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Chapterr 6 

Thee far-infrared/Ha correlation of 
extremee IRAS galaxies 

A.C.. van den Broek, 1990, to be submitted to Astron. Astrophys. 

Summary y 

Wee find a correlation with slope unity between logarithms of the the Ha and the far-
infraredd luminosities of a sample of about 50 far-infrared selected starburst galaxies. 
Thee average value of log(LFIRI^HQ) equals . The Ha luminosities were 
correctedd for reddening using Ha/H/3 line ratios and we find no evidence that these 
reddeningg corrections are underestimated, as was suggested before from a comparison 
wi t hh reddening corrections determined from thermal radio continuum data. The 
relationn between the far-infrared and uncorrected Ha luminosities of optically selected 
normall  galaxies and far-infrared selected starburst galaxies indicates that the dust 
absorpt ionn in Ha increases smoothly with increasing luminosities. We find, however, 
noo evidence for the existence of extremely dense clouds with extinctions larger than 
100 magnitudes in the blue which was proposed before. 

Applicationn of a simple starburst model to the L f7# /L^ a correlation suggests that 
inn starbursts with relatively low star formation rates predominantly massive stars are 
formed.. Est imates of the available gas mass indicate that these star formation rates 
cann be sustained for at leasts 108 yr. 

6.11 Introduction 

Thiss paper is part of an extensive multi-wavelength study of the star formation in 
aboutt 50 extreme IRAS galaxies, selected from a far-infrared complete sample of about 
2500 galaxies by imposing the condition LFIR/IJ^ZS. We wil l refer to this subset of 
extremee galaxies as the extreme subsample. A description of the sample and optical 
observationss consisting of B, V, R and Ha-line CCD images and long-slit CCD spectra 
i nn the 4800-7300 A wavelength range of these galaxies are presented by van den Broek 
ett al. (1990, hereafter Paper I, Chapter 2). In addition, in related papers high-
andd low-resolution radio continuum maps (van Driel et al., 1990; hereafter Paper II , 
Chapterr 3) and CO(J=l—»0) line observations (van Driel and van den Broek, 1990; 
hereafterr Paper I I I , Chapter 4) are presented. A global discussion of the observations 
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iss given by van den Broek (1990, hereafter Paper IV, Chapter 5). We discuss here the 
Haa line luminosities of the galaxies and their relation to the far-infrared luminosities. 

Inn a starburst most of the bolometric luminosity of a galaxy is due to massive stars, 
whichh radiate predominantly in the ultra-violet. Most of the ultraviolet radiation 
iss absorbed by dust, which gets heated and which cools by radiating in the far-
infrared.. However, a significant fraction of the ultraviolet Lyman continuum photons 
iss absorbed by the hydrogen gas, which then becomes ionized. When the hydrogen 
recombiness Ha line radiation is produced. 

Sincee in a starburst the far-infrared and Ha flux are both due to the emission of 
thee same (massive) stars, we expect that both quantities are closely correlated. A 
problem,, which has not been satisfactorily solved in previous studies of this correlation 
(e.g.. Kennicutt, 1983; Leech et al., 1988; Young et al., 1989), is that the Ha light 
iss generally severely suppressed by dust absorption. Since we have a rather complete 
sett of CCD spectra and Ha CCD images of a carefully selected sample of galaxies 
wee are in the position to improve on this situation. Using the Ha images we have 
measuredd integrated Ha fluxes and from the nuclear spectra, which are dominated 
byy light from the star forming regions (see van den Broek, 1990), we have derived 
reddeningg corrections using the Balmer decrement (i.e. the Ha/H/? line ratio) in Paper 
I.. Combination of both measurements enables us to construct the true LFIR/IJHC 

correlation. . 

6.22 The LFIR/LHO correlation 

Inn Fig. 6.1 we show the correlation between the corrected Ha and the far-infrared 
luminosities.. For the reddening correction we used A B : A # Q = 2 . 3 :1 as derived from a 
standardd reddening curve (Miller and Mathews, 1972). We also applied corrections 
forr the contribution of the [Nil ] lines for each galaxy individually as determined from 
ourr spectra. Due to this correction the Ha luminosities are on average 35% smaller 
thann determined straight from the Ha images. The bars indicate the uncertainties, 
whichh are usually dominated by the uncertainties in the reddening correction. The 
dataa allow a fit  with slope unity, which is expected when both luminosities originate 
fromm a common source, i.e. massive stars in the starburst. 

Thee average log(LFIR/^HO) T&^° 1S , where the uncertainty in the ratio 
iss due to the spread in the data. This ratio is smaller than that found by Leech et 
al.. (1988) for their sample of IRAS galaxies. Even when the same average reddening 
correctionn is applied ( A B = 5 ) to their uncorrected data they would have found ratios 
inn the range 1.7-2.7. We believe that the difference is due to the fact that their fluxes 
aree estimated from spectra observed through a slit with a width of 1-2", while in the 
CCDD images we measure the total Ha flux. 

Leechh et al. (1989) suggested the existence of extremely dense clouds in star 
formingg regions with extinctions Ae>10 mag. The fact that we can demonstrate the 
existencee of a correlation with slope unity just by applying reddening corrections, 
impliess that there is not too much Ha light missing or that only a constant fraction 
inn our galaxies is absorbed in clouds with ABZIO- The latter would still allow a 
correlationn with slope unity but would also imply that the radio continuum consists 
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Figuree 6.1 The lPHa luminosity corrected for the contribution of the [Nil ] lines and for 
extinctionn using A# against the Lpm luminosity for the extreme subsample. Bars indicate the 
uncertaintyy in the Lj!j a luminosity, which are mainly due to the uncertainties in the extinction 
correction.. Also shown is a fit with slope unity corresponding to log(LF/fl/L^ a)=1.65. 

forr more than 40% of thermal radiation, which is inconsistent with the results from 
Paperr II making the existence of these dense clouds less probable. 

6.2 .11 R e d d e n i n g correct ions 

Thee derivation of the B-band extinction A# towards the star forming regions from 
thee Balmer decrement (see Paper I) is somewhat uncertain due to possible Balmer 
absorptionn lines in the underlying stellar continuum from A stars. We do not consider 
thiss a serious problem, however, which seems to be justified by our results (cf. Fig. 
6.11 and Fig. 6.2). The B-band extinction KB ranges from 1.5 to 9 magnitudes with 
ann average of about 5 magnitudes (see Table 4, Paper I) . This average may be an 
underest imatee since for about 25% of the galaxies there exist only lower limit s for A s 
duee to the weakness of the H/? line. 

I nn Fig. 6.2 we plot the Ha and far-infrared luminosities of the extreme subsample 
andd of the RSA sample. The Ha data for the RSA sample are from Kennicutt and 
Kentt (1983). In Fig. 6.2a no reddening correction has been applied, while in Fig. 6.2b 
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ourr Ha data are corrected using As, derived from the Balmer decrement (see above), 
andd the RSA data are corrected following Kennicutt et al. (1983) using thermal radio 
continuumm estimates. In both Figures the fit to our data in Fig. 6.1 is also shown. 
Thee uncorrected data of our galaxies and the RSA galaxies in Fig. 6.2a follow a 
smoothh relation, which flattens for far-infrared luminosities larger than ~ 1010 L© 
indicatingg an increasing absorption of Ha light by dust. 

Wee can use the deviations of the RSA galaxies from the fit of Fig. 6.1 to determine 
thee extinction of Ha in these objects assuming that all far-infrared emission is gener-
atedd by star formation. This may not be true for less infrared-bright galaxies with low 
starr formation rates, where the far-infrared emission is partially due to dust heated 
byy older stars in the disk (Brink, 1990). Therefore we only consider the more extreme 
RSAA galaxies (LFIR > 109 L 0), for which we derive an average extinction of A#o,~1.5 
mag,, 0.4 mag more than the 1.1 mag estimated by Kennicutt et al. (1983). However 
theirr estimate was based on rather uncertain thermal radio continuum fluxes. 

6.2.22 Reddening correction and the thermal radio continuum emission 

Itt was found in the past that the reddening in galaxies, determined from the Ha 
luminosity/thermall  radio power ratio is always larger than that derived from the 
Balmerr decrement (see e.g. van der Hulst et al., 1988; Caplan and Deharveng, 1986) 
byy about 30% to 300%. Using the hFiR/LHoi correlation, discussed here, which has 
beenn corrected for reddening using the Balmer decrement, and the far-infrared/radio 
correlationn we derive that the radio emission is on average for 40% of thermal origin 
inn our galaxies (see Paper II) . In normal galaxies and presumably also in starburst 
galaxiess the non-thermal component dominates the radio emission (Gioia et al., 1982). 
Thee actual reddening in our galaxies can therefore not be larger than the reddening 
Ass derived from the Balmer decrement, since a larger reddening would imply larger 
Haa luminosities and thus a larger contribution of the thermal radio component, which 
thenn would start to dominate. Since the separation of thermal and non-thermal radio 
emissionn from galaxies is usually quite uncertain, it is not surprising that discrepancies 
betweenn both methods to derive reddening corrections could arise. 

6.33 The initial mass function and initial star formation rates 

Inn this section we use a starburst model and the L F / R / L . ^ correlation to derive star 
formationn rates for the galaxies in the extreme subsample. Furthermore we will see 
thatt the observed LFIR/VHO, correlation imposes constraints on the IMF parameters. 

6.3.11 The s tarburst model 

Thee starburst model used was developed by van den Broek and de Jong (1990), where 
aa more detailed discussion of the model can be found. We present here only a short 
descriptionn of the model. In this model stars are born with an exponentially decaying 
starr formation rate, for which we use here a burst decay time TB=100 Myr, the value 
favouredd by van den Broek and de Jong (1990). The initial mass function (IMF) is 
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Figuree 6.2 LHa against LFm for the extreme subsample (stars) and for the Revised Shap-
ley-Amess (RSA) galaxies (small crosses). The RSA data (Kennicutt and Kent, 1983) have 
beenn corrected for the contribution of the [Nil ] lines following Kennicutt et al. (1983). a. 
(top)) Data not corrected for internal extinction and b. (bottom) data corrected for internal 
extinctionn using A s for the extreme subsample and the prescription given by Kennicutt et al. 
(1983)) for the RSA data. In both Figures the fit of Figure 6.1 is shown. 



6.3.6.3. The initial mass function and initial star formation rates 191 

parameterizedd by a simple power law with slope a (a Salpeter IMF has slope a=-
2.35),, and lower and upper mass limits, m/ and mw, respectively. Stellar evolution 
trackss of Meynet and Maeder (1989) are used. Infrared dust luminosities LDUST are 
calculatedd assuming that all radiation absorbed by the dust is reradiated in the far-
infrared.. Optical and ultraviolet radiation longward of 912 A is absorbed by the 
dustt according to an interstellar extinction curve (Miller and Mathews, 1972) using 
aa B-band extinction of A f l =5 mag, which we find to be the average for the galaxies 
inn the extreme subsample. It is further assumed that all radiation removed from the 
linee of sight is absorbed by dust (neglecting scattering) and that half of all Lyman 
continuumm photons is absorbed by dust. To calculate the far-infrared luminosity LFIR 
betweenn 40 and 120 /xm van den Broek and de Jong (1990) found that they need a 
two-componentt dust model (see de Jong and Brink, 1987) consisting of cool dust in 
thee general interstellar medium and warm dust in the star forming regions with dust 
temperaturess of 16 and 60K respectively. For the average log(Sioo/S6o)=0.2 observed 
forr the galaxies in the extreme subsample this implies then that only about one third 
off  the infrared dust luminosity LDUST is observed in the FIR band and that two thirds 
iss radiated at wavelengths larger than 120 /wn. 

Forr the calculation of Ha luminosities, which was not incorporated in the model 
off  van den Broek and de Jong (1990), we use Lyman continuum fluxes (photons cm- 2 

s- 1)) for main sequence stars as a function of their effective temperatures, derived 
fromfrom Panagia (1973). For stars with effective temperatures larger than 60,000 K (the 
Wolf-Rayett phase of evolved massive stars), we used the blackbody approximation of 
Hummerr and Mihalas (1970). The contributions of other post-main sequence phases 
too the Lyman continuum flux are assumed to be negligible. Total Lyman contin-
uumm fluxes (photons s- 1) are calculated using stellar radii derived from the models 
off  Maeder and Meynet (1988). We furthermore assumed that 45% of the Lyman 
continuumm photons absorbed by the hydrogen gas is converted into Ha photons (case 
BB recombination theory, see Osterbrock, 1974). 

Too compare the calculated far-infrared and Ha luminosities with the observed lu-
minositiess we have to determine at which time after the beginning of the starburst (i.e. 
burstt age) the galaxies are observed. Van den Broek and de Jong (1990) showed that 
forr an infrared complete sample the average burst age is twothirds of the decay time 
((TTIR)IR) of the far-infrared luminosity and for the burst decay time adopted rs=100 Myr, 
ann average burst age of 110 Myr was found. The galaxies in the extreme subsample 
howeverr have the highest L FIR/LB ratios and also the highest LFIR luminosities (see 
Paperr IV) , so that the starbursts in these galaxies are on average very young. We 
wil ll  now estimate the burst ages for these galaxies. 

Thee selection criterium log(Lf7fl/L^)>0.5 for the extreme subsample implies that 
thee far-infrared over blue luminosity ratios are at least 30% higher than the average 
off  an infrared complete sample (0.36 for Bright Galaxy Survey sample, see Paper 
ÏV).ÏV). The far-infrared luminosities are then also more than 30% higher, since the B-
bandd luminosities are not affected by the starburst (see Paper IV) , implying that for 
ann exponential decay, the burst age for the galaxies in the extreme subsample are 
onlyy 50% or less of the average burst age for an infrared complete sample (110 Myr), 
implyingg burst ages less than about 50 Myr. We will therefore consider the calculated 
far-infraredd and Ha luminosities at a burst age of 25 Myr. 
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Tablee 6.1 Calculated log(LFIR/^Ha) ratios for various IMF parameters 

a a 

-1.35 5 
-2.35 5 
-3.35 5 

m/=ll  M© 
mu=1000 M 0 mu=50 M© 

1.677 1.91 
1.900 2.10 
2.288 2.41 

m,=100 M© 
mu=1000 M© m11=50 M© 

1.666 1.89 
1.866 2.04 
2.144 2.24 

6.3.22 Results 

Inn Table 6.1 we present the calculated Ljr/f l/L ^ ratios for various parameters of the 
IMF.. Comparison with the observed average LFm/L°Ha ratio of 5 shows that 
wee can only fit the observations when the upper mass limit is high (mu=100 M©) 
andd the slope of the IMF is not steep (a=-1.35). This indicates that lots of very 
massivee stars are formed, more than for the usually assumed Salpeter mass function 
(a=-2.35).. This supports the idea that in starbursts predominantly massive stars are 
formedd and perhaps no low mass stars (Scalo, 1986), consistent with the fact that the 
resultss in Table 6.1 do not differ much for lower mass limits of 1 M© and 10 M©. 

Fromm the model calculations with a=-1.35, m„=100 m© and m/=l M© we derive 
thee following relations between the initial star formation rate and the far-infrared and 
Haa luminosities 

SFRiMeyr-SFRiMeyr-11)) = 1.1 10~10 L FiR(Le); SFR(M@yr-
1) = 5.0 l O " 9 ! ^ © ) (6.1) 

Forr a lower mass limi t of m/=10 M© instead of m/=l M© the star formation rates 
aree 20% lower. Present-day star formation rates at a burst age of 25 Myr are about 
30%% lower than the initial star formation rates. Star formation rates calculated with 
eq.. (6.1) are about a factor 7 lower than those calculated with the formula given by 
Kennicuttt (1983). Such a difference can be expected since he uses a slope of a=-2.5 
whilee we are forced to use a slope of a=-1.35 for the IMF, so that in our case more 
massivee and thus more luminous stars are formed per unit mass converted into stars. 
Thiss supports the conclusion by Young et al. (1989, see also Paper III ) that the star 
formationn efficiency, as expressed by the LFIR/IJH2 ratio, is higher for actively star 
formingg galaxies than for less active normal galaxies, due to the formation of more 
massivee stars. 

Inn Paper IV we divided the extreme subsample in three subgroups: dwarf galaxies, 
barredd spirals and interacting systems. Using eq. (6.1) we find initial star formation 
ratess in the range of 0.1-2 M© yr - 1 for the dwarf galaxies, 2-12 M 0 y r - 1 for the barred 
spirals,, and 5-25 M© yr - 1 for the interacting systems. No. 41, a closely interacting 
system,, is an exception with an initial star formation rate of about 100 M© yr - 1. 

Forr a burst decay time of TB=100 Myr these initial star formation rates imply 
thatt 2 107 - 3 109 M© (or even ~ 1010 M© in No. 41) of gas will be converted into 
starss during the whole starburst. Measurements and estimates (see Paper II I and IV) 
off  the H2 and HI gas masses show that these gas supplies are indeed available in the 
galaxiess of the extreme subsample. 



References s 193 3 

Acknowledgements s 

II  wish to thank W van Driel and T. de Jong for critically reading this manuscript. 
A.CC van den Broek has been supported by the Netherlands Organization for the 
Advancementt of Research NWO/ASTRON under contract no. 782-373-032. 

References s 

Brink,, K.: 1990, in preparation 
Caplann , J. , Deharveng , L.: 1986, Astron. Astrophys. 155, 297 
dee Jong , T. , Brink , K.: 1987 in Star Formation in Galaxies, ed. C.J. Londsdale 

Persson,, NASA Conference Publication No. 2466, p. 323 
Gioia,, I.M. , Gregorini , L. , Klein , U.: 1982, Astron. Astrophys. 116, 164 
Hummerr , D.G. , Mihalas , D.: 1970, Monthly Notices Roy. Astron. Soc. 147, 339 
Kennicuttt , R.C.: 1983, Astrophys. J. 272, 54 
Kennicuttt , R.C. , Kent , S.M.: 1983, Astron. J. 88, 1094 
Leechh , K.J. , Lawrence , A. , Rowan-Robinson , M., Walker , D. , Penston , M.V.: 

1988,, Monthly Notices Roy. Astron. Soc. 321, 977 
Leechh , K.J. , Penston , M.V. , Terlevich , R. , Lawrence , A. , Rowan-Robinson , M. 

,, Crawford , J.: 1989, Monthly Notices Roy. Astron. Soc. 240, 349 
Maederr , A. , Meynet , G.: 1988 Astron. Astrophys. Suppl. series 76, 411 
Mille rr , J.S. , Mathews , W.G.: 1972, Astrophys. J. 172, 593 
Osterbrock,, D.E.: 1974, Astrophysics of Gaseous Nebulae, Freeman, San Francisco. 
Panagiaa , N.: 1973, Astron. J. 78, 929 
Scaloo , J.M.: 1986 Fund. Cosmic Phys. 11, 1 
vann den Broek , A.C: 1990, Astron. Astrophys. , to be submitted (Paper IV) 
vann den Broek , A.C. , de Jong , T.: 1990, Astron. Astrophys. , submitted 
vann den Broek , A.C. , van Driel , W. , de Jong , T. , Lub , J. , de Grijp , M.H.K. , 

Goudfrooijj  , P.: 1990, Astron. Astrophys. , to be submitted (Paper I) 
vann der Hulst , J.M. , Kennicutt , R.C. , Crane , P.C. , Rots , A.H.: 1988, Astron. 

Astrophys.Astrophys. 195, 38 
vann Driel, W. , de Jong , T.: 1990, Astron. Astrophys. 227, 6 
vann Driel , W. , van den Broek , A.C. , T. de Jong: 1990, Astron. Astrophys. , to be 

submittedd (Paper II ) 
vann Driel , W. , van den Broek , A.C: 1990, Astron. Astrophys. , to be submitted 

(Paperr III ) 
Youngg , J.D. , Xie , S. , Kenney , J.D.P. , Rice , W.L.: 1989, Astrophys. J. suppl. 

70,, 699 


