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ABSTRACT 

In this thesis we use multi-transitional millimeter/submi1limeter-wave molec

ular spectroscopy of CO and CS to determine the state of the molecular gas in 

the central regions of three starbursts: M82, IC342, and M83. High angular res

olution 60 and 100 p.m IRAS images provide complementary information about 

the thermal dust emission in IC342 and M83. 

Our CO observations reveal the presence of a molecular ring and supernovae 

driven wind in M82. In IC342 and M83 there is evidence for molecular bars and 

central rotating cores. The CO and CS line ratio analyses suggest a multicom

ponent medium with clouds externally heated by ultraviolet flux from young, 

massive stars. Excitation temperatures typically range from 20 to 40 K through

out the nuclear regions of the sample galaxies. In M82 the CO and CS optical 

depths are fV 1. Our analysis of 12CO indicates that this gas is optically thick 

toward the centers of IC342 and M83 . The molecular gas mass in each galaxy 

is fV 5x107 M0 • We derive an average cloud size between 0.1 and 1 pc in the 

nuclear region of M82 and M83. An average cloud size of 10 pc is found over a 

comparable region in IC342. From tidal arguments we find that the clouds must 

have densities greater than 100 to 1000 cm-3 to survive. If the clouds are virial

ized, then the expected individual cloud linewidths are 9, 40, 5 and 27 km/ s for 

M82, IC342, M83 and the Milky Way, respectively. For the clouds to be pressure

bound, inter-cloud pressures> lOx the peak value in the Galactic Center are 

required. If the magnetic fields are frozen into the gas, an average field strength 

of 8.5 mG is needed to support the nuclear clouds in each galaxy from collapse. 
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Enhanced IRAS images reveal bright, compact nuclear components in IC342 and 

M83. HII regions are seen along spiral arms in IC342 and a dusty bar is seen in 

M83. The similarity between radio continuum maps and the high resolution IRAS 

maps suggest that infrared emission arises from HII regions. Using an emissivity 

law of f3 '" 1.5, the derived dust temperatures in the nucleii of IC342 and M83 

are essentially the same as the gas excitation temperatures. For this to occur, 

gas densities of > 104 cm-3 are implied. We derive a star-formation efficiency, e, 

of 77, 60, 10, and 2% for M82, M83, IC342, and the Milky Way, respectively. We 

find evidence that the gas surface density toward the centers of these galaxies is 

ex e. We estimate star-formation rates of 16, 6, 2.5, and 0.6 M0/yr for M82, M83, 

IC342 and the Milky Way. The gas depletion timescales are a few million years 

for M82 and M83 and a few times 107 and 108 years in IC342 and the Milky Way. 

We find a strong correlation between cloud diameter and star-formation efficiency, 

with smaller clouds found in galaxies with higher e. We conclude these smaller 

clouds are a by-product and not a causal factor of the starburst phenomenon. 
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CHAPTER 1 

INTRODUCTION 

A starburst is a galaxy which is undergoing an active episode of star

formation that dominates the total luminosity of its nucleus. The star-formation 

rates and efficiencies in the nucleii of these galaxies imply that starbursts are short

lived phenomena. The first strides in identifying and understanding starbursts were 

made by Larson and Tinsley (1978) on the basis of visible colors and the evolution 

of stellar populations. (See also Huchra (1977).) Initial insights toward understand

ing starbursts in the near infrared were made by Rieke et al. (1980). Using 2 pm 

spectroscopy, Rieke, Lebofsky, and Walker (1988) have developed a starbul'st evolu

tionary sequence composed of six phases. In the first phase the formation of massive 

stars in the nucleus begins. During the second phase supernovre explosions begin, 

sending blast waves through the nucleus. In the third phase the supernova gener

ated wind breaks out of the nucleus and heavily shocks the molecular gas. Next, the 

shock waves and cloud collisions trigger star-formation in the circumnuclear region. 

Infalling gas replenishes the nucleus with raw material (Phase 4). During phase 5 

rapid star-formation has stopped, but a large number of intermediate mass stars 

remain. Once the necessary raw materials are spent, the galaxy enters phase 6, 

where there is little trace of nuclear star-formation. 

Over the last decade molecular spectroscopy at millimeter and, more re

cently, submillimeter wavelengths has been used to study the interstellar medium 

(ISM) in galaxies. In this thesis we will use millimeter / submillimeter molecular 

spectroscopy of CO and CS to determine the state of the molecular gas in the 
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central regions of three galaxies believed to be at some point in the starburst evo

lutionary sequence; M82, IC342, and M83. High resolution IRAS images are used 

to provide complementary inform'ation about the associated dust. 

To characterize the starburst in each galaxy, we have used rotational tran

sitions of CO and CS to probe the gas morphology, temperature, velocity field, 

column density, and mass. In Chapter 2 we discuss the techniques used to derive 

these quantities and illustrate their use. In Chapters 3, 4, and 5 we apply these 

techniques to each of the three galaxies. In doing so we draw on the database of CO 

and CS observations available for each galaxy. Close attention is paid to the dif

ferences in calibration, pointing, and spatial resolution among the various datasets. 

In Chapter 6 we use high resolution 60 and 100 J.l.m IRAS images to determine the 

distribution and temperature of the dust in IC342 and M83. A comparison is made 

between gas and dust morphologies and temperatures. In each chapter we use the 

results of the analysis to formulate a physical picture of the star-forming regions 

in each galaxy. In Chapter 7 we summarize the results found in chapters 3, 4, 5, 

and 6 and compare the molecular cloud properties in the central region of these 

galaxies with those found in the central 1 kpc of the Milky Way. We discuss the 

cloud stability in the central regions of the 3 starbursts, the resulting star-formation 

efficiencies and gas depletion times, and the relationship of star-formation efficiency 

to cloud diameter. Relevant future projects are also discussed. 
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CHAPTER 2 

METHODS OF ANALYSIS 

2.1. INTRODUCTION 

In this chapter we demonstrate the methods used in this thesis to go from 

observed antenna temperature to the parameters Tez (the excitation temperature), 

NH2 (the column density of molecular gas), nH2 (the volume density of molecular 

gas), fa (beam filling factor) and r (optical depth of the gas). 

The first step in the process is to convert antenna temperatures into source 

brightness temperatures. This is a formidable task, since all the imperfections of the 

telescope, the effects of the atmosphere, and even the source structure itself must be 

taken into account for a "true" source brightness temperature to be derived. The 

problem is compounded by the fact that one often must compare observations taken 

at different times, beam sizes, and/or telescopes. Once this calibration process has 

been completed, then one can begin to determine source properties. 

There are several assumptions that can be made to aid us in calculating 

source parameters from molecular line data. The most common assumption is that 

the gas is in local thermodynamic equilibrium (LTE), with the number density of 

molecules in any particular energy level being only a function of temperature. 

There are several other approaches that can be used, each of which involve 

a different assumption. One of these is to assume the presence of a large velocity 

gradient (LVG) in the gas cloud. The presence of such a gradient has the effect of 

Doppler-shifting the emission of a molecule relative to that of molecules elsewhere 
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in the cloud. When the mean-free-path of a line photon exceeds the local velocity 

dispersion divided by the velocity gradient, it can travel through the cloud with

out being absorbed elsewhere. Alternatively, one could assume the velocity field is 

microturbulent. In microturbulent radiative transfer models the cloud, in general, 

does not have a large scale systematic velocity field. Instead the velocity structure 

is due to thermal motions and small-scale random motions (White 1977). Unlike 

the LVG case, neighboring cloud components are radiatively coupled. The degree 

to which they are coupled depends upon the magnitude of the random motions 

and the amount of resonance scattering. Finally, a photon mean escape probability 

formalism can be used to simplify radiative transfer calculations. In this approach 

level populations and the internal intensity are calculated for an "average" location 

in a uniform, spherical cloud. The photon escape probability from this position is 

determined by the optical depth. The coupled rate equations are solved iteratively 

until the level populations converge (Black and Aalto (1991), private communica

tions). These latter three techniques often yield similar results when applied to 

galactic molecular clouds (White 1977). 

In this chapter we will discuss the problems associated with telescope cali

bration and how to determine the physical conditions in galaxies, using both LTE 

and non-LTE techniques. 

2.2. TELESCOPE CALIBRATION 

2.2.1. Definitions 

In LTE the source function is simply the Planck function, Bv , where 

2h 3 [ (h) ]-1 Bv(T) = c~ exp k; - 1 . (2.1) 
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In radio astronomy, the observed intensity is often expressed in terms of an effective 

source radiation temperature J,,(T). 

J (T) = c2 
B,,(T) 

" 2v2 k 

hv/k 
= (eh,,/kT -1) . (2.2) 

Traditionally, most radio telescopes operate where the Rayleigh-Jeans ap

proximation is good (hv / k «T). The observed intensities are often quoted as 

Rayleigh-Jeans temperatures. However, this practice has now carried over into sub

millimeter wavelengths where the approximation often does not hold (e.g. for low 

temperatures). For T = 20 K the associated error is less than 10% at wavelengths 

greater than 3.5 mm and is greater than 25% for wavelengths less than 1.3mm. 

The intensity of a millimeter-wave emission line is given by: 

J,,(TB) = (J,,(Tex) - J,,(Tbg»(l - exp( -r» . (2.3) 

where 

TB = source brightness temperature, 

Tex = excitation temperature, 

Tbg = all background temperatures including the cosmic background, 

r = optical depth. 

In most cases, the 2.735 K blackbody is the sole background contribution to Tbg. In 

some galaxies, notably Cen A, there is additional continuum toward the nucleus at 
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1-3 mm, and it is likely that in all luminous galaxies the thermal dust contribution 

to the continuum raises T"g above 2.7 K at submillimeter wavelengths. 

As defined by Kutner and Ulich (1981), J,,(TB) is often referred to as the 

effective source radiation temperature, TR. TR is the temperature that would be 

measured if the radio telescope were above the atmosphere, perfect, and had an 

infinitesimal beam. Unfortunately, none of these conditions are met. Let us define 

a temperature Til which is corrected for everything except the coupling of the 

telescope's beam to the source, which is specified by a coupling efficiency TJc (Kutner 

and Ulich 1981). 

Intensities in terms of Til are as close as one can get to the "true" source 

intensity without particular knowledge of the source structure. If the source is large 

with respect to the telescope main and error beams, then the telescope beam couples 

completely, so that TJc = 1 and Til '" TR. But how does one go from an observed 

voltage to Tn? The most popular method of calibration is the "chopper-wheel" 

technique. 

This technique was first discussed for use in millimeter astronomy by Pen

zias and Burrus (1973). It involves comparing the receiver output voltage obtained 

when looking at sky to the output voltage obtained when an ambient temperature 

absorber is switched into the beam at a point between the receiver and the sec

ondary mirror. If this technique is used properly it can produce a modified antenna 

temperature, traditionally referred to as TA, corrected for atmospheric effects and 

telescope losses due to ambient temperature effects, including blockage and rear 
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spillover. Particularly when a Cassegrain-mounted receiver is used, there are addi

tionallosses due to forward spillover and scattering. These losses are not inherently 

taken into account by the chopper-wheel calibration technique. These losses are also 

present to a lesser extent in prime focus receivers. When a Cassegrain-mounted re

ceiver illuminates the secondary, part of its beam falls onto the "cold" sky. In prime 

focus receivers, for which the T,A temperature scale was originally intended (Ulich 

and Haas 1976), the forward spillover and scattering arises from reflections off of the 

telescope feed legs. In order to take these losses into account, a new temperature 

scale is defined where Tn. = TAfTJfBl1' Different observatories have implemented 

slightly different variations of these basic definitions. Depending on the calibration 

constant value adopted for the chopper wheel temperature, the resulting tempera

ture scale for the on-line data can be in either Tn. or TA units. We account for these 

differences in our subsequent analysis. 

Once the Tn. temperature scale is set, an estimate of TJc is needed to trans

form the observed intensities into TR's. To determine an accurate value of TJc requires 

both a knowledge of the source structure and a thorough understanding of the an

tenna power pattern. The measurements needed to characterize the antenna power 

pattern to the necessary level of accuracy are difficult to make. The results are not 

readily available for many telescopes. The source structure is not usually known 

to a sufficient accuracy. In practice, general purpose values of TJc for particular size 

scales can be estimated for a telescope by observing the moon and planets (Phillips 

1989). 

An TJc approximation for sources that are many times larger than the tele

scope main beam is obtained by comparing the full moon temperature to the mea

sured value of Tn., i.e., TJc(Moon) = Tn.fTR(Moon) (Kutner et al. 1984). (In this 
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case, the forward sidelobes and forward spillover are also on the moon.) 

An estimate of the 'TIc appropriate for sources which are small relative to 

the telescope's error pattern can be made from the TR of a planet whose apparent 

size is comparable to that of the beam. In this instance, 'TIc is referred to by NRAO 

as the corrected main beam efficiency, 'TI~. IT the planet has a uniform temperature 

TR(planet) and the telescope has a gaussian main beam, 'TI~ can be found from the 

expression (P. Jewell, private communication) 

* TR(planet) [ (_D2 )]-1 
'TIm = TR(planet) 1 - exp ~ In 2 , (2.4) 

where D is the diameter of the planet and () is the telescope's half-power beamwidth. 

'TI~ is the fraction of forward power in the main diffraction beam relative to the total 

forward power (e.g. the main beam plus the error beam). For sources much smaller 

than the beam, the use of Equation 2.4 will lead to underestimates of the true 

brightness temperature. (This is because the filling factor of the source in the 

telescope's beam is less than one. A detailed knowledge of the source structure is 

needed to calculate the beam filling factor shown as the expression in bracketts in 

Equation 2.4.) 

In general, the molecular emission in our sample galaxies is confined to a 

small central region, which is at most a few times larger than the telescope beam 

size that was used to measure it. Therefore, in this work we are interested in the 

regime where 'TIc = .,,~. We will then quote the molecular line intensity in terms of 

a main beam brightness temperature (Tmb) by either dividing a TR by an .,,~ or a 

TA by an 'TI~ X'TI/88. 

To reiterate briefly, we use the TR temperature scale at the NRAO 12 m 
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telescope. To convert these temperatures to a T mb scale, we simply divide by the 

corrected beam efficiency, 71:a. 

At the IRAM 30 m telescope temperatures are quoted in terms of TA and 

T mil' They adopt a different definition of 711 u than that used by NRAO and defined 

by Kutner and Ulich (1981). In the 30 m telescope definition, "71/u" is source size 

dependent (Downes 1989), contrary to the definition of Kutner and Ulich. 

71
IRAM _ nNRAOn* 
188 - "'llI8 "'m • 

One can go from an IRAM TA scale to a T mb scale by dividing by 71J:"AM, which 

they call Beff / Feff. 

The Five College Radio Observatory (FCRAO) typically uses a TA tem

perature scale and define 71188 in the same way as NRAO. In their most recent 

calibration report (Kenney and Taylor 1988), they define a main beam brightness 

temperature Tmb = TA/71~CRAO, where 71~CRAO = 71c71lss, The FCRAO 71c param

eter is the same as the NRAO parameter 71:',.. 

At the Nobeyama 45 m a TA scale is employed. They define their efficiency 

parameters, including 71188, in a way similar to that of Kutner and Ulich (1981). 

They typically measure 71:',.71/88 on planets as described above and refer to it as 

"71mb". Tmb is then equal to T;J"71mb". 

The Caltech Submillimeter Observatory (CSO) also uses the TA tempera

ture scale. Although efficiency parameters are not referred to by the Kutner and 

Ulich designations, they are essentially the same. Their "f3"'/" (= 71/8871:',.) is mea

sured on a planet as discussed above. To convert to a T mb scale one divides the TA 

values by this quantity. 



TABLE 2.1. 
Equivalent Expressions for Corrected 71mb 

NRAoa 

.,.,*.,.,NRAO 
"Im"l/lJII 

!!ill. 
Fell 

CSOc NROd FCRAoe 

a) National Radio Astronomy Observatory 12m telescope 

b) Institut de Radio Astronomie Millimetrique 30m telescope 

Belf = 71:n717s~A071t and Felf = 71tj 

c) Caltech ~ubmillimeter Observatory 45m telescope 

f.l = .,.,N RAO and 'V = .,.,* • 
fJ "I/SS f '1m' 

d) Nobeyama Radio Observatory 45m telescopej 

e) Five College Radio Astronomy Observatory 14m telescope. 
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In Table 2.1 we summarize the terminologies used at these 5 millimeter

wave telescopes to describe corrected main beam efficiency with respect to TA. 

2.3. THE LTE ApPROACH 

2.9.1. Definitions 

When the LTE approximation is used, the assumption is made that the 

relative population between molecular energy levels is a function of a single tem

perature, Tn;. In this approximation Tez and the kinetic temperature of the gas, 

TK, are equal by definition. 
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As Equation (2.3) demonstrates, in .LTE the observed line temperature 

depends on the optical depth which is also a function of the excitation temperature 

of the line. 

2.9.2. Derivation of optical depth 

To get some handle on the optical depth, 7', we need to observe an iso

topomer whose lines are optically thin. 13 CO is often used for this purpose, al

though it has been found in some instances to be optically thick toward galactic 

and extragalactic star-formation regions. The rotational energy level structures of 

12CO and 13CO are very similar. Therefore, for a given transition, it is reasonable 

to assume they have a similar excitation temperature. If we define Rl to be the 

12CO to 13CO line'intensity ratio, then 

TR(CO) 
Rl = TR(13CO) 

[JII(T;;) - JII(Tbg)] (1 - exp( -7'10)) 
= [JII(T!;) - JII(ng)] (1 - exp( _7';~CO)) 

If we now make the approximation T;; = T;:, then 

R 
_ 1 - exp( -7'10) 

1 - 13CO • 
1 - exp( -7'10 ) 

(2.5) 

For a diatomic molecule the optical depth of a transition from J+1 -. J is given by 

(Scheffler and Elsasser 1988) 
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l L hVJ+l J [( hVJ+l,J)] = 0 411" ' l/>J+l,J(v)nJBJ,J+l 1 - exp kT
ez 

dl 

_ 811"3 VJ+1,Jp.2 (2J + 3)(J + 1) [1 _ (hVJ+l,J)] 
- 3he (2J + 1)2 exp kTez 

X nJLl/>J+l,J(V) . (2.6) 

where 

1\,,, = opacity 

l/>J+l,J(V) = line profile function 

nJ = density of molecules in the lower rotational state 

BJ,J+l = Einstein coefficient of absorption 

gJ+l e
2 A 

- h 3 J+l,J 
gJ 2 vJ+l,J 

L = path length through cloud 

AJ+l,J = Einstein coefficient of spontaneous emission 

_ (6411"4V~+1'J) 1 12 
- 3he3 P.J+l,J 

gJ+l .. al . h 2J+3 -- = statIstIc weig ts = J 
gJ 2 +1 

. 2 p.2(J+1) 
Ip.J+1,JI = (2J + 1) 

p. = dipole moment of the molecule. 

In performing the integral in Equation (2.6), l/>J+l,J(V), Tez and nJ are assumed 

to be constant along the line-of-sight. As defined above, the formula for IP.J+l,JI 

~ applies to linear molecules in 1 E electronic states (Black 1991, private communica

tion). 
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If 12CO and 13CO have similar excitation temperatures, then the ratio of 

their optical depths would be the same as their abundance ratio. 

X(13CO) 1 
= X(12CO) = 43 

where a value of 43 is adopted for the abundance ratio. This value is taken from 

the ~:g::! isotope ratio study by Hawkins and Jura (1987) toward sources in the 

Milky Way and is about half that of the terrestrial value of 89. The CH+ technique 

that they use to determine the 12C to 13C ratio is thought to be more accurate 

than other methods because CH+ is unaffected by chemical fractionation in diffuse 

clouds (Watson, Anicich, and Huntress 1976). The excursion from the terrestrial 

ratio is not too surprising for several reasons. 

1) As discussed by Hawkins and Jura (1987), different elements and isotopes 

are formed within different types of stars, and therefore it is likely that the 

relative abundance of isotopes is not the same throughout the interstellar 

medium. 

2) The terrestrial abundance ratios may reflect local ISM values at the time 

the solar nebula was formed. However, there has been r.J 5 X 109 years of 

nucleosynthesis since then. 

3) Since CO can suffer fractionation effects (van Dishoeck and Black 1988), 

there is no guarantee the carbon isotopic ratio will be reflected in the CO 

isotopes. 

The use of a value of 43 for the abundance ratio of 12C0j13 CO is also 

supported by studies toward the Galactic Center of some ten molecules with result

ing values ranging from 20-40 (Wannier 1989). In a study using the rare isotopes 
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of carbon monoxide 12C180 and 13C180 toward nine interstellar clouds across the 

Galaxy, Langer and Penzias (1990) get a carbon isotopic ratio of 24 for the value 

at the Galactic Center. Also, their study shows strong evidence of a systematic 

gradient in the 12C/13C ratio across the Galaxy. The gradient ranges from 30 for 

the inner 5 kpc, to 57 at the Solar Circle and 70 at 12 kpc. (At a similar Galactic 

radius as our Sun, Orion has an average ratio of 67 due to self-shielding of photodis

sociating radiation.) As a compromise of values, we use 43 here but also use a value 

of 20 and, sometimes for comparison, the terrestrial value of 89 in the following 

chapters. 

Once an abundance ratio is assumed, it can be used to eliminate one of 

the optical depths in Equation (2.5), allowing the remaining optical depth to be 

computed from the line intensity ratio. 

Since 13CO is much less abundant than 12CO, one might expect the 13 CO 

line emission to be optically thin. In such an instance Rl reduces to 

R _ (1- exp( -TID)) 
1 - 13CO 

TIO 

= 43 (1- exp( -TID)) 

TID 

If the 12CO line is moderately thick (1 :5 T12 < 10) then Equation (2.5) should be 

used. If 12CO is very thick, T > 10, then 

43 43 
Rl = - => TID = - . 

TID RI 
(2.7) 

2.9.9. Derivation of Tez 

Substituting for TR and solving for Tez in Equation (2.3), we obtain: 
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However, to get Tez in this manner requires knowing the beam (or area) filling 

factor for the gas, /a. At low velocities in nearby Galactic molecular clouds, the 

filling factor is close to one. But in extragalactic objects where molecular clouds are 

unresolved clumps in the beam, the filling factor is not well known. For this reason 

it is best to use line ratios to determine Tez in external galaxies. For example, the 

expression for the ratio of J = 3 -+ 2 and J = 1 -+ 0 line temperatures is given by, 

R2 = /a32 [JII(T32 ) - JII(Tbg)] (1 - e-T32
) • 

/alO [JII(TIO ) - JII(Tbg)] (1 - e-T10 ) 
(2.9) 

If we assume that the CO 3 -+ 2 and 1 -+ 0 emission comes from the same 

volume and are observed with the same beam size, then /a32 and /alO are equal 

and they divide out of the equation. Equation (2.9) can be further simplified by 

assuming the emission is either optically thick (T ~ 1) or thin, (T «1). In the 

optically thick case (1 - e-T
) -+ 1 and the optical depths drop out of the equation. 

In the optically thin case (1 - e-T
) -+ T and Equation (2.9) becomes, 

R _ /a32 [JII(T32 ) - JII(Tbg)] T32 
2 - /alO [JII(TIO ) - JII(Tbg)] TIO • 

(2.10) 

Using Equation (2.6), we find the ratio of the optical depths for the 3-+2 

and 1-+0 lines to be given by 

T32(V) V3211L~21[1 - exp( -hV32/kT32)]n24>32(V) 
TlO(V) = VlOllL~ol[l - exp( -hVlO/kTlo)]no4>lO(V) , 

(2.11) 
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where ¢>( v) is a line profile function which, over the frequency range of the line, is 

normalized to one: f ¢>(v)dv=1. 

For a linear molecule in LTE at kTex ~ hB, 

nJ = (2J + 1).exp ( J hVJ+1,J) [ hB ] 
ntot 2 kTex kTex 

(2.12) 

where 

B = rotational constant of the molecule in Hertz 

_ VJ+l,J 
- 2(J + 1) 

The above expression can be used to calculate n2/ntot and no/ntot. The ratio of 

these two quantities can then be substituted into Equation (2.11). 

Using expressions similar to Equations (2.9) and (2.10) we have calculated 

the ratios of the CO 4 --. 3, 3 --. 2, and 2 --. 1 line intensities to the 1 --. 0 line 

intensity as a function of excitation temperature for both the optically thin and 

thick cases. A plot of the results is shown in Figures 2.1a and 2b. Also shown in 

the same figure are the ratios of the CO 4 --. 3, 3 --. 2, and 2 --. 1 line intensities 

to the 3 --. 2, and 2 --. 1 line intensities as a function of excitation temperature for 

both the optically thick and thin cases. 

2.9.4. Derivation of Column Density 

Using Equation (2.6) and the assumption that T ~ 1, we derive the expres

sion for optically thin column density, Nthin. The product niL can be redefined in 

the following way: 

(2.13) 
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Figure 2.1. The ratio of the CO line intensities for the 4 -+ 3, 3 -+ 2, and 2 -+ 1 
and 1 -+ 0 transitions as a function of excitation temperature for a) the 
optically thin case. 

Substituting this expression into Equation (2.6) and solving for Nthin, we 

get 

" (3he) [ (2J + 1)2 ] [ hv ]-1 
N thin =TJ+1,J 87r3 VJ+1,JI'2 (2J+3)(J+1) 1-exP(-kTez ) 

( ) -1 (ntot) 
X 4>J+1,J v nJ. (2.14a 

With the substitution of Equation (2.12) for ntot/nJ and the redefinition 

of the units of I' from Debye to esu cm, Nrhin becomes 
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Figure 2.1. The ratio of the CO line intensities for the 4 -. 3, 3 -. 2, and 2 -. 1 
and 1 -. 0 transitions as a function of excitation temperature for b) the 
optically thick case. 
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" 3kc (2J + 1) [ hll ]-1 
Nthin = 41r31121'2 2J + 3 1 - exp( - kTex ) 

(
J hll ) -1 () 

X exp '2 kTex TexTJ+1,J<PJ+1,J V • (2.14b) 

By substituting 11.6. V /c.6.l1 = 1 and <PJ+1,J(1I).6.1I ~ 1 into Equation (2.14b), 

we can redefine Nthin as a function of velocity. (.6. V and .6.11 are the velocity and 

frequency, respectively, over which the line is observed.) 

3k (2J + 1) [ hll ]-1 
Nthin = 41r3VJ1.2 2J + 3 1 - exp( - kTex) 

(
J hll ) x exp '2 kT

ex 
TexT J+1,J.6. V . (2.15) 

From the equation of transfer, we can use the Rayleigh-Jeans approximation 

for wavelengths ~ 3mm. Setting the filling factor to 1: 

TR = (Tex - Tbg)(l - exp( -TJ+1,J)) . 

In the optically thin limit, (T <:1), TR = (Tex -Tbg)TJ+1,J. This case gives 

an integrated intensity equal to 

We can write 

and substitute this quantity into Equation (2.15) to determine Nthin. 
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Alternatively, Nthin can be expressed in terms of a flux F" in Jansky or 

Kelvin km/s. The derivation of Nthin in terms of F" starts with an expression for 

energy flux: 

(2.16) 

where 

where n is the spatial area of the beam, r is the distance to the source, and () is 

the telescope's half-power beamsize in radians ('" 1.2 A/ Dj D is the diameter of the 

telescope). Substituting 

and placing Equation (2.16) in terms of Nthin, we have 

We know that 

nJ+l = [UJ+l exp ( hllJ+1,J)] [(2J + 1)exp (_ J hllJ+1 ,J)] [ hllJ+l,J ], 
ntot U J kTez 2 kTez 2( J + 1 )kTez 

and 

[ 6411"411~+I'J] [ (J + 1) ] [ -18] 2 
AJ+l,J = 3he3 (2J + 1) p. x 10 . 
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Equation (2.16) can be expressed in MKS units as 

where I = the observed integrated intensity in K km/s, Q is the Jansky to Kelvin 

conversion factor for the telescope, 77mb is the telescope's main beam efficiency. 

Substitution then yields, 

(2.17) 

If Equation (2.17) is applied to a line that is not optically thin, it will underestimate 

the column density by the factor CN = T /(1- e- r ). CN is 1.58 and 2.31 for T values 

of 1 and 2 respectively. For higher values of T, C N is essentially equal to T. 

2.4. THE NON-LTE ApPROACH 

In our analysis we used a non-LTE code known as "RADEX" (J. Black 

(1991), private communication). RADEX is a radiative transfer program which 

utilizes a photon mean escape probability formalism. It computes the statisti

cal equilibrium for rotational levels of an interstellar molecule and predicts line 

brightness temperatures. When performing calculations, it considers up to 40 levels 

and 120 transitions for both spontaneous and stimulated radiative transitions as 

well as contributions to the background radiation field. The assumed geometry is 

that of a uniform spherical cloud. 
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We have run RADEX for a wide variety of "cloud" conditions and produced 

a grid of solutions for each of the lower 7 rotational transitions of 12CO and l3CO. 

For a specified cloud temperature, the independent variables were chosen to be 

the molecular hydrogen density, nH2 (cm-3 ), and the column density of CO per 

unit velocity, Nco/tJ.V (cm-2km-1 s). The resulting line intensities are in terms of 

Rayleigh-Jeans radiation temperatures. In our observations we do not know a priori 

the beam filling factors of the emitting gas. Therefore we cannot directly compare 

our observed line temperatures with those provided by RADEX. To circumvent 

this problem, we present the solutions in terms of line ratios. Figure 2.2 is a plot of 

the solution appropriate for a gas temperature of 20 K. Solid lines are contours of 

constant l2CO 3 -. 2/1 -.0 line ratios. The dashed lines are contours of constant 

12CO 1 -. 0 to l3CO 1 -. 0 line ratios. 

2.5. AN EXAMPLE: IC342 

The purpose of this section is to demonstrate how the analytical tools dis

cussed in the previous sections are applied to real data. 

IC342 is a nearby, nearly face-on galaxy with strong CO emission. These 

properties make it a nearly ideal galaxy for molecular line studies. In particular, its 

inclination reduces the effect rotation has on broadening line profiles. As a result, 

the observed linewidths are narrow by extragalactic standards and fit easily in 

the 500 MHz wide filterbanks and acousto-optical spectrometers (AOS's) currently 

available at most mm/submm wavelength observatories. Its inclination also reduces 

the effect cloud shielding could have on our column density estimates. 

The central region of IC342 has been studied in both CO and CS. This 

work is discussed in Chapter 4. It has been observed in the lower four rotational 
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Figure 2.2. CO line intensity ratios, l2CO 3 -. 2/1 -. 0 and 12CO 1 -. 0j13CO 
1 -. 0, as a function of molecular hydrogen density, nH2 (cm-3), and the 
column density of CO per unit velocity, Nco / l::.. V (em -2km -1 s) appropriate 
for a gas temperature of 20 K. 
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transitions of 12CO and the lower three transitions of 13CO. It has also been ob

served in the C32S 2 ~ 1, 3 ~ 2, and 5 ~ 4 lines, as well as in the C34S 2 ~ 1 

line. 

2.5.1. Comparing Different Data Se,ts 

The CO observations were taken at a variety of telescopes and beam sizes. 

One of the biggest challenges facing the individual wishing to perform a multi

transitional analysis is putting all this data on the same temperature scale. The 

details of how to do this were discussed earlier in this chapter. Here, as in the 

rest of this work, we have chosen to present the data in terms of a main beam 

brightness temperature. T mb. This temperature scale is appropriate as long as the 

source brightness distribution is small compared to the size of the telescope's error 

pattern. For the galaxies in our sample and the telescopes used to observe them, 

this is probably a good assumption. 

To compare observations directly, they must be taken at the same spatial 

resolution. Again, this is almost never the case. When this problem occurred, we 

used a convolution routine to smooth the higher spatial resolution data to match the 

lower resolution data. The smoothing procedure works well for the central portion 

of a map where the gaussian weighted convolving beam is surrounded by data 

points. However, near the map borders, the convolving beam is only sensitive to 

emission close to the peak of its response pattern. If the emission is extended beyond 

the map's border, then the convolved values for the map edges underestimate the 

true values. If the emission shuts off sharply beyond the map borders, then the 

convolved values at the map edges are overestimates. Therefore, in our analysis we 

will concentrate our effort on positions near the map centers. 

In our CO analysis of IC342 we compared CO 3 ~ 2 (345 GHz) data we 
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obtained at the 10 m Oaltech Submillimeter Observatory (OSO) with the 12CO and 

13CO 1 -+ 0 (115 GHz and 110 GHz respectively) data of Eckart et al. (1990) taken 

on the IRAM 30 m. Since telescope beam size scales with frequency, the spatial 

resolution of the two data sets is essentially the same. In this instance convolution 

was not necessary. 

2.5.2. LTE Analysis 

We begin the analysis by" determining the excitation temperature Tex of the 

gas. Since we do not know the gas filling factor, it is best determined using line 

ratios. To do this we first calculate the CO (3 -+ 2)/(1 -+ 0) integrated intensity 

ratio towards positions the two maps have in common. We then use Figure 2.1 to 

determine the corresponding values of Tex for the optically thin and thick cases. 

These values are listed in Table 2.2. 

The optical depth of the gas toward each position is estimated from the 

12CO to 1300 1 -+ 0 integrated intensity ratio using Equation (2.5). Knowing the 

optical depths allows one to determine which excitation temperatures in Table 2.2 

are correct. Once the optical depth and excitation temperature are known the 

gas filling factor, fa, and the 1300 column density can be calculated from Equa

tions (2.8) and (2.15) respectively. The column density is calculated for 1300 since 

it is more likely to be optically thin. To get the H2 column density, the N13 column 

density is divided by the H2 to 13CO abundance ratio, 2.5 x 10-6 , determined by 

Dickman (1978) for the Milky Way. The values of NH2 derived using the observed 

linewidth, D. V, are listed in Table 2.2. 

13CO observations are important since they can be used with 12CO to de

termine the gas optical depth. Unfortunately, for many galaxies 13CO observations 
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TABLE 2.2. 
LTE estimates of Tez and N(H2): optically thin and thick 

T12GD« 1 I I T12GD» 1 

Aa,A8 Tex(K) N(H2)(cm-2) Tex(K) N(H2 )(cm-2) T12GD 

(arcmin) 

(0,0) 8.99 8.81E21 12.69 1.62E22 3.87 

(.33,0) 12.30 4.28E22 10.84 

(.33,.33) 6.67 4.27 

( -.33,-.33) 12.66 

(-.33,0) 17.47 

(0,-.33) 8.06 1. 15E22 7.52 1.02E22 6.11 

(0,.33) 9.23 4.79E21 15.35 1.19E22 2.02 

(-.33,.33) 10.15 57.12 

(.33,-.33) 7.70 6.42 

( -.33,-.67) 6.66 4.25 

(0,-.67) 5.63 2.80 

(0,.67) 7.17 5.16 

of galaxies are confined to much smaller regions than 12CO or do not exist at all. In 

such instances one can still estimate the gas column density by assuming the 12CO 

is optically thin and using Equation (2.17). The resulting column density will un

derestimate the true column density by the factor T /(1 - e-r ). To illustrate this, 

we have computed H2 column densities as a function of Tez from our CO 3 -. 2 
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TABLE 2.3. 
LTE estimates of N(H2 ) assuming optically thin emission 

N(H2 )(cm-2 ) 

Aa,A6 10K 20K 30K 40K 60K 80K 

(arcmin) 

(0,0) 1.20E21 4.57E20 3.94E20 3.98E20 4.53E20 5.26E20 

(.33,0) 4.75E20 1.81E20 1.56E20 1.58E20 1. 79E20 2.08E20 

(0,-.33) 5.69E20 2. 16E20 1.87E20 1.89E20 2.15E20 2.49E20 

(0,.33) 1. 15E20 2.72E20 2.35E20 2.37E20 2.70E20 3.13E20 

integrated intensities using this technique. They are listed in Table 2.3. 

Alternatively, a global N H2/ In co conversion factor like that of Young and 

Scoville (1982) can be used to estimate gas column densities. Their conversion 

factor, 4 X 1020cm-2 K-l km-1s, was empirically derived for a sample of Galactic 

clouds. There is no reason to assume that this conversion factor should hold for all 

galactocentric radii, much less for the centers of starburst galaxies (Maloney and 

Black 1988). However, for completeness, we list in Table 2.4 NH2 column densities 

derived using this conversion factor and our 12CO 3 -. 2 integrated intensities. 

2.5.9. Non-LTE Analysis 

As discussed earlier, the non-LTE model solutions are in the form of con-

tour plots. There is a separate solution and plot for each assumed cloud kinetic 

temperature, TK. We can use the LTE results to determine the range of TK'S that 

are reasonable for a particular galaxy. (If, in reality, the gas is sub thermally excited, 
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TABLE 2.4. 

N(H2) estimates using global rJflh) relation 

Aa,A8 Imb(K km/s) N(H2)(cm-2) 

(arcmin) 

(0,0) 132.56 5.30E22 

(.33,0) 52.46 2.10E22 

. (0,-.33) 62.82 2.51E22 

(0,.33) 78.94 3.16E22 

then the use of an LTE analysis will lead to a poor estimate of TK.) To use our 

non-LTE model solutions, we plot the observed 12CO 3 -+ 2 to 1 -+ 0 and 12CO 

1 -+ 0 to 13CO 1 -+ 0 integrated intensity ratios on each contour plot. The CO col

umn density per velocity interval and volume density corresponding to a particular 

set of ratios can then be read off. To determine Nco for the cloud ensemble, the 

CO column density per velocity interval (Nco/ l:::. V) is multiplied by the observed 

linewidth. The column density of an "average" cloud can be estimated by multiply

ing Nco/ l:::. V by the velocity width of a CO line observed toward a single molecular 

cloud, l:::. Ve,. Unfortunately, l:::. Vel is often an unobservable quantity. Therefore we 

must assume a value for l:::. Vel. Toward the center of the Milky Way molecular 

clouds are found to have half-intensity linewidths of between 10 and 20 km/s. The 

nucleus of IC342 (as well as the other two galaxies in our sample) are thought to 

have more active nuclei than the Milky Way. Therefore, we will adopt a value of 

10 km/s as a conservative estimate of 6. Ve,. 
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Estimates of N H2 can be made by multiplying by an H2 to CO abundance 

ratio. For some positions, such as the 0,0 point in lC342, the data cannot be plotted 

on the grid of non-LTE solutions corresponding to the Tu: derived from the LTE 

analysis. For the central position of lC342 the non-LTE modeling indicated the 

value of TK was closer to 20 K than the 10 K suggested by the LTE analysis. 

Non-LTE derived N H2 estimates for 3 positions in lC342 are listed in Table 2.5. In 

deriving these estimates the observed linewidth was used. Therefore these values are 

column density estimates for the ensemble of clouds observed along the designated 

line of sight. 

TABLE 2.5. 
Non-LTE estimates of N(H2) 

N(H2 )(cm-2) 

D..a,D..8 10K 20K 40K 

(arcmin) 

(0,0) 2.S1E22 4.65E22 

(.33,0) 

(0,-.33) 1. 17E22 3.36E22 5.56E22 

(0,.33) 1.40E22 2.16E22 

2.5.4. Effects of Cloud-Cloud Shielding 

One drawback ~f both the LTE and non-LTE techniques described here 

is that they do not take into account the effects of cloud-cloud shielding. Cloud

cloud shielding occurs when two or more molecular clouds are aligned along our 
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line-of-sight in both space and velocity. In such an instance the radiation from the 

background cloud(s) may be fully or partially absorbed by the foreground cloud. 

When a pair of isotopes, such as 12CO and 13CO, are being used to probe the 

optical depth along a line of sight through a galaxy, cloud-cloud shielding will tend 

to lead to overestimates of the optical depth in individual clouds. Optical depth 

estimates through the ensemble of clouds observed is (to first order) only affeCted 

by cloud-cloud shielding when the rarer isotope (e.g. 13 CO) itself becomes optically 

thick and does not sample all the clouds along the line of sight. 

The velocity gradient set up by a galaxy's rotation works to reduce the 

affects of cloud-cloud shielding. How well it does so depends on where in the galaxy 

the measurement is being made and on the galaxy's inclination. The velocity gra

dient across the telescope's beam is greatest along lines-of-sight toward the nucleus. 

The more face-on a galaxy, the lower the projected rotational velocities. Lower 

projected velocities cause the clouds to appear more crowded in velocity space and 

worsen the affect of cloud-cloud shielding. However, since there are fewer clouds 

along a given line of sight in a low inclination galaxy, the negative affects of velocity 

crowding are partially or totally compensated for. 

2.6. SUMMARY 

In this chapter we have discussed the techniques used in this thesis to 

derive gas properties from molecular line data. In many instances it is necessary to 

compare molecular line data taken at different telescopes. While most observatories 

use the same techniques to calibrate their data, the terminology used to describe 

the various telescope efficiencies and calibration scales is often different. These 

differences in terminology can lead to misunderstanding and confusion. We have 
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determined the relationships between the calibration nomenclature and techniques 

used by the CSO, NRAO, FCRAO, IRAM and NRO. When these relationships are 

applied, we estimate the intrinsic error associated with comparing data between 

these telescopes is at most ""10%. If an observer carefully calibrates their data, the 

absolute error in the temperature scales is usually about 15%. 

The sensitivity of the derived parameters to the analysis technique is illus

trated by examination of the parameters contained in the calculation for molecular 

gas mass, Mg. Mg is dependent on the molecular gas column density (NH2 ), the 

beam filling factor (fa), and the area within the beam. N H2 and fa are dependent 

on optical depth (T) and excitation temperature (Tex ). Tex and fa are inversely 

proportional, which works to cancel out their inherent errors. Calculations of Tex 

were made with careful analysis. The dust temperatures obtained in this thesis 

agree with the Tex results to within a factor of 2. T is not sensitive to the telescope 

for different isotopes of the same transition. However, due to the range of values 

for the 12C0j1aco abundance ratio, T can vary by "" 2. The area within the beam 

is dependent on the square of the distance estimate adopted; likewise for the asso

ciated errors. The overall variation in the value derived for molecular gas mass is 

estimated to be less than a factor of 2. 

As Tables 2.2, 2.3, 2.4 and 2.5 indicate, H2 column density estimates derived 

using LTE and non-LTE techniques have different values. Column densities derived 

assuming 12CO is optically thin have the lowest values. This is expected since the 

12CO is in fact optically thick and therefore is not an effective probe of all the gas 

along our line of sight. The 12CO and 13CO derived column density values are in 

turn less than those derived using the non-LTE code. The 12CO to 13CO line ratios 

indicate that, of the two sets of LTE-based column densities listed in Table 2.2, those 
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derived assuming the 12CO is optically thick are the more nearly correct. They are 

also closer to the corresponding non-LTE estimates. However, they are still on the 

low side of the non-LTE values. This is probably because the non-LTE analysis 

suggests the kinetic temperature of the gas is higher than that indicated by the 

LTE analysis. The column density estimates derived using the Young and Scoville 

(1982) conversion factor are within a factor of two of the non-LTE numbers and are 

approximately a factor of 3 higher than those determined from the optically thick 

LTE analysis. 

Considering the uncertainties and the inherent differences of the ap

proaches, it is somewhat reassuring that the different techniques yield column den

sity estimates that are within a factor of a few of each other. In this thesis we 

will find the molecular gas in the centers of galaxies to be best modeled as a mul

ticomponent medium. Of the techniques described in this chapter, we find the 

LTE approach to be the most successful at predicting gas properties in this type of 

environment. 
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CHAPTER 3 

M82 

3.1. INTRODUCTION 

M82 is perhaps the best known and most studied starburst. It is located at 

a distance of ",3.25 Mpc (Tammann and Sandage 1968), has an inclination of 82° , 

and is classified as an Irr II galaxy (Holmberg 1950; Sandage 1961). It has been 

observed at practically all wavelengths that are currently accessible. In particular, 

M82 has been extensively studied in the infrared (Telesco et al. 1991; Telesco and 

Harper 1980; Rieke et al. 1980), in the radio continuum (Kronberg, Biermann, and 

Schwab 1985), and in the lower three transitions of co. 

The first 12CO J = 1 -. 0 observations toward M82 were made by Rickard 

et al. in 1977. Since then maps of this transition have been made by Stark and 

Carlson (1984), Olofsson and Rydbeck (1984), Young and Scoville (1984), Nakai 

et al. (1987), Lo et al. (1987) and Carlstrom (1988). The observations of Lo et al. 

were made with the Owens Valley Interferometer and indicate the presence of a 

molecular ring in the nucleus of M82. 

Observations of the 12CO J = 2 -. 1 transition toward M82 have been made 

by Knapp et al. (1980), Sutton, Masson, and Phillips (1983), Stark and Carlson 

(1984), Phillips and Mampaso (1989) and Loiseau et al. (1990). One interesting 

result of these studies was that the 12CO J = 2 --. Ij12CO J = 1 --.0 line intensity 

ratio is ",2 to 3, suggesting that the gas is optically thin. This result has been 

supported by isotopic studies of CO emission which yield relatively large 12CO to 
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1300 intensity ratios (Stark and Carlson 1984; Loiseau et al. 1988). Young and 

Scoville (1984) find that for uniform temperature and density clouds, the 2 -. 

1/1 -. 0 ratio can significantly exceed unity only if both the temperature and 

density are high (~40 K and ~ 104 cm-3 respectively). However, John Black's 

RADEX calculations show that high temperature alone is sufficient, as long as 

Nco//:::,. V ~ 1016cm-2km-1s. Even at T = 40 K, the 2-.1/1-.0 ratio approaches 

1.5 at a density of 103.5 , and reaches 2.0-3.0 at T = 80-200 K for densities of only 

a few thousand (J. Black, private communication). 

To constrain further the gas excitation models, several groups have observed 

the 00 J = 3 -. 2 line towards M82 (Turner, Martin, and Ho 1990; Lo et al. 

1990; Wild et al. 1990; and Tilanus et al. 1991). In general, these authors find the 

J = 3 -. 2 emission to be weaker than what would be expected if the gas were 

optically thin. Based on these results, Wild et al. (1990) and Turner, Martin, and 

Ho (1990) propose a two component model to explain the observed 00 emission. 

They suggest that the low J = 3 -. 2 line intensity is due to the presence of 

a relatively low density (~ 104 cm-3 ), low temperature (~20 K) interclump gas. 

Alternatively, in the models of Tilanus et al. (1991), a single component isothermal 

(",50 K), isodensity ('" 4 X 103 cm-3 ) gas was found to produce a reasonable fit 

to their observations. Using an non-LTE code Tilanus et al. were able to match 

observed line temperatures by assuming a 1200 to 1300 abundance ratio of "'20. 

Unlike the lower rotational transitions of 00, OS is excited at relatively 

high densities, nH2 ~ 104 cm-3. It is in clouds with these densities that stars are 

expected to form. This could make OS an excellent probe of star-formation regions. 

It is true, however, that OS might just as well probe dense clouds in which stars are 

not forming. Moreover, OS can be detect ably, but subthermally, excited at lower 
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densities. If the electron fraction in the emitting gas is higher than in Galactic 

GMC's (e/H2 ~ 10-5-10-4 ), then electron collisions can enhance the excitation 

over what would be expected from H2 collisions alone. 

To date, CS has been observed toward M82 in the J= 2 ~ 1, 3~ 2, and 

5 ~ 4 transitions. The latter two transitions have been measured only toward a 

few positions using the IRAM 30 m (Mauersberger and Henkel 1989; Baan et al. 

1990). CS J= 2 ~ 1 observations have been made using the Bell Laboratory 7 m, 

the NRAO 12 m, the IRAM 30 m and the NRO 45 m telescopes (Henkel and Bally 

1985; Walker et al. 1990; Sage et al. 1990; Baan et al. 1990; and Rieu et al. 1989). 

The first extragalactic detection of CS was made toward M82 by Henkel 

and Bally. From measurements ofN(H2) and ratios ofI(13CO 1~0) to I(CS 2 ~ 1), 

they suggested that physical parameters in the nuclear region of M82 may be similar 

to those found near the center of the Milky Way. From their observations, Rieu et al. 

(1989) found the clouds toward the central region of M82 to have a high density 

(> 105 cm-3), a low volume filling factor (~ 0.001), and a small diameter (~ 30pc). 

They surmised that the CS partakes in the kinematics of the more diffuse gas. From 

observed line intensity ratios Mauersberger and Henkel (1989) found regions where 

n(H2) is ~ 104 cm-3 and regions where n(H2) is '" 105 cm-3. They believe the CS 

abundances found in M82 are consistent with those in our Galaxy. In their map of 

CS 2 ~ 1, Baan et al. (1990) detected two CS peaks that are part of a molecular 

torus structure also seen in CO. In conjunction with multi-frequency formaldehyde 

observations, they conclude M82 has at least two components, one being dense 

and most likely associated with the southwest CS peak. Sage et al. found the 

CS emission to be linearly correlated with the CO emission and that both have a 

correlation with the 158 p.m line of [CII] and 100 p.m continuum emission. 
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We have made extensive high signal-to-noise maps of M82 in the J = 3 -. 2 

and J = 2 -. 1 transitions of CO and the J = 2 -. 1 transition of CS. From Giisten, 

Serabyn and collaborators, we have obtained raw CO J = 4 -. 3 data toward three 

positions in the nucleus. In this chapter we will perform detailed anaylsis of line 

intensity ratios and velocity structure to determine the properties of the molecular 

medium in M82. This analysis of M82 is the most comprehensive of its type to 

date. 

3.2. OBSERVATIONS 

The 12CO J=3-.2 and 12CO J=2-.1 observations of M82 were made in 

March 1989 with the Caltech Submillimeter Observatory (CSO). Each transition 

was mapped over a two night period. The diffraction-limited beamsizes were 21" 

and 31", respectively, in agreement with planetary measurements of the main beam. 

Observations of 12CO J=3-.2 at 345.795975 GHz and 12CO J=2-.1 at 230.537990 

GHz were made each using a low-noise, double side-band (DSB) SIS receiver. (DSB 

receiver noise temperatures are 250 K at 345 GHz and 100 K at 230 GHz.) The 

sideband ratio of the receivers was approximately one. The backend consisted of 

an acousto-optical spectrometer of 1000 contiguous channels of 0.5 MHz resolu

tion (0.4233 km/s and 0.635 km/s, respectively). Calibration was by the standard 

chopper-wheel method first discussed for millimeter-wave astronomy by Penzias and 

Burrus (1973). The calibration and pointing source used was IRC+10216. The ex

pected 12CO J=3-.2 and l2CO J=2-.1 TA's for IRC+10216 are 20K and 24K, 
.. 

respectively (T. Phillips, private communication). To convert from a TA scale 

to a main beam temperature, Tmb, scale, the data were divided by a corrected 

main beam efficiency, f3"(, = 0.6 and 0.72, respectively. The maps were centered 
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at Q(1950) = 9:51:43.8, 8(1950) = 69:55:01 on the 2Jtm emission peak (Rieke 

et al. 1980). The 12CO J=3-.2 data taken on the first night were recentered by 

(-0.1',0.1') with respect to the data taken on the second night. The 12CO J=2-.1 

data were recentered by (-0.05', -0.05') with respect to the 12CO J=3-.2 data. 

These relative pointing corrections were deduced from comparisons of 1) spectral 

line profiles, 2) contour maps, and 3) velocity channel maps. 

12CO J=4-.3 spectra toward three positions in M82 were made available to 

us by Rolf Giisten, Gene Serabyn and collaborators from the Max-Planck-Institiit 

fiir Radioastronomie (MPIfR) shortly after their CSO run during the month of 

November 1990. The three positions were observed using the MPIfR 460 GHz 

single-polarization, cooled Schottky waveguide receiver. These positions were at the 

2 I'm center and 12" east and west of the center along the major axis (PA = 65°). 

(The latter two locations correspond to two CO peaks.) Measurements of the main 

beam were made on Mars; a 16" beamsize was measured. Calibration was done 

via the chopper wheel method and checked on. Mars. Mars was also used as the 

pointing source. They estimate their pointing errors to be ~ 3". The double-side 

band noise temperature of the receiver was 1200 K. A carcinatron was used as the 

local oscillator source. Using the same backend we used at 230 and 345 GHz, a 

velocity resolution of about 0.32 km/s is obtained. 

We have observed the CS J= 2 -. 1 transition (97.981 GHz) toward 56 po

sitions in M82 using a low-noise, single side-band (SSB) SIS receiver on the NRAO 

12 m telescope. (SSB receiver noise temperatures are 80-150 K at 90-115 GHz.) 

The backend consisted of a filter-bank spectrometer of 512 contiguous channels of 

2 MHz resolution (6.12 km/s). Calibration was by the standard chopper-wheel 

method discussed by Ulich and Haas (1976) and Kutner and Ulich (1981). The 
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calibration sources used during each run were IRC+10216, OMC-1 and M17SW. 

The expected OS J=2-.1 Til for these sources are 2K, 6.4Kand 7.95K, respec

tively. To convert from a Til scale to a main beam temperature, Tmb, scale, the 

data were divided by a corrected beam efficiency, 71~, = 0.87. Pointing was checked 

about every five hours on planets and on the temperature and shape of the spec

tralline profile of the center position in M82. The diffraction-limited beamsize was 

.-v 63" and the spacing between observed positions was 20". The rms noise level per 

channel was 6 mK on a T mb scale. 

Under good conditions, integration took 21/2 hours per position to acquire 

a 6 mK rms level. The 56 position map took six observing runs to complete. Initial 

CS J=2-.1 observations of M82 (6 spectra) were made in June 1988. Most of the 

observations were made during the spring of 1989. The last half-dozen spectra were 

taken in September of that year. A map of data from many observing runs is likely 

to have pointing incongruities no matter how careful the observer. We estimate the 
I 

pointing errors in the map to be no greater than .-v10". 

3.3. CO ANALYSIS 

9.9.1. Morphology 

Figure 3.1a shows the 1200(3-.2) integrated intensity distribution in the 

central 1.6' square of M82. The contour map is a composite of two nights of obser

vation. The central 0.6' of this map has been oversampled at intervals of 0.1'. The 

outer regions of the map has been sampled at approximately half-beam spacings of 

0.2'. The bulk of the emission lies along the major axis of position angle 65 degrees. 

The half power size is 0.9' along the major axis and 0.6' along the minor axis. The 

central region of the map shows the double-peaked structure previously interpreted 
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as a molecular ring. This prominent feature is evident at all molecular transitions 

of CO with spatial resolutions comparable to or less than 21". The two 12CO(3--.2) 

peaks lie near the major axis. Using the 2Jlm center as the reference position (0,0), 

the peaks are found 12" to the west and 3.4" to the east along the major axis. 

Figure 3.1b shows the 12CO(2--.1) integrated intensity distribution in the 

central 2 by 1.6' region of M82. The contour map is a composite of two nights 

of observation. The map has been sampled at intervals of 0.2'. The bulk of the 

emission lies along the major axis of position angle 65 degrees. The half power size 

is 1.1' along the major axis and 0.7' along the minor axis. The central region of the 

map shows a single-peaked structure instead of the double-peaked structure seen in 

the 12CO(3--.2) integrated intensity map, due to the larger beamsize of 31". The 

peak coincides with the western peak seen in the 12CO(3--.2) map. 

Overall, the 12CO maps are in excellent agreement with published maps at 

the three lowest transitions (e.g., Tilanus et al. 1991; Loiseau et al. 1990; Nakai et al. 

1987; Lo et al. 1987; Carlstrom 1988), especially when these maps are convolved 

to 21" and 31" resolutions. The original beamsizes are 13" to 16" for the first 

three (single-dish) maps and approximately 7" for the last two (interferometer) 

maps. The single-dish maps agree best with our 12CO(3--.2) map when recentered 

slightly with respect to our 12CO(3--.2) map by (-0.08', 0.02'), (-0.05',0.05'), 

and ( -0.05', 0.00'), respectively. Our analysis is done on this basis. The agreement 

between these maps of various transitions seems to indicate that all three transitions 

trace the same gas. This conclusion is also supported by a comparison of the centroid 

velocity maps and spectral line profiles for these various transitions. (Figures 3.7 

and 3.2, respectively.) . 

In our 12CO(3--.2) map, the location of the peaks falls just inside of 
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Figure 3.1. CO 3-.2 and 2-.1 integrated intensity maps toward M82. a) The 
minimum contour for the CO 3-.2 map is 33 K km/s (~30'). The maximum 
contour is 783 K km/s. The contour interval is 75 K km/s. b) The minimum 
contour for the CO 2-.1 map is 100 K km/s (~30'). The maximum contour 
is 625 K km/s. The contour interval is 75 K km/s. The R.A. and Dec. offsets 
are in arcminutes relative to the 2J.tffi center. 
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Figure 3.2. a) CO 3-.2 spectra toward M82. The spectra cover the central 
1.6' square. Adjacent positions are 0.2' apart. The velocity range is 0 to 
435 km/s. The Tmb scale ranges from -2 to 7 K. The R.A. and Dec. offsets 
are in arcminutes. The 2tlm center is at (0.1',-0.1'). 

the peaks in the 12C0{1-.0) interferometer maps of Lo et al. (1987) and Carl

strom (1988). Similarly, our 12CO{3-.2) peaks fall inside peaks in the single-dish 

12CO{3-.2), (2-.1), and (1-.0) maps of THanus et al. 1991, Loiseau et al. (1990) 

and Nakai et al. (1987). The difference in location of the CO{3-.2) peaks could 

suggest the presence of an inner ring of warmer molecular gas or could be the result 
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Figure 3.2. b) CO 3-.2 spectra toward M82. The spectra cover the central 
004' square. Adjacent positions are 0.1' apart. The velocity range is 0 to 
435 km/s. The Tmb scale ranges from -2 to 7 K. The RA and Dec. offsets 
are in arcminutes. Position (0,0) is the 2J.tm center. 

of either pointing errors or marginal resolution of the peaks by the 21" beam. Since 

the THanus et ale (1991) 12CO(3-.2) data was taken with a smaller beam, the latter 

reason is more likely. 

Thirteen integrated intensity channel maps each with a velocity width of 

25 km/s are plotted in Figure 3.3 for the 12CO 3-.2 and 12CO 2-.1 transitions. 
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Figure 3.2. c) CO 2-+ 1 spectra toward M82. The spectra cover the central 2 
x 1.6'. Adjacent positions are 0.2' apart. The velocity range is -100 to 
543 km/ s. The T mb scale ranges from -1 to 5 K. The RA and Dec. offsets 
are in arcminutes. The position of the 2Jlm peak is at (0.05',0.05'). 

The specific velocity range is denoted at the top of each channel map. The total 

velocity range covered by the 13 maps is 50 to 375 km/s, the same as for the total 

integrated intensity map. The lowest contour level in the 12CO 3 -+ 2 and 12CO 

2 -+ 1 channel maps is 9 and 31 K km/s (30'), respectively, and the contour interval 
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for both set of maps is 25 K km/s. The emission in each of the 12CO 3 -.. 2 channel 

maps and most of the 12CO 2 -.. 1 channel maps is resolved, although not much 

structure is evident due to the relative size of the beams. However, the 12CO 3 --. 2 

emission toward the west in the 3 channel maps from 75 to 150 km/s does show 

an elongation along the major axis. The 12CO 1 -.. 0 integrated intensity channel 

maps of Nakai et al. also display the same elongated features at the same velocity 

intervals. There is an overall similarity to the channel maps of Nakai et al. In all 

three transitions the emission in the channel maps peaks at similar intervals. For 

both of our 12CO maps, the emission peaks in the channel maps from 125 to 175 

km/s and again from 275 to 325 km/s. This behavior is characteristic of a ring 

structure. In all three transitions the location of the peak within similar velocity 

channels is also the same. The maximum size of the 12CO 3 --. 2 emission at the 

34 K km/s contour level is ~ 0.8' and occurs·in the 150 to 175 km/s interval. With 

the same 20% level of emission and a similar velocity interval, the maximum size of 

the CO 1 -.. 0 emission at the 10 K km/s contour level is almost 1.5'. 

9.9.2. CO Line Ratios 

One way to probe the conditions within molecular clouds in M82 is by 

studying the ratios of various lines of CO. In principle this is a fairly straightforward 

task. However, in practice it is fraught with difficulties. One of the biggest problems 

is obtaining maps of the object in the different CO transitions and with the same 

spatial resolution. This means either making each map at a different telescope or 

smoothing higher resolution maps to match the beam used on the lowest spatial 

resolution map. In our study of M82 we have used a combination of these two 

techniques. Once maps of similar spatial resolution have been obtained, differences 
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Figure 3.3. CO 3-+2 velocity channel maps toward M82, a) The minimum contour 
for the CO 3-+2 maps is 9 K km/ s (~ 30'). The contour interval is 25 K km/ s. 
The R.A. and Dec. offsets are in arcminutes relative to the 2J.tm center. 

in the absolute pointing between the two maps must be considered. These relative 

pointing corrections were deduced from comparisons of 1) contour maps, 2) spectral 

line profiles, and 3) velocity channel maps. Another major problem is the absolute 

calibration of the temperature scales. We have chosen to put all temperatures in 
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Figure 3.3. CO 2-.1 velocity channel maps toward M82. b) The minimum con
tour for the CO 2-.1 maps is 31 K km/s (~30'). The contour interval is 
25 K km/s. The R.A. and Dec. offsets are in arcminutes relative to the 2J.lm 
center. 

terms of corrected main beam brightness temperatures (see Chapter 2 for a more 

detailed discussion). 

In our analysis we will combine our CO J = 3 -. 2 and J = 2 -. 1 maps 

with the CO J = 1 -. 0 maps of Nakai et al. and Olofsson and Rydbeck. As 
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mentioned in Section 3.2, we also have CO J = 4 -. 3 spectra toward 3 positions 

in M82: the position of the 2 pm peak and the positions of the two emission peaks 

associated with the molecular ring. We will first perform our analysis towards these 

three positions. 

In Table 3.1a we present the integrated intensity and peak temperature 

ratios of the lower four rotational transitions of CO toward each of the three posi

tions. The upper and lower limits to the intensity ratios are indicated in Table 3.1b. 

An absolute uncertainty of 20% was assumed for all observations; the CO measure

ments used in our comparison have uncertainties between 10% and 20%. Except 

for the case where the CO J =4-. 3 emission is compared to the J =3-. 2 emission 

taken at the Caltech Submillimeter Observatory, all ratios were taken between data 

sets that have the same angular resolutions or were convolved to the same angular 

resolutions. These resolutions are also indicated in the table. 

Examination of Table 3.1 reveals that 1) the uncertainties in the ratios are 

significant, and 2) the ratio obtained between a pair of integrated intensities is not 

necessarily the same as the ratio obtained from a pair of peak temperatures. The 

large uncertainty which results from taking the ratio of two temperatures that have 

fairly large uncertainties is a point which is often overlooked in the interpretation 

of CO line ratios. For instance, the ratio of our CO 2-.1 integrated intensity to the 

1-.0 integrated intensity of Nakai et al. towards the central position ranges from 0.8 

to 1.9. If you were to consider only the lower limit you may conclude CO is optically 

thick. On the other hand, if you were to take the upper limit you may conclude 

the gas is optically thin. The variation between ratios derived from integrated 

intensities and peak line temperatures is not as great (in the case of M82 :::; 25%), 

but is often significant. M82's CO line profiles for any of the four lowest transitions 
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TABLE 3.1. 
eo Line Ratios 

.--12" E-.. .-2 I'm center-. .-12" W~ 
a) reft .!!U.!!! Beams 1upper Tupper 1upper Tupper 1upper Tupper 

lower 1'ower T'ower 1'ower T'ower 1'ower T'ower 

A eSO/NAK 2_1 31" 1.16 0.85 1.25 1.02 1.28 0.88 1-0 31" 
B CSO/OLF 2-1 31" 1.78 1.74 1.72 1.97 1.97 2.30 1-0 33" 
e LOI/LOI 2-1 23" 2.70 2.75 1-0 23" 
D LOI/NAK 2-1 23" 1.64 2.00 1-0 21" 
E eSO/LOI 3-2 21" 0.94 1.08 0.92 0.84 2-1 23" 
F eso/eso 3-2 31" 1.14 0.93 1.03 0.98 1.00 0.93 2-1 31" 
G GUS/TIL 4-3 16" 1.05 0.88 0.69 0.70 0.98 0.81 ~ 14" 
H GUs/eso 4-3 16" 0.77 0.87 0.46 0.64 0.66 0.71 3-2 2iTt' 

12" E II 2 I'm center II 12" W 
b) 1upper UL* LL* 1upper UL LL 1upper UL LL 

1'ower 1'ower 1'ower 

A 1.16 1.75 0.78 1.25 1.87 0.83 1.28 1.92 0.85 
B 1.78 2.67 1.18 1.72 1.58 1.15 1.97 2.96 1.31 
e 2.70 4.05 1.80 
D 1.64 2.46 1.10 2.00 3.01 1.34 
E 0.94 1.42 0.63 0.92 1.38 0.61 
F 1.14 1.72 0.76 1.03 1.54 0.68 1.00 1.49 0.66 
G 1.05 1.57 0.70 0.69 1.04 0.46 0.98 1.46 0.65 
H 0.77 1.15 0.51 0.46 0.68 0.30 0.66 0.99 0.44 

teSO=this work; NAK=Nakai et al. (1987); OLF=Olofsson and Rydbeck (1984); 
LOI=Loiseau et al. (1990); GUS=Giisten (private communication, 1991); 
TIL=Tilanus et al. (1991) 

*UL=upper limit; LL=lower limit 

are on the whole not gaussian in shape. If they were and had the same linewidths at 

corresponding positions, then the ratios derived from integrated intensities would 
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be similar to the ratios derived from peak temperatures. Since the ratio of peak 

temperatures is more sensitive to the properties of cloud complexes which occur at 

a particular velocity, integrated intensity ratios may be more representative of the 

global properties of the gas over a telescope beam. However, integrated intensity 

ratios should be used to determine excitation temperatures only if the spectra from 

the two transitions have similar velocity extents. In general we find this to be true 

for the lower four transitions of CO in M82. The higher frequency emission in the 

7-.6 transition does not occur over the same velocity range as the lower frequency 

lines (Wild et al. 1990). In such a case peak temperature ratios should be used to 

determine gas excitation temperatures. The resulting temperature estimates will 

then be biased toward conditions in giant molecular cloud (GMC) complexes. 

As discussed in Chapter 2, if the excitation temperature is assumed to be 

the same for two rotational transitions of the same molecule, then the intensity 

ratio of the transitions can be used to determine the excitation temperature of the 

gas. Under optically thick and thin conditions the relationships between this ratio 

and the excitation temperature reduce to fairly simple expressions (Equations (2.9) 

and (2.10)). Using this technique we have determined gas excitation temperatures 

from the data in Table 3.1. The results of this analysis are shown for each of the 

three positions in Figure 3.4. Only the results for adjacent pairs of transitions are 

plotted. Adjacent transitions are more likely to have the same excitation than 

widely separated transitions. 

Clearly, the large error bars due to uncertainties in the absolute calibrations 

make determination of a gas temperature difficult. If the gas is optically thick, then 

the ratio of intensities should not exceed one. As Table 3.1 shows, the majority of 

the intensity ratios exceed unity toward all three positions. This result is reflected 
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Figure 3.4. T ex vs. line ratio for the CO peak 12" east along the major axis 
under optically a) thick and b) thin conditions in LTE. Using adjacent pairs 
of transitions, the corresponding integrated intensity ratios have been used 
to determine the range of gas excitation temperatures (including upper and 
lower limits). The positions considered in parts a)-f) are the two CO peaks 
at ±12" along the major axis and the 2JLm center. On each of the six 
plots, A through H represent sources of reference. "C80" refers to this 
work. "Olofsson" refers to 010fsson and Rydbeck (1984). "Loiseau" refers 
to Loiseau et al. (1990). "Nakai" refers to Nakai et al. (1987). "Guesten" 
refers to a private communication with Dr. Giisten, and "Tilanus" refers to 
Tilanus et al. (1991). 
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. Figure 3.4. T ex vs. line ratio for the the 2J.lffi center under optically c) thick and 
d) thin conditions in LTE. (See the caption in Figure 3.5a-b for details.) 
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Figure 3.4. T ex vs. line ratio for the CO peak ±12" west along the major axis 
under optically e) thick and f) thin conditions in LTE. (See the caption in 
Figure 3.5a-b for details.) 
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in Figure 3.4 where, for most instances, the assumption of an optically thick gas 

results in only a lower limit to the excitation temperature. The assumption of an 

optically thin gas appears to fit the data better, since under this condition line 

ratios can exceed unity. However, in general, it appears the CO in M82 is neither 

very optically thick nor thin. 

In the optically thin plots, the lower limits to the gas excitation temper

atures are found to be in general higher for line ratios which do not include the 

J = 1 -. 0 transition. This trend is most pronounced toward the eastern emission 

peak. The presence of this trend suggests that the CO J = 1 -. 0 emission is aris

ing from a cooler region than the higher lying transitions. (Two-component models 

have also been proposed by Ho, 'furner and Martin (1987) and Wild et al. (1990).) 

This result in turn supports the conclusion that the molecular emission from M82 

arises from a multi-component medium. Indeed, there is no single temperature 

that provides a reasonable fit to all the observed line ratios toward any of the three 

positions. However, if we assume the molecular gas is a multi-component medium, 

as the data suggests, then the line ratios can be used to probe conditions in each 

component. 

In situations like M82 where the molecular gas is neither very optically 

thick or thin, perhaps more realistic temperature estimates can be obtained if one 

does not assume either an optically thick or thin condition as was done in deriving 

Figure 3.4. To determine how variations in optical depth effect the relationship 

between Tez and line intensity ratios, we have made plots of Tez as a function of 

both the line intensity ratio and optical depth. These plots are shown in Figure 3.5. 

The optical depth is that of the lower of the two transition and ranges from 0.1 to 10. 

In making the plots it was assumed the gas is in LTE. Again, this condition is most 
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likely to be satisfied by adjacent transitions. Inspection of the figures reveals an 

interesting trend. One finds that from the ratio of the 2-.1 to 1-.0 line intensities 

(Figure 3.5a), it is possible to set a limit to the gas excitation temperature up to 

a temperature of ",20 K. The 3-.2 to 2-.1 line ratio (Figure 3.5b) can be used to 

estimate gas temperatures as long as they are ~30 K. Likewise it is found that the 

4-.3 to 3-+2 intensity ratio (Figure 3.5c) can be used to estimate Tex up to ",50 K 

without a detailed knowledge of the optical depth. This trend continues as one 

studies line ratios with higher J values (Figure 3.5d). These plots provide a new, 

convenient way of estimating gas excitation temperatures without having a detailed 

knowledge of the gas optical depth. They also demonstrate the effectiveness of 

submillimeter-wave observations is probing high temperature regimes. 

The line temperatures and integrated intensities used in the interpretation 

of Figure 3.5 are the same as those used in Figure 3.4. (See Table 3.1 and Wild et al. 

(1990) for the CO J=7-.6line temperature.) In Figure 3.5b we find that for values 

of T2_1 less than 1, the excitation temperature~f the gas at the position of the 2 p.m 

peak is between 20 and 30 K. Towards the east and west peaks for T2_1 ~ 1 the 

gas temperatures range from ",30 K to ",50 K. IT T2_1 is greater than 1, then the 

excitation temperature toward all three positions is >50 K. At values of T2_1 > 2.5 

the transition becomes very thick and is insensitive to temperatures above ",50 K. 

These temperature estimates were derived using 3-.2 to 2-+1 peak temperature 

ratios. 

Given the present uncertainties in CO optical depths toward M82, it is 

probably best to use the higher CO transitions to estimate Tez since their intensity 

ratios are less sensitive to variations in T. By relying on the higher transitions, our 

Tez estimates will be biased towards the warm molecular component (Turner, Mar-



0) 

-1.0-0.8-0.6-0.<4-0.20.0 0.2 0.4 0.6 0.8 

3.0 3.0 

2.8 2.8 

2.6 2.6 

2.4 2.4 
...... 
(S) 

I 2.2 2.2 

'-' 2.0 2.0 
H , 
,....1.8 1.8 

I 
N,·6 1.6 
'-' 
H

'

• 4 1.4 

1.2 1.2 

1.0 1,0 

0.8 0.8 

0.6 
-1.0-0.8-0.6-0.4-0.20.0 0.2 0.4 0.6 0.8 

0.6 

LOG TAU ( 1-0) 

b) 

0.2 0."1 0.6 0.8 
1.9 

1.7 

:~ 
1.7 

1.6 1.6 

~1.3 1.3 
I 

20 i~ N 
~1.1 ~<e~60 , 
",0.9 ~I I 
M 
~0.7 

0.6 10~'0~'0 0.6 

0.3 0.3 

0·},.0 -0.8 -0.6 -0."1 -0.2 0.0 0.2 0."1 0.6 0.8 0.1 
LOG TAU (2-1) 

73 

Figure 3.5. CO intensity ratios vs. optical depth as a function of T e:c. Contour 
plots ofTe:c are plotted for a) CO 2-+1/CO 1-+ 0 intensity ratio vs. Tl_oj b) 
CO 3-+2/CO 2-+ 1 intensity ratio vs. T2_1' In both a) and b), Te:c ranges 
from 10 to 50 K in increments of 10 K. 
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Figure 3.5. CO intensity ratios vs. optical depth as a function of T ez, continued. 
Contour plots ofTez are plotted for c) CO 4-.3/CO 3-.2 intensity ratio vs. 
7"3_2; Tez ranges from 10 to 50 K in increments of 10 K. d) CO 7--+6/CO 
3-.2 intensity ratio vs. 7"3_2. Tez ranges from 10 to 50 K in increments of 
5K. 
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tin, and Ho 1990). From our 4~3 to 3~2 intensity ratio analysis (see Figure3.5c) 

we find that for Ta_2 < 3 the gas excitation temperature toward the eastern peak 

is between 20 and 30 K. For higher optical depths the temperature ranges from 30 

to 40 K. The western peak has a gas temperature between 20 and 23 K at all optical 

depths. The 2J..tm peak comes out with a temperature of ",,20 K for Ta_2 < 1 and a 

temperature between 17 and 20 K for Ta_2 > 1. The estimates were derived using 

peak 4~3 to 3~2 temperature ratios. Wild et al. (1990) have observed the CO 

7~6 line toward the position near the western emission peak. The velocity width 

of the spectrum is much narrower than that found in the lower transitions, and 

suggests the 7 ~6 emission originates from a much smaller volume of gas, perhaps a 

massive star-forming complex (Wild et al. 1990). Taking the ratio of 7~6 to 3~2 

peak temperatures and using Figure 3.5d, we derive a gas temperature between ",,40 

and 45 K for a large range of optical depths. This temperature estimate is the same 

as the dust temperature found toward the nucleus of M82 by Telesco and Harper 

(1980). This suggests that the thermal dust emission toward the nucleus of M82 

is dominated by massive star-forming complexes. The CO 4~3 and 3~2 intensity 

analysis suggests that the majority of the gas may be at a lower temperature, be

tween 20 and 40 K. We also find that toward the position of the 2 J..tm peak the gas 

appears to be ",,10 K cooler than the gas in the east and west emission peaks. 

Our results suggest a two-component model for the molecular gas in M82: 

1) a hot (",,45 K) component associated with regions of massive star-formation 

and 2) a more extended, cooler (",,20 K), component. (Such a model has also 

been proposed by Ho, Thrner, and Martin 1987, and Wild et al. 1990.) Given the 

error bars of the line ratios, it is difficult to determine the optical depths in each 

component. However, the line ratios do suggest that the optical depths are probably 
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of order unity. Other workers have obtained complementary 13 CO observations for 

the lower three transitions of CO and come to a similar conclusion about the optical 

depth (Tilanus et al. 1991). 

Since the derived gas temperature in the hot component is close to that 

derived for the dust, this suggests that the lower transitions of CO are thermalized. 

If T is ~ 1 and the gas is thermalized, then the density of the gas in the emission 

region should have a density of> ncrit, the critical density of the gas. For a given 

temperature and transition (J + 1 ~ J), ncrit = AJ+l,J/nJ+l,J, where AJ+1,J 

and nJ+l,J are the spontaneous emission coefficient and collisional de-excitation 

rate respectively. A more accurate estimate of ncrit could be made by comparing 

the AJ+l,J of a particular transition with the sum of collision rates which act to 

depopulate the J + 1 level (e.g., 2~ 0, 2 ~ 1, 2 ~ 3, 2 ~4, etc.). In comparison, 

the common definition of ncrit which we employ includes only a single collision rate 

and should therefore be considered an upper limit. In Table 3.2 we list ncrit for 

each transition in our study for a 50 and 10 K gas. ncrit is found not to be a very 

sensitive function of temperature. Which of these densities is appropriate for the 

warm molecular component? From our data it appears the 4~3 to 3~2 ratio is 

less than one. This suggests the 4~3line is more optically thin than the 3~2line. 

This in turn suggests that an upper limit to the gas density in the warm component 

is given by the value of ncrit for the 4~3 transition, namely 106 cm-3 • (Such high 

densities are also implied by the presence of extended CS 2~1 and 5~4 emission 

in the vicinity of the nucleus (Mauersberger et al. 1991).) Similarly, if the majority 

of the CO 1~0 emission arises from the cooler gas component and it also has an 

optical depth of order unity, then the density of the cooler gas must be similar to 

the ncrit of the 1 ~O transition, '" 2 X 103 cm -3. If the optical depth in the 4~3 
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and 1-.0 transitions turns out to be ~1, then the density of the gas in the hot and 

cool components could be much lower. 

TABLE 3.2. 
CO Critical Densities 

trans. AJ+l,J !h+l,J ncrit 

50 K 10 K 50 K 10 K 

, 1-.0 7.2 X 10-8 3.1 X 10-11 3.8 X 10-11 2.3 X 103 1.9 X 103 

2-.1 6.9 x 10-7 3.6 X 10-11 4.1 X 10-11 1.9 X 104 1.7 X 104 

3-.2 2.5 x 10-6 4.5 X 10-14 5.2 X 10-11 5.6 X 104 4.8 X 104 

4-.3 6.1 x 10-6 6.0 X 10-12 4.7 X 10-11 1.0 X 106 1.3 X 105 
7-.6 3.4 x 10-5 6.4 X 10-12 6.2 X 10-12 5.3 X 106 5.5 X 106 

Up to this point our analysis has been confined to three positions, the 2 p.m 

peak and the east and west CO emission peaks. To see what is happening over a 

larger region, we can study line ratio maps. In Figures 3.6a and 3.6b we present 

maps of the CO 2-.1 to 1-.0 and 3-.2 to 2-.1 integrated intensity ratios. The 

3-.2 and 2-.1 observations were made at the eso. The 1-.0 data is from Nakai 

et al. (1987). The CO 3-.2 and 1-.0 data were convolved to the angular resolution 

of the CO 2-.1 map (31"). Since the 4-.3 line was observed only toward the three 

positions listed above, a line ratio map including this transition cannot be made. 

The 2-.1 to 1-.0 ratio map of Figure 3.6a is composed of concentric ellipses 

with major axes aligned with the major axis of ·the galaxy. The line ratio peaks 

toward the center of the galaxy with a value of 1.28. At the edges of the map the 

2-.1 to 1-.0 ratio varies mostly between 0.5 and 0.8. Olofsson and Rydbeck also 

have made a 1-.0 map of M82. Their CO intensity values are a factor of ",1.4 
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Figure 3.6. Ratio maps of integ rat cd intensity toward M82: a) CO 2~1 to CO 1~0 
and b) CO 3~2 to CO 2~1. In part a) the ratios range from 0.2 to 1.2. In 
part b) the ratios range from 0.7 to 1.9. Contours are in intervals of 0.1. 
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less than that of Nakai et al.. (A ratio of peak temperatures has a value of 1.2. 

Both Nakai et al. and Olofsson and Rydbeck give an error in absolute calibration 

of +/-20%.) IT a line ratio map were made with the data of Olofsson and Rydbeck, 

the ,peak value of the line ratio would be "'1.8. The lower values of the 2-.1 to 

1-.0 ratio at the edges of the map suggest that a larger fraction of the gas traced 

by the 1-.0 transition (the cool component) is colder outside the center of M82. 

Considering the history of massive star-formation towards the center of M82, this 

conclusion seems reasonable. Alternatively, low values of 2-.1/1-.0 could indicate 

subthermal excitation (owing to lower densities) at the same temperature. 

The 3-.2 to 2-.1 ratio map of Figure 3.6b looks very different from the 2-.1 

to 1-.0 map of Figure 3.6a. Toward the central region of M82 which possesses the 

CO and 2 p.m emission peaks, the ratio has a constant value of '" 1. A ratio of one 

is also obtained along the major axis to the west of the central position and along 

the minor axis. However, the ratio increases from 1 to 1.5 as one moves eastward 

along the major axis. The behavior of the 3-.2 to 2-.1 ratio suggests that the 

temperature of the hot component of the molecular gas does not vary significantly 

over much of the central region of M82. The presence of higher 3-.2 to 2-.1 ratios 

to the east of the center of M82 indicates that although there is less hot gas present 

than near the center, what hot gas is there is at a higher temperature. This may 

indicate that this region of M82 is beginning a phase of massive star-formation. 

However, near and mid-infrared images made by Telesco et al. (1991) show no clear 

evidence for the onset of such a phase in this region of M82. This lack of evidence 

could suggest that the 3-.2 to 2-.1 intensity ratio to the east of the nucleus is not 

an effective tracer of the gas kinetic temperature. 
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9.9.9. Velocity Field 

Centroid velocity maps are one of the best ways to analyze gas kinematics 

in regions that have complex line profiles such as in M82. Figure 3.7a and 3.7b 

are centroid velocity maps of the central region of M82 derived from CO 2-+ 1 and 

3-+2 spectra respectively. The (0, 0) position of each map corresponds to the 2 p.m 

emission peak. The optical major axis of the galaxy has a position angle of 65°. 

Considering the different beamsizes involved, the two maps are very similar to each 

other and to the velocity centroid maps of Nakai et al. (1987) and Loiseau et al. 

(1990) derived from high spatial resolution CO 1-+0 and CO 2-+1 observations, 

respectively. The similarity between the maps suggests a similar volume of gas is 

being observed in each of the transitions. Overall, each map has two main velocity 

peaks. In the CO 3-+2 centroid map of Figure 3.7b a red-shifted velocity peak of 

",275 kms-1 occurs at an offset of 18" east and 18" north of the (0, 0) position. 

A blue-shifted velocity peak of ",100 kms-1 occurs 24" west and 3" north of the 

(0, 0) position. The positions and magnitudes of the velocity peaks do not change 

significantly between maps. Taking the difference in velocity between the two peaks 

and dividing by 2, we derive an average rotational velocity for the molecular ring 

of ",87 km/s. This velocity estimate is in agreement with that found by other 

observers (Loiseau et al. 1990). Using the derived rotational velocity and a radius 

of lxl021 cm, we estimate the nuclear mass to be '" 5.8x108 M0. In Figures 3.7a 

and 3.7b the western velocity peak is located "above" the optical major axis of the 

galaxy. A major axis at a larger position angle would provide a better fit to the 

data. This indicates that the major axis in the central region of M82 is skewed 

with respect to the rest of the galaxy. Indeed, radio continuum, infrared, and HI 

absorption studies suggest this is the case. As discussed by Nakai et al. (1987), the 
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true position angle of the major axis in the inner part of the galaxy is probably 

closer to 750 than 650
• 

Using the maps of Figure 3.7, we have made position-velocity plots for 

positions along the major and minor axes of M82, using our CO 3 -. 2 and CO 

2 -. 1 data. These are shown in Figure 3.8a, 3.8b, 3.8c and 3.8d. On these plots 0.5' 

corresponds to a spatial extent of f"J 470 pc. Since it is taken along the major axis of 

the galaxy, Figure 3.8a is in fact a rotation curve. The two velocity peaks are easily 

identified. A position-velocity plot along the minor axis of a galaxy (Figure 3.8b) 

is useful for identifying velocity gradients not associated with rotation. If no such 

velocity gradients are present, the velocity-position plot would show a flat line. 

However, there is a small slope present in Figure 3.8b, indicating the presence of 

a velocity gradient. This velocity gradient is more apparent in Figure 3.8d where 

we show a position-velocity plot along the minor axis derived from the CO 2-.1 

data. Using Figure 3.8d, we estimate the magnitude of the velocity gradient to be 

f"J40 km/s per 1.3'. Loiseau et al. (1990) and Nakai et al. (1987) have also detected 

gas motions along the minor axis of M82. Nakai et al. proposed these gas motions 

are due to a gas outflow perpendicular to the disk. If we assume an inclination angle 

of f"J82° (Lynds and Sandage 1963), then we derive a gas outflow velocity along the 

minor axis of f"J290 km/s over the central 1.3'. This estimate is in agreement with 

the 200 to 300 km/s velocity range found by Nakai et al. 

Figures 3.9a and 3.9b are rotation curves made parallel to the major axis 

that cross the minor axis at offsets of -18" and +36" respectively. The observed 

velocity gradients are significantly less than that observed along the major axis. 

A decrease in rotational velocity with distance from the galactic plane was also 

observed in CO by Loiseau et al. (1990). They concluded that this trend indicated 
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Figure 3.7. The CO velocity centroid maps toward M82. a) In the CO 3--.2 map, 
the contour levels for the dashed lines are from 100 to 200 km/s in steps of 
25 km/s. The contour levels for the solid lines range from 225 to 275 km/s 
in increments of 25 km/ s. b) In the CO 2--.1 map, the contour levels for the 
dashed lines are from 125 to 200 km/s in steps of 25 km/s. The contour levels 
for the solid lines range from 225 to 275 km/s in increments of 25 km/s. In 
both maps, the (0,0) position corresponds to the 2J.lm center. 
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M82 CO(3-2): Position-Velocity Plots 
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Figure 3.8. The position-velocity curves for the CO 3 --.2 transition toward M82: 
a) along the major and b) minor axes. 

M82 CO(2-1): Position-Velocity Plots 
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Figure 3.8. The position-velocity curves for the CO 2--.1 transition toward M82: 
c) along the major and d) minor axes. 

the presence of slowly rotating gas in the halo of M82. Since this was the first 

definitive detection of such motions, they were unable to conclude if this behavior 
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is related to the galactic outflow and starburst in M82 or is a general trend that 

may be present in other galaxies. 

M82 CO(3-2): Position-Velocity Plots 
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Figure 3.9. CO 3-.2 position-velocity curve for offsets parallel to the major axis: 
a) 0.3' south of the major axis and b) 0.6' north of the major axis. 

9.9.4. Gas Column Density Estimates 

Optically Thin Limit 

As discussed in Chapter 2, when a gas is optically thin, a column density 

estimate can be derived from the integrated intensity of the line providing the 

excitation temperature, Tez, is known. Our line ratio analysis and the isotopic 

studies of other workers suggest the molecular clouds in M82 have optical depths 

close to one. A column density derived assuming a line is optically thin, when it in 

fact has a 7" of 1, underestimates the true column density by a factor of'" 7"/(1 -

exp( -7") or '" 1.6. If the optical depth is 2 or 3, the corresponding error is 2.3 and 3.2 

respectively. Therefore, the assumption of optically thin CO emission in M82 should 

not in itself1ead to significant errors in calculating column densities. Column density 
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estimates from 12CO measurements (assuming optically thin conditions) are also 

fairly insensitive to the precise value of Tu:. To demonstrate this we have estimated 

NH2 from our 12CO 3~2 data over a wide range of excitation tempera~ures. In 

Fi~e 3.10a we plot NH2 as a function of Tu: for the positions of the 2 p.m and 

east and west CO emission peaks. The derived column densities are essentially 

the same for these three positions. We have assumed a 12CO to H2 abundance 

ratio of 1 x 10-4 • For values of Tez between 20 and 50 K (appropriate for M82 if 

assuming LTE) the column density ranges from 2.4 X 1021 to 2 X 1021 cm -2. We also 

show curves giving the average N H2 over all positions that possess an integrated 

intensity that is at least ten times the rms noise level of the map and over the central 

1.6 square arcminute region of the map. The average column density estimates over 

these extended regions are about a factor of 3 lower than that found for the three 

emission peaks. Without knowledge of the beam filling factor of the CO 3~2 

emission, a gas mass cannot be calculated. 

Using Both 12 CO and 13 CO 

Hboth 12CO and l3CO observations are available, column density estimates 

can be made without having to assume the gas is optically thin. This technique 

was outlined in detail in Chapter 2. Unfortunately, we ourselves have not been able 

to make isotopic measurements toward M82. However, M82 has been observed in 

l3CO (1--.2), (2~1) and (3--.2) by other workers (Loiseau et al. 1988; Tilanus et al. 

1991). This work has been summarized in Table 3.1 of Tilanus et al. There they 

quote 12CO to 13CO intensity ratios for the 1~0, 2~1, and 3--.2 transitions. The 

values of these ratios are 15, 12, and 10 respectively. By adopting these ratios we 

are able to use our 12CO data to calculate column densities. 

Using 12CO to 13CO 3~2 intensity ratios of 10 and 20, we have calculated 
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Figure 3.10. LTE results for Log N(H2) vs. Tu: toward a) the two CO peaks 
(±12" along the major axis), the 2J.Lm center and the central 1.6' square as
suming optically thin conditions and b) the 2J.Lm center using 13CO 3-.2 data 
(solid curves A and B). Also plotted in b) is the Log N(H2) vs. 12C0j13CO 
abundance ratio (dashed curves C and D). 
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the expected H2 column density as a function of Tu: toward the 2 J.lm peak. This is 

plotted in Figure 3.10b. A factor of 10 in Tez (from 10 K to 100 K) gives an order 

of magnitude change in column density. Over the excitation temperature range of 

20 to 50 K, the column density varies from 6.2 x 1022 to 1.8 X 1023 cm-2 for a l2CO 

to 13CO 3--.2 intensity ratio of 10. These values are between one and two orders of 

magnitude higher than the lower limits to the column density calculated assuming 

the l2CO is optically thin. As in the previous section, we have adopted a 13CO to 

H2 abundance ratio of 2.5 x 10-6 and a 12CO to 13CO abundance ratio of 43. There 

are several sources of uncertainty that in some combination could account for the 

large difference between the two sets of column densities. 

We have shown that if the 12CO emission has a low optical depth, then 

column density estimates derived from 12CO in the optically thin limit are fairly 

insensitive to uncertainties in Tez • However, it does strongly effect column den

sities derived using l2CO and13CO intensity ratios. As Figure 3.10b indicates, 

lower values of Tez will produce substantially lower column densities. Therefore the 

difference between the two set of column density estimates may suggest that the 

excitation temperature of the CO 3--.2 transition is on the low side of the expected 

temperature range. The difference between the two sets of estimates could also sug

gest that the optical depth in the 3-.2 line is somewhat higher than 1. However, 

considering the results of our line ratio analysis, it is unlikely the optical depth in 

the 12CO line is much larger than ",3. An optical depth of 3 in the 12CO lines would 

in turn indicate the column densities derived assuming the gas was optically thin 

are low by a factor of ",3. An additional factor of 3 or so difference between the 

estimates may result from our assuming that the intensity ratio derived by Tilanus 

et al. (1991) for line center velocities is the same at all velocities over which 12CO 
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emission is observed. This would tend to drive down the column density estimates 

derived using the 12CO to 13 CO line ratio. 

Using the 12CO to 13CO line ratios given by Tilanus et al.(1991), we have 

computed optical depths, beam filling factors, and column densities toward the 

three emission peaks in each of the lower three CO transitions. These are listed 

in Table 3.3. A mass per beam estimate is also given. Parameters were calculated 

assuming a 12CO to 13CO ratio of 43 and 20. For an abundance ratio of 43, the 

optical depths ranged from 2.8 for the 1-+0 transition to 4.5 for the 3-+2 transi

tion. An abundance ratio of 20 results in an optical depth of 0.64 in the 1-+0 line 

and 1.7 in the 3-+2 line. The 12CO line ratio analysis indicated that the 1-+0 line 

is optically thin and the higher rotational lines have optical depths on the order 

of unity. Therefore, an abundance ratio of 20 appears to be more consistent with 

our observations. Inspection of Table 3.3 reveals, that when similar beam sizes and 

excitation temperatures are used, all three transitions yield similar column density, 

filling factors, and mass per beam estimates. This result suggests that all three 

transitions are tracing the same gas. However, our line ratio analysis indicates the 

1-+0 transition is tracing gas substantially cooler than that traced by the 2-+1 and 

3-+2 transitions. Using this result and the values listed in Table 3.3, we find that the 

material traced by the 1-+0 transition has a lower column density, a higher filling 

factor, and a lower mass per beam than material traced by the higher transitions. 

Non-LTE Analysis 

We have also used the observed line ratios and RADEX (a non-LTE radia

tive transfer code discussed in Chapter 2) to determine the physical parameters of 

the gas. The general approach we have followed was outlined in Chapter 2. RADEX 

assumes the gas has a single characteristic temperature and density. From our line 
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TABLE 3.3. 
CO Line Results 

Position J+1-J Beam X12 T •• 7'13 NH2 fa. Mall (Ml1l) 
13 Beam 

12" E 3-2 21" 43 40 4.5 6.1 X 1022 0.13 1.0 X 107 

20 4.5 2.8 X 1022 0.10 1.2 X 107 

20 40 1.7 5.0 X 1022 0.16 1.0 X 107 

20 1.7 2.3 X 1022 0.39 1.2 X 107 

2pm peak 3-2 21" 43 40 4.5 1.2 X 1023 0.09 1.3 X 107 

20 4.5 5.4 X 1022 0.21 1.5 X 107 

20 40 1.7 9.7 X 1022 0.10 1.3 X 107 

20 1.7 4.4 X 1022 0.26 1.5 X 107 

12" W 3_2 21" 43 40 4.5 7.8 X 1022 0.13 1.3 X 107 

20 4.5 3.5 X 1022 0.32 1.5 x 107 

20 40 1.7 6.4 x 1022 0.15 1.3 x 107 

20 1.7 2.9 x 1022 0.39 1.5 x 107 

12" E 2-1 31" 43 40 3.7 1.0 x 1023 0.08 2.5 x 107 

20 3.7 3.3 x 1022 0.19 1.9 x 107 

20 40 1.2 7.3 x 1022 0.11 2.4 x 107 

20 1.2 2.4 x 1022 0.26 1.8 x 107 

2pm peak 2-1 31" 43 40 3.7 1.4 x 1023 0.06 2.4 x 107 

20 3.7 4.6 x 1022 0.13 1.8 x 107 

20 40 1.2 9.9 x 1022 0.06 2.4 x 107 

20 1.2 3.2 x 1022 0.19 . 1.8 x 107 

12" W 2-1 31" 43 40 3.7 1.2 x 1023 0.06 2.1 x 107 

20 3.7 3.9 x 1022 0.14 1.6 x 107 

20 40 1.2 8.5 x 1022 0.08 2.1 x 107 

20 1.2 2.8 x 1022 0.06 1.6 x 107 

12" E 2-1 23" 43 40 3.7 1.0 x 1023 0.11 1.8 x 107 

20 3.7 3.3 x 1022 0.25 1.4 x 107 

20 40 1.2 7.3 x 1022 0.15 1.8 x 107 

20 1.2 2.4 x 1022 0.35 1.4 x 107 

2pm peak 2-1 23" 43 40 3.7 1.4 x 1023 0.08 1.9 x 107 

20 3.7 4.6 x 1022 0.19 1.4 x 107 

20 40 1.2 1.0 x 1023 0.11 1.9 x 107 

20 1.2 3.2 x 1022 0.27 1.4 x 107 

2pm peak 1-0 23" 43 40 2.8 2.0 x 1023 0.03 1.0 x 107 

20 2.8 5.4 x 1022 0.07 5.8 x 106 

20 40 0.6 1.0 x 1023 0.06 1.0 x 107 

20 0.6 2.7 x 1022 0.13 5.7 x 106 

2pm peak 1-0 21" 43 40 2.8 2.0 x 1023 0.05 1.4 x 107 

20 2.8 5.4 x 1022 0.11 8.0 x 106 

20 40 0.6 1.0 x 1023 0.10 1.4 x 107 

20 0.6 2.7 x 1022 0.22 7.8 x 106 

2pmpeak 1-0 31" 43 40 2.8 2.0 x 1023 0.05 2.8 x 107 

20 2.8 5.4 x 1022 0.10 1.6 x 101 

20 40 0.6 1.0 x 1023 0.09 2.8 x 101 

20 0.6 2.7 x 1022 0.20 1.6 x 107 
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ratio analysis we know this is likely to be an oversimplification of the molecular 

medium in M82. We have attempted to plot the line ratios listed in Table 3.1 on 

grids of RADEX solutions for a 10, 20, and 40 K gas. We find that the only set of 

lin~ ratios that have a non-LTE solution which provides more than lower limits are 

the 12CO 4-.3 to 3-.2 and the 12CO to 13CO 3-.2 line ratios. The smallest scatter 

in column density and volume density occurs for a gas kinetic temperature of 40 K. 

This is the same value for the kinetic temperature that was deduced for the higher 

CO transitions from the LTE line ratio analysis. The solution is shown graphically 

in Figure 3.11. For the three central positions, the non-LTE model predicts a CO 

column density per local linewidth, Nco/6. V, of _1017 cm-2km-1s and an H2 

volume density of between 3 x 103 and 1 x 104 cm-3. The surface filling factor of 

the gas is between 0.15 and 0.44. Tilanus et al. (1991) have performed a similar 

non-LTE analysis. Using a 12CO to 13CO abundance ratio of 20, they are able 

to loosely fit all the observed line ratios for the lower three CO transitions. Their 

resulting filling factor and volume and column density estimates are very similar to 

ours, even though we assumed a 12CO to 13CO abundance ratio of 43. 

To get the corresponding N H2/ 6. V for each position, one must multiply 

Nco/6. V by an H2 to 12CO abundance ratio. As discussed in Chapter 2, in order 

derive an estimate of Nco along the line of sight, one multiplies Nco /6. V by the 

half-intensity width of the observed CO line. For the east and west emission peaks 

the half-intensity linewidth is - 120 km/s. The 2 Jlm peak position has a half

intensity linewidth of - 234 km/s. The resulting H2 column density for the east 

and west emission peaks is 1.2 x 1023 cm-2. The H2 column density for the 2 Jlm 

peak is 2.3 x 1023 cm-2. These column density estimates are higher, but within a 

factor of two, of those derived using the 12CO to 13CO 3-.2 intensity ratio for the 
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Figure 3.11. Nco I D. V vs. n(H2): Non-LTE results. Solid contours are the ratio 
of theoretical 12CO to 13eo 3-.2 line temperatures. Similarly, dashed lines 
are the ratio of the theoretical 12eo 4-.3 to 3-.2 line temperatures. ATkin 
of 40 K has been assumed. 

same excitation temperature and isotopic ratio. 
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9.9.5. Overall Molecular Mass and Cloud Sizes 

The mass of the molecular gas in the central region of M82 can be estimated 

if we know the gas column density, filling factor, and emission area. Based upon the 

analyses of the last two sections we will adopt an H2 column density of 1 x 1023 cm-2 

and a beam filling factor, fa., of 0.1 for the mapped area. The area of the CO 3-+2 

emission region (to the half-intensity contours) is 2.9xl042 cm2. The molecular 

mass is then given by Mg = NH2AIlfa. mH2' where All is the emission area. 

Substitution yields an H2 mass estimate of 5.5 x 107 M0' This value is consistent 

with that found fr<?m dust and other molecular line studies (Jaffe et al. 1984; Lo 

et al. 1987; Thronson et al. 1989; Turner, Martin, and Ho 1990; Loiseau et al. 

1990). The total mass in stars and gas in the central 40" of M82 is estimated to be 

between 5 to 8x108 M0 (Rieke et al. 1980). The lower mass estimate was derived 

assuming a thin disk geometry, while the higher mass estimate assumes a spherical 

distribution. Our results suggest that between '" 11 % and "'7% of the total mass 

in this region is in molecular form. 

With an inclination of 82°, M82 is nearly an edge-on galaxy. Therefore, 

if we were to assume a thin disk geometry, the expected aspect ratio is only 0.14. 

However, the CO 3 -+ 2 emission (Figure 3.1a) has an aspect ratio of "'0.64. Since 

the emission was resolved by our telescope beam, the large aspect ratio indicates 

that a thin disk geometry is not appropriate for the molecular gas. The appearance 

of the emission region is suggestive of a prolate ellipsoid geometry. 

Assuming this geometry, the volume of space over which our mass estimate 

is made is calculated to be V !:::! 4 X 1063 cm3 • The mean number density is then 

nH2e = Mg /(mH2 V), or 8 cm-3 • The critical density of the CO 3-+2 transition 
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(from which the mass was derived) is -5 X 104 cm-3• (For the definition of critical 

density, see Section 3.3.2.) Dividing the critical density into the mean density yields 

a (lower limit to the) volume filling factor, fv, of 1.6 x 10-4 • In deriving the mass we 

used a beam area filling factor of f(J = 0.1. As discussed by Turner, Martin and Ho 

(1990), the ratio fv/ f(J is equal to the line of sight dimension divided by the beam 

size. Multiplying this ratio (1.6x10-3) by the beam diameter (DE - 1 X 1021 cm) 

we find the typical size of a molecular cloud (Dcl) in the central region of M82 to 

be only -0.6 pc. If these clouds present a circular crossection, then given the beam 

area, approximately 104 of them are required to produce the observed filling factor. 

These results are consistent with the results of Knapp et al. (1980) and Turner, 

Martin, and Ho (1990). Fewer clouds would be required if the molecular material is 

in the form of filaments or sheets (Turner, Martin, and Ho 1990). The importance 

of cloud size scales in the context of starburst phenomena will be discussed in 

Chapter 7. 

What assumptions could make the cloud size too small? DE, fa, and 

fv are the parameters that went into the calculation for the typical cloud size 

(Dcl ~ (f(J/ fv) X DE). If fv (~ n'Jl
2
e /ncrit) is too small then either a) Mg is too 

small; b) ncrit is too big; and/or c) the volume used for the emission region is 

too large. Cases a), and b) are unlikely because a) Mg varies only a little; and b) 

tidal arguments indicate that ncrit toward the center of M82 must have a density 

on the order of 104 • (See the cloud stability section in Chapter 7). We used a 

density of this order to derive the cloud size. The volume estimate for the emission 

region is perhaps the most uncertain quantity. Our maps permit us to determine 

the size of our emission region in two dimensions, but we must make an assumption 

about the third. If f(J is too large then either a) the excitation temperature, Tel:, 
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is underestimated and/or b) the abundance ratio, Xli, is underestimated. Case b) 

is not very probable. For Xf~ of 20 to 43, values of fa are on the low side (-0.1). 

Case a) is possible, but our analysis is carefully performed; the Tex of 45 K tends to 

make fa small (-0.1). This implies the value of Dcl could be actually on the high 

side. 

9.9.6. Evidence for a Molecular Wind 

Nakai et al. (1987) have proposed that there is a molecular and ionized 

wind originating from the center of M82. The wind is spherically symmetric and 

has broken out of the galaxy along the axis of rotation. The wind is thought to be 

driven by supernova explosions. One line of evidence for the molecular wind is the 

spur-like features seen in their CO maps. (See Figure 3.12a.) They suggest these 

spur-like structures trace the edges of a hollow cylinder of molecular gas that has 

been swept-up by the wind. (See Figure 3.12b.) In our CO observations we also 

see evidence of the passage of a wind. The CO 3-.2 and 2-.1 integrated intensity 

maps (Figures 3.1 and 3.2) appear to be slightly bowed in along the minor axis of 

the galaxy, a morphology which might be expected if a wind is present. A second 

line of evidence for the molecular wind is the velocity gradient seen along the minor 

axis by Nakai et al. (1987), Loiseau et al. (1990), and ourselves. Such a velocity 

gradient could not result from simple rotation. 

Is there any other observational evidence for a molecular wind? In Fig

ure 3.2 we have presented a mosaic of the spectral lines observed toward M82. One 

interesting feature of these spectra is that the spectrum taken toward the central 

position of the galaxy has the largest linewidth. Indeed, towards this position CO 

is detected at every velocity CO is seen throughout the mapped region. Such large 
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Figure 3.12. a) The CO 1-.0 integrated intensity map toward M82 by Nakai et al. 
(1987). The minimum contour level is 20 K km/s. The maximum contour 
is 220 K km/s. The contour interval is 20 K km/s. The telescope beam 
(HPBW= 16") is shown by a hatched circle. The center is on the 2 p.m 
emission peak. The map orientation is with respect to the major and minor 
axes. The scale size is the same as for the CO 3-.2 and CO 2-.1 integrated 
intensity maps. b) A schematic representation of out-flowing molecular gas, 
ionized gas (HQ filaments), and hot plasma (X-rays) in M82 from Nakai et al. 
(1987). 
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linewidths at the central position might be expected if the observation were made 

with a beam whose diameter encompassed the steep portion of the galaxy's rotation 

curve. The rotation curve for M82 is given in Figure 3.8a. The telescope's beam 

diameter is 0.34'. Over the beam, rotation alone is expected to produce linewidths 

of ",90 km./s. Therefore, given the telescope's beamsize, the full range of velocities 

seen toward the central position of M82 cannot be fully due to simple rotation. This 

conclusion is supported by the higher spatial resolution CO observations of Loiseau 

et al. (1990). Their Figure 5 shows a position-velocity diagram along the major axis 

centered at (0, 0) derived from CO 2~1 data. As in our data, the central position 

of their map has the largest linewidth. Broad line wings are also seen throughout 

the central region of M82. We propose that these extensive CO line wings in part 

trace molecular material entrained in the central wind. 

Could the drop in rotational velocity from the 2 J1.m emission peak along the 

major axis (shown in Figure 3.8a) be a change in the rotation rate or be dominated 

by outflowing gas? Examination of the emission-weighted velocity centroid plot 

and the CO 3~2 spectra along the major axis (Figures 3.2a and 3.7a) show a case 

dominated by rotation. More to the point, the change in rotation rate begins just 

outside the region of the galaxy where we trace wing emission. (See the following 

paragraph and Figures 3.8a and 3.13a.) 

Figures 3.13a and 3.13b are "wing" maps of the CO 3~2 and 2~1 emission 

in M82. Before making the wing maps a systemic velocity for the galaxy was first 

determined. The systemic velocity was taken to be the center (VLSR) velocity 

between the east and west CO peaks, namely 220 km/s. Rotation has the effect of 

pushing the bulk of the ambient cloud material to the east of center to velocities 

greater than 220 km/s and material to the west of center to velocities less than 
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220 km/s. Therefore, as an initial attempt, we have defined wing emission to be 

the CO emission less than 220 km/s for positions more than 1/2 beam width east 

of center and vice versa for the west. (See Figure 3.2a.) We have used the 12CO 

and 13CO data of THanus et al. (1991) as a measure of optical depth to determine 

the velocity extent of the wings toward the 2 p.m emission peak. We would expect 

the optical depth in the high velocity wing material to be lower than in the ambient 

cloud material. The change in the 12/13 CO ratio profile shown in Tilanus et al. 

gives a wing velocity range of less than ",'135 km/s and greater than '" 285 km/s. 

(For velocities between 135 and 285 km/s, the 12/13 CO ratio'" 1. Outside this 

range, the ratio is < 1.) As in our 12CO 3--.2 center spectrum, the 13CO spectrum 

has two emission peaks, one at ",187 km/s and the other at ",242 km/s. The wing 

velocity intervals we have chosen do not include these emission peaks. We find that 

in the CO 3--.2 and 2--.1 transitions the wing emission over the defined velocity 

intervals accounts for'" 34% of the total CO integrated intensities at the position 

of the 2 p.m emission peak. 

The wing maps have several interesting morphological features. The wing 

emission is brightest along the minor axis and extends", 20" (330 pc) above and 

below the plane of the galaxy. The emission peaks'" 6" (100 pc) above the central 

position. In the higher spatial resolution CO 3--.2 wing map one can also see that 

the wind extends ±16" (264 pc) along the major axis. The extension along the major 

axis is just enough to encompass the east and west CO emission peaks. Indeed, the 

CO emission peaks may indicate the current position of the shock wave generated 

by the central wind. The greater intensity and gas excitation temperatures observed 

towards the peaks could be the result of the recent passage of a shock. The extent 

and intensity of the wing emission compared to what is observed at the central 
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Figure 3.13. CO 3-.2 and 2-.1 integrated intensity "wing" maps toward M82. a) 
The minimum contour level in the CO 3-.2 map is 25 K km/s. The maximum 
contour is 275 K km/s. The contour interval is 25 K km/s. b) The minimum 
contour level in the CO 2-.1 map is 60 K km/ s. The maximum contour is 
235 K km/s. The contour interval is 25 K km/s. The RA and Dec. offsets in 
both maps are in arcminutes with respect to the 2 p.m center. See the text 
for an explanation of the velocity range used. 
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Figure 3.14. CO 3-.2 spectra toward 3 central positions in M82. The over-plotted 
positions are the 2 pm center (B) and the two CO peaks at ±12" East and 
West along the major axis (A and C). The temperature scale is in T mb and 
ranges from -2 to 8 K. The velocity range is from 0 to 450 km/s. 

position can be seen in Figure 3.14. In this figure we have over-plotted the CO 3-.2 

spectra towards the 2 pm and east and west CO emission peaks (at 21" resolution). 

In order to determine the physical properties of the wind, we have convolved our 

CO 3-.2 spectra to the same spatial resolution as our CO 2-.1 data. The resulting 

spectra and their ratio is given in Figure 3.15 for the CO and 2 pm emission peaks. 

The 3-.2 and 2-.1 spectra have very similar intensities and shapes, indicating they 

are sampling similar volumes of gas. Indeed, over much of the line profile the line 

ratio between the two transitions is one, suggesting the gas is becoming optical 
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thick. However, over the velocity ranges where wing emission is dominant, the line 

ratio begins to become larger than one, suggesting the presence of hot, optically 

thin gas. This effect is most striking at the position of the east CO emission peak 

where the line ratio reaches values greater than 3. 

a) 
8~~~~~~~~~~~~ 

7 

6 

5 C 

EASTERN ~£AI( A - Tmb COJ-2 
B - Tmb C02-1 

C - Tmb(C03- )/Tmb~C02-1) 
31" rlllOlutron 

VELOCITY (km/s) 

Figure 3.15. A comparison of the CO 3-.2 and 2-.1 spectra at 31" resolution for 
3 central positions toward M82. The CO 3-.2 spectrum has been convolved 
to 31" resolution to ratio with the CO 2-.1 spectrum for the position toward 
the 2pm center, (a). The spectra for both transitions (A and B) and their 
corresponding ratio (C) are shown. The axes are similar to those in Figure 
3.14. 

We have used the 12CO and 13CO data of THanus et al. (1991) to estimate 

the optical depth, filling factor, and column density of the wing emission toward 

the CO and 2 pm emission peaks. These estimates were made assuming excitation 

temperatures of 20 and 40 K and 12CO to 13CO abundp.nce ratios of 20 and 43. 

The results are shown in Table 3.4. The gas mass over a single telescope beam 

(14") toward each position is also indicated. 13CO emission was detected over the 

full velocity range of the 12CO emission toward the position of the 2 pm peak. 
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Figure 3.15. A comparison of the CO 3 ..... 2 and 2 ..... 1 spectra at 31" resolution 
for 3 central positions toward M82 (continued). The CO 3 ..... 2 spectra have 
been convolved to 31" resolution to ratio with the CO 2 ..... 1 spectra for the 
positions toward the CO peaks ±12" East and West along the major axis, (b) 
and (c). The spectra for both transitions (A and B) and their corresponding 
ratio (C) are shown for both posi tions. The axes are similar to those in 
Figure 3.14. 
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Depending on the abundance ratio used, the 12CO optical depth varied from 3.3 

to 7.3 in the blue wing material and 5 to 11 in the red wing material. Over the 

velocity range 13CO was detected, the optical depth of the wing emission at the 

western CO emission peak was found to be between 0.8 and 3.0, depending on the 

abundance ratio used. Towards the eastern CO emission peak no 13CO was detected 

over the velocity range clearly associated with wing emission. The upper limit to 

the 12CO optical depth towards this position is ",,0.6 if an abundance ratio of 43 is 

used and "" 1 if an abundance ratio of 20 is employed. These results suggest that the 

gas optical depth decreases with distance from the center. This result is reflected 

in the lower column density and mass estimate derived for the western position. 

TABLE 3.4. 

CO Line Wing Results 

Pos. J + l-+J Beam 

2 p.m BW 3-+2 14" 

2 p.m RW 3-+2 14" 

12" RW 3-+2 14" 

X 12 
13 

43 

20 

43 

20 

43 

20 

40 7.3 
20 7.3 
40 3.3 
20 3.3 
40 10.8 
20 10.8 
40 5.0 
20 5.0 
40 3.0 
20 3.0 
40 0.8 
20 0.8 

fa 

6.3 X 1022 0.03 
2.9 X 1022 0.09 
6.0 X 1022 0.04 
2.7 X 1022 0.09 
6.8 X 1022 0.03 
3.1 X 1022 0.07 
6.7 X 1022 0.03 
3.1 X 1022 0.07 
1.1 X 1022 0.07 
5.0 X 1021 0.17 
6.1 X 1021 0.12 
2.8 X 1021 0.30 

Mass(M0) 
Beam 

1.3 X 106 

1.5 X 106 

1.3 X 106 

1.5 X 106 

1.2 X 106 

1.3 X 106 

1.2 X 106 

1.3 X 106 

4.5 X 105 

5.2 X 105 

4.5 X 105 

5.1 X 105 

The morphology of the CO wing emission is strikingly similar to that of 

the wind model of Nakai et al. (1987). If the line wings are produced by a wind, 
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then their velocity extent gives us an estimate of the wind velocity. The maximum 

observed velocity for the wings is Vm - 200 km./s, consistent with the wind velocity 

estimated by Nakai et al. (1987). 'At this velocity, it would take the wind 1.6 x 106 

yeru;s to reach the half-intensity contours of the wing map. IT the wind is driven by 

the action of the starburst, then this dynamical time is a lower limit to the age of 

the starburst. The symmetry of the wings (as seen in Figure 3.14) suggests that 

the wind is isotropic. From Figure 3.14 we estimate the wing emission area (to the 

half intensity contour) to be 1. 74 x 1047 cm 2• Using this area and the average N H 2 

and filling factor found toward the 2 I"m peak, we estimate the total mass of the 

molecular wind to be Mw - 7.5 X 106 M0 • This estimate should be considered an 

upper limit since it is toward the 2 I"m peak that the highest column densities are 

found. Using this estimate and the upper limit to the total gas mass derived earlier, 

we find that the molecular mass in the wind accounts for -14% of the total gas 

mass in the central region of M82. The kinetic energy required to drive the wind 

(1/2 Mw V~) is 3 X 1054 ergs. Our wind mass, velocity, and energy estimates are 

close to those derived by Nakai et al. (1987) using a less direct approach. They 

conclude that the kinetic energy supplied by supernovre explosions is sufficient to 

drive the wind if the supernova rate is 0.3 yr-l. Since our energy estimate is on 

the low side of that of Nakai et al. (1987), the designated supernova rate should be 

capable of driving the observed wind. (It should be noted that supernovre are not 

necessarily the whole story. Expanding H II regions and even the winds of OB stars 

may be important as well. See Carlstrom and Kronberg 1991.) 
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3.4. OS ANALYSIS 

9.4.1. Morphology 

CS was detected over a 160" square region roughly centered on the nucleus. 

A map of the CS integrated intensity over the mapped region is shown in Figure 3.16. 

The 30' level of the integrated intensity map is 8 K km/s. The (0, 0) position 

corresponds to the position of the 2 p.m emission peak. The emission is extended 

along the both the major and minor axis of the galaxy. Our CS 2-+ 1 integrated 

intensity map is somewhat different from the one made by Baan et al. (1990) on 

the IRAM 30 m telescope with a 25" beam. Across the area of the map of Baan 

et al. (1' square), the difference between our CS intensities and those of Baan et al. 

are 2.4 to 4.4, from east to west. Their map shows two well defined emission peaks 

whose locations are slightly offset from their CO counterparts. In our lower spatial 

resolution map, these emission peaks are unresolved and the emission appears as 

a broad plateau region. The map of Baan et al. (1990) does not cover as large a 

region as ours (it is confined to the immediate vicinity of the emission peaks) and 

has a higher noise Hoor (4x higher). Our map is heavily oversampled, and with our 

63" beam and lower noise level, we are sensitive to extended low-level features in 

our larger map. 

Indeed, in the 30 m telescope map there is evidence that the CS emission 

is extended to the east beyond the position of the eastern emission peak. In our 

map we find that this is definitely the case. This emission is substantial enough 

that it "pulls" the emission centroid to the east away from where it would be if 

only the CS emission peaks were considered. The presence of extended CS emission 

suggests the presence of a reservoir of dense gas just outside the region of the CS 
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Figure 3.16. CS 2-.1 integrated intensity map toward M82. The minimum contour 
is 0.8 K km/s (~30'). The maximum contour is 2.8 K km/s. The contour 
interval is 0.2 K km/s. The RA and Dec. offsets are in arcminutes relative 
to the 2J.tm center. 

emission peaks which may indicate the next sight of active star-formation. This is 

an interesting result, since our CO analysis suggests that this same region appears 

to have, on average, higher gas temperatures, another signpost of star formation. 

In the map of Figure 3.16 there is a secondary emission peak '" 40" to the west 

of center. The CO 3-. 2/2 -.1 line intensity ratio analysis indicates that the gas 
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temperature in this western region is relatively low. (See Figure 3.6b.) The low gas 

temperature suggests that presently there is little star-formation occurring in this 

western region. 

CS emission also appears to be extended along the minor axis. The emission 

extends -50" (800 pc) above and -40" (600 pc) below the plane of the galaxy. In 

our CO analysis we found evidence for a molecular wind along the minor axis. The 

extended CS emission could also be tracing the outflowing gas. To determine if this 

is the case, we must analyze the velocity structure of the CS emission. 

9.4.2. Velocity Field 

Many of the CS J =2--.1 spectra appear to have two well-defined emission 

peaks with center velocities of about 130 and 300 km/s. A comparison of our CS 

spectra with our higher resolution CO spectra suggests that the two emission peaks 

observed in our large CS beam are the result of rotation about the minor axis of M82. 

The blue-shifted emission is produced on the west side of the center of M82, and 

the red-shifted emission on the east side. When our 63" CS beam falls on both 

sides of the center, both emission peaks are observed in a single spectrum. Care

ful examination of a few of the higher signal-to-noise spectra reveals that the two 

emission peaks appear to be composed of a number of individual velocity compo

nents. These narrow emission peaks may represent emission from molecular cloud 

complexes along our line of sight. 

Figure 3.17 is a map of the velocity centroids derived from the spectra. 

Even with the large difference in spatial resolution between the two maps, the 

appearance of the CS centroid map is very similar to that of the CO centroid 

map. This similarity suggests both molecules are tracing similar gas components. 
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Figure 3.17. OS 2-.1 velocity centroid map toward M82. The dashed contour 
lines have values of 150 to 200 km/s. The solid contour lines have values of 
225 to 275 km/s. The contour interval is 25 km/s. The RA and Dec. offsets 
are in arcminutes relative to the 2J.lm center. 

Rotation about the minor axis of M82 is clearly observed. 

Figure 3.18a is a position-velocity plot along the major axis of M82. It is 

constructed from the velocity centroid data of Figure 3.17. The rotation curve shows 

two velocity peaks, a 285 km/s peak located f'V 30" east of center and a 140 km/s 

peak located f'V 30" west of center. Taking the difference in velocity between the 
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two peaks and dividing by 2, we derive an average rotational velocity of ,...73 km/s. 

This value is very close to the rotational velocity derived from our CO analysis 

(,...S7 km/s). 

M82 CS(2-1): Position-Velocity Plots 
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Figure 3.1S. CS 2-.1 position-velocity curves toward MS2 a) along the major axis 
at a PA = 65°and b) along the minor axis at a PA = -25°. The offsets are 
in arcminutes relative to the 2J.tm center. 

Using the data of Figure 3.17, we have also made a position-velocity plot 

along the minor axis of MS2. This plot is shown in Figure 3.1Sb. If only rotational 

velocity components are present this curve would be a straight line. However, 

as in the case of CO, there is evidence for a more complicated velocity field. It is 

difficult to know how much of the structure of Figure 3.1Sb is real or is due to noise. 

There does appear to be a negative slope in the figure, suggesting the presence of a 

,...50 km/s per 1.3' velocity gradient along the minor axis, similar to the CO result 

over the same 1.3' region. If the velocity gradient is real, then it indicates that some 

component of the CS emission could be tracing the molecular outflow observed in 

CO. Unfortunately, the noise level and low spatial resolution of our CS observations 
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do not allow us to construct maps of the CS wing emission like those we made from 

our CO 3-.2 data which were of higher spatial resolution. 

9.4.9. Oolumn Density Estimates 

As mentioned earlier, CS has been observed toward M82 in the J = 2 -. 1, 

3-. 2, and 5 -. 4 transitions. The latter two transitions have been measured 

toward a couple of positions using the IRAM 30 m telescope (Mauersberger and 

Henkel 1989; Baan et al. 1990.) CS J= 2 -. 1 observations have been made by 

several observers (Henkel and Bally 1985; Walker et al. 1990; Sage et al. 1990; Baan 

et al. 1990; and Rieu et al. 1989) using the Bell Laboratory 7 m, the NRAO 12 m, 

the IRAM 30 m and the NRO 45 m telescopes. Unfortunately, the differences in 

beam sizes and the paucity of 3-. 2, and 5 -. 4 data do not allow us to perform 

a detailed line ratio analysis like the one we made with co. Therefore, without 

knowledge of the beam filling factor, we are not able to determine an independent 

value for the CS excitation temperature. The lack of data also prevents us from 

performing a non-LTE analysis of the data. 

In Table 3.5 we list the critical densities for the CS J= 2 -. 1, 3-. 2, and 

5 -. 4 transitions for 10, 20, and 40 K. As in the case of CO, the critical densities 

are found to vary little with temperature. Examination of the table reveals that 

even in the lower transitions, the critical density of CS ~ 105 cm-3. This is the 

same density regime traced by the co 3-.2 transition (ncrit = 5 x 104 cm-3). 

Therefore the excitation temperature of the CS 2-.1 line is likely to be similar to 

that of the co 3-.2 line, which we found earlier to be ",40 K. 

Once an excitation temperature is adopted, CS column densities can be 

calculated either by assuming the emission is optically thin or by using C32S and 



TABLE 3.5. 
CS Critical Densities 

-----OJ+1.J -----1 4-1 ----ncrii ----

10 K 20 K 40 K 10 K 20 K 40K 

2-1 1.7 x 10-11 2.0 X 10-11 2.4 X 10-11 2.8 X 10-11 8.4 X 1011 7.0 X 1011 6.0 X 1011 
3-2 6.1 x 10-11 2.9 X 10-11 3.5 X 10-11 3.9 X 10-11 2.1 X 106 1.7 X 106 1.6 X 106 

5-4 3.0 x 10-4 3.6 X 10-11 4.0 X 10-11 4.5 X 10-11 8.3 X 106 7.5 X 106 6.7 X 106 

110 

C34S line ratios. We have calculated the optically thin C32S column density toward 

the position of the 2/-lm emission peak and the east and west CO emission peaks 

using both our J=2 --. 1 data and the J=2 --. 1 data of Baan et al. (1990). We 

also calculated Ncs towards a position 10" west in RA from the 2 /-lm peak. These 

values are listed in Table 3.6 for excitation temperatures from 10 to 100 K. Due 

to the relatively large beamsize of the 12 m telescope at the CS 2--.1 frequency 

(63"), our estimates of Ncs vary little between the four position. On average, Ncs 

varies between 6.3x1012 cm-2 at 10 K to 3.4x1013 cm-2 at 100 K. For a Tex of 

40 K, Ncs is estimated to be 1.5 x 1013 cm-2. Column density estimates derived 

from the integrated intensities of Baan et al. (1990) come out somewhat higher and 

vary only by a factor of at most 1.4 (for a certain temperature) between the four 

positions. Over these four positions, on average, the column density varies between 

5.5x1013 cm-2 at 10 K to 2.9x1014 cm-2 at 100 K. For a Tex of 40 K the average 

Ncs column density is f'J 1 X 1014 cm-2. The difference in the column density 

estimates between our observations and that of Baan et al. (1990) is approximately 

the same as the difference between the area of the NRAO beam and that of the 

IRAM beam. This result suggests that the majority of the CS emission towards 
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these four positions originates from regions :5 the size of the IRAM beam (24" or 

380 pc). The majority of the CS emission from the east, west and center positions 

may in fact be from regions < the size of the NRO beam (19"). CS 2-.1 column 

densities obtained by Rieu et al. on the NRO telescope are averaged over three 

positions (center and 10" east, 10" west along the major axis). Their results are 

similar to those of Baan et al. (1990): 5.6x1Q13 cm-2 at 3.2 K to 1.4x1014 cm-2 

at 50 K. 

TABLE 3.6. 
Optically Thin Nos Calculations 1,2 

Our OS data I • Baan et aI. data 
Tu East Peak 2#,m Peak West Peak 10" W East Peak 2#,m Peak West Peak 10" W 

10 6.4 6.6 5.9 5.1 66 47 53 .62 
20 9.0 9.3 8.3 7.2 93 66 75 88 
30 12 12 11 9.6 120 88 100 120 
40 15 16 14 12 160 110 130 150 
50 18 19 17 15 190 130 150 180 
60 21 22 20 17 220 160 180 210 
70 24 25 23 20 250 180 200 240 
80 28 29 26 22 290 200 230 270 
90 31 32 29 25 320 220 260 300 

100 34 35 32 27 350 250 280 330 

1) Calculation of Nos, assuming the gas is optically thin. 
2) All Nos values are in units of 1012 cm-2. 

Mauersberger and Henkel (1989) have detected C34S emission at a position 

- 10" west of the 2 p,m peak. If an isotopic abundance ratio is assumed, the ratio 

of C32S and C34S emission can be used to determine the CS optical depth toward 

this position. For an isotopic ratio of 23 (the terrestrial value) the optical depth is 

-2. Lowering the isotopic ratio to 11 reduces the optical depth estimate to -0.2. 

C34S emission was not detected at other positions observed by Mauersberger and 



112 

Henkel, indicating that the optical depth of the 2-.1 transition is ~2 throughout 

the nuclear region. 

Using these values of T, we have computed CS column densities and fill

ing factors for excitation temperatures of 20 and 40 K. These results are given in 

Table 3.7. For a Tez of 40 K and a terrestrial isotopic abundance ratio, a C32S 

column density of 4.6 X 1016 is derived. In the optically thin limit, Mauersberger 

and Henkel derive (1989) a C32S column density of f'J 1 X 1015 cm-2 towards this 

position. Our Nos estimate is a factor of 46 higher than that of Mauersberger and 

Henkel. A factor of 2.4 difference between the two estimates is expected due to the 

optical depth of 2.1 used in our analysis. Even when this is taken into account, our 

CS column density is f'J20 times that of Mauersberger and Henkel derived using a 

similar excitation temperature. In order to lower our column density estimate we 

must reduce the isotopic ratio below its terrestrial value. From the CS observations 

of Mauersberger and Henkel toward the position of the 2 pm peak, we place a limit 

of f'J11 on the C32S to C34S abundance ratio. Using this abundance ratio and a 

Tez = 40 K, we then derive a CS column density of f'J4 X 1015 cm-2, a value signifi

cantly closer to that obtained by Mauersberger and Henkel. This is the CS column 

density we will use in the rest of our analysis. The corresponding CS optical depth 

and beam filling factor are f'JO.2 and f'J0.02, respectively. 

Using this column density estimate and a CS to H2 abundance ratio of 

1.6 x 10-9 (typical of galactic clouds; cf. Graedel, Frerking, and Wilson 1986), we 

derive an H2 column density N H2 of 2.6 x 1024 cm-2. This value of N H2 is a factor 

of f'J26 greater than what was derived from our CO analysis. The large N H2 values 

derived from CS suggests that either 1) CS emission is originating from clouds with 

column densities significantly larger than what is expected from our CO analysis, 
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TABLE 3.7. 
CS Gas Properties 

Position J + l-.J Beam X32 
34 Tu: T32 Nos fa 

10" W 2-.1 24" 23 40 2.1 4.7 X 1016 0.004 
20 2.1 1.3 X 1016 0.008 

11 40 0.2 4.1 X 1015 0.020 
20 0.2 1.1 X 1015 0.043 

or 2) CS is more abundant in molecular clouds in M82 than in our own galaxy. 3) 

CS is being sub thermally excited, in which case our assumed value of Tez would 

lead to an overestimate of Nos. 

The area (to the half intensity contour) of CS 2-.1 emission in the high 

spatial resolution data of Baan et ai. (1990) is f"oJ 1.9 X 1042 cm-2 • Multiplying this 

area by the N H2 and filling factor derived above, we derive a total gas mass for 

the central region of M82 of f"oJ 2 X 108 M0 • This mass is within a factor of f"oJ2 of 

the estimates made by other observers. In all except one instance (Turner, Martin, 

and Ho 1990), the CS derived mass is higher than the other estimates. It is also 

a factor of f"oJ4 times higher than the mass derived from our CO analysis. If a 

terrestrial isotopic abundance ratio is used, the CS derived gas mass is a factor of 

f"oJ8 higher than the CO derived mass. If the gas is not being subthermally excited, 

then these discrepancies lead us to conclude that CS is overabundant in the central 

region of M82. Indeed, model calculations suggest that in shocked regions, like the 

center of M82, sulfur-bearing molecules such as CS are expected to be overabundant 

(Hartquist, Oppenheimer, and Dalgarno 1980). The CO abundance is not expected 
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to vary significantly in the presence of shocks. Using our CO derived H2 column 

density as a guide, we obtain a CS to H2 abundance ratio of ~ 4 x 10-8 for M82. If we 

adopt this abundance ratio, then the Cs based mass estimate becomes 7 x 106 M0 • 

Comparing this estimate to the one made using CO, we find that only 13% of the 

total gas mass is dense enough to contribute significantly to the CS emission. 

A lower limit to the volume filling factor of the gas traced by CS emission is 

approximately given by the ratio of the mean gas number density over the emission 

region (~2.4 cm-3 ) to the critical density of the transition (6 x 105 cm-3 ). Dividing 

the two numbers gives fv = 4 X 10-6• From Table 3.7 the beam filling factor is 

fa = 0.02. The typical size scale of a CS emitting cloud is then Los= (fv/ fa) X Le, 

where Le is the half-intensity size of the total CS emission region (2x1021 em). 

Substitution yields a value of Los of ~0.1 pc, which agrees with the lower limit of 

cloud size estimated by Rieu et al. (1989). The number of CS emitting clouds is 

given by the ratio of the total CS emission region area (1.9 x 1042 cm-2 ) to the CS 

cloud crossection (1.3x1035 cm-2 ) times fa. The number of 0.1 pc clouds necessary 

to produce the observed CS emission is then ~ 3 x 105. 

9.4.4. co to CS Intensity Ratios 

In Figures 3.19 and 3.20 we present contour plots of the CO to CS J = 2 --. 1 

intensity ratio namely for the CO 1--.0 to CS 2--.1, CO 2--.1 to CS 2--.1, and CO 

3--.2 to CS 2--.1 intensity ratios (parts a, b and c, respectively). The CS data in the 

maps of Figure 3.19 are what we took on the NRAO 12 m with a 63" beam. The CO 

3--.2 and 2--.1 data was taken on the CSO and convolved to a 63" spatial resolution 

for comparison with the CS. The CO 1--.0 data is from Nakai et al. (1987) and was 

also convolved with a 63" beam. The three maps are morphologically very similar 
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to the CS 2--.1 map, since the convolved CO maps are unresolved. There are three 

regions where the leo/les ratio reaches a relatively low value, indicating where 

the CS line intensity is closer to that of co. These are located due east, 40" north 

and 40" west of the 2 /lm peak. Essentially these three minima are enveloped by 

a plateau region. However, from center to west 0.3', the ratio increases by about 

a factor of 1.5. The leo/les ratio peaks near the edges of the map (except due 

east). 
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Figure 3.19. The co to CS 2--.1 ratio maps of integrated intensity toward the 
inner 1.6' square, continued. c) the co 1--.0 to CS 2--.1 map with contours 
starting at 110 and incrementing by 10. The R.A. and Dec. offsets are in 
arcminutes relative to the 2J.lm center. 

Since the critical density of co (especially in the lower transitions) is lower 

than CS, it may be that lower values of leo/les indicate that a higher percentage 

of the molecular gas is in dense clouds. The east and west minima in Figure 3.19 

are at the outer boundary of the molecular ring or bar observed in co. Therefore, 
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Figure 3.19. CO to CS 2--+1 ratio maps of integrated intensity toward the inner 
1.6' square. a) the CO 3--+2 to CS 2--+1 map with contours starting at 120 
and incrementing by 20; b) the CO 2--+ 1 to CS 2--+ 1 map with contours 
starting at 85 and incrementing by 15. The R.A. and Dec. offsets are in 
arcminutes relative to the 2JLm center. 
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if a low value of the 100/ los ratio does indicate a large percentage of dense gas, 

then Figure 3.19 shows there is a reservoir of dense gas located just outside the 

molecular ring found by other observers. The northern minimum in Figure 3.19 is 

located along the minor axis of M82 and may trace dense material in the molecular 

wind thought to be emanating from the center of M82. 

Alternatively, the variation in the 100/ los ratio in Figure 3.19 could in 

principle be due to a variation of the es fractional abundance across the source, 

perhaps due to the presence of shocks. Model calculations by Hartquist et al. (1980) 

indicate that sulfur bearing molecules could be overabundant in shocked regions. 

If this were the case, then since the nuclear region probably contains a higher 

percentage of shock-processed gas, one would expect it to have a lower 100/ los 

ratio than the surrounding area. One could also imagine situations in which the 

structure in an 100/ los ratio map is the result of line opacity variations. Due to 

its higher abundance, eo may become optically thick faster than es. However, es 
reaches T ~ 1 in the lowest two lines at such low column densities (owing to its fairly 

high dipole moment) that this almost compensates for a factor of f'J 104 difference 

in abundance compared with CO. (If eo does become optically thick before es, 
then eo to es line ratio maps do not necessarily indicate the relative abundance 

of dense gas.) In M82 the optical depth of eo is not high; therefore the eo to es 
intensity ratio should act as a density probe. For the minima to be due to opacity 

effects would require the eo emission to have a higher optical depth at the positions 

of the minima than in the surrounding gas. Our CO line ratio analysis does not 

show any clear evidence for this trend. 

We have also made CO to es line ratio maps using the higher spatial 

resolution es 2-.1 data of Baan et al. (1990). The eo 3-.2 and 1-.0 data were 
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Figure 3.20. CO to CS 2-.1 ratio maps of integrated intensity toward the inner 
"-'I' square using the CS data ofBaan et al.(1990). Shown are a) the CO 3-.2 
to CS 2-.1 map with contours starting at 35 and incrementing by 5 and b) 
the CO 2-.1 to CS 2-.1 map with central contours at 45 and incrementing 
by 5. The map in a) has a spatial resolution of 25", while the map in b) 
has a spatial resolution of 31". The R.A. and Dec. offsets are in arcminutes 
relative to the 2J.Lm center. 
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Figure 3.20. CO to CS 2-.1 ratio maps of integrated intensity toward the inner 
-I' square using the CS data of Baan et al., continued. Shown is c) the CO 
1 ~O to CS 2~ 1 map with contours starting at 25 and incrementing by 5. 
The map in c) has a spatial resolution of 25". The R.A. and Dec. offsets are 
in arcminutes relative to the 2J.tm center. 

convolved to match the 25" spatial resolution of the CS data. The CS 2~ 1 data 

were convolved to match the 31" spatial resolution of the CO 2-.1 data. These 

maps are shown in Figure 3.20a, 3.20b and 3.20c. They cover a smaller region (I' 

square) than the maps of Figure 3.20 and are more sensitive to the presence of the 

inner molecular ring. In general the ratio is a constant minimum over ±0.3' of the 

major axis and increases in value toward the edges of the map. In the two ratio 

maps of 25" resolution, the location of the molecular ring is easily identified. There 

are two low points on each of the maps, one near the position of the eastern CO 

peak and the other near the western CO peak. As discussed above, the location of 

these low points may indicate the presence of a higher percentage of dense gas. It 

is also interesting to note that the locations of these low points is near, within 5", 

but not on the CO peaks. Such small offsets are within the absolute pointing errors 
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of the telescopes. But if the offsets are real, they could indicate that the majority 

of the dense gas at the positions of the CO peaks has been used up or blown away. 

As mentioned earlier, shocks and opacity gradients can produce a variation 

in loa/los. The minima in the ratio near the positions of the east and west CO 

peaks could be the result of shock chemistry. For the minima to be due to opacity 

effects would require the CO emission to have a higher optical depth at the positions 

of the CO peaks than in the surrounding gas. From our CO line ratio analysis we 

find no clear evidence for this trend. 

3.5. SUMMARY 

We have made extensive maps of M82 in the J = 3 ~ 2 and J = 2 ~ 1 

transitions of CO and the J = 2 ~ 1 transition of es. In this chapter we have 

compared our observations with those of other workers and studied the properties 

of the molecular gas in the central "" 2' of M82. The principle results of our analysis 

are listed below. 

1) The CO J = 3 ~ 2 map has emission peaks along the major axis, located 

12" to the west and 3.4" to the east of the 2 p,m center. These peaks are 

associated with the previously discovered molecular ring. 

2) Assuming LTE, there is no single temperature that provides a reasonable 

fit to all the line ratios observed toward the molecular ring or 2 p,m peak. 

3) Our results suggest a two-component model for the molecular gas in M82: 1) 

a hot (",,45 K) component associated with regions of massive star-formation 

and 2) a more extended, cooler ("" 20 K) component. The temperatures were 

estimated using plots of Tez as a function of both CO line intensity ratios 

and T. We show that these plots can be used to estimate Tez when the gas 
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optical depth is not well known. We estimate the density of the warm and 

cool gas is - 106 and 2 x 103 cm-3 respectively. 

4) Line ratio maps suggest the temperature of the cool component of the gas is 

lower outside the center of M82 and the temperature of the warm component 

is nearly constant over the central region. The warm component has a higher 

temperature to the east of center. 

5) Centroid velocity maps of our CO J = 3 --. 2 and CO J = 2 --. 1 obser

vations indicate a) the average rotational velocity for the molecular ring is 

-87 km/s, b) the major axis in the central region is skewed with respect 

to the rest of the galaxy, and c) there is a gas outflow perpendicular to the 

plane of the galaxy with an expansion velocity of - 290 km/s. These results 

are consistent with those of other observers. 

6) The I2CO and I3CO line ratios of Tilanus et al. (1991) were used with our 

data to compute optical depths, beam filling factors, and column densities 

toward the molecular ring and the 2 Jlm peak. A I2CO to 13CO ratio of 20 

provides a better fit to our observations than values of 43 or 89. The cool 

component of the molecular medium is found to have a lower column density 

and a higher beam filling factor than the warmer component. 

7) A non-LTE analysis of the I2CO 4 --. 3 to 3 --. 2 and the I2CO to 13CO 

3 --.2 line ratios yields a gas kinetic temperature of 40 K. The derived column 

densities axe within a factor of 2 of those derived for the same temperature 

and isotopic ratio using a LTE analysis. 

8) Using an average H2 column density of 1 x 1023 cm-2 and beam filling 

factor of 0.1, we derive a H2 gas mass over the CO 3 --. 2 emission region 
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of 5.5 X 107 M0 • Using this estimate we find the gas mass fraction in the 

center of M82 is "-J 5%. 

9) We find the typical size of a molecular cloud in the central region of M82 

to be only 0.6 pc. If a circular crossection is assumed, approximately 104 of 

them are needed to produce the observed beam filling factor. 

10) Our CO 3 -.2 and 2 -. 1 maps have the features found in 1 -.0 maps by 

Nakai et al. (1987) which they interpret as evidence for a molecular wind. 

These features are a slightly bowed structure in the integrated intensity maps 

along the minor axis and a velocity gradient along the minor axis. 

11) We propose the broad line wings observed in our CO spectra toward the 

center of M82 in part trace material entrained in this molecular wind. The 

observed line wings cannot be due to simple rotation. Maps were made of 

the integrated wing emission. The emission is brightest along the minor axis 

and suggests the wind extends "-J 330 pc above and below the plane of the 

galaxy. The emission extends along the major axis just enough to encompass 

the CO emission peaks believed to be associated with a molecular ring. The 

CO 3 -. 2 to 2 -. 1line ratio is highest over the velocity ranges where wing 

emission is dominant. This suggests the molecular gas associated with the 

wind is hotter and more optically thin than other molecular components in 

the center ofM82. Using 12CO and 13CO line ratios, we derived estimates for 

the optical depth, filling factor, and column density of the molecular wind. 

From this analysis we find an upper limit to the total mass of the molecular 

wind to be "-J 7.5 X 106 M0 • The wind accounts for "-J 14% of the total 

observed molecular mass. The maximum observed velocity for of the wind 

is "-J 200 km/s. The dynamical. time of the wind, 1.6 X 106 yrs, is close to 
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both the estimated timescale of the luminous phase of the starburst and the 

gas depletion time (see discussion in Chapter B). We find the energy needed 

to drive the wind can be supplied by supernovre explosions if they occur at 

a rate of 0.3 yr-1 • 

12) CS was detected over a 160" square region roughly centered on the nucleus. 

There is a broad plateau of CS emission extending north and east of the 

2 pm emission peak. There is also a secondary peak 40" west of the 2 pm 

peak. The emission extends BOO pc above and 600 pc below the plane of 

the galaxy. This emission along the minor axis may be associated with the 

molecular outflow. 

13) The veloc~ty centroid map of the CS data looks similar to that of CO, 

suggesting the two molecules are sampling similar regions. Rotation is clearly 

observed, and there is evidence for a velocity gradient along the minor axis 

like that seen in CO. 

14) Using C32S and C34S intensity ratios, we have computed optical depths, 

column densities, and filling factors for the gas associated with the CS emis

sion. For an isotopic abundance ratio of 11 and a Tez of 40 K, we derive a 

CS column density of "-i 4 x 1015 cm-2 • The corresponding CS optical depth 

and filling factor are "-i 0.2 and "-i 0.02. Using the high angular resolution 

CS data of Baan et al. (1990) and a CS to H2 abundance ratio typical of 

galactic clouds, we derive a total gas mass of 2 x 108 M0 • This mass estimate 

is a factor of 4 higher than the CO derived value. If CS is not subthermally 

excited, this result could indicate CS is overabundant in MB2. 

15) Using derived beam and volume filling factors, we find the typical size scale 

of a CS emitting cloud to be 0.1 pc. The number of CS emitting clouds 
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is then estimated to be f"J 3 x 105• The CS derived cloud size is smaller 

than the cloud size derived from CO. This suggests CS is tracing a different 

component of the molecular medium than CO, perhaps one more closely 

associated with dense star-forming clouds. 
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CHAPTER 4 

IC342 

4.1. INTRODUCTION 

In this chapter we present CO and CS observations of IC342. With an 

inclination of only 25°, IC342 is nearly face on. This is a great boon to extragalactic 

radio astronomers since the low inclination reduces the line broadening effects of 

rotation, permitting an observed line to fit easily within the IF bandwidth available 

at most observatories. IC342 is a spiral galaxy of type Scd. The distance to IC342 is 

very uncertain. Sandage and Tammann (1974) estimate the distance to be 8 Mpc, 

while McCall (1989) estimates it to be only 1.8 Mpc. To comp'are our results 

with those of other published values, we adopt a distance estimate of 4.5 Mpc 

(Newton 1980) in our initial calculations of source parameters. We also correct 

these parameters for a distance of 1.8 Mpc, which is regarded now to be a more 

accurate value by most observers. 

IC342 has been studied in a number of molecules and transitions. It is 

relatively bright in CO and has been observed in the lower three transitions of 

12CO and 13CO. The 12CO 1-+0 line has been detected and mapped by a number 

of observers (Morris and Lo 1978; Rickard and Palmer 1981; Young and Scoville 

1982; Lo et al. 1984; Eckart et al. 1990; Ishizuki et al.(1990) and others). The high 

spatial resolution maps of Lo et al. (1984) and Ishizuki et al. (1990) reveal a bar

like structure towards the nucleus. This discovery led Lo et al. (1984) to suggest 

that noncircular motions of molecular clouds within the bar lead to an enhanced 
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frequency of cloud collisions, inducing star-formation. Indeed, active star-formation 

is indicated by the high bolometric luminosity (4x109 L0 ) observed toward the 

central 700 pc of the galaxy (Becklin et al. 1980). Knapp et 0.1. (1980) used the 

12CO 2--.1 transition to show that CO 2--.1 and 1--.0 emission is optically thick 

within the central 30" of IC342. Ho, Turner and Martin (1987) detected CO 3--.2 

emission toward IC342 and proposed a two-component model for the molecular 

medium. The I3eo 3--.2 transition has been measured toward the center of IC342 

by Wall and Jaffe (1990). From a comparison of I2CO and 13CO 3--.2 emission they 

conclude the CO is optically thick even in this high lying transition. To date, Steppe 

et al. (1990) have made the highest spatial resolution, single-dish I2CO 3--.2 map 

toward the center of IC342 (8.4"). It was the first time a single dish had resolved 

IC342's nucleus into two CO emission peaks. 

Mauersberger and Henkel (1989) detected the CS J=2--.1, 3--.2, and 5--.4 

transitions toward the nucleus of IC342. They mapped the CS 2--.1 transition over 

a 40" X 50"region toward the center of IC342, where the bulk of the emission is 

found. The CS 2--.1 map reveals two emission peaks at positions close to those 

found in CO 3--.2 by Steppe et al. (1990). Mauersberger and Henkel (1989) did 

not detect C34 . By assuming optically thin conditions and using their CS 5--.4, 

3--.2 and 2--.1 observations, Mauersberger and Henkel derived an upper limit to 

the volume density of n(H2) = 105 cm-3. 

In this chapter we will present our low-noise 12CO 3--.2 and CS 2--.1 maps 

of the central region of IC342. We will perform a detailed comparison of our obser

vations with those made by other observers. (Comparison of our results for IC342 

with those from M82 are discussed in Chapter 7.) Using the results of this analysis, 

we will construct a model for the molecular medium in IC342. Our analysis provides 
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one of the most extensive studies of the molecular medium in IC342 to date. 

4.2. OBSERVATIONS 

The 12CO J=3-+2 transition was observed toward 19 positions in the central 

region of IC342 with the Caltech Submillimeter Observatory between December 

23, 1989 and January 3, 1990. The instrumentation that was used for the CO 

3-+2 observations is discussed in section 3.2 of Chapter 3. The map is centered 

at a(1950) = 3:41:57, 0(1950) = +67:56:32 near the 2 JLm peak as determined by 

Becklin et al. (1980). The telescope beamsize at 345 GHz was ~ 21"which was 

also the spacing between observed positions. Jupiter and IRC+10216 were used as 

pointing sources. As in the case of M82, observations were calibrated by using the 

chopper-wheel technique and by periodically observing calibration sources, OMC-1 

and IRC+10216. The expected 12CO J=3-+2 TA's are 100 and 20K, respectively 

(T. Phillips (1990), private communication). The TA's were converted to a main 

beam temperature, Tmb, scale (see Section 3.2, Chapter 3). The 1-0' noise level 

across the map is 1.9 K km/s. 

The CS 2-+1 transition was observed toward 29 positions in the central 

region of IC342 during February, March, June and September of 1989. As in the 

case of M82, the observations were made with the NRAO 12 m telescope. The 

diffraction-limited beamsize was 63"and there was a 30"spacing between observed 

positions. The instrumentation for and calibration of the CS 2-+ 1 observations are 

discussed in section 3.2 of Chapter 3. The observations are presented on a T mb 

scale. The 1-0' noise level across the map is 0.39 K km/s. 

4.3. CO ANALYSIS 
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4.9.1. Morphology 

In Figure 4.1 we present a 12CO 3 --. 2 integrated intensity map of the 

central 1.33 by 1.33' region of IC342. The map was made by integrating the spectra 

at each of the 19 observed positions from -30 to 100 km/s. The emission region is 

resolved by our 21" telescope beam. The map peaks at the (0,0) position near the 

2 p,m peak and appears extended to the southwest. The appearance of our map is 

similar to the 12CO 1--.0 and 2--.1 maps of Eckart et al. (1990) made with spatial 

resolutions of 21" and 14" respectively. Their maps are also centrally peaked and 

have an extension to the southwest. 

The morphology of our map matches the lower contours of the higher spa

tial resolution (8.4") CO 3--.2 map of Steppe et al. (1990). The peak line tem

perature observed toward the (0,0) position of our map (2.5 K) is 2.6 times lower 

than the peak temperature observed toward this position with the smaller beam of 

Steppe et al. If the emission originates from a point source, then the peak temper

ature observed by Steppe et al. would be "'-I 6 times higher than what we observe. 

Since it is only 2.6 times brighter, the emission must be more extended than the 

spatial resolution of the Steppe et al. observations. In the map of Steppe et al. the 

central emission peak of our map is resolved into two peaks, one ",8" to the north

east and the other ",5" to the south of the 2 p,m emission peak. The northern peak 

has a small extension to the northeast. The emission peaks of Steppe et al. match 

those of the CO 1--.0 map of Lo et al. (1984) made at 7" resolution. Lo et al. (1984) 

proposed that the CO in their map is tracing gas in a bar 300 pc x 2:: 1500 pc in di

mension, that is centered on the nucleus and is oriented north-south. The CO 1--.0 

map of highest angular resolution to date (2.4") is that of Ishizuki et al.(1990). In 

their map the CO is clearly resolved into a bar composed of two narrow CO ridges 
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Figure 4.1. CO 3-+2 integrated intensity map toward I0342. The minimum con
tour is 5.7 K km/s. The maximum contour is 125.7 K km/s. The contour 
interval is 10 K km/s. The offsets are in arcminutes relative to the 2Jlm 
center. 

which run north to south. Each ridge has a width of:5 4" (80 pc) and a length of 

at least ",25" (500 pc). They are offset from each other by ",9" in the direction of 

the leading edges of the spiral arms. The ridges follow dust lanes. The ridges are 

joined near the position of the 2Jlm peak by a ring-like structure ",6" (110 pc) in 

diameter. A similar ring-like structure is also traced by continuum emission at 2 

and 6 cm (Turner and Ho 1983). 

4.9.2. Velocity Structure 
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Figure 4.2. CO 3--.2 velocity channel maps toward IC342. The minimum contour 
is 2.5 K km/s (~30'). The contour interval is 5 K km/s. The offsets are in 
arcminutes relative to the 2/lm center. 
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In Figure 4.2 we present velocity channel maps of _ the CO 3-.2 emis

sion. Each covers a 25 km/s velocity interval beginning at -54.5 km/s and ending 

at 120.5 km/s. The galaxy has a systemic (VLSR) velocity of .... 33 km/s. The maps 

show there is a velocity gradient across the mapped region. In general, red-shifted 

material is found to the northeast and blue-shifted material is found to the south

west. However, there is an emission clump ",18" north of the 2 p.m position which 

does not appear to be taking part in the rotation. The clump is seen in the maps 

for the velocity intervals of -54.5 to -29.5 and -29.5 to -4.5 km/s and contributes 

to the overall emission seen at intervals -4.5 to 20.5 and 20.5 to 45.5 km/s. Veloc

ity channel maps of CO 1-.0 (Sofue et al. 1987) and of CS 2-.1 (this work) lend 

credence to the detection of this blue-shifted material. Figure 4.3 is a mosaic of the 

CO 3-.2 spectra observed toward IC342. The signal-to-noise level of the spectra is 

good ( .... 10 at (0, 0». (The average rms/channel of each spectrum ~s 0.26 K.) The 

spectra are single peaked and in most cases are well-fitted by a single gaussian line 

profile. 

We have computed the emission-weighted velocity centroid toward each 

position where CO 3-.2 was detected. A contour plot of the velocity centroids 

is given in Figure 4.4. The plot appears similar to those derived from CO 1-.0 

and 2-.1 observations by Eckart et al. (1990), suggesting that the same gas is being 

traced in each transition. In the rotation curve shown in Figure 4.5a, the northeast

southwest velocity gradient across the bar is clearly seen (PA = 400
). The minimum 

and maximum centroidal velocities are -7 and 63 km/s respectively, implying an 

apparent velocity gradient of .... 2.4 km/s per arcsecond or 0.11 km/s per parsec. The 

position angle of the isovelocity contours range from -26 to -530
• Figure 4.5b is a 

position-velocity plot along the rotation axis. The position angle of the rotation axis 
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Figure 4.3. CO 3~2 spectra toward the nuclear region of IC342. The peak Tmb is 
2.5 K. The velocity range is -100 to 160 km/s. The offsets are in arcminutes 
relative to the 2J.tm center. 

of the galaxy measured in HI is -500 (Rogstad, Shostak, and Rots 1973). Although 

in our plot the curve is fairly flat, the HI velocity field of the bar does not seem to 

be due to simple rotation. This behavior was also noted by Lo et al. (1984) and led 

them to conclude that gas flow through the bar is characterized by a noncircular flow 

pattern. Indeed, in the higher spatial resolution velocity centroid plot of Ishizuki 

et al. (1990) the isovelocity contours run parallel to the CO ridges. As discussed by 

Ishizuki et al., this type of velocity field suggests that the CO ridges are associated 

with shock waves produced by a bar-like gravitational potential field. 

Another intriguing feature of the centroidal velocity plot of Figure 4.4 is 
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Figure 4.4. CO 3-.2 velocity centroid map toward lC342. The contour values for 
dashed lines are -7 to 28 km/s. The contour values for solid lines are 38 to 
63 km/s. The systemic velocity is ..... 33 km/s. The contour interval is 5 km/s. 
The offsets are in arcminutes relative to the 2 pm center. 

the kink in the contours near the position of the 2 pm peak (0, 0 on the plot). This 

kink is also seen in isovelocity plots made from CO 1-.0 and CO 2-.1 observations 

by Eckart et al. (1990) and from C03-.2 observations by Steppe et al. (1990); the 

kink is probably associated with the small inner molecular ring observed by Ishizuki 

et al. (1990). Indeed, in the isovelocity map of Ishizuki et al., it is found that the 

isovelocity contours associated with the ring are tilted with respect to the CO ridges 

and are parallel to the minor axis of the galaxy. This suggests the velocity field of 

the ring is dominated by circular rotation. 
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Figure 4.5. CO 3~2 position-velocity maps toward IC342. The position-velocity 
maps are offset in arcminutes a) along the major axis and b) along the minor 
axis. The centroidal velocities are in km/s. The offsets are in arcminutes 
relative to the 2J.tm center. 

To summarize, the gradients and kinks in our velocity data support a viable 

scenerio which includes a molecular gas bar and inner ring-like structure toward the 

center of IC342. 

4.9.9. CO Line Ratios 

As discussed ill Chapter 2, 12 CO line ratios can be used to estimate gas 

temperatures under LTE conditions. Eckart et al. (1990) use their CO 2~1 to 1~0 

ratio map in a non-LTE analysis to produce gas temperatures. In this section we 

will use an LTE approach to compare gas temperatures derived from the 3 lowest 

transitions of CO. To perform this analysis, we have regenerated the CO 2~1 to 

1 ~O map of Eckart et al. from their published data. It is presented in Figure 4.6. 



135 

In order to generate the map, we convolved their 14" CO 2-+ 1 data to match their 

21" CO 1-+0 data. (The 21" spatial resolution matches that of our CO 3-+2 data as 

well.) The CO 2-+ 1 to 1-+0 map has several interesting features. There is a narrow 

(",,25" wide, ",,45" long) north to south strip centered on the 2 p.m emission peak 

over which the CO 2-+1 to 1-+0 line ratio is ",,1. A 2-+1 to 1-+0 intensity ratio 

of 1 is consistent with the presence of warm, optically thick gas. Alternatively, hot 

("" 80 K) gas at moderate densities ("" 103 cm -3) could also produce the observed 

ratio. The optically thick interpretation of the ratio is supported by the low value 

of the 12CO to 13CO line ratios found in the region. The dimensions and location of 

the strip coincide with those of the bar and ring mapped by Ishizuki et al. (1990). 

Therefore the strip in Figure 4.6 indicates that the molecular gas in the bar is 

warm and optically thick. Eckart et al. (1990) quote a lower limit to the 12CO 

2-+ 1 to 1-+0 ratio of 0.8 for the 20" region surrounding the position of the 2 p.m 

peak. For optically thick gas, this ratio indicates the gas excitation temperature 

Tez is 2:: 12 K. This temperature estimate is in good agreement with the range of 

brightness temperatures (10 to 20 K) found in the CO ridges by Ishizuki et al .. The 

CO J=3-+2 study of Ho, Turner and Martin (1987) support the presence of hot 

(> 40 K) gas in the nuclear region. 

The ratio map of Figure 4.6 indicates that immediately east and west of 

the bar the line ratios, in general, increase above one. The highest ratio is ""2. 

These higher ratios suggest the gas outside the bar is warm and becoming optically 

thin. Uncertainties in the absolute calibration make precise temperature estimates 

difficult. However, the observed ratios suggest that outside the bar Tez reaches 

",,20 K. An alternative explanation for the larger line ratios seen to the east and 

west of the bar is that the clouds in these regions are externally heated. As explained 
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in the discussion of line ratios associated with M82, in such an instance all the CO 

lines are optically thick. The CO 2--.1 line is dominated by emission from warm 

material near the surface of the cloud, while the CO 1--.0 line is more sensitive to 

cooler material located deeper inside. When the higher spatial resolution CO 1--.0 

maps of Ishizuki et al. are closely compared to the line ratio map, one finds that 

high 2--.1 to 1--.0 line ratios are seen just to the east of the northern CO ridge and 

to the west of the southern CO ridge. This suggests that warm and/or externally 

heated clouds, perhaps associated with active star-formation regions, trail the CO· 

ridges. 
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Figure 4.6. CO 2--.1 to CO 1--.0 ratio map of integrated intensity toward IC342. 
The minimum contour is 0.5; the maximum contour is 2.3. The contour 
interval is 0.1. The data are from Eckart et al. (1990). Their CO 2--.1 data 
have been convolved to 21"to match the spatial resolution of the CO 1--.0 
data. The offsets are in arcminutes relative to the 2J.tm center. 
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Approximately 25" north and south of the position of the 2 p.m peak the CO 

2--.1 to 1--.0 line ratio falls below unity, indicating that, if the gas is still optically 

thick, it is colder. 12CO and l3CO line ratios suggest the gas in this region is 

optically thick. It is interesting to note that the colder gas begins where the CO 

ridges/bar end. This is consistent with the idea that the gas within the bar is heated 

to higher temperatures than normal through shock dissipation of kinetic energy or 

dissipative cloud-cloud collisions (Ishizuki et al. 1990). 

Figure 4.7 and 4.8 are contour plots of the CO 3--.2 to 2--.1 and the CO 

3--.2 to 1--.0 intensity ratios. The plots were made using our CO 3--.2 data and 

the CO 2--.1 and 1--.0 data of Eckart el al. Before taking the ratio, the CO 2--.1 

data of Eckart et al. was convolved to match the spatial resolution of our CO 3--.2 

data and their CO 1--.0 data. The ratios for these two maps were taken only at 

positions that were mutually observed in all 3 transitions (13 in total). The two 

maps look nearly identical, both in morphology and in the values of the contour 

levels. This similarity is not surprising, since the CO 2--.1/1--.0 map has a ratio ..... 1 

across most of the emission region. As in the 2--.1 to 1--.0 intensity plot, higher line 

ratios are found to the east and west of the bar. There are two peaks in the maps, 

located ± ..... 20" in RA from the 2p.m peak. The CO 3--.2/2--.1 line ratio at these 

two positions are 0.8 and 1.7, respectively. Over the region of the bar the line ratio 

is ..... 0.7. (Similar values are found in the CO 3--.2/1--.0 ratio map.) The line ratio 

toward the eastern peak is significantly lower than what is seen in the comparable 

region in the 2--.1 to 1--.0 line ratio map. If the 3--.2 line is optically thick, then 

a lower line ratio indicates that either the gas temperature and/or density towards 

this position is not high enough to produce a 3--.2 line comparable in intensity to 

that seen in the 1--.0 transition. The line ratios in the vicinity of the bar are in 
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fairly good agreement (within ",25%) with the value found from the 2-+1 to 1-+0 

line ratio. 
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Figure 4.7. CO 3-+2 to CO 2-+1 ratio maps of integrated intensity toward IC342. 
The minimum contour is 0.1. The maximum contour is 1.7. The contour 
intervals are 0.1. The CO 2-+1 data is from Eckart et al. (1990) and has 
been convolved to 21"to match the spatial resolution of our CO 3-+2 data. 
The offsets are in arcminutes relative to the 2Jlm center. 

4.9.4. Optical Depth and Column Density Estimates 

In Chapter 2, IC342 was used as a test case to demonstrate how to derive 

gas properties from molecular line data. Column density estimates were derived 

by three means, from assuming the 12CO (and therefore the 13CO) transitions are 
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Figure 4.8. CO 3-+2 to CO 1-+0 ratio map of integrated intensity toward IC342. 
The minimum contour is 0.1. The maximum contour is 2.4. The contour 
intervals are 0.1. The CO 1-+0 data are from Eckart et al. (1990). The 
offsets are in arcminutes relative to the 2p.m center. 

optically thin, from optical depths computed using the 12CO to 13CO intensity ratio, 

and from using line ratios in conjunction with a non-LTE code. To get an accurate 

column density estimate, one needs to use an optically thin line at some point in the . 

analysis, otherwise the column density will be underestimated. Usually, as we did 

in Chapter 2, one can make the assumption that 13 CO is optically thin. However, 

CIBO J=2-+1 and J=1-+0 observations of IC342 by Eckart et al. (1990) indicate 

that even the 13CO in IC342 is optically thick. In this section we demonstrate 

how this added knowledge can be used to calculate more accurate column density 

estimates. 

As mentioned earlier, 12CO to 13CO line ratios toward IC342 suggest the 
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12CO emission is optically thick. We have used 12CO to 13CO intensity ratios 

to compute optical depths for the 1-.0, 2-.1, and 3-.2 transitions for relative 

abundance ratios of 30, 43, and 60. A variety of 12CO / 13CO abundance ratios were 

chosen for two reasons: a) the relative abundance ratio toward IC342 is uncertain, 

and b) we wish to see how the optical depth and H2 column density vary as a 

function of Xli. The particular values of Xli = 30 and 60 were obtained from 

Langer and Penzias (1990) (See Section 2.3.2.) The computed values for optical 

depth are listed in Tables 4.1, 4.2, and 4.3 in terms of the 13CO optical depth, 

,-13. The corresponding 12CO optical depth is given by ,-12 = ,-13 xU, where Xli 
is the 12CO to 13CO abundance ratio. The J = 1 -. 0 and J = 2 -. 112CO and 

13CO data are taken from Eckart et al. (1990). We combined our 12CO J = 3 -. 2 

data with the single 21" 13CO J = 3 -.2 observation of Wall and Jaffe (1990) to 

determine ,-13 for the J = 3 -. 2 transition. Eckart et al. mapped the extent of the 

13CO emission in the 1-.0 and 2-.1 transitions, so for these transitions we were 

able to compute independent ,-13 estimates for a number of positions. 
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TABLE 4.1. 

Estimates of r 13 , fa, N(H2) and Mass for CO(1-.0) 

a) Using 12/13 of CO(1-.0), xU = 30, and Tex = 10K 

offset (arcmin) r13 fa Tex N(H2)(cm-2) Mass/beam 

(0,.17) 0.079 0.234 10.0 6.842E+21 4.210E+06 

(0,.33) 0.038 0.228 10.0 3.270E+21 1.965E+06 

(.17,.33) 0.160 0.153 10.0 1.376E+22 5.554E+06 

(.17,.17) 0.097 0.176 10.0 8.352E+21 3.876E+06 

(.17,0) 0.109 0.177 10.0 9.396E+21 4.387E+06 

(.17,-.17) 0.212 0.120 10.0 1.825E+22 5.757E+06 

(.17,-.33). 0.227 0.092 10.0 1.957E+22 4.737E+06 

(.17,-.5) 0.135 0.078 10.0 1.166E+22 2.381E+06 

(0,-.5) 0.106 0.131 10.0 9.170E+21 3.150E+06 

(0,-.33) 0.016 0.429 10.0 1.407E+21 1.588E+06 

(0,-.17) 

(.33,-.17) 0.325 0.032 10.0 2.804E+22 2.387E+06 

(.33,0) 0.234 0.057 10.0 2.016E+22 3.046E+06 

(.33,.17) 0.159 0.064 10.0 1.373E+22 2.321E+06 

( -.17,-.33) 0.072 0.175 10.0 6.226E+21 2.872E+06 

(-.17,-.17) 0.035 0.249 10.0 3.000E+21 1.962E+06 

(-.17,0) 0.116 0.159 10.0 9.989E+21 4.171E+06 

(-.17,.17) 0.221 0.114 10.0 1.902E+22 5.721E+06 

(-.17,.33) 0.298 0.087 10.0 2.566E+22 5.904E+06 

(O,O) 0.017 0.638 10.0 1.468E+21 2.466E+06 
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b) Using 12/13 of CO(l-'O), Xn = 30, and Tex = 20K 

offset (arcmin) r13 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,.17) 0.079 0.102 20.0 2.419E+22 6,463E+06 

(0,.33) 0.038 0.099 20.0 1. 156E+22 3.017E+06 

(.17,.33) 0.160 0.067 20.0 4.865E+22 8.527E+06 

(.17,.17) 0.097 0.077 20.0 2.953E+22 5.950E+06 

(.17,0) 0.109 0.077 20.0 3.322E+22 6.734E+06 

(.17,-.17) 0.212 0.052 20.0 6,452E+22 8.838E+06 

(.17,-.33) 0.227 0.040 20.0 6.919E+22 7.272E+06 

(.17,-.5) 0.135 0.034 20.0 4.121E+22 3.656E+06 

(0,-.5) 0.106 0.057 20.0 3.242E+22 4.835E+06 

(0,-.33) 0.016 0.186 20.0 4.974E+21 2,438E+06 

(0,-.17) 

(.33,-0.17) 0.325 0.014 20.0 9.914E+22 3.664E+06 

(.33,0) 0.234 0.025 20.0 7.127E+22 4.677E+06 

(.33,.17) 0.159 0.028 20.0 4.853E+22 3.564E+06 

(-.17,-.33) 0.072 0.076 20.0 2.201E+22 4,409E+06 

(-.17,-.17) 0.035 0.108 20.0 1.060E+22 3.013E+06 

(-.17,0) 0.116 0.069 20.0 3.531E+22 6,404E+06 

(-.17,.17) 0.221 0.050 20.0 6.725E+22 8.783E+06 

(-.17,.33) 0.2~8 0.038 20.0 9.071E+22 9.064E+06 

(0,0) 0.017 0.277 20.0 5.191E+21 3.785E+06 
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c) Using 12/13 of CO(1-+0), xli = 30, and Tex = 40K 

offset (arcmin) r I3 fa Tex N(H2)(cm-2 ) Mass/beam 

(0,.17) 0.079 0.047 40.0 9.075E+22 1.133E+07 

(0,.33) 0.038 0.046 40.0 4.338E+22 5.287E+06 

(.17,.33) 0.160 0.031 40.0 1.825E+23 1.494E+07 

(.17,.17) 0.097 0.036 40.0 1.108E+23 1.043E+07 

(.17,0) 0.109 0.036 40.0 1.246E+23 1.180E+07 

(.17,-.17) 0.212 0.024 40.0 2.421E+23 1.549E+07 

(.17,-.33) 0.227 0.019 40.0 2.596E+23 1.274E+07 

(.17,-.5) 0.135 0.016 40.0 1.546E+23 6.406E+06 

(0,-.5) 0.106 0.026 40.0 1.216E+23 8.473E+06 

(0,-.33) 0.016 0.087 40.0 1.866E+22 4.273E+06 

(0,-.17) 

(.33,-.17) 0.325 0.007 40.0 3.720E+23 6.420E+06 

(.33,0) 0.234 0.012 40.0 2.674E+23 8.195E+06 

(.33,.17) 0.159 0.013 40.0 1.821E+23 6.244E+06 

( -.17,-.33) 0.072 0.036 40.0 8.258E+22 7.725E+06 

(-.17,-.17) 0.035 0.050 40.0 3.979E+22 5.279E+06 

(-.17,0) 0.116 0.032 40.0 1.325E+23 1. 122E+07 

(-.17,.17) 0.221 0.023 40.0 2.523E+23 1.539E+07 

(-.17,.33) 0.298 0.018 40.0 3.404E+23 1.588E+07 

(0,0) 0.017 0.129 40.0 1.948E+22 6.632E+06 
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d) Using 12/13 of CO(1-+0), xg = 43, and Tex = 10K 

offset (arcmin) r13 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,.17) 0.086 0.218 10.0 7.370E+21 4.223E+06 

(0,.33) 0.049 0.176 10.0 4.262E+21 1.977E+06 

(.17,.33) 0.161 0.152 10.0 1.387E+22 5.558E+06 

(.17,.17) 0.101 0.169 10.0 8.741E+21 3.885E+06 

(.17,0) 0.113 0.172 10.0 9.707E+21 4.394E+06 

(.17,-.17) 0.212 0.120 10.0 1.828E+22 5.758E+06 

(.17,-.33) 0.227 0.092 10.0 1.960E+22 4.737E+06 

(.17,-.5) 0.137 0.077 10.0 1. 184E+22 2.384E+06 

(0,-.5) 0.110 0.126 10.0 9.497E+21 3.156E+06 

(0,-.333 0.032 0.224 10.0 2.717E+21 1.600E+06 

(0,-.17) 0.002 2.491 10.0 1.992E+20 1.305E+06 

(.33,-.17) 0.325 0.032 10.0 2.805E+22 2.387E+06 

(.33,0) 0.234 0.057 10.0 2.018E+22 3.047E+06 

(.33,.17) 0.161 0.064 10.0 1.384E+22 2.323E+06 

(-.17,-.33) 0.079 0.161 10.0 6.820E+21 2.882E+06 

(-.17,-.17) 0.04" 0.186 10.0 4.035E+21 1.974E+06 

(-.17,0) 0.119 0.155 10.0 1.026E+22 4.178E+06 

(-.17,.17) 0.221 0.114 10.0 1.905E+22 5.722E+06 

(-.17,.33) 0.298 0.087 10.0 2.566E+22 5.905E+06 

(0,0) 0.032 0.341 10.0 2.768E+21 2.484E+06 



145 

e) Using 12/13 of CO(l-'O), xg = 43, and Tex = 20K 

offset (arcmin) r I3 'fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,.17) 0.086 0.095 20.0 2.605E+22 6.483E+06 

(0,.33) 0.049 0.077 20.0 1.507E+22 3.035E+06 

(.17,.33) 0.161 0.066 '20.0 4.904E+22 8.533E+06 

(.17,.17) 0.101 0.073 20.0 3.090E+22 5.964E+06 

(.17,0) 0.113 0.075 20.0 3.432E+22 6.746E+06 

(.17,-.17) 0.212 0.052 20.0 6.464E+22 8.839E+06 

(.17,-.33) 0.227 0.040 20.0 6.927E+22 7.273E+06 

(.17,-.5) 0.137 0.033 20.0 4.186E+22 3.660E+06 

(0,-.5) 0.110 0.055 20.0 3.357E+22 4.844E+06 

(0,-.33) 0.032 0.097 20.0 9.607E+21 2.457E+06 

(0,-.17) 0.002 1.082 20.0 7.043E+20 2.004E+06 

(.33,-.17) 0.325 0.014 20.0 9.915E+22 3.664E+06 

(.33,0) 0.234 0.025 20.0 7.134E+22 4.677E+06 

(.33,.17) 0.161 0.028 20.0 4.892E+22 3.566E+06 

(-.17,-.33) 0.079 0.070 20.0 2.411E+22 4.424E+06 

(-.17,-.17) 0.047 0.081 20.0 1.426E+22 3.031E+06 

(-.17,0) 0.119 0.067 20.0 3.628E+22 6.414E+06 

(-.17,.17) 0.221 0.050 20.0 6.734E+22 8.784E+06 

(-.17,.33) 0.298 0.038 20.0 9.072E+22 9.065E+06 

(0,0) 0.032 0.148 20.0 9.784E+21 3.814E+06 
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f) Using 12/13 of CO(l-'O), xH = 43, and Tex = 40K 

offset (arcmin) r13 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,.17) 0.086 0.044 40.0 9.776E+22 1. 136E+07 

(0,.33) 0.049 0.036 40.0 5.654E+22 5.317E+06 

(.17,.33) 0.161 0.031 40.0 1.840E+23 1.495E+07 

(.17,.17) 0.101 0.034 40.0 1. 160E+23 1.045E+07 

(.17,0) 0.113 0.035 40.0 1.288E+23 1. 182E+07 

(.17,-.17) 0.212 0.024 40.0 2.425E+23 1.549E+07 

(.17,-.33) 0.227 0.019 40.0 2.599E+23 1.274E+07 

(.17,-.5) 0.137 0.016 40.0 1.571E+23 6.413E+06 

(0,-.5) 0.110 0.026 40.0 1.260E+23 8.489E+06 

(0,-.33) 0.032 0.045 40.0 3.605E+22 4.305E+06 

(0,-.17) 0.002 0.505 40.0 2.643E+21 3.511E+06 

(.33,-.17) 0.325 0.007 40.0 3.720E+23 6.420E+06 

(.33,0) 0.234 0.012 40.0 2.677E+23 8.196E+06 

(.33,.17) 0.161 0.013 40.0 1.836E+23 6.248E+06 

(-.17,-.33) 0.079 0.033 40.0 9.047E+22 7.752E+06 

(-.17,-.17) 0.047 0.038 40.0 5.352E+22 5.31OE+06 

(-.17,0) 0.119 0.031 40.0 1.361E+23 1. 124E+07 

(-.17,.17) 0.221 0.023 40.0 2.527E+23 1.539E+07 

(-.17,.33) 0.298 0.018 40.0 3.404E+23 1.588E+07 

(0,0) 0.032 0.069 40.0 3.671E+22 6.682E+06 
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g) Using 12/13 of CO(1-+0), xg = 60, and Tex = 10K 

offset (arcmin) r13 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,.17) 0.087 0.213 10.0 7.528E+21 4.227E+06 

(0,.33) 0.054 0.162 10.0 4.661E+21 1.981E+06 

(.17,.33) 0.161 0.152 10.0 1.389E+22 5.558E+06 

(.17,.17) 0.103 0.167 10.0 8.840E+21 3.887E+06 

(.17,0) 0.113 0.171 10.0 9.777E+21 4.396E+06 

(.17,-.17) 0.212 0.120 10.0 1.829E+22 5.758E+06 

(.17,-.33) 0.227 0.092 10.0 1.960E+22 4.737E+06 

(.17,-.5) 0.138 0.076 10.0 1. 187E+22 2.384E+06 

(0,-.5) . 0.111 0.125 10.0 9.573E+21 3.157E+06 

(0,-.33) 0.038 0.185 10.0 3.306E+21 1.606E+06 

(0,-.17) 0.014 0.417 10.0 1.198E+21 1.313E+06 

(.33,-.17) 0.325 0.032 10.0 2.805E+22 2.387E+06 

(.33,0) 0.234 0.057 10.0 2.018E+22 3.047E+06 

(.33,.17) 0.161 0.064 10.0 1.385E+22 2.323E+06 

(-.17,-.33) 0.081 0.156 10.0 7.009E+21 2.885E+06 

(-.17,-.17) 0.052 0.169 10.0 4.459E+21 1.979E+06 

( -.17,0) 0.120 0.154 10.0 1.032E+22 4.179E+06 

( -.17,.17) 0.221 0.114 10.0 1.905E+22 5.722E+06 

(-.17,.33) 0.298 0.087 10.0 2.566E+22 5.905E+06 

(0,0) 0.039 0.283 10.0 3.349E+21 2.492E+06 
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h) Using 12/13 of CO(l-'O), xg = 60, and Tex = 20K 

offset (arcmin) r I3 fa Tex N(H2)(cm-2) Mass/beam 

(0,.17) 0.087 0.093 20.0 2.661E+22 6.489E+06 

(0,.33) 0.054 0.070 20.0 1.648E+22 3.041E+06 

(.17,.33) 0.161 0.066 20.0 4.909E+22 8.533E+06 

(.17,.17) 0.103 0.073 20.0 3.125E+22 5.967E+06 

(.17,0) 0.113 0.074 20.0 3.456E+22 6.749E+06 

(.17,-.17) 0.212 0.052 20.0 6.465E+22 8.840E+06 

(.17,-.33) 0.227 0.040 20.0 6.928E+22 7.273E+06 

(.17,-.5) 0.138 0.033 20.0 4.197E+22 3.660E+06 

(0,-.5) 0.111 0.054 20.0 3.384E+22 4.846E+06 

(0,-.33) 0.038 0.080 20.0 1.169E+22 2.465E+06 

(0,-.17) 0.014 0.181 20.0 4.235E+21 2.016E+06 

(.33,-.17) 0.325 0.014 20.0 9.915E+22 3.664E+06 

(.33,0) 0.234 0.025 20.0 7.134E+22 4.677E+06 

(.33,+.17) 0.161 0.028 20.0 4.897E+22 3.566E+06 

(-.17,-.33) 0.081 0.068 20.0 2.478E+22 4.429E+06 

( -.17,-.17) 0.052 0.073 20.0 1.576E+22 3.038E+06 

(-.17,0) 0.120 0.067 20.0 3.648E+22 6.416E+06 

(-.17,.17) 0.221 0.050 20.0 6.735E+22 8.784E+06 

(-.17,.33) 0.298 0.038 20.0 9.072E+22 9.065E+06 

(0,0) 0.039 0.123 20.0 1. 184E+22 3.826E+06 
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i) Using 12/13 of CO(l--.0), xg = 60, and Tex = 40K 

offset (arcmin) rl3 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,.17) 0.087 0.043 40.0 9.985E+22 1.137E+07 

(0,.33) 0.054 0.033 40.0 6.183E+22 5.329E+06 

(.17,.33) 0.161 0.031 40.0 1.842E+23 1.495E+07 

(.17,.17) 0.103 0.034 40.0 1. 173E+23 1.046E+07 

(.17,0) 0.113 0.035 40.0 1.297E+23 1.183E+07 

(.17,-.17) 0.212 0.024 40.0 2.426E+23 1.549E+07 

(.17,-.33) 0.227 0.019 40.0 2.600E+23 1.274E+07 

(.17,-.5) 0.138 0.015 40.0 1.575E+23 6.414E+06 

(0,-.5) 0.111 0.025 40.0 1.270E+23 8.492E+06 

(0,-.33) 0.038 0.037 40.0 4.385E+22 4.320E+06 

(0,-.17) 0.014 0.084 40.0 1.589E+22 3.532E+06 

(.33,-.17) 0.325 0.007 40.0 3.720E+23 6.420E+06 

(.33,0) 0.234 0.012 40.0 2.677E+23 8.196E+06 

(.33,.17) 0.161 0.013 40.0 1.838E+23 6.249E+06 

(-.17,-.33) 0.081 0.032 40.0 9.297E+22 7.760E+06 

(-.17,-.17) 0.052 0.034 40.0 5.914E+22 5.323E+06 

(-.17,0) 0.120 0.031 40.0 1.369E+23 1.124E+07 

(-.17,.17) 0.221 0.023 40.0 2.527E+23 1.539E+07 

(-.1 ';\.33) 0.298 0.018 40.0 3.404E+23 1.588E+07 

(0,0) 0.039 0.057 40.0 4.442E+22 6.705E+06 
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TABLE 4.2. 

Estimates of r I3 , fa, N(H2 ) and Mass for CO(2-.1) 

a) Using 12/13 of CO(2-.1), xg = 30, and Tex = 10K 

offset (arcmin) r I3 fa Tex N(H2)(cm-2 ) Mass/beam 

(0,.17) 0.038 0.437 10.0 3.177E+21 3.650E+06 

(0,.33) 0.063 0.233 10.0 5.199E+21 3.189E+06 

(.17,.33) 0.141 0.184 10.0 1. 167E+22 5.650E+06 

(.17,.17) 0.111 0.251 10.0 9.196E+21 6.079E+06 

(.17,0) 0.140 0.254 10.0 1. 159E+22 7.746E+06 

(.17,-.17) 0.150 0.187 10.0 1.243E+22 6.103E+06 

(.17,-.33) 0.157 0.117 10.0 1.298E+22 3.996E+06 

(.17,-.5) 0.054 0.104 10.0 4.454E+21 1.221E+06 

(0,-.5) 0.115 0.132 10.0 9.489E+21 3.296E+06 

(0,-.33) 0.148 0.205 10.0 1.224E+22 6.614E+06 

(0,-.17) 0.133 0.306 10.0 1.103E+22 8.876E+06 

(.33,-.17) 0.282 0.073 10.0 2.335E+22 4.466E+06 

(.33,0) 0.184 0.095 10.0 1.526E+22 3.819E+06 
-

(.33,.17) 0.139 0.110 10.0 1.150E+22 3.337E+06 

(-.17,-.33) 0.073 0.200 10.0 6.017E+21 3.172E+06 

(-.17,-.17) 0.082 0.242 10.0 6.828E+21 4.347E+06 

(-.17,0) 0.037 0.338 10.0 3.051E+21 2.710E+06 

(-.17,.17) 

(-.17,.33) (0,0) 0.092 0.379 10.0 7.598E+21 7.576E+06 
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b) Using 12/13 of CO(2-.1), xg = 30, and Tex = 20K 

offset (arcmin) r13 fa Tex N(H2)(cm-2 ) Mass/beam 

(0,.17) 0.038 0.162 20.0 7.750E+21 3.301E+06 

(0,.33) 0.063 0.086 20.0 1.269E+22 2.885E+06 

(.17,.33) 0.141 0.068 20.0 2.848E+22 5.110E+06 

(.17,.17) 0.111 0.093 20.0 2.244E+22 5.499E+06 

(.17,0) 0.140 0.094 20.0 2.828E+22 7.007E+06 

(.17,-.17) 0.150 0.069 20.0 3.034E+22 5.521E+06 

(.17,-.33) 0.157 0.043 20.0 3.166E+22 3.615E+06 

(.17,-.5) 0.054 0.039 20.0 1.087E+22 1.104E+06 

(0,-.5) 0.115 0.049 20.0 2.315E+22 2.981E+06 

(0,-.33) 0.148 0.076 20.0 2.987E+22 5.982E+06 

(0,-.17) 0.133 0.113 20.0 2.691E+22 8.029E+06 

(.33,-.17) 0.282 0.027 20.0 5.697E+22 4.040E+06 

(.33,0) 0.184 0.035 20.0 3.723E+22 3.454E+06 

(.33,.17) 0.139 0.041 20.0 2.807E+22 3.018E+06 

(-.17,-.33) 0.073 0.074 20.0 1.468E+22 2.869E+06 

(-.17,-.17) 0.082 0.090 20.0 1.666E+22 3.932E+06 

(-.17,0) 0.037 0.125 20.0 7.445E+21 2.451E+06 

(-.17,.17) 

(-.17,.33) 

(0,0) 0.092 0.141 20.0 1.854E+22 6.853E+06 
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c) Using 12/13 of CO(2--.1), xg = 30, and Tex = 40K 

offset (arcmin) r I3 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,.17) 0.038 0.070 40.0 2.401E+22 4.441E+06 

(0,.33) 0.063 0.038 40.0 3.929E+22 3.880E+06 

(.17,.33) 0.141 0.030 40.0 8.822E+22 6.874E+06 

(.17,.17) 0.111 0.040 40.0 6.949E+22 7.397E+06 

(.17,0) 0.140 0.041 40.0 8.759E+22 9.425E+06 

(.17,-.17) 0.150 0.030 40.0 9.397E+22 7.426E+06 

(.17,-.33) 0.157 0.019 40.0 9.807E+22 4.862E+06 

(.17,-.5) 0.054 0.017 40.0 3.365E+22 1.485E+06 

(0,-.5) 0.115 0.021 40.0 7.171E+22 4.010E+06 

(0,-.33) 0.148 0.033 40.0 9.252E+22 8.047E+06 

(0,-.17) 0.133 0.049 40.0 8.335E+22 1.080E+07 

(.33,-.17) 0.282 0.012 40.0 1. 765E+23 5A34E+06 

(.33,0) 0.184 0.015 40.0 1. 153E+23 4.646E+06 

(.33,.17) 0.139 0.018 40.0 8.694E+22 4.060E+06 

(-.17,-.33) 0.073 0.032 40.0 4.547E+22 3.859E+06 

(-.17,-.17) 0.082 0.039 40.0 5.159E+22 5.289E+06 

(-.17,0) 0.037 0.054 40.0 2.306E+22 3.297E+06 

(-.17,.17) 

(-.17,.33 

(0,0) 0.092 0.061 40.0 5.742E+22 9.217E+06 
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d) Using 12/13 of CO(2~1), xg = 43, and Tex = 10K 

offset (arcmin) rl3 f4 Tex N(H2)(cm-2) Mass/beam 

(0,.17) 0.050 0.338 10.0 4.125E+21 3.671E+06 

(0,.33) 0.071 0.208 10.0 5.863E+21 3.202E+06 

(.17,.33) 0.143 0.182 10.0 1. 183E+22 5.655E+06 

(.17,.17) 0.114 0.244 10.0 9.484E+21 6.090E+06 

(.17,0) 0.142 0.251 10.0 1.175E+22 7.753E+06 

(.17,-.17) 0.152 0.185 10.0 1.256E+22 6.108E+06 

(.17,-.33) 0.158 0.116 10.0 1.309E+22 3.999E+06 

(.17,-.5) 0.063 0.089 10.0 5.215E+21 1.226E+06 

(0,-.5) . 0.118 0.129 10.0 9.758E+21 3.301E+06 

(0,-.33) 0.149 0.203 10.0 1.238E+22 6.619E+06 

(0,-.17) 0.135 0.301 10.0 1.122E+22 8.886E+06 

(.33,-.17) 0.282 0.073 10.0 2.336E+22 4.466E+06 

(.33,0) 0.185 0.095 10.0 1.532E+22 3.820E+06 

(.33,.17) 0.141 0.109 10.0 1.167E+22 3.340E+06 

(-.17,-.33) 0.079 0.184 10.0 6.585E+21 3.182E+06 

(-.17,-.17) 0.088 0.227 10.0 7.31OE+21 4.360E+06 

(-.17,0) 0.049 0.258 10.0 4.019E+21 2.725E+06 

(-.17,.17) 

(-.17,.33) 

(0,0) 0.097 0.360 10.0 8.009E+21 7.594E+06 
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e) Using 12/13 of CO(2-+1), XU = 43, and Tex = 20K 

offset (arcmin) T13 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,.17) 0.050 0.125 20.0 1.006E+22 3.320E+06 

(0,.33) 0.071 0.077 20.0 1.430E+22 2.896E+06 

(.17,.33) 0.143 0.067 20.0 2.887E+22 5.115E+06 

(.17,.17) 0.114 0.091 20.0 2.314E+22 5.509E+06 

(.17,0) 0.142 0.093 20.0 2.867E+22 7.014E+06 

(.17,-.17) 0.152 0.069 20.0 3.066E+22 5.525E+06 

(.17,-.33) 0.158 0.043 20.0 3.194E+22 3.617E+06 

(.17,-.5) 0.063 0.033 20.0 1.272E+22 1.109E+06 

(0,-.5) 0.118 0.048 20.0 2.381E+22 2.986E+06 

(0,-.33) 0.149 0.075 20.0 3.021E+22 5.987E+06 

(0,-.17) 0.135 0.112 20.0 2.736E+22 8.038E+06 

(.33,-.17) 0.282 0.027 20.0 5.698E+22 4.040E+06 

(.33,0) 0.185 0.035 20.0 3.738E+22 3.456E+06 

(.33,.17) 0.141 0.040 20.0 2.847E+22 3.021E+06 

(-.17,-.33) 0.079 0.068 20.0 1.607E+22 2.879E+06 

( -.17,-.17) 0.088 0.084 20.0 1.783E+22 3.944E+06 

( -.17,0) 0.049 0.096 20.0 9.806E+21 2.465E+06 

(-.17,.17) 

(-.17,.33) 

(0,0) 0.097 0.134 20.0 1.954E+22 6.870E+06 
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f) Using 12/13 of 00(2-+1), xg = 43, and Tex = 40K 

offset (arcmin) r I3 fa Tex N(H2)(cm-2) Mass/beam 

(0,.17) 0.050 0.054 40.0 3.117E+22 4.466E+06 

(0,.33) 0.071 0.033 40.0 4.431E+22 3.895E+06 

(.17,.33) 0.143 0.029 40.0 8.941E+22 6.880E+06 

(.17,.17) 0.114 0.039 40.0 7.167E+22 7.409E+06 

(.17,0) 0.142 0.040 40.0 8.881E+22 9.434E+06 

(.17,-.17) 0.152 0.030 40.0 9.495E+22 7.431E+06 

(.17,-.33) 0.158 0.019 40.0 9.892E+22 4.865E+06 

(.17,-.5) 0.063 0.014 40.0 3.941E+22 1.492E+06 

(0,-.5) 0.118 0.021 40.0 7.374E+22 4.016E+06 

(0,-.33) 0.149 0.033 40.0 9.355E+22 8.053E+06 

(0,-.17) 0.135 0.048 40.0 8.475E+22 1.08~E+07 

(.33,-.17) 0.282 0.012 40.0 1.765E+23 5.434E+06 

(.33,0) 0.185 0.015 40.0 1. 158E+23 4.648E+06 

(.33,.17) 0.141 0.018 40.0 8.819E+22 4.064E+06 

(-.17,-.33) 0.079 0.030 40.0 4.976E+22 3.872E+06 

(-.17,-.17) 0.088 0.037 40.0 5.524E+22 5.304E+06 

(-.17,0) 0.049 0.042 40.0 3.037E+22 3.316E+06 

(-.17,.17) 

(-.17,.33) 

(0,0) 0.097 0.058 40.0 6.052E+22 9.240E+06 
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g) Using 12/13 of CO(2-.1), xg = 60, and Tex = 10K 

offset (arcmin) r I3 fa Tex N(H2)(cm-2 ) Mass/beam 

(0,.17) 0.054 0.310 10.0 4.505E+21 3.679E+06 

(0,.33) 0.074 0.200 10.0 6.090E+21 3.206E+06 

(.17,.33) 0.143 0.181 10.0 1. 186E+22 5.656E+06 

(.17,.17) 0.115 0.243 10.0 9.548E+21 6.092E+06 

(.17,0) 0.142 0.250 10.0 1.178E+22 7.755E+06 

(.17,-.17) 0.152 0.185 10.0 1.258E+22 6.108E+06 

(.17,-.33) 0.158 0.116 10.0 1.311E+22 3.999E+06 

(.17,-.5) 0.066 0.085 10.0 5,492E+21 1.228E+06 

(0,-.5) 0.118 0.128 10.0 9.815E+21 3.302E+06 

(0,-.33) 0.150 0.203 10.0 1.240E+22 6.620E+06 

(0,-.17) 0.136 0.300 10.0 1.125E+22 8.888E+06 

(.33,-.17) 0.282 0.073 10.0 2.336E+22 4,466E+06 

(.33,0) 0.185 0.095 10.0 1.533E+22 3.820E+06 

(.33,.17) 0.141 0.109 10.0 1. 170E+22 3.340E+06 

(-.17,-.33) 0.082 0.179 10.0 6.764E+21 3.186E+06 

( -.17,-.17) 0.090 0.223 10.0 7,450E+21 4.363E+06 

(-.17,0) 0.053 0.235 10.0 4,411E+21 2.732E+06 

(-.17,.17) 0.010 0,414 10.0 7.906E+20 8.618E+05 

(-.17,.33) 

(0,0) 0.098 0.356 10.0 8.118E+21 7.599E+06 
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h) Using 12/13 of CO(2-.1), xg = 60, and Tex ...:... 20K 

offset (arcmin) r13 fa Tex N(H2)(cm-2 ) Mass/beam 

(0,.17) 0.054 0.115 20.0 1.099E+22 3.328E+06 

(0,.33) 0.074 0.074 20.0 1.486E+22 2.900E+06 

(.17,.33) 0.143 0.067 20.0 2.893E+22 5.116E+06 

(.17,.17) 0.115 0.090 20.0 2.329E+22 5.511E+06 

(.17,0) 0.142 0.093 20.0 2.874E+22 7.015E+06 

(.17,-.17) 0.152 0.068 20.0 3.070E+22 5.526E+06 

(.17,-.33) 0.158 0.043 20.0 3.197E+22 3.618E+06 

(.17,-.5) 0.066 0.032 20.0 1.340E+22 1.111E+06 

(0,-.5) 0.118 0.047 20.0 2.395E+22 2.987E+06 

(0,-.33) 0.150 0.075 20.0 3.025E+22 5.988E+06 

(0,-.17) 0.136 0.111 20.0 2.744E+22 8.0·40E+06 

(.33,-.17) 0.282 0.027 20.0 5.698E+22 4.040E+06 

(.33,0) 0.185 0.035 20.0 3.740E+22 3.456E+06 

(.33,.17) 0.141 0.040 20.0 2.854E+22 3.022E+06 

(-.17,-.33) 0.082 0.066 20.0 1.650E+22 2.882E+06 

(-.17,-.17) 0.090 0.083 20.0 1.818E+22 3.947E+06 

(-.17,0) 0.053 0.087 20.0 1.076E+22 2.471E+06 

(-.17,.17) 0.010 0.154 20.0 1.929E+21 7.795E+05 

(-.17,.33) 

(0,0) 0.098 0.132 20.0 1.981E+22 6.874E+06 
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i) Using 12/13 of CO(2~1), XU = 60, and Tex = 40K 

offset (arcmin) r I3 fa Tex N(H2)(cm-2 ) Mass/beam 

(0,.17) 0.054 0.050 40.0 3.405E+22 4.476E+06 

(0,.33) 0.074 0.032 40.0 4.602E+22 3.901E+06 

(.17,.33) 0.143 0.029 40.0 8.960E+22 6.881E+06 

(.17,.17) 0.115 0.039 40.0 7.215E+22 7.412E+06 

( .17,0) 0.142 0.040 40.0 8.901E+22 9.435E+06 

(.17,-.17) 0.152 0.030 40.0 9.509E+22 7.432E+06 

(.17,-.33) 0.158 0.019 40.0 9.903E+22 4.866E+06 

(.17,-.5) 0.066 0.014 40.0 4.150E+22 1.495E+06 

(0,-.5) 0.118 0.021 40.0 7.417E+22 4.017E+06 

(0,-.33) 0.150 0.033 40.0 9.371E+22 8.054E+06 

(0,-.17) 0.136 0.048 40.0 8.500E+22 1.081E+07 

(.33,-.17) 0.282 0.012 40.0 1.765E+23 5.434E+06 

(.33,0) 0.185 0.015 40.0 1. 158E+23 4.648E+06 

(.33,.17) 0.141 0.017 40.0 8.839E+22 4.064E+06 

(-.17,-.33) 0.082 0.029 40.0 5.112E+22 3.876E+06 

( -.17,-.17) 0.090 0.036 40.0 5.630E+22 5.309E+06 

(-.17,0) 0.053 0.038 40.0 3.333E+22 3.324E+06 

(-.17,.17) 0.010 0.067 40.0 5.975E+21 1.049E+06 

(-.17,.33) 

(0,0) 0.098 0.057 40.0 6.135E+22 9.246E+06 
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TABLE 4.3. 

Estimates of r 13 , fa, N(H2) and Mass for CO(3--.2) 

a) Using 12/13 of CO(3--.2), xg = 30, and Tex = 10K 

offset (arcmin) r13 fa Tex N(H2)(cm-2 ) Mass/beam 

(0,0) 0.143 0.412 10.0 1.617E+22 1.751E+07 

(.33,0) 0.143 0.163 10.0 1.617E+22 6.928E+06 

(0,-.33) 0.143 0.195 10.0 1.617E+22 8.296E+06 

(0,.33) 0.143 0.245 10.0 1.617E+22 1.043E+07 

b) Using 12/13 of CO(3--+2), xg = 30, and Tex = 20K 

offset (arcmin) r13 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,0) 0.143 0.128 20.0 2. 124E+22 7.163E+06 

(.33,0) 0.143 0.051 20.0 2.124E+22 2.834E+06 

(0,-.33) 0.143 0.061 20.0 2.124E+22 3.394E+06 

(0,.33) 0.143 0.076 20.0 2.124E+22 4.266E+06 

c) Using 12/13 of CO(3--'2), xg = 30, and Tex = 40K 

offset (arcmin) r13 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,0) 0.143 0.052 40.0 4.778E+22 6.479E+06 

(.33,0) 0.143 0.020 40.0 4.778E+22 2.564E+06 

(0,-.33) 0.143 0.024 40.0 4.778E+22 3.070E+06 

(0,.33) 0.143 0.031 40.0 4.778E+22 3.859E+06 
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d) Using 12/13 of CO(3--.2), xg = 43, and Tex = 10K 

offset (arcmin) 7"13 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,0) 0.145 0.407 10.0 1.637E+22 1.752E+07 

(.33,0) 0.145 0.161 10.0 1.637E+22 6.934E+06 

(0,-.33) 0.145 0.193 10.0 1.637E+22 8.303E+06 

(0,.33) 0.145 0.242 10.0 1.637E+22 1.044E+07 

e) Using 12/13 of CO(3--.2), xg = 43, and Tex = 20K 

offset (arcmin) 7"13 fa Tex N(H2)(cm-2) Mass/beam 

(0,0) 0.145 0.127 20.0 2.151E+22 7.169E+06 

(.33,0) 0.145 0.050 20.0 2.151E+22 2.837E+06 

(0,-.33) 0.145 0.060 20.0 2.151E+22 3.397E+06 

(0,.33) 0.145 0.075 20.0 2.151E+22 4.269E+06 

f) Using 12/13 of CO(3--.2), xg = 43, and Tex = 40K 

offset (arcmin) 7"13 fa Tex N(H2 )(cm-2 ) Mass/beam 

(0,0) 0.145 0.051 40.0 4.839E+22 6.485E+06 

(.33,0) 0.145 0.020 40.0 4.839E+22 2.566E+06 

(0,-.33) 0.145 0.024 40.0 4.839E+22 3.073E+06 

(0,.33) 0.145 0.030 40.0 4.839E+22 3.862E+06 
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g) Using 12/13 of CO(3-+2), xg = 60, and Tex = 10K 

offset (arcmin) r I3 fa Tex N(H2)(cm-2) Mass/beam 

(0,0) 0.145 00406 10.0 1.641E+22 1. 752E+07 

(.33,0) 0.145 0.161 10.0 1.641E+22 6.935E+06 

(0,-.33) 0.145 0.192 10.0 1.641E+22 8.304E+06 

(0,.33) 0.145 0.242 10.0 1.641E+22 1.044E+07 

h) Using 12/13 of CO(3-+2), XH = 60, and Tex = 20K 

offset (arcmin) r I3 fa Tex N(H2)(cm-2) Mass/beam 

(0,0) 0.145 0.126 20.0 2.155E+22 7.170E+06 

(.33,0) 0.145 0.050 20.0 2.155E+22 2.837E+06 

(0,-.33) 0.145 0.060 20.0 2.155E+22 3.398E+06 

(0,.33) 0.145 0.075 20.0 2.155E+22 4.270E+06 

i) Using 12/13 of CO(3-+2), xg = 60, and Tex = 40K 

offset (arcmin) r I3 fa Tex N(H2)(cm-2) Mass/beam 

(0,0) 0.145 0.051 40.0 4.849E+22 6A86E+06 

(.33,0) 0.145 0.020 40.0 4.849E+22 2.567E+06 

(0,-.33) 0.145 0.024 40.0 4.849E+22 3.074E+06 

(0,.33) 0.145 0.030 40.0 4.849E+22 3.863E+06 
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For an XII of 43, our analysis shows that at every position where l2CO 

and 13 CO are detected the 12 CO emission is optically thick. This is true for all 

three transitions. When an Xfl of 30 is used a few positions become optica)ly thin 

in the l2CO 1--.0 transition. Some of the lowest optical depths in the CO 1 --. 0 

transition are found in the vicinity of the bar Iring structure. In general, for both 

the 1--.0 and 2--.1 transitions, higher optical depths are found to the east of the 

bar. East of the bar is where the 12 CO 2--.1 to 1--.0 line ratio map has a value 

greater than 1. This led us to conclude that either the clouds there are becoming 

optically thin or that they are externally heated. The fact, that the l2CO to 13CO 

line ratio suggests the gas is optically thick east of the bar, lends support to the 

externally heated cloud model. 

Eckart et al. (1990) made CISO 2--.1 and 1--.0 measurements toward the 

position of the 2 I'm peak. CISO is expected to be ",12 times less abundant than 

l3CO (Frerking, Langer, and Wilson 1982). Therefore, CISO emission can be used 

to probe the optical depth of the l3CO line. We have computed r13 towards the 

2 I'm peak from the l3CO to CISO line ratios using relative abundances of 12 and 5. 

For an abundance ratio of 12, 7'13 is found to be 3.5 and 4 in the 1--.0 and 2--.1 

transitions. Using an abundance ratio of 5, these values drop to 0.7 and 0.8 respec

tively. The 13CO emission in IC342 appears to be optically thick. Therefore, the 

optical depth estimates in Tables 4.1, 4.2, and 4.3 derived using a 12CO to 13CO 

intensity ratio should be considered lower limits to the true values. For example, for 

a 12CO to l3CO abundance ratio of 43 we find a value of 1.4 for the 12CO optical 

depth in the 1--.0 transition. If we use a l2CO to CISO ratio of 537 (consistent 

with a Xli = 43 and a XU = 12) the 12CO optical depth towards this position is 

estimated to be "'17. 
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Using our 13CO optical depth estimates we have computed H2 column den

sities (NH2)' beam filling factors (Ia), and mass estimates. Gas excitation tempera

tures (Tu:) of 10,20, and 40 K were used. These results are listed in Tables 4.1,4.2, 

and 4.3. The mass values listed in the tables are mass per beam estimates, i. e. the 

gas mass intercepted by the telescope's beam towards the indicated position. In 

making these column density and mass estimates it was assumed the 13CO transi

tion was optically thin and sampled all the gas along the line of sight. However, from 

our CI80 analysis we know that toward our (0, 0) position r I3 is "'4. Therefore, the 

derived column densities should be considered lower limits. If we assume r I3 is ",4 

throughout the mapped region, then the true column densities are, to first order, 

higher by a factor of r;r '" 4/rI3 . Similarly, due to the high optical depth of the 

13CO line, the beam filling factor estimates (fa) derived using the uncorrected r I3 

are upper limits. More accurate estimates of la are obtained by multiplying the val

ues listed in Tables 4.1, 4.2, and 4.3 by the factor Igor", (1_e- r13 )/(1_e-4 ) ~ rI3. 

Mass is proportional to laNH2' Therefore the optical depth correction factor to the 

mass estimates in Tables 4.1,4.2, and 4.3 is 1;::48 = Igor IlJr '" 4. Based upon our 

CO line ratio analysis and the work of other observers, conservative estimates of 

Tex and Xii towards the position of the 2 p,m peak are 40 K and 43. Using these 

parameters and applying the 13CO correction factor, we derive column densities 

towards the 2p,m peak of 4.6 X 1024, 2.5 X 1024, and 1.3 X 1024 cm-2 from the CO 

1--.0, 2--.1, and 3--.2 transitions respectively. The corresponding values of la are 

0.002, 0.005, and 0.004. 

4.9.5. Overall Molecular Mass and Cloud Sizes 

From Figure 4.1 we estimate the area of the 12CO 3--.2 emission region 
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(to the half-power contour) to be A3_ 2 '" 6.4 X 1042 cm -2. If we assume the H2 

column density and beam filling factor are constant over this region, then we can 

use the values listed above for the 3-.2 transition to estimate the gas mass. The 

resulting gas mass estimate is Mg '" 6.4 X 107 M0' If the distance to IC342 is really 

1.8 Mpc instead of 4.5 Mpc, then Mg reduces to '" 1 X 107 M0 . From our velocity 

centroid plot (Figure 4.4) we estimate the projected rotational velocity over the 

mapped region to be ",33 km/s. Correcting for inclination (i = 25°), we derive a 

true rotational velocity, Vrot, of ",78 km/s. Assuming a distance of 4.5 Mpc, the 

required dynamical mass is Md = V~otrd/G, where rd '" 500 pc is the radius of the 

emission region. Substitution yields a value of Md of 7 x 108 M0 . The gas mass 

fraction (Mg/Md) in the central 1000 pc of IC342 is then'" 10 %. If the 1.8 Mpc 

distance estimate is used, then Md '" 2.8 X 108 and Mg/Md is '" 3.6 %. 

With an inclination of 25°, IC342 is nearly a face-on galaxy. If we assume 

the geometry of a very thin disk, the expected aspect ratio is 0.91. However, the 

CO 3-.2 emission has an aspect ratio of", 0.73. Since the emission was resolved by 

our telescope beam, the measured aspect ratio indicates that a very thin disk ge

ometry is probably not appropriate for the molecular gas. As a first approximation, 

we will adopt a spheroidal geometry. 

Assuming this geometry for the CO emission region and a distance to IC342 

of 4.5 Mpc, we get a volume of space over which Mg was estimated of '" 1.6 x 

1064 cm3 • The mean number density of H2' over this volume is n~e '" 2 cm-3 • 

The volume filling factor of the gas is then nH
2

e /ncrit, where ncrit = 5 x 104 cm-3 

for the CO J = 3 -. 2 transition. Substitution yields a volume filling factor 

Iv = 4.3 X 10-5• Given the large optical depth observed in this transition, the 

gas can be thermalized even with the gas density lower than ncrit. Therefore the 
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derived volume filling factor should be considered a lower limit. We used a beam 

filling factor, fa. of 0.004 in our mass calculation. As discussed earlier, fv/ fa. is 

equal to the line-of-sight dimension divided by the emission area. Multiplying this 

ratio (0.011) by the diameter of the emission region (D -1000 pc), we find the 

typical cloud diameter in the central region of IC342 to be ~ 11 pc. H IC342 is at 

a distance d from the observer, then fv oc l/d and D ex d. The fa. estimate does 

not require knowledge of d. Therefore the derived cloud diameter is is independent 

of d. If the clouds have a circular cross section, then it would take only ~ 30 of 

them to produce the observed beam filling factor. H 1.8 Mpc is the correct distance 

estimate to IC342, then ~ 5 clouds are needed to produce the observed emission. 

Due to the bar in IC342, the volume of the emission region may be better 

estimated by assuming the geometry of a short cylinder. Assuming a cylindrical 

geometry with a disk thickness of 200 pc (as in the Milky Way), we get new volume 

that is -1/3 that of the sheroidal volume. The effect is to raise the values of volume 

density, volume filling factor and average cloud diameter by a factor of -3.3. The 

number of clouds goes down by a factor of -11. 

Using Very Large Array NHa observations of IC342 with a spatial resolution 

of 5", Ho, Martin, Turner and Jackson (1990) find an average diameter for 100 

ammonia cloudlets per beam to be on the order of 1 pc. They suggest that the 

NHa emission traces the portions of mo~ecular gas that are actively forming stars, 

while CO 1-.0 traces the bulk of molecular gas. Martin and Ho (1986) suggest a 

high gas temperature (- 70 K) for the NHa emission. Since the CO 3-.2 line is 

also sensitive to a high temperature molecular component (Ho, Turner and Martin 

1987), one would expect the cloud diameter obtained via the CO 3-.2 line to be at 

least as large as that obtained for the NHa cloudlets. Our CO-derived cloud size 
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of 11 pc is consistent with this interpretation. A comparison of CO 3--'2-derived 

cloud diameters with those found in the Milky Way is given in Chapter 7. 

4.4. CS ANALYSIS 

4.4.1. Morphology and Velocity Field 

The average spectrum for all 29 positions observed in CS toward IC342 

is shown in Figure 4.9. At the center, spectra appear single-peaked like their CO 

counterparts. An integrated intensity map made from the spectra is shown in 

Figure 4.10. The 30' noise level of the map is 0.38 K km/s. The overall extent and 

morphology of the CS emission appears similar to that of our 12CO J = 3 --. 2 map. 

Since the CS map was made with an angular resolution of 63", the actual size scale 

of the CS emission region could be smaller. The observed size of the CS emission 

region is l' x 1.5'. The size of the CO J = 3 --. 2 emission region, as measured with 

a 21" beam, is l' x 1'. As in the case of CO, the CS emission is centrally peaked 

at the position of the 2 p.m peak and appears extended along a northeast-southwest 

line. 

CS velocity-channel maps are shown in Figure 4.11. Each map represents 

emission integrated over a 25 km/ s velocity interval. The velocity ranges of the maps 

were chosen to match those of the corresponding CO maps. The morphology of the 

CS emission in each of the velocity intervals in which it was detected resembles 

that of the corresponding CO emission. The similarity between the CO and CS 

integrated intensity maps suggests that the CO and CS emission arise from the· 

same gas. Overall, the CS emission is found over a significantly narrower velocity 

range than CO. The confinement of the emission to a narrower velocity range could 

indicate that the majority of the CS emission is restricted to smaller galactic radii 
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Figure 4.9. An average CS 2--.1 spectrum of 29 positions toward IC342. The peak 
T mb is ",6 mK. The velocity range is from -800 to 800 krn/s. 

than CO. Indeed, this conclusion is supported by the 24" resolution CS J = 2 --. 1 

observations of Mauersberger and Henkel (1989). Their integrated intensity map 

has a half-power size of 36" x 26". The smaller size of the higher spatial resolution 

map suggests that our CS measurements under-resolve the source. The integrated 

intensity map of Mauersberger and Henkel has two emission peaks which, to within 

pointing errors, match the CO J = 1 --. 0 peaks in the higher resolution map 

of Lo et al. (1984). Since CO emission is known to trace the molecular bar, the 

coincidence of the CS and CO peaks indicates the presence of dense gas in the bar. 

A velocity centroid map of the CS emission is given in Figure 4.12. It has a 

lower signal-to-noise and lower spatial resolution than the corresponding CO 3 --. 2 

map, but, as in the CO map, higher velocities are found in the east. The two 
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Figure 4.10. CS 2~1 integrated intensity map toward IC342. The minimum 
contour is 0.36 K km/s. The maximum contour (= 30') is 1.16 K km/s. The 
contour interval is 0.1 K km/s. The offsets are in arcminutes relative to the 
2J.tm center. 

velocity extremes on the map are 23 and 37 km/s. 

4.4.~. Column Density Estimates 

In addition to the OS J = 2 ~ 1 line, OS has been detected toward 10342 in 

the 3~ 2 and 5~4 transitions (Mauersberger and Henkel 1989). IT the OS emission 
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Figure 4.11. CS 2 -. 1 velocity channel map toward IC342. The minimum contour 
is 0.16 K km/s. The contour interval is 0.05 K km/s. The offsets are in 
arcminutes relative to the 2pm center. 
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Figure 4.12. CS 2 -+ 1 velocity centroid map of IC342. The contour values for 
the dashed lines are 23 to 31 km/s. The contour values for the solid lines 
are 35 to 37 km/s. The contour interval is 2 km/s. The systemic velocity is 
33 km/s. The offsets are in arcminutes relative to the 2pm center. 

is not very optically thick and is not subthermally excited, then the detection of 

these lines indicates the presence of relatively high density (~ 105 cm-3) gas in 

the vicinity of the bar. To determine the optical depth of the CS lines requires 

complementary C34S observations. To date, the only attempt to detect the C34S line 

has been in the 2 -+ 1 transition toward the position of the 2 pm peak (Mauersberger 

and Henkel 1989). This effort resulted in a nondetection, however it does provide 
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us with a lower limit to the C32 S to e34s intensity ratio toward this position of 10. 

For a terrestrial e32s to eMs abundance ratio (Xli) of 23, this implies the optical 

depth of the e32 S line can be no greater than "'2. Lower values of Xli would make 

the optical depth lower. Such low optical depths tell us two things; 1) if the es 
emission is thermaHzed, then it is originating from gas with a density close to the 

ncrit for the observed transition and 2) column densities derived assuming the es 
emission is optically thin will be off by no more than a factor of "'2. 

In deriving the optical depth of es, we assumed that the e32s and e34s 
lines have the same excitation temperature. If the es emission is subthermally 

excited, this assumption may be a bad one, especially if radiative trapping boosts 

the Tex of the more optically thick e32s line while not affecting the e34s value of 

Tex. 

We have computed optically thin es column densities (Ncs) toward the 

central position in our map and toward the positions in the map of Mauersberger 

and Henkel (1989) where CS was detected. Excitation temperatures from 10 to 

100 K were used. The resulting values are listed in Table 4.4. Inspection of the 

table shows that, in the optically thin limit, Ncs varies slowly with Tex. In our CO 

analysis we found that a conservative value for the kinetic temperature of the gas 

is 40 K. Adopting this value for the Tex of es, we derive a Ncs of 6.5xl012 cm-2 • 

Towards the same position in the es 2--.1 map of Mauersberger and Henkel we 

derive a Ncs of 2.6 X 1013 cm-2• If all the es emission were concentrated within 

the smaller beam of Mauersberger and Henkel, we would expect the Ncs derived 

using the larger beam to be ",6 times lower than the Ncs derived from the smaller 

beam. The fact that there is a factor of 4 difference between the two estimates 

suggests that most of the es emission detected in our 60" beam can be traced to a 
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region with a size less than or equal to the 24" beam of Mauersberger and Henkel. 

The optically thin CS column density derived from the J = 3 -+ 2 observation 

toward the sanle position has a value a factor of -2 lower than the estimate of 

Ncs derived from the 2 -+ 1 transition. When the difference in beamsize (14" as 

opposed to 24") used in the observations is taken into account, the two column 

density estimates are found to be in good agreement. 

We have used the upper limit to the C34S J = 2 -+ 1 integrated intensity 

to estimate the optical depth, filling factor, and column density of the CS emission. 

We have determined these parameters assuming a Tu: of 20 and 40 K and values 

of x;1 of 23 (terrestrial) and 11 (as derived for M82). The results are listed in 

Table 4.5. For a Tu: of 40 K and a X;1 of 23 we derive a Ncs = 2.3 X 1016 cm-2. 

For the same Tu :, aX;1 = 11 yields an Ncs of2.3x 1015 cm-:-2. These values should 

be considered upper limits since the optical depths they are derived from are upper 

limits. The corresponding beam filling factors (fa) are 0.003 and 0.012 respectively. 

These column density estimates are at least two orders of magnitude higher than 

the optically thin value of Ncs derived for the same position using the same Tex. It 

is unlikely that overestimating the optical depth could account for all the difference 

between the values. (With Xli = 11 the optical depth is already down to 0.22.) 

Indeed, the large difference between the two types of Ncs estimates may indicate 

that the C32S integrated intensity used to compute the optically thin value of Ncs 

is suffering from beam dilution. Also, part of the difference between column density 

estimates may result from the CS excitation temperature being lower than 40 K. 

Taking the upper limit to Ncs in Table 4.5,2.3 x 1016 cm-2, (Tex = 40 K, 

X;1 = 23) and dividing by the average value of NH2 found from the CO 3 -+ 2 

analysis, 2.8 x 1024 cm -2, we obtain an upper limit to the CS to H2 abundance ratio 
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TABLE 4.4. 

Optically Thin CS Column Densities 

Offset Nos (1012cm-2) 

(arcsec) 10K 20K 30K 40K 50K 60K 70K 80K 90K lOOK 

(0,0)& 2.76 3.88 5.17 6.51 7.85 9.20 10.6 11.9 13.3 14.6 

a,b 0.58 0.81 1.08 1.36 1.64 1.92 2.20 2.49 2.77 3.06 

(O,O)C 11.0 15.5 20.7 26.0 31.3 36.7 42.1 47.6 53.0 58.4 

(-10,10)C 4.41 6.20 8.26 10.4 12.5 14.7 16.9 19.0 21.2 23.4 

(-10,0)C 8.57 12.0 16.1 20.2 24.4 28.6 32.8 37.0 41.2 45.4 

(-10,10Y 6.37 8.94 11.9 15.0 18.1 21.2 24.4 27.5 30.6 33.7 

(0,-20)C 7.59 10.7 14.2 17.9 21.6 25.3 29.0 32.8 36.5 40.2 

(0,-10)C 12.2 17.2 23.0 28.9 34.8 40.8 46.8 52.8 58.9 64.9 

(0,10)C 11.8 16.5 22.0 27.7 33.4 39.2 45.0 50.7 56.5 62.3 

(10,-20)C 4.16 5.85 7.80 9.81 11.8 13.9 15.9 18.0 20.0 22.1 

(10,-10)C 11.0 15.5 20.7 26.0 31.3 36.7 42.1 47.6 53.0 58.4 

(10,0)C 10.8 15.1 20.2 25.3 30.6 35.9 41.2 46.5 51.8 57.1 

(10,10)C 10.5 14.8 19.7 24.8 30.0 35.1 40.3 45.5 50.6 55.8 

(20,-1O)C 4.41 6.20 8.26 10.4 12.5 14.7 16.9 19.0 21.2 23.4 

c,d 8.57 12.0 16.1 20.2 24.4 28.6 32.8 37.0 41.2 45.4 

(o,o)e 9.34 9.23 10.9 13.0 15.1 17.3 19.5 21.7 24.0 26.2 

(0,0)( 27.2 9.34 7.78 7.73 8.10 8.64 9.27 9.95 10.7 11.4 

(0,10)( 9.41 3.23 2.69 2.67 2.80 2.99 3.20 3.44 3.68 3.93 

a) CS (2-.1) transition; 63" beamsize, b) average over 29 positions . 
c) CS (2-.1) transition; 24" beamsize, d) average of above 12 positions 
e) CS (3-.2) transition; 16" beamsize, f) CS (5-.4) transition; 11" beamsize 
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TABLE 4.5. 

Estimates of r32, fa and Nos using C34S(2~1) 

X32 
34 r 32 fa Tex(K) Ncs(cm-2 ) 

23 2.12 0.006 20 6.408 X 1015 

23 2.12 0.003 40 2.287 X 1016 

11 0.21 0.026 20 6.468 X 1014 

11 0.21 0.012 40 2.309 X 1015 

of 8xlO-9 ., This upper limit is comparable to the CS to H2 ratio of 1.6x10-9 found 

in clouds in the solar neighborhood (Watson and Walmsley 1982). 

4.4.9. CO to CS Intensity Ratios 

Figure 4.13 is a CO J = 3 ~ 2 to CS J = 2 ~ 1 ratio map of the central 

region of IC342. Before taking the ratio the CO 3~2 data were smoothed to the 

same spatial resolution as the CS data (63"). The ratio gradually increases from 38 

on the eastern side of the molecular bar to values in excess of 100 on the western 

side of the bar. The contours, in general, run north-south. 

As discussed in the CS section for M82, there are at least three reasons 

why the CO to CS ratio can vary across a source. 1) The ratio could be indicative 

of the relative amount of dense gas. If this were the case in IC342, then the ob

served gradient would suggest the gas density decreases from east to west across the 

molecular bar. 2) There is a CS abundance gradient. For IC342 this interpretation 

would mean the CS abundance decreases relative to CO from east-to-west. The 

abundance lof CS in molecular clouds is expected to be higher in shocked regions. 
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Figure 4.13. CO 3 ..... 2 to CS 2 ..... 1 ratio map of integrated intensities toward IC342. 
The minimum contour is 38; the maximum contour is 125. The contour 
interval is 3. The offsets are in arcminutes relative to the 2JLm center. 

The molecular material associated with the bar in IC342 is expected to be heav

ily shocked (Ishizuki et al. 1990). Therefore, if a variation in the CS abundance is 

responsible for the morphology of Figure 4.13, one would expect the ratio to be 

minimum along the bar. However, what we observe is a gradient in the ratio across 

the bar. 3) A variation in the CO to CS intensity ratio could be due to opacity 

effects. In this scenario, the CO to CS ratio would become low in regions where the 

CO is more optically thick. In our CO analysis we found high optical depths in the 
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vicinity of the bar. The optical depth in CO may actually be less to the east and 

west. Of the three alternative explanations for the variation in the CO to CS ratio, 

the first one seems the more viable. Clearly, a higher resolution map is needed. 

Unfortunately, the CS 2 --. 1 map of Mauersberger and Henkel (1989) made with 

the 30 m does not have enough points or the necessary signal-to-noise to perform 

this type of analysis. 

4.5. SUMMARY 

We have made maps of IC342 in the CO J = 3 --. 2 and CS J = 2 --. 1 

transitions. We have performed a detailed comparison of our observations with 

those made by other workers. Using the results of this analysis, we have discussed 

the physical properties of the molecular medium in IC342. The principle results of 

our analysis are listed below. 

1) The CO J = 3 --. 2 emission at 21" has a single emission peak located near 

the 2 p.m center. The map is extended from the northeast to the southwest. 

The CO traces gas associated with the large molecular bar, 300 pc x ~ 

1500 pc in dimension, that is centered on the nucleus. 

2) Centroid velocity maps of our CO J = 3 --. 2 observations indicates a 

northeast-southwest velocity gradient along the bar with an aver~ge pro

jected rotational velocity of ",33 km/s. Kinks in the isovelocity contours are 

present near the position of the 2 p.m peak. These features are probably 

associated with the small inner molecular ring observed by Ishizuki et al.. 

3) Using our CO 3 --. 2 observations and the 2 --. 1 and 1--.0 data of Eckart 

et al. (1990), we derived gas temperatures across the mapped region. The 

line ratios indicate the molecular gas in the bar is warm (Tu: > 12 K) and 
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optically thick in 12CO. Outside the bars the line ratios suggest the gas is 

warmer (20 K) and becoming more optically thin. An alternative explanation 

for the line ratios is that the clouds east and west of the bar are optically 

thick and externally heated. Near the ends of the bar, the line ratios indicate 

the gas is cool and optically thick. This is consistent with the idea that gas 

within the bar is heated to a higher than normal temperatures through shock 

dissipation. 

4) The 12CO, 13CO, and CISO data of Eckart et al. and Wall and Jaffe 

(1990) were combi~ed with our observations to to compute optical depths, 

beam filling factors, and column densities for each of the lower three CO 

transitions. For a 12CO to 13CO abundance ratio of 43, the 13CO emission is 

found to be optically thick in all three transitions. Some of the lowest optical 

depths are found in the vicinity of the bar Iring structure. In the 1 -. 0 and 

2-. 1 transitions, higher optical depths are found east of the bar. Using a 

Tez of 40 K and a 12CO to 13CO abundance ratio of 43, we derive H2 column 

densities towards the 2 J-tm peak of 4.6x1024, 2.5x1024, and 1.3x1024cm-2 

from the CO 1 -.0, 2 -. 1, and 3 -. 2 transitions respectively. 

5) Using the average H2 column density of and beam filling factor estimates, 

we derive a H2 gas mass over the CO 3 -. 2 emission region of 6.4 X 101 M0' 

Using this estimate we find the gas mass fraction in the center of IC342 is 

'" 10%. If a distance of 1.8 Mpc is used, then the gas mass is 1 X 101 M0, 

and the gas mass fraction is '" 3.6%. 

6) We find the typical size of a molecular cloud in the central region of IC342 

to be only ~ 11 pc. If a circular crossection is assumed, approximately < 30 

of them are needed to produce the observed beam filling factor. If 1.8 Mpc 
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is the correct distance estimate, then ~ 5 clouds are needed. 

7) CS was detected over a I' x 1.5' region roughly centered on the nucleus. As 

in the case of CO, the CS emission has its peak at the position of the 2 p.m 

emission peak and extends along a northeast-southwest line. Overall, the CS 

emission is found over a significantly narrower velocity range than CO. The 

confinement to a narrower velocity range could indicate the CS emission is 

restricted to smaller galactic radii than CO. 

8) For a terrestrial C32S to C34S abundance ratio of 23, the optical depth of 

the C32S line is ~ 2. A lower value for the abundance ratio would reduce 

the optical depth. Such low optical depths indicate that if the CS emission 

is thermalize, it is arising from gas with a density of ~ 6 x 105 cm-3. 

9) For a Tex of 40 K and a C32S to C34S abundance ratio of 23 we derive an 

upper limit to the CS column density of 2.3 x 1016 cm-2. The corresponding 

beam filling factor is 0.003. The CS filling factor is essentially the same as 

the value derived for CO. Dividing Ncs by the value of NH2 derived from 

our CO analysis, we obtain an upper limit to the CS to H2 abundance ratio 

of 8x10-9 • This estimate is comparable to the value found for the solar 

neighborhood. 

10) A contour plot was made of the 1C03_2/1CS2_1 ratio over the mapped 

region. The ratio gradually increase from east to west across the molecular 

bar. We interpret this trend as indicating a decrease in gas density from east 

to west across the bar. 
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CHAPTER 5 

MB3 

5.1. INTRODUCTION 

M83 (NGC 5236) is a relatively nearby galaxy with a bar and well defined 

spiral structure. The morphological class of M83 is SAB(s)c I-II. The disk of the 

galaxy has a fairly low inclination to our line of sight (24°). The low inclination 

reduces the line broadening effects of rotation. Low-projected rotational velocities 

are optimal for the limited-bandwidth spectrometers available at most mm/submm 

observatories. 

As in the case of IC342, there are discrepant distance estimates for M83. A 

distance of 8.9 Mpc was found by Sandage and Tammann (1974). More recently, a 

distance of3.9 Mpc has been derived (van den Bergh 1989). In most ofthe publish€,,;, 

work on M83 a distance of 8.9 Mpc is assumed. When not otherwise stated, this is 

the distance we will adapt in our calculations of source parameters. We also adjust 

these parameters for the distance of 3.9 Mpc. 

There is ample evidence for active star-formation in the nucleus of M83. 

Observations show extended emission structures in blue light (Pastoriza 1975), at 

10 pm (Rieke 1976), and in the ultra-violet (Bohlin et al. 1983). Most of the emission 

at these wavelengths is confined to a small region (-10") around the nucleus, with 

little emission seen in the bar. This suggests that star-formation is occurring much 

more frequently in the nucleus than in the bar (Handa et al. 1990). 
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M83 is one of the brightest galaxies in CO. CO J = 1 -. 0 emission was 

first detected towards its nucleus by Rickard et al. (1977) using the NRAO 11 m 

telescope. More recently Lord, Strom and Young (1987) have mapped the CO 

1 -. 0 emission in M83 using the 45" beam of the FCRAO 14 m telescope. Their 

observations showed the existence of a molecular bar aligned with the major axis 

of the optical bar. Both have a position angle of _430 (de Vaucouleurs, Pence and 

Davoust 1983). The size of the bar is -2' x 0.5'. A much higher spatial resolution 

(16") CO 1 -. 0 map was made by Handa et al. (1990) which shows a very well 

defined bar structure. A significant fraction of the CO line flux (- 40%) is confined 

to the central 45" x 45" region. As discussed by Handa et al., this concentration of 

gas has two protrusions (traced by two emission peaks in their map) which extend in 

opposite directions from the center of the galaxy along the bar. A similar structure 

is seen at a number of wavelengths from radio (Cowan and Branch 1985) to X-ray 

(Trinchieri, Fabbiano and Paulumbo 1985). Handa et al. find that the bar is bent~ 

such that the ridge of the molecular bar is shifted toward the leading edge of the 

optical bar. 

Besides the CS J = 2 -. 1 observations of this work, the only other pub

lished CS result for M83 to date is a single CS 3-.2 spectrum by Mauersberger 

et al. (1991). The fact that this line was detected could indicate the presence of 

dense gas with a density 2: an ncrit of 106 cm-3 and of warm gas with a Tkin 2: 

10K toward the nucleus of M83. 

In this chapter we will present the first CO J = 3 -. 2 and CS J = 2 -. 1 

maps of the nucleus and inner bar of M83 and use them, in association with the 

work of other observers, to estimate the properties of the molecular gas. In Chapter 

7, our results for M83 are compared with our results for IC342 and M82. 



181 

5.2. OBSERVATIONS 

The 12CO J=3-+2 observations of M83 were made between December 23, 

1989 and January 3, 1990 with the Caltech Submillimeter Observatory. The map 

is centered on a = 13:34:11.3 , 0 = -29:36:34.6, midway between the HI cen

ters quoted in Rumstay and Kaufman (1983) and Ondrechen (1985). The telescope 

beamsize at 345 GHz was R::21t1. Except for a few half-beam spaced positions at 

map center, most of the 29 positions were spaced by a beamsize. The calibration 

techniques and instrumentation used during the observations are discussed in Sec-

tion 4.2 (Chapter 4) and Section 3.2 (Chapter 3). respectively. As in the case of 

M82, the CO data were converted from a T:A scale to a main beam temperature, 

T mb, scale. The 1-0' noise level across the map is 2.7 K km/s. 

The CS 2-+ 1 transition was observed toward 24 positions in the central 

region of M83 during March and September 1989 and April and May 1990. As in 

the case of M82, the observations were made with the NRAO 12 m telescope. The 

diffraction-limited beamsize was 63" and there was a 30" spacing between observed 

positions. A detailed discussion of the instrumentation and calibration techniques 

is given in Section 3.2 (Chapter 3). The CS 2-+1 data are presented on a Tmb scale. 
1 

The 1-0' noise level across the map is 0.15 K km/s. 

5.3. CO ANALYSIS 

5.9.1. Morphology 

In Figure 5.1 we present our CO 3 -+ 2 integrated intensity map of the 

central 1.4' X 2' region of M83. The map represents the sum of the CO emission 

between 400 and 650 km/s. Integrated intensities above 100' occur between 450 
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and 600 kms. The map has several interesting morphological features. It is centrally 

peaked with two well defined protrusions: one extends to the northeast, the other to 

the southwest. The central emission peak is elongated north-south with dimensions 

of ",,40" by 27". The two protrusions trace the molecular component of the optical 

bar. Each extends ",,50" from the nucleus and has a width ~ 20". At their base, the 

northeastern and southwestern components of the bar appear displaced from each 

other by the length of the central emission peak. At the lower contour levels there 

is also a small southern extension to the nuclear emission. 

Our map looks similar to the CO 1~ 0 map of Handa e.t al.(1990). How

ever, there are some interesting differences. In the integrated intensity map of 

Handa et al. there is only a hint of the north-south elongation. In their CO peak 

temperature map the central emission peak breaks up into two peaks offset from 

each other along a north-south line. Indeed, the peak temperature map looks much 

more like our CO 3~ 2 map than the integrated intensity CO 1 ~ 0 map. If ve

locity crowding does not significantly affect the line profile, then for a given beam 

filling factor, peak temperature maps are more likely to trace the hottest gas over 

an emission region. Therefore, the similarity of our CO 3~2 map to the peak 

temperature 1 ~O map suggests that the 3~2 map is more sensitive to the warm 

component of the molecular gas. 

5.9.2. Velocity Structure 

In Figure 5.2 we present ten velocity channel maps in the CO 3 ~ 2 tran

sition. The maps represent CO emission integrated over 25 km/s velocity intervals 

from 400 km/s to 650 km/s. In the two maps covering the velocity range from 400 

to 450 km/s emission is only observed from the northern component of the central 
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Figure 5.1. CO 3~2 integrated intensity map of M83. Minimum contour is 
8 K km/s (= 30'); contour interval is 15 K km/s. At a PA ~ 45°, the 
molecular bar extends from offset (0.6' ,0.6') to offset (-0.6' ,-0.6'). The cen
tral peak of CO 3 ~2 emission has an optical counterpart. 

emission core. Between 450 and 500 km/s the northeast bar becomes prominent 

and the northern component of the central core gets brighter. Over the velocity 

interval from 500 to 550 km/s both components of the bar and central emission 

core are seen. From 550 to 600 km/s only the southern core emission peak and 

southwestern component of the bar is observed. At higher velocities only emission 

from the southwest bar component is present. From the appearance of these maps 

we conclude rotation is dominating the velocity field in the center of M83. The 
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northern emission peak and northeastern bar component are blue-shifted relative 

to the systemic velocity of the galaxy ( ..... 495 km/s), while the southern emission 

peak and southwestern component of the bar are red-shifted. 

This trend is more concisely presented in the centroid velocity plots of 

Figure 5.3. If the velocity field were due only to rotation, then one would expect 

the map to show isovelocity contours parallel to the minor axis of the galaxy. For 

M83 the contours would be at a position angle of -45°. Figure 5.3 shows that in 

the northeastern bar component the contours are fairly parallel to the minor axis. 

However, at the center of the map the contours appear to bend. As one moves 

southwesterly along the bar, these deviations become ever more pronounced. At 

the center and to the west of center, the contours indicate the presence of a fairly 

complex velocity field. These deviations and structures indicate the presence of 

noncircular velocity components, perhaps associated with material infalling toward 

the nucleus by way of the bar. Similar features are also seen in the plot of velocity

centroids by Handa et al. (1990) at higher angular resolution. Their map extends 

further out along the bar than ours and shows that at large radii the southwest 

bar component has a velocity structure dominated by rotation. In Figure 5.4a, 

5.4b, 5.4c, and 5.4d are position-velocity plots generated from Figure 5.3 at position 

angles of 45° (parallel to the major axis), -45° (parallel to the minor axis), 90°, and 

0°. From Figure 5.4a we find an approximately linear velocity gradient along the 

bar of ..... 50 km/s per arcminute. There is a pronounced kink in the rotation curve 

within the inner 30" of the nucleus, suggesting the presence of a rapidly rotating 

component. A steep velocity gradient was also seen in the CO 1 -. 0 rotation curve. 

Handa et al. have used a simple core, disk, halo model for the galaxy to generate 

model rotation curves. Their model results indicate the presence of a small (260 pc), 
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Figure 5.2. CO 3-.2 velocity channel maps of M83. The minimum contour (= 30') 
is 2.5 K km/s. The contour interval is 5 K km/s. 
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dense, massive ("'109 M0), rapidly rotating core in the nucleus. From our rotation 

curve we find the projected rotational velocity of the core to be ",40 km/s. The 

true rotational velocity (for i = 240
) is Vd ",100 km/s. Assuming a distance to the 

galaxy of 8.9 Mpc, we find the radius of the rotating core to be rd '" 650 pc. The 

implied dynamical mass is then Md = v~rclG ",1.5 X 109 M0 (or 6.6 x 108 M0 for 

a distance of 3.9 Mpc). Velocity gradients are also evident along the minor axis and 

at other position angles (see Figure 5.4b, 5.4c, and 5.4d). These velocity gradients 

support the conclusion that there is a significant noncircular velocity component 

throughout the region. Evidence for noncircular motions in the nucleus was also 

found in the Ha observations of Comte (1981) and Allen et al. (1983), but not in 

similar observations by de Vaucouleurs et al. (1983). 

We find the morphology of our CO 3 -+ 2 maps to be strikingly similar to 

that seen in the high spatial resolution CO 1-+0 map of IC342 of Ishizuki et al. 

(1990). As discussed in the previous chapter, Ishizuki et al. interpreted this mor

phology as being suggestive of the presence of a molecular ring at the base of the 

bar. Our observations and those of Handa et al. indicate a similar ring or disk-like 

structure occurs in the center of M83. In this scenario, the central emission peak 

so prominent in CO traces gas in the molecular ring or disk located at the base of 

the bar. The existence of such a structure is consistent with the elongation of the 

central emission peak, the displacement of the northeastern and southwestern bar 

components, and the shape of the rotation curve. 

Additional evidence for unusual activity in the nucleus is evident in the CO 

linewidths. Figure 5.5 is a mosaic of the CO 3 -+ 2 lines observed toward M83. 

The linewidths toward the nucleus are two to three times wider than linewidths 

in the bar. (However, due to the relatively higher signal-to-noise of the center 
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Figure 5.3. CO 3-.2 velocity centroid map of M83. The dashed lines have values 
from 460 to 490 km/s. The dash-dotted line is 500 km/s, which is close to 
the systemic velocity. The solid lines have values from 510 to 580 km/s. The 
contour interval is 10 km/s. 

spectrum, the spectra along the bar may not be as sensitive to an extended, low 

surface brightness component.) Similar behavior is also seen in the CO 1 -. 0 

linewidths. The full-width-half-maximum CO 3-. 2 and 1-. 0 linewidths are the 

same ("" 100 km/s) in the bar. However, towards the nucleus, the CO 3-. 2 line 

has a full width of ",,220 km/s, while towards the same position Handa et al. find 
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Figure 5.4. CO 3-.2 position-velocity maps for M83 a) along the major.axis, b) 
along the minor axis, c) along PA = 0° and d) along PA = 90°. 

a CO 1 -. 0 full width of 360 km/s. The smaller linewidth of the 3 -. 2 spectra 

suggests this transition is sampling a different component of the molecular medium 

than the 1-.0. This component has a lower velocity dispersion than the gas traced 

by the CO 1-.0 transition. Handa et al. suggest that the large linewidths toward 
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the center of M83 are due to active star-formation (e.g., supernova explosions). 

They find supernovre could supply the necessary kinetic energy if there has been a 

constant supernova rate of 0.01 to 0.02 yr-1 over the past 107 years (the estimated 

age of the starburst) (Trinchieri et al. 1985). If the nucleus of M83 harbors a rotating 

molecular ring or disk, then a significant component of the linewidth could be the 

result of rotational broadening. This would reduce the required supernova rate. 

If the observed linewidths are dominated by rotation, then the lower CO 3-.2 

lindwidth suggests this transition is tracing material over a smaller region than is 

traced by CO 1-.0. 

5.9.9. Line Ratios 

As discussed in Chapter 2, CO line ratios can be used to probe temperature 

variations across a galaxy. In our CO analyses of M82 and IC342 observations of 

the lower three or four rotational transitions of CO were available. This permitted 

us to take ratios between adjacent transitions which are more likely to have similar 

excitation temperatures. In the case of M83, the only CO transitions for which data 

are available are for the 12CO J= 3 -.2 and the 12CO and 13CO J = 1 -.0 lines. 

Our analysis will be based on these transitions. 

The only 13CO M83 data published in the literature are observations made 

with a 45" beam. These observations were made by Young and Sanders (1986) and 

include detections toward four positions along the major axis. The coordinates and 

12CO optical depth toward each position for 12CO to 13CO abundance ratios, Xf~, 

of 89 (terrestrial), 43 (solar neighborhood), and 20 (Galactic Center) are given in 

Table 5.1. For values of Xli of 89 and 43 all four positions have r12 ~ 3. For a 

XI~ of 20 three of the positions have r12 ~ 1.4. The fourth position has a r12 of 
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Figure S.S. CO 3--.2 spectra toward M83. Peak T mb at (0', 0') ~ 1.8 K. The 
velocity range is from 360 to 680 km/s. 

0.7. Therefore, the gas towards the center of M83 appears to be optically thick. 

Figure 5.6 is a 12CO 3--. 2 to 1 --. 0 ratio map of integrated intensities. The 

1 --. 0 data from Handa et al. (1990) have been convolved to the spatial resolution 

of our CO 3--. 2 map. The ratio map has the same morphological features as our 

integrated intensity map, suggesting the nuclear and bar components have different 

temperature structures. In the northeast bar the intensity ratio peaks at '" 0.9, 
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TABLE 5.1. 
12CO(l-O) Optical Depths 

Daa,Dao X12 
13 

(arcmin) 89 43 20 

(0.78,0.89) 10.32 4.99 2.32 

(0.25,0.36) 6.05 2.92 1.36 

( -0.28,-0.17) 8.28 4.00 1.86 

(-0.81,-0.70) 14.42 6.97 3.24 

suggesting the gas temperatures there are ~ 10 K. In the nucleus the ratio peaks at 

a value of 1.3 near the position of the southern nuclear component. At the position 

of the northern nuclear component the ratio is closer to 1.1. In the southwest bar 

the ratio has a peak value of 1.4. Temperature-scale calibration uncertainties make 

it difficult to be more definitive about what this relatively narrow range of ratios 

implies. However, intensity ratios greater than 1.0 are not expected in a single 

component optically thick gas. Therefore, in the nucleus and in the southwest bar 

a multi component medium is indicated. As discussed in the chapters on M82 and 

IC342, one way to have optically thick clouds with an intensity ratio greater than 1.0 

is for them to be externally heated. UV photons could provide the necessary heating 

mechanism. Indeed, strong UV radiation has been detected within the central 25" 

of M83 by Bohlin et al. (1983). However, UV radiation is conspicuously absent from 

the bar, suggesting a lack of star formation. Alternatively, star-formation could be 

present below the "surface" of the bar in regions of high visual (and UV) extinction. 
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The fairly large intensity ratio in the southwestern bar component may indicate the 

presence of a yet unidentified heating source (e.g., a heavily embedded HII region). 
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Figure 5.6. CO 3 ..... 2 to CO 1 ..... 0 ratio map of integrated intensities toward M83. 
The maximum contour is 1.4 and is located at offset (0',0.25'). The contour 
interval is 0.1. 

5.9.4. Column Densities 

The lack of 13CO measurements in the higher rotational transitions, and 

at higher spatial resolutions, makes it difficult to determine accurate CO column 

densities. However, using the 45" measurements of Young and Sanders (1986) 

and the temperature estimates derived above, we have made H2 column density 

estimates toward the four positions where 13CO was detected. The results are listed 
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in Table 5.2. We have adopted a Xll of 2.5 x 10-6 (Dickman 1978). Estimates were 

made for excitation temperatures of 10, 20, and 40 K and for values of Xli of 89, 43, 

and 20 (Table 5.2 a, b, and c respectively). As expected, higher values of Te:r: and 

Xli lead to higher column densities. The four positions sample gas within the inner 

'" 1.6'. To get an idea of the global gas properties in this region, we averaged the 

beam filling factors, column densities, and mass per beam estimates for each set of 

conditions. (Since a beam size of 45" was used there is already a significant overlap 

between the four positions.) The lowest average column density is 1.2 X 1022 cm-2 

derived for a Tn: of 10 K and a Xli of 20. The corresponding average beam filling 

factor, fa is 0.07. The highest average NH2 is 2 X 1023 cm-2, was derived for a Tex 

of 40 K and a XIi of 89. The value of fa is 0.01. 

TABLE 5.2. 

a) Isotopically Derived NH2 with Xli = 89 

tl.a,tl.8 X12 
13 I Tex 

(arcmin) 10K 20K 40K 

(0.78,0.89) 89 1.55 x 1022 5.49 X 1022 2.06 X 1023 

(0.25,0.36) 89 9.61 x 1021 3.40 X 1022 1.27 X 1023 

( -0.28,-0.17) 89 1.26 x 1022 4.46 X 1022 1.67 X 1023 

(-0.81,-0.70) 89 2.17 x 1022 7.65 X 1022 2.87 X 1023 

5.9.5. Mass Estimates and Cloud Sizes 

The two limits to the column density differ by a factor of 17. However, 

the beam filling factor goes inversely with column density. Since the mass of H2 
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TABLE 5.2. 

b) Isotopically Derived N H2 with xli = 43 

D.a,D.O X12 
13 I Tex 

(arcmin) 10K 20K 40K 

(0.78,0.89) 43 1.54 X 1022 5.45 X 1022 2.04 X 1023 

(0.25,0.36) 43 9.09 X 1021 3.22 X 1022 1.21 X 1023 

(-0.28,-0.17) 43 1.24 X 1022 4.37 X 1022 1.64 X 1023 

(-0.81,-0.70) 43 2.16 X 1022 7.65 X 1022 2.87 X 1023 

TABLE 5.2. 

c) Isotopically Derived NH2 with Xli = 20 

D. ()( , D. 0 X12 
13 I Tex 

(arcmin) 10K 20K 40K 

(0.78,0.89) 20 1.33 X 1022 4.71 X 1022 1.77 X 1023 

(0.25,0.36) 20 4.98 X 1021 1.76 X 1022 6.61 X 1022 

(-0.28,-0.17) 20 9.44 X 1021 3.34 X 1022 1.25 X 1023 

(-0.81,-0.70) 20 2.06 X 1022 7.28 X 1022 2.73 X 1023 

within a given area Am is Mm = NH2Am/(JmH2' the limits to the molecular mass 

differ by only a factor of .... 2. At the assumed distance to M83, a sphere with a 

radius 0.8' has a cross sectional area and volume of 1.3x1044 cm2 and 1x1066 cm3, 

respectively. The limits to the mass of molecular gas within this region are then 
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"-J 5 X 108 and 2x108 M0 . For a region comparable in size (rm = 2x 1021 cm) to that 

of the dense rotating disk or ring thought to be in the nucleus, the molecular mass 

is estimated to be between 5 X 107 and 2.5x107 M0 . This estimate is in excellent 

agreement with the gas mass estimated for the same region from dust observations, 

4 x 107 M0 (Telesco and Harper 1980). Using our estimate of the dynamical mass 

of this object, we find the mass fraction of molecular material in this region to be 

only between 2 and 4%. Such a low percentage of molecular gas is consistent with 

the high stellar mass estimate of 1.3x109 M0 found for the same region by Jensen, 

Talbot and DuFour (1981). 

If the distance to M83 is 3.9 Mpc instead of 8.9 Mpc, then the upper and 

lower limits to the molecular mass over the mapped region are "-J 1 x 108 and 

3.8 x 107 M0 respectively. The molecular mass associated with the dense rotating 

disk or ring is between "-J 1 X 107 and 5 x 106 M0 . The mass fraction of molecular 

material in this region is then between 1.5 and 0.07 %. 

Using the mass estimates derived using a distance of 8.9 Mpc, the mean 

number density of H2 over the central 30" of M83 is found to be between nm = 

0.8 and 0.4 cm-3 • The CS J = 2 -. 1 line was detected toward this region (see 

below). The critical density of this transition is ncrit "-J 105 cm-3 • If the gas is 

not subthermally excited, then the volume filling factor (fv "-J nm/ncrit) over the 

central region is then between 0.8 x 10-4 and 0.4 x 10-5 • As discussed in the chapter 

on M82, the cloud size over an emission region is given by fv/ fo. x D, where D is 

the diameter of the region. For the central region of M83 substitution yields cloud 

sizes between 1.0 and 0.1 pc. If the clouds have a circular cross section and do not 

overlap, then 104 to 107 of them are needed to account for the observed emission. 

The cloud size estimates derived above do not depend on the distance to the galaxy 
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(see discussion in section 4.3.5). If the 3.9 Mpc distance is correct, then given the 

above cloud size estimates, between 3 x 103 to 2 X 106 of these clouds are needed 

to account for the observed emission. The cloud sizes are small compared to those 

found in the Milky Way. Indeed, the cloud sizes are similar to those found in the 

center of M82. 

5.4. as ANALYSIS 

5.4.1. Morphology 

Figure 5.7 is a CS J = 2 -4 1 integrated intensity map of the central region 

of M83. The map shows a single emission peak I'J 8" east of the center of the galaxy. 

The half-intensity size of the emission region is comparable to the beamsize (63"). 

The emission above half-intensity has a wider opening angle to the northeast than 

to the southwest. The half-intensity region appears elongated, with the major axis 

at a position angle of I'J 60° relative to the emission peak. It may be that the central 

concentration of CS emission is slightly trailing the optical bar. The appearance and 

position angle of the emission suggest the map is tracing molecular gas associated 

both with the bar and the nucleus. 

Given the low spatial resolution of the map and the possibility of pointing 

errors, we must use the velocity information contained in the spectra to verify the 

origin of the OS emission. 

5.4.2. Velocity Structure 

In Figure 5.8 we show the average of all CS spectra observed toward M83. 

The full-width-half maximum linewidth is the same as that of the average CO 3 -4 2 

linewidth, suggesting that CS is tracing a similar spatial distribution of gas as co. 
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M83: CS(2-1) toward the nuclear region 
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Figure 5.7. CS 2~1 integrated intensity map of M83. The minimum contour is 
0.3 K km/s (= 20'). The maximum contour is 0.85 K km/s. The contour 
interval is 0.05 K km/s. 

This conclusion is supported by the similarity in the morphology of the CS velocity 

channel maps of Figure 5.9 and the corresponding CO velocity channel maps of 

Figure 5.2. As in the CO maps, the CS emission shows a northeast-southwest 

velocity gradient, with higher velocities being found in the southeast. 

5.4.9. Column Density 0/ CS 

To date, no C34S observations toward M83 are available in the literature. 
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Figure 5.S. Average of observed spectra toward M83 for a) CS 2-.1 and b) CO 
3-.2. To convert the CS spectrum in a) to Tmb, Tn is divided by 0.87. 

Therefore, we use the optically thin approximation to estimate the lower limits 

to the CS column density. We have computed Ncs toward each position in the 

map using values of Tex from 10 to 100 K. In Table 5.3 we list the values of Ncs 

derived for the central 63" region of the galaxy. We also list the average values of 

Ncs derived for the entire CS emission region. These estimates are lower limits 

to the true values. Towards the central position, the CS column density estimates 

are 6x1011 cm-2 , 8.5x1011 cm-2 , and 1.4x1012 cm-2 for excitation temperatures 
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Figure 5.9. CS 2-+1 velocity channel maps of M83. The minimum contour (= 20') 
is 0.1 K km/s. The contour interval is 0.05 K km/s. 
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of 10,20, and 40 K respectively. Using these values and the upper and lower limits 

to the H2 column density derived above, the CS to H2 abundance ratio (Xh;) 

is found to be between 3 x 10-12 and 1.2x10-10• The value of Xfl found in the 

solar neighborhood is 1.6 x 10-9 • The derived values of Xf/2 appear too low even by 

Milky Way standards. Indeed, as discussed in Chapter 3, in shocked regions such as 

bars and galactic nuclei the CS fractional abundance may in fact be higher than its 

canonical Milky Way value. The low values of Xfl are probably the result of beam 

dilution. IT the fractional abundance of CS is the same as in the Milky Way, then 

the implied beam filling factor of the emission is between 0.002 and 0.008, values 

comparable to that found for CO over the same region. Inspection of Table 5.3 

reveals that the average values of Nos are a factor of ",3.4 lower than the values of 

Nos found toward the central position. This indicates that the largest CS column 

density is found toward the center of the galaxy. If CS emission is collisionally 

excited and has an optical depth ~ 1, then it traces molecular gas with densities 

> 105 cm-3 • The presence of the highest concentration of CS toward the center of 

M83 is consistent with the dynamical model of Handa et al. (1990), in which the 

gas density in the nucleus is ",300 times that of the surrounding gas. 

5.4.4. co to CS Line Ratios 

Figure 5.10 is a contour plot of the CO 3 --. 2 to CS 2 --. 1 integrated 

intensity over the 1.9' x 1.4' region of M83: The ratio has its lowest value at a 

position'" 30" northeast of center. This position is associated with the northeast 

component of the molecular bar. Low contour values trail from this position to the 

southeast along the bar; for the most part, the lowest contours are perpendicular 

to the bar and extend northwest from the end of the eastern bar. As discussed in 
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TABLE 5.3. 
Optically Thin CS Column Densities 

Tex(K) (0' ,0') average over 

emission region 

10 2.04 x 1012 6.06 X 1011 

20 2.86 X 1012 8.51 X 1011 

30 3.82 X 1012 1.14 X 1012 

40 4.80 X 1012 1.43 X 1012 

50 5.79 X 1012 1.72 X 1012 

60 6.79 X 1012 2.02 X 1012 

70 7.79 X 1012 2.32 X 1012 

80 8.79 X 1012 2.61 X 1012 

90 9.79 X 1012 2.91 X 1012 

100 1.08 X 1013 3.21 X 1012 

previous chapters, a low CO to CS intensity ratio could indicate where there is a 

higher percentage of dense gas. If this is true for M83, then Figure 5.10 indicates 

there are high concentrations of dense gas along the molecular bar, particularly near 

the end of the northeast component. Variations in CO opacity and OS abundance 

could in theory mimic this effect. 

In order to look for CO opacity variations, we have made a contour plot 

of the CO 1 --. 0 to CS 2 --. 1 integrated intensity over the 1.9" X 1.4" region 

of M83. The map is shown in Figure 5.11. To generate the map we convolved the 
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Figure 5.10. CO 3-.2 to CS 2-.1 ratio map of integrated intensities toward M83. 
The minimum contour is 80; the contour interval is 10. The angular reso
lution of the CO data has been convolved to 63" to match the resolution of 
the CS data. 

Handa et al. (1990). CO 1-.0 map to a 63" resolution. In general, it looks similar 

to the CO 3 -. 2 to CS 2 -. 1 ratio map of Figure 5.10. The ratio map has 

its lowest contour along the eastern portion of the bar extending from the center 

northeast about 30". Although the angular resolution is coarse, the position angle 

of this protrusion seems closer to ",60° than to 45°. It may be that the protrusion 

indicates there are concentrations of dense, colder gas slightly trailing the optical 

bar. In the CO 3 -. 2 to CS 2 -. 1 ratio map the minimum occurs near the end 

of the northeast bar component, while in the CO 1 -. 0 to CS 2 -. 1 ratio map it 
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occurs along the bar. The difference in position of the minima could be the result 

of lower gas temperatures and/or densities at the end of the northeast bar. Indeed, 

low values of the CO 3 --. 2 to 1 --. 0 intensity ratio toward this position suggest 

the gas temperatures could be lower at the end of the bar. 
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Figure 1.11. CO 1--.0 to CS 2--.1 ratio map of integrated intensities toward M83. 
The minimum contour is 100; the contour interval is 10. The angular reso
lution of the CO data has been convolved to 63" to match the resolution of 
the CS data. 

The only other published CS data to date are the CS 3--.2 observations by 

Mauersberger et al.(1991) toward the position (-0.28',-0.17') in our CS map. The 

beamsize was 16", comparable to the resolution of the Handa et al. (1990). CO 

1--.0 data. Taking the ratio of integrated intensities at that single position, we get 
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a CO 1--.0 to CS 3--.2 of -111. At the same position, the ratio of CO 1--.0 at 63" 

resolution (from Handa et al.) to our CS 2--.1 is very similar in value (-104), as 

is the ratio of our CO 3--.2 at 63" resolution to our CS 2--.1 (-102). Since the 

intensity ratios do not vary significantly with beamsize, the angular extent of the 

CO and CS emission regions must be similar. The similarity between the values of 

CO 1--.0 to CS 3--.2 and CO 1--.0 and CS 2--.1 is probably due to the similarity 

in the excitation conditions of the two CS transitions. The similarity between the 

CO 3--.2 to CS 2--.1 and the CO 1--.0 to CS 2--.1 ratios suggests the CO may be 

optically thick toward this position, which is consistent with our earlier analysis. 

(See Figure 5.6.) 

5.5. SUMMARY 

We have made the first maps of MB3 in the CO J = 3 --. 2 and CS J = 2 --. 

1 transitions. We have performed a detailed comparison of our observations with 

those made by other workers. Using the results of this analysis, we have discussed 

the physical properties of the molecular medium in MB3. The principle results of 

our analysis are listed below. 

1) The CO J = 3 --. 2 emission has a central emission peak with two well 

defined protrusions: one extends to the northeast, the other to the southwest. 

The two protrusions trace the molecular component of the optical bar. 

2) Centroid velocity maps of our CO OJ = 3 --. 2 observations indicate a 

northeast-southwest velocity gradient along the bar associated with rotation. 

However, there are bends in the isovelocity contours along the bar indicating 

the presence of noncircular motions, perhaps due to infalling material. There 

is a pronounced kink near the position of the CO emission peak. This feature 
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is also seen in high angular resolution CO 1 -+ 0 maps and suggests the 

presence of a small, rapidly rotating core (Handa et al. (1990)). From 

our rotation curve we estimate the rotational velocity of the core to be '" 

100 km/s. The implied dynamical mass of the core is 1.5x109 M0 and 

6.6x108 M0 for distance estimates of 8.9 and 3.9 Mpc respectively. 

3) Towards the nucleus the CO 3 -+ 2 lineswidth is two to three times wider 

than linewidths in the bar. Even larger linewidths are observed towards this 

position in CO 1 -+ O. The CO 3 -+ 2 transition is apparently tracing a 

lower velocity dispersion molecular component than CO 1 -+ O. Handa et 

al. (1990) propose the large linewidths seen in the 1 -+ 0 transition are the 

result of a supernovae driven wind and/or rapid rotation. If the observed 

linewidths are dominated by rotation, then the lower CO 3 -+ 2 linewidth 

suggests this transition is tracing material over a smaller region than is traced 

by CO 1-+ O. 

4) Using our CO 3 -+ 2 observations and the 1-+ 0 data of Handa et al. 

(1990), we have made a CO 3 -+ 2 to 1 -+ 0 line ratio map of M83. The 

ratios suggest the northeast bar is cooler than the nucleus and southwest bar. 

Over a large ranges of isotopic abundances, we find the 12CO 1 -+0 transition 

to be optically thick. Since the 3 -+ 2 to 1 -+ 0 line ratios were greater than 

one in the nucleus and southwest bar component, the presence of optically 

thick gas suggests the clouds in these regions are externally heated. 

5) The 12CO and 13CO data of Young and Sanders (1986) were used to com

pute CO optical depths, beam filling factors, and column densities for a range 

of gas temperatures and isotopic abundance ratios. Using a Tez of 40 K and 

a 12CO to 13CO abundance ratio of 89, we derive an upper limit to NH2 of 
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2x1023 cm-2. The corresponding beam filling factor is 0.01. Using a Tez of 

10 K and a 12CO to 13CO abundance ratio of 20, we derive a lower limit to 

NH2 of 1.2x1022 cm-2. The beam filling factor is then 0.07. 

5) Using the H2 column density and beam filling factor estimates, we find the 

H2 gas mass over the emission region to be between "J 5 X 108 and 2 x 108 M0' 

Over the region associated with the rapidly rotating core, the molecular mass 

is between "J 5 X 107 and 2.5 x 107 M0 • The mass fraction in this inner region 

is then 2 and 4%. If a distance of 3.9 Mpc is assumed, the mass estimates 

go down by a factor of 5. 

6) We find the typical size of a molecular cloud in the central region of M83 

to be between 1.0 and 0.1 pc. If a circular crossection is assumed, then 104 

to 107 of them are needed to produce the observed' beam filling factor. If 

3.9 Mpc is the correct distance estimate, then between 3 X 103 and 2 X 106 

clouds are needed. 

7) CS was detected over a 2' x 1.6' region roughly centered on the nucleus. As 

in the case of CO, the CS emission has its peak at the position center of the 

galaxy and extends along the bar. The CS emission is found over a similar 

velocity range as the CO, suggesting CS is tracing a similar distribution of 

gas. This conclusion is supported by the similarity in the morphology of the 

CS and CS velocity channel maps. 

8) CS column densities were derived assuming the emission is optically thin. 

The largest CS column density was found toward the center of the galaxy. If a 

galactic CS to H2 abundance ratio is assumed, we find a CS beam filling factor 

of between 0.002 and 0.008 is required for CS derived H2 column densities to 

match those derived from CO. These filling factors are substantially below 



207 

those of CO, suggesting CS is tracing a different component of the molecular 

gas, perhaps one more closely associated with dense star-formation regions. 

9) Contour plots were made of the 1003-+2/10S2-+1 and the 1001-+0/loS2-+1 

ratio over the mapped region. In both maps the ratio has its lowest value 

near the end of the northeast bar component and increases from northeast to 

southwest along the bar. This trend may indicate a decrease in gas density 

along the bar. 
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CHAPTER 6 

HIRES IRAS OBSERVATIONS OF IC342 AND MB3 

6.1. INTRODUCTION 

Heretofore in this thesis we have concentrated on determining the properties 

of the gas found in the nuclei of M82, IC342, and M83. In this chapter we use IRAS 

observations to probe the physical properties of the dust. We then compare the 

observed dust properties with those derived for the gas from our molecular line 

analyses. Several important questions which need to be answered are 

1) How does the spatial distribution of the dust compare with that of the gas? 

2) Do they both trace regions of star-formation? 

3) Are the dust and gas energetically coupled? If so, to what degree? 

In this chapter we will address these and other questions. 

6.2. IRAS OBSERVATIONS 

Much of our molecular line analysis is based on CO data taken with an 

angular resolution of about 21". In contrast, the IRAS data on which most of the 

dust analysis is based was taken with an angular resolution of as much as several 

arcminutes. The low spatial resolution is the result of the IRAS survey array being 

designed to achieve wavelength and areal coverage at the sacrifice of high angular 

resolution. 

To improve on the relatively low spatial resolution of the IRAS data set, 

we have applied a super-resolution technique ("HiRes") to the data. This technique 
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employs a 2-dimensional Richardson-Lucy algorithm which consists of spatially de

convolving a point source function from a measured source function to get the true 

source function (Richardson 1972; Lucy 1974). Details of the application of the 

algorithm to lRAS data are given in Aumann, Fowler and Melnyk (1990). We have 

successfully applied this technique to the lRAS "Additional Observations" (AO's) of 

IC342 and M83 at 60 and 100 I'm. The information content of the AO's is twice that 

of the standard survey maps, because the scan rate was reduced by half (1.9' Isec as 

opposed to 3.85' Isec). Unfortunately, M82 was so bright that the detectors became 

non-linear and hysteretic, rendering the data unusable. 

Some major limitations to this technique are 1) it requires high signal to 

noise data, 2) the effective angular resolution can vary across a map, and 3) the 

absolute flux calibration over a given subset of the map is uncertain. 

6.2.1. 10942 

Figure 6.1a is an optical image of IC342 taken from the Palomar Sky Survey. 

Figures 6.1b and 6.1c are lRAS 60 and 100 I'm sky survey images of the same region 

(Rice et al. 1988). In the optical image a small bright nucleus and faint spiral arms 

can be seen. The 60 and 100 I'm maps show a similar extent as the optical image 

(14.7' x 14'). As in the optical image there is a compact (4.1' x 1.9') emission peak 

is located at the center of the galaxy. In the 60 I'm image one of the spiral arms 

is clearly visible. The 100 I'm image does not have sufficient angular resolution 

to resolve the spiral arms. In Figures 6.1d and 6.1e we present the HiRes 60 and 

100 I'm (AO) images of IC342. (The "wall" of emission toward the east in the maps 

is an artifact of the galaxy's location at the edge of the field-of-view of the detector 

array.) The HiRes processing provides us with a much more detailed picture of the 

structures responsible for the far-infrared emission. The 60 I'm map shows a very 
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bright compact nucleus surrounded by lower surface brightness material. Spiral 

arms are clearly seen. Within these arms are bright knots of emission associated 

with HII regions. The 100 p.m maps, which appeared almost featureless in the 

survey data also show many of the structures seen in the 60 p.m map, but at a 

somewhat reduced angular resolution. 
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Figure 6.1. a) An optical image of IC342. The orientation is (equatorial) north to 
the top and east to the left. The scale size is the same as in parts b), c), d) 
and e). The angular extent marked on the image is 8'. 
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( 60 J.UT1 

Figure 6.1. IRAS survey images of IC342: b) 60 p.m. The orientation is (equatorial) 
north to the top and east to the left. The scale size is the same as in parts 
a), c), d) and e). The tick marks are at intervals of 4'. The lowest solid 
contour is at 100' above the map mean background level. The contours are 
scaled logarithmically by 2 from 100' (i. e., 20 40 800'). 

The angular resolution achieved by applying the algorithm· depends on the 

signal-to-noise of the data. However, the angular resolution can be estimated by 

making a strip map (intensity profile) through a point-like object on the HiRes map 

in the cross-scan and in-scan directions. The resulting full-width-at-half-maximum 

(FWHM) 60 p.m beamsize is 1.0 x 0.64 arcminutes. The beamsize of the regular 
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Figure 6.1. IRAS survey images of IC342: c) 100 p.m. The orientation is (equa
torial) north to the top and east to the left. The scale size is the same as 
in parts a), b), d) and e). The tick marks are at intervals of 4'. The lowest 
solid contour is at 100' above the map mean background level. The contours 
are scaled logarithmically by 2 from 100'. 

survey data is - 5 x 1.6 arcminutes. The resulting 100 p.m beamsize in the HiRes 

data is 1.4 x 1.2 arcminutes. The regular survey data beamsize is - 3 x 5 arcminutes. 

6.2.2. M89 

The Palomar sky survey image of M83 is shown in Figure 6.2a. In this 

optical image the disk has a high surface brightness and there is no discernable 
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Figure 6.1. HiRes IRAS images of IC342: d) 60 11m. The scale size is the same 
as in parts a), b), c), and e). The map is labelled in units of signal to noise. 
In units of MJy per steradian, the lowest ten contour levels are 1.91, 3.82, 
6.37, 9.01, 12.74, 18.02, 25.48, 36.04, 50.96, and 72.07 with a peak value 
of 819 MJy per steradian. The orientation is with respect to the in-scan 
direction (lengthwise). Lines of declination and right ascension are shown. 
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Figure 6.1. HiRes IRAS images of IC342: e) 100 IJm. The scale size is the same 
as in parts a), b), c), and d). The map is labelled in units of signal to 
noise. In units of MJ y per steradian, the lowest ten contour levels are 4.44, 
8.88, 14.81,20.95,29.62,41.89,59.24,83.78, 118.49, and 167.56 with a peak 
value of 419 MJy per steradian. The orientation is with respect to the in-scan 
direction (lengthwise). Lines of declination and right ascension are shown. 
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nucleus. Spiral arms are seen coming off the edge of the disk. However, in an optical 

photograph from Sandage and Bedke (1988), the nucleus is bright and compact and 

is located in the center of a bar. A dust lane runs through the bar, and spiral arms 

begin at the ends of the bar. 

The 60 and 100 I'm 1RAS survey images of M83 are shown in Figures 6.2b 

and 6.2c (Rice et al. 1988). The 1RAS images appear rectangular with an overall 

extent of 7.7' x 8.6'. The 60 and 100 I'm images appear featureless. The HiRes 60 

and 100 I'm images are shown in Figures 6.2d and 6.2e. The HiRes 60 I'm map has 

several interesting features which are seen in the optical photograph of Sandage and 

Bedke but are not apparent in the regular survey maps. A compact (3.3' x 2.5'), 

bright nucleus is seen which has extensions to the northeast and southwest. These 

extensions correspond to the molecular bar observed in CO. There is a hint of spiral 

arm structure in the 60 I'm image. The HiRes 100 I'm map also has an emission 

peak at the center of the galaxy. As in the 60 I'm map, there is a northeast to 

southwest extension from the nucleus which coincides with the molecular bar. 

Since there were no point sources on either of the M83 HiRes maps, we 

were unable to estimate the angular resolution of the maps. However, the observed 

signal levels are similar to those found in IC342. Therefore, the angular resolution 

of the M83 maps are probably similar. 

6.3. COMPARISON TO CO AND RADIO MAPS 

6.9.1. 1C942 

As discussed in section 4.3.1, our CO J = 3 ~ 2 map of IC342 covers a 

1.1' x 1.2' region centered on the nucleus. The emission has a single peak located at 

the geometric center of the galaxy. The map appears extended along a northeast-
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Figure 6.2. a) An optical image of 1.-183. The orientation is (equatorial) north to 
the top and east to the left. The scale size is the same as in parts b), c), d) 
and e). The angular extent marked on the image is 8'. 

southwest line. This extension traces a moleaular bar observed in other transitions 

of co. Our entire CO map fits within the compact nucleus seen in the HiRes IRAS 

maps, so we are unable to make a detailed comparison between the dust and gas 

emission in the inner nuclear region. However, from the morphology of the optical 

and HiRes maps it does appear that the spiral arms emerge from near the ends of 
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Figure 6.2. IRAS survey images of M83: b) 60 p.m. The orientation is (equatorial) 
north to the top and east to the left. The scale size is the same as in parts 
a), c), d) and e). The tick marks are at intervals of 4'. The solid contours 
are at 3, 6 and 100' above the mean background level with brighter levels 
scaled logarithmically by 2 from 100'. 

the molecular bar traced by co.· Also, in the HiRes images the nucleus is twice as 

bright as any feature in the disk. A high nuclear to disk surface brightness ratio is 

also suggested by the small extent of CO J = 3 -. 2 emission. 

Figure 6.3a is a 6 cm radio continuum map of the central '" 23" of IC342 

made with an angular resolution of'" I" (Turner and Ho 1983). The map shows 
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100~ 

Figure 6.2. IRAS survey images of M83:c) 100 /-tm. The orientation is (equatorial) 
north to the top and east to the left. The scale size is the same as in parts 
a), b), d) and e). The tick marks are at intervals of 4'. The solid contours 
are at 3, 6 and 100' above the mean background level with brighter levels 
scaled logarithmically by 2 from 100'. 

a ring-like structure of continuum sources about the center of the galaxy. At its 

lowest contour levels the emission is extended over a 15" region. Turner and Ho 

(1983) compared the radio emission 2 and 6 cm over the inner 5" of the galaxy and 

conclude roughly half the 6 cm flux is thermal emission associated with massive HII 

regions. Although the 6 cm emission region is unresolved in our CO 3 -+ 2 beam, 
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Figure 6.2. HiRes 1RAS images of M83: d) 60 Jlm. The scale size is the same as 
in parts a), b), c) and e). The map is labelled in units of signal to noise. 
In units of MJy per steradian, the lowest ten contour levels are 1.06, 2.11, 
3.52, 4.98, 7.04, 9.96, 14.08, 19.91, 28.16, and 39.83 with a peak value 
of 768 MJy per steradian. The orientation is with respect to the in-scan 
direction (lengthwise). Lines of declination and right ascension are shown. 
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Figure 6.2. HiRes IRAS images of MB3: e) 100 I'm. The scale size is the same 
as in parts a), b), c) and d). The map is labelled in units of signal to noise. 
In units of MJy per steradian, the lowest ten contour levels are 1.62, 3.24, 
5.40, 7.64, 10.80, 15.28, 21.61, 30.56, 43.21, and 61.11 with a peak value 
of 513 MJy per steradian. The orientation is with respect to the in-scan 
direction (lengthwise). Lines of declination and right ascension are shown. 
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the overall morphologies of the CO and radio maps are similar, suggesting the CO 

and radio continuum emission are associated with the same objects. 

Figure 6.3b is a 20 cm radio continuum map of the central region of IC342 

taken by Turner, Martin, and Ho (1991, private communication) at the VLA. The 

angular resolution of the map is "-J 13". The size of the map has been scaled to 

match that of the HiRes images. There are striking similarities between the 20 cm 

radio map and the HiRes images. Almost every feature present in the 60 p,m HiRes 

map is also seen in the radio map. 

Similarities in the spatial distributions of far-infrared emission and radio 

continuum emission has been observed toward a number of galaxies (Wainscoat, 

de Jong, and Wesselius (1987); Walterbos and Schwering 1987); Bicay and Helou 

(1990) propose the tight correlation indicates that infrared and radio emission are 

driven by star-formation. The infrared flux arises from the reprocessing of UV 

light from young stars by dust grains. The radio flux observed in the nuclear 

region is predominantly synchrotron radiation. The synchrotron radiation arises 

from relativistic charged particles spiraling in the large scale magnetic field of the 

galaxy. These energetic particles are produced in the supernovre explosions of short

lived, massive stars. If this model is correct, then the spatial coincidence of radio 

and infrared emission in IC342 indicates the formation of large numbers of massive 

stars both in the present and in the past. The appearance of our HiRes maps 

then suggests the nucleus of IC342 is currently experiencing a prodigous amount of 

massive star-formation relative to the galaxy as a whole. As expected, outside the 

nucleus high mass star-formation appears largely confined to HII regions associated 

with the spiral arms. The radio continuum emission here may be predominantly 

free-free emission. One way to tell whether or not this is the case is to determine 
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spectral i~dices within these HII regions. To obtain these spectral indices, further 

multi-frequency radio continuum studies need to be made which show the emission 

along the spiral arms. As a note of interest, the same features seen in the HiRes 

images (e.g., nuclear region and HII regions along the arms) are also present in the 

VLA map; this suggests the HiRes processing is producing reliable results. 

a) IC 342 
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Figure 6.3. a) A 6 cm radio continuum map of the central region of IC342 taken 
by Turner and Ho (1983) at the VLA. For comparison, our (0' ,0') position as 
seen in the CS and CO maps is at Q(1950) = 3:41:57, 6(1950) = +67:56:32. 
Flux densities are -0.14, 0.14, 0.28, 0.56, 0.84, 1.1, 1.4, 2.0 and 2.5 mJy per 
beam. The angular resolution of this continuum map is - 1". The size of 
the map has been scaled to 20 times that of the HiRes maps. 

6.9.~. M89 

The morphology of the CO J = 3 -+ 2 map of M83 is discussed in detail in 

section 5.3.1. The map has a central emission peak and there are two well defined 
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Figure 6.3. b) A 20 em radio continuum map of the central region of IC342 taken 
by Turner, Martin and Ho (1991, private communication) at the VLA. The 
peak flux level is 0.167 Jy per beam. The solid contours have corresponding 
levels at 1e-3 x (2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 40, 60, 100, and 150). The 
angular resolution of the map is - 13". The size of the map has been scaled 
to match that of the HiRes images. 

extentionsj one to the northeast and the other to the southwest. As in IC342, 

these extentions trace molecular material associated with a bar. Each extention is 

- 50" long and 20" wide. The nuclear peak is itself elongated north-south, with 
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dimensions of - 40" by 27". Although the extent of our CO map is much smaller 

than that of the HiRes maps (the CO map fits within the central 60 pm emission 

peak), there are striking similarities between the two. Both show a bright central 

peak transversed by a northeast-southwest bar. This indicates that our CO map is 

tracing only the inner part of an extended bar structure. In the HiRes 60 pm map 

the extended bar component has a brightness -30 % lower than the inner region 

mapped in CO. The lower brightness could mean the extended bar component has 

a lower temperature and/or column density, which is consistent with the drop off 

in intensity seen in CO. The HiRes maps appear to show spiral arms coming off 

the ends of the bar. Unfortunately, our CO map is not large enough to sample this 

region. 

Recently 'furner and Ho (1991, in preparation) have mapped the inner 

0.55' x 0.54' arcminute region of M83 in the 6 cm continuum using the VLA. This 

map is shown in Figure 6.4a scaled to match the CO J = 3 -. 2 map. In the radio 

map the emission is confined to a relatively small region coinciding with the central 

CO emission peak, suggesting the starburst phenomenon is currently restricted to 

the nucleus. There is little or no evidence that the radio emission extends out along 

the bar. Ondrechen (1985) has made a 20 cm map of the central - 10' region of 

M83 (see Figure 6.4b). The map looks similar to both our CO and HiRes maps. 

There is a bright nucleus with extended, low-level emission associated with the bar. 

As in the HiRes map, spiral arms are seen emerging from the ends of the bar. If, 

as in IC342, the radio emission is tracing the presence of high mass star-formation, 

then the 6 cm, 20 cm, and CO maps suggest high mass star-formation is occurring 

at a much lower level in the molecular bar than in the nucleus. Indeed, as discussed 

in section 5.3.3, UV radiation has been found to be conspicuously absent from the 
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bar as a whole. However, there is some evidence from our CO line ratio analysis 

for an embedded heating source in the southwest bar component. This suspicion is 

reinforced both by the behavior of the low level contours in the radio maps and the 

presence of a 60 pm emission peak in the southwest component of the bar. More CO 

and radio continuum observations are needed to verify the existence of this heating 

source(s). 
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Figure 6.4. a) A 6 cm radio continuum map of the 0.55' x 0.54' region of MB3 
taken by Turner and Ho (1991, in preparation) at the VLA. The spectral 
index is shown in grayscale where black is thermal. For comparison, our 
(0',0') position as seen in the CS and CO maps is at a = 13:34:11.3 , 
6 = -29:36:34.6. The size of this continuum map has been scaled to 20 
times that of the HiRes maps. 

6.4. COLOR TEMPERATURE MAPS 
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Figure 6.4. b) A low resolution (30") 20 cm radio continuum map of the inner 10' 
region of M83 taken by Ondrechen (1985) at the VLA. Contours are 5, 10, 
15,20,25,30,50, 100, 150, and 190 mJy per beam. The size of the map has 
been scaled to match that of the HiRes images. 

We can estimate the temperature of the dust in the IRAS images by ratioing 

the 60 and 100 p,m HiRes maps. In order to do this properly the two maps must 

have the same angular resolution. As discussed above, this is not the case. The 

beams are not symmetric. To solve this problem we convolved the 60 and 100 p,m 

images with elliptical gaussian "beams". The 100 p,m map was convolved with a 

beam to make the resultant angular resolution more symmetric. The 60 p,m map 

was convolved with a beam so that its final angular resolution matched that of the 

convolved 100 p,m map (87" x 87"). The final angular resolution of each of the IC342 

maps was checked on the same point source as before. Figures 6.5a and 6.Sb are the 

resulting 60 and 100 p,m strip maps through the point source in IC342. In the top 
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panel, strip maps in the in-scan direction are shown. The corresponding cross-scan 

strip maps are given in the lower panel. No point source was available in the vicinity 

of M83. However, since all AO observations were performed (in the same manner) 

in a raster-scan mode and since the signal-to-noise levels and maximum contour 

values are similar for both galaxies, the same elliptical beams used to convolve the 

IC342 maps were used on the M83 maps. 

The 60 to 100 pm ratio map made from the HiRes IC342 images is shown 

in Figure 6.6a. The bunching of contours at the edges of the map are the result of 

unavoidable errors in the convolution process and should be ignored. The maps are 

on the same scale as the original HiRes maps. To convert ratio maps (such as Figure 

6.6a) into color temperature maps (such as Figure 6.6b), we used an IPAC software 

package. By default, the computer program assumes no emissivity law. To acquire 

physical dust temperatures, we assume a specific grain model based upon what is 

found in the Milky Way (with emissivities, (3 = 1-2). This particular model mayor 

may not be suitable for the galaxies we are studying. Several temperature peaks are 

seen in the central region of the map in Figure 6.6bj each peak corresponds to HII 

~egions seen in the 60 and 100 pm maps. The highest color temperature, 65 K, is 

found toward the nucleus of the galaxy. For {3 = 1-- 2, dust temperatures are 46 to 

37 K toward the nucleus. Gas temperatures in excess of 40 K towards this position 

were indicated by our CO analysis. (Using ammonia, Martin and Ho (1986) derived 

a gas temperature ~ 70 K.) These results suggest the gas and dust are in thermal 

equilibrium in the nucleus. Peak color temperatures in the disk of the galaxy are 

"'oJ 40 K and, as mentioned above, are associated with HII regions. For {3 = 1- -2, 

this gives dust temperatures of 33 to 28 K. One of the HII regions to the west of 
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Figure 6.5. Point source profiles: a) 60 p.m and b) 100 p.m. In the top panel, strip 
maps in the in-scan direction are shown. The corresponding cross-scan strip 
maps are given in the lower panel. 
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the nucleus has a color temperature of "oJ 50 K, implying dust temperatures of 38 

to 32 K. 

Figure 6.6. a) HiRes IRAS 60 p.m/100 p.m ratio map of IC342. Contours are in 
intervals of 0.1 with a maximum value of 0.9. The axes are labelled in pixels; 
however, the size scale is the same as for the HiRes maps with the position at 
maximum value corresponding to a(1950) = 3:41:57, 8(1950) = +67:56:32 
and the orientation lengthwise corresponding to the in-scan direction. 
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Figure 6.6. b) HiRes IRAS color temperature map of IC342. Contours are in 
intervals of SK with a maximum value of 6SK. The axes are labelled in pixels; 
however, the size scale is the same as for the HiRes maps with the position at 
maximum value corresponding to a(19S0) = 3:41:S7, 6(19S0) = +67:S6:32 
and the orientation lengthwise corresponding to the in-scan direction. 

The 60 to 100 pm ratio map of MB3 made from the HiRes images is shown 
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in Figure 6.7a. The bunching of contours near the map edges is an artifact of the 

convolution process. Only the central portion of the map contains valid data. Figure 

6.7b is a color temperature map of M83 made from the ratio plot and using the 

IPAC program described above. The results are similar to those found for IC342. 

The highest color temperature, 60 K, occurs toward the nucleus. For f3 = 1--2, the 

dust temperatures are 43 to 35 K toward the nucleus. The color temperature of the 

southwestern bar component is f"J 40 K. For f3 = 1--2, this gives dust temperatures 

of 33 to 28 K. The northeastern bar component is <40 K, except at the end of the 

bar where the spiral arm begins. The dust temperatures are consistent with those 

derived from our CO line ratio analysis. In the CO analysis we find gas temperatures 

in excess of 20 K. We also find the nucleus and the southwestern bar component to 

have characteristic temperatures significantly higher than the northeastern bar. 

6.5. HEATING MECHANISMS 

There are several heating mechanisms which could be responsible for the 

elevated dust and gas temperatures observed in the nuclei, spiral arms, and HII 

regions of M83 and IC342. These mechanisms include heating by cosmic rays, 

magnetic ion-neutral slip, turbulent energy dissipation, and UV photons from young 

stars. For heating by cosmic rays to account for the observed range of temperatures 

(40 to 70 K) would require a primary ionization rate 50 to 100 times greater than 

the Milky Way value (Ho, Martin and Ruf 1982). Considering the environment 

within starburst nuclei, the required increase in density of high energy particles 

does not seem unrealistic. Given our lack of knowledge of magnetic field strengths 

and dissipation mechanisms, it is difficult to determine the heating potential of 

magnetic ion-neutral slip. However, Giisten (1989) estimates that for a velocity 
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Figure 6.7. a) HiRes IRAS 60 p.m/100 p.m ratio map of M83. Contours are in 
intervals of 0.05 with a maximum value of 0.8. The axes are labelled in pixels; 
however, the size scale is the same as for the HiRes maps with the position 
at maximum value corresponding to a = 13:34:11.3 ,6 = -29:36:34.6 and 
the orientation lengthwise corresponding to the in-scan direction. 

dispersion of 15 km/s, a cloud size of 15 pc, a fractional ionization of 10-6 , and a 

field strength of f'OW 0.5 mG, magnetic ion-neutral slip could heat gas to the observed 

temperatures. Turbulent dissipation has been suggested by Wilson et. al. (1982) as 

a heating source for Milky Way galactic center clouds. By equating molecular line 

cooling and turbulent heating, Glisten et al. (1985) derived the following expression. 
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Figure 6.7. b) HiRes IRAS color temperature map of MB3. Contours are in inter
vals of 5K with a maximum value of 60K. The axes are labelled in pixels; 
however, the size scale is the same as for the HiRes maps with the position 
at maximum value corresponding to a = 13:34:11.3 ,6 = -29:36:34.6 and 
the orientation lengthwise corresponding to the in-scan direction. 

From our molecular line analysis, we find the temperature and density 

of clouds in the centers of IC342 and MB3 to be close to those specified in the 

above expression. Therefore, turbulent dissipation appears to be a viable heating 
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mechanism for these clouds. Since the dissipation timescales are relatively short (a 

few 106 years), turbulence has to be pumped into the galactic nuclei continously if 

the observed temperatures are to be maintained (Giisten 1989). Differential rotation 

may provide the necessary source of energy (Fleck 1980). 

The centers of starbursts are sites of massive star-formation. One by

product of massive star-formation is a large flux of UV photons. If, as expected, 

dust is present in the vicinity of these stars, some percentage of the UV flux will 

be intercepted by dust grains. The dust grains will then "reprocess" the starlight 

and radiate it in the infrared. This is the most successful and often used model to 

explain the infrared emission seen in star-formation regions. This scenario is sup

ported by observations from UV to radio wavelengths. In the standard model first 

proposed by Spitzer (i949), the surrounding gas is then heated by collisions with 

the dust. How well the gas and dust are coupled depends on the density, n, of the 

gas. We can determine the functional form of this relationship by equating the gas 

cooling rate, D..gas , to the gas-dust heating rate, r gd. Goldsmith and Langer (1978) 

have derived expressions for the cooling rate of neutral gas via molecular and atomic 

lines as a function of temperature and density. Setting these expressions equal to 

the gas-dust heating rate derived by Ho, Martin and Ruf (1982), we have derived 

the following relationships. 
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These expressions are shown graphically in Figure 6.8. Since we have inde

pendent estimates of the gas and dust temperatures in the nuclear regions of IC342 

and M83, we can use Figure 6.8 to estimate the required gas density. Our molecular 

line analysis showed that the molecular clouds in these galaxies have temperatures 

ranging from f"J 20 K to in excess of 70 K. Our HiRes [RAS color temperature maps 

show a comparable range of dust temperatures. Figure 6.8 shows that gas densities 

in excess of 104 cm-3 are needed for Tga" to approach Tduat. Therefore, if gas-dust 

collisions are heating the gas in IC342 and M83 to the observed temperatures, large 

quantities of dense gas are required. The presence of dense gas is consistent with 

our observation of relatively bright CS lines in these galaxies. Based on these re

sults, we conclude UV heating of dust grains, followed by gas-dust collisions is the 

heating mechanism most consistent with our observations. 

6.6. SUMMARY 

In this chapter we present new high resolution 60 and 100 JLm [RAS images 

of IC342 and M83. We compare the morphologies of these images with our CO 

J = 3 -. 2 maps and 6 and 20 cm radio continuum maps. We also use the images 

to generate dust color temperature maps of the galaxies. We then compare the dust 

temperatures with those derived for the gas from our CO analysis. 

In IC342 and M82 the far-infrared and radio continuum maps appear strik

ingly similar, consistent with a model in which both type of emission are powered 

by the formation of massive stars. The nuclei of IC342 and M83 are by far the 

brightest features in the far-infrared, radio, and CO maps, consistent with a nu

clear starburst model. The larger scale far-infrared and radio maps indicate star 

formation is occuring at a lower level in the disk of each galaxy. 
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Figure 6.8. Gas/Dust collision heating model for H2 densities of 103
, 104 , and 

105 cm-3 • 

In both IC342 and MB3 the highest dust temperatures are found in the 

nucleus. In IC342 elevated dust· temperatures are also found in the vicinity of HI! 

regions located along the spiral arms. Dust in the interarm regions is, in general, 

cooler than dust along the arms. In MB3 elevated dust temperatures are present 

all along the southwest bar component and in a small region located near the end 
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of the northeast bar component. The morphology of the color temperature maps 

suggests the dust is heated as a result of star-formation. 

There are several different heating mechanisms which could be responsible 

for the observed dust temperatures-=. We find the most likely heating source to be 

the UV flux of young stars. Over the regions where we have both gas and dust 

temperatures, we find them to be very close in value. H gas-dust collisions are 

heating the gas in IC342 to the observed temperatures, large quantities of dense 

gas ( 104 cm-3 ) are required. The presence of dense gas is consistent with our 

observation of relatively bright CS lines in the nuclei of these galaxies. 
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CHAPTER 7 

SUMMARY AND DISCUSSION 

7.1. INTRODUCTION 

In this thesis we have used millimeter and submillimeter molecular line 

observations to probe the interstellar medium in the central region of three nearby 

starburst galaxies; M82, IC342, and M83. Each galaxy was mapped in the J = 

3 -+ 2 transition of CO and in the CS J = 2 -+ 1 transition. In addition, high 

angular resolution 60 and 100 /-Lm data IRAS images were used to study the thermal 

dust emission in IC342 and M83. A detailed analysis and comparison of these 

observations was performed. In this chapter we will summarize these results and 

compare molecular cloud properties in the central regions of these galaxies with 

those found in the central 1 kpc of the Milky Way. 

7.2. RESULTS OF THE MOLECULAR LINE ANALYSIS 

7.2.1. Morphologies 

The CO and CS maps reveal that the highest concentrations of molecular 

gas are found close to the center of each galaxy. In M82 a molecular ring is seen 

within ~12" of the 2 /-Lm emission peak. There is also evidence for a molecular bar 

and a supernova driven molecular wind (Telesco et al. 1991). In IC342 and M83 

pronounced molecular bars are observed. Our lower spatial resolution CS maps 

suggests that dense gas is present throughout the nuclear region of each galaxy. 
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High concentrations of molecular gas are also present in the central 1 kpc 

of the Milky Way. Ten percent of the Milky Way's neutral gas is contained in a 

thin (30 - 50 pc) disk. The disk is very clumpy with most of the gas mass contained 

in a few giant (100 pc) molecular cloud (GMC) complexes. These GMC'~ have 

small scale structure on the 10-20 pc size scale. Within this region there is an 

expanding molecular ring which is tilted f'V 10° to the galactic plane. How this 

ring was generated is unknown. A rapidly rotating bar potential could in theory 

produce such a disk, but there is no direct observational evidence for such a structure 

(Giisten 1989). 

Surveys in CS and other density sensitive molecules have been conducted 

toward Galactic Center clouds. They indicate that the bulk of the molecular ma

terial within a few 100 pc of the Galactic Center could have densities ~ 104 cm-3 

(Bally et al. 1987). A multi-line excitation analysis performed by Walmsley et al. 

(1986) suggest a two-component model for the dense gas, with 10% of the material 

in high density clumps (~ 106 cm-3 ) and the rest in a lower density interclump 

medium. 

7.2.2. Gas Temperatures 

The variation of gas temperature across the central region of eac~ of the 

sample galaxies was studied using CO line intensity ratios. This was done by making 

and comparing line intensity ratio maps between adjacent CO transitions. The use 

of this technique is approximate since at some level density and opacity can also 

affect line intensity ratios. Our analysis revealed that a single temperature model 

for the central region of galaxies is too simple. In all three galaxies we find the 

molecular gas is best modeled by a multicomponent medium. There is evidence 
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that the molecular clouds in the mapped regions are externally heated. This is 

particularly true for M82 and M83. The most likely heating source is the UV flux 

from young massive stars formed in the starburst. Cosmic ray heating and magnetic 

ion-neutral slip may also be viable heating processes (Ho, Martin and Ruf 1982). 

Ammonia observations by Armstrong and Barrett (1985) and others have 

shown that throughout the central 500 pc of the Milky Way the gas temperatures are 

uniformly high (Giisten 1989). Temperatures range from 50 to 200 K, with most of 

the gas at '" 70 K. Giisten (1989) suggests that turbulent energy dissipation driven 

by "strong" differential rotation may be the dominant heating mechanism. 

7.2.9. Velocity Structure 

The velocity centroid maps and position-velocity plots were generated for 

each galaxy. As expected rotation dominates the velocity fields towards the center of 

each galaxy. However, in each case, additional velocity components not associated 

with simple rotation were observed. In M82 there is clear evidence for a molecular 

wind along the minor axis of the galaxy. CO 3 -. 2 line wing maps suggest the 

wind is also driving a shock into the plane of the galaxy inducing star-formation. 

In IC342 and M83, the morphology of the velocity centroid map is consistent with 

the presence of infalling gas in the molecular bars. Kinks in the isovelocity con

tours also imply the presence of inner molecular rings toward the center of each 

galaxy. The similarity of the velocity fields traced by CO and CS suggests that 

both molecules are probing a similar spatial distribution of gas. As mentioned ear

lier, in the Milky Way centroid velocity studies of Galactic Center clouds indicate 

both the presence of rotation and an inclined, expanding ring. 

7.2.4. Optical Depths 
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For each galaxy the optical depth of the 12CO emission was estimated from 

the 12CO to 13CO intensity ratio. This was done for each CO transition for which 

complementary 13CO data were available. The main difficulties in this technique are 

the uncertainty in the 12CO to 13CO abundance ratio, which may vary from 90 to 20 

across the face of a galaxy, and the assumption of equal excitation temperatures for 

the two species. In computing optical depths we used abundance ratios of 43 and 20. 

These are the best estimates that are currently available. 12CO line intensity ratios 

can also be used as probes of optical depth, but only work well if the gas is very 

optically thick or thin. Also, this technique does not work reliably when the clouds 

are optically thick and externally heated, as appears to be the case for each galaxy 

in our sample. 

Our analysis reveals the 12CO emission in M82 has an optical depth of 

order unity. An intermediate optical depth such as this makes the determination of 

gas temperatures from 12CO line ratios more tedious. We found that to estimate 

gas temperatures under these conditions requires observations of the high lying 

rotational transitions of CO (i. e. the J = 7 -. 6, 4 -. 3, and 3 -. 2 lines). However, 

for most galaxies such an extensive data set does not yet exist. Fortunately, both 

the 12CO line ratio and isotopic analysis indicate the 12CO emission is, for the most 

part, optically thick toward both IC342 and M83. Toward the Galactic Center 12CO 

is found to have an optical depth> 1, while the 13CO optical depth is estimated to 

be ~ 1 (Bally et al. 1988). 

The CS optical depth can also be estimated using an isotopic analysis. Such 

an analysis is usually performed using the C32S to C34S intensity ratio. M82 is the 

only galaxy in our sample towards which C34S has been detected. Towards the 

position it was detected, we find the optical depth to also be of order unity. 
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7.!.5. Colu.mn Density, Mass, and Clou.d Sizes 

CO and CS column density estimates were derived, when possible, using a 

non-LTE code, the optical depth estimated from a CO isotopic analysis, and from 

assuming the emission was optically thin. The disadvantage of the non-LTE code 

we used is that it assumes the gas has a single kinetic temperature and density. 

This is clearly an oversimplification. In general, the best convergence occured when 

adjacent transitions were used in the analysis (between which the assumption of a 

single kinetic temperature and density is probably valid). Column density estimates 

derived from the LTE isotopic analysis appear to give the most reasonable results. 

This is because the optical depth on which the analysis is based is derived for a par

ticular transition. The assumption that the two isotopes have the same excitation 

temperature is probably good. Line ratios between transitions enter into the anal

ysis in so far as they are used to estimate the excitation temperature. When using 

this technique it is assumed the rarer of the two isotopes is optically thin. If it is 

not, the analysis gives erroneous results since it does not fully sample the gas along 

the line-of-sight. Similarly, 12CO column densities, derived assuming the emission is 

optically thin when it is not, are found to systematically underestimate the gas col

umn density by significant amounts. The degree to which they are underestimated 

depends upon the true optical depth along the line-of-sight. 

Beam (area) filling factors were computed for the CO (and when possible 

CS) emission toward each galaxy. The filling factor was found to be fairly low (never 

more than a few percent of the total beam area), and to be a sensitive function of 

excitation temperature. The low filling factors indicate the gas distribution is very 

clumpy. From the derived column densities, filling factors, and emission areas, gas 

mass estimates (Mg) were made. These are listed for each galaxy in Table 7.1. They 
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are all on the order of ("oJ 5 x 107 M0 • Using these mass estimates in conjunction 

with the estimated density of the emitting gas, we find the volume filling factor 

of the gas to be quite low (typically ("oJ 10-4 ). From the beam and volume filling 

factors we are also able to estimate the characteristic size scale of the emitting 

clouds. In M82 and M83 the clouds are between 0.1 and 1 pc in size, significantly 

smaller than what is usually found in the Milky Way. On the other hand, IC342 has 

cloud sizes of ("oJ10 pc. Cloud sizes in IC342 are similar to the small scale structures 

found in the central 1 kpc of the Milky \Vay. These results suggest the interstellar 

medium in the central regions M82 and M83 are fundamentally different than that 

of IC342 and our own galaxy. We also find the overall percentage of molecular gas 

in the cent~rs of M83 and M82 (2 to 5%) to be a factor of 2 lower than in IC342, 

even though IC342 has the higher infrared luminosity (LIR) than the Milky Way. 

For comparison, the percentage of molecular gas in the center of the Milky Way is 

("oJ 1% (Giisten 1989). 

As discussed in Chapters 4 and 5, updated distance estimates to IC342 and 

M83 have recently appeared in the literature. These estimates suggest both galaxies 

may be significantly closer than previously thought. If they are closer, then the gas 

mass estimates in Table 7.1 should be multipied by (dnew /dold)2, where dnew is the 

new distance estimate and doM is the old distance estimate. The new gas mass 

estimate for IC342 is 16 % of its original value, while the new gas mass of M83 is 

19 % of its original value. The cloud size estimates do not depend on the distance 

estimate and remain unchanged. However, if the new distance estimates are used, 

the number of clouds required to produce the observed emission goes down by a 

factor of ("oJ 6 for IC342 and a factor of ("oJ 5 for M83. 
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TABLE 7.1. 

Derived Properties for M82, M83, IC342 and the Galaxy 

Property M82 M83 IC342 Galactic Center 

Tex (K) ~ 20 ~ 10 ~ 12 -50t 

T CO -I ~3 > 17 

NH2 (cm-2 ) 1 x 1023 ~ 1.2 X 1022 1.3 X 1024 

Mg (M0) 5.5 x 107 ~2.5 X 107 6.4 X 107 7.9 X 107 

fA 0.1 ::; 0.07 0.004 

fv 1.6 x 10-4 ::; 8 X 10-5 4.3 X 10-5 

del (pc) 0.6 ::;1 ~1l 20-30 

Cloud Num. 104 ~ 104 ::; 30 10 

Mtot (M0) 6.5 x 108 1.3 X 109 7 X 108 7 X 109 

Mg/Mtot 0.08 ~ 0.02 0.10 0.01 

LIR (L0) 2.5 x 1010 9 X 109 3.8 X 109 1 X 109 

LIR/Mg 455 360 59 13 

f (%) 77 60 10 <2 

SFR (~) 16 6 2.5 0.3-0.6 

Td (yr) 3.4 x 106 2.9 X 106 2.6 X 107 3 X 108 

DE (pc) 630 1300 1000 1000 

ug (*) 174 26 82 101 

tFor an individual cloud as opposed to an ensemble of clouds in the beam. 
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7.3. IRAS RESULTS 

We produced high spatial resolution (HiRes) 60 and 100 I'm IRA S images of 

IC342 and MB3 using an image processing technique based on the Richardson-Lucy 

algorithm. Point source resolutions of 1.0' X 0.64' and 1.4' x 1.2' were achieved at 

60 and 100 I'm respectively. The HiRes IRAS images of both galaxies revealed the 

presence of a compact nucleus and spiral arms. In the IC342 HiRes images massive 

HII regions are seen along the spiral arms. The MB3 HiRes images show a bar-like 

structure which is also seen in our CO map. The HiRes 60 I'm map shows a hint 

of spiral arms emerging from the ends of the bar. The similarity in morphology 

between the HiRes and radio continuum maps suggests the infrared emission arises 

from HII regions associated with massive star-formation. These maps also suggest 

the nucleus is presently the most active site of star-formation in each galaxy. 

The HiRes 60 and 100 I'm maps of each galaxy were convolved with elliptical 

gaussian functions so they would have the same point source beamsize. Once this 

was done, a color temperature map of IC342 and MB3 was made by ratioing the 

convolved 60 and 100 I'm images. Using an emissivity law with f3 = 1 - -2, we 

got dust temperatures that ranged from 25 to 45 K, with the highest temperatures 

in each galaxy occuring in the nucleus. The range of gas temperatures derived 

from our CO analysis were found to be comparable to the observed range of dust 

temperatures. If the gas is heated by dust-gas collisions, then the average H2 density 

in the mapped regions must be in excess of 104 cm-3 • The observation of relatively 

bright CS lines towards the centers of these galaxies also suggests the presence of 

high gas densities. 

7.4. DISCUSSION 
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7.4.1. Cloud Stability 

High gas densities in galactic nuclei are necessary if a cloud is to remain 

stable against tidal disruption. Giisten and Downes (1980) have derived a stability 

criterion for clouds in the Galactic Center: 

These densities are close to the critical density of the CS J = 2 --. 1 transition. 

The detection of CS toward the nuclei of M82, IC342, and M83 suggest that similar 

stability criteria also hold for these galaxies. In general, a cloud is stable against 

tidal disruption if it has a mean density greater than n c , where 

MG is the dynamical mass of the galaxy out to the radius R. The quantity 

rc is the mean cloud radius. Using the values of MG and rc given in Table 7.1, 

we calculated the minimum densities required for clouds to be stable against tidal 

disruption at the edges of the regions we mapped in CO. The density estimate for 

M82 is 630 cm-3 • For IC342 the minimum density is BO cm-3 if a distance of 

4.5 Mpc is used and 500 cm -3 if a distance of 1.B Mpc is assumed. Similarly, for 

MB3 the minimum density is 70 cm -3 if a distance of B.9 Mpc is used and 350 cm-3 

if a distance of 3.9 Mpc is assumed. Since these density estimates were derived for 

clouds at the edges of the mapped region, they reflect a minimum cloud density. 

Using the density and temperature estimates derived from our analysis for 

each galaxy, the Jeans's stability criterion can be employed to estimate the cloud 
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mass that would be unstable to gravitational collapse. Conservative temperature 

and density estimates for the centers of M82, IC342, M83, and the Milky Way are 

T f"oJ 40 K and nH2 f"oJ 5 X 104 cm-3 • The Jeans mass, MJ can be calculated from 

the following expression. 

Substitution yields a value of MJ of f"oJ 450 MCi). The cloud masses (Mel) 

we derive from our CO analysis for each galaxy are all ~ 3 X 103 MCi). Based on this 

analysis alone, one would conclude the clouds in the nuclear regions of M82, IC342, 

M83, and the Milky Way are all unstable against gravitational collapse. However, 

the above analysis does not take into account the affects of ~urbulence or magnetic 

fields. 

The CO linewidths (~Veo) of individual clouds within the central 1 kpc of 

the Milky Way are, on average, between 10 and 20 km/s (Giisten 1989). (Clouds in 

the disk of the Milky Way generally have velocity dispersions of ~ 5 km/s.) These 

linewidths are much larger than what is expected from thermal broadening alone 

(for T = 40, A lith f"oJ 0.1 km/s). These results indicate the molecular clouds are 

turbulent. Indeed, turbulent pressure may be what is balancing gravity in these 

clouds. The turbulence may result from the strong dif!erential rotation present 

in the nuclei of these galaxies. Since we have size and mass estimates we can, 

assuming the clouds are virialized, estimate what the observed linewidth (~Vc,) of 

an individual cloud would be. 

~Vel f"oJ (GM/R)1/2 
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Substituting in the cloud size and mass estimates from Table 7.1, we derive 

values of 9, 40, 5, and 27 km/s for .6.11;;, in the center of M82, IC342, M83, and the 

Milky Way respectively. Given the values of .6. Veo observed in the Galactic Center, 

the derived values of .6. Vel appear realistic. Therefore, the clouds in the center of 

M82, 10342, M83, and the Milky Way may indeed be virialized. 

Maloney (1988) suggests that instead of being virialized, clouds may be 

pressure bound by a turbulent intercloud medium. For a cloud to be bound in 

this way, the intercloud pressure must balance the pressure within the cloud. In 

the molecular clouds we are considering, the pressure is most likely dominated by 

turbulence, so 

where, p is the mass density and k is Boltzman's constant. For values of 

.6.Vcl and p of 10 km/s and 1.6x10-19g cm-3 , an intercloud pressure of P/k f"J 

6 X 108 cm-3 K is required to keep the cloud bound. In the central 2 pc of the 

Milky Way P/k is estimated to be as high as 109 cm-3K. In the intercloud medium 

within 10 pc of the Galactic Center P/k may be as high as 107 cm-3K (Serabyn 

(1991), private communication). (In the galactic disk the intercloud medium can 

ha.ve values of P/k between 104 and 105 cm-3K (Maloney 1988)). Therefore, except 

for the central few parsecs, it does not appear likely that clouds are pressure bound 

in the central 1 kpc of the Milky Way. However, the nuclei of M82, IC342, and 

M83 are thought to be more active than that of the Milley Way. If the intercloud 

pressure is as much as ten times higher than in the nucleus of the Milky Way, the 

clouds may in fact be pressure bound. 
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Magnetic fields could also play a role in stabilizing the clouds. If the ion 

fraction is sufficiently high, the magnetic field is frozen into the cloud. The energy of 

a magnetic field frozen into a smooth spherical cloud is EB f'\J (1/ R){ R' B~) f'\J .p2 / R. 

If the magnetic field is to support the cloud against collapse, EB must be of the 

same order as the gravitational energy EG f'\J GM2/R. Equating EB to EG we can 

derive an expression for the minimum magnetic field needed to support a cloud of 

mass M against collapse (Turner 1988). Using the cloud sizes and masses listed in 

Table 7.1, we find magnetic fields of 7.3, 8.5, and 9.6 mG are needed to stabilize 

the clouds in M82, IC342, and M83 respectively. Galactic Center clouds require 

magnetic fields of between 1.3 and 13 mG. Direct measurements of the magnetic 

field strength in the Galactic Center have been made using observations of Zeeman 

splitting in HI absorption lines. These observations indicate the field strength is 

f'\J 0.5 mG (Schwartz and Lasenby 1990). Zeeman splitting in OH lines provides an 

upper limit to the field strength of 4 mG (Killeen et al. 1990). Therefore, magnetic 

fields may indeed playa significant role in stabilizing clouds. 

7.4.2. Star Formation Efficiencies, Rates, and Timescales 

The star-formation efficiency, E, in the nuclei of galaxies is difficult to es

timate, but is an important probe of star-formation activity. One expression for E 

is 

M. 
E=----

M.+Mg 

where M. is the mass in new stars and Mg is the gas mass. This expression describes 

the efficiency with which gas is changed into stars. Using the techniques described 

in this thesis, good estimates for Mg can be made. However, estimates of M. are 
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difficult to obtain. An upper limit to M. can be derived from estimates of the total 

mass M tot derived from the rotation curve of a galaxy. The upper limit to M. is then 

M tot - Mg. Since these estimates of M. can include material not participating in the 

current episode of star-formation, this technique can lead to large overestimates of 

E. Alternatively, detailed modeling of a given starburst can be used to estimate M •. 

Such modeling has been performed for M82 by Rieke et. al. (1980). The models 

were constrained by the observed bolometric luminosity, dynamical mass, absolute 

magnitude at K (2.2 JLm), and Lyman continuum flux. Their modeling predicts 

1.8 x 108 M0 of material is tied up in stars and stellar remnants participating in the 

starburst. We derive a value of 5.5 x 107 M0 for Mg. Substitution of these values 

into the above expression for E yields a star-formation efficiency of ~ 77% for M82. 

In regions undergoing starbursts the far-infrared luminosity, L / R, is thought 

to be dominated by young stars. (For normal galaxies or regions of galaxies not 

experiencing a starburst, the connection between L/ R and star-formation is less 

clear (Kennicutt (1990». If this is true, then by performing an IMF-weighted 

integration of the stellar luminosity function, M. can be directly related to L/R. 

Using this technique and assuming a Salpeter initial mass function, Thronson et al. 

1987 calculated the ratio, M. to L/R, of 1.3xl0-3 M0/L0' If we use this ratio 

for the galaxies in our sample, then by multiplying this conversion factor by the 

luminosities listed in Table 7.1, we can estimate the mass (M.) of young stars in 

each galaxy. The draw-back of this technique is that M./ L/R changes with time, 

with the value given above being valid for only a short period of time. This value 

is therefore a lower limit to the actual value, and the values of M. and E derived 

using this technique are lower limits as well. Applying this technique to M82, M. 

and E are estimated to be 3.3xl07 M0 and 38%, respectively. 
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Another estima.te of the star-formation efficiency is given simply by the ratio 

of LIR to Mg. As long as LIR is dominated by young stars formed from material 

traced by Mg, the ratio LIR/Mg can serve as a measure of the star-formation 

efficiency. Values of LIR/Mg for the M82, IC342, M83, and the Galactic Center are 

455, 59, 360, and 13 respectively. These are also listed in Table 7.1. Comparing 

these ratios, we find star-formation to be - 30 times more efficient in the centers 

M82 and M83 than in the Galactic Center. The star formation efficiency in IC342 

(-5) is five times that of the Galactic Center. (Since both the luminosity and mass 

estimates go as the distance squared, the relative star-formation efficiency estimates 

are independent of distance.) As a comparison, the value of LIR/Mg has a mean 

value in galactic giant molecular clouds (GMCs) of 3 and a maximum value of 40 

in areas immediately adjacent to bright HII regions (Scoville and Good 1986). 

Assuming the star-formation efficiency derived above for M82 (77%) is cor

rect, we can estimate a star-formation efficiency, €, for each of the other galaxies. 

We multiply the value for M82 of € x (Mg/LIR) (which is 0.77/455) by the value 

of LIR/Mg for one of the other galaxies. The resulting values of € are 10% for 

IC342, 60% for M83, and 2% for the Galactic Center. Since the LIR measured for 

the Galactic Center may have a substantial contribution from an older population 

of stars, the derived star-formation efficiency (2%) should be considered an upper 

limit. The star-formation efficiency estimate for IC342 is consistent with the lower 

limit of 7% derived for the central 15" by Turner and Hurt (1992). Their estimate 

of M. was inferred from the Lyman continuum production rate, and their value of 

Mg deduced from interferometric CO observations. 

The gas surface density, (7g, of each galaxy is listed in Table 7.1. The value 

of (7 9 (174) in M82 is by far the largest of the four galaxies, suggesting a link bet~een 
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(1 9 and star-formation efficiency (E). The similarity between the values of E and {1 9 

in IC342 and those for the Galactic Center are consistent with this hypothesis. 

However, in the case of M83, {1g is low (26), while the star-formation efficiency is 

high ("J 60%). IT our estimate of E is correct, then the low value of {1 9 indicates 

that the molecular gas (and star-formation activity) is confined to a smaller angular 

extent than we have assumed ("J 30"). IT star-formation efficiencies scales linearly 

with molecular gas surface density, then by comparison with M82, we estimate the 

{1g should be "J 140M0 Pc. This value of {1g implies the radius of the active star

formation region is "J 240 pc. The presence of a small, massive core is consistent 

with the dynamical models of M83 by Handa et al. (1990). From isovelocity plots, 

Handa et al. conclude that there is a 260 pc massive core in the center of M83. 

The similarity between our size-scale and that of Handa et al. suggests there is a 

link between star-formation efficiency and molecular gas surface density. 

In starbursts where the luminosity is dominated by emission from young 

stars, the star-formation rate (SFR) can, in principle, be deduced from LIR. Thron

son and Telesco (1986) find that if a Salpeter initial mass function from.1 to 100 M0 

is used, the ratio of SFR to LIR is 6.5x10-10 (M0 yr-l L01
). Using this relation 

we find the SFRs in M82, IC342, M83, and the Galactic Center to be 16, 2.5, 6, 

and 0.6 M0 yr-l respectively. (Once again, due to a possible contribution to LIR 

by an older population of stars, the Galactic Center estimate should be considered 

an upper limit.) The SFR predicted for M82 in model D of Rieke et. al. (1980) is 

"J9 M0 yr-1 • Since the LIR in M82 is almost certainly dominated by young stars, 

the difference between the two SF R estimates probably reflects the difference in 

the assumed IMFs. 

A lower limit to the gas depletion timescale is given by Td=Mg/SFR. For 
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M83 and M82 Td is only of the order of a few million years. For IC342 Td is a few 

tens of millions of years. The Td of the Milky Way is substantially larger, ",,200 

million years. If the assumption of a Salpeter IMF is appropriate for these galaxies, 

then this implies the central regions of starbursts will soon run out of material with 

which to make stars. One way star-formation could continue at the present rate is 

if the nuclei are replenished with gas. Indeed, each of these galaxies is thought or 

known to possess a molecular bar. These structures may provide the conduit for 

the infalling material needed to fuel the starburst. 

Alternatively, the high star-formation rates toward the centers of these 

galaxies may imply that the IMF is biased toward high mass stars. Since high mass 

stars return the majority of their mass back to the ISM, high star-formation rates 

within a given region could be maintained for a longer period time. Indeed, there 

is observational and theoretical evidence suggesting the IMF in galaxies is bimodal, 

with less mass going into the formation of low mass stars than is expected from an 

extrapolation of a monotonic Salpeter IMF. (See Larson, 1986.) Also, our dust and 

gas analyses indicate the temperature of the clouds in the nuclear regions of each of 

the galaxies is on average higher than outside the ~uclei. Therefore, based on the 

Jean's stability criterion, we would expect the stars formed in the centers of each 

of the galaxies to be (on average) more massive than in the disks. 

Another way to circumvent the problems associated with a short gas de

pletion time is if the present star formation rates are only momentarily high, and 

are not characteristic of star-formation over the long term (Rieke et al. 1980). 

Looking at Table 7.1, one quickly notes the similarity in molecular cloud 

properties in M82 and M83 and the similarity in cloud properties in IC342 and the 

Milky Way. Clearly star-formation is occuring at a more vigorous rate in M82 and 
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M83 than in 10342 and the Milky Way. This fact is reHected in the the high infrared 

luminosities, star-formation efficiencies and rates, and shorter gas depletion times 

in M82 and M83. Also, 10342 is found to be undergoing a significantly more active 

phase of star-formation than the Milky Way. Indeed, radio observations suggest 

the OB star-formation in the central 1 kpc of IC342 is occuring at a rate 10 times 

higher than in the center of the Milky Way (Ho et al. 1982). The difference in star

formation rates and efficiencies between the four galaxies is somewhat surprising 

when one considers that the total amount of gas available for star-formation in each 

galaxy does not vary by more than a factor of 2 or so. The availability of raw 

materials does not appear to be the crucial factor in determining the star formation 

rates and efficiencies in these galaxies. So, what is the crucial factor or factors? 

The variation in cloud size and number between the four galaxies may 

provide a clue to the underlying mechanism(s). In M82 and M83, where the star

formation rate and efficiency are relatively high, the clouds are significantly smaller 

and more numerous than in IC342 and the Milky Way. Also, the clouds in the 

nucleus of 10342 are smaller on average than clouds in center of the Milky Way. 

This relationship is shown graphically in Figure 7.1. Although there are only 4 data 

points on the plot, there appears to be a direct relationship between cloud size, del, 

and star-formation efficiency. (For a best fit line, we get SFE = -21.191n(del) + 
63.12 . A similar fit is obtained if the point for the Galactic Center is omitted.) 

The question now arises: are the small cloud sizes in M82 and M83 re

sponsible for the high star-formation efficiencies or are they a by-product of the 

star-formation process? Earlier we found that turbulence plays an important role 

in supporting cloud cores against collapse. For the galaxies in our sample, the 

smaller cloud sizes have the effect of reducing the amount of turbulence required 
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SFE vs. Cloud Size 

Cloud Size (pc) 

Figure 7.1. Star-formation efficiency versus cloud diameter toward the centers of 
M82, M83, IC342 and the Milky Way. 

to support the cloud. The cloud cores are disrupted by turbulence in excess of this 

critical value. Due to the presence of strong differential rotation, the nuclei of galax

ies are expected to be highly turbulent. Therefore one would expect the lifetime 

and star-formation efficiency of smaller clouds to be lower than larger clouds. We 

conclude the small clouds found in the centers of M82 and M83 do not produce the 

observed high star formation efficiencies. Indeed, it is more likely they are the re

sult of the disruptive action of rotation induced turbulence, supernovre explosions, 

and/or tidal stress. 

Larson (1988) discusses the relationship between cloud disruption and star

formation efficiency. Of the different cloud destruction mechanisms, he finds ioniza-
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tion from 0 stars to be the fastest and most effective. Whitworth (1979) estimates 

that for a conventional IMF, the mass of gas that is ionized in a cloud forming 

o stars is about 20 times the mass that condenses into stars. This led Larson to 

conclude that if ionization is the main destruction mechanism, and if clouds are 

completely ionized after only 5% of their mass has formed stars, the star-formation 

efficiency will be only 5%. A star-formation efficiency controlled by ionization would 

be lower in the center of starbursts where there may be a bias toward the forma

tion of high mass stars. Also, this efficiency should be considered an upper limit 

since it does not take into account other disruptive forces, e.g. neutral winds and 

ionized driven shocks. This relatively low efficiency estimate is in conflict with the 

very high star-formation efficiencies we find toward M82 and M83. If the parent 

clouds are destroyed by ionization from 0 stars at the rate predicted by Whitworth 

(1979), the only way to achieve a high star-formation efficiency is if most of the 

stars within a given cloud are formed almost simultaneously. The timescale, TD, for 

the destruction of a cloud by ionization is estimated to be f".J 5 X 106 years (Larson 

1988), shorter than the average lifetime of a massive star. This short timescale sug

gests only a single generation of stars are formed in a given cloud during the high 

luminosity phase of a starburst. From this train of thought it follows that on a local 

basis the lifetime of the high luminosity phase is of the same order as the lifetime of 

a high mass star. (For a 16 M0 star this is f".Jl07 yrs.) Since the starburst is believed 

to propagate outward from the nuclear region (Rieke, Lebofsky, and Walker 1988), 

the global lifetime of the high luminosity phase could be substantially longer. 

In addition, TD is similar to the lower limit estimates of the gas depletion 

times for M82 and M83, consistent with their being in an early phase of starburst 

evolution. A lower star-formation efficiency and longer gas depletion timescale 
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suggest that IC342 is in a later startburst evolutionary stage than M82 and M83. 

In contrast to a starburst like IC342, the Milky Way has a substantially lower 

star-formation efficiency and longer gas depletion timescale. 

7.5. FUTURE WORK 

Several areas of scientific interest have developed for us as a result of this 

thesis. We have come to the conclusion that a good thesis not only answers questions 

but asks related ones. Here we present some of these questions as future projects: 

1) A 13 CO and C18 0 3tudy in (at least) the J = 2 -. 1 and 1 -. 0 transitions 

toward the centers of starbursts (and "normal" galaxies). The ratio of these 

two CO isotopes provides much more accurate estimates of the optical depths 

and column densities (hence gas masses) toward these galaxies. (To avoid 

errors associated with convolution, similar beamsizes should be used when 

possible.) We have begun such a project with Dr. F. Bash. 

2) Optically thin gas or externally heated clouds in parts of lC942, M89 and 

M82? In a uniform medium, a ratio of two main line transitions of CO may 

indicate whether or not conditions in an interstellar medium are optically 

thin. However, if there are externally heated clouds present, the ~atio can 

be ~ 1, but be optically thick (e.g. photodissociation regions or PDR's). 

We would use multi-transitional isotopic data such as that in item 1) above 

coupled with CI data at 492GHz to discern whether or not a) the wind in 

M82 is hot optically thin gas, b) the areas east and west of the bar in IC342 

consist of PDR's, and c) the nucleus and southwestern portion of the bar in 

M83 consists of hot optically thin gas or externally heated clouds. 
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3) More accurate modelling of the molecular gas component of the wind in 

M8!2. Again, isotopic data (e.g. 13CO 3 --. 2) may help differentiate the 

wind component from that associated with the rotation of the galactic disk. 

This would give us a better understanding as to what is going on within the 

nucleus of this peculiar starburst. 

4) Are the small clouds limitted to the nucleus in starbursts f We want to es

timate the average cloud sizes over the beam as a function of radius. We 

would accomplish this by taking radial cuts in 12 CO and 13 CO toward star

bursts and normal spiral galaxies. Also, what are the difference/similarities 

in results between these two types of galaxies? 

5) A multitransitional 13 CO and 12 CO study of individual molecular clouds in 

the nearby spiral galaxy, M33. A direct comparison of the 12COP3CO ratio 

would be made with the ratio for clouds in the Milky Way galaxy. This study 

would provide information on the optical depth and isotopic abundance ratio 

of 12COp3CO in another galaxy relative to the Milky Way. We have begun 

such a project with Chris Wilson. We have 13COJ = 1 --. 0 observing 

time on the NRAO 12 m this fall and have applied for time on the OVRO 

interferometer. We will couple this database with her 12COJ = 1 --. 0 

single-dish and interferometeric data and our 12COJ = 3 --. 2 data. 

6) A molecular gas study that combines interferometric and single-dish data 

toward galaxies. The drawback of interferometry is that since these telescopes 

do not have total spatial coverage, they resolve out extended emission. By 

adding the interferometric data to single-dish data, one acquires a better 

understanding of how the global properties of the galactic disk are related to 

the local properties of the nucleus. On the NRAO 12 m telescope, we have 



259 

obtained fully-sampled, single-dish maps in 12COJ = 1 --. 0 and eSJ = 2 --. 

1 toward NGe 660 and M82, respectively. With John Carlstrom, we have 

also obtained the corresponding interferometric maps from BIMA toward 

these galaxies. The interferometer and single-dish data will be combined 

and examined in the near future. 

7) A study of 08(2 --.1)/08(1 --.0) toward starbursts, interacting and "nor

mal" galaxies. With similar beamsizes used for both transitions, the intensity 

ratio would determine whether or not the gas is subthermally excited. If the 

gas is subthermally excited, we would expect the eS( J = 1 --. 0) intensity to 

be greater than what is expected from thermally excited emission alone. We 

have eS( J = 2 --. 1) intensities toward about ten galaxies from the NRAO 

12 m telescope. The necessary eS(J = 1 --. 0) obse~vations could be made 

using an NRAO VLBA 25 m dish like the one on Kitt Peak. To perform 

these observations would require a low noise 49 GHz heterodyne receiver. 

We have discussed the possibility of building such an instrument and per

forming these measurements with John Black and Chris Walker. Otherwise, 

CS(l--.0) observations could be performed on the 40 m Haystack dish. 

8) A submillimeter-wave continuum study of starbursts. Submillimeter-wave 

continuum data points toward starbursts will be combined with IRAS, near

and mid-infrared data to form more accurate spectral energy distributions 

(SED). From the SED, the FIR luminosity and global dust properties can 

be determined, along with estimates of the star-formation rate. On the eso 

we have obtained data points toward a couple starbursts with Jocelyn Keene 

and have mapped NGC 253 with John Carlstrom and Darek Lis. 

I look forward to completing these projects (and starting many more!) dur-
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ing my post-doctoral fellowship in the submillimeter-wave group at the University 

of Texas. 
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APPENDIX A. 

A CONTINUATION OF THE ACKNOWLEDGEMENTS 

Whether or not it is traditional, I want to extend my gratitude toward my 

committee members for their hard work in making my thesis a better thesis. Much 

to my amazement, they presented their constructive criticism so painlessly, that it 

makes me almost want to pursue another thesis ... .! said almost. My fullest thanks 

go to John Black, Rob Kennicutt, Bob ("Fearless Leader") Martin and Marcia 

Rieke. Sincerest thanks go to John Bieging and Erick Young who, although not 

on my committee, put in long hours to critique chapters in their areas of expertise. 

I had spent two-thirds of my graduate career working in the Sub-Millimeter

wave Telescope (SMT) lab, initially hoping to do my Ph.D. thesis with the SMT. 

I'd like to thank the SMT staff (Ed Barry, Doug Officer, and "Soon-to-be-Papa" 

Bill Peters) for working so hard on the project, helping me out many times and 

putting up with my (few) idio-syncracies. 

Many thanks go to various Steward staff members for all of their help over the 

years. Some of those persons are Jean Alcantar, Helen ("Keymeister") Bluestein, 

Joy Facio, Michelle Santos, Bill Stone, Susan Warner, Kelly Valdivia and Len 

Walls. Sincerest thanks go to computer-whizzes, Alan Koski and Jeff Rill, for 

their many hours of help. I could always count on them to come through. Special 

thanks go to Nancy Lebofsky for typing in the majority of tables in this thesis. 

She's one of the very best secretaries you'd ever encounter. 



262 

Special thanks also go to TeX Master, Bob Marcialis, who authored the 

thesis macro I used. Many hours were spent by Bob on my behalf to make the 

ma.cro perform even better. Yo, Bob. 

The majority of my thesis data were taken on two telescopes: the National 

Radio Astronomy Observatory (NRAO) l2-meter telescope and the Caltech Sub

millimeter Observatory (CSO) lO-meter telescope. Astronomers do not often fully 

appreciate or are not always fully aware of the hours of hard work that are in

vested by the staffs at these telescopes. My fullest thanks go to the engineers, 

programers, friends-of the telescope, telescope operators, and secretaries for their 

excellent services on my behalf. It's safe to say I couldn't have done it without 

them. 

I spent about a half of a year writing my thesis at Caltech, during the tail end 

of my husband's post-doctoral fellowship there. I met some very special people in 

the submillimeter group there and I'll never forget how much a part of the group 

they made me feel and how they were always willing to lend a hand. Thank-you. 

On the non-academic side, many a good time were spent at the Ath's bar on 

Friday nights and aerobicizng with Jocelyn Keene. Many, many thanks for those 

good memories. It made thesisizing much easier. 

To those who get the enviable opportunity to spend time in the halls of 

Steward Observatory, count yourself lucky. There are few places of such high

level research and wonderful people. Appreciate it while you are here. 
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