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Chapterr  7 

Near-infrare dd radiatio n of actively star 
formin gg galaxies 

A.C.. van den Broek, T. de Jong, 1990, submitted to Astron. Astrophys. 

Summary y 

Usingg published data of the IRAS minisurvey galaxies we have found that the far-
infraredd (FIR, 40 - 120 fim) luminosities and the near-infrared (J, H, K, 1.25 - 2.2 
fimfim luminosities are correlated. The average value of log(Lf/ft/Lff ) equals 0.5  0.2. 
Too explain this correlation we suggest that the minisurvey galaxies are presently in a 
phasee of enhanced star formation (experiencing a starburst). The far-infrared lumi-
nosityy is due to dust heated by young massive stars and the near- infrared luminosity 
iss dominated by evolved red supergiants and red giant stars. The correlation then 
impliess that the period of enhanced star formation lasts at least as long as the time 
forr massive stars to evolve to red supergiants, about 15 million years. 

Too investigate quantitatively the initial star formation rate and the age of the 
starburstt we have developed a simple model to calculate the near- and far-infrared lu-
minosityy in an exponentially decaying burst of star formation. This model succesfully 
reproducess the evolution of the near-infrared colours of star clusters in the Magellanic 
Clouds. . 

Adoptingg burst decay times of 20, 100 and 500 Myr, we have constructed models 
thatt reproduce the observed IJFIR/^H luminosity ratio at average burst ages of 30, 
1100 and 400 Myr, respectively. These models can be made to fit the observations only 
whenn a large fraction of the bolometric luminosity generated in the starburst is emitted 
outsidee the IRAS bands, longward of 120 jum. This leads us to the introduction of 
twoo dust components, a warm component with a dust temperature of 60 K and a cool 
componentt with dust temperatures in the range 15-21 K. Both dust components are 
predominantlyy heated by hot luminous stars produced in the starburst. 

Inn starbursts younger than about 100 Myr the near-infrared radiation is dominated 
byy supergiants (M£8 M 0) while in older starbursts the dominant contribution comes 
fromm AGB stars (3<M/M0<8). 

Wee have attempted to derive initial star formation rates in the starburst by com-
paringg our models with the observations. The results depend critically on the adopted 
lowerr limi t of the mass spectrum of stars at birth (the initial mass function). Adopt-
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ingg a lower mass limi t mj = 1 M 0 we need initial star formation rates ranging from 
4-1200 MQ yr_1 for TB — 20 Myr to 1-30 M 0 yr_1 for rB = 500 Myr, to explain the 
observedd H-band luminosities of minisurvey galaxies. For the prefered burst decay 
timee TB — 100 Myr initial star formation rates of 2-60 M 0 y r - 1 are implied. 

Wee show that due to the large extinction in star formation regions (AB~3) the 
opticall  light of the minisurvey galaxies is dominated by older stars, not produced 
inn the present starburst. This explains why IJFIR and L B are much more poorly 
correlatedd than \^FIR and IJNIR-

Thee fact that the near-infrared radiation of actively star forming galaxies is domi-
natedd by supergiants has implications for the interpretation of the near-infrared Tully-
Fischerr relation. 

7.11 Introductio n 

Forr normal spiral galaxies one generally assumes that the near- infrared spectrum 
iss dominated by old red giants of at most a few solar masses in the disk of the 
galaxy.. The disk population also dominates the galaxy mass (van der Kruit and 
Searlee 1982) implying a correlation between the near-infrared luminosity and the 
mass.. This explains the near-infrared Tully-Fisher relation (Aaronson et al. 1979). 

Anotherr contribution to the near-infrared radiation comes from red supergiants 
anss red giant stars. These stars have masses about 10 M 0, they are quite luminous 
andd at the end of their life they become so cool (3000 K) that their spectral energy dis-
tributionn peaks in the near-infrared. In normal galaxies with moderate star formation 
ratess the contribution of supergiants and massive red giant stars to the near-infrared 
luminosityy is small, but in galaxies with enhanced star formation their contribution 
cann no longer be neglected and may even dominate the near-infrared (Rieke et al. 
1980). . 

Thee contribution of supergiants and red giant stars to the near-infrared luminosity 
cann be studied best by investigating a sample of galaxies with high star formation 
rates,, because in those galaxies one expects a large contribution to the near-infrared 
fromm these stars. In this paper we present such a study by using published data of 
thee infrared complete minisurvey sample of IRAS galaxies (Soifer et al. 1984). 

Thee paper is organized as follows. In Sect. 7.2 we present observational data of 
thee minisurvey galaxies and we discuss the correlation observed between the near- and 
far-infraredd luminosities. In Sect. 7.3 we present a simple model for the near- and 
far-infraredd emission of a galaxy experiencing enhanced star formation (a starburst) 
andd we fit models to the observations of the minisurvey galaxies. The results are 
discussedd in Sect. 7.4. 

7.22 The near-/far-infrare d correlation of the minisurvey ga-
laxies s 

AA well-studied sample of IRAS galaxies is the so-called minisurvey sample (Soifer et 
al.. 1984). Near-infrared photometry with 10 arcsec apertures, optical diameters and 
redshiftss of nearly all minisurvey galaxies were published by Carico et al. (1986). 
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Moorwoodd et al. (1986, 1987) obtained spectra and B- and Gunn-i-band CCD images 
andd J-, H- and K-band photometry using 12 arcsec apertures for a subsample of the 
minisurveyy galaxies. The 6 cm radio continuum emission was studied with the VLA 
byy Eales et al. (1988). Integrated fax-infrared fluxes have been derived from the IRAS 
600 and lOO^m flux densities (S«o and Sioo) by Carico et al. 1986, using a relation 
givenn by Lonsdale et al. (1985) 

^ 7 ^^ = 1.26 10-14(2.5856o + 5ioo) Wm~2 (7.1) 

Wee have calculated integrated fluxes for the various near- infrared and opti-
call  bands using the quantity vS„  where u is the frequency and S„  is the observed 
monochromaticc flux density. Near-infrared and blue luminosities were calculated us-
ingg the flux calibration in the near-infrared of Koorneef (1983) and in the optical of 
Bessell  (1979). The absolute flux calibration for the Gunn-i band is derived from the 
calibrationn of the Cousins-I band (Bessel 1979) taking V = 9.47 mag and V-I c = 0.55 
forr the standard star BD+17°4708, which defines the zero point of the Gunn system 
(Thuann et al. 1976). Distances are derived for a Hubble constant H0 = 75 km s- 1 

Mpc"1. . 

7.2.11 The correlation 

Thee near- and far-infrared luminosities of the minisurvey galaxies are found to be 
well-correlated.. This is shown for the H-band in Fig. 7.1. Fitting a linear relation 
withh slope unity through the data points, we find log(L#) = log(Lf7fl) - , 
wheree the uncertainty reflects the scatter in the data. In Fig. 7.2 we show the 
relationn between the far-infrared luminosities and the B-, Gunn-i-, J-, H- and K-band 
luminositiess using the data of Moorwood et al. (1986, 1987). The correlation holds 
forr all three near-infrared bands but is absent for the B- band while the situation for 
thee Gunn-i-band is intermediate. 

Thee observed ratio of the far-infrared to the H-band luminosity of log(LF/a/Lj/) 
== 0.5  0.2 can be regarded as a typical value for actively star forming galaxies. For 
ordinaryy spirals we find values between -0.5 and 0, and for lenticulars and ellipti-
calss less than -1, using IRAS data and measurements from Glass (1984). Values of 
logfLF/fl/Ljy )) higher than 0.5 could point to a young star burst or to the presence of 
ann additional component in the far-infrared emission, e.g. an active nucleus. The 
^FIR/^H^FIR/^H luminosity ratio is superior to the LFIR/LB luminosity ratio as a star for-
mationn indicator, because it is much less sensitive to the presence of dust (extinction 
inn the H-band is only 10% of that in the B-band). 

7.2.22 A workin g hypothesis 

Too explain the observed correlation we propose that both the near- and the far-infrared 
emissionn are generated by recently formed massive stars, the far-infrared emission by 
main-sequencee stars and the near-infrared by evolved supergiants and massive giant 
stars.. This also explains the wavelength dependence of the correlation in Fig. 7.2 
sincee red supergiants dominate the near-infrared, but hardly contribute to the B-
band,, while in the Gunn-i band we observe a mixture of evolved supergiants and disk 
stars. . 
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Figuree 7.1 The near-infrared H-band luminosity L# of minisurvey galaxies plotted against 
thee far-infrared luminosity LFIR. Data are taken from Carico et al. (1986, circles) and from 
Moorwoodd et al. (1986, 1987, crosses). The line drawn represents log(L#) = log(LF/fl)-0-5. 

Thiss explanation implies that the star formation rate does not change much during 
thee time taken by massive stars to evolve to red (super-)giants. We conclude that a 
typicall  starburst lasts at least 15 million years, longer than suggested by others (e.g. 
Hoo et al. 1990). 

Otherr contributions to the near-infrared are negligible. Carico et al. (1986) first 
notedd that the far-infrared luminosities of the minisurvey galaxies are better correlated 
wit hh the K-band luminosities than with the blue luminosities and at tr ibuted this to 
near-infraredd emission from hot dust in the K-band (2.2pm). We show here that 
thee correlation exists for all three near-infrared bands (J-, H-, K-, 1.25 - 2.2 (am). 
Thiss excludes hot dust because dust temperatures far above the dust evaporation 
limi tt would be implied. Free-free emission from the ionized gas in HII regions can 
alsoo be excluded. Even if we assume that the observed radio emission at 6 cm is 
completelyy thermal, so that S^/H~S6Cm, free-free emission contributes less than 10% 
too the observed near-infrared flux densities. 

Whenn this study was finished we noticed a paper by Devereux (1989) with an 
analysiss of near- and mid-infrared observations of nearby starburst galaxies. From 
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Figur ee 7.2 B-, Gunn-i-, J-, H- and K-band luminosities of minisurvey galaxies plotted against 
thee the far-infrared luminosity. Optical and near-infrared data are taken from Moorwood et 
al.. (1986, 1987) and far-infrared data from Carico et al. (1986). 

thee enhanced central near- infrared luminosities he concludes that red supergiants 
dominatee the 2.2/jm luminosity, consistent with the results of this paper. 

7.2.33 Poss ib le p rob lems 

Beforee we further develop this working hypothesis we discuss two effects which could 
weakenn the physical significance of the correlation. 

7.2.3.11 Size effect 

Thee fact that the luminosity of galaxies increases with size may cause spurious corre-
lationss between luminosities at different wavelengths. To investigate the importance 
off  this effect, we divided the far- and near-infrared fluxes by the square of the galaxy 
angularr diameters. Fig. 7.3 shows that the correlation is still present with a slope of 
orderr unity. We conclude that the correlation is not simply due to a size effect. 
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Figur ee 7.3 The same data as shown in Figure 7.1 but now with the luminosities divided by 
thee square of the optical angular galaxy diameters. 

7.2.3.22 Ape r tu r e effect 

Thee IRAS detectors are large ( 3 - 5 arcminutes), so that all far-infrared emission 
hass been detected. However, flux may have been missed in the near-infrared where 
observationss are usually carried out with small apertures (10-12 arcsec), typically 
coveringg about 20% of the optical size. 

Usingg the ratio between the near-infrared luminosities from Moorwood et al. (12 
arcsecc aperture) and from Carico et al. (10 arcsec aperture) we estimate the compact-
nesss of the near-infrared sources. For an uniformly radiating disk filling  the apertures 
wee expect a ratio of 1.44 and for point sources a ratio of 1. The average observed 
ratioo of 9 implies that most of the flux is detected in the aperture. The 
uncertaintyy is mainly due to the uncertainty in the photometry. We have excluded 
onee source, IRAS 1650-022, which has a ratio of 3.4. 

Thiss compactness is also seen in the radio. In their 6 cm VL A study of the 
minisurveyy galaxies Eales et al. (1988) found radio sources with angular sizes of 1-10 
arcseconds,, corresponding to linear sizes of 1-5 kpc. Based on the well-established 
radio/far-infraredd correlation (e.g. de Jong et al. 1985) we expect the star forming 
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regionss to have similar sizes. Hil l et al. (1988), comparing ground-based 10 //m 
observationss with IRA S 12 pm flux densities, found even smaller sizes, typically 0.5-2 
kpc.. If the near-infrared flux originates from red supergiants in central starforming 
regions,, we indeed expect to see virtually all their emission within apertures of 10 or 
122 arcseconds. 

Ealess et al. (1988) also compared the near- and far-infrared luminosities of the 
minisurveyy galaxies, but they corrected for the small near-infrared apertures using 
growthh curves given by Frogel et al. (1978) for normal galaxies. This procedure tends 
too destroy the correlation since nearby galaxies with statistically smaller luminosities 
needd larger corrections. As shown above, the application of growth curves to galaxies 
wi t hh enhanced star formation rates is highly questionable. Therefore we disagree with 
theirr conclusion that the near-infrared is dominated by the old population. 

7.33 The starburst model 

Too investigate the star formation process in the minisurvey galaxies quantitatively we 
havee developed a simple starburst model. In this model we calculate the luminosity in 
variouss wavelengths bands as a function of t ime given a certain initial mass function 
andd star formation rate. The model galaxy contains dust that scatters and absorbs the 
opticall  and ultraviolet light of stars and that radiates in the far-infrared. Since stars 
formedd in the starburst dominate the near- and the far-infrared emission we have 
neglectedd the contribution of other stars in the galaxy. Throughout the following 
sectionss we wil l use the term burst decay time (TB) for the time scale on which the 
starburstt decays and burst age (<B) for the time at which we observe the galaxy after 
thee beginning of the starburst. 

7.3.11 Desc r i p t i on of t h e model 

Wee assume that stars are born with an exponentially decreasing birth rate 

B(t,m)B(t,m) = b0e-t/TBam-a (7.2) 

wheree bo is the initial star formation rate. For the initial mass function (IMF) of stars 
att bir th we adopt a simple power-law normalized according to 

ƒƒ am~a dm = 1 (7.3) 
Jmi Jmi 

wheree m; and m„ are the lower and upper stellar mass limits. 
Forr our calculations we used stellar evolution tracks for population I stars (X = 

0.70,, Y = 0.28, Z = 0.02) taken from Maeder and Meynet (1988), which include 
masss loss and moderate convective overshooting. Their tracks terminate at the end 
off  the carbon burning phase for high mass stars and cover the entire early AGB phase 
forr intermediate mass stars. To include the thermal pulsing AGB approximately, we 
extendedd the tracks of intermediate mass stars with 1 Myr, keeping the bolometric lu-
minositiess and effective temperatures constant. The thermal pulsing AGB contributes 
lesss than a few percent to the total luminosities calculated in Sect. 7.3.2 and Sect. 
7.3.3. . 
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Thee bolometric luminosities and effective temperatures were converted into spec-
trall  types and classes following de Jager and Nieuwenhuijzen (1987). B-V colours and 
bolometricc corrections from Flower (1977) and V-K, J-H, H-K colours from Koorneef 
(1983)) were used to calculate integrated fluxes according to the definitions in Sect. 
7.2.. We used Maeder and Meynet's tracks for stars of 1-60 M@, interpolating loga-
rithmicallyy for masses not included in their grid. In the calculations we used a time 
stepp of 1 Myr and a mass step, increasing with stellar mass, ranging from 0.01 to 1 
M 0.. The luminosities were then calculated by adding the fluxes of all stars of each 
generationn and in each mass bin. 

Thee magnitude of the overshooting parameter (A) is still somewhat controversial. 
Thiss introduces an uncertainty in the calculated luminosites, because stars traverse 
theirr evolutionary tracks at different speeds for different values of the overshooting 
parameter.. For instance Iben (1972, 1973, A = 0) finds post-main-sequence phases 
lastingg about 50% longer than found by Maeder and Meynet (1988, A = 0.25), while 
Bertellii  et al. (1985, A = 1) find 2-3 times shorter post-main-sequence phases. In 
ourr model calculations these differences translate into differences in near-infrared 
luminosity.. We estimate that near-infrared luminosities calculated using tracks from 
Bertellii  et al. (1985) are about 50% smaller than those calculated based on tracks 
off  Maeder and Meynet (1988) and that the results using tracks without convective 
overshootingg are almost identical to those with A = 0.25. 

Too calculate the dust luminosity at far-infrared wavelengths we use the fact that 
dustt is heated by optical and ultraviolet radiation of stars. We assume that the dust 
luminosityy equals the total light absorbed 

LLDDusTusT = Y,J0 L^l-e-^du (7.4) 

wheree r^ is the absorption optical depth and L„  is the monochromatic stellar lu-
minosity.. Summation is over all stars produced in the burst. The stellar energy 
distributionss L„  of stars are approximated by blackbody energy distributions. This 
iss an adequate approximation because the luminosity is dominated by hot massive 
starss which emit most of their energy at short wavelengths where the dust optical 
depthh is so high that the actual shape of the stellar spectrum is not very crucial. We 
assumee that half of all Lyman continuum photons are absorbed by the dust, the re-
mainingg half is used for ionizing and heating of the gas (see e.g. Wynn-Williams and 
Becklinn 1974, Fig. 9). At photon energies below the Lyman limit we have integrated 
eq.. (7.4) assuming that r&  varies with wavelength as the interstellar extinction in our 
ownn galaxy. We use the parameterization by Cardelli et al. (1988) extrapolated ex a 
att the shortest wavelengths. Scaling the absortion optical depth r^ according to the 
interstellarr extinction curve is only strictly correct when the albedo of dust particles 
doess not change with frequency. Observations of the diffuse galactic light at ultravi-
olett and optical wavelengths suggest that this is not a bad approximation (Lilli e and 
Wit tt 1976). The normalization of r ^ is fixed by putting rdB = A B / 1 . 0 8 6, where KB 

iss the extinction observed in the B-band. Ignoring the contribution of scattering to 
KBKB is only justified at high optical depths (van de Hulst 1980, Fig. 13.9). 
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7.3.22 Young star  clusters 

Starr formation in young star clusters resembles the starburst phenomenon on a small 
scale.. Therefore our model can be applied to young clusters and should be able to 
reproducee their colours. In star clusters younger than 100 million years, we expect 
redd supergiants to show up in the near-infrared. 

Wee wil l only calculate colours and make no attempt to predict the luminosities 
off  these clusters. This has the additional advantage of diminishing the effects of the 
uncertaintyy in the slope of the stellar mass spectrum and in the upper and lower mass 
limits. . 

Integratedd near-infrared colours of young star clusters are only available for the 
Magellanicc Clouds; in our own galaxy star clusters are too large for integrated mea-
surementss and in other galaxies they are too weak in the near-infrared. We use the 
B-VV colours of LMC clusters from van den Bergh (1981), near-infrared colours from 
Perssonn et al. (1983) and age calibrations for these clusters from Elson and Fall 
(1988),, which are largely based on tracks from Iben (1972, 1973). 

Thee model calculations are done for a short burst decay time (TB = 107 years). 
Forr the IMF we choose a Salpeter function with a = 2.35, mj = 1 and mu = 50 
M 0 .. We neglect dust absorption (van den Bergh, 1981). The metallicity of the Large 
Magellanicc Cloud is about one third of the solar metallicity adopted for the stars 
usedd in our model calculations. The effect of the smaller metallicity on the colours is 
probablyy not larger than the spread in the data. Fig. 7.4 shows that the calculations 
andd the data are in good overall agreement. The near-infrared colours of the clusters 
showw a red maximum at 15 Myr when the first supergiants start to evolve, which 
confirmss that they are dominating the near-infrared. Red supergiants also show up 
clearlyy in the near-infrared spectra of LMC clusters (Bica et al. 1990). 

Thee agreement between the data and our calculations confirms that the difference 
betweenn stellar population models based on tracks from Iben (1972, 1973) and Maeder 
andd Meynet (1988) are indeed small (see Sect 7.3.1). 

7.3.33 Near- and far-infrare d starburst luminosities 

Inn this section we present calculations of the evolution of near- and far-infrared lu-
minositiess in a starburst and compare the results with the observed luminosities of 
thee minisurvey galaxies for different burst decay times. As noted in Sect. 7.2.1 the 
starr formation rate must have been relatively constant over the last 15 million years 
implyingg that the burst decay time TB is at least 15 million years. We will present 
calculationss for rB = 20, 100 and 500 Myr using the same IMF as in Sect 7.3.2. We 
adoptt an extinction in the B-band of A# = 3, as derived by Moorwood et al. (1987) 
fromm the observed rla/rl/3  line ratios in the spectra of the minisurvey galaxies. For 
thiss value of KB the reddened J-H, H-K colours of evolved supergiants are indeed in 
agreementt with the observed near-infrared colours of the minisurvey galaxies. 

Inn Fig. 7.5 we show the evolution of the H-band luminosities for three burst decay 
timess and for bo = 20 M© yr - 1. Note the sharp rise of the luminosities at burst 
agess of 10-15 Myr due to appearance of the first red supergiants. We have indicated 
whichh fraction of the H-band luminosity is generated by AGB stars (H- and He-shell 
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Figur ee 7.4 A comparison of the evolution of various colours of a model cluster formed from a 
gass cloud experiencing a starburst with a burst decay time of 10 Myr (curves) with observed 
colourss and ages of starclusters in the LMC (circles). 
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starburstt with an initial star formation rate of 20 M©yr_1 and burst decay times of 20 Myr (a, 
bottom),, 100 Myr (b, middle) and 500 Myr (c, top), respectively. The individual contributions 
off  red supergiants (RSG), red giants (RG) and asymptotic giant branch stars (AGB) are 
indicated. . 



7.3.7.3. The starburst model 

Tablee 7.1 Parameters for models fitting the minisurvey data at tB 

rB(Myr )) tRMyr) l ° g ( f e ) l°g(fc) M ^ f f ) " k g f e ) ' 
200 30 ÖTÖ9 Ö45 TÓ4 ^ 68 
1000 110 0.09 0.45 0.91 -0.55 
5000 460 0.11 0-58 0.70 -0-35 
Notes:: a LFIR calculated with one dust component; 
bb LpiR calculated with two dust components 

burning),, red giant stars (H-shell and He-core burning) and red supergaints (He-core 
burning).. The red supergiants eventually evolve into supernovae. Maeder and Meynet 
(1988)) estimate that the lower mass limi t for these stars is about 8 M 0. The red giant 
starss and AGB stars have masses between 3 and 8 M@. Stars with masses less than 3 
M©© have main sequence lifetimes longer than the burst ages considered here and do not 
contributee significantly to the H-band, since the contribution of main-sequence light 
too the near-infrared is negligible. Fig. 7.5 shows that the red supergiants dominate 
thee near-infared light for burst ages smaller than 100 Myr, while for longer burst ages 
thee AGB and red giant stars dominate. 

Thee far-infrared dust luminosity LDUST is about equal to the bolometric luminosity 
LBOLLBOL of the burst, because 1>BOL, which is dominated by the ultraviolet radiation 
off  massive stars, is almost completely absorbed and remitted in the far-infrared by 
dust.. The calculations show that LDUST is about 0.8 LBOL for As = 3 and that the 
LDUST/LBOLLDUST/LBOL ratio is almost constant in time. LDUST is less than LBOL because one 
halff  of the Lyman continuum photons is not available for dust heating but used for 
ionizationn and heating of the gas (see Sect. 7.3.1). 

Too calculate LF[R from eq.(7.1) we use 60 and 100 fxm flux densities derived by 
assumingg that the dust radiates as a diluted blackbody i/B„(T rf) (infrared dust opacity 
TTdvdv oc v) with one single dust temperature Td. The average observed Sioo/Seo flux 
densityy ratio of 0.35 for the minisurvey galaxies corresponds to a dust temperature of 
344 K for Tdv<xv. For this temperature we find LFIR/LDUST = 0.73. Thus about 25% 
off  the luminosity of the dust is emitted at wavelengths longward of 120 ^m, outside 
thee IRAS photometric bands. 

Too compare the observed far- over near-infrared luminosity ratio with the model 
resultss we must know the burst age tB- The average burst age can be derived from 
thee far-infrared observations of the minisurvey galaxies. Defining a decay time TIR of 
thee infrared luminosity of galaxies experiencing a starburst we show in appendix A 
thatt the average burst age equals §T/R. Note that this decay time TJR is different from 
thee decay time of the star formation rate TB (burst decay time). In Table 7.1 we give 
averagee burst ages corresponding to §r/f l and calculated luminosities and luminosity 
ratioss for three choices of the burst decay time. 

205 5 
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7.3.44 A t w o - c o m p o n e nt dust model 

Thee results of our calculations summarized in Table 7.1 show Lj7 / K /L # luminosity 
rat ioss higher than the observed average \og(LFIRfLH) = 0.5 by factors of 3.5, 2.6 and 
1.66 for rB = 20, 100 and 500 Myr, respectively. The uncertainties in LH and in LFIR 

duee to the uncertainties in the input physics (see Sect 7.3.1) are not large enough 
too explain these differences. The LFm/LDUST ratio however depends strongly on the 
adoptedd dust temperature. 

Infraredd studies of the Galaxy (Cox and Mezger, 1989) and of M31 (Walterbos, 
1988)) indicate that there exist at least two dust components. One component consists 
off  warm dust in the vicinity of star forming regions with temperatures of 30 K and 
higher.. The second component consists of cool dust heated by the general interstellar 
radiat ionn field. This dust component shows up as 'infrared cirrus' in the IRAS 100 
fxmfxm da ta and has a temperature near 20 K. 

Too be able to reproduce the observed values of log(Lir/fl;/Lj/ ) we introduce a two-
componentt dust model. The idea of two dust components was used by de Jong and 
Brinkk (1987) to explain the dependence of LFIR/LB on Sioo/Seo observed for the 
RSAA galaxies (de Jong et al. 1984). They adopted a temperature of 60 K for the 
warmm dust to account for the smallest Sioo/Seo ratios observed and needed a cool dust 
temperaturee of 16 K to fit  the data. 

I nn a two-component dust model the LFIR/LDUST ratio is smaller than for a single 
dustt temperature of 34K. LFIR is now calculated from 60 and 100/im flux densities, 
whichh are derived by adding the separate contributions of the warm and cool dust 
components.. A considerable part of the dust luminosity is then radiated at wave-
lengthss longward of 100pm, so that LFIR/LDUST mainly depends on the choice of the 
cooll  dust temperature. 

Followingg de Jong and Brink (1987) we adopt a warm-dust temperature of 60 K. 
Wee simplify their two-component model by assuming that the interstellar radiation 
field,field, which heats the cool dust, is dominated by the radiation of young stars in the 
burstt and that all photons of the interstellar radiation field are absorbed by dust. This 
iss qui te reasonable because the optical depth for absorption of ultraviolet photons is 
highh for the adopted optical extinction A s = 3. Thus we have LDUST = Lw+Lc, where 
hhww and Lc are the luminosities of the warm and the cool dust component, respectively. 

I nn Sect. 7.3.3 we presented starburst models calculated for three different values 
off  the burst decay t ime rB. For each of these models we calculated LH and LDUST as 
aa function of t ime. These results are independent of the temperature adopted for the 
cooll  dust component. 

Oncee a cool dust temperature Tc and a value of L w / L c has been chosen, LF[R 

andd SIOO/SÖO are calculated as follows. Combining the adopted value of L,„/L c with 
LzJt/srr — Lw+Lc we first find L,,, and L c, then Seo and S100 by adding the separate 
contr ibutionss from the cool and the warm dust components (rdl/(xu) and finally LFIR 

fromm eq. (7.1). The results are shown in Figs. 7.6 where we plot curves of equal 
burstt age for burst decay times of 20, 100 and 500 Myr and cool dust temperatures 
off  15, 16 and 21 K, respectively. The cool dust temperatures were chosen such that 
thee curves for the correct average burst age (see Table 7.1) runs through the mean of 
thee observed minisurvey da ta points in Figs. 7.6. 
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Figuree 7.6 The far-infrared over near-infrared (H-band) luminosity ratio of minisurvey ga-
laxiess plotted against the far-infrared colour temperature. The cross indicates the mean and 
thee error in the mean of all galaxies. Curves represent the results of model calculations for 
galaxiess experiencing a starburst with burst decay times of 20 Myr(a, bottom), 100 Myr (b, 
middle)) and 500 Myr (c, top). The models are calculated for a warm dust temperature of 
TTww = 60 K and cool dust temperatures of Tc = 15, 16 and 21 K, respectively. Each curve, 
labeledd according to burst age (Myr), connects points calculated for different values of the 
independentt variable Lu,/Lc (top scale) at different times after the beginning of the burst. 
Dataa are taken from Carico et al. (1986). 
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Tab l ee 7.2 Initial star formation rates bofMQyr"1) for the two-component dust model 

rB (Myr )) L f f (109 L Q) L „ ( 3 K F L Q ) 
200 4 120 
1000 2 60 
5000 1 30 

Thee curves in Figs. 7.6 illustrate the dependence of LFIR/^H on Tc. When T c is 
loww (Figs. 7.6a and 7.6b) IJFIRI^H is a strong function of \jwfLc, because the fraction 
off  the luminosity emit ted outside the IRAS bands strongly increases with decreasing 
L w / L c ,, while for a more moderate value of T c (Fig. 7.6c) the dependence is much 
weaker.. Note that the fraction of the luminosity emitted by warm dust increases from 
aboutt 20 % on average for the fit  in Fig. 7.6a to about 40 % for the fit  in Fig. 7.6c. 
Ass shown by the I^FIR/^DUST values in Table 7.1 a large fraction is emitted outside 
thee IRAS bands, longward of 120^m. 

Thee data points in Figs. 7.6 indicate a considerable spread in ages. Note the very 
youngg galaxies (< lOMyr) with high LFIR/LH luminosity ratios for which the age is 
tooo short for massive stars to evolve into red supergiants. 

Thee cool dust temperatures found here are in good agreement with the tempera-
turee of 16 K obtained by de Jong and Brink (1987). Using sub-mm observations of Sb 
andd Sc galaxies Chini et al. (1986) found a cool dust temperature of 16K for Tdt,cxu2 

correspondingg to 18 K for T^CCU. However the uncertainty in the derived temperature 
iss largely due to the large aperture corrections applied to the observed flux-densities. 

Thee cool dust temperatures found here are too low for the cool dust to have 
beenn detected by IRAS. For these temperatures the Sioo/Seo flux density ratio is so 
largee (>10) that the contribution from the warm component completely dominates 
thee observed 60 fim flux densities. Verification of the two-component dust model 
presentedd here is therefore difficul t at present and must await observations with future 
space-bornee far-infrared instruments (e.g. ESA's Infrared Space Observatory ISO, to 
bee launched in 1994) 

7.44 Discussion 

7.4.11 Star  fo rmat io n ra tes 

Initiall  star formation rates for the starburst in minisurvey galaxies may be derived by 
comparingg the calculated H-band luminosities for b0 = 20 M 0 y r - 1 in Table 7.1 with 
thee observed distribution of H-band luminosities in Fig. 7.7, which range from 109 to 
33 1010 L 0 . In Table 7.2 we list initial star formation rates required to reproduce L # 
== 109 and 3 1010 L 0 for models with burst decay times of 20, 100 and 500 Myr and 
burstt ages of 30, 110 and 460 Myr, respectively (cf. Table 7.1). 

Unfortunately,, the star formation rates depend sensitively on the lower mass limi t 
m(,, because the low-mass stars account for most of the mass. The other model results 
aree almost independent of m/, because the more massive and luminous stars dominate 
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Figuree 7.7 The distribution of the H-band luminosities of minisurvey galaxies. Data are 
fromm Carico et al. (1986, left) and Moorwood et al. (1986, 1987, right). 
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F iguree 7.8 The dependence of the star formation rate and of the B-band, H-band and dust 
luminositiess on the adopted value of the lower limi t to the IMF. The curves are calculated 
forr a model with an initial star formation rate of 20 M sy r _ 1 (m; = 1 M©) and a burst decay 
timee TB = 100 Myr at burst age tB = 100 Myr. 

thee luminosities. This is il lustrated in Fig. 7.8, where we plot the star formation rate 
andd several calculated luminosities as a function of m/ for a model with b0 = 20 
M ey r _ 11 and TB = 100 Myr at tB = 110 Myr (cf. Table 7.1). The luminosities do not 
significantlyy change between m/ = 1 and 5 M@, but the star formation rate is smaller 
byy a factor 0.42 for m; = 5 M 0 compared to the case with mj = 1 M 0 . 

I tt is often argued that m( must be rather high to prevent the gas from becoming 
exhaustedd too quickly. However even if we take m; = 0.1 M s the total mass converted 
inn one burst ranges from 7 109 M@ (TB = 20 Myr) to 4 1010 M Q ( r s = 500 Myr) , 
whichh is high but not impossible. For our calculations we have chosen m; = 1 M@ 

becausee the derived initial star formation rates in Table 7.2 are in the expected range 
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Figuree 7.9 The distribution of L#/Lg for the minisurvey galaxies. Data are from Moorwood 
ett al. (1986, 1987). 

off  star formation rates for actively star forming galaxies. However, the actual value 
off  m; and therefore the star formation rates remain rather uncertain. 

Thee choices of mu and a are less critical for the determination of the star formation 
ratee than the choice of m;. We have chosen a conventional Salpeter function with a = 
2.35,, because there are no strong indications that the slope of the IM F in a starburst 
iss different from that in the solar neighbourhood (Scalo 1986). A change in a with 
0.355 would change the luminosities and the star formation rates by a factor 1.5 or so. 

Thee upper mass limi t is taken to be higher than 40 M 0 , because stars with masses 
off  8-40 M 0 are the precursors of red supergiants. Stars with masses larger than 
400 M 0 are supposed to evolve to Wolf-Rayet stars, which do not contribute to the 
near-infrared.. The results of our calculations are rather insensitive to variations of 
muu between 40 and 100 M Q. We took mu = 50 M©. 

7.4 .22 Opt ica l luminos i t i e s 

Inn Table 7.1 the calculated L # / L B luminosity ratios are a factor 2-2.5 higher than the 
averagee observed rat io (log(L#/L.B)=0.16, see Fig. 7.9). This difference is due to Lg 
sincee we have fitted L # to the observations to derive the initial star formation rates 
(seee Sect. 7.4.1). We conclude that the optical light is not dominated by the starburst 
butt instead by the disk stars not included in the model. This is not surprising since 
thee spectral energy distribution of stars produced in the starburst peaks in the near-
infraredd (red supergiants) and in the ultraviolet (young massive stars). The light of 
youngg massive stars is severely attenuated by dust and its contribution is small. This 
conclusionn is consistent with the fact that the variation in the far-infrared over blue 
luminosityy ratio is mainly due to variation in Lpjn and not to variation in Lg (Soifer 
ett al. 1987, Fig. 5a). 

7.4 .33 T h e burs t decay t ime 

Inn Sect. 7.3 we have shown that models with widely different burst decay times, 
rangingg from 20 to 500 Myr, can be constructed to fit  the minisurvey data (cf. Table 
7.1).. In this subsection we discuss ways to constrain the burst decay time further. 
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Modelss with different burst decay times differ in the relative contribution of red 
giantss and red supergiants to the near-infrared light. From the curves in Figs. 7.6 we 
find,find, using the model fit  parameters listed in Table 7.1, that red supergiants dominate 
thee H-band luminosity for fits with TB £ 100 Myr and that massive red giants dominate 
whenn TB £ 100 Myr. 

Thee value of the burst decay time in starburst galaxies may also be derived from 
thee observed fraction of starburst galaxies in the local universe. Let f̂  be the fraction 
off  galaxies that are presently showing signs of a recent starburst, then we may write 
ffii  = TB/Tinu where r<nt is the average time interval between starbursts. If we define 
galaxiess with LFIR/IJB >3 as a starburst galaxy, fg can be derived from the IJFIRI^B 

distributionn of a volume-complete sample of galaxies. Such a sample has recently 
beenn constructed by Brink (1990) using IRAS data of all galaxies brighter than B = 
122 in the Revised Shapley Ames Catalog of Bright Galaxies (Sandage and Tammann 
1981).. From this sample Brink finds that f# ~ 0.02. Because rint cannot be longer 
thann the Hubble time (1/H0 ^10 Gyr) TB must be smaller than 200 Myr. 

Somee authors have suggested very short burst decay times less than 15 Myr (Ho 
ett al. 1990). These short decay times can be excluded on the basis of our results. We 
favorr burst decay times of about 100 Myr. 
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Appendixx A 

Lett the far-infrared luminosity be parameterized by 

LLFIRFIR = £0e-t / T '* (7.5) ) 
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wheree TIR is the decay time of the far-infrared luminosity and L0 is the initial far-
infraredd luminosity. For a far-infrared detection limit /F / R we observe all galaxies for 
which h 

T^>IFIRT^>IFIR (7.6) 
47TH H 

wheree r is the distance. The maximum distance out to which we can detect a galaxy 
att t=0 then equals 

r„.. = U-r-t' (7-7) 
Thiss provides a constraint on the burst age which dependents on r 

* < * r = 2 r / f l Z n ( ^ )) (7.8) 

Lett us further assume that all galaxies have initial luminosities L0 and that galaxies 
havee been born in the past at a constant rate ^o per unit volume, uniformly dis-
tributedd in space. Then we find that at any one time the number of galaxies detected 
perr solid angle dft brighter than Ipm equals 

iV00 = P " r2drdÜ P Vodt = l^0TiRrz
maxdQ (7.9) 

JoJo Jo y 
Forr the average burst age of galaxies in an infrared complete sample we then find 

11 /«"mo*  0 t ƒ*••_,._.,. 2 

r~o r~o 

11 fTmos „ / ' * ' • 2 , 
ttBB = -zr r d r *otdt = -rIR (7.10) 
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