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Chapterr  1 

Introductio nn and summary 

1.11 Introductio n 

Inn this thesis a study is presented of galaxies that are presently forming unusually 
largee numbers of stars, so-called starburst galaxies. The tools for this study are the 
IRASS far-infrared measurements, optical CCD images and spectra, VLA high- and 
low-resolutionn radio continuum maps, and CO line observations. 

1.1.11 Star  formation and the starburst phenomenon 

Starss are thought to be formed from collapsing clouds of interstellar gas. These dense 
cloudss are the breeding places of stars and are often called molecular clouds because 
theyy consist primarily of molecular hydrogen. During the process of contraction the 
cloudd breaks up into fragments and when the gravitational forces exceed the gas 
pressuree the fragments collaps and stars are born. Due to heat loss the newly formed 
starss contract and eventually the temperature and pressure in the core become high 
enoughh to enable the fusion of hydrogen: the stars have reached the main sequence 
phase. . 

Itt is generally assumed that most stars are formed early on in the life of a galaxy, 
oncee galaxies have formed from perturbations in an originally homogeneous expanding 
universe.. This assumption was confirmed by Searle et al. (1973) and later Larson and 
Tinsleyy (1978) who showed that the optical colours of galaxies can very well be fitted 
byy evolutionary models with a continuously decreasing star formation rate. However 
fromm the work of Sargent and Searle (1970) and Searle and Sargent (1972) it became 
clearr that at least some dwarf galaxies in Zwicky's list could not be accommodated by 
aa smoothly declining star formation rate. Later on, Huchra (1977) showed that the 
colourss and H£ line strengths of many blue non-Seyfert galaxies in the lists of Haro, 
Zwickyy and Markarian were best matched by composite models consisting of an old 
galaxyy plus a recent burst of star formation. In a multi-wavelength study of M82 and 
NGC2533 Rieke et al. (1980) showed that in these objects the far-infrared (at about 
60/im)) emission generated in starbursts in the galaxy nucleus dominates the spec-
trum.. Through model calculations they also showed that in the bursts predominantly 
massivee stars (>3M0) are formed 

Untill  recently systematic studies of starburst galaxies were difficult to undertake, 
sincee such studies need unbiased samples of starburst galaxies. Selection of such 
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sampless at optical wavelengths is difficul t because most of the radiation of newly 
formedd stars is absorbed by dust. This radiation is re-emitted at far-infrared (50-500 
/ im)) wavelengths (see next Sect.), which does not penetrate the Earth 's atmosphere. 
Thuss statistical studies had to wait until the database of the Infrared Astronomical 
Satell itee (IRAS), containing an unbiased survey in the far-infrared of almost the 
completee sky, became available in the mid nineteen-eighties (cf. de Jong et al., 1984; 
Soiferr et al., 1984). In the following Section I wil l discuss various ways to select 
galaxiess with enhanced star formation using so-called star formation tracers. 

1.1.22 Se lec t ion of s tarburst galaxies 

Wee presently think that stars, covering the full range of observed masses from about 
0.11 solar mass to about 100 solar mass, are formed inside molecular clouds. Studies 
off  the number of stars formed as a function of mass (the Initial Mass Function, IMF) 
inn the solar neighbourhood (see e.g. Lequeux, 1979) indicate that this function can 
bee approximated by a power-law with a slope a of -2 to -3, implying that much 
moree low-mass stars are formed than high mass-stars. However the high-mass stars 
stilll  dominate the energy output, since the bolometric luminosity of stars is a steep 
functionn mass; if approximated by a power-law it has an exponent of 3 or larger (see 
e.g.. Mihalas and Binney, 1981). There are also indications that in starbursts the 
formationn of low mass stars is suppressed (see Scalo, 1986 and Chapter 6, Sect 2.2 of 
thiss thesis), which would let the high-mass stars dominate the luminosity even more. 
Thesee high-mass stars have short lifetimes (less than a few times 10 Myr) , so that 
throughoutt their lif e they stay in the regions where they are born. Therefore these 
starss determine the appearance of the star forming regions. 

1.1.2.11 U l t rav io le t 

Sincee high-mass stars have very high surfaces temperatures (20,000 to 50,000 K for 
M = 100 to 100 M 0 ) , they emit most of their energy in the ultraviolet. Therefore, a 
wayy to select galaxies with enhanced star formation is to look for galaxies with an 
ultraviolett excess. Lists of such galaxies were made by Markarian et al. (1979a,b), 
andd it appears that, indeed, starburst galaxies can be found in this way (Balzano, 
1983).. However, such a sample is biased, since it excludes starburst galaxies for which 
thee star formation is completely obscured by dust absorption. 

1.1.2.22 Far- infrare d 

Densee dust is quite ubiquitous in star forming regions. These regions contain dense 
cloudss of gas, which consist for about 70% of hydrogen, 28% of helium and in the 
innerr parts of galaxies for about 2% of other heavier elements, the so-called metals. 
AA significant fraction of these metals is condensed into dust particles, which are very 
efficientt in absorbing optical and, especially, ultraviolet radiation. The absorption of 
thiss radiation heats the dust particles in the star forming regions to temperatures 
off  about 30-60 K. The emission of the dust particles can be described as diluted 
blackbodyy radiat ion (i.e. blackbodies with a A - 1 emissivity law) radiating mainly at 
wavelengthss of about 60-100/im in the far-infrared. The dust absorption is in most 
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casess so severe that virtually all ultraviolet radiation is reradiated in the far-infrared. 
Forr starburst galaxies, whose bolometric luminosity is dominated by the energy out-
putt of recently formed massive stars, this means that the far-infrared dominates the 
spectrall  energy distribution. Therefore the far-infrared luminosity can be used to 
selectt starburst galaxies. 

1.1.2.33 H a line emission 

Theree are other star formation tracers. Part of the energetic ultraviolet Lyman contin-
uumm photons are absorbed by the hydrogen gas, which then becomes ionized. When 
thee hydrogen recombines emission line radiation is produced and in particular the 
strongg Ha line is a convenient tool to study the star formation process. A problem is 
againn dust absorption in the star forming regions, which reduces the Ha line emission 
intensityy by factors up to 100 (see Chapter 5, this thesis). 

1.1.2.44 Radio continuum emission 

Thee IRAS data showed that radio continuum emission is very well correlated with the 
emissionn in the far-infrared (see e.g. de Jong et al., 1985; Helou et al., 1985), indicating 
thatt most of the radio continuum emission is also generated by star formation. This 
makess it a suitable star formation tracer, with the added advantage that the radio 
wavess are not absorbed by dust, thus allowing an unimpeded view of the star forming 
regions.. However, a database of radio sources comparable with the IRAS far-infrared 
databasee is not (yet) available. 

1.1.33 The 'Extrem e IRA S galaxies' project 

Thee IRAS satellite was launched in 1983 to perform an unbiased survey of the whole 
skyy in the mid- and far-infrared. After ten months of observing the satellite ran out 
off  superfluid liquid helium, so that the instrument could no longer be cooled and 
observingg became impossible. At that time IRAS had surveyed about 96% of the sky 
withh a completeness limits of roughly 0.5 Jy at 12, 25 and 60 /mi, and 1.5 Jy at 100 
^mm (i.e. above this limit all sources are seen). The 60//m band turned out to be 
byy far the most sensitive for the detection of extragalactic objects. Roughly 25,000 
galaxies,, mostly spirals, have been detected, about half of which had been previously 
listedd in optical catalogues (Soifer et al., 1987a). 

Wee used the IRAS database to select about 50 galaxies with high far-infrared to 
bluee luminosity ratios (LFIR/LB) from a far-infrared complete sample of about 250 
sourcess in a southern area of the sky observable from the European Southern Observa-
toryy at La Silla, Chile. The LFm/LB parameter is a suitable selection criterion, since 
itt gives the luminosity produced in the star forming process (far-infrared), normalized 
too the luminosity of the old population (B-band). The latter is closely related to the 
masss and size of the galaxy, so that not only large galaxies are selected, but galaxies 
withh enhanced star formation activity including the smaller ones. 

Thee beam of the IRAS detectors is large (3'-5' at 60 and 100 fim), so that all 
selectedd galaxies, which have an average optical diameter of about 1', are unresolved 
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byy the IRAS beam. Therefore to study these galaxies in more detail additional ob-
servationss are needed. 

Wee carried out two major observational studies, one at optical and one at radio 
wavelengths,, of which the results wil l be presented in this thesis. The optical study 
(CCDD spectra, broad-band B, V , and R, and narrow-band Ha CCD images) gives us 
redshiftss and morphologies of the galaxies and the distribution of the optical light in 
s tarr forming regions, while the radio study (6 cm radio continuum maps) reveals the 
starr forming regions unimpeded by dust absorption. Furthermore, a comparison of the 
fluxesfluxes at optical, far-infrared and radio wavelengths provides information about the 
starr formation rate and the initial mass function. To study the molecular gas content 
andd the star formation efficiency we also observed, for a subset of our galaxies, the 
CO(J=1->0)) line. 

1.1.44 O t h er  s tud ies of I R A S galax ies 

Afterr the IRAS database became available in 1985, several other studies of infrared-
completee galaxy samples have been init iated. (1) The so-called minisurvey sample of 
aboutt 80 sources (Soifer et al., 1984) has been studied in the near-infrared by Carico et 
al.. (1986) and by Moorwood et al. (1986, 1987), and at radio wavelengths by Eales et 
al.. (1988). For about half of the sources optical observations are available (Moorwood 
ett al. 1986, 1987). (2) Lawrence et al. (1986) initiated a study of a sample containing 
~~ 500 sources at high galactic latitudes of which the more luminous sources were 
observedd in the optical (Lawrence et al., 1989). (3) About 60 luminous sources in 
thee Bright Galaxy Survey sample (Soifer et al., 1987b), which contains more than 
3000 sources, have been studied in the near-infrared (Carico et al., 1988, 1990), while 
Sanderss et al. (1988) extensively studied the ultraluminous sources in this sample. 

Thee studies of the latter two samples concentrated only on the most luminous 
far-infraredd sources. For the minisurvey sample no constraints were applied, but it 
hass only partially been studied in the optical. Furthermore, since i t is much smaller 
t hann our sample and because i t also contains less actively star forming galaxies, it is 
statisticallyy less relevant for a study of star formation. 

Thee study presented in this thesis, however, deals with a statistically complete 
fractionn of a far-infrared complete sample, consisting of some 50 starburst galaxies 
wi t hh high L F / Ü / L B ratios (£3), which all have been studied in the optical as well as 
i nn the radio. 

1.22 Summary of the thesis 

I nn Chapter 2 of this thesis the procedure for the selection of the so-called extreme 
samplee is described and the optical observations are presented. For our optical and 
radioo study we selected 58 galaxies from a far-infrared complete sample of 254 sources 
inn two fields covering in total 1500 square degrees of the southern sky (<5=-20° to -40°). 
Thee following selection criteria were used to select sources in the far-infrared complete 
sample:: (1) flux densities larger than 1 and 2.5 Jy at 60 and 100 //m, respectively, 
thuss ensuring completeness and furthermore, (2) sources with the flux densities at 60 
andd 100 //m larger than those at 12 and 25 //ra, which is typical for galaxies. Finally, 
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usingg estimated B-band magnitudes only those galaxies were selected for the extreme 
subsamplee which have L F / H / L B ratios larger than 3. For only one field containing 
422 sources the optical observations were completed. We obtained broad-band B, V, 
R,, and narrow-band Ha CCD images and long-slit CCD spectra in the 4800-7300 
AA wavelength range. The optical images show, among other things, that the sample 
consistss predominantly of barred spirals and disturbed interacting systems, with in 
mostt cases compact Ha emitting regions. The dominating type of spectrum is the 
HII-type,, although a significant part (about a quarter) of the of the spectra is of a 
LINER-- or Seyfert-type. 

Chapterr 3 deals with the radio continuum observations. All optically observed 
galaxiess are mapped at both low (10") and high (1") resolution at 6 cm wavelength 
withh the VLA radio synthesis telescope. In about 30% of the radio continuum maps 
thee star forming regions are clearly resolved. In the low-resolution observations the to-
tall  radio continuum flux density is detected, while in the high-resolution observations 
onn average only 60% of the total flux density is detected due to a lesser sensitivity of 
thee beam for extended low-surface brightness structures. The observed high-to-low 
resolutionn flux density ratio appears to be correlated with LFIR/LB, implying that in 
galaxiess with higher star forming activity, this activity is concentrated in smaller re-
gions.. The far-infrared luminosity appears to be well correlated with the radio power 
withh a slope close to unity and from a comparison with extinction-corrected Ha lumi-
nositiess we find that about 40% of the radio continuum emission has a thermal origin, 
aa much larger fraction than in normal galaxies. The radio surface brightness of the 
resolvedd sources is comparable to those of galactic nuclei, i.e. higher than those of 
normall  galactic disks. 

Inn Chapter 4 CO(J—1—>0) line observations for a distance-limited (V<6000 kms"1) 
subsamplee of 16 galaxies and for a few other galaxies from our sample are presented. 
Thee observations are used to estimate the amount of molecular hydrogen, which is 
concentratedd in the molecular clouds where the stars are formed and thus to estimate 
thee gas supply for the starburst. The galaxies are gas-rich and H2 gas masses, Mff2, in 
thee range 0.5-2.5 109 M 0 are derived. We find LFIR/MH2 ratios, which are considered 
ass a measure for the 'star forming efficiency' in galaxies, of order 6-30 L0M© -1. Both 
quantitiess are comparable to those found in other IRAS galaxies of comparable far-
infraredd luminosities. The star forming efficiency LFIR/MH2 appears to be correlated 
withh the Ha equivalent width EW(Ha) and the L F / f t /L ^ ratio, implying that a higher 
starr forming activity involves a more efficient conversion of gas into stars. A gas-to-
dustt mass ratio, close to the canonical value of 150, is found only, if the dust masses are 
calculatedd using a two-component dust model (de Jong and Brink, 1987), consisting of 
aa cool (18K) and a warm (60K) dust component. Total galaxy masses are estimated 
fromm the CO line width for some of the galaxies, giving reasonable mass-to-light ratios. 

Inn Chapter 5 a summary and an interpretation of the observational results is 
presented.. The galaxies in the extreme subsample (see Chapter 2) are compared with 
thosee in the Bright Galaxy Survey (BGS) and in the Revised Shapley Ames catalog 
(RSA)) showing that they indeed belong to the most active star forming galaxies. The 
extremee subsample can globally be divided into three distinct subgroups of increasing 
infraredd activity: dwarf galaxies, barred spirals and interacting systems. The star 
formingg regions in the dwarf galaxies appear to be extended covering up to 50% of the 
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opticall  disks, while these in the barred spirals and interacting systems are confined to 
thee nuclear region with typical diameters of a few kiloparsecs or less. Almost no non-
barredd normal spiral galaxies are found in our sample implying that star formation in 
spirall  arms is not an efficient way to power the far-infrared emission and to get high 
L F / R / L BB ratios. About a quarter of the galaxies in our sample shows spectra typical 
forr active galactic nuclei (AGN). These galaxies are all barred spirals or interacting 
systemss with far-infrared luminosities log(Lir/R/L@)>10.3. It is argued that only 4 of 
thesee galaxies are (real) 'classical' Seyferts, while the remaining AGN-type galaxies 
havee spectra generated by an intense nuclear starburst. The optical colours of the 
galaxiess are completely dominated by the emission from the older population of stars 
alreadyy existing before the starburst. The range in the optical colours is due to 
extinctionn by dust in the disk. However the extinction determined in this way does 
nott correlate with the extinction found towards the star forming regions determined 
fromm the Ha/H/? line ratios. 

Inn Chapter 6 the Ha luminosities are corrected for dust absorption by means 
off  the Ha/H/? line ratios and we find that they are correlated with the far-infrared 
luminositiess with slope unity. Using this correlation and a starburst model, discussed 
inn Chapter 7, we find that in the starburst relatively more massive stars are formed 
thann in the solar neighbourhood and that the star formation rate for the galaxies in 
thee extreme subsample are in the range 1-100 M© yr - 1. 

Inn Chapter 7 the near-infrared properties of galaxies with enhanced star forma-
tionn are studied. It is found that for the IRAS minisurvey galaxies the near- and 
far-infraredd luminosities are correlated. A population synthesis model simulating 
ann exponentially decaying starburst is developed to investigate the star formation 
process.. The model calculations successfully reproduce the near- and far-infrared lu-
minositiess when a two-component dust model (de Jong and Brink, 1987) is adopted. 
Itt follows from the calculations that the near-infrared luminosity is produced by red 
supergiantt and red giant stars, which have evolved from stars with masses larger 
thann about 6 M©. It is argued that the burst decay time is in the order of 100 Myr 
andd adopting this decay time star formation rates in the range of 2-60 M© yr - 1 are 
derivedd for the minisurvey galaxies. 
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