extended, low-column density
envelopes of neutral hydrogen are not common around galaxies. Here F'sugge 5
the sharp edge seen' to the HI disk in NGC 3198 is consistent with a model in which
a self-gravitating neutral HI disk is photoionized by the extragalactic radiation field.
The possibility that the extragalactic background would produce sharp edges to HI
disks was first suggested by Silk and Sunyaev (1976).

The Model: The outer HI disk of a galaxy is modeled in plane parallel geometry.
The extragalactic radiation field is assumed to be isotropic and is incident on the HI
gas layer. The soft x-ray background shows a power-law distribution of photons with
energy; because of absorption by Galactic HI , the far-UV flux is unobservable. In the
presence of such a power-law spectrum the usual Strédmgren approximation won’t hold:
since the soft x-ray photons penetrate to much greater optical depths than photons
not far above the Lyman limit, the transition from highly ionized to neutral hydrogen
will not be sharp. The presence of helium also becomes very important, because He
and He' can be ionized by photons with energies E > 24.6 eV and E > 54.4 eV,
respectively, where the hydrogen cross-section for photoionization is negligible, while
He and He* recombination radiation can ionize H. Thus helium acts to degrade soft
x-ray, He-ionizing photons into UV, H-ionizing photons.

The extragalactic radiation field is assumed to have a power-law spectrum
between 1.5 KeV and 13.6 eV, with the actual intensity at the Lyman limit a free
parameter, normalized to the Z = 0 value estimated by Sargent et al. (1979). The
spectral index is then given by a = 1.45 4 0.490log(Ir,), where I, is the intensity at
the Lyman limit normalized to 4.0 x- 10" 23 ergs cm™% s~! Hz ™! sr™ L

The gas is taken to have an isothermal (p(2) = posech?(z/z)) 2-distribution,
where the scale-height z is either specified or calculated for a self-gravitating layer with
a given velocity dispersion. The gas disk is divided into a series of zones, each of which
is assumed to be uniform. The calculation begins at the exterior (2-boundary) of the
disk and proceeds inwards, the ionization structure in each zone being used to calculate
the incremental optical depth to ionizing radiation. An iterative scheme is used to -
calculate the ionization, including the effects of the diffuse ionizing recombination
radiation (Williams 1967).

Results: Figure 1 shows the results for 3 models with fixed zo and Iry =1. The
total and neutral hydrogen column densities are plotted against radius for an assumed
exponential decrease in total HI surface density. There is a pronounced break in the
slope of Ngo vs. R at a column density of ~ 3 x 101°. The neutral column density \
drops by a factor of =~ 10 in a distance of 1 scale-length. Although the column density
at which the slope change occurs is in agreement with the the NGC 3198 data, the
constant scale-height models cannot explain the sharpness of the edge of the HI disk
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in NGC 3198: the scale-length for the HI distribution in the outer disk of NGC 3198
is about 9 kpc, whereas the VLA observations of this galaxy show that the column
density drops from 5 x 10'° to 5 x 10'® on a scale of about 3 kpc. This suggests that
flaring of the HI disk at large R plays an important role.

At the large galactocentric distances to which H1I is observed in NGC 3198, the
surface density of gas exceeds that of the stars by ~ two orders of magnitude (assuming
a constant mass-to-light ratio stellar disk), so that the HI can be accurately treated
as a self-gravitating thin disk; a halo component will not affect the z-structure within
a few kpc of the disk midplane. For a self-gravitating thin disk, the scale-height z; is

o? , ol

=812x 107" ——%k 1
TGZ(R) Ngror B¢ (1)
where o, is the z-velocity dispersion of the disk and X(R) is the mass surface density,
and the right-hand side is for ¢, in km s™! and the total hydrogen column density in

units of 10%° ¢m™2.

20 =

The scale-height of a self-gravitating HI disk is thus inversely proportional to
column density. This flaring of the disk increases the ionization fraction of the HI by
lowering the recombination rate.

Figure 2 shows the results for a series of self-gravitating models, for I, =1
and several values of 0,. Comparison with Figure 1 shows that the decline in neutral
column density occurs much more rapidly beyond the threshold column density than
in the constant scale-height models, with the column density dropping by an order of
magnitude in 1/3 of a scale-length.

The main conclusions can be summarized as follows:

1) Photoionization of neutral gas by the extragalactic radiation field can explain the
sharp truncation of the HI disk seen in NGC 3198.

2) The HI layer must be self-gravitating, so that the z-thickness increases as the total
gas column density declines.

3) HI in the outer disk of NGC 3198 is not in the form of clouds, but is smoothly
distributed.

4) If the outer disk of NGC 3198 is typical, the temperature of the neutral gas cannot
be greatly in excess of & 3000 K, or else HI disks would have much greater z-thicknesses
than are observed.

5) More detailed observations and careful modelling of the edges of HI disks in galaxies
will allow an accurate determination of the intensity of the extragalactic radiation
field near the Lyman limit; there may be interesting implications for the cosmological
evolution of neutral disks and absorption-line systems.
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A COMPARISON OF UV SURFACE BRIGHTNESSES AND H I SURFACE DENSITIES
FOR SPIRAL GALAXIES

S.R. Federman and C. Strom
T Department of Physics and Astronomy
The University of Toledo

- Shaya and Federman (1987) suggested that the ambient ultraviolet flux at
1000 ﬁ'permeating a spiral galaxy controls the H I surface density in the
galaxy. They found that the atomic envelopes surrounding small molecular
; clouds, because of their great number, provide the major contribution to the
H H I surface density over the stellar disk. The increase in H I surface densi-
i ty with later Hubble types was ascribed to the stronger UV fields from more
high-mass stars in later Hubble types. These hypotheses are based on the
observations of nearby diffuse interstellar clouds, which show a sharp
atomic-to-molecular transition (Savage et al. 1977), and on the theoretical
framework introduced by Federman, Glassgold, and Kwan (1979). Atomic en-
velopes around interstellar clouds in the solar neighborhood arise when a
steady state is reached between photodissociation of Hy and the formation of
Hy on grains. The photodissociation process involves photons with wavelengths
between 912 A and 1108 A. '

. Shaya and Federman used H-&fflux as an approximate measure for the far

" UV flux and made their comparisons based on averages over Hubble type. Here,

. . “we compare, on an individual basis, UV data obtained with space-borne and

7 ; balloon-borne instruments for galaxies with measurements of H I surface densi-

ty (Warmels 1988a, b). -Our.comparisons substantiate the conclusion of Shaya

5 : and Federman that theffar UV field controls the H I content of spiral gal-
g : axies. g - R

The UV data come from measurements made with the 0A0-2 satellite (Code
- and Welch 1982), the ANS satellite (Wesselius et al. 1982), a rocket flight
1 (Smith and Cornett 1982), and the balloon payload SCAP 2000 (Donas et al.
» 11987). The primary wavelength bins are those at 1500 A, 2000 A, and 2500 A.
/fThe ANS data at 1800 A and 2200 A are averaged to estimate the measured flux
L - at 2000 A. The UV data are corrected for inclination and aperture. - No cor-
e rection for internal extinction is applied to these data, because most of the
’ galaxies in the sample are nearly face-on and because we are interested in the
ambient flux.

ety

For the largest galaxies in our sample, the satellite observations
require a correction for the aperture. The OA0-2 data were acquired with a
circular aperture of 10' diameter, and the ANS data were acquired with a 2.5’
X 2.5' aperture. Our correction involves the ratio of Dyg5 to the aperture. A
linear correspondence, with little dispersion, between different measurements
exists, indicating that even the smallest aperture is larger than the scale
length in surface brightness.

Comparisons with the ANS data are stressed because more galaxies with
H I data are common to this set and because these comparisons are based on a
homogeneous sample. Plots of H I surface density versus UV surface brightness
will be presented. The correlation between these two parameters improves as
shorter wavelengths are considered. With the assumption of a linear relation-
ship, the correlation coefficients are r(2500) ~ 0.32, r(2000) ~ 0.39, r(1500)
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> 0.46. Since Hp is destroyed by photons with XA ~ 1000 A, the improved
correlation with the shortest measurable wavelengths strengthens the conclu-
sions of Shaya and Federman (1987). These results also show that the associa-
tion between interstellar material and young stars in spiral galaxies is most
discernible at ultraviolet wavelengths.
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NGC 1058: Gas Motions in an Extended, Quiescent Spiral Disk
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We investigate in detail the motion of gas in the galaxy NGC 1058 using the VLA to map
the emission in the 2l-cm line. This galaxy is so nearly face-on that the contribution to
the line width due to the wvariation of the rotational velocity across the D-array beam is
small compared with the random z-motion of the gas. We confirm results of earlier studies
(Lewis 1987, A. & A. Suppl., 63, 515; van der Kruit and Shostak 1984, A. & A., 134, 258) of
the galaxy's total HI and kinematics, including the fact that the rotation curve drops faster
than Keplerian at the outer edge of the disk, which is interpreted as a fortuitous twist of
the plane of rotation in the outer disk. However, out very high velocity resolution (2.58
km¢§ﬂ”after Hanning smoothing) coupled with good spatial resolution, allows us to measure
more accurately the line width, and even to some extent its shape, throughout the disk.

One of the most interesting results of this study is the remarkablé constancy of the
line width in the outer disk. From radius 90* to 216%/the Gaussian velocity dispersion (o)
of the 2l-cm line has a mean value of 5.7 km s | (after correcting for the spectral
resolution) with a dispersion of less than 0.9 km s™'. (see Figure 1). Translating this
directly into a kinetic temperature ("Doppler temperature"): \

Tpope = 121 K(o.2/[kam 571]1%)
gives 4000 X, with a dispersion of less than 1500 K over the outer disk. This constancy is
observed even when comparing the spiral arms versus inter-arm regions (see Figure 2), which
in the radius range from 100" to 150" the surface density modulates (defined as the ratio

Nmmk'NUm@h/Nmmk+anu§) from 0.5 to 0.25 in the rangeVISOt to 200".
T —
TA 0r 3 .
- ] Figure 1. Radial Dependence of Line Width.
§f i ] Beyond 200" the low column densities lead
¢° ¥ i to poorly determined Gaussian parameters.
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One simple model to explain the constancy is that the pressure is low enough that all
the neutral atomic hydrogen is in the warm phase, with little in cool, diffuse clouds. The
constancy of o, would then be a natural consequence of the universality of the cooling
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function, which determines the equilibrium temperature of the warm phase, and hence the line
width. However, for solar neighborhood conditions a Doppler temperature of 4000 K would be
uncomfortably low, since at least some of the line width must be contributed by macroscopic
gas motions. The true kinetic temperature of the gas must then be even lower than 4000 K,
a value which is already lower than most estimates for the warm phase temperature.

Another simple model would be to assume some or all of the gas is in cool clouds, whose
kinetic temperature is much less than T At least some cool clouds must be present in the

outer disk, as two supernovae (1961v 333319693) have been observed there. In this case the
line widths would be determined by the welocity distribution function of the clouds
themselves. For instance, in the solar neighborhood, the (one dimensional) random velocity
distribution for clouds has a half width of about 6 km s'. With our beam size, which
corresponds to between 1 and 3 kpc depending on distance, it is reasonable to expect that
many clouds contribute to each observed spectrum. This could possibly explain the smoothness
of the Gaussian profiles. If we assume the individual clouds to have thermal line widths
of order 1 km s'1, then to find a smooth dispersion of 5.7 km 5'1, at least 25 clouds should
contribute to each spectrum. In light of this model, the constancy of o, is still curious
since it implies a remarkably uniform random velocity distribution for the clouds.

A second interesting result of this study is the shape of the residuals after
subtracting the best fitting Gaussian from the spectrum. Higher sensitivity is needed to
detect deviations from individual pixel spectra, but we can study averages of the residuals
to look for widespread deviations from Gaussian-shaped line profiles. We have found that
in the inner region corresponding to the optical disk (r < 90") the mean residuals show a
characteristic shape suggestive of two superimposed components: a broad, low level feature
(o, > 10 km 5'1) and a narrow feature (o, < 8 km sq). The best-fit Gaussian will overestimate
the width of the strong, narrow central line in order to reduce the residuals (data minus
fit) in the wings and then underestimate the fitted line peak (see Figure 3). The source
of the broad feature could be due to observing intermediate velocity clouds, like those seen
in the Galaxy. It is difficult to understand the feature being due to thermal motions since
it corresponds to a temperature greater than 10,000 K, where neutral hydrogen becomes
collisionally ionized. Our detection is very provisional. Better measurement of this low
level broad component, and confirmation of its very existence, would be best obtained from
a more sensitive observation with more spectral channels. (The present VLA system could
provide that with roughly the same integration time as that used here.)
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Figure 2. Azimuthal Dependence of Lime Width. The spiral arms occur at 180° and 360° .
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Neutral Hydrogen in the Starburst Galaxiey NGC3690/1C694
E. Tolstoy, J.M. Dickey, and F.P. Israel

‘Sterrewacht Leiden, The Netherlands

Abstract:

We have made observations of the neutral hydrogen (HI) emission
structure surrounding the very deep absorption peak [observed earlier by
Dickey (1986)] in the galaxy pair NGC3690/IC694. This galaxy pair is
highly luminous in the far infrared, and known to exhibit extensive star
formation as well as nuclear activity. Knowledge of the spatial
distribution and velocity structure of the Hl emission is of great
importance to the understanding of the dynamics of the interaction and
the resulting enviromental effects on the galaxies.
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FIG. 1 : This map represents the addition of all the velocity

channels that contain emission through the cube (channels 26 - 46).
Overlayed on this are the velocity spectra at each point of interest.



Observations:

We observed the system for 12 hours with the Westerbork Synthesis
Radio Telescope (WRST), obtaining 64 maps with spatial resolution of 13"

x 14" spaced by 8.2 km s™1 in velocity (512 km s*! bandwidth).

We reduced the data at Leiden and Minnesota using the AIPS package. We
obtained a spectral line cube with 5.2" pixels, where each pixel has a
velocity spectrum for its position. Thus, the three dimensions of the cube
are right ascension, declination and velocity (or frequency). The velocity

range of each spectrum is from 2950 km s' 10 3350 kms .

The first step in displaying the emission present in the cube is to
search through the channel maps and decide which ones contain emission,
and add these together into a single map (see Fig. 1). In Fig. 1, to try to get
a feeling for what the cube contains, the velocity spectra for each pixel
are also displayed.

Another way to study the spatial and velocity distribution of the HI
emission is to fit a gaussian to the spectrum of each pixel and then map
the resulting fitted parameters. We use the AIPS task XGAUS to find the
integral (zeroth moment) and velocity center (first moment) of the best

fit gaussian at each point. Values of the line integral, expressed in units

of column density, range from 2 x 1021 ecm™2 10 8 x 1027 em™2 across the
emission region.
The central velocity varies from 3080 km s1 to 3256 km s~

across the emission region. The northwest plume is moving with

velocities consistantly greater than the systemic (3196 km s'1), and with

a velocity gradient of about 20 km s 1,

kpec
We also made I-v diagrams, or position-velocity maps for several
cuts through the cube at constant declination. These are shown in Fig.2.
Looking through the series it seems that there is more than one velocity
component present in the emission region. The two components are well
separated in the north; as the slices go to lower declination these
components appear to merge. It may be that these are two seperate
structures, or two extensions leading off from a central gas cloud.
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FIG. 2 : Here we have a selection of position velocity cuts
through the cube, sliced along lines of constant declination
spaced by 6 " as shown on the map.

Results :

We conclude that NGC 3690 + IC 694 is a very complex system, the
HI dynamics of which still need some careful work.

At 6 cm and 20 cm Gehrz et al. found four compact radio continuum
sources A, B, C, and C'. These seem to coincide with peaks of emission at
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10 microns (Gehrz et al. ) and the peaks are also discernable in the 2.2
micron map (Telesco et al. 1985). The CO ITdv map (Sargent et al. 1987)

shows high column density concentrations of CO around A and C,C', but
nothing is seen at B.

The arm extending 6 kpc to the north-west of NGC 3690 appears to be
moving at speeds greater than the central velocity, and could well be the
arm of a spiral galaxy aligned skew to our line of sight as suggested by
Stanford and Wood (1989). The infra-red polarimetry of Jones (1989)
seems to agree with the general alignment of our plume and also the
extension seen by Stanford and Wood to the south-east, again giving the
impression of a disk-like structure. However, the nuclear core of such a
spiral [?] galaxy would appear to be severely misaligned with the spiral
arm structure, as seen in the infra-red data (Telesco et al. ). From optical
and uv spectroscopy Augarde and Lequeux (1985) deduce that NGC 3690
(B,C) and IC 694 (A) are two bodies rotating in opposite senses. They
assume the two galaxies are Sb or early Sc type, but conclude that their
optical images are too perturbed to be certain. This fits in, in general
terms, with what we find. We have yet to confirm the south-west
extended structure found by Stanford and Wood, but we should be able to
reach their limit with further tapering. Our velocity resoultion is
considerably finer, so that a clearer idea of the dynamics of the HI can be
obtained.
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Abstract L

Two nearby, nearly face-on spiral galaxies, M 101 and NGC 6946, observed in
the HI with the WSRT as part of a program to search for high velocity gas in other
galaxies, are used to illustrate the range of properties of high velocity gas in other
galaxies found thusfar. '

Introduction

The origin of the high velocity clouds in our Galaxy is still not well established.
A fundamental problem with these high velocity clouds is the uncertainty in distance
which makes it difficult to estimate the cloud masses and their spatial distribution.
If the equivalent of the high velocity clouds can be found in other galaxies one would
hope to acquire better insight into the origin of high velocity gas in galaxies, includ-
ing our own. We therefore began a program of sensitive observations of four nearby
spiral galaxies, using the Westerbork Synthesis Radio Telescope (WSRT) in search
of high velocity gas features.

The first galaxy to be observed was M 101, where a large complex of high ve-
locity gas was found (Van der Hulst and Sancisi, 1988), with velocities of up to 160
km/sec in excess of the rotation of the gas in the local disk and with a projected
size of over 10 kpc. This gas is most likely moving in a direction perpendicular
to the plane, coming out of the plane rather than falling in. The HI mass of this
complex is about 2x108 Mg. The high velocity gas is connected with the gas in the
disk and possibly related to large scale HI structures in the disk such as kinks in
the spiral structure and holes in the HI distribution. Because of the one-sidedness
and the large velocities involved it appears unlikely that stellar winds or supernova
explosions could have driven this gas out of the disk. A more plausible explanation

12



seems that the high velocity gas is the result of infall of gas into the disk of M 101
as described by Tenorio-Tagle and Bodenheimer (1988).

Besides this HI with very high velocity with respect to the disk we also find
several regions in M 101 with HI at intermediate velocities deviating by about 50
km/sec with respect to the rotation in the local gas layer, illustrating that the gas
disk of M 101 is not very quiescent. These intermediate features have velocities that
are either blue- or redshifted with respect to the rotation.

In contrast to the very high velocity gas discovered in M101 there-are the now
well known bubbles and shells in M 31 (e.g. Brinks and Bajaja, 1986), M 33 (Deul,
1988), LMC (e.g. Meaburn, 1980) and our galaxy (e.g. Heiles 1984). Their prop-
erties are at least two orders of magnitude lower than the properties of the high
velocity gas in M 101. The involving energies and sizes of these phenomena are
respectively about 10%-10%2 ergs and 0.1-1 kpc. The corresponding expansion ve-
locities are of the order of 5-10 km/sec and hardly exceed 20 km/sec.

The first preliminary results on the second of our four survey galaxies, NGC 6946
have become available and show high velocity gas and hole/shell features which are
intermediate between the HI shells in our Galaxy, M 33 , M 31 and the LMC on the
one hand and the M 101 complex on the other hand. Here we briefly discuss some
of the new features found in NGC 6946.

Results

From the WSRT observations we obtained maps at resolutions of 15" (= 0.7 kpc
for a distance of 10 Mpc), 30” and 60”. The full resolution map shows no obvious
velocity deviations. We did, however, find faint HI having excess velocities with re-
spect to the gas in the disk in the 60” data, but the precise connection with the disk
is smeared out at this resolution. Therefore we used the 30” data as a compromisé
between spatial resolution and sensitivity.

In NGC 6946 we found about 10 regions with velocities deviating by 50 to 80
km/sec from normal rotation. Most of these regions are spread throughout the disk
and have either blueshifted or redshifted velocities with respect to the local rotation
in the disk, but never show both. We discuss the two most striking features found
at the north-western side in more detail below.

The first, in the northern inter-arm region, shows peculiar, redshifted velocities

of about 50 km/sec with respect to the local disk. The redshifted velocity gas is lo-
cated where the spiral arm bifurcates. Confusion with galactic foreground HI makes
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it impossible to trace this gas further out to the east. The correspondence of features
in the disk and the location of the redshifted gas suggests a causal relation, which
could be similar to the high velocity gas of complex A in M 101 (Van der Hulst and
Sancisi, 1988).

The other interesting region with peculiar velocities is associated with two HI
holes. The innermost hole has a length of 5.5 kpc and an axial ratio of 3. The outer
hole has a round shape and a diameter of 2 kpc.

The velocities at the edges of the inner elongated hole are blueshifted up to 60
km/sec with the highest velocities seen towards the hole centre, suggesting an ex-
panding shell structure. The velocity deviations at the edges of the round hole are
up to 100 km/sec but here no gas is detected towards the hole centre. The HI mass
in this complex is about 1.2x107 Mg, not enough to fill the hole. The associated
kinetic energy is of the order of 103 ergs.

The gas complexes with the velocity deviations are not obviously associated with
star forming regions such as giant HII regions or OB associations. Therefore, and
because of the large kinetic energies required for producing these phenomena, it is
difficult to produce these peculiar velocities with stellar winds or supernova explo-
sions. An alternative explanation involves the infall of gas into the disk of NGC
6946 which drives a subsequent outflow of HI.

With only two galaxies studied in some detail it is not yet possible to make
general statements about the presence of high velocity gas in other galaxies. Three
more systems are being studied using the WSRT and the VLA. The phenomena
observed in NGC 6946 and M 101 do suggest, however, the possible existence of
a population of intermediate velocity structures in galaxies with quite a range of
properties.
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A SCALING LAW OF RADIAL GAS DISTRIBUTION IN DISK GALAXIES

Zhong Wang
Astronomy Department
California Institute of Technology

Based on the idea that local conditions within a galactic disk largely determine the . ;
region’s evolution time scale, we built a theoretical model to take into account molecular {
cloud and star formations in the disk evolution process. Despite some variations that may be :
caused by spiral arms and central bulge masses, we -find that many late-type galaxies show
consistency with the model in their radial atomic and molecular gas profiles. In particular,
we propose that a scaling law be used to generalize the gas distribution characteristics.

This scaling law may be useful in helping to understand the observed gas contents in many
galaxies. ~

Our model assumes an exponential mass distribution with disk radius. Most of the mass
are in atomic gas state at the beginning of the evolution. Molecular clouds form through
a modified Schmidt Law which takes into account gravitational instabilities in a possible
three-phase structure of diffuse interstellar medium (McKee and Ostriker, 1977; Balbus and
Cowie, 1985); whereas star formation proceeds presumably unaffected by the environmental
conditions outside of molecular clouds (Young, 195?)7 In such a model both atomic and
molecular gas profiles in a typical galactic disk (as a result of the evolution) can be fitted
simultaneously by adjusting the efficiency constants. Galaxies of different sizes and masses,
on the other hand, can be compared with the model by simply scaling their characteristic )
length scales and shlftmg thelgr radial ranges to match the assumed disk total mass proﬁle% e
G'tot(T‘) £ B G .

The idea and an example of applying the scaling law are as follows. Suppose the disk’s
radial mass distribution is approximately exponential, then our evolution model generally
results in atomic and molecular gas profiles shown as shadowed regions in Figure 1 and 2,
respectively. For a galaxy with measured disk mass profile oy,(r), these model results can
be applied by first figuring out the position of the galactic center on radius axis, and then
scaling the axis to determine its actual unit depending on the scale length of oyn(r). For
example, the Milky Way Galaxy would fit in if we put the Galactic Center at position GC
(of the vertical dot-dashed line), and just ignore part of the figure to the left of that line. A
galaxy of smaller mass would correspond to a shift further to the right, while a more massive
one to the left. If the disk scale length of our Galaxy is about 2.9 kpc (as in the model of
Caldwell and Ostriker, 1981) then the interval between small tickmarks of the horizontal axes
in Figure 1 and 2 correspond to 1 kpc in radius. For comparison, we plot the observationally
determined surface mass densities ogj(r) and op,(r) of our Galaxy as histograms in the
two figures. The galactocentric distance of the Sun is corrected to be 9.1 kpc in both cases.

Given the fact that some variations in a number of model parameters (such as the
spiral arm pattern and arm-to-interarm density contrast) do not seriously change the general
outcome of our calculation, the shadowed regions of the two figures then approximate the
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Figure 1. A schematic illustration of the scaling law for HI gas. The three histograms represent
measured HI profiles of the Milky Way Galaxy by Burton and Gordon (1978), Kulkarni, Blitz, and Heiles
(1982), and Henderson, Jackson, and Kerr (1982). The thin &y, curve is the Galaxy’s disk mass model of
Caldwell and Ostriker (1981). See text for details.

HI and H, profiles of a typical galaxy, or a galaxy “templet”. Tests show that many nearby
late-type galaxies with well-sampled HI and CO maps roughly agree with such a model
prediction (assuming that CO gas is a proportionality tracer of Hp). Furthermore, the
scaling law provides explanation for some observational facts that have received attention
only fairly recently. For example, the tendency of dwarf galaxies to have little or no molecular
gas in their disks is easily understood from Figure 2, in view of the rapid decrease of o Hy, (r)
with radius in the templet galaxy.

Some observational data show significant deviations from the general model results of
both atomic and molecular gas. The Milky Way Galaxy, for instance, shows pronounced
central depression in Ho, and perhaps in HI profile as well. These features can not, as our
model work indicates, be simply accounted for without adopting new mechanisms in addition
to the azimuthally averaged “one-zone” calculation. Possible causes of these features, which
are found to be common among Sa and some Sb type galaxies, include radial gas flows due
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to the effect of the massive central bulge component in these galaxies (Wyse and Silk, 1989;
Wang, 1989).

Balbus, S. A. and Cowie, L. L. 1985, Ap. J., 297, 61.

Burton, W. B. and Gordon, M. A. 1978, Asir. Ap., 63, 7.

Caldwell, J. A. R. and Ostriker, J. P. 1981 Ap. J., 251, 61.

Clemens, D. P., Sanders, D. B., and Scoville, N. Z. 1988, Ap. J., 327, 139.
Henderson, A. P., Jackson, P. D., and Kerr, F. J. 1982, Ap. J., 263, 116.
Kulkarni, S. R., Blitz, L., and Heiles, C. 1982, Ap. J. (Letters), 259, L63.
McKee, C. F. and Ostriker, J. P. 1977, Ap. J., 218, 148.

Wang, Z. 1989, Ph.D. thesis, Boston University.

Wyse, R. F. G. and Silk, J. 1989, Ap. J., 339, 700.

-Young, J. S. 1987, in Star Forming Regions, IAU Symposium 115, ed. M. Peimbert and J.
Jugaku, p557.

17



Radial Profiles of Gas in Late-Type Disk Galaxies

Curtis Struck-Marcell, Iowa State University

EN
e

1. Review of Published Data

- The azimuthally averaiéed HI distribution, and the total gas density distribution derived from HI and
7 CO observations (and assuming Ny =2.8 %1020 I ;o) as a function of radius in several nearby, ‘
e early-type disks are examined in this study. :

A. X o< 1/r where the Rotation Curve is Flat

First pointed out by Quirk (1972), and recently discussed by Kennicutt (1989) this conclusion is
evident in the gas distributions considered here, and in the data of Wevers' (1984) thesis. For
example, the figure shows the deviation of the azimuthally averaged HI surface density profiles from a
best-fit 1/r profile in Wevers' galaxies. Only data from positions with circular velocities within 5% of
the average value in the flat part of the rotation curve are plotted, only those galaxies with more than 3
such points were included. The curve for NGC 628 also includes the molecular gas observed by Adler
and Lizst (1989). For the other sample galaxies the molecular gas either lies interior to the flat part of
the rotation curve or a CO distribution has not been published. It is apparent that most of the data fall
within about 25% of the mean 1/r profile, except in the outermost parts of some galaxies. The larger
surface density deviations in these outer regions frequently correlate with deviations from flatness in the
rotation curve.

B. The Gas Distribution in the Inner Disk is More Complex

The available data for the inner regions of the disks are more sparse and their interpretation is more
problematic. We can only make a few tentative generalizations:
1. When the central gas surface density is high (e.g. X > 30 solar masses/pc2) the 1/r profile continues
from the outer regions to deep into the central regions (e.g. IC 342, NGC 5055, NGC 6946).
2. In the other galaxies there is still a central peak in Z(r). In the cases considered here, this peak is
clearest in M33 and NGC 2403, where it lies within the region with vy < 60 km/s.
3. If the central peak is well interior to the X o< 1/r region, then there 1s a flat, X < constant,
transition region (M33, NGC 2403). In NGC 628 the center may be primarily of this flat form, since
the central rise is very modest.

II. Theoretical Considerations and Constraints
A. Azimuthally Averaged Hydrostatic Equilibrium (for a continuum gas)
We have accretion disk equations like those in the review of Pringle (1981).

1. Mass Continuity, implies 9%/t =0, radial velocity vy =0, and self-diffusion term 02(rZ)/or2 =0,
which yields ¥ =a/r + b, with a,b = constant.
2. Equation of State: Isothermal cloud gas, with sound speed ¢ = constant, may be an adequate
approximation.
3. Momentum Transport:
a) Radial Force Balance (in a potential dominated by collisionless matter). The azimuthally averaged
pressure gradient force is
1 d (IP) 1 d 2
—_— = — —(1Zc)
g dr g dr

Casei) X< 1/r. The pressure gradient force is zero, and centrifugal force balances gravity, just as
for the stars.
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Case ii) X = constant. The averaged pressure gradient force goes as 1/r. In the flat rotation curve
region, vg=constant >>c, and both gravity and centrifugal force also go as 1/r, so pressure is
negligible throughout the region. In a solid body region, vge<r, so asr decreases the pressure
increases relative to the centrifugal force.

b) Azimuthal Force Balance The only force is viscosity, so in equilibrium it must be zero, then,

v
ver 928 - constant,
or\ T
which gives a relation between X and vy. E.g.,
if vg=constant, then vZr = constant (or X < 1/r for v = constant).
if vgecr, then d(vg/r)/or =0, and X is unrestricted.
if X =constant, then either vg o< r or vg o< 1/r (unphysical).

The role of (spiral) waves in transporting angular momentum, and thus influencing radial structure is
not clear, and will not be considered here.

B. Local Gravitational Stability (Toomre Q)

Larson (1988) and Kennicutt (1989) have recently summarized the theoretical indications and
observational evidence, respectively, showing that Toomre's (1964) gravitational stability parameter Q
= ck/nGX is of order unity throughout the star-forming part of a galaxy disk. In the isothermal, vg=
constant part of a disk this also implies X o 1/r, consistent with the other constraints, but also setting
the value of X.

C. Secular Kinetic Equilibrium

Large clouds may have long mean free paths (A = 1 kpc.) in galaxy disks, so kinetic (random walk)
effects must be considered. Diffusive mass fluxes between adjacent annuli of width A must balance,
so Xrc = constant. (For practical purposes this is equivalent to zero self-diffusion.) Momentum
Flux balance between adjacent annuli implies, Zr ¢ vg = constant. This condition is not equivalent to
minimizing hydrodynamic viscous shear. E. g. the latter is zero when vg e< 1, and X o< 1/r, but the
present condition is not satisfied!

1. Conclusions

- Both the available data and theoretical considerations suggest that the unique equilibrium surface
density profile in the flat-rotation-curve region of the disk is X o< 1/r. If this profile is also stable to
non-axisymmetric disturbances, then this region may be regarded as a gas reservoir for the galaxy.

- The existence of equilibrium or quasi-steady profiles in the inner disk, where vy increases with r is
more problematic. If vg o< rin this region, then there are two hydrodynamic equilibrium forms: X o<
1/r or X = constant. There are examples of both forms in the observations. However, neither is a
kinetic equilibrium form, so we can expect diffusive processes to funnel material from the reservoir
region inwards. At the same time, the critical density for local gravitational instability is constant in
regions where vg o< 1, 0 if X = Xrjt, star formation processes may oppose the kinetic ones. We do
not yet understand the outcome of this interplay of forces.

Adler, D. S., and Lizst, H. S. 1989, Ap.J., 339, 836.
Kennicutt, R. C. 1989, Ap. J. in press. .
Larson, R. B. 1988, in Galactic and Extragalactic Star Formation, eds. R. E. Pudritz and M. Fich (Kluwer) p. 459.
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Toomre, A. 1964, Ap. J., 139, 1217.
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19



dX/Z

1.0 . 1 . : . 1 i
0 200 400 600 800
1.0 A | T T ™ T

-

i
N
[Ze]
r N5033
1.0 N ) BT | i K PR R 1 " 1 .
0 100 200 300 400 500 600 700
1.0 T ™~ T y T T T
A
i~
)

_1.0 P ] i 1 - Y L .
0 200 400 600 800 1000
r (arcsec)

Figure la-c. Shows the deviation of the azimuthally averaged gas surface density profiles from a
best-fit 1/r profile using the data from Wevers (1984) as described in the text.
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Disk Mass Densities in Edge-on Spiral Galaxies
Michael P. Rupen
Center for Astrophysics

VLA® observations of the neutral hydrogen gas in two nearby edge-on spirals
(NGC 4565 and NGC 891) successfully resolve the thickness of the gas layers in both
disks over a wide range in radii. The combination of ‘B,’ ‘C,’ and ‘D’ array data
produces a 4 arcsec (~ 200pc) beam and 21km $§~1 velocity resolution, combined
with sensitivity to structures as large as 18 arcmin (~ 54kpc). These observations
directly constrain the mid-plane disk mass densities, under the assumption of an
equilibrium between the thermal pressure of the gas and the gravitational attraction
of the d1sk The results of a preliminary analy51s rare-asfollows:

1. If the z—veloc1ty dispersion of the- -g4s is 10010kms™1, the mass densities in

NGC 4565 fall from0.11 to 0.0090%, Mg/ pc? between 0.7 and 3.5 optical
disk scale&engths the declineis exponential in radius, consistent with a
constant mass-to-light ratio for\t@e disk. In NGC 891, although the mass
densities also fall off with radius (’ﬁrom 0.09 to O. 02ha‘120 Mg/ pc® between
0.8 and 2.8 scale-lengths), there are ab,;upt local oscillations in the observed
thickness that are difficult to model in’ “terms of a simple hydrostatic equi-
librium. Non-thermal pressures may account for these ‘wiggles,” but the
general trend of thickening with radius implies that the large-scale behav-
ior of the thickness is determined by the balance of gravitation and thermal
pressure.

2. If the disk mass distribution above the plane follows that of the old disk starlight,
the mass-to-light ratio of the disk in NGC 4565 is 3303, M@/ Lg,B, and
the disk mass is about 150%2,% of the total. The halo is probably dy-
namically important at all radii; the disk is not ‘maximal,’ unless the gas
velocity dispersion is extremely high. ‘If one assumes purely thermal pres-
sures in NGC 891, its mass~to-light ratio increases with radius from 3 + 1
to 5 + 2ho?; Mg/ Lo,p; again, the disk constitutes a small fraction of the
mass.

3. In both galaxies, the atomic gas is an important dynamical component well before
the edge of the disk, while the molecular gas may contribute a substantial
fractlon of the mid-plane mass densﬂ:y nearer the bulge.

Th,ese data. also allow a detailed study of the HI in these galaxies; in general
their brightness temperature distributions seem similar to that in the Milky Way.
Both galaxies show asymmetric HI extensions beyond the optical disk. In NGC 4565
th@s a surprisingly abrupt warp, which may bend back to parallel the

galactic plane; the velocity structure implies the warp is continuous around the disk.
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A Survey of fhe Properties of Early-Type Galaxies

J. N. Bregman, M. S. Roberts, and D. E. Hogg
National Radio Astronomy Observatory!

pois A compilation of the properties of elliptical and early disk galaxies
has«be@n completed. In addition to material from the literature, such as
IRAS fluxes, the compilation includes recent measurements of HI and CO, as
well as a review of the x-ray properties by Forman and Jones. The data are
used to evaluate the gas content of early systems and to search for
correlations with x-ray emission. @

The interstellar medium ip early-type galaxies is generally dominated
by hot interstellar gas (T ~107 K K; c.f. the review by Fabbiano 1989 and

_references therein). In addition, a significant fraction of these galaxies

show infrared emission (Knapp, etAal., 1989), optical emission lines, and
visible dust. Sensitive studies in HI and CO of a number of these galaxies

have been completed recently, resulting in several detections, particularly*w

of the.later*types. “We wish to understand the connection among these

he .theorétical
picture of the fate of the hot gas. Toégaso we hawe compiled observations
of several forms of interstellar matter for a well-defined sample of early-
type galaxies. Here we.present a statistical analysis of this data base and
discuss the 1mp11cat10ns of the results

3 )Q.»v

"The "sample we have chosen is'a gréup of 467 galaxies from the Revised
Shapley-Ames Catalog that were classified there as E, SO, SBO, Sa, or
peculiars of those types. We include IRAS observations, x-ray properties,
and radio data on HI €O, and continuum emission, as Well as the usual
optical properties. “Information from the llterature has been supplemented
by unpublished data on”HL; CO, and x-rays.

As expected the latefygypes -- the Sa’s and peculiar Sa’'s -- commonly
have observable quantities of interstellar material. More than 90 percent
of the objects that have been ‘searched with high sensitivity have emission
at both 100 microns and in HI 8r CO. The early disk systems, the S0's, also
are frequently found in the IRAS\survey, and almost half of the objects
surveyed with high sensitivity at nadlo wavelengths are found to have either
HI or CO. However, it continues to be difficult to find observational
evidence for s1gn1flcant amounts of cold matter in elliptical galaxies.

Fewer than half are known to be 100 mlcron sources, and very few of the
ellipticals surveyed with high sens1t1v1ty -are detected in HI. This is in
marked contrast to the hot component of interstellar gas; more than two-
thirds of the ellipticals that have been searched at x-ray wavelengths were
detected. ‘ :

The HI detection rate for E's and for S0's is illustrated in Fig. 1 as
a histogram of the HI mass normalized by blue luminosity. Both the value of
this ratio and the frequency of detection is significantly different between
these two galaxy types. <Capture alone, which seems to be the case for the
ellipticals, cannot account for the HI in (most) SO’s unless a rather
complex time and depletion mechanism is invoked. A census of the

l0perated by Associated Universities, Inc., under cooperative agreement
with the National Science Foundation
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interstellar content of E's and SO’s is displayed in Fig. 2. Note that only
detections are shown; upper limits, often wvery stringent, are not included
in this display. In this sample the x-ray, HI, and H, masses are typically
in the range 108-10%°-° Mo while those for dust (from 100 microns) and
emission line gas are 103-107 Mo (H,=50).

The data set offers the possibility of studying the correlation between
various properties of early-type galaxies. For example, in a commonly-
discussed model, the source of the x-ray emitting gas in ellipticals is
stellar mass loss. Ejecta from one star colliding with ejecta from another
star initially heats the gas, and infall deeper into the potential well
causes additional heating. When other sources of heat are unimportant, the
steady-state x-ray luminosity should be the product of the total mass loss
rate and the square of the velocity dispersion (Sarazin and White 1988).
Since the total mass loss rate is proportional to L., one expects
L, « Ikmtaz‘ The velocity dispersion is related to L., which leads to the
prediction L, « I%éz Using the 48 elliptical galaxies for which improved
optical data are available, (Faber et al., 1989), and which have information
about their x-ray emission, we find that L, « Iﬁég, with an uncertainty in
the exponent of 0.2. The discrepancy does not arise because of our use of
the Faber-Jackson relationship. The quantities Lx/Lopta2 and L, are
correlated, demonstrating that a modification of the theoretical model is
required.
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HI Mass to Luminosity Ratios for E's and SO0's
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Fig. 1. Histograms of the ratios: 1log(HI mass/blue luminosity) for
E's and S0's. Detections are cross-hatched, upper limits are shown as
open blocks. Only upper limits less than the lowest detections are
shown. Note: Revised Shapley-Ames classifications only are used.
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Fig. 2. A census of the amount of various forms of interstellar
material in E, SO, and SBO galaxies in the Revised Shapley-Ames
Catalog, a magnitude-limited sample. Upper limits, often very
stringent, are not illustrated.
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'INTERGALACTIC HI IN THE NGC5018 GROUP

P. Guhathakurta and G.R. Knapp, Princeton U.
J.H. van Gorkom, NRAO & Columbia U.
D.-W. Kim, CfA
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This-paper describes the cold mterstellax and intergalactic medmm in the small group
of galaxies whose br1ghtest member is the elllptlcal galaxy NGCSOl8/j .u‘i‘ attention was

& first drawn to this galaxy as p0851b1y contammg cold interstellar gas by“the detection by
the IRAS satelhte of emission a

ABQum and: )»IOOum at an intensity of about 1 Jy (Knapp
et al. 1989), which is relatively strong for an elhptlc\al (Jura et al. 1987). These data

showed that the temperature of the infrared emission is< 30K and that its likely source

<" is therefore interstellar dust. A preliminary search for HI emission from this galaxy using

? - the-VLA showed that there appears to be HI flowing between NGC5018 and the nearby

Sc galaxy NGC5022 (Kim et al. 1988). Since NGC5018 has a well-developed system of

| optical shells (cf. Malin and Carter 1983; Schweizer 1987) this observation suggests that

NGC5018 may be in the process of forming its shell system by the merger of a cold stellar
system with the ell}ptical, as suggested by Quinn (1984).

”

< ‘We describe follow-up HI observations of improved sensitivity and@esolution,

and confirm that HI is flowing between NGC5022 and NGC5018, and around NGC5018.
The data show, however, that the HI bridge actually connects NGC5022 and another spiral

in the group, MCG03-34-013, both spatially and in radial velocity, and that in doing so.
it flows through and around NGC5018, which lies between the spiral galaxies. This is
shown by the total HI map ik

*; with the optical positions of the above three galaxies
1abelled XThe be shows the area covered by the optical image in Fig 2. The bridge
N seems to bifurcate at the approximate position and radial velocity of NGC5018. While the
northern part continues’ unbroken the southern portion disappears near the elliptical. At
the distance of the group (31 4 Mpc) the projected linear extent of the northern plume is
165 kpc. The HI plume does not’ extend beyond either of the two spirals it joins suggesting
that the galaxies are on the outbound%\ parts of their orbits and that the interaction that
produced the plume was a relatively réée{;t one (~ 6 x 10® yrs), only slightly less than a

crossing time ago (inferred to be about IOQ;}Byrs for the spirals). The merging of a cold
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system with NGC5018 appears to be at least a three-body encounter.

HI is detected in eight locations in the NGC5018 group: from four late-type galaxies
(including the two that are connected by the bridge), from the two tidal tails, and from
two low surface brightness dwarf irregulars with very small HI line widths. Since we have
acquired reasonably accurate redshifts for several group members, we are able to estimate
the total mass of the group. The virial mass for the group is ~ 7 x 1012M, giving a
mass-to-light ratio (Mt /L) ~ 75M@/Lg indicating that the NGC5018 group contains a

substantial amount of dark matter.

Multiband optical imaging and photometry of NGC5018 using the 4m at CTIO re-
veals the presence of a spectacular shell system, aiong with two prominent wisps and a
pair of dust lanes (Fig 2). The greyscale image shown in Fig 2 is obtained by subtracting
off a smooth elliptical fit from the galaxy. While all of the above mentioned features are
signs of recent interaction, none coincide in position with the HI bridge. The colors of the
shells and optical wisps appear to be similar to that of the parent elliptical (B — R ~ 1.0).
If NGC5018 is assumed to have a flat rotation curve, the central velocity dispersion of
223 km s~ (Davies et al. 1987) implies a circular velocity of ~ 380 km s, giving an
orbital time for the outermost shell (radius = 16 kpc) of about 3 x 108 yrs, which is about
a third of the age of the age of the HI plume. We believe that our HI and optical data
on the NGC5018 group provides the first direct observational evidence for the formation
of a shell system as an elliptical galaxy merges with a cold disk system, with this merger

probably leading to the complete destruction of one of the group members.
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HI And FIR Emission From SO Galaxies

Paul B. Eskridge
Department of Astronomy, University-of Illinois

and p o '! i ;

Richard W. Pogge
-%...  McDonald Observatory, University of Texas at Austin

A large body of work has accumulated in recent years which throws into disarray the
traditional assumption that SO systems are inert, non-starforming galaxies with uniform,
old stellar popula.tioxi“s;‘,'ﬁ‘l‘he copious 21cm data have been recently reviewed and assessed
by Wardle and Knapp (1986). This work showed that roughly a third of the severél hun-
dred observed SO’s contain detectable amounts of HI. More recently, Pogge and 'Eskmdge
(1987) have shown that a 51gn1ﬁcant fraction of HI-rich systems also exhibit Hd emission.
Thronson et al. (1989) report detectlon of CO line emission from two thirds of the S0’s in
their sample. Both of these last papers,-however, report on fairly small data sets (~"20
objects each). From co-added IRAS da.ta, Knapp et al. (1989) report that roughly two
thirds of a sample of several hundred S0’s are detected at 60u-and-100u. Work by Bally
and Thronson (1989) and Walsh et al. (1989) has show;r} that, while a large number of
S0’s follow a relation between radio continuum and{FIR emission similar to that found
for spirals, significant numbers of both radio-bright, and FIlL]grlgh_) t)S0’s exist. Clearly, a
large number of factors are involved in determining the state of the ISM in SO galaxies.
The class is probably heterogeneous, suggesting that large data samples are required to
sort out various sorts of objects. The 21cm and FIR samples are the two largest currently
available. It is therefore of interest to compare the two and see where this leads.

The 21cm data were drawn largely from Wardle and Knapp (1986), with some addi-
tional sources. The most significant of these being Chamaraux et al. (1986). The FIR
data were determined from 60y and 100u flux densities in Knapp et al. (1989), using the
relationship given in Lonsdale et al. (1985). The intersection of these samples is a set
of 254 objects. Rather than making a series of assumptions as to the distances of these
objects, we decided to simply scale all the quoted observational data by the true apparent
blue flux of each object. Thus, what we examine is the relative brightness of the 21em
line emission or FIR emission to the blue optical emission for cach galaxy. Ohviously, an
optical band which is less seriously effected by internal absorption, such as the H-band,
would have been preferable. Such data are, however, not generally available.

An examination of the full data set indicates that a limit analysis of the sort discussed
by, e.g., Walsh et al. (1989) would be most appropriate. However, we have initially limited
ourselves to an analysis of the detections only. The double detections appear to be roughly
fit by a power-law, with significant populations of both 21cm-excess and FIR-excess galax-
ies. An iterative least-squares power-law fit was made to the double detections. Galaxies
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which deviated from this fit by more than 30; were removed from the sample, and the fit
was repeated. The fit was essentially unaltered by this second pass. Figure 1 shows those
double detections which survive the 30 rejection, along with the power-law fit.

As mentioned above, the 30 rejection yields sets of galaxies which are either signifi-
cantly HI- or FIR-bright, relative to the fit. In addition, examining the two single-limit
data sets provides a number of systems which are also clearly inconsistent with the fit.
Figure 2 shows all these points, again with the fit line drawn in. '

In a Universe in which there were a smooth, consistent relationship between the
amounts of gas in the neutral atomic and molecular phases, the rate and efficiency of
star-formation, the IMF, and the gas-to-dust ratio, and in which there were no other sig-
nificant processes contributing to the FIR emission (ambient heating of grains, nuclear
emission ...), one would expect a tight correlation between the total HI content and the
total FIR emission in a given galaxy. The obvious interpretation is that the power-law
galaxies basically fit this picture: they are normal star-forming systems, which are able to
process their neutral gas into stars in a fairly typical manner for disk galaxies. (Note that
this does NOT mean they are “typical S0’s”, whatever that means).

Those galaxies which are HI-bright, relative to their FIR emission (or limit) are clear
candidates for systems which have accreted their gas. In fact, the extreme systems in this
category for which HI maps have been published (van Driel 1987 and references therein,
Schweizer et al. 1989) all appear, on the basis of those maps, to have accreted their gas.
It is also likely that a number of these systems have not accreted their gas, but the total
amount and concentration of what gas they do have is simply insufficient to trigger star-
formation at this time. This pertains mainly to those systems which have small ratios of
HI to blue flux, but essentially no sign of FIR emission to quite low levels.

Those galaxies which are FIR-bright for their HI emission (or limit) do not have so
simple an explanation. Three physical processes appear to be at work: enhanced star-
formation (as in NGC 694, Balzano 1983); ram-pressure stripping, especially for the Virgo
S0’s, which may lead to both reduced HI and enhanced FIR, due to compressionally in-
duced star-formation; FIR emission from grains heated by the ambient radiation field of
a basically gas-poor galaxy. In general, those systems with both FIR and HI detections
are more FIR-bright than those with FIR detections but HI limits. This suggests the first
and second processes are important in the double detected galaxies in this sample. More
observational work, specifically CO and He studles are needed to sort out these various
possible effects.

While further ébhéideration of these data. are clearly warranted, including a statistical

data can be used to isolate strong candidates for systems which have gained their HI
gas via accretion; a rough power-law relationship exists for galaxies which are undergoing
relatively normal star-forming activity; a heterogeneous class of galaxies with strong FIR
emission compared to their HI emission exists. Further work is required to determine the
various physical processes responsible for this last class.
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log(FIR) (scaled by Fg)
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Distribution, Kihematics, and Origin of HI Gas in SO and S0/a Galaxies

H. van Woerden and W. van Driel
Kapteyn Astronomical Institute

A minority of S0 and S0/a galaxies are known to be enriched in HI gas.
Their HI content does not appear to correlate with optical properties of
the galaxies.

We have mapped the HI distribution and motion in about 20 gas-rich SO
and S0/a galaxies using Westerbork and the VLA. Most gas-rich SO galaxies
show outer rings of HI, often with radii of about 2R,.. Several show inner
rings and some have both imner and outer rings. The outer rings are often
strongly inclined. Almost all objects have large contral holes in their
HI distribution. Non-barred S0/a galaxies show filled HI disks, like the
early-type spirals. Barred SO/a galaxies show large central HI holes.

In most cases, the HI appears to be in well-ordered rotation. A few
objects with large outer HI rings show very high M/L ratios, suggesting
massive dark halos. The Tully-Fisher relation for gas-rich lenticulars is
similar to that of the spirals.

We discuss possible evolutionary scenarios for these objects.
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THE HOT AND COLD INTERSTELLAR MATTER
OF EARLY TYPE GALAXIES AND THEIR RADIO EMISSION

Dong-Woo Kim and Giuseppina Fabbiano
Harvard-Smithsonian Center for Astrophysics e

Over the last few years, the knowledge of the interstellar matter (ISM) of early type
galaxies has increased dramatically. Many early type galaxies are now known to have ISM
in three different phases: cold (HI, dust and molecular material), warm (ionized) and hot
(X—ray emitting) gas. Early type galaxies have smaller masses of cold ISM (107 - 108
"~ Mg; Jura et al. 1987) than later type spiral galaxies, while they have far more hot gas
(10° - 10 Mg; Forman et al. 1985, Canizares et al. 1987). In order to understand the
relationship between the different phases of the ISM and the role of the ISM in fueling
radio continuum sources and star formation, we-lrave compa,red observational data from a
wide range of wavelengths. g el ’

The Cold and Hot Interstellar Matter

The far infrared luminosity and mass of HI gas are correlated, although with consid-
erable scatter, suggesting that the far infrared emission is due to dust in the ISM, and
not to nuclear activity (see Jura 1986 and Kim 1988). The observational uncertainties
are sometimes quite significant, particularly for the HI observations. There are also a few
intrinsic reasons for the observed scatter: The dust temperature varies with the distance
from the center and also varies from one galaxy to another because of different radiation
sources; In some galaxies, a large fraction of the cold ISM may be in the form of molec-
ular material; Also there may be an environmental dependence of the amount of HI gas.
Nevertheless, a correlation between these two quantities is suggested by the enhanced far
infrared detection rate in the HI sample (see Table 1). This result is confirmed using the
method of Schmitt (1985) which uses the information in the upper limits (see Fabbiano et
al. 1989 for applications of this method). The use of this test insures us against a distance
bias in our results. The test showed that the HI masses and far infrared luminosities are
correlated (the correlation coefficient is 0.7615:23 where the uncertainties are at 10). The
dust lanes seen in optical imaging observations are a direct evidence of the presence of
dust, and indeed the far infrared detection rate in the dust lane galaxies are as high as
those in the HI sample (Table 1, see also Veron-Cetty and Veron 1988).

The next question is: Is there a correlation between cold and hot gas? Figure 1
shows a plot of far infrared luminosities against X-ray luminosities. No correlation (or
anticorrelation) is found by the Schmitt analysis. For the less luminous galaxies the far
infrared luminosity does appear to increase as the X-ray luminosity increases. However,
for the X-ray bright galaxies the far infrared luminosity does not increase correspondingly.
These are believed to contain hot gas because of the excess X-ray emission over what is
expected by stellar X-ray sources (see Canizares et al. 1987; Fabbiano 1989).

If the cold and hot gas have the same origin, namely from mass losses of late type
evolved stars, one would expect a correlation between the two different phases of ISM.
If the cold gas results from cooling flows in the X-ray emitting hot gas, one would also
expect a correlation. On the other hand, if the infrared emitting dust was destroyed by
interacting with the hot gas, one may expect an anti-correlation. In our sample, there is
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neither a correlation nor an anti-correlation. A possible explanation is an external origin
of cold ISM. This idea is supported by the decoupled gas and stellar kinematics in many
well studied galaxies like NGC 1052 (van Gorkom et al. 1985). However, one can not
exclude an internal origin, because some isolated early type galaxies, for which therefore
no apparent nearby source of cold gas exists, have fairly regular gas kinematics (e.g., Kim
et al. 1988).

Star formation, Nuclear Activity and Radio emission

Walsh et al. (1989) compared the far infrared and the non-thermal radio continuum
emission. They showed that about half of the SO galaxies have infrared and radio contin-
uum fluxes consistent with the relationship between these two quantities found in spiral
galaxies (e.g., Wunderlich et al. 1987), suggesting that at least some SO galaxies are cur-
rently forming stars. They also found that the ellipticals with significant far infrared
emission are more likely to have intense radio emission possible connected with nuclear
activity than those without and that therefore cold gas is responsible for fueling the radio
source. More recently, Fabbiano et al. (1989) showed that X-ray and radio luminosities
are correlated. This suggests a connection between the hot gas and nuclear radio sources
perhaps through accreting cooling flows fueling a central black hole. Because far infrared
and X-ray emission are not correlated, as discussed above, the conclusion of these two
studies are in apparent contradiction. To address this problem, we have re-examined the
far infrared, X-ray and radio continuum correlations.

Recent VLA surveys by Wrobel and Heeschen (1989) and Fabbiano et al. (1989) are
used for radio continuum data. These high sensitivity surveys (detection limit ~ 0.1 mJy)
made it possible to study radio faint sources which may not be dominated by the nuclear
radio emission. As an example of traditional single dish surveys, Dressel and Condon’s
(1977) Arecibo surveys are also used. Figure 2 shows the comparison between far infrared
and radio emission (a: luminosity vs luminosity, b: flux vs flux). Three lines are drawn in
the figures to illustrate the location of spiral galaxies in this plane (see Walsh et al. 1989).
These are not the best fit to the data of spiral galaxies but just lines with a unit slope.

There seem to be three different populations of early type galaxies (see also Walsh
et al. 1989; Bally and Thronson 1989). About 1/3 of galaxies (mostly SO) are within
the line boundaries, hence are consistent with the relationship followed by spirals. This
relationship is most likely due to star formation although the star formation rates in these
galaxies are smaller than those in spirals. Another half of galaxies (mostly E) are above
the lines with excess radio emission for a given far infrared emission. The excess radio
continuum emission is related to nuclear activity (for example, active radio galaxies such
as M87, NGC 1399). The excess radio emission is not correlated with the far infrared
emission. There may be a third population of early type galaxies which have significant
far infrared emission but do not have radio emission. This group of galaxies may only
produce low mass stars or they may not produce any stars at all.

If the excess radio emission is related to the hot gas in the sense that cooling flows
onto the center are the fuel for the central radio source (Fabbiano et al. 1989), then it is
expected that the galaxies which have hot gas should fall in the region above the linear
relationship in the Lprr—Lradio plane. Figure 3 shows the results for the galaxies observed
in X-rays (Canizares et al. 1987). The galaxies with excess X-ray emission above that
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expected from accreting X-ray binaries (see Fabbiano et al. 1989) are marked by filled
circles and the others are marked by stars. In this diagram, the two groups of galaxies
with large X-ray halos (hot gas) and with little or no halos are well segregated, suggesting
that the presence of hot gas is important for the fueling of nuclear radio sources.

Table 1
Far Infrared Detection Rates®

# 12pum 25um 60um 100um

Total 1153 256(22%)  217(18%)  530(45%)  561(48%)
HI sample®
321 98(30%) 71(22%)  176(54%)  179(55%)
detection 89 36(40%) 35(39%) 74(83%) 72(80%)
upper limit 232 62(26%) 36(15%)  102(43%)  107(46%)
Dust lane galaxies
68 30(44%) 26(38%) 49(72%) 53(78%)

a. Far infrared data are from Knapp et al. (1989).
b. HI data are from Knapp et al. (1985) and Wardle and Knapp (1986).
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Physical Conditions in Photodissociation Regions: pwj
Application to Galactic Nuclei

M. G. Wolfire (U. of Chicago), A. G. G. M. Tielens, and D. Hollenbach (NASA /Ames)

Infrared and sub-millimeter observations. are used in a simple procedure to
determine average physical properties of the neutral interstellar medium in Galactic
photodissociation regions as well as in ensembles of clouds which exist in the neclei of
luminous infrared galaxies. The relevant observations include the IRAS mfra,red continuum
measurements, infrared spectroscopy of the fine-structure lines of Sill 35 p,m, OI 63 pum, and
CII 158 um, and the 2.6 mm CO (J=1-0) rotational transition. The diagnostic capabilities
of the OI 145 um line is also addressed. |

We attribute these emission lines as well as the continuum to the atomic/molecular
photodissociation region on the surfaces of molecular clouds which are illuminated by
strong ultraviolet fields. We use the theoretical photodissociation region models of Tielens
and Hollenbach (1985, Ap. J., 291, 722) to construct simple diagrams which utilize line
ratios and line to continuum ratios to determine the average gas density n, the average
incident far-ultraviolet flux Gy, and the temperature of the atomlc gas T. For example,
the observed [Ioyesum) + Ionassum) + Isitasum))/ IR and Ior(issum)/ IOI (63um) intensity ratios
may be used to determine n and G from Figure 1. The average atomic gas temperature
near the cloud surface is easily determined from Figure 2 which shows T, as a function
of n and Gp. In modeling the ensemble of clouds present in galactic nuclei, we adopt a
global model of the interstellar medium, consisting of molecular cloud cores with atomic
envelopes. In addition to n, Gy, and T', we determine the mass of the molecular and warm
atomic gas components as well as estimates of the area and volume filling factors and the
number and radii of clouds.

As examples, the procedure is applied to the Galactic photodissociation region
behind the Orion HII region as well as to ensembles of clouds in the Galactic center, and
the nucleus of the starburst galaxy M82. We find that the Orion photodissociation region
is composed of warm (7 = 500 K) high density (n &~ 10° cm™2) gas which is illuminated by
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a far ultraviolet radiation field of intensity ~ 2 x 10* times the local Galactic field. Within

5 pc of the Galactic center we find ~ 100 clouds of size r =~ 0.4 pc, and density n =~ 10°

em~3. A far-ultraviolet radiation field, most likely from a central source with L & 2 x 107

Lo, illuminates the clouds with an intensity ~ 10° times greater than the local Galactic

field and heats gas in the surface layers to ~ 700 K. For the case of M82, we find that the

neutral interstellar medium within the nuclear region of diameter < 650 pc consists of a

large number, Ngoua & 3 x 10%, of small, r = 0.4 pc, dense, n = 5 x 10* cm™3, clouds with

a volume filling factor &y ~ 10~%, and area filling factor ), ~ 0.3, which are irradiated by

a far-ultraviolet radiation field ~ 10* times larger than the local Galactic far-ultraviolet

field. Thus, except for the scale size, the physical conditions in the center of our galaxy and

of M82 are very similar to those in the region surrounding the trapezium stars in Orion.

The physical conditions in the neutral atomic gas that we have estimated for the Orion

photodissociation region, the Galactic center, and the nucleus of M82, are summarized in

Table 1

3
Gp=10 A
100 2 4 -

10

.01 1 1 - 1L
-5 -4 -3 -2

tog l1cy(158) *Lois3) * Isinzs) LR

Figure 1 - The ratio of ICII(158u.m)/IOI(63,um)

intensities versus the ratio of [loiesum) +

Tetissum) + Isiry(asum)) / Iir intensities. Tick marks
are labled with log n cm™ and are spaced at one

decade intervals along lines of constant Gy.
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i ' ABSTRACT

We have investigated the physical conditions in the infrared bright galaxies NGC 6946,
IC 342, and Arp 299 through measurements of far-infrared emission lines from Si1, O1, |
C11, and O III using the facility Cooled Grating Spectrometer on the Kuiper Airborne
Observatory These data are interpreted using our theoretical models for photodissocia- ;
tion regions and H II regions. For the central 45” of these galaxies, we have determined
that the dominant excitation mechanism for the FIR lines is FYV radiation from young
stars, and we have derived the total mass; density, and temperature of the warm atomic :
gas and the typical sizes, number densities, and f{llling factors fge)r the interstellar clouds. ..~

e

£

I INTRODUCTION

A determmatlon of the phys1cal parameters in the mterstella.r medium (ISM) of galactic
nuclei requires far-infrared (FIR) line measurements. Observations at other wavelengths cannot
adequately probe these heavily-obscured regions: optical lines are often so heavily reddened that
large extinction corrections render interpretation difficult; radio continuum observations of the
ionized gas are often confused by a large nonthermal component; and millimeter observations of
molecular emission probe only the relatively cold gas component. However, FIR fine structure
lines are relatively unaffected by extinction, so we can directly measure the physical state (com-
position, density, temperature) of the warm atomlc ‘gas component and indirectly infer some
average properties of the molecular clouds.

We are conducting a survey of the FIR emission lines Sill (35 um), O 1 (63 um), C 11 (158
pm), and O 11 (52 and 88 um) in infrared bnght galaxies. The first three lines are important
coolants of the atomic component of the ISM; the O I1I lines are important in the ionized com-
ponent. We have compared the intensities ar}d ratios of these lines with our theoretical models
of photodissociation regions (PDRs) (Tielens and Hollenbach 1985a,b; Wolfire et al. 1989a,b),
shocked gas (Hollenbach and McKee 1979, McKee et al. 1984), to determine the physical con-
ditions in the nuclei of NGC 6946, IC 342, and Arp 299. ‘

Table 1. Far Infrared Extragalactic Line Observations®

Galaxy Type FIR Flux? Line Flux (10~1° W cm~2)
(10~16W cm—2) Sin o1 Cu o om
(35 pm) (63 pm) (158 pm) (52 pm) (88 pm)
NGC 6946 Sc 3.3 8 9.6 7.5¢
IC 342 Scd 4.4 9.4 5.7 364
" Arp 299 merger 4.9 8.7 3.8 8.5¢ 8.2 3.6

Notes: a) Our recent results (45" beam) are in boldface, b) FIR is the 44-123 pm integrated IRAS flux,
¢) From Stacey 1988, private communication (60" beam), d) From Crawford et al. 1985 (60" beam).
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II. OBSERVATIONS .
These observations were made in June 1988 and March 1989 using the facility Cooled
Grating Spectrometer on the 91.4 cm telescope of the Kuiper Airborne Observatory. The effe¢s
tive beamsize was 45" (HPBW) and the velocity resolution ranged between 95 km s~! and 120
km s~1. Calibration and water vapor absorption corrections for each fine structure transition
were accomplished through observations of K3-50A and Orion-KL. Total integration time per

line was ~ 50 minutes. Table 1 shows the measured line fluxes.
II1. RESULTS

In these three galaxies, the dominant excitation source for the FIR emission lines is
identified as radiatively heated H II regions and PDRs (i.e., star formation regions). We are able
to distinguish this form of excitation from other forms by the measurement of the FIR line and
continuum ratios: (CII/O I)2~ 0.1 —1.0 and (C I+0O 1+Si11)/(FIR Flux)~ 0.01. These ratios are
indicative of PDR emission, rather than excitation by AGN’s or shocks. More quantitatively,
the modeling procedures outlined in Wolfire et al. (1989a,b) can be applied to derive physical
parameters for these galaxies. The models provide estimates of the ambient FUV radiation field
and the density of the atomic gas from the flux ratios. These derived quantities, along with CO
molecular mass estimates from the literature, and the individual line fluxes from Table 1, allow
us to construct models of the ISM in these galactic nuclei, models which include the warm atomic
gas component (the PDRs). Our results for these three galaxies are summarized in Table 2.

Table 2. Derived Astrophysical Quantities

Galaxy n Ta Gy M, Mm oA ¢y N Yol ne
(m~3) (K) (ISRF) (107 M) (107 Mg) (pc) (em™3)
NGC 6946 104 200 108 1 100 0.1 3x10"% 108 1.0
IC 342 104 100 102 2 5 2 10~4 108 0.1
Arp299 3x10% 200 108 60 100 0.1 109 6x 108 0.2 600

Notes: Global parameters for gas clouds in the 45” beam: n is the gas density, T is the temperature of the
warm atomic component, Gg is the incident FUV flux in units of the average interstellar radiation field (ISRF),
M, is the mass of the warm atomic gas, My, is the molecular mass from CO observations, ¢, is the area filling
factor of the warm atomic component, ¢y is the volume filling factor of neutral cloud material (molecular and
atomic), N is the number of clouds, r,; is the radius of a typical cloud, and n, is the H1I region electron density.

For IC 342 and Arp 299, the warm (T~100-200 K) atomic gas mass is comparable to the
molecular mass and the fundamental “cloud building block” is a clump of radius 0.1-0.2 pc and
mass ~ 1 Mg. Each clump is exposed to an average interstellar FUV flux of ~ 10% — 103 times
the ISRF. However, in NGC 6946, the fundamental unit is a cloud of radius 1 pc and a mass
10% Mg, consistent with a more quiescent, less FIR bright central region than is seen in IC 342
and Arp 299.

An unexpected result of our study is that the Sill lines detected in each of these galaxies
display Si11/C 11 and Sifi/O 1 ratios (~1), which are comparable to those in M82. The relative
Sill emission in all these galaxies is strong; comparable ratios in our galaxy are found only in
high density, high FUV regions, such as M17 and the Galactic center. '
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Neutral Atomic Absorption Lines and Far-UV Extinction:
Possible Implications for Depletions and Grain Parameters

- Daniel E. Welty
University of Chicago

Examination of the equation of ionization equilibrium: n(X I) I' = n(X II) n, oT) suggests that
absorption lines from neutral atoms whose first ions are dominant in H I regions are potentially significant
diagnostic tools for determining the conditions within the densest portions of diffuse interstellar clouds.
Ratios of this equation for different elements can give accurate relative abundances in those densest regions,
as the generally poorly. known electron density is eliminated and as uncertainties in I'/or due to lack of
specific knowledge of the temperature and radiation field within the cloud core would tend to cancel in the
ratios (York 1980). Variations of this technique have been used to explore possible dependences of the
depletions of various elements on the local gas density (Snow 1984; Snow, Joseph, and Meyer 1986), to
infer characteristics of the grain mantle accretion process (White 1986), and to estimate grain scattering

parameters (Jenkins and Shaya 1979)7 In this paper, we exariing fitiie lines of sight within the Galaxy and

one in the LMC for which data on both neutral atomic absorption lines (Snow 1984; White 1986; Welty,
Hobbs, and York 1989) and far-UV extinetion (Bless and Savage 1972; Jenkins, Savage, and Spitzer 1986)
are available, in order to test the assumption that variations in T'/a will cancel in taking ratios of the ioni-
zation balance equation and to try to determine to what extent that assumption has affected the aforemen-
tioned studies of depletions and grain properties.

The Galactic lines of sight seem to be naturally segregated into two distinct groups: one characterized
by low (and generally shallow) far-UV extinction (LE) and small N(H,)/N(H) (¢ Sco, 6 Sco, p Oph, B! Sco)
and one characterized by higher (and generally steeper) far-UV extinction (HE) and larger N(H,)/N(H) (x
Oph, & Per, o Per, ¢ Per, ¢ Oph). Average ratios of the column densities of various neutral atoms with
respect to N{K I) are presented for the two groups in columns 3 and 4 of Table 1. The ratios for Li I, Ca |,
Mg I, and Fe I are all quite similar for both groups, given typical errors of +£0.2 dex in the column densi-
ties. The ratios for Na I, S I, and C I, however, seem to be systematically larger by factors of 3 to 4 for the
HE lines of sight than for the LE lines of sight. Although this could be indicative of different patterns of
depletion in the two groups of clouds, examination of the ionization potentials of the various species sug-
gests instead that the enhanced ratios for S I and C I reflect a substantially reduced far-UV radiation field
in the cores of clouds characterized by higher far-UV extinction. This would not be entirely unexpected, as
the calculations of Roberge, Dalgarno, and Flannery (1981; RDF) indicate reductions in I for S I and C I,
relative to K I, by factors of ~2 and ~3 at the center of a cloud with = 1 for their grain models 2 and
1, respectively. For clouds with appreciable N(H,)/N(H), T(C I) will be further reduced due to the many
strong absorption lines of H2 shortward of 1110A | but probably not by more than a factor of ~1.5. If the
results of RDF, who used an average extinction curve, are crudely adjusted for variations in the observed
E(9—6.5)T, and also for H, (factor 1.5 for the HE lines of sight), we estimate enhancements of NS I}/N(K T)
and N(C I)/N(K 1), for the HE lines of sight relative to the LE lines of sight, of factors of ~1.4 and ~2.2
for their grain model 2 and ~1.9 and ~3.0 for their model 1. While much of the observed relative

+ Although the available neutral species have ionization potentials corresponding to inverse wavelengths ranging from 3.5 ut K1
t0 9.1 ut (C 1), inspection of their ionization cross sections as functions of energy suggests that the integrated I's will be sensitive to
radiation fields over restricted ranges near ~5.5 u” (Ga 1), 6.0 to 7.0 UKL Na L LiL, Mg I, Fe 1), ~8.5 it (S 1), and ~9.2 PR (¢
I). We thus use E(9-6.5), the difference in extinction between 9 ¢! and 6.5 u'l, to estimate the effect of the specific line of sight ex-
tinction on ratios of S I and C I with respect to K 1.
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enhancement of S I and C I might be explaﬁned by reduced I’s for the HE lines of sight, however, the
enhancement of Na I cannot - so that it still may be possible that much of the enhancement is due to
differential depletion.

In principle, one can solve for n, assuming the radiation field is known, if data for adjacent ioniza-
tion states are available for one element (e.g. Ca), and then obtain estimates for the absolute depletions of
other elements (e.g. White 1986): 6, = [N(X I)/(N(H) A,)] X [N(Ca I)/N(Ca I)] X [(I'/a)y /(T/e)g, |-
The ne’s calculated using Ca I and Ca II, however, seem consistently larger, by factors from ~4 to ~100,
than the ne’s calculated from the neutral and first ionized states of Mg, Fe, and S, which typically agree to
within a factor ~2. Lower limits on n, calculated from C, assuming C II dominant and C undepleted, are
generally between the values derived from Ca and from Mg, Fe, and S - though if T(C I) is "corrected” for
extinction the limits are reduced accordingly. Some error is introduced by using total line of sight column
densities for the dominant first ions in such calculations, as the neutral species are presumably concentrated
in the cloud cores. Analysis of the absorption-line profiles of the first ions, however, suggests that that typi-
cally more than ~70% of the column density of the first ions is found at the same velocity as the dominant
neutral component for these lines of sight (though see Snow and Meyers 1979 for ¢ Oph). The absolute
errors in n will thus be small, and the relative errors in comparing values of n, determined from different
elements will be smaller still. Other possible sources of error are incorrect atomic data, marked differences
in the shape of the radiation field from the WJ1 field assumed, and differences in stratification of the vari-
ous neutral and first ionized species within the clouds.

Since the uncertainties in n make estimates of the absolute depletions rather uncertain, we list in
columns 6 through 8 of Table 1 the depletions relative to K, which seemed for any choice of n_ to be gen-
erally among the least depleted of the elements considered here. The second entries for S and C incorporate
the extinction corrections described above, for grain model 1 of RDF. Comparison of these relative deple-
tions with the depletions derived from the dominant first ions {columns 9 through 11 of Table 1) suggests
that depletions of Mg, Fe, S, and C could be enhanced in the cloud cores if K is depleted by as much as a
factor ~3. The results for Ca, which would seem to imply much reduced depletion in the cloud cores, are
puzzling; a substantially reduced I'(Ca 1) could, however, bring both the relative depletions and n, deter-
mined from Ca into better agreement with those determined from the other elements.

The small number of lines of sight represented here makes it difficult to determine the relative impor-
tance of differential depletion and of differences in extinction in producing the observed differences in the
ratios of various neutral species. Lines of both S I and Fe I should be detectable toward more stars; P 1,
also having a high ionization potential, may also be detectable. (Two very tentative detections of P 1
indeed seem to be consistent with behavior similar to that of S [ and C L) In any case, the specific extine-
tion characteristics of individual lines of sight should be considered in attempts to use these trace neutral
species to gain insights concerning depletion and/or the scattering and accretion properties of grains (see
also Cardelli 1988 and van Dishoeck and Black 1988).

It is also of some interest to compare these Galactic lines of sight with the line of sight to SN 1987A
in the LMC. If the dominant cloud in the LMC toward SN 1987A exhibits the steep far-UV extinction
derived for the nearby 30 Doradus region (Fitzpatrick 1985), it would nonetheless be different from the
Galactic lines of sight with steep far-UV extinction included here; it is likely to have a low N(Hz)/N(H)
ratio (from the weak CH line observed by Magain and Gillet (1987} and from the lack of observed CO
absorption in the UV (Welty, York, and Frisch 1989)), consistent with its low total extinction. Likewise,
the N{C I)/N{K I} and N(Na I)/N(K I} ratios (~1100 and ~20) are similar to those of Galactic lines of
sight with low far-UV extinction. The enhanced Mg I may be another indication of the high-pressure com-
ponent implied by the C I fine structure level populations. In any case, the ambient radiation field is likely
to be quite different from the typical Galactic interstellar radiation field.
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Table 1 - Ratios and Relative Depletions

y d
Element Expected Observed N(X I)/N(K 1) log(8,./6,) log(8, )°
NXI)/NK I) (range) (average)
(no depletion)® LE® HE® LMC LE HE IMC | LE HE IMc
Na 73 25410 80130 20 -0.5 0.0 -0.5 - - -
Li .004 .007+.003 .003+.002 <<.004 | +0.1 02 <01 - - -
Ca 2.7 .015+.010  .0124-.008 10 -2.3 -2.5 -14 | -3.9 -3.6 -3.2
Mg 220 55425 70430 525 -0.6 -0.5 +0.4 | -0.7 -0.9 -
Fe 100 1.14+0.6 1.240.8 <8 -2.0 -22 <11 | -21 -21 -1.5
S 17 943 35415 <138 0.3 +03 <0.0 - - -
-0.7 04 <01
C 1170 10004100 43004300 1070 0.1 405 0.0 | -0.5 - -
‘ -0.4 -0.3 -0.2 '

T and a(T=100 K) from Pequignot and Aldrovandi 1986, cosmic abundances from Grevesse and Anders 1988
b jow far-UV extinction: & Sco, 6 Sco, p Oph, ﬂl Sco

® high far-UV extinction: x Oph, £ Per, o Per, ¢ Per, ¢ Oph

4 second entry for S and C "corrected” for far-UV extinction using RDF model 1 and E(9-6.5)

© omitted where not observed or where so saturated as to be unreliable

! assuming log(N(H)) = 21.0
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Empirical Relationships Between Gas Abundances And UV
Selective Extinction

Charles L. Joseph

Princeton University Observatory
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-‘Ph&pr«ssemswpapep~summraypize%severyg;l’" studies of gas-phase abund;,hces in lines of sight
through the outer edges of dense clouds/ These lines of sight have 0.4 < E(B-V) < 1.1 and
have inferred spatial densities of a few hundred cm™2. The primary thrust of these studies
has been to compare gaseous abundances in interstellar clouds that have various types of
peculiar selective extinction. To date, the most notable result has been an empirical relation-
ship between the CN/Fe I abundance ratio and the depth of the 2200 A“éxtinction bump Asee™
figure-1). It is not clear at the present time, however, whether these two parameters are
linearly correlated or the data are organized into two discrete ensembles. Based on 19 sam-
ples and assuming the clouds form discrete ensembles, lines of sight that have.a. CNZFe I
abundance ratio greater than 0.3 (dex) appear to have a shallow 2.57 £0. 55 bump compared ™
to 3.60 & 0.36 for other dense clouds and compared to the 3.6 Seaton (1979) average. The /
difference in the strength of the extinction bump between these two ensembles is 1.03 &+ 0.23.
(Joseph, Snow, and Seab 1989

Although a high-resolution IUE survey of(dense/clouds is far from complete, the few
lines of sight with shallow extinction bumps all show preferential depletion of certain ele-
ments, while those lines of sight with normal 2200 A bumps do not (see.Joseph-et-al:1986).
Ca II, Cr II, and Mn II appear to exhibit the strongest preferential depletion compared to S
I, P II, and Mg II. Fe II and Si II depletions also appear to be enhanced somewhat in the
shallow-bump lines of sight. It should be noted that Copernicus data suggest all elements,
including the so-called nondepletors, deplete in diffuse clouds (Snow and Jenkins 1980, Joseph
1988). Those lines of sight through dense clouds that have normal 2200 A extinction bumps
appear to be extensions of the depletions found in the diffuse interstellar medium. That is,
the overall level of depletion is enhanced, but the element-to-element abundances are similar
to those in diffuse clouds.

In a separate study, the abundances of neutral atoms were studied in a dense cloud hav-
ing a shallow 2200 A bump and in one with a normal strength bump {see-Joseph-1986).-Neu-
tral atoms, which are selective tracers of the densest regions along the line of sight, are excel-
lent interstellar probes since their absorption lines are normally free from saturation prob-
lems. While the abundances of neutral atoms depend on ionization equilibria (e.g., local flux
densities and n,), their ratios are meaningful because much of the uncertainty in the joniza-
tion equilibrium calculation cancels when two elements are compared. The abundances of
neutral atoms in the shallow-bump line of sight indicate very strong (~ 1.0 dex) differences in
the element-to-element depletions with respect to the integrated line-of-sight results. In the
other line of sight, the Fe/P depletion ratio inferred from the neutrals is identical to the
integrated line-of-sight measurements of the dominant, singly-ionized species. Previous stu-
dies of neutral atoms in diffuse clouds and in other dense clouds with normal extinction
bumps also failed to find evidence of preferential depletion (Snow 1984, Snow, Joseph, and
Meyer 1986).
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Finally; there’is one other potential difference, which may distinguish sight lines with
shallow extinction Bumps from those with ordinary ones. Despite several attempts to meas-
ure the 3.1 g ice feature in lines of sight with E(B-V) ~ 1, it has only been observed towards
HD 29647, a line of sight with a shallow 2200 A extinction bump (Goebel 1983). Since it has
been suggested that ice mantles on grains may suppress the 2200 A bump and since the
observed preferential depletion of certain elements may be related to the formation of these
ice mantles, a search for ice in lines of sight with shallow bump has been initiated (Joseph
1989). :
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Figure 1: A scatter diagram, showing the relationship between the CN/Fe I abundance ratio
and the strength of the 2200 A bump. Except for one line of sight, Fe I is not detected (typi-
cally at the 1 mA level) for all of the points with E(Bump)/E(B-V) < 3. If these data form a
linear correlation, many of the Fe I upper limits may be just above the detection threshold. If,
however, future observations still fail to detect Fe I in the weak-bump lines of sight, then the
data form discrete ensembles. The data are from Joseph, Snow, and Seab (1989, Ap.J., 340,
314). Most of the 2200 A Bump strengths are from Fitzpatrick and Massa (1988, Ap.J., 328,
734) or from Fitzpatrick (private communication). :
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The FCRAO Extragalactic CO Survey:
Global Properties of Galaxies

.JS Young, M. Claussen, N. Devereux, Y. Huang, JD. Kenney, P. Knezek, L. Tacconi,
. 7%, L. Tacconi- Garman, FP. Schloerb, P. Viscuso, and S. Xie
caw University of Massachusetts Amherst, and
SR Five College Radio Astronomy Observatory
.+ 1. Introduction and Observations

Since stars form in molecular clouds, a critical element in studies of galaxy evalutlon is
knowledge of the molecular content of a large sample of galaxies. To this end, we.have.undertaken
a survey of CO emission from galaxies using the FDRHCI“‘H m millimeter telescope at 115 GHz. We
aim to better understand the differences found among and within galaxies with regard. to. the
efficiency of star and cloud formation. B

The galaxies observed as part of the FDRHU Extraga!actic CO Survey have been selected on

'in the blue, or (2) brighter than 20 Jy at 100 iim ““‘From major amq co
observations at 45 resolutmn and spacing in over 200 galaxies, we.have determined the CO radial
distributions, and derived global CO fluxes (cf. Kenney and Young 1988); Hz masses were derived
using the conversmn factor. N(HQ)IICD,-E mea" cm‘zl(K km sy (Bloemen et al. 1986).

Here, ue concentrate on the global galaxg propertnes within the@ﬁpie» HI masses for the
sample galaxies were taken from Huchtmeier et al. (1983), blue luminosities and morphological types
were taken from RC2. IR lummusrtles colors, dust temperatures and dust masses were determined
from coadded IRRS data (Young et al. 1989). (e ’f'aave chosen to first compare absolute
luminosities and masses in’ ‘order to determine the slope and scatter in each correlation; next we-
investigate Iummosrtu mdependent ratms in order ’to mtercompare Iarge and smaH galaxles

A T BT / ;‘«
III. Results and Discussion f( s

We find that the IR Iummos:tnes are related to the molecular gas and atomic gas masses and
- blue lumingsities as follows:

[

4

LIg o M(Hp)1.020.03 (corr. coeff. = 0.93) (1)
1 o M(H1)1.020.06 (corr. coeff. = 0.81)
o Lgl-220.05 (corr. coeff. = 0.85).

Thus, we fbind the infrared luminosity to correlate better with the molecular content of galaxies
than with ‘che atomic gas content. Furthermore, the scatter in the Ljg-M(Hz) correlation is found
to depend on the temperature of the dust, whereas the scatter in the Lig-M(HI) correlation does
not (Young eﬁ\al. 1889). We conclude that the IR emission is closely tied to the molecular content
of galaxies. UJg find no difference in the Lir-M(Hz) correlation for early and late spiral types.
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We find the blue luminosities to be related to the molecular and atomic gas masses as follows:
Lg o M(Hp)0.7¢0.03 (corr. coeff. = 0.91)  (2)
o M(HDO.7£0.04 (corr. coeff. = 0.79).

We suggest that the shallower slope of the Lg-M(Hz) correlation relative to the Lip-M(Hp)
correlation is due to extinction lowering the blue luminosities in the most luminous galaxies, since
these galaxies have higher Ha surface densities and therefore larger dust column densities in their
central regions (Young et al. 1889). Some of the scatter in the Lg-M(HI) correlation arises from
the morphological type dependence of the M(HI)/Lg (cf. Roberts 1968); we find a much weaker
type dependence in the Lg-M(Hz) correfation. The combination of these two effects gives rise to a
morphological type dependence to the M(Hz)/M(HI) ratio (see Knezek and Young 1988, this
conference). '

The best correlation we find is that between the warm dust masses inferred from IRAS data
with the molecular masses (see Figure 1), such that '

M(Ha) o Mgustl-0¥002  (corr. coeff. = 0.87) (3)

M(HD) o Mgust0-7¥00%  (corr. coeff. = 0.79).
The tight M(Hp)-Mgygt correlation and the unity siope suggest that the gas to dust ratio is constant
from galaxy to galaxy and that the Hz mass derivations are reasonably accurate even though the
cloud properties may be different from galaxy to galaxy. This can be understood because the
CO-Hz conversion depends on Tgage~!/2 (Dickman, Snell, and Schicerb 1886), and both the gas
temperature and density are likely to be higher in actively star forming regions. The total gas to
dust ratio is discussed elsewhere (Devereux and Young 1989, this conference).

Among SO of the galaxies for which published Hec fluxes are available in the literature
(Kennicutt and Kent 1383; Bushouse 1986), we find Lig o L(Hec)1-020.1 (corr. coeff. = 0.78).
Although Hee suffers extinction, and there may be old as well as young stars contributing o the IR
lumnosity, we suggest that both Hoc and IR luminosities are reasonable tracers of high mass star
formation. We find the ratioc Lig/M(Hz) varies with environment, such that merging/interacting
galaxies have star formation efficiencies ~7 times higher that isclated galaxies (Young et al. 1988,
1988; Solomon and ‘Sage 1988). We find 7o evidence for a type tependence to the star formation
efficiency deduced from the global Lig/M(Hz), L{He)/M(Hz), or Radio Continuum/M(Hp) ratios
(Allen and Ypung 1988, this conference; Devereux and Young 1989, this conference).

1V. Cenclusions

e conclude that star formation is generally a local process, dependent on the amount of gas
available to form stars and not the galaxy morphology. The relative amount of gas in molecular
versus atomic form does appear to depend on morphology (Knezek and Young 1989, this
conference). The single property which appears to influence both the Hp/HI ratio and Lig/M(Hz)

ratio is environment; we find both higher star formatien efficiencies and higher mofecular gas
fractions in interacting/merging galaxies.
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A survey of galaxies in CO
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Abstract. A large survey of galaxies in the CO (J=1-0) line is presented.
Among different types of active galaxies, within the sample, the detection
rate is found to be: Starbursts (15%), Liners (60%), Seyferts (30%). A look at
the subsample that is located within 40 Mpc (Ho= 75 km s1 Mpc'1) regarding
local density of galaxies reveals no substantial difference between detections
and non-detections.

1. Introduction.

In the literature there has been some discussion regarding a possible
evolution of galaxies were the primary driving force is thought to be large
scale star formation (Balzano (1983), Weedman (1983)). When the burst of
star formation is completed the accumulation of compact remnants, espe-
cially in the central region, would lay the foundation for an active galaxy.

The general belief regarding Seyferts, and even more strongly active galax-
ies, is that a single central black hole (truly a monster with M in the range of
107- 108 M) is the cause of the observed events. But it is not im-
plausible that a large amount of smaller black holes (or even neutron stars)
clustered within a rather small volume close to the galactic centers also
could explain the observations. Since extended radio emission can be ob-
served in some of these sources (where the emission is thought to emerge
from supernova remnants) it can be seen as evidence for a more extended
active scenario in these galaxies.

Also, the trigger of the burst is supposed to be anything from a close en-
counter to merging with another galaxy. It could therefore be expected that
some correlation would occur, within parts of the sample, with the sur-
rounding density of galaxies.

2. Observations and data reduction.

The observations of 12CO (J=1-0, v = 115271.204 MHz) emission from 120
galaxies were performed during 1985 - 1987 using the 20m millimeterwave
radome enclosed telescope of the Onsala Space Observatory (OSO). During
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1988 additional observations were done of some low declination objects and
one southern object (NGC 1365) with the 15m Swedish - ESO Submillimeter
Telescope (SEST) at La Silla, Chile.

As the OSO telescope became equipped with a SIS - mixer in 1986 approx-
imately the first half of the observations were performed with a Schottky
barrier diode mixer and the latter half with the SIS. Receiver temperatures
ranged from 300 to 500 K for the Schottky and 150 to 300 K for the SIS. A dual
beamswitch method was used to obtain the spectra with a 512 x 1 MHZz filter
bank giving a resolution of 2.6 km s-1. The beamwidth of the 20m at 115 GHz
is 33". :

SEST is equipped with a Schottky barrier diode mixer and is used together
with a 728-channel acousto-optical spectrometer, which yields a velocity res-
olution of 1.8 km s’1. The receiver temperature was about 370 K and the
beamwidth of the telescope is 44".

All galaxies were observed at their central position. Mapping was done on
11 of the detections, but those results will be discussed elsewhere. The galax-
ies were primarily chosen from the samples of Balzano (1983), Hum-
mel (1980), Keel (1983) and Stauffer (1982). Of the 120 galaxies observed
roughly 50% were detected in CO.

3. Results and Discussion

Interaction between galaxies is generally thought to be one of the prime
causes for increased star formation. The resulting shocks would heat and
compress the gas. In the denser parts of the clouds the gas would cool rapidly
and fragment into new stars. Since CO is the second most common mole-
cule formed in these clouds after Hp, and the easiest one to observe, it would
be observable if we had a major outburst of star formation.

Nilson (1973) gives in his catalogue a note, "Pw", for each galaxy that he can
identify with an optical companion. He describes the galaxies as a pair
whenever there are no other nearby objects of similar size or brightness and
it is deemed possible that they might form a physical pair. Among the sur-
veyed galaxies 24 has such a designation, 17 of them are not detected in CO,
i.e. 70%. Of course caution must be taken when interpreting the data since
closeness on a photographical plate not necessarily means a physical one.

Tully (1988), though, gives in his catalogue a parameter called the local

density pxyz, the density of galaxies brighter than Mbiig= -16 in the vicinity of
each entry in the catalogue. The local density at each specified location is

Pxyz = 2 pi. (see Tully for the def. of pj)
i

An isolated galaxy will have pxyz =0.06 galaxies Mpc-3 and in the center of
the Virgo cluster the value will be 5 galaxies Mpc3. The mean result for
galaxies within the survey that are at distances less than 40 Mpc (the limit of

the catalogue) is: detected in CO pyyz =047 (47 galaxies)
not detected in CO pxyz =0.58 (30 galaxies).
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These values must also be taken with some caution since we have some
ellipticals among the non-detections (we only expect low amounts of gas in

ellipticals). If they are sorted out we get pxyz =0.48 galaxies Mpc-3 (22 galaxies),
i.e. essentially the same value as for the detections. It therefore seems like
that we do not have any substantially different local environment between
the two groups.

Within the sample we have 25 Starburst galaxies ( chosen from Balzanos
(1983) list), 15 Liners and 16 Seyferts. The detection rates among the different
types are: Starbursts 15%, Liners 60%, Seyferts 30% (values have been
rounded off). In other words, we find the smallest amount of molecular gas
where we perhaps should expect the most. Either the star burst phe-
nomenon is a rapid event where the clouds form stars efficiently or these
galaxies are not what we think they are. They have been chosen because of
their blueness and stellarlike nucleus and these criteria might simply ex-
press the lack of large amounts of gas. Also, if we believe in the star burst
scenario, these bursts must occur several times to explain such Seyfert galax-
ies as NGC 1365 and NGC 7469 which both contains huge amounts of gas
and both are strong infrared emitting galaxies.
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1. Introduction
In order to gain an understanding of the global processes which influence cloud and star

formation in disk galaxies, it is necessary to determine the relative amounts of atomic, molecular,
and ionized gas both as a function of position in galaxies and from galaxy to galaxy. While atomic
gas studies of galaxies have been underway for 30 years, the relative youth of the field of
extragalactic molecular studies has meant that knowledge of the relative amounts of molecular and
atomic gas in galaxies is limited by the relatively small number of galaxies observed in CO. e

Ever since the pioneering work in the 1950's and 1960, it has been recognized that there is a
morphological type dependence to the atomic gas content of galaxies. In particular, Roberts (1963)
showed that the HI mass to blue luminasity ratio, H(HI)/LB increases by a factor of 5 among spiral

galaxies from types Sa through Scd. With observations of; ‘the CO distributions in over 200 galaxies

now completed as part of the FCRAD Extragalactic CO Surveg (Young et al. 1989), we are finally in

a3 position to determine the type dependence of the molecular content of spiral’ g;.;alaxles along with

the ratio of molecular to atomic 959 as a function of ’tgpe Do late type spirals reallg have more

gas than early types when the molecular gas content is tncluded‘? 3 E P S
- \ o OO ORET e gl

" II. Sample "i\md fAnalysis e

The galax\es observed as part of the FCRAQ Extragalactic CO Survey are either (1) brighter
than By°® = 12. S\T\the biue, or (2) brighter than 20 Jy at 100 ym. From major axis CO

observations at 45" r‘e§oluhon and spacing in over 200 galaxies, we have derived global CO fluxes
(cf. Kenney and. Young I’QBS), H, masses were derived using the conversion factor
N(Hz)/1 og=2.8x102° cm"“{ (K km s™!) (Bloemen et al. 1986). HI masses for the sample galaxies

were taken from Huchtmeier ﬁet al. (1983), and morphological types are from RC2.
III. Reswvits and Discussidﬂ\

Within our galaxy sample, we confrrm the previously found trend of H(HI)/LB to increase
with increasing type from Sab-Sdm. we find the mean ratio of M(Hg)/LB to be roughly constant
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for types Sa-Sc, with a decrease of a factor of >3 for types Scd-Sdm. The combination of these
two effects is that #he mean valve of the ratio of molecular to atomic gas decreases smoothly by a
factor of ~20 as a function of morphofogical fype for fypes S5a-5d as shown in Figure 1.

We have verified that the observed Hz/HI ratio variation with type is not due to the inclusion
of Virgo cluster spiral galaxies, many of which are HI-deficient early type galaxies with high Ha/HI
ratios (van Gorkom and Kotanyi 1985S; Kenney and Young 1986, 1988; Stark et al. 1986). We have
also verified that the observed decrease of Hp/HI is not the result of a Malmguist bias, since the
observed trend is also found in the subset of galaxies more nearby than the Virgo cluster. We
argue that metallicity variations with type among the galaxies in our sample will be small, since the
mean mass for types Sa-Scd changes by only a factor of 4 and the [0/H] ratio shows almost no
variation with mass for spirals between 10!% and 10'2 Mg (Pagel and Edmunds 1981).

In order to ascertain whether the observed Hp/HI variation is due to systematic changes in
melecular cloud properties, and thereby in the CO-Hp conversion as a function of morphological
type, we have determined the mean dust temperature for the galaxies in our sample as a function of
type. We find Ty,qt to be 1.2 times higher in the Sa-Sab galaxies in the sample than in the Sb-Sdm
galaxies. If we assume that the gas and dust temperatures are equal, then we will have
overestimated M(Hz) in the early type spirals by a factor of 1.2, since M(Hz) = Lgg v ;/Tgas
(Dickman, Snell, and Schloerb 1386; Maloney and Black 1988; Elmegreen 1989). Correcting the
observed M(Hp)/M(HI) ratio in each galaxy by the observed dust temperature leaves a factor of 17
variation in the ratio H(Hg)/M(HI) with morpholog;ca! ’tgpe

¥ g &

IV. Conclusions ) PR

lde conclude that there is more than an order of magnitude decrease in the ratio of molecular
to atomic gas mass as a function of morphological type from S8-5d; an average Sa galaxy has
more molecular than atomic gas, ar{d an average Sc has less. Therefore, the fofal interstellor gas
mass to blve luminosity ratio, /‘/W‘ L LB /ncreases by less than a factor of two as ¢ function of
lype from Sa-5d. The dominant effect we find is that the phase of the gas in the cool ISM
varies along the Hubble sequence.

: e suggest that the more massive and centrally concentrated galaxies are able to achieve a
molecular-dominated ISM through the collection of more gas in the potential. That gas may then
form molecular clouds when & critical density is exceeded. The picture which these observations
support is one In which the conversion of atomic gas to molecular gas is a global process which
depends on large scale dynamics (cf. Wyse 1986).

Among interacting and merging systems, we find considerable scatter in the M(Hz)/M(HI)
ratio, with the mean ratio similar to that in the early tgp@ These high global ratio of
molecular to atomic gas could result from the removal of HI gas, the enhanced conversion of HI into
Ha, or both,
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Figure 1. Ratio of molecular to atomic gas mass as a function of morphological type among 200
galaxies. le have combined RC2 types O and 1, types 7 and 8, and types 9 and 10. Aiso included in
category S-10 are dwarf galaxies and 10 galaxies (i.e. MB2). Type 12 represents interacting
galaxy pairs and type 13 represents merger remnants. The error bars shown represent the error
in the mean M{(Hp)/M(HI) ratio for each type.
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CIRCUMNUCLEAR MOLECULAR GAS
IN STARBURST AND SEYFERT GALAXIES

YOsHIAKI TANIGUCHI
Kiso Observatory, Institute of Astronomy, University of Tokyo
Mitake, Kiso, Nagano 397-01, JAPAN

0saMU KAMEYA and NAOMASA NAKAI

Nobeyama Radio Observatory, National Astronomical Observatory of Japan
Minamimak:s, Minamisaku, Nagano 384-13, JAPAN

In order to investigate c1rcq.;rinuclear molecular gaseous contents and its
relation to the nuclear activity, W{-: made a search for circumnuclear 12CO (J=1-
0) emission from 28 starburst-nucleus galaxies (SBNs) and 12 Seyfert galaxies
with the recession velocities less than 5000 km /™1, using the Nobeyama Radio
Observatory 45-m telescope. The full half-power beam width of 17 arcsec
covers a region of less than about 5 kpc in diameter for the sample galaxies.
The circumnuclear CO emission has- been detected from twelve SBNs (one is
marginal) and four Seyfert galaxies. ©Our main results and conclusions are

summarized ;as-follows. et

e e

I
" I. Starburst-Nucleus Galaxies |

(1) We study a relation between Mgy, /My and [O111]/HB, where the
latter ratio provides a measure of excitation condition of the ionized gas. It
is indicated that the galaxies in which the circumnuclear gas is less abundant
have higher-excitation emitting regions in general. This implies that molecular
gas clouds are dissociated by strong radiation and/or supernova wind activity
in such galaxies. Alternatively, we simply interpret that more intense starburst
activity tends to have consumed more molecular gas.

(2) Comparing our results with previous CO studies made at radio
observatories with larger beam sizes, we investigated the radial distribution of
molecular gas in seven SBNs. We found that most of the SBNs show a tendency
of central concentratlon of molecular gas in comparison to Seyfert galaxies.

(3) We found that two of the SBNs (Mrk 52 and Mrk 708) have very narrow
CO line widths a.lthough they look like significantly inclined galaxies. This
strongly suggests that the circumnuclear molecular gas clouds in these galaxies
are kinematically 1ndependent from the host galaxies. Since these galaxies have
prominent bar structure, it is considered that the bar shock cause forcing gas
infall toward the nuclear regions, triggering the nuclear starburst activities.
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(1) We: 'derived the circumnuclear surface density of molecular gas which
is corrected for inclination of the galaxies. This analysis shows that the surface
density span a wide range over two orders of magnitude. Further, there is
no significant difference in the surface densities between types 1 and 2 Seyfert
galaxies. Thus, we may conclude that the circumnuclear molecular content is
not a key parameter producing the dichotomy of the Seyfert galaxies.
£2) 1t is also shown that there is no significant difference in thé_circum-
nuclea,r surface densities of molecular gas among the Seyfert, starburst, and
normal galaxies. This implies that the circumnuclear gaseous content is not a
key parameter determining which activity occurs in nuclei. We may conclude
that more centrally condensed (i. e., less than 10 - 100 pc in diameter) gas

components play an essential role on the occurrence of nuclear activities. = .

{8) Comparing ous results with the previous ones, we” “deduced radial
distribution of surface density of molecular gases. Wekkcannot obtain evidence

for strong central concentration of molecular gas in our sample Seyfert galaxies

except for NGC 3227. This is consistent with the previous result by Blitz,
Mathieu, and Bally (1986). - - .

{4 Comparing our CO emission line profiles with the previous ones taken
with the larger beams, we-discussed circumnuclear components of molecular
gases. In particular, we found that molecular gas clouds may be absent in the
SE of the nucleus of NGC 7469 where the high-excitation emitting region is
discovered by Hecl\man? et al. (1986). It is suggested that the nuclear activity
(strong radiation and/ oj‘ wind) may destruct the molecular clouds in that reglon

Blitz, L., Mathieu, R. D., and Bally, J. 1986, Ap. J., 311, 142.
Heckman, T. M., Beckwith, S., Blitz, L., Skrutskie, M., and Wilson, A. S. 1986,
Ap. J., 305, 157.
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Fig. 1 . Examples of the observed 2CO (J = 1 — 0) spectra of the starburst

nuclei (Mrk 52) and Seyfert galaxies (NGC 591).
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High Resolution CO Images of Seyfert Galaxies

M. Meigner (U. Maryland & U. California, Berkeley)

R. Puchalsky and L. Blitz (U. Maryland) .

M. Wright (U. California, Berkeley) '

One of the current problems in research on active galaxies is to determine to what

degree one can separate Seyfert and starburst activity. It has been suggested that these

two phenomena are related in an evolutionary sense (Norman and Scoville 1988; Weed-

man 1983) and N-body simulations have been performed to demonstrate this possibility

in the case of interacting galaxies (Hernquist 1989). In this study, we investigate the
role of molecular gas in fueling the activity in three Seyfert nuclei. i

The Berkeley-Illinois-Maryland millimeter array (BIMA) has been used to image
the 12CO (J=1-0) emission of three relatively close (12-64 Mpc) Seyfert 1 galaxies,
NGC 3227, NGC 7469 and NGC 5033, chosen for their strong single dish CO detections
(Heckman et al. 1989). Extensive u-v coverage was obtained for all three galaxies
- . resulting in 2"-3 "resolution.

The integrated intensity images of CO emission in NGC 3227, overlaid on H «
emission, and in NGC 7469, overlaid on red continuum, are shown is figures 1 and
2 respectively. The CO emission in NGC 3227 and NGC 7469 appear as compact
structures with respective scale sizes of 1.2 and 5 kpc, centered on the active nuclei, and
containing substantial fractions (~ 80% and ~ 50%) of the single dish flux. The CO
emission in NGC5033 is not detected at such high resolution, implying a CO structure
size of 20"-60"(1.2-3.6 kpc). Table 1 lists the integrated CO fluxes and comparison
single dish measurements.

The Hy masses (Table 1) are estimated using the N(H2)/I(CO) conversion factor,
2.5x10%° Hy cm™2 (K km 571)~! (Bloemen et al. 1986), that was derived from Galactic
giant molecular clouds. As a comparison, the dynamical masses (Table 1) were com-
puted assuming a gravitationally bound rotating disk model (M = v2R/G), which is
consistent with the kinematics of the gas. The estimated Hy; masses for both NGC 3227
and NGC 7469 are a rather large fraction of the dynamical mass. In fact the Hy mass
for the unresolved component of NGC 7469 is comparable to the dynamical mass. This
result is improbable because we know that stars, which are concentrated towards the
galactic center, contribute to the mass. In light of recent theoretical and observational
studies of the N(H2)/I(CO) ratio, the CO luminosity seems to be enhanced resulting in
an overestimate of the Hy mass if the “standard” conversion factor is applied (Maloney
and Black 1988; Crawford et al. 1985).

The blue- and red-shifted CO emission in NGC 3227 (fig. 3) and in NGC 7469
(fig. 4) are shown overlaid at a lower (~5") resolution. In both cases, the displacement
between the blue and red peaks is along the major axis and the gas moves in the
same sense as rotation curves determined for the galaxies (NGC 3227: Rubin and Ford
1968, NGC 7469: Wilson et al. 1986) supporting the idea that the molecular gas has
rotational motion about the nucleus. In the case of NGC 7469, this result confirms that -
the molecular gas in involved with the starburst component.

The results of this study are consistent with the scenario that interacting galaxies
cause gas to concentrate in the nucleus thereby feeding starburst and Seyfert activ-
ity. Both Seyferts with high central concentrations of CO emission, NGC 3227 and
NGC 7469, are interacting galaxies listed in Arp’s catalogue (Arp 1966) as Arp 94 and
Arp 298 respectively. Both of the galaxies are also known to have some starburst com-
ponent (Kirkpatrick 1989; Wilson et al. 1986). The third Seyfert, NGC 5033 has no
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‘detectable centrally concentrated gas emission implying either an alternate mechanism

of feeding the central blackhole or perhaps an exhaustion of the molecular gas fuel.
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TABLE 1
RESULTS
NGC 3227 NGC 7469 NGC 5033
Source size, maj. axis (kpc) 1.2 5 ..
AVoo (km s~!)BIMA 40030 310430
Integrated CO Flux (Jy km s~ 1)
BIMA 4701140 320470  <40°
NRAQ® 600 660 440
% NRAD detected by BIMA 80120 50+10 <10
H, mass (10° M,)
Total 2 20 < 0.08
Unresolved Component 0.6 6 cen
Dynamical mass (10° M,)
Total 10 30
Unresolved Component 3 5

2Blitz et al. 1986 and Heckman et al. 1989

bunits are Jy km s~!/3"beam
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Aperture Synthesis CO Observations of the Inner Disk of NGC 1068

P. Planesas, N. Z. Scoville, S. T. Myers

Owens Valley Radio Observatory 105-24, Caltech, Pasadena, CA 91125

NGC 1068 is probably the nearest galaxy with both a high rate of star formation and a high lu-

“w«qpinosity active nucleus. About one-half of the total IR luminosity originates in a disk approximately

30" in size, which has been taken as evidence for a high rate of massive star formation (Telesco et
al. 1984). Previous CO line observations have shown the existence of a ring at the outer boundary
of the inner disk (Myers and Scoville 1987). Although these observations have proved that this ring
is extremely rich in molecular gas (as suggested by Scoville et al. 1983), the angular resolution

was not high enough to resolve its structure. s

New aperture synthesis observations of the CO (J=1-0) emission in the inner disk of NGC
1068 have been carried out with the OVRO mm Interferometer. The new receivers installed for the
88/89 season have allowed us to obtain a high sensitivity map of the CO emission. The molecular ¢
cloud ring has been resolved and continuum as well as line emission from the nucleus of the galaxy
have been detected. s

OBSERVATIONS "

The observations were made from November 1988 to March 1989 with the Owens Valley Radio
Observatory (OVRO) millimeter-wave interferometer. Spectral coverage was provided by a filter-
bank consisting of 32 5-MHz channels giving a resolution of 13 km s~! and a coverage of 416 km
s~1 in the CO J=1—0 transition. Radio continuum measurements in both sidebands were simul-
taneously obtained using ~500 MHz continuum channels. NGC 1068 was observed in six different
configurations with baselines out to 200 m east-west and 140 m north-south. The synthesized beam
was 2.9 x 2.9 corresponding to a linear size of 260 pc at a distance of 18.1 Mpc {Sandage and
Tammann 1975). The average rms was 60 mJy/beam in the 5 MHz channels, a factor of four lower

than in previous observations done in 1986 with the same instrument.

RESULTS

The resulting contour map of the integrated CO intensity {in the range 917 to 1333 km s_l)
for NGC 1068 is shown in Figure 1. The shape and intensity of the CO emission distribution agree
very well with the results of a previous observation (Myers and Scoville 1987) when convolved to a
resolution of 57 x 7' or 7" x 11", showing two dominant emission peaks located at distances of
14" north and south of the nucleus. The new higher resolution map shows a much more complex
structure for the ring, with ten or more peaks of emission. Some of them seem to be originated
in unresolved sources, but others extend to linear sizes of ~600 pc, so they possibly correspond to
complexes of giant molecular clouds.

The overall shape of the emission distribution closely matches that of a ring encircling the
nucleus. Part of the emission extends out of such a ring, suggestive of the start of spiral arms. The
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whole structure could equally well be constituted by two spiral arms, that start at the ends of the
stellar bar found at 2.2 ym (Scoville et al. 1988) and they extend for at least 5 kpc in length and
~300 pc in width.

The total mass of the molecular gas detected in the ring feature may be estimated using the
relation between integrated CO emission and molecular mass derived from observations of giant
molecular clouds in our Galaxy. We use the relation N Hy [leo = 3.6x 1020 ¢m?2 (K km s_l)—l.

The total Hy mass in the ring is approximately 3.8x 109 M@' This corresponds to ~25% of the
total molecular mass of the galaxy as derived from single dish observations (Scoville, Young, and
Lucy 1983; Planesas, Gomez-Gonzales, and Martin-Pintado 1989).

A very good spatial correlation exists between the CO distribution and the 10.8 pgm emission
determined by Telesco and Decher (1988). Almost all the IR peaks lay very close to CO peaks of
emission, which supports the interpretation of the disk IR emission as originating from young massive
stars. In some regions (west, southeast), however, CO emission exists without any IR counterpart.

Radio continuum emission from the nucleus has been clearly detected at 2.6 mm in both side-
bands. The northeast lobe of the radio jet has also been detected in the lower sideband because of
the lower noise level at this frequency. The intensity of the central peak (31 mJy/beam) is consistent
with the fluxes and spectral index measured at 15 and 22 GHz (Ulvestad, Neff, and Wilson 1987).
The flux measured in the upper sideband is significantly larger (60 mJy/beam), which might indicate
that a substantial contribution to this flux comes from CO molecular emission from the nucleus. If
so, an estimate of the Hg mass of 8)(107 M@ is derived assuming that the same N g, /Ico can be
applied to the gas located in the nucleus, although the physical conditions of the molecular gas in
the nucleus of NGC 1068 and in the giant molecular clouds in our galaxy are probably different. In
fact, the dust temperature in the center of NGC 1068 is ~ 40 K (Young and Sanders 1986), so the
value given for the mass should be considered as an upper limit. If the molecular gas is uniformly
distributed in a 260 pc diameter sphere, an average density of 175 Hg cm™3 and a peak extinction
of 140 mag are deduced.
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T A ; ABSTRACT

“"We present high-resolution (+6) CO observations of the merging galaxies NGC 4038/9 made \‘
with the Owens Valley Millimeterwave Interferometer.

I. INTRODUCTION

Arp 244 comprises the two galaxies NGC 4038 and 4039. At a distance of 21 Mpc (Vsg=1550
km s°1, H,;=75 km s-1 Mpc-1) this pair, popularly known as the Antennae, is the nearest example of
merging disk galaxies. Previous observations of Arp 244 suggest the presence of several regions of
active star formation, which could be due to the collision. Rubin, Ford, and D'Odorico (1970) ob-
served many knots of Ho emission throughout both northern and southern galaxies. Most of these
knots also show up as strong sources at 6 and 20 cm (Hummel and van der Hulst 1986). Single-
dish CO data at one position between the two nuclei show M(H,)=2.6 x 109 M, (Sanders and
Mirabel 1985). Finally, IRAS observations show the system to be moderately strong in the infrared,
with L(40-400 pm)=4.0 x 1010 L, compared to Lg=2.9 x 1010L,.

II. OBSERVATIONS and RESULTS
The CO observations of Arp 244 were obtained between April and June 1988 using the OVRO

Millimeter Wave Interferometer. Two fields with phase centers near the NGC 4039 nucleus and near
the NGC 4038 nucleus were observed. The size of the synthesized beam is approximately 6.5" x 7"
at PA=72°. The rms in a single cleaned channel map is 0.06 Jy beam-!, corresponding to a
brightness temperature of 0.12 K over the synthesized beam.

- Contour maps of the integrated CO intensity for both interferometer fields are shown in Figure 1.
Three CO concentrations are evident. Two are centered near the nuclei of NGC 4038 and NGC
4039, closely correlated with Ho and radio continuum maxima. A third CO emission region lies
about 25" northeast of the NGC 4039 nucleus. A number of radio continuum, Hot, and 10 um *
emission knots appear in this region . The total integrated intensity at the northern nuclear source,
@02K km s-1, leads to a molecular mass of 8.3 x 10%r§40~ assuming a Galactic CO to H, conversion
factor of 3.0 x 1020 H, cm2 (K km s-1)-1. The integrated CO intensity of the southern nuclear
source leads to a molecular mass of 2.4 x 108 M. The extranuclear CO concentration contains 1.2 x
10% M, of molecular gas, extending over 170 km s-1, and is resolved in a number of channels. Its
large size, mass, and morphology strongly suggest that it is an agglomeration of several clumps.

III. DISCUSSION f

At the NGC 4038 nucleus the average surface density of molecular gas, 6(H,), is 470 M,, pc-2
over the source diameter of 1.5 kpc, and at the CO peak o(H,) is 880 M, pc2. In the NGC 4039
nucleus, the H, surface densitiy is 310 M, pc-2 over the 1.3 kpc source. These densities are 2 - 4
times higher than in comparably sized regions at the nucleus of the Galaxy (Sanders, Solomon, and
Scoville 1984), which could be due to the collision. The narrow velocity width (104 km s1) of the
CO emission in the NGC 4038 nucleus is consistent with a relatively small inclination angle for the
northern galaxy. The NGC 4039 nuclear source shows emission over a broader range of velocity
(156 km s1) consistent with a larger inclination angle for the southern galaxy.

The high 6(H,) at both nuclei supports the view that the nuclear luminosity is due to intense star
formation rather than nonstellar activity. The radio continuum source at the NGC 4038 nucleus is
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resolved at 20 cm. The nuclear source has a deconvolved half power size of 10" and a spectral index
o=-0.62. Likewise, the radio continuum source at the NGC 4039 nucleus has a deconvolved half
power size of 9" and o=-0.52. Hummel and van der Hulst (1986) estimated that for the NGC 4038
nucleus 10% of the total radio flux is thermal, and for the NGC 4039 nucleus 23% of the flux is
thermal. These characteristics suggest that most of the radio emission is generated by HII regions
and supernovae rather than by AGN.

A massive, ~1.2 x 109 M,,, concentration of molecular gas was detected about 3 kpc from the
NGC 4039 nucleus in the region where the disks of the two galaxies overlap. The concentration
comprises a number of distinct clumps in the channel maps; one each at the south, west, north and
east sides of the extranuclear concentration. Several observations suggest that the gas in each of
these clumps is actively forming stars. In the southern clump, a radio emission knot lies near the
highest CO contour and has a relatively flat spectral index, -0.43, which implies 36% of the radio
flux is thermal. Telesco and Bushouse (1989) report 10 pm detections at 4 pixels in an image taken
with a 20 pixel array bolometer (1 pixel=4.5") centered on the southern clump, as shown by the
crosses in Figure 1b. One other detection of 10 {tm emission at the southern clump, from Wright ez
al. (1988), coincides with a strong Ha knot. The total 10 pm emission, coupled with the implied
thermal radio flux and Ho emission for several sources in the southern clump, suggest that enhanced
star formation exists in the southern clump. If we assume that the IR emission arises from dust
heated by massive stars, we can estimate the current instantaneous rate of star formation in the
southern clump of the extranuclear source following the method detailed in Hunter ez al. (1986).
Using the Salpeter IMF with an upper mass limit of 100 M, and a lower mass limit of 0.1 M,,, we
find a SFR of 4.1 M, yr1. Ttis interesting to compare this with the SFR calculated from the
observed Ho emission in the southern clump. Using the same assumptions, we calculate a SFR of
0.5 M, yr'! from the Ho emission. If we were to correct the observed Hot emission for the strong
absorption expected in the clump then the two values would probably be in close agreement.

The other three clumps also show signs of active star formation. The radio knot at the western
clump has a spectral index indicating about 10% of the emission at 20 cm to be of thermal origin. In
the eastern clump, the radio knot has a spectral index which predicts a thermal to total flux density
ratio of 1/3. Two Ha knots also lie at the same position as the eastern clump. Their observed flux
may be used as above to calculate a SFR for this clump of 0.4 M, yrl. This value is a lower limit
because the Ho flux has not been corrected for absorption. At the northern clump there is only a
weak region of Ho emission. No 10 um data have yet been obtained for the northern, eastern and
western clumps. The total SFR of the regions in the extranuclear source is about 5 M,, yr! based on
the Ho and 10 pm data, as compared with ~5 M, yr-1 for the entire Milky Way. However, these
SFR estimates are uncertain because of possible variations in the IMF. Evolutionary synthesis
studies of young stellar populations in interacting systems suggest that the IMF of a starburst may
not be the same as the Salpeter law (Stanford and Code 1989). Careful calculation of an
evolutionary synthesis fit to properly extinction-corrected multiwavelength data for the individual
regions is necessary to draw meaningful conclusions about their SFR.

In Figure 2, the velocity contours of the southern field are shown. At the northern edge of the
extranuclear source there appears to be a separate clump as can be seen from the velocity gradient
between it and the bulk of the emission region to the south. The velocity range 1550 to 1590 km s°!
of this clump is more similar to the 1550 km s-1 velocity of an Ha knot in the southeastern part of
NGC 4038 than to the velocities of 1451 km s! of the Ho knots in the northeastern part of NGC
4039. The implication is that this clump is associated with NGC 4038 and has collided with the
larger clumps in the extranuclear CO source. The second interesting feature in Figure 2 is the
gradient seen in the emission region at the nucleus in NGC 4039. This gradient suggests that the
molecular gas is rotating about the nucleus. The increase in the velocity of the CO emission with
distance from the 2.2 um peak of the nucleus agrees with the velocites of the Ho emission knots in
the same area. The sense of this rotation of the molecular gas in the NGC 4039 disk agrees with that
of the stellar disk in the dynamical simulation of the collision by Barnes (1988).

One of us (SAS) thanks the Graduate School of the University of Wisconsin and the Organizing
-Committee of this conference for financial support enabling him to attend.
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Figure 1a (upper left). Integrated CO intensity map of the northern field. The velocity range is 1350
to 1750 km s-1. Contour levels are 5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 % of the peak flux of 79
Jy km s'1/beam. A radio (Hummel and van der Hulst 1986) and Ho (Kennicutt and Keel 1989) knot
is marked by a filled circle, and the 2.2 pm peak of NGC 4038 by an X.

Figure 1b (lower left). Integrated CO intensity map
of the northern field. The velocity range is 1350 to
1750 km s'1. Contour levels are 5, 10, 20, 30, 40,
50, 60, 70, 80, and 90 % of the peak flux of 89 Jy
km s-1/beam. Radio/Ha knots and the 2.2 um peak
of NGC 4039 are marked by filled circles and an X,
respectively. 10 pm detections (Telesco and
Bushouse 1989; Wright er al. 1988) are represented
by crosses whose size corresponds to the IR beam.
In each map, the dahsed circl indicates the
interferometer primary beam size, and a small cross
the phase center.

Figure 2 (lower right). A plot of CO velocity
contours in the southern field. An X marks the
position of the 2.2 um peak of NGC 4039. The
velocity of each contour is indicated.
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- Observations of CO in the Magellanic irregular galaxy NGC 55*

Andreas Heithausen®, Center for Astrophysics, Cambridge, Mass.,
and
Ralf-Jiirgen Dettmar®, Lowell Observatory, Flagstaff, Arizona

Introduction

x The content of molecular gas in galaxies, mainly Hs, is one of the key observations to understanding

i the star formation processes and history. As the CO molecule is the most widely distributed

i molecule after Hy and has easily observable mm lines, it is used as a tracer for the molecular
~gas. The molecular hydrogen column density, N(Hz), is usually derived by scaling the velocity
integrated CO line, W(CO)=[T% dv. A typical factor, X(W(CO))=N(H;)/W(CO), found for the
Milky Way is Xg(W(C0))=2.6x102° [molecules cm=? (K km~1)"1] (e.g. Bloemen et al. 1986)
and very similar values, derived from Milky Way clouds, are used for normal spiral galaxies (e.g.
Young et al. 1989). But this factor is not commonly accepted for all regions of our Galaxy. De
Vries et al. (1987) found values of 0.5x10?° [molecules cm~2 (K km~!)~1] for a number of cirrus
clouds ( see also Heithausen and Mebold (1988) for a discussion of Galactic X(W(CO) factors).

The basic explanations for the observed higher X values are excitation conditions due to an increased
intensity of the ultraviolet (UV) radiation field and abundances effects. This effects are discussed
in detail by Maloney and Black (1988). The observed low CO intensities of irregular (Irr) galaxies
(Elmegreen et al., 1980, Young et al. 1984, Tacconi and Young 1985, 1987) have been discussed in
this context and higher X(W(CO)) values by up to a factor of 10 were suggested by several authors
for this type of galaxy (Thronson et al. 1987, Israel 1988, Cohen et al. 1988).

For most Irr galaxies the mass of H, is derived by indirect and global methods. Only for nearby
objects, like the Small and Large Magellanic Clouds (SMC and LMC), is it possible to get dynamical
masses if the molecular clouds are assumed to be in virial equilibrium. This assumption works very
well within the Galaxy and if applied to the Magellanic Clouds, the resulting X(W(CO)) values are
6 times higher for the LMC (Cohen et al. 1988) and 25 times higher for the SMC (Rubio et al.,
1988) than the average X value for our Galaxy.

Observations

NGC 55 is the nearest giant Magellanic-type galaxy beyond the Local Group. It is classified as SBm
and shows similarities to the LMC. In order to study the distribution and properties of molecular
gas within Magellanic type galaxies in more detail we observed this galaxy in July 1988 in the
J=1+ 0 CO line with the 15m Swedish-ESO Submillimeter Telescope (SEST). Spectra were taken
with a low resolution acusto optical spectrometer using 728 channels and a velocity resolution of
1.792 km s~! at 115GHz. The integration time was 40 minutes (on+off) resulting in an rms noise
of about 15mK.

Results -

CO was detected towards the direction where the Ha and 6 cm radiocontinuum emission is strongest
(Hummel et al. 1986). We present the gaussian line parameters in Table 1. The distribution of
CO corresponds well with the intense HI cloud near the bar of NGC 55. The extent of the CO
cloud is about 975 pc along the major axis and 390 pc perpendicular to the major axis. As the
radio-continuum and Ho emission also peaks in this region, it is most probably associated with the
dominant star forming region in NGC 55. Assuming that the molecular gas is in virial equilibrium,

* Based on observations obtained with the SEST telescope at ESO/La Silla, Chile
$ on leave from: Radioastronomisches Institut der Universitit Bonn, Bonn, FRG
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we derive a mass of about 8x10"Mg. The comparison to the HI mass of 1.7x 10"Mgfor this complex

_found by Hummel et al. (1986) shows that this cloud is mainly molecular.

Table 1: CO line parameters for NGC 55

A(RA) A(Decl) Ta Veent(Hel) FWHM rms
[l [’] [mK] [ km s~7] [ km s~7] [mK]
0 0 32 108 43 11
12 -25 41 117 38 16
25 12 57 109 20 ' 20
31 -31 90 121 38 15
37 -13 57 116 43 19
43 -87 33 129 34 10
50 -38 94 129 35 16
69 -44 61 133 32 15
75 -26 60 130 31 16
38 -51 44 138 35 13

Notes: Positions are offsets in arcseconds relatively to RA = 00%12™232.5, Decl. = —39°28'30”
a) The N(H;)W(CO) Ratio

Comparing this mass to an averaged W(CO) value of about 3 K km s, we derive a X(W(CO))
ratio of 60x10%° [molecules cm~2 (K km™!)~!]. This is approximately 20 times the average value
for our Galaxy.

An independent estimate for the mass of the molecular gas can be obtained from the IRAS
FIR fluxes. The use of the S(60)/5(100) flux ratio results in a dust temperatue of Tp=29K and
finally in a dust mass of M3=3.37x10°M.

If we make use of the relation M(Hz) ~500M, (Young et al. 1989) that holds for a wide range
of spiral galaxies, including the Milky Way, we find M(Hz) ~1.7x10%8 Mg. The molecular mass
found indicates that the conversion factor for the molecular mass in Irr galaxies as inferred from

CO line emission is indeed higher by up to a factor of 20 compared to the canonical value for the
Galaxy.

b) Dependence on Metallicity

Metal abundances are considered to be the most important controlling parameters for the
relation between the observable CO and the total content of molecular gas (e.g. Maloney and
Black 1988). NGC 55 has low metallicity HII regions (Webster and Smith 1983, Vigroux et. al.
1988, and references therein).

In the absence of known carbon abundances we can only compare the different X values with
oxygen and nitrogen abundances directly. In Figure 1 we have plotted X/Xs against O/H and
N/H abundances. For comparison with the Milky Way we have also included the values for the
Orion nebula from Dufour et al. (1982). While a rough dependence of X/Xg on O/H abundances
is found for the whole range of metallicities, a good correllation exists between X/Xq and N/H for
the low metallicity Irr galaxies.

The dependence on metallicity discussed here can only be indicative and it is of course still
possible that the radiation field plays an important role.

Acknowledgments. The authors are supported by the Deutsche Forschungsgemeinschaft and
want to thank their host institutes for the kind hospitality.
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Figure 1: The dependence of X/Xg, the conversion factor X(W(CO) scaled to the average value
of our Galaxy, on O/H and N/H abundances. For comparison with the Galaxy abundances for the
Orion nebula from Dufour et al. (1982) are included. The continuous line indicates the dependence
of X/Xg on N/H for Irr galaxies.
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Observations of CO Isotopic Emlssmng and, the
Far-Infrared Continuum of Centaurus A

A. BEckart!, M. Cameron?, H. Rothermel!, W. Wild}, H. Zinnecker?,
M. Olberg?, G. Rydbeck?, T. Wiklind?

! Max Planck Institut fiir Physik und Astrophysik,
Institut fiir extraterrestrische Physik, 8046 Garching, FRG
2 Onsala Space Observatory, 34 Onsala, Sweden

We present maps of the 1?CO(1-0) line and the 100 pm and 50 pum far-infrared
emission of Centaurus A, as well as measurements of the *CO(2-1), **CO(1-0),
and the C'®0(1-0) lines at selected positions. The observations were taken with
the Swedish-ESO Submillimeter Telescope (SEST) and the CPC instrument on
board IRAS.

The millimeter data show that the bulk molecular material is closely associated
with the dust lane and contained in a disk of about 180" diameter and a total
molecular mass of about 2 x 10® M. The total molecular mass of the disk and
bulge is of the order of 3 x 108 M. The molecular gas in the nucleus is warm
with a kinetic temperature of the order of 15 K and a number density of 10°
to 3 x 10* cm™3. Absorption features in the >CO and '*CO lines against the
nuclear continuum emission indicate that the properties of giant molecular clouds
are comparable to those of the Galaxy.

The far-infrared data show that to a good approximation the dust temperature
is constant across the dust lane at a value of about@ The ratio between the
far-infrared luminosity and the total molecular mass is 18 Lg /Mg and close to the
mean value obtained for isolated galaxies. A comparison of the 2GO(1=0) and the
far-infrared data indicates that a considerable amount of the far-infrared emission
is not intimately associated with massive star formation.
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I. INTRODUGTION

. We-have observed the nuclear regions of ;the galaxies NGC 2146 and IC 342 in‘lzco

and 13CO J=1-0 and J=2-1 lines using the FCRAO l4m telescope. NGC 2146 is a peculiar
Sab splral galaxy. 1Its complex optical morphology (Pease 1920; -de Vaucouleurs-1950;
Bevenuti et al.-1975; Young et al. 1988) and strong nuclear radio continuum emission
(Condon..et..al. 1982) suggest that it is experiencing a phase of violent activity and
could have a polar ring «{Schweizer et al. 1983) which may have resulted from an
interaction. IC 342 is a nearby luminous Scd spiral galaxy. Strong CO, infrared and
radio continuum emission from the nuclear region of IC 342 indicate enhanced star-
forming activity, and interferometriCM}ZCO J=1-0 observations reveal a bar-like
structure centered on the nucleus, along the dark lane in the NS direction . (Lo et al.
1984). These two galaxies are selected based on their different dust temperatures
and star formation efficiencies (SFE) as derived from the IRAS S, Q“/S 1001 flux
density ratio and L /M(H Y, respectively, with a relatively hlgh SFE and dust
temperature of 45K 1n NGC 2146 and a relatively low SFE and dust. temperature of 35K
in IG 342. ”

The data from the different 1200 and 1300 iI:E?'are used to study the physical
‘conditions in the molecular clouds in the galaxies. Ve also consider the radiative
transfer to determine whether a warm and optically thin gas component exists in these
galaxies, as has been suggested in the case of M82 (Knapp et al. 1980), and whether
the warm gas is related to the dust properties. Since optically thin izCO gas is
rarely detected in our own Galaxy (except in outflow sources), to confirm its
existence in external galaxies is very important in understanding the molecular
content of external galaxies and -its relationship to star formation activity.

The present (-2G0 J=2-1 and %300 J-2-1 and J-1-0 data for NGC 2146 are the first
detections of this\galaxy to our knowledge. The l2CO°J =1-0 distribution in NGC 2146
has been measured ag part of the FCRAO Extragalatic Survey. For the well-studied
IC 342, ou¥ data are compared with the IRAM 30m observations (Eckart et al. 1989) and
other available data Here we present the observed results, .

o

II. OBSERVATIONS = § o o

The observations were carried out during tHe periods of January - March in 1988
and 1989 using the l4m radome-enclosed FCRAOg%elescope. In order to avoid the
calibration and pointing uncertainties associated with daily heating of the antenna,
we only observed during the night time betﬁeen 6p.m. and 6a.m. The data were
calibrated by the chopper wheel methodxf‘Pointing was checked periodically on
IRC+10216 and Jupiter with an rms of ~5", and confirmed by monitoring the line
Erofile of the central position of the galaxy. The HPBW of the l4m antenna at the

2c0 J=1-0 frequency (115.2712 GHz) and J=2-1 frequency (230.5379 GHz) are 45" and
23", respectively. All spectra were taken using double beam switching procedure so
that flat baselines were achieved.
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Fig. 1. The locations of our 12CO and 13co
J=2-1 and J=1-0 .observations of IC 342
superposed on the integrated contour maps
made with OVRO interferometer (Lo et al.
1984). The smaller circles show the 23w
beam of the 1l4m FCRAO telescope for the
J=2-1 emission and the larger one is the
45" beam for the J=1-0 line. The shaded
circle on the lower left corner indicates
the 7" beam of the interferometer. The
cross represents the peak of 2.2 um
emission (Becklin et al. 1980).
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Fig. 2. Spectra of 12CO and L3¢ J=2-1 and J=1-0 emission at

the centers of the galaxies NGC 2146 and IC 342.
are smoothed to a final velocity resolution of 15.6 km s
s~ for 1C 342.
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The vertical scale is the

antenna temperature uncorrected for the telescope efficiencies

of the l4m antenna at the corresponding frequencies.

In order

to present the spectra from different species at the same scale,

the weaker
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The coordinates and position angles used for NGC 2146 are same as those used in
the FCRAO Extragalactic Survey (position angele of 128°). The central position of
IC 342 was chosen based on the interferometer map (Lo et al. 1984) in which there
were two peaks spacedgbynulS". We selected the peak which was closer to the optical
center as our observing center. A position angle of 20° was also adopted based on
the interferometer map. Fig. 1 illustrates the locations of our 1260 ana 13co g-2-1
and J=1-0 observations in the galaxy IC 342.

III. RESULTS

The preliminary comparisons of the different lines and isotopes show that:

(1) For IC 342, the 12CO J=2-1 and J=1-0 integrated intensities peak at
different positions. The J=1-0 data follow the NS gas bar, with a stronger peak
located at about 15" north-east of the center. This is consistent with the Owens
Valley Millimeter-Wave Interferometer J=1-0 map (7" resolution; Lo et al. 1984) and
the Nobeyama J=1-0 map (15" resolution; Hayashi et al. 1986), which both show a
double-peaked structure with the NE component stronger (for example, see Fig. 1). On
the other hand, the IRAM 21" resolution J=1-0 map (Eckart et al. 1989) is centrally
peaked and differs from the above data. However, since the first three results were
obtained independently, we regard the double-peaked structure as real.

The ““CO J=2-1 emission peaks at the center. Although the center position used
at IRAM is slightly different from ours, both data show a symmetric distribution in
the NS direction. Along the EW direction, we find the emission to be stronger in the
west than in the east. The enlongated NS bar-like structure is obvious.

(2) For NGC 2146, both transiti?ps are centrall{zpeaked with a decrease in
integrated intensity of a factor of ~2 in 23". The ~“CO J=2-1 observations show
strong emission along the major axis.

(3) The optical depths for the J=2-1 and J=1-0 lines in NGC 2146 and IC 342 are
estimated from the 120 to 13co intensity ratios. Fig. 2 shows the spectra of 12¢0
and 1300 J=2-1 and J=1-0 emission at the centers of the two galaxies. In gemneral, it
is found that the }2CO emission is consistent with optically thick gas.
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-1, Introduction

A survey of the CO content of early type
galaxies has led to 24 new detections,
mostly lenticular galaxies. The galaxies,
which are situated in both the northern
and southern hemispheres, have-been
selected as being far-IR luminous
compared to their blue luminosity, and
situated at distances less than about 50
Mpc (Hg=100 km s-1 Mpc-1). -

2. Global properties

The typical Hy masses, estimated from
the CO integrated intensities, using a
conversion ratio N(Hp)/Ico=2-1020 cm-2
(K km s-l)-l, fall between 107-109 M.
Since we have used a conservative
conversion ratio and a large Hubble
constant, these mass estimates can be
regarded as Jower limits to the molecular
masses as long as the CO emission is
optically thick.

The far-IR lummosities of the early type
galaxies are, on average, an order of
magnitude lower than for a sample of
121 spiral galaxxes (including field and
interacting systems). The spiral sample
have been compiled from the literature
and the relevant parameters are
transformed to the same conversion ratio
N(H»3)/Ico and:the same Hubble
constant as the early type sample. The
current star formation rate for the early
type galaxies, assumed to be
proportional to the far-IR luminosity, are
typically 0.1 - 1 Mg yr-1, i.e. an order of
magnitude lower than for spiral galaxies.
The distribution of the ratio of 60 mm
and 100 mm IRAS fluxes shows that the
dust temperatures of the early type
galaxies are similar to those of the spiral

“sample, indicating that the heating

mechanism is of similar efficiency for
both samples. The star formation
efficiencies have been estimated through

ik

G
\\ ;¥ fo8

¢

Mo

75

the ratio of far-IR and CO luminosities,
and have been found to be similar for the
early type and spiral samples.
Furthermore, weighting the far-IR and
CO luminosities with their temperature
dependences (T3 and T, respectively),
we find a linear correlation between
these quantities. These results imply that
the preSence of spiral arm density waves
is not necessary for efficient formation
of massive stars on a global scale. The
presence of massive molecular cloud
complexes in these early type galaxies
implies that spiral density waves are not
necessary for molecular cloud formation
either. 5

The ratio LB/LFIR, measuring the ratio
of star formation rates averaged over
approx1mater 109 and 106 years,
indicate that the star formation history of
the early type galaxies are similar to the
spiral galaxies, i.e, more or less constant
over time periods of at least 109 years.

3. Individual sources

We have mapped some early type
galaxies in more detail, using both the
12CO(1-0) and (2-1) transitions, as well
as observing 13CO(1-0) and (2-1). Here.
we present results for the lenticulars
NGC 404, NGC 3593 and NGC 4369.

NGC 404. This peculiar SO galaxy with
a previously unknown distance has the
molecular gas distributed in a broken
ring close to the nucleus. The gas seems-
to be situated in the plane of the disk.
Our CO observations together with
observations of the HI content, using the
VLA, indicate that NGC 404 is situated
at a distance of approximately 10 Mpc.
The total Hy mass is estimated to be
7:107 My. The star formation rate,
derived from the far-IR luminosity, is
found to be 0.2 M, yr-1, which is less
than the estimated rate of return of




Nurmber of galaxies

processed stellar material to the
interstellar medium. The 12CO(2-1)/(1-
0) line intensity ratio is found to be
about 0.8. From a 13CO(1-0)
observation we estimate the optical
depth of the 12CO line to be 10

NGC 3593 This edge-on SO galaxy has
the molecular gas distributed in a disk-
like configuration. The total molecular
mass is found to be 2-109 M, with an
assumed distance of 11 Mpc. The
12CO(2-1)/(1-0) line intensity ratio is
close to 1. Together with a 13CO(2-1)
observation this result indicates that the
12CO emission is optically thick with an
excitation temperature >15-20 K. The
kinematical properties of the molecular
gas indicate solid body rotation out to a
distance of 0.8 kpc from the nucleus and
constant rotational velocity at larger
distances.

NGC 4369_This face-on SO galaxy has

the molecular gas distributed in a bar--

like structure in the center region. The
iso-velocity contours run parallel to the
bar. The total molecular mass is

estimated to be 2-108 My,. The CO(2-1)
and (1-0) distributions indicate that the
line intensity ratio vary over the face of
the galaxy. The (2-1) and (1-0)
observations were done simultaneously
thus eliminating pointing offsets as the
cause for this effect. Whether this
varying line ratio is due to different
optical depths or excitation temperatures
over the face of the galaxy is not known
at the present since we do not yet have
13CO observations of this galaxy.
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Figure 1. The distributions of a) log(M(H2)),
b) F60/F100, and c) log(SFE) for the early
type galaxies (dark bars) and the spiral
sample (unfilled bars).
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CS J=2 — 1 Emission Toward the Central Region of M82

C. E. Walker (Steward Obs.), C. K. Walker (Caltech), J. E. Carlstrom | Lo
(U.C. Berkeley), and R. N. Martin (Steward Obs.) TIES JEW ST L B A

M82 is an irregular (Type II) galaxy located at a distanceof approximately
3.5 Mpc. Its unusual appearance and high luminosity, particularly in the infrared, { |
has led many astronomers to classify it as'a starburst galaxy. This interpretation
is supported by the observation of a large number of radio continuum sources
within the central arcminute of the galaxy. These sources are thought to be
associated with supernova remnant m(Kmﬂberg et-al.“1985). The starburst in the
central region of the galaxy is believed to have been triggered by tidal interaction
with either M81 or the H I cloud surroundmg the M81 group.

High angular resolution *2CO J= 1% 0 maps by N akai (1984) and Lo et al.
(1987) indicate the existence of a 400-450 pc rotating ring ‘of molecular material
about the central region of M82,” Red- and blue-shifted absorption components

B of the H I and OH lines measured by Weliachew et al. (1984) provided the first
} © ... evidence for-the presence of the ring. Many astronomers, each using a different
angular resolution, have compared 1260 J=1 0, J=2 Es 1, and J=3 & 2
_emission and concluded that a large fraction of the CO emission is optically thin .
(Knapp-et al. 1980; Sutton ‘et al. 1983; Olofsson and Rybeck 1984; Turner. et al.
1989) QA@MObservatmns suggest that the molecular material toward the
center of M82 is clumpy and dense, . (Loiseau: et-al.- 1988 and Carlstrom 1988).
V- Unlike the lower rotational transitions of CO, CS is excited only at relatively
b high densities, ng, >-1 4em—3. 1t is in clouds w1th these densities that stars are
‘\expecte& to form. Th makes CS an excellent probe of star formation regions.
" We-have observed th? CS J=2 %1 transition (97.981 GHz) toward 52 positions
in M82 using the NRA® 12 m telescope. The bean;mze was & 63" and the spacing
betweeii“observed p ofis was“20". The spectral resolution was 6.1 km/s. An
rms noise level of 4 mK per channel was obta,med CS was detected over a 160"
square region roughly centered on the 2/.me peak (0,0 offset). The emission is
extended along the major axis of the ga.la.xy The map of the CS integrated
intensity is shown in Figure 1.

The velocity centroid of each observed spectrum was computed. The ob-
served velocity gradient closely resembles that observed in CO J=1 — 0, (Young
and Scoville 1984) and appears to he dominated by rotation about the minor
axis of the galaxy. The similarity between the two velocity maps suggests that
the CS and CO emission are a.rlsing from molecular clouds located at similar
positions in the galaxy.

Estimates of the molecular column density along the lines of sight that CS
J=2 — 1 was detected can be made if we assume the emission is optically thin.
By adopting an excitation temperature of 40 K and 7 < 1, we can estimate the CS

1 column density across our bea.m In this type of derivation the molecular column
density toward a given grosmon is proportional to the CS integrated intensity
observed there. The peak column density is 3 X 10!3 cm—2 and occurs ~ 20" east
of the central position. For a fractional CS/H; abundance of 10~° (Graedel et

al 1982) the corresponding H; column density is 3 x 1022 cm—2.

s




As mentioned earlier, the presence of CS emission indicates the presence of
gas with a density > 10*cm™3. If such high density gas uniformly fills the region
over which CS was detected, then this implies a gas mass of ~ 2x 1012 Mg. The
dynamical mass of the region is only ~ 4 x 10° Mg (Young and Scoville 1984).
The difference between the two mass estimates indicates that the dense gas is
clumpy, with a filling factor < 2 x 1073,

In Figure 2 we present a surface plot which shows the variation in the CO
to CS integrated intensity ratio over the central region of M82. The CO data is
from Young and Scoville (~ 50" resolution). The 0,0 position in Figure 2 is = 15"
west of the 2um peak. Along the major axis the Ico/Ics ratio peaks near the
center and the edges of the map and has minima about 50" east and 30" west. In
contrast, the Ico /I¢s ratio reaches its lowest values at. the edges of the map along
a position angle close to that of the minor axis. Since the.characteristic density
of CO is much less than that of CS, lower values of Ico/Ics may indicate that
a higher percentage of the gas is in dense clouds. The minima in Figure 2 are at
the outer boundary of the dense molecular ring observed both in high resolution
single dish (Nakai et al 1987; Loiseau et al. 1988) and interferometer (Carlstrom
1988) maps. Therefore, if a low value of the Ico/Ics ratio does indicate a large
percentage of dense gas, then Figure 2 shows there ts a reservoir of dense gas
located just outside the molecular ring found. The peak Ico/Ics ratio at the map
center would then suggest that although the largest column density of dense gas
occurs toward the center (see Figure 1), the percentage of molecular gas in dense
clouds within our beam is lower there than in the surrounding region.

The variation in the Ico/Ics ratio in Figure 2 could in principle be due
to a variation of the CS fractional abundance across the source, perhaps due
to shocks. However, model calculations by Hartquist et al. (1980) indicate that
sulfur bearing molecules could be overabundant in shocked regions. Since the
central region has a peak in the Ico/Ics ratio and is probably the most heavily
shocked, it is unlikely that shock chemistry is significantly effecting the fractional
abundance of CS.

A drop in the Ico /Ics ratio from a central peak could also occur if the gas
temperature dropped as a function of distance from the center. In this situation
the opacity in the CO J=1 — 0 and the CS J= 2 — 1 lines would increase
and may eventually saturate at larger radii. However, the more density sensitive
CS would feel the effects of the decreasing temperatures more slowly than CO.
The Ico[Ics ratio would decrease at increasing radii and eventually level off.
However, this is not what is observed. Inspection of Figure 2 shows that the
Ico/Ics ratio goes through a minimum and then sharply increases again along
the major axis in both directions from the nucleus.

Different spatial resolution of CO and CS observations combined with a
brightness gradient may also produce variations in Ico [Ics. We are currently

investigating the effect of the ~ 30 % difference between the NRAO and FCRAO
beamwidths.
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Figure 1 The CS J= 2 — 1 integrated
intensity map of M82., The minimum
contour level is 0.2 K km/s and the
contour interval is 0.6 K km/s. The rms

noise level is x0.08 X km/s, The 0,0
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Abstract

We present first results from a programme of submillimetre continuum mapping with the JCMT of
starburst galaxies, and comparison of their dust and CO emission. This project was prompted by surprising
results from our first target, the nearby starburst M82, which shows in the dust continuum a morphology
quite unlike that of its CO emission, in contrast to what might be expected if both CO and dust are
accurately tracing the molecular hydrogen. Possible explanations for this striking difference are discussed.
In the light of these results, the programme has been extended to include sub-mm mapping of the nearby,
vigorously star forming spirals, M83 and Maffei 2. The latter we have also observed extensively in CO, in
order to study excitation conditions in its central regions.

Introduction

An important step towards an understanding of of star formation in galaxies would be the ability to
accurately determine the mass and distribution of available raw material (mostly H,) in molecular clouds.
The two commonest methods utilise tracers of the Hy — either rotational transitions of the CO molecule,
or sub—mm continuum emission from dust re-radiating the stellar UV. Recently, doubts have arisen over
the reliability of these methods as applied to extragalactic molecular clouds, particularly in the extreme
environments of ‘starburst’ galaxies, where vigorous star formation may significantly influence conditions
in the clouds (e.g. Maloney & Black 1988). If the CO and sub—mm emission are both reliably tracing Ho
we may expect their morphologies to be similar. We tested this by sub—mm mapping of M82, a ‘classic’
starburst galaxy, and comparison with existing CO observations.? The results demonstrated an urgent
need for more high resolution sub—mm maps, and detailed study of the excitation conditions of the CO,
and the programme has been extended to include M83 and Maffei 2.

«f

Results & Discussion

(i) M82

The central 407 x 407 of M82 was mapped at 450 um in the dust continuum, using the 15-m James
Clerk Maxwell Telescope on Mauna Kea, Hawaii, with a beamsize at 450 pm of 13% .

Our 450 um map is presented in Fig. la. Fig. 1b, to the same scale, shows the 12CO J=1-0 interfer-
ometer map of Lo et al (1987). There is a significant morphological difference between the two maps. The
12CO map shows two distinct peaks, 257 apart, either side of the dynamical nucleus (2.2 um peak). This
dual peak structure has been interpreted as a 400 pc molecular ‘ring’ enclosing the starburst (Nakai et al
1987). In constrast, our sub-mm map shows only one peak, situated inside the ‘ring’, ~ 7" SW of the
nucleus. We believe that the difference is real, and not a result of poor resolution or pointing.

The integrated flux density from our map is 49 £ 21 Jy. Using the equations of Hildebrand (1983), and
Gear (1988), with an adopted dust temperature of 47 K (Hughes et al 1989), we confirm that the sub-mm

'Present Address : University of Hawaii Institute for Astronomy, Honolulu, Hawaii, U.5.A.
2This part of the work has been submitted to the Monthly Notices of the Royal Astronomical Society.
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emission is optically thin, and derive a total gas mass in the mapped region of (2.0 £ 0.8) x 10® Mg .

The difference in morphology between the CO and sub—mm maps is surprising if, as is commonly
assumed, the CO and dust continuum are both reliable tracers of the molecular hydrogen. Our 450 um
map shows similar morphology to 800 um and 100 um observations (Hughes et al 1989, Joy et al 1987). The
450 ym and 100 um peaks are close to a region of vigorous star formation 107 SW of the nucleus. A possible
explanation of the differing morphologies, then, is that two dust lobes are present, but are ‘swamped’, due
to enhanced dust temperature, by emission from this region. However, from comparison of 100 yum and

L 40 ym profiles of M82(Joy et al 1987) we infer no temperature variations greater than ~ + 5 K over the

"¢ -¢entral regfons; tog M”fﬁo ‘fill in’ the central depression seen in the 12CO J=1-0 map. Therefore we

believe it likelayﬁ.thét the sub-mm is tracing predominantly column density variations.

If the dust continuum is accurately tracing the Hy , then some process must be enhancing the CO
emission in the lobes or depressing it in the interior. The integrated intensity of CO emission, Ico, is
critically sensitive to conditions in the molecular clouds. Large-beam 12CO J=2-1, 12CO J=1-0 and 3CO
J=1-0 observations suggest that the 12CO emission in M82 may be at least partially optically thin, quite
unlike Galactic clouds (Knapp et al 1980, Stark & Carlson 1982). The situation in M82 is far from simple,
however. A recent 13CO J=2-1 map (Fig. 1c) displays a large central peak, spatially coincident with our
450 um peak and the SW star forming region, which dominates over the two peaks of the ‘ring’. As 13CO
is usually optically thin, the 12CO/*3CO ratio traces changes in 12CO optical depth. The morphology of
the 13CO map therefore suggests significant optical depth variations across M82 (Loiseau et al 1988).

Ico is also sensitive to changes in CO excitation temperature. One factor which could have a marked
effect on the gas temperature is the presence of intense UV fields. H53a measurements of M82 (Fig.2,
Puxley et al 1989) imply a UV field 103 times that in the solar neighbourhood. In such an intense field, the
CO may originate from warm (100 K), dense (103 cm~3) photodissociation regions at the interface between
HII regions and molecular clouds, where the gas temperature greatly exceeds the dust temperature (e.g.
Tielens & Hollenbach 1985). The existence of such photodissociation zones in starburst galaxies is implied
by the detection of 158 yum [CII] emission from M82 and other systems (Crawford et al 1985, Stacey et al
1989).

(ii) M83 and Maffei 2

It is apparent from the above results that CO and dust cannot both be accurately tracing Hs across
the central regions of M82. It cannot be assumed that M82 is unique in this, indeed, as it seems likely that
the CO emission is strongly affected by the vigorous nature of the star formation in M82; it is clear that
detailed knowledge of excitation conditions in other such ‘starburst’ galaxies are required for the correct
interpretation of CO data and line ratios. We have therefore extended our study to two other IR~ and CO-
bright starbursts, M83 and Maffei 2. We have mapped M83 and Maffei 2 at 800 ym in the dust continuum
with the JCMT (resolution 16%). Additionally, we have obtained high resolution observations of Maffei 2
in the J=1-0 and J=2-1 transitions of both 12CO and 13CO , using the IRAM 30-m and Nobeyama 45-m
telescopes (Smith et al 1989). Observations of two transitions in each of the two commonest isotopes of
CO enables us to get a good handle on excitation and optical depth variations across the starburst regions,
while the 800 um mapping is invaluable as an independant tracer of the molecular gas and a test of the
reliability of the CO morphology.

Acknowledgements

We thank the staff of the Joint Astronomy Centre in Hawaii, the Nobeyama Radio Observatory in
Japan, and IRAM in Spain, for their valuable technical support, and the various selection committees for
allocation of observing time on their facilities. PAS and PJP acknowledge SERC studentships.

82



References

Crawford et el 1985, Ap.J. 291, 755; Gear 1988, Summer School on lelzm,etre and Submillimetre Astron-
omy, Stirling, p307; Hildebrand 1983, Q.J.R.A.S., 24, 267; Hughes et al 3989 in plep'uatxon, Joy et al , . |
1987, Ap.J. 319, 314; Knapp et al 1980, Ap.J. 240, 60; Lo et al 1987, Ap.J. 312, 574; Loiseau et al 1988‘,&4 i,
A.A., 200, L1; Maloney & Black 1988, Ap.J. 325, 38; Nakai et al 1987, P.A.5.J., 39, 685; Puxley et al
1989, Ap.J. in press; Smith et al 1989, in preparation; Sofue et al 1987, in Star Formation in Galazies,
p179; Stacey et al 1989, Ap.J. submitted; Stark & Carlson 1982, Ap.J. 279, 122; Tielens & Hollenbach
1985, Ap.J. 291, 722

30" =T 1 1 T =k
bsoum | . @ Figure 1
15" - -
I o a) 450 micron map of M82, 13"
f resolution (Smith et al 1989,
£9°55'08" 1 - MNRAS, submitted).
b) 1200 J=1-0 interferometer map of
65" — M82, beamsize 7", taken from Lo
. ‘ N et al (1987).
304 [ | — } —
: @ e) 13co J=2-1 map of M82, beamsize
= 13", from Loiseau et al (1988).
g 15
-
-2 69°55°00"
g The solid triangle marks the
",&J'J‘ L5 position of the 2.2 micron nucleus.
=]
30"
15"
69°55°00"
45"
09"51m505 ks b2 388
Right ascension (1950)
. | i =120
Figure 2
Ligure £ S0 | 3. M82 : HS3a
H53¢( profile, measured '
with a 41" beam. From
Puxley et al (1989). 25 — 10
=
S | |
oo o =S
S e l L‘\_J i
-25{—

¥ (mKl



30 -70
_?(:) vlg i/)

@/

¢1301§

HIGH SPATIAL RESOLUTION 100 pm OBSERVATIONS OF THE M83 BAR

[ i
LR

B. J. Smith, D. F. Lester, and P. M. Harvey (University of Texas)

We have been conductmg a program of high spatial resolution far—mfrared ob-
servations of galaxies using the Kuiper Airborne Observatory (KAO); to better
understand the role of star formation, the general interstellar radiation field, and
non-thermal activity in powering the prodigious far-infrared luminosities seen in
spiral and interacting galaxies. Here, we present observations of the central region
of the well-known barred spiral M83 (NGC 5‘236% )

The observatm;;s were made April 22, 1988 ,Ausing an 8- channel germanium
bolometer array mounted at the straight Cassegram focus of the 0.9m KAO tele-
scope. This array was pr0v1ded for our use by Frank Low of Infrared Laboratories.
The 8 channels are spaced 12.8" apart at- 100 pm, and 8 simultaneous 3.2' scans
were made across the galaxy. “The posmons of the scans on M83 are shown in Figure
1, where they are superimposed. on the CO J = 1 - 0 contours from Sofue et al.
(1986). Eighteen back and forth siweeps were made across this region during the 35
minute M83 flight leg, with a total integration time on source of 18 minutes. The
array was positioned such that channel 3, the most sensitive detector, was centered
on the nucleus of M83. For calibration and to obtain the point spread function of
the detectors, IRC+10216 was observed on the same flight. IRC+10216 has been

shown to be a suitable point source at 100 um (Lester, Harvey, and Joy 1985).

The resultant channel 3 scans for M83 and IRC 410216, after co-addition and
smoothing, are shown,in Figure 2. These data show that M83 is extended at 100
pm compared to a point source. A simple gaussian deconvolution of the M83 data
with the point source profile from TRC+10216 gives a FWHM of ~19" for M83.
By comparison with IRC+10216, We obtain a flux for the unresolved component in
M83 of ~ 110 Jy. This is ~ 1/6 the total flux for M83 (Rice et al 1988) and ~ 1/2
the PSC flux. "

The M83 and IRC+10216 profiles in the cross-scan direction (SE-NW) were also
compared, and show that M83 is extended in this direction as well, with a width of

~1870 A Eomparxson lof the different channel profiles for M83 and IRC+10216 shows

‘that there is an asymmetry in the M83 data, in that the maximum in the profiles

shifts from southeast to northwest as channel number increases. This corresponds
to the extension in the bar seen in the CO data,in Figure 1. Thus the far—mfrared
emission in the central reglon of MS83 tends to trace the CO bar. ‘

The new 100 ,um data is also compared with previous BVRIJK Ha' observa-
tions from the literature, to determine how well the far-infrared traces the stellar
structure, the star formation as measured by Ho{, and the optical colors.

4
\‘
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Q fb FAR-INFRARED OBSERVATIONS OF CIRCINUS AND NGC 4945 GALAXTES
s

R.S. Bisht, S.K. Ghosh, K.V.K. Iyengar, T.N. Rengarajan
S.N. Tandon and R.P. Verma

Tata Institute of Fundamental Research, Bombay 400 005, India

I.  INTRODUCTION b :

Circinus and NGC 4945 are two galaxies luminous in the 1nfrared and are
characterised by compact non thermal radio nuclei, deep silicate  absorption
features and unusually strong water vapour maser luminosities. Moorwood and
Glass (1984) have observed these .galaxies extensively in the 1- 20 jpm range. In
the far—lnfrqred observations upto 100 um are available from IRAS. In order to
study the codl dust component of these galaxies, we have observed them at 150 um
using the TIFR 100 cm balloon-borne telescope. Here, we report outr observations
along with deconvolved maps at 50 and 100 pm obtalned from the Chopped
Photometric Channel (CPC) on board IRAS. 3

II. OBSERVATIONS AND RESULTS

Circinus galaxy was observed in a balloon flight in March 1985 using a
single band (120-300 pm) photometer. NGC 4945 was observed in Nov. 1988 using a
two band photometer which simultaneously viewed the same sky field in two bands
of 45-75 ym and 110-210 pm. The field of view and chopper throw were 2'.4 and
3'.6. Intensity maps were obtained by deconvolving the observed signals using
an MEM procedure resulting in a spatial resolution of 1'.5 (see Ghosh et al.
1988 for details).

No positive flux was observed from Circinus; the 3 upper limit to F(150),
the 150 pm flux density is 150 Jy. For NGC 4945, the deconvolved maps at
effective wavelengths of 59 um and 150 pm (for T=35K and exA™", n=l) are shown
in Fig. 1 a~-b. The CPC data on these two galaxies were deconvolved using the
point source profile of Ceres to get maps with a resolution of 1" at 50 and
100 um and these are shown in Fig. 1 c—-f. It is clearly seen that while
Circinus exhibits only central emission, NGC 4945 is characterised by a nuclear
source and disc emission. The IRAS COADD data also show that Circinus has very
little extended emission (W. Rice, private communication) while NGC 4945 is
extended at all IRAS wavebands. From the CPC maps we determine the flux
densities in the central region as well as the total by integrating upto
meaningful contour levels and subtracting a uniform background.The photometric
growth curves for the central sources are shown in Fig. 2.The flux densities for
the central source and the total are summarised in Table 1. The CPC data are
means of 5 maps for Circinus and of 2 maps for NGC 4945. IRAS data have been
color corrected.

For NGC 4945 both our and CPC data show that the central source is more
extended at 100 pm than at 50 pm. Due to high pick up noise in the 59 um
channel, our signal te noise ratio is not high and we are likely to miss
extended emission at 59 um. However,the IRAS COADD data clearly indicate
extended emission both at 50 and 100 pm. Brock et al (1988) found only a
. compact (20") nuclear source at 100 um. Apparently they have missed the
extended emission . Using the central 2' CPC data and taking the emissivity
index n=1, the central source has T=39 K, while the extended emission
(total-central) has T=33K. Using these values, we compute F(150) to be 400 Jy
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and 550 Jy for the central and extended emissions and the total to be 950 Jy.

Using a similar procedure, but using IRAS PSC and (total-PSC) fluxes we get

total F(150) =1310 Jy. These can be compared with our observed total F(150)=
1605 Jy. Thus ,there seems to be more cool dust than that implied by IRAS data.

For Circinus, the extended emission given by COADD data is < 20%. While from
IRAS 60 and 100 pm data one gets T(60-100) = 43 K (n=1) and 35 K (n=2), using
the 100 pm flux density and our 150 pm limit we get T(100-150) is >60 K (n=1)

and >38 K (n=2).
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Table 1
Galaxy Apm)  IRAS FD(Jy) CPC FD(Jy) TIFR FD(Jy)
PSC Tot 2'Dia. Tot 3'Dia. Tot
Circinus 50 - - 157 157 - -
60 246 255 - - - -
100 323 381 244 300 - -
150 - - - - <150 -
NGC 4945 50 - - 200 330 - -
59 - - - - 103 110
60 379 639 - - - -
100 684 1465 550 1170 - -
150 . - - - - 1465 1605
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Fig. 2. Growth curves for the fraction of flux density within diameter © . The
decrease at large 6 is due to background subtraction errors.

88



sy, =70
FOPE [

P 3
No1-1413

ap ™ ~ 2
o

-~

The 3 um Spectrum of NGC 4565 *

A.J. Adamson
School of Physics & Astronomy, Lancashire Polytechnic, Preston

AND
D. C. B. Whittet f

Physics Department, York University, Toronto; and
Canadian Institute for Theoretical Astrophysics, University of Toronto

1 Introduction

Three-micron spectroscopy of obscured galactic nuclei may provide important clues on the
nature of the intervening dust material. Observations of the infrared sources in our own
Galactic Centre (GC) have revealed the presence of absorption features at 3.0 and 3.4 um
(e.g. Whittet 1988). The strengths of these features vary independently, and they cannot
therefore be produced by the same grain component (McFadzean et al. 1989). The 3.0 um
‘ice’ feature indicates the chance occurrence of a molecular cloud in the line of sight, whereas
the 3.4 um feature is attributed to carbonaceous dust in the diffuse ISM (e.g. Schutte &
Greenberg 1988). Recent observations of highly-reddened field stars in the Galaxy (Tapia
et al. 1989; Adamson et al. 1989) show that the 3.4 yum feature is also present in other lines
of sight, strengthening the conclusion that it is a characteristic signature of diffuse-cloud
dust.

Infrared spectroscopy of normal spiral galaxies is potentially invaluable as an aid to
understanding the significance of the dust features observed in the Milky Way, and as'a
means of comparing the interstellar media of separate systems. Since the composition of
dust in the Galaxy is a function of galactocentric distance (Thronson et al. 1987), it is
important to obtain spectra of relatively unobscured external galactic nuclei as a check that
the 3.4 ym absorption is not an intrinsic feature of the ISM at small galactocentric radii. It
may be possible to measure directly the 3.0 and 3.4 ym features in spirals which are seen
edge-on. ‘

NGC 4565 is a relatively nearby (~ 10 Mpc) field spiral of high inclination (i ~ 87°.6).
Its Hubble type (Sb) matches that of the Galaxy, and it displays no obvious nuclear activity.
Whilst a substantial number of optical and I-band images exist in the literature, they are

*Based on data obtained with the United Kingdom Infrared Telescope, Mauna Kea, Hawaii.

tOn leave from: School of Physics & Astronomy, Lancashire Polytechnic.
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2 THE SPECTRUM

T e Waveno.(cm™)
W Y © 0 6000 3500 3000
ol - | | I ]
5
T I [ NGC4565
g I - GC"[RS? o
— ‘:r ™~ | continuum
=
e F— —
35 I
U o
= ) -
o T
© I1
'(\_—-— em—
! | | ] | 1

24 28 32 36 38
Mpm)

Figure 1: The 2.3-3.7 pm spectrum of NGC 4565. GC-IRS7 is also shown for comparison.

mainly deep exposures conveying little of use on the properties of the nucleus. Only two
studies (Frankston & Schild 1976; Jensen & Thuan 1982) provide any real information
on the obscuration of the nucleus, and to some extent they conflict as to whether it is
situated behind the dust lane or not. However, following Schweizer (1978), a lower limit
can be placed upon the extinction to the nucleus (excluding contributions from localized
dark clouds) by adopting the observed dependence of extinction on galactic latitude in the
solar-neighbourhood (A4, =~ 0.25 cosec |6'7|) within NGC 4565 itself. With the estimated
inclination noted above, this gives 4,, > 6™, or Ay > 4™.5. Intrinsically weak interstellar
features would be difficult to detect if this were the total extinction to the nucleus, but the
proximity, brightness and high galactic latitude of NGC 4565 nevertheless make it the best
available target for this type of observation outside our own Galaxy.

2 The Spectrum

The nucleus of NGC 4565 was observed with UKIRT in 1986 December, using a cooled
CVF spectrometer with a 12" aperture and 40" E-W chop. The spectral range from 2.3
to 3.8 um was covered at 1% spectral resolution and half-sampling. Figure 1 shows the
resulting spectrum. For comparison, a schematic representation is included of the spectrum
of GC-IRST between 3.0 and 3.6 um, with an adjusted continuum slope.

90



3 CONCLUSIONS

Qur spectrum of NGC 4565 is essentially featureless. The absence of the 3.0 ym feature
(3.0 < 0.05) implies that the extinction to the nucleus does not arise to a significant degree
in molecular clouds, We-deduce 730/Ay < 0.01, compared with ~ 0.022 for GC-IRSY.
These results support the conclusion (McFadzea.n et al. 1989) tha.t the 3.0 ym absorption in
cloud. The 3. 4 pm feature is also weak or a.bsent in our spectrum of NGC 4565 (1'3 4 L <0. 07)
Hence, 73 4/Av < 0.016, compared with ~ 0.008 towards GC-IRS7. The absence of the
feature in NGC 4565 at the signal-to-noise level of the current observations is consistent
with a probable moderate degree of extinction towards the nucleus.

i S

3 ~ Conclusions

Our observations of NGC 4565 provide a useful comparison for studies of dust in the Galaxy.
Limits have been set on the strengths of the 3.0 and 3.4 pm features in NGC 4565. The
absence of 3.0 um absorption is significant, and supports theview) that the feature at this
wavelength in the Galactic Centre is due to water-ice absorption in a foreground molecular
cloud. The non-detection of the 3.4 um absorption is less surprising and provides indirect
support for the association between this feature and the diffuse interstellar medium. The
current spectrum probably represents the best that can be achieved with a single-detector
instrument within reasonable integration times. It will clearly be of interest in the future
to obtain spectra of higher signal-to-noise, as a positive detection of the 3.4 ym feature in
.an external galaxy, even at a low level, would be of considerable a.strophysmal sngmﬁcance

f
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1. Introduction

Comparison of molecular gas masses from the FERAO Extragalactic Survey with the dust
masses that are required to produce the emission measured by IRAS lead to gas/dust ratios for
spiral galaxies that are a factor of five higher than that measured for the Galaxy (Young et al.
P 1986; Stark et al. 1986). The inclusion of the atomic gas, which can contribute as much mass as
the molecular gas, will only accentuate the discrepancy. One plausible explanation for the high
gas/dust ratio is that the bulk of the dust mass is not contributing to the emission measured by
IRAS and must therefore be radiating at &:>-100pm. The high gas/dust ratio would then suggest
significant quantities of -cold;< 30K, dust. On the other hand, recent observations (Telesco and
Harper 1980; Stark et al. 1989; Eales, Wynn-Williams and Duncan 1989) have shown that the far
infrared continuum energy distributions of spiral galaxies can be represented by a single
temperature component over the wavelength range 60um to.~ 450um with dust temperatures that
typically range from 30K to S0K. The far infrared continuum emission therefore provides no
direct evidence for cold dust in spiral galaxies. The goal of the present contribution is to
‘ reconcile these two apparently conflicting results concerning cold dust in galaxies.

2..Sample and Analysis
Coadded IRAS data are used to calculate dust masses (Hildebrand 1983) for 63 spiral galaxies in
which the distributions of atomic and molecular gas have been measured. The dust masses are
compared with the atomic and molecular gas masses in order to constrain the amount of cold dust
in galaxies. Published far infrared photometry is used to constrain the temperature of the cold
dust. The reader is referred to Devereux and Young (1989) for a full discussion of the sample and
analysis. \ ,
| | G
\

3. Results and Discussion

The dust masses are highly correlated with the sum of the molecular and atomic gas mass and
consequently the, gas/dust ratio is well determined (Figure 1). The globally averaged gas/dust
ratio for spiral galaxies is ~ 1400; over a factor of ten higher than that measured within the
Galaxy. The high gas/dust ratio leads us to conclude that ~ 90% of the dust mass is radiating at A
> 100pm and is therefore colder than 30K.

The shape of the fér infrared continuum emission of galaxies indicates dust temperatures in
the range 30K to 50K (Telesco and Harper 1980; Stark et al 1989; Eales et al 1989) and therefore
provides no direct evidence for cold, <30 K, dust. It is important to note, however, that because
of the strong temperature. dependence of thermal emission the far infrared continuum
observations do not necessarily rule out large quantities of cold dust. By way of illustration, we
have reanalyzed the 160um and 360um data of Stark et al. (1989) in order to constrain the
temperature of the cold dust if 90% of it is, in fact, radiating at A > 100um as indicated by the
gas/dust ratio calculation.
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The global 160pum and 360pm fluxes of Stark et al., derived from maps obtained using the
KAQ, are presented.in Figure 2 along with the global IRAS fluxes for the four Virgo spirals that
were .observed. Also, shown is the sum of the emission expected if 90% of the dust mass is
radiating as a "cold” component and the remainder is at a temperature derived from the IRAS

flux ratip. Temperatures of 15K and 10K were adopted for the temperature of the
0&1019 compor{ég)i The figure shows that the IRAS data together with the 160um and 360pm
observations of Stark et al:are not inconsistent with the emission expected if 90% of the dust
mass were radiating at a temperature of 10K or 15K.

Thus it is pos51b1e to reconcile both the high gas/dust ratio and the shape of the far infrared
continuum emission of spiral galaxies with the view that the bulk of the interstellar medium
radiates at a temperature of 10K to 15K. Additionally, such low dust temperatures are expected
for the dust in the interstellar medium of galaxies since model calculations indicate a temperature
of 10K - 20K for HI associated dust that is exposed to the heating effect of the interstellar
radiation field (Drain and Lee 1984) and even lower dust temperatures are expected within
molecular clouds.

4. Conclusion

d
The high gas/dust ratio determined for spiral galaxies leads us to conclude that £90% of the dust
mass is radiating at A > 100um. The dust temperature must therefore be colder than 30K. Both
the high gas/dust ratio and the shape of the far infrared continuum emission of spiral galaxies can
be reconciled with the view that the bulk of the interstellar medlum radiates at a temperature of
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Figure 1. The correlation between dust mass and the sum of the molecular and atomic gas mass. Open
circles indicate that 2 50% of the gas mass is molecular, filled circles indicate > 50% of the gas mass is
atomic. The arrows indicate upper limits to the molecular gas mass. The length of the arrow corresponds to
the total displacement if the molecular gas mass were zero. The dashed line corresponds to gas/dust = 100;
a value that is typical for the Galaxy.
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Figure 2. Comparison of far infrared photometry with models for the far infrared emission. A 7»'2
emissivity law has been adopted for the model calculations.

model a. 90% of the dust mass at 15K, 10% of dust mass is waxm*
model b. 90% of the dust mass at 10K, 10% of dust mass is warm*
model ¢. 100% of dust mass is warm*

E
The temperature of the warm dust component is derived from the IRAS S
corresponds typically to~ 30K.

IOOum/S60p.m flux ratio and
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The unbiased survey of the infrared sky carried out by the IRAS™satellite has
greatly accelerated advances in understanding the dust component of our own and
external galaxies. However, most extragalactic studies to date have been based on the
IRAS Point Source Catalog (PSC), which has two serious limitations. First, in sources
where a significant fraction of the flux is extended, significant errors may result from
using PSC fluxes in comparative studies, and these errors could be systematic if the
tendency to be non-pointlike depends on physical properties of the galaxy. Addition-
ally, use of PSC fluxes rules out any direct investigation of the spatial distribution of
the IRAS emission from disks in external galaxies. Since work on the Galactic IRAS
results has shown that very different physical processes (star formation, quiescent cold
dust emission, and AGN processes) can make varying contributions to the observed
flux, it is important to look at a wide sample of galaxies with some spatial resolution

533-70
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to study the relative dominance of these processes under a variety of conditions. We

: @om work we are doing to carry out this program for many nearby splrals usmg
an analysis package that we: have developed for this purpose. : s

We have used detailed models of the point spread functlons of the 1nd1v1dua1 o

IRAS focal plane detectors to investigate the spatidi distribution of the fluxes measured
for a sample of nearby spiral galaxies. These objects are selected to have large
enough angular diameters to be resolvable, in principle, by IRAS at 60 ym. The
detector maps have kindly been provided by M. Moshir of IPAC. Our method works
with single survey scans in the ADDSCAN format also provided by IPAC. The
several such scans in each band over an object of interest give several independent
measurements of the convolved galaxy and instrumental profiles, so that the results can
be checked for consistency. As a first step in our analysis, we use a nonlinear least
squares technique to make a best fit of the detector profile to the observed scan, in
order to overcome the errors in the nominal pointing of the satellite and hence center
our profile analysis accurately on the galaxy nucleus, empirically defined as the most
pointlike object near the nominal galaxy position. We then determine the fluxes of the
galaxy’s pointlike and extended components. Here we will confine our attention to the
question of what fraction of the 60 um flux is contained in a pointlike nucleus, as seen
by IRAS (i.e., FWHM about 1.5 arc minutes).
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..We have carried out this-analysis for a sample of 121 nearby spirals. The frac-
tion of the flux contained in a point source varies from 0 to 1 across the sample, all of
which are well resolved at their nominal optical diameters. There is no evidence that
the galaxies of smaller angular size are less likely to be resolved by IRAS at this level.

.~ Our program gives results which are quite repeatable from scan to scan; the fraction f

(point source flux over total flux) at 60 um has typlcal errors of 0.03 when different
scans are combined. L e ,

Approximately two-thirds of the sample have more ﬂux in the extended than in
the nuclear component. There is a tendency for earlier-type spirals to be less centrally
concentrated, but this effect is slight and the degree of variation is large for all types.
Barred spirals are also found across the spectrum of f, but are much more likely to
have little or no nuclear emission. More-detail on-individual unusual-objects will be
presented in-the poster.
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Contribution of Cool Dust to the FIR Brightness Distribution
of NGC 6946 Sc(s)II

G. Engargiola and D.A. Harper
University of Chicago, Yerkes Observatory
Williams Bay, WI

L. .Introduction

A few galaxies have been observed at submillimeter wavelengths (Stark

‘et al.,, 1988; Eales, Wynn-Williams, and Duncan, 1988). These observations do not
support the hypothesis that there exist substantial amounts of cool dust
generating submillimter radiation in excess of predictions from modified
blackbody curves of the form (amyl- 5Bv(v ;T) fit to total 100 and 160pm fluxes.
However, we find relanvely cold dust(~1 -23°K) at several interarm locations
in the central 5~ x5 region of NGC 6946 Sc(s)Il. Since molecular gas is the
predominate constituent of the ISM in this region, such low dust temperatures
are indicative of quiescént molecular clouds. and low star formation rates.
Based on the contribution of cool grains to the 160um surface brightness _
distribution, regions of low star formation activity can be identified. A 1/A1.5
emissivity law is assumed for this analysis. N
' ; i

II. Far Infrared Emission from NGC 6946
? £ :

The central 5' x 5' region of NGC 6946 has been mapped at 100 and 160 pm
with the 32 channel U.Chicago FIR Camera on the KAO. The beamsize was 45",
The far infrared brightness distributions are -shown in Fig. 1. The peak
brightnesses of the 100 and 160um maps aré 65 Jy/beam and 59 Jy/beam,
respectively. The contour spacings are 2 Jy/beam. A nuclear excess and a X
bisymmetric spiral pattern superimposed on an exponential disk are apparent Lo
at both wavelengths. The hydrogen alpha (Bonnerel and Boulsteix), radio
continnum (van der Kruit, Allen, and Rots), integrated CO J=1->0 (Young and
Scoville; Tacconi and Young), and far-infrared distributions of NGC 6946
(Engargiola, Harper, and Jaffe) have average radial profiles which peak
strongly at r=0. The 100pm flux follows the resolved hydrogen alpha
distribution more closely than the 160pm flux, which more faithfully traces
the I-band intensity distribution (Tacconi and Young). About 75% of the far-
infrared luminosity of NGC 6946 originates from the central 5' of the disk.

IIl. Two Temperature Decomposition of 160 pm Flux

The far infrared brightness distribution can be represented at each
position by a sum of two modified blackbody components, fv[T (1)},T(2)]
a(1)v1-SBv[T(1)] + a(2v1-SBv[T(2)] [Jys/beam], where T(1,2) = 20,35°K, 1v(1,2)
= a(1,2)v!-3. One solves for two optical depths, the 'a' coefficients, using both
the 100 and 160pm maps. The pair of temperatures were empirically chosen to
maximize the contribution of the lower temperature component, subject to the
constraint that the components a(i)vl-SBv[T(i)] be greater than zero over the
entire map and that the ratio of the integrated fluxes Fv(350um)/Fv(160um) =
5.0+1.0, so as to be consistent with integrated far infrared and submillimeter
measurements of other spiral galaxies e.g. NGC 4254, NGC 4501, NGC 4654 (Stark
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et al.), and NGC 4736 (Jaffe, Engargiola, and Harper). Increasing the difference
AT = T(2)-T(1) increases the cold component but results in a warm component
which is less than zero over portions of the map if AT > 16°K. The
decomposition will filter the brightness distribution into parts where the
effects of warm and cool dust are enhanced. The results of this decomposition
are shown in Fig 2. The warm and cold dust component contours are
superimposed on a grey scale representation of the hydrogen alpha -
smoothed to 45" resolution - and are labelled Fig. 2a. and 2b., respectively;
the contour spacing is 2Jy/beam.

The average surface brightness of the cold dust 160pm component is 1.5
Jys/(')2. The ratio of this to the average total 160um surface brightness is
[fv(160)]20°k/fv(160)= 0.14. The total flux from the 20°K dust component from
the central 5.0 x 5.'0 region of the galaxy is 39 Jys. This component peaks at 14
Jys/(*)2 about 0.'5 east of the galaxy center; other peaks of 6 Jys/()2 occur in
interarm regions to the E and NW at r > 6 kpc. Extrapolating the 20 and 35°K
flux components with the model from 160 to 350um yields an average surface

brightness of 2.1 Jys/()2, hence the ratio of the total 160 to 350pm flux is 5.3
and the decomposition yiclds a spectrum consistent with blue Virgo Cluster
spirals. The total 160um flux from cool dust is estimated to be 45 IJys;
extrapolating to 100um gives 25 Jys or 7% of the total 100um flux of 344 Jys
measured by IRAS (Rice et al). Hence, this emission model predicts a small .
contribution by 20°K grains to the total 100um luminosity fv(100).

a) Spatial Relation of Cool Dust Emission to Regions of Massive Star Formation

The number surface density of HII regions - with luminosities > ~1038
ergs/s - for the central 5'.0x5.'0 of the galaxy is 8/(')2. This surface density has
a range 3-10/()2 for the inner disk and interarm regions and 10-20/()2 for

the spiral arms; the highest surface density of HII regions, 40/(')2, occurs at
the center of the galaxy. The strongest peaks in the cold dust distribution

occur where the number surface density is 6-7/(')2, slightly below average.
Also, the HII regions are on average 3-10 more luminous in hydrogen alpha
for positions along the spiral arms than for positions where the 20°K dust
component is' detected at 160um. It can be seen that (1) the 20°K dust
component contributes over half the infrared luminosity from certain regions
of NGC 6946 and (2) the relative size of the cold dust contribution is related to
the amount of ionizing radiation, to the extent that hydrogen alpha is a
measure of the ionizing UV continuum i.e. where there are fewer massive
stars powering the ISM, there is more 20°K dust, not too surprising.

The average radial profiles of the 20°K and 35°K 160um components
appear in Fig. 3a. The 35°K component drops steeply with radius from the
center of the galaxy but levels off beyond radius 1.5, where increasing
numbers of HII regions resolved in hydrogen alpha light are found. The 20°K
component peaks between the galaxy center and radius 1.0, dips to a minimum
at radius 2.2 and begins to increase past 2.'S. Cool dust appears to contribute a
higher fraction of the total 160um surface brightness at large radii. The radial
profiles are uncorrected for the inclination of the galaxy.

b) Expected Cool Dust Contribution to 350 pm Flux

Fig. 3b is the average radial submillimeter brightness profile of NGC
6946 obtained by extrapolating the 20°K and 35°K emission components to

98



350pm. The submillimeter profile has been normalized to - the predlctcd peak o

value of 11 Jys/beam. The intervals plotted along with the submillimeter
profile represent the span over position angle of the fractional contribution
by the 20°k component to the 350pm flux. About 40% of the total 350pm flux is
predicted to arise from cold dust. Also clear from Fig. 3b is that cold dust may
produce as much as 60% of the submillimeter flux at galactocentric distances
greater than 9 kpc. :

IV. Recent Observations at 200pm

During a KAO flight series: this past May, Engargiola and Harper
observed NGC 6946 at 200pum. The data have yet to be calibrated. A preliminary
contour map, where the contour levels are linear in raw signal, is shown in
Fig. 4. Similarity is clear between the 200um brightness distribution and the
20°K 160pm emission component, possibly indicating a higher relative
fraction of the far infrared/submillimeter emission from cool grains in
quiescent molecular clouds.

V. Conclusions
§

We. have assumed a two temperature grain model in an effort to decompose the
far infrared surface brightness distribution of NGC 6946 into contributions
from cool, quiescent cand™ active, star forming regions. This model has some
validity; although an oversimplification of the dust energetics, we find from it
that, where giant HII regions are sparse, a signifigant fraction of the 160um
emission is emitted by a cool grain component which IRAS could barely detect.
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Far Infrared Luminosity Functions of Normal Galaxies

Takashi Isobe and Eric D. Feigelson
The Pennsylvania State University
¢ Department of Astronomy
525 Davey Lab.,University Park, PA 16802

J,%Qm ‘We construct a volume limited sample of 443 optically selected nearby galaxies
rom the Zwicky catalog to study far infrared luminosity functions. Schechter function fits
and integraied luminosity densities are calculated. Comparing the resulting infrared
spectrum with the infrared spectrum for interstellar matter in the solar neighborhood, we-
+ find most of the infrared emission is due to dust heated by the interstellar radiation field,
.. exceptat 60pm emission where star forming regions contribute significantly.

&

We constructed a volume limited sample (v<1400kms-1) of 443 nearby galaxies from the
Zwicky catalog (Huchra et al. 1983) to study far infrared luminosity functions of optically selected
galaxies. The infrared data are obtained from the IRAS Point Source Catalog I and ADDSCAN
pocessing. Detailed d@scriptions of the selection and processing of the sample are presented in
Isobe and Feigelson ({989). Since many of the galaxies are not detected in the infrared, the non-
parametric survival anélysis Kaplan-Meier estimator (Feigelson and Nelson 1985; Isobe,
Feigelson, and Nelson 198@) is used to calculate normalized integrated luminosity functions. The
luminosity functions based on the volume limited sample show good agreement with those based
on magnitude limited samples. Since survival analysis can be directly applied to the volume limited
sample, the luminosity function based on the volume limited sample is the better choice for the
samples selected in other wavebands.

The luminosity functions at 12, 25, 60, and 100 m Kaplan-Meier estimator are shown in
Fig. 1. Hp =75km s-! Mpc-! is assumed throughout. Schechter functions (Schechter 1976) are
fitted to these luminosity functions to find luminosity density per Mpc3. Since many galaxies are
not detected, a simple sum of detected galaxies does not give total luminosities. Results are listed in
Table 1. The fourth to sixth columns list the Schechter function parameters for

0 d(L/L*) = 0% (L/L*)O+1 exp(-L/L*) d(L/L¥), | )

Table 1: Mean Luminosities and Parameiers of Schechter Functions of Four IRAS Bands

Band UpperLimits Mean o log L* 9*  Total Luminosity Density
(erg st Hz'1) (erg 51 Hz -1 Mpc-3)
1 323 28.1410.12  -1.67 29.0 1.7x10-1 3.3x1027
2 303 28.37+0.09 -1.69 29.2 1.8x10-1 5.1x1027
3 121 29.46+0.64 -1.59 30.1 1.5x10-1 4.7x1028
4 118 29.88+0.04 -1.41 30.4 1.2x10-1 1.3x1029
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Figure 1:

The luminosity functions for 12,
25, 60, and 100 jLm from top to
bottom. The fitted lines are
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Figure 2:

The luminosity densities per
Mpc3 in solar luminosity
units. The filled circles are
obtained from Table 1, Felten
(1977; V band) and Kirshner
et al. (1983; B band),
respectively.The crosses are
obtained from Boulanger and
Pérault (1988) normalized at
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where (* is in number of galaxies per Mpc3, L* is in erg s-1 Hz"1. The last column lists the total
luminosity density of optical galaxies in the local Universe of the band in erg s-1 Hz-1 Mpc-3. Note,
bands 1 and 2 have very low detection rates (~30%) and if survival analysis is not used,
computations of luminosity functions are impossible. We find the mean L* and integrated
luminosities increase a factor of ~40 between 12 and 100)Lm monotonically with wavelength. The
slope &t is always steeper than seen at optical wavelengths where Qi=-1.25.

The luminosity densities per Mpc-3 in Table 1 can be seen as a spectrum of a 'typical’
galaxy. Boulanger and Pérault (1988; hereafier BP) present the infrared emission originating in the
solar neighborhood based on IRAS data, and present the infrared spectrum of emission normalized
per hydrogen atom. If we assume that a typical galaxy has a similar environment, their values can
be used as a reference spectrum which represents the emission of dust heated by the interstellar
radiation field. Since 12jLm emission is almost certainly due to very small grains (e.g. polycyclic
aromatic hydrocarbon; Léger and Puget 1984), we normalize the 12jim point of BP to that of our
typical galaxy in Fig, 2 (L12p,m=2-6X107LO)- They agree very well with the solar neighborhood
spectrum, except at 60jLm. Our 60jLm emission is 2.5 times higher than of BP.

Since some galaxies are not detected both at Ljgoym and Leopm, we cannot compute the
distribution of L1oopm/Leopm color correctly. Nontheless we attempt to compute the luminosity
density of galaxies with Lioopm/Leopm<2.5 which are supposed to be dominated by star
formation. The contribution from these galaxies in our sample is 2.1x107Lg at 60jim, and that
from the galaxies not dominated by star formation is 2.6x107Lg which is exactly BP's predicted
value. These results support a model suggested previously (e.g. Bothun, Lonsdale, and
Rice 1989) in which most of the infrared emission in a typical galaxy is due to dust heated by the
diffuse interstellar radiation field, except at 60jLm where the emission is approximately doubled by
contributions from star forming regions.
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Evidence against a simple two-component model for the
far-infrared emission from galaxies

,3 P Stephen A. Eales
‘ yieob Space Telescope Science Institute

&

Lt 0o Nicholas A. Devereux
L Five Colleges Radm Astronomy Observatory /

TWo of the first JRA S results Wel‘ that galaxies have a wide range of values for the ratio
of 60 pm to 100 pm flux density (0. ;\< S60/S100 % 1.0) and that this ratio is correlated
with L / Ly, L fsir being the total far-infrared luminosity and Ly being the luminosity at
visible wavelengths (de Jong et al. 1984; Soifer et al. 1984). From these results arose the
following simple model for the far-infrared emission from galaxies (de Jong et al. 1984),
which has remained the standard model ever since. In this model the far-mfrared emission
by, young massive OB stars in molecular clouds and HII regions, and colder dust (T ~20"
K) associated with the diffuse atomic hydrogen in the interstellar medium and heated by
the general interstellar radiation field. As the number of young stars in a galaxy increases,
_ Seo/S1po-increases, because there is a greater proportion of warm dust, and so does L sy /s,
because most of the radiation from the young stars i absorbéd by the dust, leading to a
swifter increase in far-infrared emission than in visible light. Although this model explains
the basic JRAS results, it is inelegant—it uses two free parameters to fit two data (the 60
and 100 pum- ﬂux dens1t1es)-—~and there are now several observations that contradxct ity -

i

(1) Since the end of the IRAS mission, several groups have mea,sured the subrmlhmetre
emission from galaxies, so there are now sufficient data to test a two-parameter model.
Eales, Wynn-Williams & Duncan (1989), rather than needing two dust components,
found that the 60-1100 pgm flux densities of the 11 galaxies in their sample could be
well-fitted by thermal emission from dust at a single temperature (T = 30-50 K).
Devereux and Young (this conference), using the submillimetre data of Stark et al.
(1989), have demonstrated the same thmg for a different sample.

(2) If the two-component model is correct,;,one expects galaxies with few molecular clouds
and most of their gas in atomic form o have low values for Sgo /S100. On the contrary,
there appears to be no correlation between Sgo/S100 and the relative proportions of
molecular and atomic gas (Young et al. 1989).

(3) A less direct but still highly suggestlve argument comes from a study of the correlation
between far-infrared and radio emission. Cox et al. (1988) and Devereux & Eales
(1989) have shown that the slope of this relation is significantly different from unity,
in the sense that Lyqdio/Lyir increases with luminosity. At first glance, this is what
one might expect from the two-component model. The radio emission from galaxies
probably arises, directly or indirectly, from the supernova explosions of massive stars.
Therefore, as the numbe‘r‘of young massive stars in a galaxy increases, the radio
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emission will increase in proportion to the number of young stars, but the far-infrared
emission will increase at a slower rate because of the underlying contribution to the far-
infrared emission from the cold dust component. Nevertheless, at second glance this
scheme dosn’t work, because it predicts a correlation between Sqo/ S100 and Lyadio [Lgir
that isn’t observed (Devereux & Eales 1989).

wmﬁﬂéspite these major problems with the two-component model, it is not clear what

should be put in its place. The basic JRAS results can be explmned by other models. As

“an example of one possible model, imagine that all the far-infrared emission from galaxies

is from dust heated by young stars in molecular clouds and HII regions. If the number-
density of young stars in a galaxy is increased, the radiation field will be more intense and
s0 Sgo/S100 will be higher; both the far-infrared emission and the visible light from the
galaxy will increase, but the far-infrared emission will increase more swiftly because of the
contribution to the visible light from old stars and because most of the visible light from
the young stars is absorbed by dust: and so Ly;,/Ly will be correlated with Sgo/S100. A
model like this would also be more in accord with the studies of galaxies that have been
made in the CO 1-0 line by Young and collaborators (Young 1986). When considering
possible models for the far-infrared emission from galaanes, the observational evidence for
our own galaxy must be considered. We suspect that the study by Boulanger & Pérault
(1988) of the far-infrared properties- 6f the local interstellar medium may be particularly
relevant. They showed that molecular clouds are leaky—that most of the light from OB

stars in molecular clouds does not heat the dust in the clouds, but instead leaks out—and

also the consequence of this: that while most of the far-infrared emission from the solar
neighbourhood is from dust associated with diffuse HI, this dust is nostly heated by young

stars. :
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IRAS observations gf-the whole galaxy has shown that long wavelength
emission (100 and 60 pum bands) can be explained by thermal emission from big
grains (=-0.1-1m) radiating at their equilibrium temperature when heated by the
Inter Stellar Radiation Field (ISRF). This conclusion has been confirmed by
continuum sub-millimeter observations of the galactic plane made by the
EMILIE experiment at 870 jum (Pajot et al 1986). Nevertheless, shorter
wavelength observations like 12 and 25 um IRAS bands, show an emission
from the galactic plane in excess with the long wavelength measurements which
can only be explained by a much hotter particles population. Because dust at
y equilibrium cannot easily reach high temperatures required to explain this
-~ excess, this component is thought to be composed of very small dust grams or
big molecules encompassmg thermal fluctuations. MO ‘

k i

We present here a numerical model that computes emission, from I}IIR to
Sub-mm wavelengths, from a non-homogeneous spherical cloud heated by /
ISRF. This model fully takes into @ccounf the heating of dust by multi-photon
processes and back-heating of dust in the VIS-IR so that it is likely to describe
correctly emission from molecular clouds up to large Ay and emission from dust ~ *
experiencing temperature fluctuations. The dust is a three component mixture of

AHS {Polycyclic Aromatic Hydrocarbons), V8Gs (Very Small Grains) and
(s (Big Grains) with independent size dlStI‘lbuthIlS (cut-off and
power law index) and abundances e o i (N or

‘ The presence of PAHs in the ISM has been inferred for the first time to
explain the unidentified IR bands at 3.3,7.6, 7.7, 8.6 and 11.3 um (Léger, Puget
1984, Allamandolla et al 1985) observed in various objects ranging from
planetary nebulae to external galaxies. They seem to be ubiquitous in the
extended ISM of our galaxy as revealed by the AROME experiment which as
mapped the galactic disk in the 3.3 pm band (Giard et al 1988). This plane
molecules are so small dust particles that they can reach high vibrational
temperatures (once a day in ISM environment) after absorption of a single UV
photon by electronic transitions followed by internal redistribution of its energy
between the vibrational modes. The molecule therefore cools by emitting IR
photons (most of them in the 12 pm IRAS band) during only a few seconds so
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that PAHs are the most extreme case of ISM particles emitting IR energy in an
out-of-equilibrium stage. Moreover, recent laboratory measurements have shown
that this molecules absorbs significantly in the non-linear FUV rise part of the
extinction curve (Léger et al 1988) so that they play an important role in the
radiation transfer from the edge of a cloud towards the center.

To account for the 12 um emission, bigger grains are needed that are no
longer two dimensional but three dimensional (VSGs). They are supposed to be
carbon-dominated in the model and to account for most of the 2200 A bump
observed in the extinction curve.

BGs are considered as the carrier of the visible part of the extinction curve.
As proposed by Chlewicki and Greenberg (1988), we have supposed that they
are made of silicates coated by carbon dominated material. This has the
advantage to explain both the width of the 9.7 and 18 pm absorption of silicates
and the 3.4 um absorption towards the galactic center.

The mass abundance relative to hydrogen (Y) and the size distribution
parameters (radius cut-off amin and amax and size distribution power law index
o) of each component has been optimized to fit the emission and extinction
observed in the diffuse HI medium of our galaxy (see Table 1).

Fig 1 is a plot of IRAS brightness against position of the line of sight
toward various Ay clouds with r-2 gas density distribution and dust
characteristics of table 1. The separation of the curves at low radii is due to
including back-IR heating. No limb brightening effect at 12 um is obtained until
high Ay are reached. Fig 2 shows the incident spectrum at various positions
inside the Ay=100 mag cloud. The initial ISRF is ptogressively attenuated when
penetrating into the cloud. The hatched area represents the effect of including
back-IR heating.

Real cases of clouds with observed colors variations have also been
emphasized. We find that IRAS colors variations with position in the cloud are
not likely to be due to transfer effects but to abundance variations of the various
dust species. For instance, G299-16, an high 12/100 cloud of the Chameleon
complex, shows a decrease of 12 and 25 um at the center which can only be

explained by a strong decrease of PAHs abundance at ng > 400-500 H/cm3 in

the cloud.
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Very Small Grains in the Milky Way and External Galaxies

L. Luan (UC Berkeley), M.W. Werner (NASA /Ames), C. Heiles (UC Berkeley), K. Sellgren
(U. of Hawaii)

I. Introduction

Excess emission at near- to mid-infrared wavelengths, over that expected from dust
grains which are heated in equilibrium with the radiation field, has been observed from as-
tronomical objects ranging from diffuse interstellar clouds to external galaxies. This excess
emission has been attributed to a population very small grains (VSGs) which produce the
emission in a non-equilibrium process. Theoretical, observational and laboratory studies
have suggested that the VSGs may include both Polycyclic Aromatic Hydrocarbon (PAH)
molecules (Léger and Puget 1984, Allamandola, Tielens and Barker 1985) and thermally
fluctuating small dust grains (Draine and Anderson 1985). Because of the superb sensi-
tivity of the Infrared Astronomical Satellite (IRAS) and its large data sample, IRAS data
are very useful for studying this aspect of dust emission.

For many objects of interests, the IRAS 12ym band emission (from 7.5 ym to 15.5um)
arises primarily from the VSG component. The ratio R = vF,(12)/F(farIR) is indicative
of the ratio of the emission from VSGs to the total far-infrared emission, where F(farIR)
is obtained from the IRAS 60 and 100um fluxes. The ratio F,(60)/F,(100) is taken as a
measure of the temperature of larger dust grains which are heated in equilibrium with the
radiation field; this ratio is thus indicative of the energy density of the heating radiation.
II. Data Sample and Results

We have measured the IRAS fluxes of 28 visibly bright reflection nebulae illuminated
by B stars, by carrying out surface photometry on the co-added IRAS flux density maps.
We compare these data with previously published IRAS measurements of high latitude HI
clouds heated by the general interstellar radiation field (Heiles, Reach and Koo 1988), and
of compact HII regions illuminated by O stars (Antonopoulou and Pottasch 1987). We
also discuss in this paper the implication of comparison of infrared colors of these galactic
objects with those of external galaxies.

Figure 1 presents a “color-color” diagram, vF,(12)/F(farIR) vs F,(60)/F,(100), for
several classes of objects, while the mean colors are listed in Table 1. These data show that
< R >=0.31 for reflection nebulae and < R >= 0.38 for High Latitude (HL) HI clouds,
while < R >= 0.044 for compact HII regions. The separation between the compact HII
regions and the more diffusely heated clouds in Figure 1 is quite striking and apparently
independent of the starlight energy density as measured by the 60/100 pm grain tempera-
ture. The fact that R in HII regions is about 8 times smaller than in reflection nebulae and
HI clouds may be explained in terms of the destruction of VSG’s in HII regions or in the
immediately adjacent neutral material. This has previously been suggested by Boulanger
et al. (1988) and Ryter et al. (1987) from the studies of the spatial distribution of in-
frared radiation from extended HII regions. They have shown that the ratio R decreases
significantly towards the central ionizing star, where the UV energy density of the stellar
radiation field is very high. In the PAH model, this can be interpreted as the breaking of
C=H bonds and the suppression of the associated vibrational modes (Allamandola 1988),
while in the model of small grains undergoing temperature fluctuations, it implies that
smaller grains are preferentially destroyed by hard UV photons or by electron and/or ion
impact. A possible alternative explanation of the low value of R for HII regions is that it
is due to a high optical depth at ~ 10um of the enveloping dust cloud through which the
compact HII regions might be viewed in many cases.
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Since both HII regions and more diffusely heated material presumably contribute to
the infrared radiation from galaxies, we expect the value of R for an entire galaxy Way
to lie between those for compact HII regions and for the reflection nebulae and HI clouds.
Figure 1 shows that R for a sample of non-interacting spiral galaxies is fairly constant and
lies in the expected range. This suggests that: 1) The 12um band emission seen from these
galaxies is predominantly from the VSG population; 2) since R is also proportional to the
mass ratio b = Mass(VSG)/Mass(dust), b is approximately uniform in this population of
normal spiral galaxies. From the above arguments, we further estimate that R ~ 0.14 for
the Milky Way.

We have also extended our investigations into interacting galaxies. The high
L(IR)/L(B) (> 35) galaxies studied by Bushouse, Lamb and Werner (1988) have < R >=
0.089. These group of galaxies are merger-type objects, contact pairs or very closely inter-
acting pairs. They have nuclear region optical spectra indicative of high levels of current
star-formation activity, with very hot stars being the dominant ionization source. Thus it
is not surprising that they have values of R comparable to those seen in the warmer HII
regions.

H~I-~Sum«mary
- Tn summary, eur studies of the infrared colors of reflection nebulae, HL HI clouds
HII regions and external galaxies have shown the followmg

1. Different classes of objects locate in different regions on the R vs F’ (60) / ﬁ (100)
diagram. This is determined both by differences in dust properties and by differences in
the illuminating radiation field. For example, HL clouds and reflection nebulae almost have

the same behavior since both are in the diffuse ISM and can be expected to have similar-*

grain populations; the small difference in their infrared colors can be explained by the
difference of the illuminating radiation field. On the other hand, the dramatic difference of
R = vF) (12) /F% (farIR) between HII reglon and diffuse ISM may be due to the destruction
of the ¥8G component in the HII reglons although radiation transfer effects may play a
part as well. i
o 9. The ratio R = vF, (12)/F (farIR) is approximately constant in normal spiral

" galaxies. This implies that the mass ratio b = Mass(VSG)/Mass(dust) is does not vary
" greatly from one galaxy to another.

Furtheir iniplications of these results-and-an-extension to inchide the 25mum-IRAS

data- in ‘the-comparisons will be-presented-in-a-more-complete paper currently in prepara-
t}t‘)ﬁ’
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LOG vF, (12um)/F(FIR)

TABLE 1

MEAN PROPERTIES OF SAMPLES

Sample LF—‘F:((%'{)EZ +o F‘% +o Taust?®
Reflection Nebulae....... 0.30 £0.27 0.44 +0.16 33
HL HI Cloudst............. 0.38 +0.21 0.23 £.057 27
HII Regions®................ 044 +.024 0.58 £0.15 37
Normal Spiral Galaxies? 0.14 +.057 0.45 £0.11 34
High Lig /Lp Galaxies®. .089 +.035 0.72 £0.14 41

Note: - ¢ Dust temperature computed from the 60/100 pm flux ratio assuming
emissivity proportional to frequency. ® From Heiles, Reach and Koo (1988). ©
From Antonopoulou and Pottasch (1987).

(1988).

¢ From Bushouse, Lamb and Werner
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A MODEL FOR THE INFRARED EMISSION FROM
AN OB STAR CLUSTER ENVIRONMENT

D. Leisawitz
NASA/Goddard Space Flight Center
2 Laboratory for Astronomy and Solar Physics

WE~ ‘developed an interactive rad1at1ve transfer code that
predicts the infrared emission from an H II region containing diffuse

__ionized and atomic gas and dense molecular clouds. This model complements
“+¥ our investigation of the redistribution of OB star luminosity in the

interstellar medium (Leisawitz and Hauser 1988, Ap. J., 332, 954). The
model can be used as a diagnostic tool to probe the radiation field and
matter density in an H II region, place constraints on the proximity and
orientation of an illuminated molecular cloud with respect to the ionizing
stars, test for the presence of small, transiently heated dust grains, and
determine whether the dust-to-gas ratio is normal.

Predictions of the model agree qualitatively and quantitatively with
observations of blister-type H II regions ionized by well-studied OB
clusters in which the distribution of dense neutral material is known.
This is illustrated by a model for. RAS observat1ons of the reg1on around
NGC 7380 (S142). . . «

“We plan to use the model in our. survey of regions of mass1ve star
format1on in the outer Galaxy to study OB~stars:embedde§3to various
degrees in their parental molecular clouds.™- . ™

}

" On this poster, the model ig illustrated in a series of figures.

Here we model the environment of§a 1.7 x 106 Lg cluster with 46% of the
starlight radiated shortwaeg of‘the Lyman limit. The ionizing (Lyc)
photon production rate is 8.3 1049 s-1. These stellar parameters are
based on spectrophotometric ébseﬁyat1ons of NGC 1893 (see Mermilliod 1976,
Astr. Ap. Suppl., 24, 159)y a cluster.rich in early spectral type stars.
The interstellar rad1at1on>f1e]d (ISRF) ‘energy density is assumed to be
the same as that in the solar neighborhood (0.44 eV cm-3).
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[] REGION 1
B REGION 2
7% REGION 3
] REGION 4
REGION 5

| —{100 pc

Figure 1: Elements of a typical model

The model has two components: a dense molecular cloud and a diffuse
intercloud medium (ICM). Region 1 contains the ICM. Ionized gas is
present in the ICM (n = 1 cm~3; Strdmgren sphere radius, Rs = 130 pc) and
in a 4.8 pc thin layer (Region 2) on the illuminated surface of the nearby
molecular cloud (n = 30 cm™3). Non-ionizing radiation from the central
cluster penetrates the cloud to a greater depth (Region 3) and the entire
cloud is heated externally by the ISRF. The molecular cloud surface is
6 pc from the cluster and the thickness of the cloud is 30 pc. Because of
direct absorption of some of the Lyc radiation by dust, the ICM is ionized
to a radius ry 11 = 104 pc, somewhat smaller than Rg. The cloud is opaque
at UV and visible wavelengths, so it casts a shadow in the ICM (Region 4)
and its interior (Region 5) is relatively cold. Two radiative transfer
calculations are done. The first is along a line from the cluster through
Region 1; the second calculation starts at the cluster and follows a line
through Regions 1, 2, 3, 5, and 4.
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IRAS OBSERVATIONS of the ISM invthe ~ CAS
REFLECTION NEBULA

Richard H. Buss Jr. Michael W. Werner

NASA Ames Research Center, Moffett Field, CA

1 Introduction

&

" Mid-infrared emission from other galaxies originates both froﬁl interstellar grains heated

by diffuse starlight and local excitation of grains by hot OB stars. Thus, a detailed
examination of the IRAS data from a B star lntera.ctmg ‘with the interstellar medlum
(ISM) could provide 1n81ght into infrared (IR) emission pl:bcesses in external galaxies. We
have therefore used IRAS data. to study the BO IVe star 4 Cas and its surroundings, which ~

_we find to exhibit evidence o£ grain heating, destruction, and pos31ble star formation.

)H‘%. /' !

2 Backgro{und

~ Cas lies at a (%‘wa.lactic b = —2° and is associated with the visual reflection/emission
nebulae, IC 59 and IC 63 (Witt et al. 1989), and an H II region (S185) 120’ in extent. y
Cas lies (d=200 pc) at the edge of the local interstellar cavity, with little intervening dense
molecular or atonﬁc material (Paresce 1984; Jenkins, Savage, and Spitzer 1986). Recently,
Witt et al. have dei;ected H, emission in the ultraviolet and “extended red emission [ERE]”
at 8000 A from IC 63 but not from IC 59. They attribute both phenomena to ISM
fluorescence exc1ted by v Cas.

Like other stars of its spectral type, v Cas is known to have a strong stellar wind
(Grady, Bjorkman, a.nd Snow 1987). Moreover, 4 Cas has a neutron star companion (Fron-
tera et al. 1987), 1mphymg that a supernova occurred less than 10° years ago. Adopting a
luminosity of 8 x 10%L, for v Cas, the effective energy density of its radiation will equal
that of the interstellar radiation field (8 x 1072 ergs cm™3) at a distance of 11 pc from
the star, corresponding to 3 degrees at 200 pc. Thus, v Cas should be the dominant heat
source over the 2.25° x2.25° IRAS image that we have studied.

3 IRAS Data

We have examined 2.25 X 2.25 square degree co-adds centered near 4 Cas in all 4 IRAS
wavelength bands (e. g. Figures 1, 2). The principal features of the data are: 1) A promi-
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nent 12 and 25 um point source at the position of v Cas; 2) Extended emission which
shows positional associations with 4 Cas, IC 59, and IC 63, yet which is very bright else-
where in the field; 3) A second point source, which lies halfway between IC 59 and IC 63,
and which is extremely bright, increasing in intensity from 12 to 100 pm.

The IRAS energy distribution and LRS spectrum of 4 Cas (cf. Schaeffer 1986; Coe
1986) resemble those of other Be stars and appear to be due to the combination of black-
body emission from the stellar photosphere and free-free emission from the circumstellar
wind. :
The extended IR emission associated with IC 59 and IC 63 shows a color temperature
T(60pum/100pm) decreasing with increasing distance from « Cas, as would be expected
if it is primarily responsible for heating the radiating dust in these clouds. The energy
distributions of the two nebulae, however, show slight differences that could be associated
with the differing amounts of fluorescent emission found by Witt et al. Both show strong
emission at 12 ym due to nonequilibrium radiation from tiny grains, yet the large grains ra-
diating at longer wavelengths have T(60um/100um) = 55 K for IC 63 vs. T(60um/100um)
= 45 K for IC 59. In the visible (Witt et al.) and the IR (Figs. 1 and 2), the two nebulae
show sharp edges on the sides facing v Cas; on other sides, the emission is diffuse (Figs.
1 and 2). This morphology suggests the nebulae are shaped by radiation pressure from
4 Cas. At 60 um (Figure 2), a bright emission region extends 10' from v Cas toward IC
59 and IC 63. Because T(60pm/100pm) = 60 K in this extension indicates that 4 Cas
is heating the large, nearby interstellar grains, the weakness of IRAS 12 um (Figure 1)
emission from this region adjacent to y Cas suggests that small grains have been destroyed
in — or swept out of — a 10-15' (0.6 pc) radius region around « Cas.

An extremely bright source (Fgp = 108 Jy), cataloged as IRAS 005566048, appears
between IC 59 and IC 63. IRAS 0055646048 is not associated with any known PN, H II
region, strong radio source, or near-IR bright star. Its IR colors [and possibly most of
its spectrum (cf. Volk and Cohen 1989)] resemble those of a “red-reflection nebula” or
a Herbig-Haro central star (Walker et al. 1989). The IRAS LRS (Olnon and Raimond;
Beichman 1987) database spectrum for this object shows IR emission lines at 7.7, 8.6, and
11.3 pm attributed to macromolecules, as well as a Ne II 12.8 um line on a red continuum.
The spectrum resembles those of diffuse nebulae with spectra unlike those of H II regions or
planetary nebulae (class 21:703; Cheeseman et al. 1989). The Palomar Sky Survey R and
B prints (cf. Witt et al. 1988) show faint nebulosity within 2’ of the JRAS position. The
nebula appears roughly elliptical on the red plate, the semimajor axis oriented east-west.
We are currently investigating the nature of this object and its association (if any) with IC
59, IC 63, and « Cas. Perhaps it is a compact, dust-embedded protostar or young stellar
object induced to collapse by either the putative supernova or by the radiation pressure
from Gamma Cas. In this case, ionization and excitation by v Cas of the remnant outer
fringes of the collapsing cloud might have produced the visible and ionized nebula.
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’ Peering Beyond IRAS

The 100 350 pm Dust Emlssmn from Galax1es

HARLEY A. THRONSON, JR;,! DEIDRE A. HUNTER,?
SEAN CASEY,® GREG ENGARGIOLA,®> AND D. A. HARPER2

I. JUSTIFICATION ANlj RATIONALIZATION

Several arguments can be made to study ?he continuum emission from dust in galaxies

" at wavelengths between the cutoff of the JRAS survey (about 100 ,um) and the shortest

wavelength that is commonly accessible from the ground (about 350 pm). Some theoretical

work (see the summary by Cox and Mezger 1989) indicates that there are very cool (Fy

<-25~K9) components to the dust emission that emit primarily at wavelengths between
100 pm and 250 pm. In fact, a significant fraction of the total luminosity, representing a
large fraction of the dust mass in some types of galaxies, is emitted at long far-infrared

wavelengths. In such cases, the cool dust must play a major role in regulation of the energy .

balance of the ISM and in shleldmg the cores of neutral clouds ‘ i

i THE OBSERVATIONS | [

o4 For four years we have been mapping the continuum dust emlssion flom dlsk ga,lames
using the Yerkes Observatory 32-element far-infrared photometric array system onboard
NASA’s Kuiper Airborne Observatory (KAO). This array has a beam size of 45" and a
set of filters that isolates the emission in bands from about 60 to 250 um.

Our program has concentrated on irregular galaxies, especially Magellanic Irregulars,
and lenticulars (S0), galaxies that until very recently had been widely believed to be
devoid of a significant cool interstellar medium. We are particularly interested in both
types of galaxies as they are often found to be forming stars in an environment devoid of
spiral structure. The S0s were also observed because these galaxies are the only abundant
morphological class that has shown all major components of the ISM.

Our conclusions discussed in this summary are based on the data summarized in
Table 1, as well as the 160 pm/100 pm vs. 100 pm/60 pm color-color plot in Figure 1.
We have not included our results for irregular galaxies in the table as H, masses derived
from millimeter-wave CO observations are unreliable for these metal-poor systems.

III. THE SOURCE OF THE CoOL DusT EMISSION

Based on the data available at present, a straightforward explanation for the source of
the continuum emission from galaxies in the 100 - 350 ym range is dust mixed within both
the diffuse atomic gas (“cirrus”?), as well as within the surface layers of molecular clouds.
Dust in both locations will be heated by photons from the same sources: diffuse interstellar

'Wyoming Infrared Observatory, University of Wyoming
2Lowell Observatory
3Yerkes Observatory, University of Chicago

116

e



radiation, augmented by light from massive stars if active star formation is widespread in
the galaxy. This dust is distinct from that immediately associated with regions of active
star formation or buried deep within molecular clouds. Howeéver, because it is part of a
widely-distributed component of the cool ISM, these grains will intercept an important
_fraction of the galaxian radiation field and may interact strongly with X-ray-emitting,
high-energy gas in the early-type galaxies in our sample.

Our conclusion on the location of the dust is based primarily on the very good cor-
relation between the total 160 ym “luminosity” (Ligo = 47D?vF),) and the total derived
HI mass for the galaxies presented in Table 1. In particular, we find M(HI) = 0.34Lyg0 +
6.5, with a correlation coefficient of 0.86 for M(HI) and Ligo in units of 108 Mg and 10°
L, respectively. We also derive an average M(HI)/My = 750. Our sample showed a much
poorer correlation between both Lige vs. M(Hj), with the molecular mass derived from
CO observations, and between Lysp and M(HI) + M(H,).

In contrast, for some of the same galaxies, Maloney (1987) argued that the 160 um
flux was arising from molecular material, based on a good point-to-point correspondence
between the Hy column density derived from J = 1 — 0 CO observations and the long-
wavelength dust emission. If, as we suggest, the cool dust is mixed with both the HI gas
and the outer part of the molecular clouds, a correlation will be found between the 160
pm emission and whichever cool gaseous component (HI or Hy) dominates. For many disk
systems, M(H,) > M(HI) over much of the inner radius of a galaxy, R, and a correlation
will be found between the CO emission and the emission from the cool dust in surface
layers of molecular clouds. However, since the gas mass increases in proportion to R?,
for the entire galaxy, M(HI) ~ M(H,) (Table 1). Correlations between global parameters,
such as that which we report, will then show a strong relation between the sub-millimeter
emission and the HI mass.

IV. COMPONENTS OF THE SUB-MILLIMETER DUST EMISSION

We suggest that emission from a minimum of two dust components is necessary to
explain Figure 1 and the global spectra of galaxies between about 50 and 350 ym. Most of
the emission longward of about 100 gm commonly arises from the cool dust that we describe
above, while the emission over the range 50 - 100 pm includes a contribution from hotter
grains, perhaps more intimately associated with HII regions. However, our color-color
diagram indicates that as the average interstellar radiation field becomes more intense,
as in a “starburst” system such as NGC 1569, the cooler dust component becomes more
luminous and begins to also dominate the emission at shorter (50 - 100 um) wavelengths. In
our view, dust temperatures, T4, derived at wavelengths longward of ~ 100 um, including,
perhaps, from the 160 pm/100 pum ratio, are plausible estimates of a true dust temperature,
as are estimates using wavelengths shorter than about 50 pm (see also Stark et al. 1989;
Eales, Wynn-Williams, and Duncan 1989). However, T, derived from emission in the ~
50 - 100 um range are specious and are instead sensitive to the relative emission from
multiple components of the dusty ISM.

This work was supported by NASA Grant NAG 2-134.
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GAs MASSES AND 160 uM “LUMINOSITY” FROM GALAXIES

Object Type  Dist M(HI) M(H;) Mg Liso Refs
Mpc  10° Mg 108 Mg 10° M 10° Lg

M51 Sbe(s) 9.6 50 90 18 200 1,2,3
NGC 3593 S0/a 124 7 15 2.3 3.5 4,5,6
NGC 4254  Sc(s) 20 90 110 6.0 180 7,8, 9
NGC 4321 Sc(s) 20 65 190 3.2 110 7,8,9
NGC 4501 Sbe(s) 20 30 180 6.1 140 7,8,9
NGC 4654 SBc(rs) 20 5 50 5.1 90 7,8,9
NGC 4710 S0,(9) 20 0.28 8.8 0.5 25 10, 11
NGC 5866  S05(8) 11 <25 30 0.4 1 10, 11
NGC 6946  Sc(s) 10.1 110 120 44 300 12, 13

The 160 pm “luminosity” is defined as Ligp = 47D?vF,, with 1 Lg = 3.85 x 10%3

ergs s~!. We remind the casual reader who chances upon this note that there are wide,

unexplained variations in the definitions of both “luminosity” and Lg in the literature.

References: (1) Weliachew and Gottesman 1973, (2) Young and Scoville 1983, (3)
Smith 1982, (4) Hunter, Gallagher, and Rautenkranz 1982, (5) Thronson et al. 1989b, (6)
Hunter et al. 1989, (7) Huchtmeier et al. 1983, (8) Stark ef al. 1986, (9) Stark ct al. 1989,
(10) Kenney and Young 1988, (11) Thronson et al. 1990b, (12) Tacconi and Young 1986,
(13) Smith, Harper, and Loewenstein 1984.
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FAR-INFRARED EMISSION FROM DUSTY ELLIPTICALS

DU.NCAN WALSH AND JiLL. KNAPP

Princeton University. Observatory

The incidence of dust lanes in elliptical galaxies has been estimated at l40%
1nc11na,t10n effects. A similar percentage of ellipticals has been detected b IRAS
at 100 ,u:m (Knapp et al. 1989); these ha.ve far—mfrared colors expected for emission
from cool dust (S6o ym/S100 pm ~ 1 /3); S ke 8 et o S f“*« o p e

Table 1 shdws the fractions of e111pt1cals“detected at 100 um as a function of
reported dust. The references are: EDD = Ebneter, Djorgovski and Davis (1987);
SG = Sadler and Gerha,rd (1985); Sp = Sparks et al. (1985); VC = Veron Cetty
and Veron (1987); L = Lauer (1985); and EB = Ebneter and Balick (