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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 



257 

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 
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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. 
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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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