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ABSTRACT 

Three specific questions conceming the relationship between galaxian 

morphology and infrared properties were addressed for non-interacting galaxies: 1) 

Why are high infrared luminosity (L > 1010 Le) Sa galaxies scarce compared to Sb 

and Sc galaxies; 2) Is there a relationship between the bulge to total luminosity 

and the infrared properties of early type spirals; and 3) Are bars essential to nuclear 

star formation processes in non-interacting galaxies? These questions were answered 

using lRAS data, CO (1-0) measurements, 2 J.U11, 10 J.U11, and visible CCD 

observations. 

Only 4% of Sa's in the Revised Shapley-Ames Catalog (RSAC) with Br < 12 

have :infrared luminosities> 1010 Le, 1/6 of the ratio for Sb's and Sc's. Less than 

three Sa's of 166 in the RSAC have nuclear starbursts not associated with 

interactions or active nuclei. A comparison of neutral hydrogen fluxes and CO 

fluxes with infrared fluxes implies that molecular cloud formation is inhibited in 

Sa's, leading to the lack of infrared activity. 

An investigation of the role of bulges in suppressing star formation in Sa 

through Sb spirals relied on the photometric observations of Kent, Kodaira, and 

Cornell and 'on lRAS infrared observations. The bulge to total luminosity is 

uncorrelated with the ratio of infrared to blue flux, 60 J.Lm/l00 J.U11 fluxes, or 

infrared luminosity. These results indicate that disk star formation is relatively 

unaffected by bulge size. 
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The hypothesis that high far-infrared luminosities in non-intl!racting galaxies 

are dependent on material fed into their nuclei by bars was tested by nem- infrared 

imaging of a sample of 15 optically unbarred galaxies in a search for hidden bars. 

These galaxies were non-interacting, non-Seyfert galaxies with far infrared 

luminosities > 1010 ~ and hot colors between 60 and 100 J.U11 (S&lSl00 > 0.5, 

indicative of nuclear starbursts). At least 8 of these galaxies do not appear to have 

bars. Strong bars therefore are not an absolute requirement for high infrared 

luminosity. 
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CHAPTER 1: INTRODUCTION 

Morphology: The Patterns of Observed Forms in Galaxies 

In the fIfty years since the realization of the extragalactic nature of the 

"spiral nebulae", astronomers have been trying to do for galaxies what D'Arcy 

Wentworth Thompson accomplished for biology in 1917 in his now classic work Oil 

Growth alld Form. Thompson was able to dissect the structure of biological forms 

as diverse as shells and dragonfly wings into fundamental structural and 

morphological units whose functional basis could be understood using the 

architectural principles of structures and loads coupled with an understanding of 

biological process such as environmental adaptation. 

While such an analysis was successful for biological structures and forms, 

which are solutions to fundamental problems of packing, load, and mechanical 

efficiency, the use of morphological characteristics to explain the ontogeny and 

morphogenesis of galaxies is much more problematical. We dissect galaxies into 

fundamental morphological units like stars, HIT regions, bars, bulges, and halos. We 

broaden our understanding of individual components through mathematical models of 

the larger scale physical processes like gravitational collapse, magnetic fIelds, and 

infall that couple them together. We analyze the response of galactic systems to 

their environmental influences as we study mergers and clusters. However, the 

complexity of the processes involved and our limitations in analyzing dynamical 

systems at a single reference point in time make the challenge of understanding 

galaxies far more difficult than the understanding of animal architecture. Yet the 
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fonn and features of galaxies are an essential starting point for an understanding of 

the nature of spiral systems. 

The morphology of galaxies can be divided into two areas: a morphology of 

fonn and a morphology of behavior. The fIrst area is taxonomy and its principal 

organizing tenets are discussed below in a description of the value and limitations 

of the Hubble classifIcation system and its derivatives. The second area, the 

relationship of morphology to the "behavioral patterns" of galaxies is also introduced 

below. The relationship of star fonnation to galaxy morphology forms the 

philosophical backbone of this dissertation. 

The Hubble System 

Every scientifIc endeavor begins by classifying the fonns it studies; in tum it 

is earnestly hoped that the chosen classification criteria will be fortuitous in 

promoting a fundamental understanding of the structure and nature of the objects. 

Early attempts at galaxy classification such as that of Hubble (1926) rested on the 

biological notion that the diversity of fonns present today were achieved through an 

evolutionary process that allowed one fundamental fonn to evolve into another. 

Thus, Hubble assumed that elliptical galaxies represent the primeval type and evolve 

into the spirals, with the openness of the :.urns indicating the degree of evolution. 

This evolutionary sequence was inunediately recognized as having serious 

shortcomings. SpecifIcally, it was soon shown that the population of galaxies at 

larger redshifts did not have a surplus of ellipticals and that the amount of angular 

momenta in ellipticals was not sufficient to account for the flattening of the disks in 
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spirals. Despite these difficulties, the classification system illustrated by Hubble's 

tuning fork diagram is still. prevalent, and forms the basis for the modern 

classification systems of Sandage (1961), de Vaucouleurs (1959), and Holmberg 

(1958). 

The morphological classification process for galaxies is a search for several 

important continuously varying parameters that may affect the fundamental 

properties of a galactic system. To the extent that the classification criteria 

represent the consequences of fundamental physical processes, the classification 

system is effective in the formulation of hypotheses that can be observationally 

tested. 

The Hubble classification system is based on the character of the spiral arms, 

the degree of resolution of the disk or arms into stars or HII regions, and the size 

of the nuclear bulge relative to the disk (Sandage and Tamman 1981). The stellar 

content of galaxies follows this progression along the Hubble sequence in four 

important ways (Sandage 1975). The progression from Sa to Sd involves: (1) 

increasing absolute luminosity of the brightest stars in the spiral arms; (2) an 

increasing percentage of mass in the form of gas and dust; (3) an increase in the 

numbers and size of Hll regions; and (4) progressively bluer integrated B-V and U

B colors, indicating a greater contribution from earlier type stars. 

Limitations of Morphological Classification 

Although the Hubble system for morphological classification of galaxies has 

proven successful in describing the integrateu properties of galaxies, it is deficient in 
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a number of respects. 

First, the classification process is far from precise. The process of assigning 

a classification has a subjective element to it that depends strongly on the method 

used to image the galaxy. The type of photographic plate or detector used, the 

faintness of the galaxy, and the exposure time and plate scale all have an important 

influence on the ultimate morphological description of the galaxy. The non-linear 

nature of the photographic process also plays a significant role. If, for example, an 

image of the galaxy is made for the purpose of searching for cepheids in the outer 

spiral arms (e.g. Sandage and Bedke 1988), there will be a significant washout of 

the central area of the galaxy, and this will affect the ability of the classifier to 

classify the galaxy correctly. The effect of exposure and plate type are well shown 

by Mihalas and Binney (1981). 

Secondly, the classical morphological systems do not take into account the 

effects of galaxy interactions, which may alter or rearrange the morphological types. 

Interacting galaxies may go through a series of forms during and immediately after 

a close interaction. These forms may not be in the standard repertoire of types, and 

if the interacting or post-interacting galaxies appear "nonnal", their properties may 

be far from average. 

Finally, the morphological systems do not incorporate information about the 

nature of the star forming activity in a galaxy. 1\\'0 galaxies of the same 

classification may have arms of extremely different nature, e.g. grand design spirals 

and flocculent spirals. The absence in the classical systems of any representation of 

this fundamental difference between galaxies represents a considerable limitation. 
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Morphology: The Patterns of Observed Behaviol' 

While the mOlphological classification systems have been reasonably 

successful in classifying the forms of galaxies, an understanding of how 

morphological components of galaxies affect the behavior of the galaxian system is 

in its infancy. Of particular importance is an understanding of how star formation 

processes are reiated to morphological features and the dynamical processes these 

features represent. 

Early attempts to surmise the luminosity (Le. the global, integrated star 

formation behavior) of a galaxy from its morphology were reported by van den 

Bergh (1960) who showed that high luminosity Sb and Sc galaxies had luminosities 

that correlated with the distinctness and regularity of the spiral arms. 

The theoretical basis of this process was outlined by Roberts, Roberts, and 

Shu (1975) who believed that the more massive galaxies would have stronger 

density wave shocks, leading to· more vigorous star formation in the arms ac; a result 

of greater gas compression. However, more recent studies by Sandage and Tamman 

(1981) and Tamman, Yahil, and Sandage (1979) have shown a much larger range of 

absolute magnitudes for galaxies in a single luminosity class than van den Bergh 

originally found. 

Morphology and the Star Formation Process 

The purpose of this dissertation is to look at the role of morphological 

features in influencing star formation, as measured by a galaxy's infrared properties. 
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The organization of this dissertation is as follows. Chapter 2 is an exploration of 

the infrared properties of Sa galaxies which represent one end of the spiral 

continuum. Sa galaxies are relatively quiescent in their star forming properties; our 

goal is to understand why. Chapter 3 is on the role of bulges in influencing star 

formation. It entails a search for correlations in the infrared properties of galaxies 

with the ratio of the relative luminosity of the bulge region to the total luminosity. 

This investigation grew out of the research described in Chapter 2 on Sa galaxies. 

Since Sa galaxies have characteristically large bulges, it is natural to ask the 

question of whether the large bulges of Sa's is the key factor in their reduced 

infrared luminosity. Chapter 4 explores the importance of bars in influencing the 

star formation of non-interacting galaxies. It investigates whether bars are essential 

to the creation of high luminosity, non-interacting galaxies. Chapter 5 summarizes 

the conclusions to be drawn from these studies. The studies presented here 

emphasize non-interacting galaxies. The importance of interaction in stimulating star 

formation have been well explored elsewhere (e.g. Larson and Tinsley 1978, 

Lonsdale et al. 1984, Cutri and McAlary 1985, Sanders et al. 1987). 

Observational Approaches to Measuring Star Formation Activity 

Overview of Techniques (Excluding Far Infrared) 

A variety of observational techniques are available for measuring star 

formation activity. These include measurements of the Lyman continuum photons 

(Ha fluxes, near infrared recombination lines, and thermal radio continuum), the 
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ultraviolet continuwn, and the far infrared and millimeter continuwn. Each 

technique has its own areas of best applicability and limitations. For a general 

review see Kennicutt (1989b). 

The Lyman continuum photon counting techniques are valuable since the 

amount of dust in the galaxy is less critical. The tradeoff is that the extinction 

measures become very important. All far infrared techniques are dependent on 

assumptions of the amount of dust present, its optical properties, and its size and 

spatial distribution. The Lyman a photon's origin from massive stars allows a 

measurement of the total lwninosity of nebular emission lines to yield a 

determination of the massive star formation rate. Measurements of the Ha emission 

may be used as well as the Brackett and Paschen lines and the thermal radio 

continuum. 

A study by Kennicutt and Kent (1983) showed that the mean rates of star 

formation show a strong trend with Hubble type, varying by over three orders of 

magnitude along the Hubble sequence. The variation within a Hubble type L<; about 

one order of magnitude. These rates were derived by ratioing the Ha flux by the 

continuum intensity at 6564 Angstroms to obtain an integrateri equivalent width of 

Ha. The equivalent width provides a luminosity-normalized index of the relative 

rate of star formation in galaxies of different morphological types. 

Spatially resolved observations in Ha show that this large variation in star 

formation rates along the Hubble sequence is due to both an increase in the nwnber 

of star forming areas per unit area as well as an increase in the both the mass and 

luminosity of the individual HIT regions from Sa to Sc (Kennicutt, Edgar, and 
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Hodge 1989). 

The Hex emission is difficult to use in edge on and heavily extincted systems; 

the near infrared recombination lines such as Brackett 'Y provide an excellent means 

of determining the extinction corrected star formation rates in such systems. 

Far Infrared Measurements as Ouantifiers of Star Formation 

The far infrared measures that are used to quantify the degree of star 

formation activity are extremely powerful because small dust grains have a high 

value of optical-ultraviolet opacity to mass and thus are extremely efficient at 

converting higher energy photons into infrared photons. Because of the association 

of dust with star forming regions, the integrated infrared flux is a useful measure of 

star formation over times cales of 108-9 ye9Is. The dust in a galaxy enables the 

energy output from star formation to be measured in a calorimetric way. Thus, the 

far infrared emission is a measure of the current luminosity of young star of type 

0, B, and probably early A. . For a review of infrared measures see Rieke and 

Lebofsky (1979), Telesco (1988), and Cutri (1988). 

This dissertation uses the far infrared observations of galaxies from the 

Infrared Astronomical Satellite (lRAS) to determine the infrared properties of 

galaxies, and to infer the star formation histories. However, this process has certain 

limitations. The conversion of IRAS data to star formation properties is highly 

model dependent and relies critically on an understanding of the origin of the far 

infrared flux measured by IRAS. 

In particull1: the 12 J..lIll flux is greatly influenced by emission from 
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polycyclic aromatic hydrocarbons (PAR's) or small amorphous hydrocarbon grains 

whose material properties and role in converting short wavelength radiation from 

stars into 12 j.llll detected infrared radiation is far from being well understood (Leger 

and d'Hendecourt 1988). Similarly, the far infrared measurements of IRAS sample 

only a limited region of the far infrared emission from galaxies. 

Emission at long wpvelengths from dust grains may have two possible 

origins. The detected radiation may be generated by relatively warm dust sources 

with a close spatial relationship to star forming regions. The radiation may also be 

generated from dust particles heated by the general interstellar medium, i.e. the 

general interstellar radiation field generated by the old disk popUlation. 

The far infrared (20-400 microns) continuum (i.e. thermal dust emission) is a 

valuable tracer of star formation activity. The early results from IRAS showed that 

the far infrared luminosity dominates the bolometric luminosity for many galaxies, 

and especially for starburst galaxies. The dust has strong absorption properties over 

a wide range in wavelengths; thus the radiation output of a large range of stellar 

masses is represented in the dust's far infrared emission. 

Unfortunately, the dust emission can arise in normal or moderate luminosity 

(L < 1010 ~) galaxies from stars not associated with recent star formation (Helou 

1986, Lonsdale and Helou 1987). Thus for starbursting systems, the correlation of 

far infrared emission with star formation is strong; for galaxies with relatively little 

recent star formation, a significant fraction of the far infrared from old stars implies 

that the correlation of far infrared emission with star formation rates may be more 

tenuous (Bothun, Lonsdale, and Rice 1989). 
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The great value and utility of using far infrared flux measurements to 

quantify the amount of recent star fonnation is especially important in starburst 

systems where large amounts of extinction hamper other measurement techniques. 

A majority of the studies reported in this dissertation (with the exception of the 

bulge study) concern themselves with galaxies with considerable amounts of recent 

star fonnation, where the assumption that the far infrared luminosity is a very 

significant portion of the bolometric luminosity can be safely made. Spectrally 

integrated far infrared fluxes were computed using the sum of flux densities times 

the bandwidth for the IRAS 25, 60, and 100 micron bands with adjustments to 

allow for wavelengths not measured by IRAS. For the 25 and 60 micron bands of 

IRAS, the measured flux density was extended longward to 40 J.Un for band 2 and 

shortward for this wavelength for band 3. The flux density measured at 100 J.lm 

was assumed to be representative of the average between 80 and 100 J.Un; the 

contribution at wavelengths longer than 200 J.Un was assumed to be small and was 

ignored. The integrated flux was determined, assuming a wavelengthl emissivity 

and using the equation 

F = [3540*(25 J.Un band flux) + 1440*(60 J.Un band flux) + 835*(100 J.Un band 

flux)] The integrated flux can be converted into an infrared luminosity, assuming 

cosmological corrections can be ignored to fIrst order. In this case the luminosity L 

= Z2 F, in units of 1010 Lg, assuming flo = 82 km/sec Mpc. 
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CHAPTER 2: INHIBITION OF STAR FORMATION IN SA GALAXIES 

Introduction 

Infrared observations from IRAS and ground based telescopes have shown 

that many spiral galaxies have strong emission associated with a very high rate of 

formation of massive stars (Rieke and Lebofsky 1978; Rieke et al. 1980, Elston et 

al. 1985, Lawrence et al. 1986, Rieke and Lebofsky 1986, Soifer et al. 1987). 

Galaxy interactions appear to be one means of triggering such activity (e.g. Keel et 

al. 1985, Kennicutt et al. 1987) and there is evidence that virtually all of the most 

violent nuclear starbursts originate in this manner (e.g., Larson and Tinsley 1978, 

Lonsdale et al. 1984, Cutri and McAlary 1985, Sanders et al. 1987). It is unclear, 

however, what other factors are important in galaxies with moderate starbursts. 

Hawarden et al. (1986) suggest that nearly all noninteracting galaxies (excluding 

those with Seyfert type spectra) with high infrared luminosity are barred and that 

the star formation results from gas funneled into the nucleus by the bar. Devereux 

(1987) fmds a correlation between enhanced 10 micron central luminosity and the 

presence of bars in early type infrared luminous galaxies. DeJong et al. (1984) find 

a strongly increasing rate of detection in IRAS with later galaxy type. From optical 

studies (e.g. Kennicutt 1983), it is believed that Sa galaxies have a relatively low 

star formation rate. The IRAS data provide a new means to test this conclusion. 

Rieke and Lebofsky (1986) suggest for unbarred galaxies that the incidence of low 

infrared luminosities is similar among all spiral types, but that Sa's (in this paper 
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"Sa's" includes SBa, Sab, and SBab) are less likely to have high luminosities. In 

this paper, we examine in detail the infrared behavior of Sa galaxies, confmning 

that they tend to have low infrared luminosities, independent of whether they are 

barred. 

To try to understand the cause of this behavior, we have studied the far 

infrared (10-100 microns) emission properties using data from IRAS of a sample of 

high luminosity Sa galaxies drawn from the Revised Shapley Ames Catalog (RSAC) 

(Sandage and Tammann 1981). For this paper high luminosity means L > 1010 Lo' 

(He = 75 km S·I Mpc'l ) where the luminosity is a far infrared derived quantity based 

on IRAS fluxes and computed as described by Rieke and Lebofsky (1986). These 

galaxies are compared with a sample of 'normal' low luminosity Sa and Sb galaxies, 

whose infrared flux values are from IRAS coedded data. 

The sequence of this chapter is as follows. In the first section, we confmn 

the tendency of Sa galaxies to avoid high infrared luminosities. In the second 

section, we isolate the sample -of high luminosity Sa galaxies for further study. In 

the third section, methods are developed to distingui~h disk and nuclear emission for 

these galaxies, and we fmd that no more than 3 (and possibly no) Sa galaxies in the 

RSAC have high nuclear infrared luminosities that cannot be associated with 

interactions or active nuclei. In the next two sections, we discuss ill and CO 

measurements that show that Sa galaxies behave normally in the conversion of 

interstellar molecular gas into young stars. We conclude, in the last section, that the 

dearth of infrared activity arises because of an inhibition of molecular cloud 

formation in this type of galaxy. 
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Trend of Luminosity with Morphology 

Since Sa galaxies are generally of low infrared luminosity and would be 

under-represented in an infrared-selected sample, we used the RSAC to examine the 

distribution of luminosities among morphological types. The RSAC provides a well 

studied sample of visually bright galaxies useful for statistical comparisons. 

Although the RSAC is not complete to its stated magnitude limit (BT = 13m .2), it is 

complete (the completeness function, f [m] = 1; Sandage, Tammann, and Yahil 

1979) for the primary sample used in this paper where BT < 12 and the absolute 

value of galactic latitude b > 20°. This sample of galaxies of all morphological 

types has 429 members. Similarly, the IRAS survey does not bias against Sa 

galaxies. At 60 microns IRAS detects essentially all spirals brighter than a B 

magnitude of 13 (Persson and Rice 1986). 

The distribution of infrared luminosity with morphological type for galaxies 

in the RSAC shows that high luminosity Sa galaxies are rare. For example, for our 

primary sample only 4% of Sa's, or two galaxies have L > 10<t.o (Figure 2.1). 

Note that about 2/3 of the Sa galaxies have moderate luminosities (between 109 and 

1010 L0 ) while slightly less than 1/3 have low luminosity (less than 109 La). The 

numbers are too small to test rigorously whether barred galaxies have a different 

luminosity function than unbarred systems, but the differences between the groups 

do not appear to be significant. This result is consistent with recent measurements 

indicating that there is no dependence of the 10 micron emission excess in normal 

(non-infrared selected) spiral galaxies on the presence of a barred morphology 
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(Devereux et al. 1987). 

For Sb and Sc galaxies the percentage of galaxies in the lowest luminosity 

class is similar to Sa's, but the percentage of Sb's and Sc's in the high luminosity 

class is at least a factor of six larger (25% and 26%, respectively) than for Sa's 

(Figure 2.2). Overall, Sb's (Includes Sb, SBb, Sbc, and SBbc) have a similar 

distribution of luminosities to Sc's. Barred Sb's and Sc's in this sample do not show 

a larger luminosity than their unbarred counterparts. In fact only 20% of the barred 

Sb's and Sc's are in the highest luminosity class compared to 28% of their unbarred 

counterparts. 

Using the entire RSAC does not alter the above statements about the scarcity 

of high luminosity Sa galaxies. For the entire RSAC the percentage of high 

luminosity Sa galaxies is still only about 1/3 that of Sb and Sc galaxies (Figure 

2.3). When Seyfert galaxies are eliminated, the percentage of remaining high 

luminosity Sa's becomes significantly lower. As suggested by the m<12 RSAC 

sample, barred Sa galaxies have roughly the same luminosity distribution as 

unbarred Sa's (see Figure 2.3). 

High Luminosity Sa Galaxies 

To study the dearth of high luminosities in Sa galaxies, the high luminosity 

galaxies of this type were selected from the entire RSAC for further examination. 

Obviously interacting galaxies were eliminated since it has been well established by 

IRAS data (Lonsdale et al. 1984) and by ground based observations (Rieke et al. 

1980, Cutri and McAlary 1985) that interactions playa strong role in inducing star 



28 

fonnation that may override the influence of morphological type. Seyfert galaxies 

were eliminated because this type of activity is also known to be accompanied by 

strong infrared excesses (e.g., Rieke 1978; Edelson, Malkan, and Rieke 1987). 

Any galaxy appearing in the Catalog of Isolated Pairs of Galaxies in the 

Northern Hemisphere (Karachentsev 1972) was deleted from the sample as being 

interacting. Although this criterion may appear too stringent since a subset of the 

Karachentsev catalog galaxies (designated SEP) show pairs with no signs of 

interaction or distortion, only NGC 2798 and NGC 7469 were eliminated because 

they appeared in this catalog. Since the Karachentsev Catalog has only isolated pairs 

of galaxies, the remaining galaxies were examined on Palomar plates to look for 

companions. The obviously interacting galaxies NGC 2992, 2993, and 7679 were 

deleted from the sample. 

More than half of the remaining high luminosity Sa galaxies were found to 

be Seyfert galaxies: NGC 3281, 3783, 4388, 4507, 5548, 7582, and IC 5135 

(Veron-Cetty and Veron, 1987).' NGC 2992 and NGC 7469, already eliminated due 

to signs of interaction, are also luminous Seyfert galaxies. 

The remaining high luminosity Sa galaxies are NGC 1022, 1288, 2782, 5064, 

5614, 6782, and 6935. NGC 660 is an SBa pec galaxy noted in the RSAC as 

being inadvertently omitted; it has a high infrared luminosity and was added. NGC 

4569 is a SabI galaxy that was also added since the IRAS data show a luminosity 

just slightly less than 1010 ~, but which could be within our defmition of high 

luminosity within the uncertainties. Table 2.1 lists some of the properties of this 

sample of nine non-interacting, non-active nucleus, high luminosity Sa galaxies. 
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Infrared Observations 

Vutually all spiral galaxies have significant far infrared emission from their 

disks; however, very high infrared luminosities are often associated with strong 

starbursts in the galaxy nucleus. It is therefore of interest to examine whether the 

high luminosity Sa's represent the extreme of far infrared emission from the galaxy 

disk or involve nuclear starbursts. 

The infrared emission of 'normal' spirals contains two spectral components 

(e.g., Desert, 1986; Helou 1986): 1) A diffuse component associated with dust 

heated by the general interstellar radiation field with a low 60/100 micron color 

temperature; 2) A warmer component originating from thermal emission of dust 

heated predominantly by OB stars. The lower temperature component is present 

throughout a galaxy since stars of later types would contribute to this diffuse 

component. Ironically, it is also associated with small, high temperature grains with 

emission features in the IRAS' 12 microns band, so these same galaxies have hot 

12/25 micron colors. The warmer component is believed to be confmed to star 

formation regions, and generally is traced by the spiral arms and nucleus of a 

galaxy. For example, in M33, Rice et al.(1987) found that half of that galaxy's far 

infrared luminosity of 6.4 X 108 Lo originated from star formation complexes while 

half came from the heating of dust by the diffuse interstellar radiation field. A plot 

of the 60/100 micron flux density ratio vs the 12/25 micron flux density ratio for 

Point Source Catalog galaxies with 25/60 micron ratios less than 0.18 (i.e. 

non-Seyferts) shows that galaxies with warmer 60 to 100 micron colors have colder 
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12 to 25 micron color temperatures (Helou, 1986) indicative of active star formation 

regions. 

The infrared signature of galaxies with large amounts of active star formation 

in their nuclei should be very significantly different than the lower luminosity 

'normal' galaxies. The cool disk emission would still be present, as Vlould the 

warmer dust emission from star formation regions in the spiral arms. However, the 

galaxy's emission will be dominated by compact nuclear emission with a warm 

60/100 micron color. The galaxy should also appear compact at shorter infrared 

wavelengths, particularly the IRAS 25 micron band. For galaxies of L = 1010 to 

1011 LEI (Ho = 75Km S·I Mpc·I
), the population of IRAS 60 micron selected galaxies 

is similar to that of the starburst galaxy population (Soifer 1986). Thus at the 

higher luminosity end of the galaxian infrared luminosity function (Rieke and 

Lebofsky 1986), a significant portion of all galaxies should resemble starburst 

galaxies showing 'hotter' far infrared colors and more compact spatial extent at the 

12 and 25 micron bands than intermediate or low luminosity galaxies. 

We used IRAS coadded flux and intensity maps for the high luminosity Sa 

galaxies and for the Sa and Sb galaxies with diameters > 8 'to get color temperature 

information. To distinguish between extended disk emission and nuclear emission, 

the Infrared Processing and Analysis Center (!PAC) program called ADDSCAN 

provided the highest possible spatial resolution using a one dimensional cut through 

the galaxy. In ADDS CANs , the time-sampled data and the boresight at each point 

are spline fitted and heavily oversampled unifonnly in the in-scan direction. The 

resampled data are then coadded producing a scan of the source crossing the 
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detector in each of the four bands. ADDSCANs can be used to evaluate 

quantitatively the spatial extent of the galaxy by fitting the scan proflle of the 

galaxy with a point source template. For bright sources, a point source correlation 

coefficient (PSCC) of .98 or higher reliably identifies point sources. However the 

PSCC is useful only at the 12 and 25 micron bands for smaller galaxies because of 

insufficient resolution at longer wavelengths. 

Ground based infrared measurements at ten microns (Table 2.3) by Condon 

et al., Kailey, Rieke and Low, Rieke and Lebofsky, and Devereux can supplement 

the IRAS measurements for some of the high luminosity galaxies. The degree of 

compactness of the galaxy's infrared emission can be approximated by comparing 

the IRAS 12 IJl1l flux to ground based 10 micron measurements that used small 

(about 6") apertures centered on the nucleus. Because the groundbased band is 

centered on the silicate absoIption feature, which is expected to be strong in 

starburst galaxies, such comparisons are very approximate and are likely to 

underestimate the degree of central concentration. The fluxes for NGC 660, 1022, 

and 2782 indicate that at least 28%, 21%, and 33% of their respective total infrared 

emission at this wavelength is from the nucleus. The ADDS CAN results indicate 

that the 12 and 25 micron emission region is sufficiently concentrated in 12 /!In for 

these three galaxies that they are unresolved by IRAS. A comparison of 10 and 12 

micron fluxeS for NGC 4569 shows that about 9% of its flux at these wavelengths 

comes from the nuclear region. The PSCC for NGC 4569 is 0.874 for 12 IJl1l and 

0.972 for the 25 IJl1l band, also indicating more extended emission. 

Galaxies in our sample with prominent nuclear star formation activity should 
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be compact and display the wannest IRAS 60/100 micron colors accordL,g to the 

two component model discussed earlier. Thus, starburst galaxies should lie to the 

upper right of a plot of 60/100 flux ratio versus PSCC. Unfortunately even 

ADDSCAN'S do not have sufficient resolution to give a central color temperature 

for a galaxy, so only an overall color temperature (60/100 ratio) can be calculated. 

Even with this limitation a plot of overall galaxian color temperature vs PSCC for 

12 11m (Figure 2.4) reveals that the high luminosity Sa's with wann 60/100 micron 

temperatures have more concentrated nuclear emission than cooler galaxies. The 

scatter in the plot is due mainly to differences in the intrinsic properties of the 

galaxies rather than to measurement uncertainties, as the IRAS signal to noise ratio 

was high for these bright galaxies. 

A 60/100 micron color temperature of 40 K corresponds approximately to the 

boundary where infrared compact galaxies (PSCC > 0.98) are distinguished from 

more extended galaxies (PSCC < 0.98). To test whether this effect could arise from 

selection effects associated with' marginal resolution of the galaxies, we examined all 

RSAC Sa and Sb galaxies with angular size greater than 8' (Table 2.2). The far 

infrared temperatures for these galaxies are relatively low, indicating that star 

formation activity is subdued. However, the two galaxies with the highest 60/100 

micron color temperature (NGC 4736 and NGC 4826) are among the three most 

compact ones from their PSCC (Figure 2.5). The remaining compact galaxy, NGC 

3031, has a weak Seyfert-type nucleus. 

In the L > 101'Lo group of 9 Sa galaxies, six possess a 60/100 micron color 

temperature less than or equal to 40 K, with an average temperature of 37K. These 
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six galaxies appear to have a high rate of cool, diffuse emission from their disks, 

representing the high end of the. distribution of luminosity for this type of emission 

in Sa's, but not recent episodes of active star formation. The remaining three 

galaxies, (NGC 660, NGC 1022, and NGC 2782) have a majority of their emission 

coming from the nuclear region as indicated by the PSCC, by the comparison . of 

groundbased and IRAS flux densities, and by a 60/100 micron flux ratio greater 

than 0.5. These three non- Seyfert 1 galaxies with high luminosity (L > 101'1.0) and 

'hot' 60/100 colors represent less than 2% of all Sa's in the RSAC (166 galaxies, 

including NGC 660). 

Non-interacting galaxies with high luminosity (L > 101<L@) and 'hot' 60/100 

colors are relatively rare in general; of 653, only 4% of the Sb and Sc galaxies pass 

the same screening used to identify the 3 Sa's. Nonetheless, this proportion is higher 

than for the Sa's at the two standard deviation level. There is some evidence that 

nuclear starbursts occur preferentially in Sb's: 14 of 283 of Sb's (5%) are in the 

'hot', highly luminous, and noft-interacting category, compared with 12 of 370 Sc's 

(3%). 

The three luminous, hot Sa galaxies are described in their RSAC 

classification as having peculiar motphologies. In addition, NGC 660 shows broad 

CO emission lines and is suspected of being a strongly interacting contact pair by 

Sanders and Mirabel (1985). On the Palomar Sky Survey plate, NGC 1022 appears 

distorted with wisps of material prominent on one side and an ext~mal ringlike 

structure. A deep plate of NGC 2782 (Arp 215) shows it to have a very low surface 

brightness companion on the end of a low surface brightness distorted arm and for 
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the main galaxy to have a ring structure very similar to theoretical predictions for 

post-interactive galaxies. Although none of these galaxies were found in the 

Karachentsev Catalog in the original effort to eliminate interacting galaxies, these 

three galaxies illustrate that classifying galaxies as interactive depends very strongly 

on how hard one looks at a galaxy. Conversely, one can conclude that there may be 

no Sa galaxies in the RSAC with luminous nuclear starbursts, except those 

associated with interactions or active nuclei. 

HI Data 

While the IRAS data highlights how infrequently major bursts of star 

formation activity occur in Sa galaxies, it does not identify directly the inhibiting 

factors. Since Sa's are known to have lower neutral hydrogen surface density (e.g. 

Davies and Lewis 1973) and a lower percentage of their total mass in In, the first 

suspicion is that a deficiency of In may be a contributing factor to the low current 

star formation rate as measured 'by the total infrared luminosity. 

A plot of In flux (Huchtmeier et al. 1983) as a function of infrared flux 

shows no strong trend for Sa galaxies (Figure 2.6). Similarly for all spirals 

(excluding Sed's) there is also no strong trend (Figure 2.7), though there is a much 

greater range of HI and infrared fluxes. Thus Sa galaxies do not appear to have 

significantly less neutral hydrogen available for a given infrared flux than other type 

galaxies. An attempt was made to search for a threshold level of neutral hydrogen 

surface density that might be necessary to foster star formation. The HI flux was 

divided by the apparent optical diameter of each galaxy and plotted against infrared 
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luminosity to search for threshold effects. No such effects were found. 

CO Data 

Based on experience with other galaxy types, the lack of star fonnation is 

likely to result from an absence of molecular clouds. The optically thick CO 1=1 to 

o line can be used to trace these molecular clouds (e.g. Dickman, Snell, and 

Schloerb 1986; Young 1986). The CO integrated intensity (leo) is directly related to 

the mass surface density of molecular clouds within the telescope beam. Empirical 

correlations have been derived between CO integrated intensities and H2 column 

densities (Young and Scoville, 1982), allowing H2 surface densities and masses to 

be estimated. These CO observations can be plotted against IR fluxes to give a 

measure of the efficiency of star fonnation per unit molecular mass [e.g. Stark et 

al., 1986]. 

Largely unpublished observations of the centers of RSAC galaxies in the CO 

1=1 to 0 transition were made available to us by Sage and Solomon (State 

University of New York, Stony Brook)[private communication]. These observations 

are described in Sage (1988) and Solomon and Sage (1988). Their sample was 

generally selected on the basis of IRAS 100 micron fluxes greater than 30 ly. 

Additional unpublished measurements were provided by I.Young (U.Mass.) and 

D.Sanders (Caltech) [private communications]. Most of these data were obtained 

with the Five College Radio Astronomical Observatory (FCRAO) 13.7m telescope. 

Because relatively few Sa galaxies had been observed at FCRAO, we 

obtained time at the NRAO 12-m telescope to make supplemental observations. rrhe 
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National Radio Astronomy Observatory is operated by Associated Universities, Inc., 

under contract with the National Science Foundation.] 

The sample was selected on the basis of far infrared fluxes, computed in the 

manner described in Chapter 1. Only galaxies not previously observed by Sage and 

Solomon, Young, or Sanders were observed. The galaxies were not selected on the 

basis of size, 60/100 micron color temperature, or infrared luminosity. Non-Seyfert 

galaxies and non-interacting galaxies were given highest priority. The galaxies were 

observed with the 115 GHz SIS receiver in 1987 November with the beam centered 

on the nucleus. The half-power beam width was 55 arcseconds and the total typical 

system temperature for the observations averaged 750 K. The data were calibrated 

by chopping between a reference vane that serves as an ambient temperature load 

and the sky. 

Six galaxies were unambiguously detected in CO, while seven others were 

considered non-detections and upper limits on fluxes were set. 1\vo galaxies, NGC 

2775 and 3166 were possible detections. These galaxies both have very broad lines 

with an integrated intensity similar to the nondetections. However, their velocity 

widths in CO were virtually identical to their ill velocity widths. The other 

detections were much clearer and unambiguous. These new measurements are listed 

in Table 2.4. 

Figure' 2.8 compares the CO (1=1 to 0) fluxes observed at the centers of 

RSAC galaxies with IRAS infrared fluxes. The CO measurements tell little about 

disk emission for the larger diameter galaxies (diameter> 4'), since only a small 

portion of the disk is sampled. The individual CO spectra are presented in Figure 
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2.9-2.11. The Sa galaxies, except for the two with the lowest CO fluxes, follow the 

same trend as the other Hubble type galaxies, i.e. a correlation of IR flux with CO 

flux. Thus, for at least the infrared selected Sa's, the trend of IR flux with CO flux 

is similar to that of Sb and Sc galaxies. If molecular material is available in Sa 

galaxies, it appears to be converted into new stars at an efficiency typical of spiral 

galaxies in general. The low infrared luminosities of the Sa galaxies appear to arise 

through an inhibition of the formation of dense molecular clouds suitable for star 

formation. 

The two Sa galaxies with the smallest CO fluxes, which do not follow the 

trend, also have the smallest optical angular diameters. In these two galaxies the 

different regions sampled by the CO and IRAS beams may lead to a different 

relationship between CO and IR fluxes. Alternatively, their far infrared emission 

could be dominated by cold cirrus or thermal emission associated with an active 

nucleus. Further observations of these galaxies are needed, since no straightforward 

conclusions abou'. them can be -drawn without modelling the sources of the different 

emissions. 

A number of authors have suggested that asymmetries in the grav!!ational 

field in the bulge of a galaxy are required to funnel matter into its nucleus where it 

forms into the dense molecular clouds that are responsible for strong nuclear 

starbursts (e.g., Norman 1987). These asymmetries can arise from galaxy collisions 

or near misses and take the fonn of bars or oval distortions. It is possible that it is 

more difficult to initiate this process in Sa's because they tend to have more 

massive bulges than do the later spiral types. Some support for this viewpoint is 



38 

that the three isolated Sa's in the RSAC with such starbursts all show evidence for 

morphological peculiarities. The hypothesis that the presence of a large bulge in Sa 

galaxies inhibits star fonnation processes is only one of several testable hypotheses. 

However, it will be examined on some detail in the next chapter. 

Conclusions 

Only 4% of Sa's in the Revised Shapley-Ames Catalog with Br < 12 

have an infrared luminosity greater than 1010 L@. This number is about 1/6 that of 

Sb's and Sc's. For the entire RSAC the number is somewhat higher. However, 

when Seyfert and interacting galaxies are not counted, only nine Sa's fall in the 

high luminosity class, and no more than three Sa's out of the entire RSAC sample 

of 166 galaxies have nuclear starbursts that cannot be associated with interactions or 

active nuclei. Plots of HI fluxes versus integrated far infrared fluxes show that Sa 

galaxies are similar to other spirals in that neutral hydrogen fluxes do not strongly 

correlate with infrared fluxes. . Similarly, for at least the infrared selected Sa's, the 

trend of IR flux with CO flux is similar to that of later type spiral galaxies. This 

implies that molecular cloud fonnation is inhibited in Sa's, leading to the lack of 

infrared activity. 
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Figure 2.1 Distribution of morphological types for Revised Shapley Ames 
Catalog galaxies (including Seyferts) with BT < 12. The infrared luminosity class of 
each galaxy was calculated using the method described in the text. High luminosity 
Sa's comprise only 4% of the sample. 
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Figure 2.3 Distribution of infrared luminosity classes for all Sa's in the RSA 
Catalog, including Seyferts. This is not a spatially complete sample. Note that only 
about 10% of Sa's are in the highest infrared luminosity class. 
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1.0 

Figure 2.4 Hot 60/100 micron colors are correlated with higher point source 
correlation coefficients (PSCC), a measure of compactness. A PSCC of .98 or 
greater is consistent with a nuclear scale length emitting region. Barred galaxies are 
slashed. Dots are high luminosity Sa galaxies. Triangles are medium or low 
luminosity Sa galaxies with a diameter > 8'. 
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Figure 2.5 The 60/100 micron flux ratio is plotted against PSCC for all Sa and 
Sb galaxies in the spatially complete RSA which have diameters> 8' (Table 2.2). 
Note that the highest 60/100 micron temperatures are generally lower than those 
plotted in Figure 2.4. 
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Huchtmeier et aI. (1983). Seyferts are included. 
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Figure 2.7 The HI flux as a function of IR flux shows a general trend with large 
scatter for RSA Catalog galaxies taken from the data of Huchtmeier et al. (1983). 
Sa's, Sb's, and Sc's in the :Q < 12 (spatially complete) portion of the RSAC are 
included. 
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Figure 2.8 An IR flux vs CO (115 GHz) flux plot for RSA galaxies (BT < 12) 
with CO measurements. Filled squares are Sa's with CO measurements by Sage 
and Solomon made at the Five College Radio Astronomical Observatory or by the 
author using the NRAO 12 meter telescope on Kitt Peale Sb's and Sc's measured at 
FCRAO are plotted as open squares. Arrows indicate the upper limits in CO as 
discussed in Table 2.4. This graph illustrates that Sa galaxies generally follow the 
same trend as Sb's and Se's. Note that observations are centered on each galaxy's 
nucleus with the telescope having a half power beam width of 45" for the FCRAO 
data and a HPBW of 55" for the NRAO 12m data. 
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Figure 2.11 CO data for NGC 4274 and NGC 4818, two galaxies with CO 
detections at the NRAO 12 meter radio telescope on Kitt Perue The units on the 
horizontal axis are km/s. The vertical axis units are in K. 



Table 2.1. Properties of High Luminosity Sa Galaxies. 

Galaxy 

N 660 

N 1022 

N 1288 

N 2782 

N 4569 

N 5064 

N 5614 

N 6782 

N 6935 

Hubble 

TypO-

SBa pec 

SBa(r)pec 

Sab 

Sa pec ARP 215 

SabI ARP 76 

Sa 

Sa 

SBab 

Sa (r) 

12 pm 

psce" 

0.990 

0.997 

0.687 

0.996 

0.874 

0.912 

0.962 

0.959 

0.816 

From Revised Shapley-Ames Catalog 

25 pm 

psce 

1.000 

0.999 

0.825 

0.999 

0.972 

0.961 

0.878 

0.923 

0.909 

Log IR 

Fluxo 

5.353 

4.834 

3.699 

4.431 

4.521 

4.148 

3.885 

4.001 

4.000 

b Point Source Correlation. Coefficient from lRAS Addscans 

Flux in Jy from Rieke and Lebofsky (1986) 

d From lRAS Addscans 

50 

12 pm Flux 

(Jy) " 

3.260 

0.780 

0.230 

0.780 

1.320 

0.590 

0.560 

0.230 

0.240 
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Table 2.1 continued 

25 pm Fl.ux 60 pm Fl.ux 100 pm Fl.ux Log HI Fl.ux 60/100 

(Jy) (Jy) (Jy) (Jy*km/s) Rati.o 

8.670 72.380 115.190 2.177 0.63 

4.040 20.840 28.720 0.633 0.73 

0.270 1.000 4.270 0.23 

1.620 9.740 15.530 1.124 0.63 

2.200 9.730 27.840 0.840 0.35 

0.630 4.090 9.800 1.459 0.42 

0.180 1.730 6.210 0.477 0.28 

0.170 2.570 7.580 0.34 

0.170 2.700 7.320 0.37 
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Table 2.2. Properties of Sa's and Sb's with Diameters> 8 arcminutes. 

Galaxy Hubble 12 pm 25 pm band Log IR 12 pm I'lux 

Type PSCC PSCC I'lux (Jy) 

N 224 SbI 0.908 0.917 6.484 155.000 

N 891 Sb 0.800 0.805 5.455 6.210 

N 1291 SBa 0.910 0.960 3.947 0.180 

N 1560 Sd 0.751 0.000 3.659 0.050 

N 2683 Sb 0.823 0.000 4.515 0.130 

N 2841 Sb 0.653 0.695 4.514 1. 410 

N 3031 SbI 0.991 0.996 5.369 7.330 

N 3521 SbII 0.853 0.863 5.082 0.830 

N 3623 SaIl 0.931 0.000 4.174 0.120 

N 3627 SbII 0.809 0.845 5.395 5.660 

N 3718 SaP ARP214 0.961 0.529 3.555 0.150 

N 4192 SbII 0.918 0.932 4.36J. 0.270 

N 4216 Sb 0.932 0.000 4.288 0.840 

N 4236 SBdIV 0.000 0.676 4.241 0.110 

N 4258 SbII 0.933 0.908 5.049 2.900 

N 4438 SbP 0.927 0.853 4.224 0.170 

N 4565 Sb 0.905 0.955 4.794 1. 940 

N 4594 Sa 0.885 0.947 4.238 0.320 

N 4725 SbII 0.904 0.835 4.429 1. 010 

N 4736 RSab 0.955 0.969 5.286 2.300 

N 4826 SabII 0.991 0.995 5.081 1. 710 

N 5170 Sb 0.869 0.914 3.790 0.150 

N 7331 SbI 0.819 0.84485 5.251 4.120 
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Table 2.2 continued 

25 pm Flux 60 pm !'lux 100 pm !'lux Log HI 60/100 

(Jy) (Jy) (Jy) (Jy Jan/s) 

118.550 457.400 2358.010 0.19 

8.110 62.800 198.380 0.32 

0.170 1.980 6.460 1. 860 0.31 

0.050 0.810 3.850 0.21 

0.160 5.400 29.18.9 1.732 0.19 

1.370 4.840 24.990 2.149 0.19 

6.400 45.540 174.200 0.26 

0.840 24.520 98.840 2.488 0.25 

0.170 1.640 14.330 1.127 0.11 

11.520 58.160 148.260 1.537 0.39 

0.110 0.760 2.520 1.970 0.30 

0.290 4.940 17.730 1.654 0.28 

1.270 2.710 13.210 1.465 0.21 

0.570 4.370 . 10.900 2.643 0.40 

3.260 23.610 79.610 2.621 0.30 

0.150 4.280 12.050 0.653 0.36 

1.930 10.760 47.750 2.384 0.23 

0.350 2.720 14.560 0.19 

0.770 4.520 21.120 1. 867 0.21 

3.640· 58.090 116.000 1.670 0.50 

2.000 33.870 77 .380 1. 621 0.44 

0.160 1.080 4.840 0.22 

5.250 38.930 123.830 2.273 0.31 
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Table 2.3. Comparison of Ground Based IR Measurements to IRAS 12 J.1m. 

Galaxy Type lOp Flux 12p Flux Reference 

(Jyt (Jy)" 

NGC 660 SBa(P) 0.90 3.26 Condon et aI. (1982) 

NGC 1022 SBa(r)(P) 0.16 + 0.04 0.780 W.Kailey" 

NGC 2782 Sab(P) 0.26 ± 0.06 0.780 Rieke and Low (1972) 

NGC 4569 Sab 0.100 ± 0.018 1.320 Rieke and Lebofsky (1978) 

0.124 ± 0.016 1.320 Devereux et aI. 1987) 

• The observed fluxes in a 5.5" to 6" aperture centered on the nucleus. 

b IRAS measured fluxes obtained from ADDS CAN. 

C Private communication 
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Table 2.4. 12m CO Observations of Sa's at 115 GHz. 

Galaxy Hubble- CO Data Db Log IRe HI" CO Fluxe RMSr 

Type Category Flux Width 

N 0488 SabI Upper Limit 6.0 3.966 1.582 0.009 

N 1326 RSBa Upper Limit 4.8 4.418 2.433 0.016 

N 1532 SabPI Upper Limit 22.0 4.274 3.048 0.022 

N 2655 SaP Upper Limit 6.5 3.797 387 2.049 0.013 

N 2681 Sa Detection 3.8 4.328 4.389 0.011 

N 2775 Sa Detection? 5.0 4.037 427 2.449 0.014 

N 2985 Sab Detection 4.3 4.399 5.947 0.012 

N 3166 Sa Detection? 5.0 4.310 272 2.135 0.025 

N 3190 Sa Upper Limit 4.6 4.183 0.762 0.018 

N 3593 Sa;' Detection 5.2 4.805 248 15.381 0.018 

N 3705 SabI Detection 5.0 4.146 3.756 0.012 

N 4274 Sa Detection 7.3 4.291 502 5.395 0.015 

N 4699 Sab Upper Limit 3.2 4.336 0.358 0.008 

N 4818 Sab Detection 4.5 4.808 5.569 0.020 

N 4984 Sa Upper Limit 2.8 4.542 0.596 0.007 
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Table 2.4 Continued 

a From Revised Shapley-Ames Catalog b Blue diameter in arcminutes from 

IRAS Catalogued Galaxies and Quasars Observed in the IRAS Survey, or if absent 

from this source, D2.' from RC2. c Flux in Jy from formula of Rieke and 

Lebofsky 1986, Ap. L 304, 326. d III width in km/s from Huchtmeier, W.K. 

1982, A. and A. 110, 121. e In units of K km S·I arcminl
, using a HPBW of 55" 

for 115 GHz at the NRAO 12m and a coupling efficiency of unity (for point 

sources a coupling efficiency of 0.81 could alternately be assumed. In that case the 

fluxes presented would be multiplied by 1.22). The integrated intensities (K km/s) 

are multiplied by 0.66 square arcminutes (the area of the beam) to calculate the 

fluxes. For nondetections, the stated flux represents the (integrated intensity + 

2Sigma) x 0.66, where Sigma is the rms noise- over the channels covered by a 400 

km/s assumed velocity width. Sigma = (RMS X Velocity Width)/(# of Channels)I/l. 

f RMS/single channel (in units' of K) with a single channel width of 2.6 km/s. 
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The previous chapter concluded that the dearth of infrared luminous non

interacting Sa galaxies implied that some process associated perhaps with the large 

bulge is responsible for the inhibition of the formation of molecular clouds in this 

class of galaxies. In this chapter the role of the large spheroidal components in 

galaxies will be investigated vis a vis star formation. 

The presence of a large bulge in an Sa galaxy is not the distinguishing 

feature for this class of galaxy. Galaxy classification schemes such as the system 

described in the Hubble Atlas use three criteria for classification purposes: the 

openness of the spiral arms (arm pitch angle); the degree of resolution of the arms 

into stars; and the relative size of the unresolved nuclear region (Sandage 1961). 

The size of the bulge is only a secondary criterion used primarily in galaxies with 

large inclinations whose arm pitch aagles are difficult to determine. However, there 

is a strong associative relationship between the bulge size and the arm pitch angle. 

In a study of 113 galaxies, Kennicutt (1981) showed that a decrease in central 

condensation is related to more open spiral arms (i.e a larger arm pitch angle). 

This study will use the results from photometry of cluster and field spirals to 

search for correlations between the degree of central concentration and the far 

infrared properties. Galaxy surface brightness profIles from Cornell (1989), Kent 

(1984) and Kodaira et al. (1986) yielded ratios of bulge to total luminosity (Brr) , 

which are related to the IRAS measurements of these galaxies. In particular, 
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measures of star formation such as far infrared flux, far infrared (60/100 microns) 

colors, and far infrared luminosity are related to the B/f ratio. In this chapter, the 

distinctions between barred and unbarred galaxies will be ignored (see Chapter 4). 

This examination is only pertinent to non-interacting systems, since encounters can 

greatly alter the properties of these galaxies. 

The Effect of the Bulge Component on Star Formation 

Two basic questions are discussed in this study. First, is there any reason to 

believe that the presence of a large bulge could inhibit the formation of molecular 

clouds and decrease the current star formation rate? Secondly, with what star 

formation parameters could the bulge size possibly be correlated? 

Before examining these questions, it is important to compare and contrast the 

bulges of spiral galaxies with the spheroidal component found in ellipticals 

(especially large ellipticals). The similarities between spiral bulges and ellipticals 

include a nearly identical r1/4 surface brightness distribution (de Vaucouleurs 1959) 

and similar optical morphologies. However, there are significant dynamical 

differences. Bulges are faster rotators than ellipticals and are rotationally flattened 

spheroids rather than triaxial ellipsoids. G. de Vaucouleurs (1974) found many 

examples of box shaped outer isophotes of spiral bulges, which are not seen as 

often in field ellipticals. This feature is an indication of higher than normal 

rotational velocities at the edge of the bulge. Other photometric work has revealed 

that the minor axis profiles of spiral bulges is considerably more complicated than 

that seen in ellipticals (KoIDlendy 1980). 
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How could the presence of a large bulge inhibit star fonnation? If star 

fonnation is an aggregation process, then the bulge may act as an inhibitory or 

dispersal agent. In a star forming region, atomic gas clouds agglutinate into larger 

clouds where shielding arId other conditions allow molecular gas to exist and 

eventually to reach the densities necessary for the fonnation of stars. Many 

proposed star fonnation mechanisms need a trigger to compress the gas. Possible 

triggers include violent processes such as cloud-cloud collisions and density wave 

shocks (see Larson 1977; Lada, Blitz, and Elmegreen 1978). However, these 

compression mechanisms by themselves do not seem capable of producing giant 

molecular clouds (Smith 1980). Gentler aggregation mechanisms must play an 

important role. In contrast to these growth mechanisms, cloud size may be limited 

by galactic shear due to differential rotation. The presence of large shear motions 

can act as a dissipative mechanism to the aggregation of small molecular clouds 

into larger star forming complexes (Larson 1988). The evidence that the large 

bulged galaxies have greater shear in the central regions comes primarily from their 

rotation curves. Studies have shown that spiral galaxies have rotation curves that 

vary systematically with luminosity and with Hubble type (e.g. Burbidge and 

Burbidge 1975; Rubin et al. 1978; Faber and Gallagher 1979; Rubin and Ford 1980; 

Burstein et al. 1982; Rubin et al. 1982). For equal luminosity, Sa galaxies have a 

more steeply 'rising rotational velocity, a larger mass, and a larger value of mass to 

blue luminosity than the later type spirals. 
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Measuring BID Ratios 

Teclmiques have been developed for decomposing galaxy surface brightness 

proftles into bulge and disk components. These methods can be used for one

dimensional proftle data (Kormendy 1977) or for two dimensional data (Boroson 

1981) for face-on galaxies. For edge-on galaxies, Hmnade (1982) has also 

developed applicable teclmiques. These teclmiques have their limitations and can be 

unsuitable for extreme examples where one component is unusually strong and 

fitting functions fail. Another limitation of this decomposition occurs when more 

than two components are present; the presence of a bar can make an accurate 

deconvolution more difficult. 

There are relatively few measurements of the bulge/disk or bulge/total 

luminosity ratio of galaxies in the literature. Modern studies in this area were made 

by Kent (1984) and by Kodaira et al (1986). More recently Cornell (1989), in an 

examination of the Tully-Fisher method, gives B{f measurements of a sample of 

spirals larger than either the Kent or Kodaira et al. samples. These three samples 

will be used here to search for correlations between the B{f ratio and the infrared 

properties of galaxies. These three sets of authors have derived B/f ratios for 

slightly over 500 galaxies; only a fraction of which can be used in this work. 
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Characteristic of the Samples 

The Cornell Sample 

Bulge to disk ratios were derived as part of a study of 244 spiral galaxies 

which are members of clusters. The northern hemisphere clusters are described by 

Cornell et al. 1987. The southern hemisphere clusters are described by Cornell 

(1989). The galaxies in the twenty clusters observed by Cornell using CCO 

photometry came from a wide variety of environments. The northern survey was a 

subset of galaxies studied previously by Bothun (1981). The sample is a magnitude 

limited sample of cluster spirals with radial velocities between 3,000 km s'\ and 

12,000 kIn s'\ that are observable from Arecibo (i.e. declination between 0° and 

40°). The southern cluster in Cornell's sample were mostly in the Hydra-Centaurus 

supercluster or the Telescopium-OruslPavo-Indus chain of galaxy clusters. 

The primary aim of Cornell's CCO survey was to refme the Tully-Fisher 

distance techniques. Although an effort was made by Cornell to choose a random 

subset of galaxies, the selection is biased in favor of galaxies appropriate for 

distance scale work. This process selects in favor of galaxies with previous m 

detections, which is a selection against galaxies with little neutral hydrogen (i.e. 

galaxies of type SO/a). However, this bias does not appear to be strong (Cornell, 

1989). There is an over representation of galaxies that are typed as T type 5, 

probably because the ESO and UOC catalogs describe some galaxies merely as 

spiral (S); these galaxies have been lumped into the bin of T type five in Cornell's 

study. A second bias is that objects must have an inclination greater than 45° to 

make suitable 21 cm line width measurements. 
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Neither of these biases has a significant effect on Lite work presented here, 

since in general only the brightest and nearest spirals have IRAS-based 

observations and these galaxies tend to be well-typed. 

The concentration parameter CD in Cornell's work basically measures the ratio 

of the blue luminosity in the bulge to the galaxy's total blue luminosity. It is a 

distance-independent quantity and can be related to other such measures as bulge 

luminosity/disk luminosity. One advantage of a concentration parameter is its 

independence from the bulge/disk models necessary for bulge disk deconvolutions. It 

also correlates with morphological type. In this study, the terms concentration 

parameter and the Brr ratio will be used interchangeably, where appropriate. 

The Kent Sample 

Kent has presented detailed surface-photometric measurements of 105 field 

galaxies of all morphological types (Kent 1984), selected from a larger, complete 

volume-limited sample of galaxies with 11\ less t.h.an or equal to 14.0 nd ~ less 

than or equal to -19 (flo = 100 kms'IMpc'\ The sample does try to cover 

cnifonnly the different morphological types. The larger sample was created using 

the CfA redshift survey (Hucbra et al. 1983). The other sample requirements were 

that declination be > 0°, and bD > 40° for objects in the northern hemisphere and 

that bD < _30° for objects in the southern hemisphere. All objects within a radius 

of 6° of the center of the VlfgO cluster were also excluded. These criteria provide 

a volume limited sample out to cz = 4,000 km S'I. 

Observations were made with a red fIlter (designated F) centered at 6500 
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Angstroms with a FWHM of about 1500 Angstroms. Major and minor axis 

luminosity profiles were presented (Kent 1984) The profiles were decomposed into 

bulge and disk components using the techniques of Konnendy (1977), Burstein 

(1979), and Boroson (1981). The bulge and disk components were parameterized 

using a simple empirical fitting function with free parameters detennined by a least 

squares fit to the observed proflles. A characteristic surface brightness, scale length, 

and ellipticity were derived. No attempt was made to fit bar, lens, or ring 

components. 

The Kodaira et al. Sample 

Kodaira et al. (1986) detennined luminosity profiles of 167 galaxies in the 

VIrgo cluster and Ursa Major clouds. These galaxies had V26 less than or equal to 

14 and log D26 (0'.1) ~1.3. They were deconvolved into spheroidal and disk 

components on the basis of V-band photometry. 

The majority of these sample galaxies (137 of 167) were well approximated 

by a two component model with spheroid luminosity to disk luminosity in the range 

of 0.1-10. Eight were approximated by one component disk models, and 22 were 

not well approximated by the model. Not surprisingly, spheroids of later type 

spirals tended to have spheroidal components with smaller scale lengths, roo The 

disk parameters were confmed to a narrower range than the spheroidal parameters. 

This study was meant to complement Kent's study of field galaxies, and provides a 

useful comparison to the Cornell and Kent studies. 
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Preliminary Analysis of Properties of the Cornell Sample 

The entire Cornell sample, which includes a broad mix of spirals of all 

morphological types, was analyzed to search for a correlation of bulge/disk 

properties with infrared properties. A histogram of morphological types is given in 

Figure 3.1., where the T type is the revised morphological type (Hubble type Sa=l, 

Sc=6). Not all of the galaxies in the Cornell sample are useful for this study. 

Only galaxies with good 12, 25, 60, and 100 j.Ull point source fluxes are useful, 

since a determination of total infrared flux is necessary. Only abcut 15% of the 

galaxies have IRAS measurements for these bands, a determined T type and Brr 

ratio, and a well determined blue magnitude. 

Figure 3.2 illustrates the wide range in the value of the concentration 

parameter for a given morphological type. A plot of the infrared flux nonnalized 

by the blue flux against the concentration parameter (Brr) is given in Figure 3.3 for 

galaxies of all Hubble types in the Cornell sample. The infrared flux was 

nonnalized by the blue flux in a fIrst-order attempt to remove galaxy size and 

luminosity effects. The correlation between the infrared flux and the concentration 

parameter (Brr) is not significant (Table 3.1). 

To attempt to reduce the scatter, only galaxies of a specifIc morphological 

class will be examined in the rest of this chapter. Since Sa galaxies have been 

shown to have reduced infrared luminosities in general, they are the morphological 

class of choice. However, the number of Sa's is small; the smallest workable unit 

for statistical purposes is three morphological classes: Sa; Sab; and Sb. By 

analyzing the sample in terms of a narrow range in morphological types, the effects 
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of Hubble type may be separated from the effects of bulge/disk ratio. Despite the 

limited number of galaxies, the properties of the three samples of Cornell, Kent, and 

Kodaira will be intercompared. Because the concentration parameter or B{f ratio of 

the three samples are defmed in different ways, the samples cannot be combined for 

statistical purposes. 

Correlations of Infrared Properties with BIT for T=1,2,3 

The Sa, Sab, and Sb . galaxies from the Cornell, Kent and Kodaira et al. 

samples are examined for correlations of their infrared flux, far infrared colors, and 

infrared luminosities with their degree of central concentration. The ratio of 

infrared to blue flux for galaxies of T types 1-3 (Sa, Sab, Sb) is plotted for the 

Cornell sample in Figure 3.4. No significant correlation is found. The correlation 

coefficients for this plot are shown in Table 3.1. A similar plot for the Kent 

sample is seen in Figure 3.5. The statistical analysis presented in Table 3.2 again 

shows no significant correlation. Similarly, for the Kodaira data in Figure 3.6 and 

Table 3.2, no significant correlation is found. 

If the infrared flux is not correlated with the bulge to total luminosity ratio, 

then perhaps the infrared colors depend on B{f. Starburst galaxies or those with 

large amounts of current star formation can be identified by 'hot' far infrared colors 

(e.g. 100 j.Ull / 60 J.Lm < 2 ). However, very few of the galaxies in the Cornell, 

Kent, or Kodaira samples have 'hot' far infrared colors (see Figures 3.7-3.9). There 

is no apparent correlation between the 100 j.U11 / 60 j.U11 colors and bulge to total 

luminosity ratio (Table 3.3). 
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A correlation was also sought between the infrared luminosity and the 

concentration parameter. The infrared luminosity was calculated using the method 

of Rieke and Lebofsky (1986), assuming a Hubble constant of 75 kms-1Mpc- l
• No 

strong correlation was found between infrared luminosity and the 100 1Jlll/60 J.Ull 

flux (Figure 3.10). For the Cornell, Kent, and Kodaira samples, no strong correlation 

was found between infrared luminosity and the concentration parameter (Figure 

3.11-3.13 and Tables 3.4 and 3.5). 

Discussion of Results 

The BulgelDisk Ratio and the Hubble Sequence 

The fundamental correlation of bulge/disk ratio with Hubble type (e.g. Figure 

3.2) has important implications for any study of bulge properties. One consequence 

of this relationship is that any study of BID effects must also be a study of other 

properties connected with Hubble type. The bulge to disk ratio decreases along the 

Hubble sequence E-SO-Sa-b-c-d (Freeman 1970; Yoshizawa and Wakamatsu 1975), 

reflecting the decre~ing importance of the spheroidal component, which presumably 

formed stars early hi the galaxy's history. 

The decreasing prominence of the spheroidal component is also evident in a 

study of rotation curves, which shows that the ratio of the turnover radius (where 

the rotation curve peaks or becomes constant) to the galaxy radius decreases from 

Sa to Sc (Brosche 1973). In addition, the Hubble sequence from Sa to Sc is a 

trend that reflects the increasing importance of gas and young stars, and hence is 

also a sequence of increasingly blue color (e.g. Van den Bergh 1975). 
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These trends lead one to conclude that a relative increase in bulge size 

should be correlated with decreasing infrared flux. Presumably, galaxies with 

prominent bulges bind up most of their central gas in stars early in the collapse 

phase and little is available for current star formation in this central region. 

Similarly, the high shear velocities in the inner regions of large-bulge galaxies 

should inhibit additional gas transport to the nuclear regions which could fuel 

nuclear star formation. Yet no such trend is seen in the data. The bulge-to-total 

luminosity ratio is not correlated with the far infrared flux, the 60/100 micron color 

temperature, or the infrared luminosity. How can we reconcile this lack of 

correlation with our earlier fmt.1ings (Chapter 2) that central star formation in Sa 

galaxies is certainly inhibited? 

Comparison with Sa Sample 

Three explanations of the two different results are possible. First, differences 

between the samples or small' number statistics may provide an explanation. A 

comparison of the sample of Sa's from Chapter 2 with the samples in this chapter 

shows that both were optically-selected samples designed to choose ordinary, non

interacting galaxies. No enhancement of infrared activity due to interaction was 

present in either sample. The final Sa sample of Chapter 2 contains no Seyfert I 

and 2 galaxies; the bulge sample here did not address this issue. 

The presence of Seyferts in the bulge sample would make it a more infrared 

active sample, tending to cvnfuse any positive correlation of B/f with decreasing 

infrared activity. An examination of the 53 galaxies in the Cornell, Kent, and 
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Kodaira samples shows that six Seyfert 1 and 2 galaxies are listed in the catalog of 

Veron-Cetty and Veron (1987). The infrared properties of these galaxies (NGC 

2639, NGC 3627, NGC 3982, NGC 4450, NGC 4501, and NGC 4579) are very 

similar to the non-Seyfert galaxies, so it is doubtful that they play any role in 

suppressing a possible correlation. 

The infrared luminosities and colors in the bulge sample are typical for 

galaxies of this morphological type (see Chapter 2 and Bothun et al. 1989). Only a 

small percentage (similar to the Revised Shapley-Ames sample of Sa's) have infrared 

luminosities greater than 10lOLo and a similar percentage in both samples have hot 

far infrared colors, i.e. 60 J.U1l / 100 J.U1l > 0.5. Nuclear star formation appears to 

be equally uncommon in both the Sa and the bulge samples, based on the lack of 

hot 60/100 colors coupled with high luminosities. This is not suxprising, given the 

small size of the sample. 

We should expect a few of the Sb's in the sample to have high infrared 

luminosities, since the incidence of high luminosity Sb's is about 25% in the RSAC 

(see Chapter 2). It is surprising that the addition of the Sb's does not create a trend 

of normalized infrared flux and luminosity with Btr. However, the large spread in 

B{I' within a given morphological type and the effect of the small sample size 

probably account for the absence of this effect, and the lack of correlation. 

A second possibility is that the measures of total integrated flux or infrared 

luminosity are not very sensitive measures of star formation and little trend with 

Btr will be observed. Although the star formation rate could in fact vary with 

bulge size, our correlations would be diluted because of the possible large 
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contribution to the infrared flux the old disk star population. The integrated infrared 

flux could in fact be dominated by the cooler cirrus component heated by the 

general interstellar radiation field. The percentage of the far infrared emission 

related to recent star fonnation may be quite small in early type galaxies (Lonsdale 

and Helou 1987, Bothun, Lonsdale, and Rice 1989). 

This possible effect seems an unlikely explanation because the members of 

the early-type spiral bulge samples are a somewhat homogeneous group with little 

recent star fonnation activity (see Bothun et al. 1989). How~ver, without a 

knowledge of the IMF and infrared data beyond 100 microns for the sample 

galaxies, the possibility that the far infrared flux may not give an' accurate 

description of the star fonnation rate cannot be ruled out. If the current star 

fonnation rate is suppressed by the presence of the bulge, this may not be 

completely reflected in far infrared flux measures. The 60/100 color temperature 

should still be an accurate indication of star fonning activity, however. The lack of 

correlation of this measure with Bff indicates that the disk star fonnation is 

unaffected by the size of the bulge that is present. 

A third possibility is that the results can be explained using the concept of 

star fonnation as a threshold phenomenon, first described by Quirk (1972) and 

explored in detail by Kennicutt (1989a). The small surface density of HI in the 

central region of the galaxy coupled with the inhibiting effects due to the large 

spheroidal mass distribution may combine to inhibit nuclear star fonnation in all 

systems with significant bulges. The threshold theory relies upon a calculation of 

the Toomre gravitational stability criterion of a gas disk (Toomre 1964) to detennine 
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under what galaxian conditions stars may fonn. The stability properties can be 

calculated if the velocity of the gas and the rotation curve are known (Kennicutt 

1989a,b). A massive halo can also have a significant effect upon disk stability; this 

effect is difficult to quantify at the present time. 

Conclusion 

The bulge may be dominant enough in the entire sample of Sa's, Sab's, and 

Sb's to suppress nuclear star fonnation in all cases. Only in the case of interaction 

or the presence of a strong bar or oval distortion can the gas density enhancements 

required for a nuclear starburst occur. Without interaction or other perturbing 

forces, nuclear star fonnation is essentially completely suppressed, as is observed in 

the samples. The disk star fonnation may not be affected by the presence of the 

bulge, but would be affected by the disk gas density and stability. Since these 

parameters would only loosely be coupled to the bulge propertie:s, no correlation 

would be seen. This result is not in conflict with the result from the next chapter, 

that bars are not essential to the creation of high infrared luminosity in hot 60/100 

color temperature, high luminosity galaxies, since these samples represent two 

different galaxy populations. 
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Figure 3.1. From the Cornell sample, the distribution of galaxies in the different 
morphological bins is shown. 
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Figure 3.4. For the Cornell sample, a plot of the relationship between the log of 
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ratio of bulge luminosity to total luminosity. The numbers next to each data 
symbol indicate the T 1)rpe of the galaxy. Filled squares are galaxies that have the 
100 micron! 60 micron flux < 2. 
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77 

o4.!J , 
I 

4 I 
1 .:Ie .:Ie 
I 

.:I.!J ~ .:Ie 

.:I~ 
::Ie 

t') 

2e 

~ 
I 

2.!J -J .:Ie 
I 2e 

'It I .:Ie 

~ 
2.., 2e Ie 

,~ 1 
Ie 

CIl Ie .:10 

1 

O.!J 

0 
-1 -0.8 -0.8 -0.4 

Lf}(J (B/TJ 

Figure 3.7. For the Cornell sample, a plot of the IRAS 100 J.Lm to 60 J.Lm ratio as 
a function of the log of the ratio of bulge to total luminosity. The numbers next to 
each data symbol indicate the T 'JYpe of the galaxy. 



8 

7-

D -

I'l t:S-

! 
~ 4-
a 

~ 03- o3e 

2-

1-

0 I 

-1.9 -Ili 

Ie 

-13 

LOO (8/1) 

78 

c::u 

Ie 

Ie 
o3e 

2'Se o3e Ie 
o3e Ie 

o3e Ie 
Ie 

-0.7 

Figure 3.8. For the Kent sample, a plot of the IRAS 100 IJll1 to 60 IJll1 ratio as a 
function of the log of the ratio of bulge to total luminosity. The numbers next to 
each data symbol indicate the T 'JYpe of the galaxy. 



79 

1 

.::10 

20 

.::10 

\') 

'2 of .::10 .::10 

~ .::10 

~ .::1.::1 .::10 
70 

CO 20 
.::10 70 

2 .::10 10 

70 

] 
-0.9 -0.1 -o.lS -0..::1 -OJ 

LOa CB/T) 

Figure 3.9. For the Kodaira et al. sample, a plot of the IRAS 100 J.Lm to 60 J.Lm 
ratio as a function of the log of the ratio of bulge to total luminosity. The numbers 
next to each data symbol indicate the T Type of the galaxy. 



80 

n 
0 

0 

III III 0 
0 

III 
0 

0 

i ~ III 0 0 0 
~ III 0 

~ 
00 0 0 

10 0 
0 

~ 
0 0 0 0 
0 

~ [J I!;!J [J 

~ 
[J [J 

[J 
[J 

!!: [J 
[J 

~ 
0 [J 
.,j 0 

III III 

III [J 
[J 

[J 0 [J [J 
[J 

[J 

[] [J 

US 2IJ :us 4.5 t:IIJ 

&fIB:) 

Figure 3.10. For the three samples (Kent, Kodaira et al. and Cornell), a plot of the 
relationship between the log of the infrared luminosity as a function of the IRAS 
100 J.lIn to 60 11m ratio. Filled squares are galaxies that have the 100 micron! 60 
micron flux < 2. 



81 

~,---------.-----------------------.--------------------~ 

n 

~ 
0 

0 

~ - II 00 
0 00 

~ 0 DO 0 II 

~ 10 -
0 0 

0 
..j 

!!: - 0 

§ 
{} 

-

8 

-2" -2.2 -1.8 -1.4 -1 -0" -0.2 0.2 

LlXJ CB/Tl 

Figure 3.11. For the Cornell sample, a plot of the relationship between the log of 
the infrared luminosity as a function of the log of the ratio of bulge luminosity to 
total luminosity. Filled squares are galaxies that have the 100 micron! 60 micron 
flux < 2. 



~ 
~ 
~ 

~ 
!!: 

S 

12 -.-----------------

11 

0 
10 

0 
0 

0 

&1 

iii 

0%8 

tiSI 

0 

0 

III 
III 

Cb 
0 

82 

----, 
I 

84--~~~~-_r-._--r__.--_r-._--.__.-_r-_r~ 
~ ~ ~ ~ ~ ~ ~ ~ 

LlJO CB/T) 

Figure 3.12. For the Kent sample, a plot of the relationship between the log of the 
infrared luminosity as a function of the log of the ratio of bulge luminosity to total 
luminosity. Filled squares are galaxies t.ltat have the 100 micron! 60 micron flux < 
2. 



83 

12 

-
11-

~ 
~ 
~ 0 <: 10 -
~ 
:3 0 
~ 0 

§ 1\1 III 
111 0 0 

9- c 00 0 0 
o 0 

B4---.--.---r--~-.---r--.---r--'--'---~-~~2--r-~02 
-2.tJ -22 -1.8 -1.4 -1 ~.tJ 

too Can) 

Figure 3.13. For the Kodaira et al. sample, a plot of the relationship between the 
log of the infrared luminosity as a function of the log of the ratio of bulge 
luminosity to total luminosity. Filled squares are galaxies that have the 100 micron/ 
60 micron flux < 2. 



84 

For Cornell Data Set X=CONCEN. PARAMETER, Y=IR/BLUE FLUX 
All Hubble Types 

Y-Intercept 
Error in Y-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

Regression Output: 
0.1082 
0.3531 
0.0074 
304 
302 
-0.0852 
+0.0564 

For Cornell Data Set X=B/T, Y=IR FLUX/BLUE FLUX 
T Type = 1,2,3 

Y-Intercept 
Error in Y-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

Regression Output: 
1.1636 
0.6466 
0.0717 
17 
15 
-2.3993 
+2.2282 

Table 3.1. Statistical properties of the infrared flux-Brr correlations. 



Kent SamrJle X=B/T, Y=IR FLUX/BLUE FLUX 
T Type = 1,2,3 

V-Intercept 
Error in V-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

Regression Output: 
0.4101 
0.3202 
0.0430 
21 
19 
-0.2649 
+0.2865 

Kodaira Sample X=B/T, Y=IR FLUX/BLUE FLUX 
T Type = 1,2,3 

V-Intercept 
Error in V-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

Regression Output: 
0.3249 
0.1819 
0.0564 
15 
13 
-0.2011 
+0.2280 

TabUe 3.2. Statistical properties of the infrared flux-BIT correlations. 
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Cornell Sample X=BIT, Y=the 100 micron/ 60 micron flux 

V-Intercept 
Error in V-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

T Type = 1,2,3 
Regression Output: 
2.5069 
0.7771 
0.0014 
17 
15 
0.3887 
2.6779 

Kent Sample X=B/T, Y=the 100 micron/ 60 micron flux 

V-Intercept 
Error in V-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

T Type = 1,2,3 
Regression Output: 
3.3446 
1.5298 
0.0000 
21 
19 
0.0485 
1.3690 

Kodaira Sample X=B/T, Y=the 100 micron/ 60 micron flux 

V-Intercept 
Error in V-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

T Type = 1,2,3 
Regression Output: 
3.6478 
1.5382 
0.0120 
15 
13 
-0.7687 
+1.9281 
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Table 3.3. Regression output for possible correlation between far infrared colors 
and the ratio of Bff. 
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Kodaira, Kent, and Cornell Samples X=the 100 micron/ 60 micron fI u x, 
Y=IR LUMINOSITY 

Y-Intercept 
Error in Y-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

T Type = 1,2,3 

Regression Ou,put: 
2.S6E+I0 
1.46E+I0 
6.54E-02 
53 
51 
-4.26E+09 
+2.25E+09 

Cornell Sample X=B/T, Y=IR LUMINOSITY 
T Type = 1,2,3 

Y-Intercept 
Error in Y-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

Regresskon Output: 
4.02E+1O 
1.76E+I0 
6.18E-02 
17 
15 
-6.03E+I0 
+6.07E+I0 

Table 3.4. Regression output for possible correlation between far infrared colors 
and luminosity, and far infrared luminosity and the bulge to total luminosity. 



Kodaira Sample X=BIT, Y=IR LUMINOSITY 
T Type = 1,2,3 

Y-Intercept 
Error in Y-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

Regression Output: 
3. 197E+09 
2.414E+09 
0.0724 
15 
13 
-3.048E+09 
+3.026E+09 

Kent Sample X=B/T, Y=IR LUMINOSITY 
T Type = 1,2,3 

Y-Intercept 
Error in Y-Intercept 
Correlation Coefficient 
No. of Observations 
Degrees of Freedom 
Slope 
Error in Slope 

Regression Output: 
1.25E+1O 
8.50E+09 
2. 18E-02 
21 
19 
-4.95E+09 
+7.60E+09 
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Table 3.5. Regression output for possible correlation between far infrared 
luminosity and the ratio of BfI'. 
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CHAPTER 4: A TEST OF THE ASSOCIATION OF INFRARED ACTIVITY 

WITH BARS 

Introduction 

Bars are common structures in galaxies; 35% of the galaxies of type SO to 

Sc in the Revised Shapley-Ames Catalog (RSAC) are classified as barred. A 

variety of numerical modelling experiments (e.g. Sellwood 1981) have shown that 

bars readily form from instabilities in an initially axisymmetric disk. Thus bars are 

easily created and are stable over many galaxy rotation periods. Bars can drive 

noncircular motions of gas; gas orbiting through the outer part of a bar can be 

concentrated in a ring at the end of a bar. Gas in the inner part of a bar sinks to 

the galactic center as it loses energy and angular momentum in shocks (W. W. 

Roberts et al. 1979). Norman (1987) shows how bars can drive an outward angular 

momentum flow and an inward mass flow towards the nucleus. 

Hawarden et al. (1986} and Puxley et al. (1987) suggest that nearly all 

non-interacting galaxies (excluding those with Seyfert type spectra) with a 25 

micron excess are barred. They argue that the 25 micron excesses are indicative of 

high infrared luminosities due to recent star formation, which is fueled by gas 

funneled into a circumnuclear ring or the nucleus by the bar. Their conclusions are 

extended to an optically selected sample of starburst galaxies by Arsenault (1989). 

Devereux (1987) fmds a correlation between enhanced 10 micron central (-1 kpc 

diameter) luminosity and the presence of bars in early type infrared luminous 

galaxies. However, in late type spirals, Devereux fmds no strong dependence of the 
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infrared luminosity with barred morphology. Barred galaxies have been observed in 

radio continuum emission at the VLA by Hummel et al. 1984, who showed that the 

·:!nhancement in star formation is confined to a region near the center (less than 20") 

or to a nuclear ring, if it was resolved. The presence of an optical bar in spirals is 

correlated with increased infrared luminosity. Hawarden et al. (1986) showed that 

the total infrared luminosity of barred galaxies in a sample of RC2 galaxies (which 

excluded LINERs) was about twice that (4.3 X 1010 L~) of the unbarred galaxies in 

the sample (L = 1.7 X 1010 L61). 

However, it is unclear whether bars or interaction are an absolute 

requirement to allow adequate quantities of gas to settle into the nuclear region for 

a moderate to high luminosity starburst. Optical searches for weak bars or oval 

distortions are hampered by large amounts of extinction, even in galaxies with low 

inclination. Hawarden et al. (1986) suggested that the 25 micron excess galaxies in 

their sample that were not classified as barred probably have obscured bars. 

Observations in the Gunn i band to search for bars (Zaritsky and Lo 1986) represent 

a considerable improvement over visible measurements. Observations in the near 

infrared near two microns further reduce the obscuration due to dust and delineate 

more clearly the underlying, old stellar population that dominates the gravitational 

potential. Thus a range of galaxies with different inclinations and central 

obscurations can be studied. This paper presents 1.6 and 2.2 J.Ull images of a 

sample of galaxies from the Revised Shapley-Ames Catalog that have characteristics 

of nuclear starbursts and analyz~s them for the presence of bars. 
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Sample Selection and Observations 

We selected a sample of galaxies for near IR imaging in a series of steps. 

First, galaxies were selected from the RSAC which had the ratio of IRAS 60 /lI11 to 

100 /lI11 fluxes> 0.5 and far infrared luminosity> 1010 Le (calculated as in Rieke 

and Lebofsky 1986). Seyfert 1 and 2 galaxies were eliminated from the list using a 

catalog of known Seyfert galaxies (Veron-Cetty and Veron 1987). The remaining 

galaxies were examined on Palomar Sky Survey plates to eliminate those with 

companions within 1.5 galaxy diameters or with obvious signs of interaction, such 

as tidal tails or highly distorted disks. Galaxies with possible merger or interaction 

signs, such as bright knots in the disk, were not eliminated. In a fmal step only 

galaxies north of decIination _300 (to be observable from +32 degrees latitude) were 

included. These criteria lead to a complete sample of 22 galaxies, of which 6 were 

clearly barred in optical photographs. The 16 optically unbarred or marginally barred 

galaxies constituted our fmal observing list as given in Table 4.1. Observations 

were made at the Steward Observatory 61" and 90" telescopes on Mount Bigelow 

and Kitt Peak, respectively, using a 64 X 64 Rockwell hybrid focal plane HgCdTe 

array (Rieke, Rieke, and Montgomery, 1987). Pixel sizes were 1.2 arcsec on the 

former telescope and 0.85 arcsec on the latter. Fifteen of the sixteen galaxies were 

observed over an eight month period; only NGC 5861 could not be observed 

because of weather and time constraints (see Table 4.1). 
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Fixed Pattern Noise Sources 

The fixed pattern noise sources in an infrared array can be divided into two 

components. One component has behavior that is constant with time and will be 

described as the flux due to pattern characteristics of the array, ~Ittem' The other 

component varies with time, but with a spatially constant pattern across the array. 

The variation in fplttern can be characterized and then removed from the astronomical 

observation with data obtained before or after the observation. The time varying 

component is characterized by sky frames taken in an interspersed manner with the 

frames of the astronomical object. Each of these variations is described below. 

Fixed time sources 

Fixed time sources have the property of being independent of signal level. 

They are additive in nature and must be subtracted from the astronomical 

observation. For example, there is a fixed pattern among the array pixels in the 

readout electronics, probably due to variations in capacitance, since the readout 

voltage is inversely related to the capacitance. Differences in pixel to pixel 

capacitances can easily occur in the manufacturing process. The readout pattern 

of the array can be characterized by blocking off the array and taking short 

exposures. The short exposures ensure that there is not time for dark current to 

accumulate. The readout pattern, which is a spatial variation, can then be removed 

by subtracting it from the astronomical observation. 

The dark current may vary from pixel to pixel and can be characterized by 

blanking off the array from sources of electromagnetic radiation and then taking a 
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long exposure to let dark current accumulate. By using the same exposure time as 

is used for astronomical exposures, the dark current can be effectively removed 

from each pixel to increase photometric accuracy. In a well behaved array, the dark 

current scales with integration time, making it possible to use dark current frames 

with longer or shorter integration times to correct the data. 

Stray radiation can have both time varying and spatially varying components. 

The spatially varying component can be thought of as another variation of pattern 

noise and can be removed by taking unilluminated frames. 

Time vruying sources 

The differing response of different pixels across the array is a fonn of noise 

since these responses must be distinguished from the pattern of illumination on the 

array. However, the responsivity of the pixels remains stable from picture to 

picture. The time varying component does depend linearly on the signal level, since 

the signal is just the pixel responsivity times the flux. Since this type of pattern 

noise is multiplicative, it must be removed by dividing the astronomical image by a 

flat frame. In practice, this source of noise is removed by observing a "flat field" 

or unifonn source of illumination. This is most accurately done at the telescope by 

observing a region adjacent to the astronomical object. 

The time varying component can be due to variations in the infrared 

emission of the tclescope and sky, largely due to temperature variations in the 

atmosphere, telescope, and instrument. However, these components are relatively 

unifonn from pixel to pixel, and can be removed by taking a frame of a nearby 
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region of blank sky. This source of flux is present in both sky frames and object 

frames and can be removed by flat fielding. 

The object frame must be divided by the blank sky frame to remove these 

variations. In this way the responsivity variations of the pixels can be removed and 

a perfectly flat frame can be created, in the absence of signal. Variations in the 

background level may make the value of pixels in the flat fielded frame slightly 

different from one. Division of the frames is used because responsivity variations 

from pixel to pixel appear as a multiplicative effect on the input signal, and must 

be removed through division rather than subtraction. 

In summary, the reduction of each frame f can be described in frame 

arithmetic by the following equation: 

Data Reduction 

A number of steps went into the data reduction. For flat fielding to a few 

parts in 10\ sky frames were taken interspersed with the data frames. The data 

frames were then ratioed against the adjacent sky frame as described by Rieke, 

Rieke, and Montgomery (1987). Pixels that responded far from the norm for the 

array were identified as "bad" and were removed, with their measured values 

replaced by the average from the surrounding pixels. In this process, approximately 

50 of the highest and 50 of the lowest pixels are removed from each frame. The 

array used in the infrared camera has a dark current of less than 50 electrons per 
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second, far below the photo current from the sky; hence, no corrections were 

required for the dark current. 

The well depth of the array is large, about 5 X 106 electrons, making 

possible integration times of 30 - 80 seconds. As a result, the individual frames 

detected the galactic nuclei at high signal to noise, and the nuclear image could be 

used to measure accurately the position of the galaxy on each frame. The galaxy 

frames were shifted to the average centroided position of all frames for that 

wavelength and co-added to yield the fmal H and K frames for each galaxy. 

The presence of an obvious bar can sometimes be determined by looking at 

a contour plot of galaxy surface brightness ellipses and searching for features with 

an aspect ratio of 2.5: 1 or better. However, a more sophisticated and potentially 

less biased search for subtle features is to use a set of programs known as the 

"Galaxy Surface Photometry" (GASP) package (Cawson, 1983). The portion of 

GASP primarily used in this project determines galaxy surface brightness and 

ellipticity profJIes useful in searching for a bar. 

The input parameters used in GASP for each galaxy frame are the x-y center 

of the galaxy in the image, the galaxy semimajor axis and position angle, and the 

ellipticity of the image. Of these parameters, only the center position of the galaxy 

was explicitly input. The program itself chooses initial values for the orientation of 

the major axis and ellipticity. We avoided choosing input parameters for the major 

axis orientation or the ellipticity since gross values characteristic for the galaxy as a 

whole might be quite uncharacteristic for the inner region. The other input 

parameters common to all galaxies are given in Table 4.2. 
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The program samples the pixels around the ellipse given by the setup 

parameters. Pix,el value variations are evaluated by the program as a function of 

the angle from the major axis. A Fourier transformation of this periodic function is 

performed to evaluate if the ellipse parameters are correct. If the ellipse parameters 

are not correct they are adjusted using the magnitudes of the Fourier components. 

In practice, only one ellipse parameter, the parameter corresponding to the largest 

coefficient, is adjusted per iteration. The process is repeated until the fit is 

sufficiently good to pass a residual test or when the ellipses reach the sky limiting 

surface brightness. The fmal outputs are surface brightness, an elliptical isophote 

map, ellipticity as a function of radius, position angle as a function of radius, and x 

and y position of the centers of the ellipses as a function of radius. 

Analysis of GASP Results 

The output values of these parameters from GASP were used to search for 

characteristics of barred structures. In the central seeing disk region, the ellipticity 

should be small and the orientation of the axis should be fairly random and highly 

variable. The direction of the axis orientation as determined by GASP should 

probably not be correlated with the overall galaxy orientation. After a few 

iterations the seeing disk is exceeded and the GASP parameters should become 

more characteristic of the inner region. 

The signature of a bar in the inner region should be a significant increase in 

ellipticity to a large value. Except in some specialized situations for galaxies at 

large inclinations, this rise in ellipticity should be correlated with a constant position 
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angle at the same location. The ellipticity value corresponding to a bar should be 

higher than the ellipticity of the galaxy farther from the center, which corresponds 

to the overall ellipticity of the galaxy isophotes due to the galaxy's inclination. 

The parameters of fifteen galaxies were determined using GASP applied to 

the coadded H and K images seen in Figures 5.1-5.6. These parameters were 

adjusted to allow GASP to run 10 to 50 iterations per ellipse. The program 

parameters were set so that the program terminated for each galaxy through 

goodness of fit criteria rather than at the sky brightness level. Thus the outer few 

surface brightness contours may be spurious and uncharacteristic of the galaxy. 

To test the way that GASP will characterize the surface brightness of barred 

galaxies, two galaxies with known bars, NGC 1068 and NGC 2523, were imaged 

with the 2 micron camera (Figure 4.1) and analyzed with GASP (Figure 4.7). For 

the well known Seyfert galaxy NGC 1068, with a small bar, the ellipticity drops 

shmply in the first four pixels, probably due to the intensity of the nucleus, then 

rises again to a value near 0.5. In the region where the ellipticity is rising, th~~ 

position angle is constant, indicative of a bar. Further out, the ellipticity decreases 

to a value more consistent with a low inclination system. NGC 2523 is a galaxy 

with a large, prominent bar and ring structure easily seen in optical photographs. 

The GASP analysis of NGC 2523 (Figure 4.7) shows a large increase in ellipticity 

coupled with' a constant position angle. This effect is present at both H and K 

bands. The bar is present out to about 25 pixels from the center. The drop in 

ellipticity at the last data point occurs outside of the barred region. 1be 

combination of a trend of increasing ellipticity coupled with a constant position 
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angle over this same region is a hallmark of a bar and is well illustrated by these 

two examples. 

In general, the H and K GASP results were qualitatively consistent with each 

other for all of the GASP parameters: surface brightness shape, elliptical isophotes, 

ellipticity, position angle, and position of center. In a few cases, the fmal coadded 

H or K image was unsuitable for use with GASP, as the galaxy was too close to 

the sky background for GASP to work successfully. The GASP proflles for the 

individual galaxies are illustrated in Figures 8-14 and are discussed below. 

NGC 253 has an inclination of 73 degrees, so any barred structure would be 

severely foreshortened. However, the galaxy is close enough (3 Mpc) that very high 

spatial resolution can be obtained, in partial compensation for the effects of the 

inclination. Because of the large size of the galaxy, our analysis was based on a 

128 X 128 mosaic of 64 X 64 frames. In this galaxy the ellipticity is high at the 

center, as would be expected as the seeing disk and bulge are dominated by the 

highly inclined disk. The ellipticity rises a few pixels away from the center and 

remains elevated for a length of only a few pixels. The position angle in this 

region is nearly identical to the overall position angle of the galaxy. The position 

angle varies with increasing radius, not in accordance with the expected behavior for 

a bar. Visual inspection of the image does not reveal any linear structure aligned 

with the nucleus. In summary, we fmd no evidence for a bar. This conclusion is not 

in agreement with Scoville et aL (1985), who obtained a map at 10" resolution 

which appeared to show a bar. The higher resolution of our map clearly shows the 

feature identified by them to bend sharply as it enters the nuclear region and not to 
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be aligned with the nucleus. It therefore appears to be a spiral arm, not a bar. 

The GASP output for NGC 922 shows only a moderate rise in ellipticity 

from the center outward, indicative of the inclination of the galaxy. The lower 

ellipticity in the center is probably due to the contribution of the bulge to the 

surface brightness. The position angle is constant throughout with a value of about 

60 degrees. Thus, there is no indication of a bar. 

For NGC 2146, the H and K images show good overall agreement among 

the GASP derived parameters. The ellipticity rises to a maximum at about 10 

pixels from the center. The position angle is constant at an angle of -45 degrees, 

except for the centermost pixels. These changes are similar to what would be 

expected for a bar. However, if there were a bar, it would have a larger ellipticity 

than the galaxy would have for its final outer isophote. Since the ellipticity for this 

galaxy gradually rises to the value consistent with its inclination, the presence of a 

bar is unlikely. 

For NGC 2764, there is a good agreement between the ellipticity plots and 

the position angle plots between the H and K frames. The ellipticity rises slowly 

from the center to a maximum value of 0.7 about 15 pixels from the center. The 

position angle remains relatively constant except for the center few pixels. Thus, 

the change in ellipticity is due to the inclination of the galaxy. In the center area 

the bright bulge dominates and lowers the ellipticity. Tills case is somewhat 

ambiguous because of the high inclination of the galaxy. 

In the case of NGC 2782, there is a strong correspondence between the H 

and K band results. However, the values of position angle change rapidly with 
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radius, for both bands. Where the ellipticity frrst rises (reaching a maximum about 

3 pixels from the center at H and K, the position angle is relatively constant, 

averaging a value of -10 degrees. This could be representative of a possible bar 

structure, except that the ellipticity is too low, reaching a maximum of only 0.2, and 

the inner few pixels may only reflect seeing effects. A second maximum in the 

ellipticity is seen at about 25 pixels from the center at both H and K. These 

positions correspond to a region of constant position angles. However, the 

ellipticity is still too low for a bar to be present. The ellipticity remains constant 

for only a few pixels before the edge of the frame is reached. 

The images of NGC 2990 at H and K show striking similarities between the 

two bands. In both bands, the ellipticity begins at the center at a relatively large 

value of 0.4 and continues to increase to a maximum of 0.6 about 5 pixels from the 

center. The position angles of the isophotes in this central region are fairly 

constant. The isophotal plot shows an inner elongated region at a different position 

angle than the outer isophotes; the inclination is consistent with this rotation of 

position angle arising from geometric effects in a foreshortened barred galaxy. Thus, 

the basic prerequisites for a bar seem to be met. However, both the H and K 

frames appear to show two spiral atms coming out from the center. Inner spiral 

arms thus mimic many of the parameters present in a bar. 

In NGC 3310, there is a sharp rise in the ellipticity to a maximum of 

nearly 0.5 at a distance of 5 pixels from the center. At 5 pixels the position angle 

of the ellipses shifts significantly. In both the H and K contour maps, the inner 

spiral arms can be seen. Unlike NGC 2990, the coordinates of the center position 
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of the ellipses also begin changing at the same position 5 pixels from the center. A 

change in the center coordinates of the isophotal ellipses is a further indication of 

spiral aImS. No evidence for a bar interior to the inner spiral aImS is seen. 

NGC 3504 shows good agreement between the H and K GASP results. The 

ellipticity shows a gradual increase to large values after the fIrst 5 pixels. 

Similarly, the position angle is gradually increasing and then levels off. This 

behavior could indicate either a bar or a highly inclined galaxy; however, 

comparison of the ellipticity toward the edge of our frame with the ellipticity of the 

galaxy as a whole in optical photographs shows that the galaxy is not highly 

inclined and it therefore has a bar that extends into the nucleus. 

In the H frame analysis of NGC 4433, the position angle for 'the ellipses 

remains constant at a value of about +85 degrees from the center to the edge of the 

galaxy. The ellipticity rises gradually from about 0.1 at the center to about 0.7. 

Because the ellipticity is small in the inner regions, there is no evidence for a bar. 

This is a highly inclined system, so the fmal ellipticity at the edge reflects the 

inclination of the galaxy. 

NGC 4536 shows a possible bar, oval distortion, or inne:r spiral aImS 

extending to about 10 pixels from the center. The ellipticity increases to about 0.4 

while the position angle is constant in the region around 10 pixels. The position 

angle does change substantially from the center to about 6 pixels, but reaches a 

constant value in the region of high ellipticity. These characteristics are indicative 

of a bar. 

NGC 5653 shows a rapid rise in ellipticity that is correlated with a 
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changing position angle. This behavior is a trademark of spiral arms. The effect is 

present in both the H and K frames. Contour plots also show the inner spiral arms. 

NGC 5665 shows a moderate increase in ellipticity in the fIrst 5 pixels 

coupled with a reasonably constant position angle over this region. These trends are 

present at both H and K, and are indicative of a small bar. Outside of this region 

the ellipticity decreases dramatically and then increases dramatically, indicative of 

more complex structure such as spiral arms extending from the end of the bar. 

However, the possible bar seems to be aligned almost exactly along the major axis 

of the galaxy, casting some doubt on its existence. 

NGC 5713 shows a moderate increase in ellipticity to about 0.5 in a region 

where the position angle is constant. The parameters derived from the H and K 

frames agree well. However, the position angle is constant throughout the galaxy, 

indicating that we are probably seeing an inclination effect, rather than a bar. We 

will classify it, however, as a possible bar. 

NGC 5936 shows a very low ellipticity of about 0.1 or less for the inner 15 

pixels of the galaxy. The position angle is rising dramatically over this region. 

This combination is not similar to the signature of a bar. 

In NGC 6574 the ellipticity rises in spurts but never gets greater than 0.4, 

which it reaches at the galaxy edge. The position angle is constant only from about 

4 to 8 pixels, a place where the ellipticity is increasing. The ellipticity is also low 

for a bar, reaching only 0.25 at H and 0.35 at K. We conclude that there is no bar 

present. 
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The classification by our techniques is given in Table 4.3, and is consistent 

in all cases with that listed in the RSAC. This result tends to verify our techniques 

and also indicates that few infrared-bright galaxies have bars hidden in the optical 

by young stars or obscuration. It should be noted that the mOIphologies of NGC 

5653 and NGC 5665 are peculiar and may indicate mergers and/or interactions of 

some degree. 

Mid-infrared Observations 

The mid infrared emission of these galaxies can be examined in further detail 

to ascertain if it is centrally concentrated at 10 microns. If outlying disk emission 

is important, the role of the bar in stimulating emission would be less important, 

and alternative methods of stimulating starbursts in a galaxy's outer regions would 

be necessary. A comparison of ground based, small-aperture photometry with the 

IRAS 12 J.Un flux can help determine the degree of central concentration of the star 

fonnation activity. It would be ideal to compare ground-based narrowband 

photometry near 12 microns, made with a small aperture, to the IRAS 12 micron 

flux, which represents a much larger field of view but is at a similar effective 

wavelength. In this way, the ground-based measurement avoids the effects of PAH 

emission features and/or silicate absorption. These features would be expected to 

have a strong· effect on conventional N -band photometry at lOum and would be tend 

to depress the flux compared with the IRAS measures, indicating less central 

concentration than actually exists. 

We obtained narrowband photometry with a small aperture (5 arcseconds) of 
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four of these galaxies using a developmental bolometer system at the Multiple 

Mirror Telescope. The results of these observations are described in Table 4.4. For 

NGC 2782 and NGC 5936 the 12.5 micron narrowband measurements are a 

substantial fraction of the IRAS 12 J.Llll measurement, indicating that the infrared 

emission at this wavelength is concentrated. The measurements for NGC 3310 and 

NGC 6574 show a less concentrated form of infrared emission. NGC 253 (Rieke 

and Low 1975), NGC 3504, and NGC 4536 (Rieke 1976; Telesco et al. 1987) can 

be shown from previous measurements to be centrally concentrated whereas NGC 

5665 and NGC 5861 (Devereux 1987) are more extended. NGC 922 has also been 

measured by Devereux (1987), but given the poor signal to noise and his use of a 

broadband N-band filter, this case is ambiguous. 

Given that most normal IRAS galaxies are poorly concentrated, these measurements 

show that our initial selection criteria were generally successful in choosing galaxies 

with nuclear emission (i.e., 5 of 9 cases are reasonably concentrated). 

Bars and Infrared Activity 

Of the 15 galaxies we have imaged, 10 pass the test for 25um excess proposed 

by Hawarden et al. (1986). However, only three of these galaxies are barred or 

possibly barred (NGC 3504, 4536, and 5713). Particularly good examples of 

unbarred galaXies with 25um excesses are NGC 253 and 5936. Other cases include 

NGC 2146, 2764, 2782, 3310, and 4433. Some of these latter galaxies show 

evidence for weak interactions (e.g., NGC 2782) or are relatively difficult to classify 

because of high inclination (e.g., NGC 2146, 2764, 4433). Our study does not 
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support the hypothesis of Hawarden et al. (1986) that bars are a ubiquitous feature 

of galaxies with 25umn. excesses. We fmd no evidence for a high prevalence of 

obscured or hidden bars that might accompany 25um excesses in optically unbarred 

galaxies. 

Neither does it seem necessary that a bar be present to feed a nuclear 

starburst. Specific counterexamples from our sample are NGC 253, NGC 2782, and 

5936. Given the proportion of galaxies in the sample with concentrated nuclear 

emission, it is likely that additional examples will be found when the remaining 6 

galaxies have adequate groundbased measures of nuclear concentration. IT we 

assume that the nuclear concentration of infrared luminosity is the same as the 

concentration at 12um, NGC 2782 and NGC 5936 each produces - 2 X 1010 Lo 

within a central region of diameter - 1 kpc. NGC 253 produces a similar 

luminosity in a diameter of only - 300 pc. The density of energy production in 

these galaxies is therefore of the same order as in the prototypical starburst in M82. 

Conclusion 

We have used deep near infrared images and the GASP program to search 

for barred structure in infrared luminous, star forming galaxies. Of fIfteen optically 

unbarred or possibly barred infrared luminous galaxies, four galaxies (NGC 3504, 

NGC 4536, NGC 5665, and NGC 5713) showed features in ellipticity and position 

angle indicative of bars. Spiral arms coming out of the nucleus, but no bars, were 

seen in NGC 253, NGC 2990, NGC 3310, and NGC 5653. These arms mimic the 

ellipticity profile for bars, but show a variable position angle. From an initial 



106 

sample of 22 infrared-selected galaxies, at least eight do not have strong bars 

(results for two more are inconclusive because of the effect of high inclination). 

This result is consistent with the presence of a higher proportion of barred galaxies 

in infrared selected samples than the 35% that is typical of spirals in general. 

However, within our sample, there are unbarred and non-interacting galaxies that 

have 25um excesses above the threshold where Hawarden et al. (1986) have argued 

bars are ubiquitous. In addition, there are similar galaxies with central starbursts 

producing infrared luminosities of 2 X 1010 Lo or greater emerging from regions of 

1 kpc or less in diameter in their nuclei. These results show that bars are not a 

necessary prerequisite for strong infrared activity in isolated galaxies. 
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NGC 1068k 

NGC 2523h 
NGC 2523k 

Figure 4.1 Contour maps of the galaxies NGC 1068 and NGC 2523. The h or k 
after the galaxy name signifies either H (1.6 J.Un) or K band (2.2 J.Un). The bar is 
10 arcminutes in length. 
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Figure 4.2 Contour maps of the galaxies NGC 253, NGC 922, and NGC 2146. 
The h or k after the galaxy name signifies either H (1.6 j.lll1) or K band (2.2 j.lll1). 
The bar is 10 arcminutes in length. 
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Figurt! 4.3 Contour maps of the galaxies NGC 2764, NGC 2782, and NGC 2990. 
The h or k after the galaxy name signifies either H (1.6 J.l1ll) or K band (2.2 J.l1ll). 
The bar is 10 arcminutes in length. 
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Figure 4.4 Contour maps of the galaxies NGC 3310, NGC 3504, and NGC 4433. 
The h or k after the galaxy name signifies either H (1.6 J.Lm) or K band (2.2 J.Lm). 
The bar is 10 arcminutes in length. 
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Figure 4.5 Contour maps of the galaxies NGC 4536, NGC 5653, and NGC 5665. 
The h or k after the galaxy name signifies either H (1.6 J.l11l) or K band (2.2 J.l11l). 
The bar is 10 arcminutes in length. 
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Figure 4.6 Contour maps of the galaxies NGC 5713, NGC 5936, and NGC 6574. 
The h or k after the galaxy name signifies either H (1.6 /Jlll) or K band (2.2 J.lm). 
The bar is 10 arcminutes in length. 
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Figure 4.7 Plots of ellipticity and position angle generated by the Galaxy Surface 
Photometry Package for the galaxies NGC 1068 and NGC 2523. 
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Figure 4.8 Plots of ellipticity and position angle generated by the Galaxy Surface 
Photometry Package for the galaxies NGC 253, NGC 922, and NGC 2146. 
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Figure 4.9 Plots of ellipticity and position angle generated by the Galaxy Surface 
Photometry Package for the galaxies NGC 2764 and NGC 2782. 
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Figure 4.10 Plots of ellipticity and position angle generated by the Galaxy Surface 
Photometry Package for the galaxies NGC 2990 and NGC 3310. 
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Figure 4.11 Plots of ellipticity and position angle generated by the Galaxy Surface 
Photometry Package for the galaxies NGC 3504 and NGC 4433. 
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Figure 4.12 Plots of ellipticity and position angle generated by the Galaxy Surface 
Photometry Package for the galaxies NGC 4536 and NGC 5653, 
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Figure 4.13 Plots of ellipticity and position angle generated by the Galaxy Surface 
Photometry Package for the galaxies NGC 5665 and NGC 5713. 
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Figure 4.14 Plots of ellipticity and position angle generated by the Galaxy Surface 
Photometry Package for the galaxies NGC 5936 and NGC 6574. 
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Table 4.1. Galaxies with L>101O~, 60/100 micron> 0.5, non-seyferts and non

interacting. 

NGC TYPE R.A. DEC. B Mag. Observation Date Telescope 

253 Sc(s) 004508 -25 33.7 8.13 10/08/87 S.0.61" 

922 Sc(s)II.2pec 022249 -25 01.1 12.55 10/06/87 S.0.90" 

2146 Sbllpec 06 1045 +7822.5 11.24 1/07/88 S.0.90" 

2764 Amor or Sbpec 09 05 27 +21 38.7 13.40 4/01/88 S.0.61" 

2782 Sa(s)pec 09 1054 +40 19.3 12.15 4/02/88 S.0.61" 

2990 Scll: 094340 +0556.6 13.20 4/05/88 S.0.61" 

3310 Sbc(r)pec 10 3539 +5345.9 11.20 4/02/88 S.0.61" 

3504 Sb(s)/SBb(s)I-II 11 0029 +28 14.5 11.80 4/01/88 S.0.61" 

4433 Sbcll 1225 03 -08 00.3 13.01 4/02/88 S.0.61" 

4536 Sc(s)I 1231 54 +0227.7 11.01 5/27/88 S.0.61" 

5653 Sc(s)llpec 142801 +31 26.3 12.90 4/01/88 S.0.61" 

5665 Sc(s)JVpec 142958 +08 18.0 12.79 4/01/88 S.0.61" 

5713 Sbc(s)pec 1437 38 -0004.5 12.00 4/02/88 S.0.61" 

5861 Sc(s)II 15 0633 -11 07.9 12.31 not observed 

5936 Sc(r)I-II 15 27 39 +13 09.6 13.00 6/04/88 S.0.61" 

6574 Sbc(s)II.3 180935 +14 58.2 12.85 4/02/88 S.0.61" 



Table 4.2. Input parameters for galaxy surface photometry package. 

Ratio between successive major axis 

Minimum number of iterations 

Max,imum number of iterations 

Threshold above sky to stop profile 

Maximum factor by which proftle can increase 

Maximum fraction of ellipse inside frame 

Maximum residual factor 

Maximum shift of center per iteration 

Maximum shift of ellipticity per iteration 

Maximum rotation of angle per iteration 

1.10 

5 

50 

o 

1.5 

0.60 

0.0001 

0.50 

0.020 

1.0 
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Table 4.3. 

Galaxy 

NGC 253 

NGC 922 

NGC 2146 

NGC 2764 

NGC 2782 

NGC 2990 

NGC 3310 

NGC 3504 

NGC 4433 

NGC 4536 

NGC 5653 

NGC 5665 

NGC 5713 

NGC 5861 

NGC 5936 

NGC 6574 

Da 

0.53 

0.04 

0.20 

0.23 

0.12 

0.24 

0.09 

0.09 

0.32 

0.33 

0.07 

0.15 

0.05 

0.23 

0.03 

0.10 

Properties of galaxies in the sample. 

Ellipt." 

0.705 

0.088 

0.369 

0.411 

0.241 

0.425 

0.187 

0.187 

0.521 

0.532 

0.149 

0.292 

0.109 

0.411 

0.067 

0.206 

Inclin: 

73 

24 

51 

54 

41 

55 

36 

36 

61 

62 

32 

45 

27 

54 

21 

37 
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Featuresd 

No bar,ISA 

No bar 

No bar 

No bar,lncl. 

No bar 

No bar,ISA 

No bar,ISA 

Bar 

No bar,lncl. 

Poss.bar,lncl. ,1SA 

No bar,ISA 

Poss. bar 

Poss. bar 

Not Observed. 

No bar 

No bar 
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Notes for Table 4.3 

a Log (major/minor) axis radii in arcminutes. From Second Reference Catalog of 

Galaxies, G. de Vaucouleurs and A. de Vaucouleurs, University of Texas 

b Ellipticity = 1 - (b/a) where b is the semi-minor axis and a is the semi-major 

axis 

c Inclination (0 = face on) determined from the ellipticity values in column 3 

d Features determined to be present from analysis of GASP parameters. 

Inclination = High inclinatio~ makes determination of a bar difficult, ISA = Inner 

Spiral Arms 
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Table 4.4. 10 Micron window measurements. 

Galaxy mAS 12 11m N 12.5 11M 13.3 11m 12.5/IRAS 12 11m 
Jy Jy Jy Jy % 

NGC 2782 0.51 .08 0.40 0.29 78 

NGC 3310 1.25 .05 0.17 14 

NGC 5936 0.48 0.15 0.20 31 

NGC 6574 0.93 0.06 6 



126 

CHAPTER 5: TOWARDS AN UNDERSTANDING OF PHYSICAL 

MORPHOLOGY AND STAR FORMATION 

Summary and Principal Conclusions 

Sa Galaxies 

The luminosity function for spirals indicate that Sa galaxies with high 

luminosities (L > 1010 ~) are underrepresented, relative to Sb's and Sc's. This 

study was a search for possible explanations of the suppression of high infrared 

luminosity in Sa galaxies. An important step towards understanding the mechanisms 

that lead to decreased levels of star formation in Sa'a was an assessment of the HI 

and molecular gas. The limited number of molecular observations of early type 

spirals were supplemented by observations of Sa galaxies at the NRAO 12 meter of 

the J=l to 0 CO transition. These observations allowed the CO flux in Sa's and 

later spirals to be compared with their infrared properties. The results presented 

below will enable us to obtain a better understanding of the constraints on star 

formation in early type spirals, and the trigger mechanisms for starbursts. The main 

results are: 

o Only 4% of Sa's in the Revised Shapley-Ames Catalog with Br < 12 

have an infrared luminosity greater than 1010 LQ • This proportion is 

about 1/6 of the corresponding one for Sb's and Sc's. 



o The infrared luminosities of most Sa galaxies are dominated by disk 

emission. 

o The same trend of low infrared luminosities in Sa's appears in the 

incidence of nuclear starbursts. IRAS measurements indicate that no 

more than three Sa's out of the entire RSAC sample of 166 galaxies 

have nuclear starbursts that cannot be associated with interactions or 

active nuclei. 

o Plots of HI fluxes versus integrated far infrared fluxes show that Sa 

galaxies are similar to other spirals in that neutral hydrogen fluxes do 

not strongly correlate with infrared fluxes. 

o For at least the infrared selected Sa's, the trend of IR flux with CO 

flux is similar to that of·later type spiral galaxies. 
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The above results would imply that molecular cloud formation is inhibited in Sa's, 

leading to the lack of infrared activity. 
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The Effect of Bulges on the Infrared Properties 

The results on star fonnation in Sa galaxies suggests that large bulges may play a 

role in suppressing star fonnation or triggers for star fonnation. This hypothesis 

can be tested by examining the infrared properties of galaxies with well determined 

bulge to total luminosity ratios. There are three data sets that have produced the 

bulk of the bulge to total luminosity measurements. Galaxies were drawn from the 

samples of Cornell (1989), Kent (1984), and Kodaira et al. (1986). A narrow 

range in morphological type was chosen in order to minimize variations along the 

Hubble sequence. The infrared properties, as determined by IRAS measurements, of 

fIfty three Sa, Sab, and Sb galaxies were studied. Correlations were sought between 

the central concentration of the galaxies and the infrared to blue flux ratio, 100 J.lIll 

/ 60 Ilm color temperature, and the infrared luminosity with the following results: 

o No strong correlations were found between the infrared to blue flux 

ratio and the bulge to· total luminosity ratio, for any of the three 

samples. 

o No strong correlations were found between the 60/100 color 

temperature and the bulge to total luminosity, for any of the three 

samples. 



o No strong correlations were found between the infrared luminosity and 

the bulge to total luminosity, for any of the three samples. 

o The bulk of the infrared luminosity is believed tl) be from the disk, 

which is apparently unaffected by the bulge size. 

o Consistent with the sample of Sa galaxies, nuclear star formation in 

the bulge samples of Cornell, Kent, and Kodaira is almost completely 

suppressed. 

A Search for Bars 
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The hypothesis that high far-infrared luminosities in non-interacting galaxies are 

dependent on material fed into their nuclei or into circumnuclear rings along bars 

was tested by near infrared imaging. A sample of 22 galaxies from the Revised 

Shapley-Ames Catalog was chosen. These galaxies have far infrared luminosities > 

1010 Lo and hot colors between 60 and 100 J.1l11 (SrJSIOO > 0.5), indicative of 

possible nuclear starbursts, but are not interacting or classified as Seyfert galaxies. 

Fifteen of the sample that were not clearly barred from optical data and were 

isolated were imaged at 1.6 and 2.2 microns. The GASP program was used to 

search for barred features. Bars had a signature of rising ellipticity and nearly 

constant position angle. 



The study yielded these results: 

o In an evaluation of the infrared images, at least 8 of these galaxies 

do not appear to have bars. 

o Four galaxies (NGC 3504, NGC 4536, NGC 5665, and NGC 5713) 

showed features in ellipticity and position angle indicative of bars. 

o Spiral anns, but no bars were seen in four galaxies (NGC 253, NGC 

2990, NGC 3310, and NGC 5653. 

o Measurements in the 10 micron window confirmed the sample 

selection criteria for nuclear starburst galaxies. 

o In the sample are unbarred and non-interacting galaxies that have 25 

micron excesses above the threshold where Hawarden et al. (1986) 

have argued bars are ubiquitous. 
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Strong bars therefore do not appear to be an absolute requirement for high infrared 

luminosity in 'non-interacting galaxies. 



Future Observations 

Sa Galaxies 

131 

The research on Sa galaxies was originally limited by the lack of CO 

observations which are needed to assess the amount of molecular gas in these 

galaxies. Research on Sa galaxies is still limitt:d by limited observations in CO and 

other molecular tracers. 

The observations made on Sa galaxies at the NRAO 12 meter telescope as 

part of this work on represent a significant extension of the data base. However, 

many more observations are needed. Also, the mapping of early type spirals in CO 

and CS will greatly aid an assessment of how the molecular gas and the lIT gas 

should be viewed. Is the lIT gas a reservoir for star formation or is it a 

dissociation product of molecular clouds and star formation? How are the spatial 

distributions of atomic and molecular material related? Only high resolution 

mapping of early-type spirals can answer these questions. 

The Effect of Bulges 

A limitation of this study was the small number of measurements of the 

bulge to total luminosity in early-type spirals, especially galaxies with IRAS 

measurements. When more photometric measurements of this type become 

available, the' picture will become clearer. The suppression of starbursts in early 

type spirals can also benefit from a comparison of Brr measurements made in the 

near infrared, at 2 microns. These measurements will allow a better assessment of 

the older stellar population in both the bulge and disk. These measurements would 
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be especially valuable for high inclination systems, where extinction effects on blue 

photometry become significant. 

Barred Galaxies 

The search for hidden, near-infrared bars in optically unbarred, non

interacting galaxies with large amounts of nuclear star formation concluded that bars 

are absent in a high percentage of the sample galaxies. If this result holds true for 

a more extensive sample, our concepts of the triggering of extragalactic star 

formation may need substantial revision. Unfortunately, many of the gruaxies in the 

initial sample had large inclinations, which served to diminish the possibility of 

rmding bars. Also, since no velocity information was available about the stars or 

gas in the galaxies that did have infrared bars, the dynamics of gas flow in these 

galaxies could not be determined. 

Future observation can expand this study by using a larger sample of 

galaxies and by including a study of their velocity fields. A sample selected from 

the IRAS galaxy catalog to include galaxies with low to moderate inclinations 

would be appropriate. The angular optical sizes should be greater than 3', so 

sufficient resolution of the central regions is possible. The other criteria of the 

initial study should remain the same. The galaxies should be imaged at J, H, and 

K. The large format of modem near infrared arrays is ideal for imaging these 

nearby galaxies. With larger format arrays, the data analysis can be extended to the 

infrared edge of the galaxy, which will make the identification of a bar easier, since 

inclination effects will be better defined. For smaller galaxies the large format is 
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not necessary. 

The stellar dynamics should be representative of the gas dynamics, and can 

best be delineated using long-slit spectroscopy or Fabry-Perot measurements. The 

infrared images and velocity fields of these galaxies can also determine if a bar is 

present, and how it influences the gas dynamics in non-interacting infrared luminous 

galaxies. If velocity maps and infrared images corroborate the conclusions of this 

study, then we can more fmnly conclude that the dynamical influences of bars are 

not essential in triggering star formation in non-interacting galaxies. 

If bars are not essential to this process, our understanding of starburst 

triggering mechanisms must be considerably revised. If optically invisible bars do 

show significant dynamical influence on nuclear and circurnnuclear star formation, 

several follow up observations using molecular line observations of CO (J=2-1 and 

1-0) and CS (J=2-1) could provide spatial information on the presence of molecular 

materials in these galaxies. 

Concluding Remarl{s 

A complete understanding of the Hubble sequence and the role of 

morphological features such as bars in the star formation process is far from 

complete. The investigations described in this work are forays or scouting 

expeditions irtto the dark forest of knowledge. One should keep in mind the words 

of J.B.S. Haldane that "The universe is not only queerer than we suppose, but 

queerer than we can suppose". 

The knowledge brought forth from the answers to the three important 
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questions of Sa galaxies, bulges, and bars provide some insight into how 

morphology affects a complex, multi-scale process like star formation. These global 

approaches to star formation processes provide clues that will ultimately be 

invaluable to a total understanding of galaxy evolution and the differentiation 

process. At that time, our understanding may equal our aesthetic appreciation of the 

marvelous array of galaxies that serve our visual delight and provide our scientific 

inspiration. 
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