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Heaven and earth last forever.
Why do heaven and earth last forever?
They are unborn.

So ever living.

Lao Tsu (6th B. C.): in “Tao Te Ching”
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Chapter 1

Introduction

1.1. The Markarian Survey

Beginning in the mid-1960s and continuing through 1978, the first large-
scale objective prism survey for galaxies with blue and ultraviolet excess in
their continuum radiation was conducted by Markarian, Lipovetskii and Stepa-
nian ( Markarian 1967, 1969; Markarian and Lipovetskii 1971, 1972, 1973,
1974, 1976a, 1976b; Markarian, Lipovetskii and Stepanian 1977a, 1977b, 1979a,
1979b, 1979¢, 1981, here after Lists [—XV )- The observations were obtained us-
ing primarily a 1°.5 objective prism with the 40—52 inch (1.0—1.3 m) Schmidt
telescope of the Byurakan Astrophysical Observatory. Their setup produced an
inverse dispersion of 2500 A /mm at Hpg (Markarian 1967). The low-dispersion
objective-prism was used with Kodak II a-F plates to detect faint galaxies with
relatively strong blue and ultraviolet continuum radiation. Although many of
the selected galaxies also displayed visible emission lines on the plates, the
primary selection criterion was the presence of the ultraviolet excess in the
continuum. The complete Markarian Survey covers 15,200 square degrees (4.6
steradians) north of —15° declination, excluding regions within 15°—20° of the
Galactic plane. The results of the survey were reported in 15 lists ( Lists I
— XV), containing on the whole 1500 sources. Among them, 24 were identi-
fied as Galactic stars or probable stars ( Mazzarella and Balzano 1986, here
after MB86). Fig. 1.1 (taken from MB86) contains an all-sky Hammer-Aitoff

projection of the entire Markarian survey in Galactic coordinates (1, b).

There is no well defined limiting magnitude to which the Markarian survey
1s complete. MBS86 list two reasons for this. First, the limiting magnitude
varies with the observing conditions and the emulsion densities of the ob Jjective-

prism plates. Second, the types of objects discovered vary greatly in surface

1



360 0

FIG. 1.—An all-skv Hammer-Aitoff projection of the Markarian objects in Galactic coordinates (/. b)

Fig. 1.1. Taken from Fig. 1. of MBS6.



brightness, so the limiting magnitude varies with different types of objects in
the lists. The second problem mentioned by MB86, however, might not be
terribly serious. Although a wide range of galaxy types is represented in the
Markarian survey, Judging from Table 4 of Huchra (1977a, hereafter H77a), the
dependence of blue surface brightness (BSB) of Markarian galaxies on galaxy
type is significantly weaker than for normal field galaxies. From BSB data
for 197 Markarian galaxies reported by H77a, I find a mean BSB = 21.36 +
0.43 mag/arcsec®. The dispersion is not very different from that for field disk
galaxies (Freeman (1970) obtained a mean BSB of 21.65£0.30 mag/arcsec? for
27 disk galaxies, while Schweizer (1976) got (BSB) = 21.67+0.35 mag/arcsec?
for 6 disk galaxies).

On the other hand, Xu et al. (1988) in their study of surface density of
bright Markarian galaxies (mzw < 14.5) found a strong excess of low surface
density sub-regions over expectations from a Poisson distribution. Such excess

is most easily interpreted as due to poor coverage of some areas of the sky.

According to Markarian, Lipovetskii and Stepanian ( 1981), the limiting
magnitude of the Markarian survey is roughly in the range 16.5—17.5 mag.
However, the V/V,,,, test and the dlog N/dlog § test carried out by MBS6
revealed that the survey is complete only down to 15.2 mag (see also Xu et
al. 1988). It must also recalled that most galaxies brighter than 13 mag were
deliberately excluded from the Markarian Survey (Markarian 1967), partly be-
cause of the difficulty in distinguishing abnormal from normal cases, and partly
because a list of bright galaxies with anomalous spectral features was published

previously (Markarian 1963).

1.2. Markarian Objects

a. Content of the Markarian lists



A thorough study on the content of the 15 Markarian lists was done by

MB86. Here I will summarized their main results.

As pointed out above, 24 of the 1500 sources listed in the 15 Markarian lists
are stars or possible stars. There are three duplications among the remaining
sources: Mkr 107 = Mkr 20, Mkr 1318 = Mkr 49, Mkr 590=Mkr 503. Of
the 1473 extragalactic objects, 5 are classified, according to MB86, as QSO’s
(Mkr 132, 380, 586, 679, 992), 3 as BL Lac objects (Mkr 180, 421, 501), one
115 as Seyfert 1 (including intermediate types), and 43 as Seyfert 2 galaxies.
In fact the Markarian survey turned out to be remarkably successful in finding
Seyfert 1 galaxies. On the other hand, it has probably missed a large fraction of
type 2 Seyferts, which have a relatively weak ultraviolet continuum (Lawrence

1986, and references therein).

Although the majority of Markarian ob jects still lack spectral classifica-
tion, it has been established by early studies (see, in particular, Huchra 1977a)
that those emitting significant non-thermal continua from thejr nuclei (QSO’s,
Seyferts, BL Lac’s) comprise only ~ 10% of the total. The strong blue and UV
continua are mostly of thermal origin, as indicated by the narrow, low-ionization
emission lines, and appear to be due to a large population of hot, young stars.
It is estimated that ~ 40% of Markarian galaxies are experiencing a short-lived
outburst of star-formation confined to the nuclear region (‘starburst galaxies’:
Weedman 1983; Balzano 1983). Galaxies with emission line spectra similar to
HII regions and emission not necessary confined to the nucleus are usually re-
ferred to as ‘HII galaxies’ (French 1980). Fig. 1.2 (taken from MBS6) displays
the frequencies of the various types of Markarian galaxies for which spectral
classification is available. It should be stressed that the quoted numbers may
represent lower limits to the actual numbers of each type of galaxies in the en-
tire Markarian survey, since most galaxies are still unclassified. While the bulk
of QSO’s, BL Lac objects and Seyfert galaxies have probably been identified in
the 15 lists, the identification of starburst galaxies or HII region galaxies is still

strongly incomplete.
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b. Morphological Distribution

The frequency of each morphological type among the classified Markarian
galaxies is given in Fig. 1.3, again taken from MBS86. The first 12 bars follow
the Hubble sequence, and the remaining bars are for special types found to
be very common in the survey. Among the non-stellar objects, 349 have well
defined Hubble types, 97 are unclassified spiral galaxies, 379 are ‘compact’ in
the sense of Zwicky (1971), 82 are peculiar, 65 seem to be close pairs, and six

are tight groups of galaxies.

The above morphological distribution along Hubble types may be biased
since it is not drawn from a complete sample. I would like to review another
morphological study conducted by H77a, based on a complete sample com-
prising the 91 Markarian galaxies in the first 7 Markarian lists with apparent
photographic magnitude < 14.0. The morphological classification was made
from a photographic survey plus available material from other sources. Sev-
enty percent of the classifications have been made on the basis of large-scale
(15".5/mm) photographic plates taken with a 40mm ITT F4539 520 image
tube (10%) or a 90mm ITT F4092 S25 image tube (60%) in the bandpass be-
tween 6000 Aand 7500 Awith 1.5m Palomar telescope. Twenty per cent have
been classified on the basis of 1.2m Palomar Schmidt plates (67".5/mm) taken
mostly in the blue, and the remaining 10% have been classified using material
in the Arp atlas (Arp 1966) or the Palomar Sky Survey plates, or classifications
given in de Vaucouleurs and de Vaucouleurs (1964,) Kalloghlian (1971), and
Borngen and Kalloghlian (1975). Fig. 1.4 (taken from Huchra 1977a) compares
the resulting morphological distribution with that of 255 field-galaxies brighter
than m,, = 11.75 in the sample of Schechter (1973). The cross hatched areas in
the 50 to Sdm bins indicate the fraction of harred galaxies. There is obviously
an excess of late type galaxies in Markarian lists, compared with the normal

field galaxy sample.



¢. Redshift and Magnitude Distributions

The velocity distribution of extra-galactic Markarian objects with known
redshifts is given in Fig. 1.5 (taken from MB86). The plotted redshifts are
heliocentric. Of the 1228 objects with measured redshifts, the only objects
with Z > 0.1 (not included in the distribution) are Mkr 64, 106, 132, 380, 679,
830, 992, 1014, and 1269. All these 9 objects are QSQO’s or Syl’s.

The distribution of apparent magnitudes for all 1473 non-stellar ob jects is
given in Fig. 1.6 (taken from MB86). Among them, 843 are Zwicky magnitudes
(Zwicky et al. 1961—1968, Zwicky 1971), 128 are photometric (B) magnitudes
taken from the literature (MB86, and reference therein), and others (339) are
eye-estimates by Markarian and his collaborators (lists I — XV ). As mentioned
above, the (V/V,,) test by MB86 found that the Markarian survey is no longer
complete beyond m = 15.2. The peak in their apparent magnitude distribution
is at about 15.5. Fig. 1.7 (taken from MB86) shows the absolute magnitude
distribution of the 1228 objects with known redshifts.
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Chapter 2

Non-Seyfert Markarian Galaxies

Markarian (1967) pointed out that the objects found in his survey formed
a new category of galaxies with relatively blue central regions and spectral
parameters similar to those of relatively early classes (A and F). Contrariwise,
the cores of E to Sb galaxies are generally quite red and have spectra of the G
and K types. He concluded that the diffuse galaxies in his lists are associations
of stars and gas, but the ‘stellar’ objects—galaxies with bright nuclei—require

a non-thermal energy source.

On the other hand, Weedman (1973) found that Markarian Seyferts and
Markarian non-Seyfert galaxies (including ‘stellar’ objects) formed two sepa-
rated distributions in the U — B vs. B — V diagram (Fig. 1.8). He sug-
gested that different energy-input mechanisms were operating in Seyfert and
non-Seyfert galaxies, and that strong non-thermal activity did not occur in

non-Seyfert galaxies.

Huchra (1977a) carried out a comprehensive U BV photometric study of
Markarian galaxies. His ‘complete photometric sample’ (91 objects) includes
all galaxies in the first 7 Markarian lists with apparent photographic magnitude
< 16.0 and absolute magnitude > —20.35. After correcting the photometric
data for absorption within our own Galaxy and for aperture, he found that the
Markarian galaxies (name given by Huchra to non-Seyfert galaxies in Markarian
lists) locate, in the U — B vs. B—V diagram, in a region bluer than that occupied
by ordinary field galaxies and have a larger dispersion. When Markarians are
classified morphologically, he found that Markarian galaxies are generally blue
for their type, with early type (elliptical. S0. Sa, Sb) Markarians falling in
the region of the two-color diagram of field galaxies of the same morphological

types, and late type (Sbc-Im) Markarians being consistently bluer than late
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type field galaxies, although a significant overlap occurs. He concluded that
there is no evidence for strong non-thermal sources in these ob jects; and their
optical emission can be modeled with only stars and hot gas ionized by stars

(Huchra 1977b).

The intrinsic difference between Markarian non-Seyfert galaxies and
Seyferts was also noted by early spectroscopic studies. Two low resolution
(1904 / mm) spectroscopic surveys of the first and second Markarian lists were
carried out by Sargent (1970, 1972). Thirty objects in the first list were ob-
served in the first survey. Emission lines were detected on the spectra of 26.
Two of them were identified as Seyfert galaxies. Others showed sharp emission
line spectra resembling those of galactic HII regions. He tentatively concluded
that these objects were excited by hot stars, and most of them were not likely
to have a Seyfert nucleus. The conclusion was confirmed by the second survey.
Of the eighty objects, taken from the second Markarian list, that were observed,
sixty-eight displayed emission lines. A sub-group of those exhibited particularly
remarkable properties: they are dwarf galaxies with low absolute luminosities,
strong and highly excited emission lines of very sharp profiles, and are free from
absorption lines. As will be discussed below, these sources are now known as

compact blue galaxies (CBG).

In an optical and infrared spectrophotometric study of 18 Markarian galax-
ies, Neugebauer et al. (1976) found that the 10 Markarian non-Seyfert galaxies

in their sample show typical HII-region-like emission line spectra.

By now, it is well established that the strong emission lines showed in
the vast majority of non-Seyfert Markarian galaxies are of thermal origin, and
are indicative of violent outbursts of star-formations (French 1980; Thuan and

Martin 1981; Feldman et al. 1982; Balzano 1983).

Non-Seyfert Markarians are usefully subdivided into 5 classes: (1) galaxies

with ‘starburst’ nuclei (‘starburst galaxies’, Balzano 1983); (2) compact blue
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galaxies (Thuan and Martin 1981), which are also referred to as ‘extragalactic
HII regions’ (Sargent and Searle 1970); ( 3) clumpy irregulars (Heidmann et al.
1982); (4) interacting/peculiar galaxies; (5) others.

In the following we will summarize the main properties of each class.

2.1. Starburst Galaxies (SBG)

As mentioned in Section 1.2.a., the defining property of starburst galaxies
is the presence of a large outburst of star-formation, confined to the nuclear
region, resulting in the appearance of about 107—10°? Mg of hot, blue stars
(Balzano 1983, hereafter B83). Their optical morphology is similar to that
of Seyfert galaxies, with the dominant feature often being a bright, starlike
nucleus. Balmer line luminosities are also in the same general range as those
of Seyferts (B83). However they have spectral properties that allow to identify
them as a well defined class. Their emission lines are very sharp and symmetric
(with approximately Gaussian profiles). Usually the full width at half-maximum
(FWHM) is less than 250 km /sec (B83); Feldman et al. (1982) found a median
FWHM of 160 km/sec, corresponding to a median velocity dispersion o ~ 68
km/sec (¢ = FWHM/2.35). A comparison with the median velocity dispersion
of normal spiral nuclei (¢ = 150 km/sec, Whitmore, Kirshner, and Schechter
1979; Whitmore and Kirshner 1981), suggests that the young star population

is not in dynamical equilibrium with the original nuclear contents.

Using one of the diagnostics suggested by Baldwin et al. (1981), exploiting
the line ratios [NI1]6584/H, vs. [OITI]5007/Hs, B83 showed that data points
of most starburst galaxies locate in or close to the low-excitation end of the area
specified by galactic HII regions, suggesting that photoionization by hot stars is
very likely the primary energy-input mechanism. Starburst galaxies generally

have [OIII]5007/Hp < 3 and 0.2 < [NII|6584/H, < 0.5 (see also Shuder
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and Osterbrock 1981). Their H, luminosity is in the range 10*° < L(H,) <
6 x 10*? erg/sec (Hy = 75: B83).

From a study for a sample comprising 99 Markarian starburst galaxies
plus three NGC starburst galaxies, Balzano (1983) found that, unlike Markar-
ian galaxies on the whole which have a broad morphological distribution (H77a),
Markarian starburst galaxies have a pronounced peak at the Sb/Sbe type
(=35%) with quite symmetric wings toward early (E) and late (Im) types. The
fraction of barred galaxies as a function of morphological type is similar to that
of Markarian galaxies in general. In particular, all Balzano’s starburst galaxies
of Sb-Sbc types are barred. As was noticed by H77a for Markarian galaxies
on the whole, a strong excess, in comparison to normal field galaxies, of barred
types also happens among Sb-Sc Markarian starburst galaxies. The fraction
of barred galaxies for other morphological types is not significantly different
from that of normal field galaxies. B83 estimated that (~ 30%) of Markar-
ian starburst galaxies show evidences of interactions with other ob jects and/or

of mergers; this fraction is much higher than that found for normal galaxies

(=~ 10%, H77a).

In the H77a sample of Markarian galaxies, I found 36 objects classified as
starburst galaxies by B83. For them, the data reported by H77a give ZB—V) =
0.60 + 0.12 and (U — B) = —0.11 + 0.20. These values are essentially equal to
those for Markarian galaxies on the whole, (B — V) = 0.57 and (U — B) =
—0.11 (H77a), but are slightly bluer than those of Markarian Sb/Sbc galaxies:
(B—V)=0.70 and (U — B) = 0.06. For comparison, the mean colors of field
galaxies are B —V = 0.79 and U — B = 0.23 (H77a).

It has long been known that QSOs and Sevferts show near-infrared ex-
cesses, i.e. large J — K (> 1.1: Rieke and Low 1972; Rieke and Lebofsky 1979;

Balzano and Weedman 1981). Do starburst nuclei show similar properties?
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The answer is no. B83 found that the distribution of J — K and J — H col-
ors of starburst nuclei is very similar to that of nuclei of bright NGC galaxies
and of normal E and S0 galaxies (Frogel et al. 1978): (J — H) = 0.70 & 0.06,
(/= K) =1.0240.12. She concluded that for starburst nuclei, the near-infrared
light comes primarily from a cool, old star population, as is the case for normal
nuclei of galaxies. On the other hand, from the F ig. 6 of B83, I find that
the distributions of J — K of starburst nuclei has a slightly larger dispersion
than that of normal galactic nuclei. A similar situation was found by Cutri
and McAlary (1985) for interacting galaxies. This can be explained as a weak
influence of the starburst activity on the near-infrared properties of nuclei, due

either to radiation from dust, or to radiation from red supergiants.

A near-IR color criterion for distinguishing starburst nuclei from Seyfert
nuclei was proposed by Balzano and Weedman (1981): most nuclei with J— K <
1.1 are starbursts, while those with J — K > 1.1 are mostly Seyferts (the mean

J — K of Seyferts is ~ 1.5: Balzano and Weedman 1981).

Lawrence et al. (1985) carried out ground-based infrared observations
(from 1 to 20 um) of low-level active galactic nuclei (Seyfert 2’s, star-forming
galaxies, LINERs) in spiral galaxies. There are 6 starburst nuclei in the sample,
all of which were found to have a mid-infrared spectrum similar to that of
NGC 5461, a prototype extragalactic HII region in the nearby spiral galaxy
M101. The very steep N-Q color index ( 10-20um), corresponding to a spectral
index a ~ 3, of NGC 5461 is attributed to dust. The flattish JHK colors
of SBG’s can be explained by emission from an old stellar population plus

recombination radiation.

A strong FIR excess, due to the re-radiation from dust surrounding the
star-forming regions (Rieke et al. 1980; Telesco and Harper 1980), is an out-

standing property of bursting galaxies.

Deutsch and Willner (1986, 1987), carried out a far-infrared (FIR) study
of Markarian starburst galaxies, using data for the four IRAS bands (12pm,

10



25um, 60um, and 100um) reported in the TRAS Point Source Catalog. Of
99 Markarian starburst galaxies in B83’s sample, three (Mkr 44, 203, 1301)
were not observed by IRAS; 78 have been detected in 60pum band; 18 have
not been detected. Therefore the detection rate is 81.25%, comparable with
that of bright (mz, < 14.5) Markarian galaxies (84% : Xu et al. 1988), but
significantly higher than that of UGC disk galaxies (63% : Franceschini et al.

Ezplanatory Supplement (Perrson et a. 1985). All but four of the starburst
galaxies are more luminous in FIR than in the blue (the exceptions are Mrk 13,
190, 430, and 743). The median ratio of FIR to blye luminosity is 2.45 for the
sample, slightly larger than the mean FIR /blue luminosity ratio found by Xy
et al. (1988) for the non-Seyfert Markarian galaxies on the whole (Lpin/L, =
1.940.14), if the difference in the definition of L., is ignored (which, according
to Soifer et al, 1986, corresponds to g uncertainty of order of 30%). The median
value of the logarithm of FIR luminosity of the sample is log(LF,R/L@) =10.16
(+0.18, —0.06) (H, = 75), to be compared with log(L,,, /Lodot) = 9.45 (40.09,
—0.18) found for 5 sample of Virgo spirals. The FIR, the nuclear H,, and the
blue luminosities (total and nuclear) of the Markarian starburst galaxies were
all found to be correlated with each other. The far-infrared enlission seems,
however, better correlated with the blue (both tota] and nuclear) than with
the nuclear H emission, possibly Implying, as argued by Deutsch and Willner
(1986), that the dust producing the far-infrared light is heated predominantly
by B rather than by O stars.

Sekiguchi (1986) presented a study on IRAS colors of Markarian starburst

galaxies. He found that their mean spectral indices (between IRAS bands) are

11



(@60u/25,) = 2.02 + 0.16 and (@100p/60x) = 0.71 % 0.35. The corresponding
values for Markarians on the whole are (Xu and De Zotti 1988, cf. Chapter 5):
(60, /25,) = 2.2 and {@100u/60u) = 1.1, and the those for UGC spiral/irregular
galaxies (Franceschini et al. 1988b): (agop/25,) = 2.5 and (@1004/604) = 1.9.

Hence, the FIR spectra of starburst galaxies are not only warmer than those of

normal spiral galaxies, but also warmer than the mean of non-Seyfert Markari-

ans.

1.3 mm observations of Markarian galaxies have been reported by Kriigel
et al. (1988a, 1988b). Twenty-four Markarian galaxies brighter than 10 Jy at
100pm were observed with the 30m Millimeter Radio Telescope (MRT) (Baars
et al. 1987) on Pico Veleta, Spain, using the bolometer System developed
at the Max-Planck-Institut fiir Radioastronomie (MPIfR) (Kreysa 1985). The
beam size was 11". The final sample contains eight Seyfert or possible Seyfert
galaxies and nine starburst galaxies according to the classification in MBS86. A
mean spectral index between 100um and 1300um, Q1 3mm/1004, of 2.83 4 0.26
was found. For the 9 starburst galaxies I derived a mean 100-1300 pum spectral
index of 2.85+0.27. Supposing a thermal origin for the sub-millimeter radiation
from these galaxies, the mean of the corresponding dust temperatures (assuming
a €, x v?’B,(T;) dust emissivity) is 30.0 4+ 5.7K. However, the 11" aperture
used in the millimeter survey is much smaller than both the IRAS aperture
at 100pm (3'.0 x 5'.0: Neugebauer et al. 1984) and the optical sizes of the
sources (H77a, Lists —XV). The aperture correction might be unimportant if,
as argued by Kriigel et al. (1988a, b), the bulk of the FIR emission comes from
the central compact nuclei. On the other hand, as pointed out by Xu and De
Zotti (1988, see also Chapter 5), the 100um flux is likely to come mainly from
the cold dust associated with extended galactic disks. In that case the aperture
correction must be taken into account. For sxample, let us assume a uniform
distribution of the 100um flux within galaxies. Using the optical sizes reported

by Huchra (1977a), when available, or the size estimates given on the Lists
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I—XV otherwise, I find that the aperture correction results in an appreciable
flattening of the mean spectral index, which becomes a1 3mm/100x = 2.091+0.36
for Markarian starburst galaxies and Q1.3mm/100x Of 2.12 + 0.33 for all non-

Seyfert Markarians in their sample.

Comparing the luminosity function of starburst galaxies with that of
Markarians on the whole (Seyfert included, Huchra 1977a), Balzano (1983)
estimated that 30—50% of Markarians in the absolute magnitude range -17.5
to -22.5 are starburst galaxies. Most Markarian galaxies (non-Seyfert) which
had the comment ‘data refers to nucleus’ written in the note section, and many
others which were given a ‘S’ (starlike appearance) classification by Markarian,

turned out to be starburst galaxies.

2.2. Compact Blue Galaxies (CBG)

Thuan and Martin (1981) listed the following properties as defining com-
pact blue galaxies (hereafter CBG): (1) low intrinsic luminosity ( Mp > —18);
(2) optical spectrum exhibiting strong narrow emission lines superposed on a
blue continuum; (3) very compact optical images (< 1 kpc in diameter). They
claimed that the criteria (2) and (3) ensure the presence of a very active star-
formation, while criterion (1) ensures that the galaxies so classified do not vary
too greatly in mass, and that stochastic star-formation (Geroia et al. 1980) is
probably dominant within them, since the shock induced star-formation may
be less important for low mass galaxies. 78 Markarian galaxies belonging to
the first VIII Markarian lists are included in their list of CBG, which comprises

115 galaxies on the wholei. Ten of these Markarian CBG’s (Mkr 13, 133, 140,

I Although Thuan and Martin (1981) claimed to have included only sources
fainter than Mp = 18 and to have considered only the first VII Markarian lists,

their catalog comprises many galaxies obeying criteria (2) and (3) but brighter

than Mp = —18, as well as 4 galaxies from the Markarian list No. 8.
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149, 158, 196, 206, 401, 409, and 449) are also identified by B83 as starburst

galaxies.

CUBG'’s appear to undergo intense bursts of star-formation, producing mas-
sive young blue stars in a localized compact region of size comparable to that of
the nucleus of a starburst galaxy (Thuan and Martin 1981). Their emission line
spectra, resembling that of HII regions in the outer part of Sc galaxies (Searle
1971), generally show higher ionization than starburst galaxies do (whose spec-
tra are similar to those of HII regions in the inner arms of spiral galaxies). In the
[NII|6584/H, vs. [OIII]5007/Hp diagram, CBG’s lie in the high-ionization
end of the area occupied by galactic HII regions, with [OIII5007/Hs > 3
and values of [N1I]6584/H, in the same range, but mainly on the low-side, of
those found for starburst galaxies (Neugebauer et al. 1976; French 1980; B83).
To account for this relatively high ionization, a very high upper mass cut-off
(~ 200Mg ) for the IMF of CBG’s has been proposed (Viallefond, 1985; Mel-
nick 1985). The lines are Versf narrow, even narrower than those of starburst
nuclei: a mean FWHM of 75 i 4 km /sec was found by French for a sample of
11 CBG, a factor of 2 lower than the median FWHM of starburst nuclei found
by Feldman et al. (1982) and B83.

On the other hand, from the HI data on Markarian CBQ’s reported by
Thuan and Martin (1981), I found a mean FWHM of the HI line of 122 +
80 km/sec. The difference between the widths of optical and 21 c¢m lines may
indicate that either the space distributions of star-forming regions (HII regions)
and of HI regions within CBG have different sizes, or they are not in dynamical
equilibrium with each other. The former possibility was supported by several
aperture synthesis studies of CBG’s (Gottesman and Weliachew 1972; Balkowski
et al. 1978; Lequeux and Viallefond 1980: Viallefond and Thuan 1983) which
showed that the HI is always distributed with a core-halo structure with the

core containing ~ 50% of the total HI mass, whereas the HII regions are always
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within the core. The size of the HI region is always larger than the optical

image of CBG (Brinks and Klein 1985).

From the data reported by Thuan (1983) for 13 Markarian CBG, I found
a mean U — B = —0.45 4+ 0.24, and a mean B — V = 0.40 + 0.14 . Hence
CUBG'’s appear to be significantly bluer than Markarian starburst galaxies and

non-Seyfert Markarian galaxies on the whole (see section 2.1).

A remarkable property of CBG’s is their significant metal deficiency: the
interstellar gas in these galaxies is metal deficient by a factor of about 5 to
about 10 as compared to the interstellar gas in the solar neighbourhood (Searle,
Sargent and Bagnuolo 1973; O’Connell, Thuan and Goldstein 1978; Lequeux et
al. 1979; French 1980; Kinman and Davidson 1981). They generally contain a
large amount (~ 108—10°Mg) of neutral hydrogen, which sometimes exceeds

the mass in stars (Thuan 1983).

A long debated question has been whether CBG’s are truly young systems
where stars are just being formed, or are relatively old galaxies whose old stellar
population is swamped by an ongoing starburst (Sargent and Searle 1970; Searle
and Sargent 1972; Searle, Sargent and Bagnuolo 1973). Thuan (1983) carried
out a near-infrared study to search for evidences of an underlying old stellar
population. He observed 36 CBG’s from the sample of Thuan and Martin (1981)
at J(1.2um), H(1.65um), and K (2.2um) with the NASA 3m Infrared telescope
Facility (IRTF) on Mauna Kea. Their NIR magnitudes are roughly in the ranges
12<J<16.5,11 <K <16,10< H < 15.5, 10.5 < L < 16. The mean NIR
colors were found to be J— H = 0.59+0.18, H — K = 0.23+0.12,and J — K =
0.83£0.16, significantly bluer than those of starburst nuclei (B83). Dust and/or
ionized gas emissions cannot account for these colors because they produce very
different NIR spectra. A viable explanation could be stellar radiation. On
the J — H vs. H — K diagram, the data for CBG’s apparently locate in the

region corresponding to red dwarfs and red giants, but away from that of red

15



supergiants. However, Thuan (1983) argued, before coming to any conclusion,
the effect of metallicity must be examined, since CBG’s are metal deficient and
the above discussion is based on data for the solar neighborhood. He found
that the linear regression of J — K as a function of metallicity for CBG’s agrees
well with that for galactic globular clusters (Aaronson et al. 1978), whose NIR
emission is mostly due to red giants. This is one of the reasons that prompted

him to believe that the main contributors to the NIR radiation of CGB’s is

a population of red giants, although after the corrections for metallicity the
data points moved to a region in the J — H vs. H — K diagram populated by
both red giants and red supergiants. Two further arguments in that direction
are: (1) In the case of Mrk 209=I Zw 36, the NIR observations were obtained
in a position where there is no strong optical emission, thus the presence of
supergiants there is very unlikely (Viallefond and Thuan 1983). (2) Galaxies
with very high present star formation rates, such as IT Zw 70, and galaxies with
very low present star formation rates, such as IT Zw 71 (O’Connell et al. 1978),

show very similar near infrared fluxes.

Since the very blue UV-optical colors and the bright emission lines require
a large amount of young massive stars in CBG'’s, while their very low metallicity

constrains the age of the current massive star-formation event to be < 5.107 yr,

Thuan (1983) concluded that there must be a pre-existent population of stars,

to which the relatively old ( 2 108 yr) red giant stars belong, underlying the

current starburst (as discussed below, this is not necessarily true for some CBG’s

such as IT Zw 70).

Loose and Thuan (1985) carried out a morphological study with CCD
observations. About 50 CB@’s selected from the list of Thuan and Martin

(1981) were observed in the B and R bands. Based on these observations, the

following tentative classification scheme was proposed. (1) The {E galaxies’.

-1 4 reminds the irregularity of the nucleus; E denotes the elliptical outer isophote.
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This type is the most common and the most characteristic one among CBG. The
prototype objects are Mkr 86, Mkr 209, Mkr 297 and VII Zw 403. They show a
complex structure with several centers of star-formation and irregular isophotes
in the central regions. The brightest clumps are always found in the vicinity of
the center of the outer elliptical isophotes but are not generally found at the
exact central position. Viallefond and Thuan (1983) have also noted that the
brightest star formation region in all CBG which have been mapped at 21 cm is
always very near to the peak in the neutral hydrogen surface density but does
not coincide with it. These observational facts may be clues for understanding

how star-formation is triggered in CBG’s.

(2) The nE galaxies. These galaxies have a distinct, single star formation
region located in the nucleus with regular (circular or elliptical) isophotes. The

prototypes are Haro 2=Mkr 33, Haro 20, Harol and IT Zw 102.

(3)The ¢I galaxies. The star-formation zones in these galaxies are not located
at or near the center of the outer isophotes. For some of them (e.g. Mkr 314),
the irregularity is due to merging; for some others (e.g. Mkr 59, Arp 262), it

may be due to the self-propagating star-formation which results in a chain of

HII regions.

(4) The 40 galaxies. This class of galaxies does not show a faint outer structure
visible in the Palomar Sky Survey plates. The i0 galaxies thus appear to lack an
underlying older stellar population and are the best candidates for truly young
galaxies, where the present burst of star formation is the first in the galaxy’s

lifetime. They are relatively rare among CBG’s. The prototype is II Zw 70.
g yp

Since CBG’s are intrinsically faint, they are not numerous in IRAS point
catalog, as SBG’s. However, for given limiting magnitude, the IRAS detection
rates of the two galaxy types are not very different: In the bright Markarian

galaxy sample of Xu et al. (1988), there are 33 objects which are on the list
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of Thuan and Martin (1981). 24 of them were detected by IRAS at 60um,
giving a detection rate of 73%. Nine of the 33 objects are also classified by B83
as starburst galaxies. of the remaining 24, 18 are detected by IRAS at 60um
(detection rate of 75%). A study of IRAS observations of CBG’s has been
presented by Kunth and Sévre (1985). They found a median Lpin/L, ~ 2,
also not very different from what Xu et al. (1988) found for Markarian galaxies
on the whole. They failed to find significant evidence of correlations between:
()U~Band L,,,/L,;(2) U~ B and F0./ Froou; (3) U — B and Fys, ) Foop;
(4) metallicity and Lpin/Ly. They argued that this may mean that CBQ’s
generally have enough dust mass to convert a large fraction of ionizing flux into
thermal emission. From their Fig. 3, it can be found that CBG’s have quite
warm 60pum—100um colors: Fs0u/Fi00, > 0.4 with a median ~ 0.7, slightly

warmer than the mean for Markarian galaxies (Chapter 5).

Probably all of Markarian galaxies fainter than B = —18 belong to
this category. I have done a simple statistic using the complete sample of
Markarian galaxies of Xu et al. (1988), which has a limiting apparent magnitude
of mz, = 14.5. There are 176 non-Seyfert Markarian galaxies in the sample, of
which 23 are fainter than -18 absolute photographic magnitude (~ 12.5%). All
14 galaxies belonging the first VIII Markarian lists are in Thuan and Martin’s
(1981) list of CBG’s. Other 19 objects of the sample of Xu et al. (1988) brighter
than Mp = —18, are on Thuan and Martin list". Thus, excluding those (nine)
objects identified as starburst galaxies, ~ 14% of Markarian galaxies (~ 18% if
Seyferts are excluded) can be classified as CBQ’s.

2.3. Clumpy Irregular Galaxies (CIG)

CIG’s are Magellanic irregulars that are undergoing active star formation
(Casini and Heidmann 1976a, 1976b; Benvennti et al. 1979, 1980, 1981; Heid-
mann et al. 1982, Huchra et al. 1983b, Huchra 1987). Usually they are made

I See the footnote at the begining of this section.

18



up of a few (5—10) bright clumps loosely scattered in a common envelope,
each clump being equivalent to 100 giant HII regions of the 30 Doradus type
and being excited by some 10° early type stars (Benvenuti et al. 1979, 1980,
1981; Heidmann et al. 1982). Thus in clumpy irregular galaxies, star formation
activity is proceeding vigorously over the whole of the galaxy, unlike in the or-
dinary irregular galaxies; for example, in LMC the very recent star-formation is

centered on 30 Doradus. Other observational characteristics of CIG’s include:

(1) Very strong UV excess which is due to a large population of massive young
stars (Benvenuti et al. 1982). From the data reported by H77a, a mean U/ —

B = —0.40 £ 0.03 and a mean B — V = 0.37 + 0.07 have been found for 5
CIG’s identified by Heidmann et al. (1982), much bluer than those of ordinary

irregulars: U — B = —0.23 and B —V = (.46 (H77a), but very close to those of

Markarian irregular galaxies on the whole: 7 — B = —0.36 and B — V=041
(H77a).

(2) Relatively high luminosity in comparison with normal irregulars. They
are about 3—4 magnitude brighter than normal irregular galaxies: the median
absolute photographic magnitude of CIG’s is ~ —20 mag (Casini and Heidmann
1976a) while the absolute photographic magnitude of classical irregulars is ~

—16.5 mag (Balkowski, 1973).

(3) Large internal motions, with velocities ranging from 200 km/s to 500 km/s,
(Casini and Heidmann 1976a), while for classical irregulars velocities are in the

range 100—300 km/s.

(4) Large masses: the masses of CIG’s are in the range of 101°—4 . 10! M,
while the masses of classical irregulars are in the range 2—30-10° M, (Casini

and Heidmann 1976a).

CIG’s are strong FIR emitters. All six CIG’s listed in Heidmann et al.
(1982) have been detected by IRAS at 60pum. Judging from the data for two
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of them, Mkr 297 and Mkr 325, included in the study of Xu and De Zotti
(1988; see Chapter 5), their Fs0u/Fio0, flux ratio is relatively warm (~ 0.7),
but Fys,/Fgo, flux ratio relatively cold (< 0.13).

CIG’s were first identified from a morphological study of pairs of Markar-
ian galaxies (Casini and Heidmann 1976a, b). The most comprehensive sample
of CIG’s is that by Heidmann et al. (1982), comprising six Markarian CIG’s
(Mkr 7, 8, 296, 297, 325, 523) for a centimeter wavelength radio study. Since
CIG’s are usually found in close pairs of galaxies, it has been suggested (Huchra
et al. 1983b, Huchra 1987) that their intense star-formation is the result of
recent mergers, or collisions with gas clouds or gas rich dwarf galaxies (Duflot-

Augarde and Alloin 1982; Heidmann et al. 1982).

2.4. Interacting/peculiar galaxies (IPG)

There are overlaps between this subtype and those discussed above. As
already mentioned, most CIG’s belong to close interacting pairs, while Balzano
(1983) claimed that ~ 30% SBG’s are numbers of binary systems or have dou-
ble nuclei, indicative of merging. However, there are indeed some Markarian
galaxies which show evidence of interactions and yet do not belong to any of the
3 previously discussed sub-classes, i.e. are not irregulars, nor compact galaxies,
and don’t have conspicuous nuclei. The prototype is the Mkr 171 (NGC 3690—
IC 694) system. The morphology of the system is very complicated. Although
the two galaxies NGC 3960 and IC 694 are sufficiently separated to have their
own names, this system consists of two greatly distorted and partly overlapping
spiral galaxies (Gehrz et al. 1983). Mkr 171 is the most luminous non-Seyfert
Markarian galaxy in any sense: from UV (H77a). through infrared (Rieke and

Low 1972; and IRAS catalog, cf. Xu et al. 1988) to radio (Sramek and Tov-

massian 1976), and also for optical emission lines (Weedman 1972; Gehrz et
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and Lequeux (1985), through » kinematjca] study, estimated that an ordep of

5. 10" My of stars ( < 10-3 of the tota] mass of the system), mainly O starg

Markarian galaxies showed Pecularities, indicative of interactions, while the

corresponding Percentage among NGC galaxies Is only ~ 7%. As mentioned

Larson and Tinsley (1978) compared the UBV colors of 5 sample of galax.
les, selected from the “Atlas of Peculiar Galaxies” (Arp 1966), with the colors of
normal galaxies. They found 5 significantly larger Scattering in the color-coloy

diagram of peculiar galaxies. Furthermore. After Separating peculiay galaxies



galaxies, while the color-color distribution of non-interacting peculiar galaxies
resembles that of normal galaxies. A remarkable difference between the UBV
color distributions of interacting/peculiar galaxies and of Markarian galaxies
(H77a) is that the former shows not only scatter toward the blue, as does the
latter, but also scatter toward the red. The latter scatter was interpreted by
Larson and Tinsley (1978) as a ‘post-starburst’ phenomenon, due to remnants
of starbursts died some 10%yr ago, comprising many red giants (evolved moder-
ate mass stars). The fact that the UBV color distribution of Markarian galaxies

does not show scatter toward the red is obviously due to a selection effect.

The spectroscopic study of interacting spiral galaxies by Kennicutt and
Keel (1984) and Keel et al. (1985) showed that interacting galaxies have: (1)
significantly brighter emission lines, both in equivalent width and in luminos-
ity; (2) more active and extensive nuclear star formation, irrespective of their
Hubble type. An objective prism selected sample by Wasilewski (1983) showed

that more than 30% of emission line galaxies are within interacting systems.

Joseph et al. (1984) have performed IR (JHKL) measurements for 28

Arp-atlas interacting pairs. Significant mid-infrared excess in the nuclear re-

gion (8-12", the apertures of their survey) was found for some members of these
pairs: half of the sources have K — [, > 0.5, while for normal galactic nuclei
the mean K — L = 0.3 + 0.2. They argued that this is due to an enhanced
re-radiation by dust heated by massive stars, indicative a recent burst of star
formation. They concluded that the interactions are extremely efficient in trig-
gering starbursts, the efficiency apparently approaching 100%. An interesting
result they found is that in no case had both galaxies in an interacting pair
shown a K — L excess. They interpreted this fact on the basis of the numerical
studies of Toomre and Toomre (1972) and Wright (1972). The maximum tidal

disruption and transfer of material occurs when the accreting galaxy orbits the

‘victim’ galaxy in the same plane and sense as the rotation of the ‘victim’. Since
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in any arbitrary interaction between two galaxies conditions close to these are
more likely to be met for only one galaxy, it is not surprising that the burst of

star formation preferentially appears in one member of the pair.

1 to 10 micron IR observations for a sample of 20 interacting galaxy sys-
tems were carried out by Lonsdale, Persson, and Matthews (1984). They found
that interacting/merging galaxies as a class have substantially higher infrared
luminosities than noninteracting spirals, and this emission is due to ongoing
massive star fofmation, which is about 3 times higher than in normal cases.
They also analyzed the results from the IRAS minisurvey, and found that a
large fraction, perhaps as much as 30%, of all far-infrared emission from galax-
ies arises in starbursts triggered by interactions. However, contrary to Joseph et
al. (1984), they estimated that only 50% of interacting/ merging galaxy systems

are undergoing a starburst.

Sanders et al. (1987) found that the fraction of interacting galaxies in-
creases monotonically with increasing luminosity in the bright IRAS galaxy
sample for L, ., > 3.10°Ly (H, = 75), with interacting and close pairs of
galaxies accounting for one fourth of the galaxies with LF’,R ~3-10'°Lg , for
two thirds of the galaxies at Lpip ~ 10" Lg , and for all of the galaxies with

LFIR >5- 1011L@ .

On the other hand, an investigation on the environment of IRAS galaxies
by Lawrence et al. (1986) led to quite different conclusions. Sixty-eight IRAS
galaxies having measured redshifts were analyzed. Only 6% of them were found
to have neighbors within 40 kpe, 15% with neighbors within 100 kpc. The
average distance between IRAS galaxies and their neighbors is 765 kpc, close
to the typical separation for spirals in small groups (Gott and Turner 1977).
Lawrence et al. (1986) argued that galaxy interactions are not important for
general IRAS galaxies; and, judging from the FIR activity, interaction is neither

a suflicient nor a necessary condition for starbursts.
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In the sample of Xu et al. (1988), I find 16 objects belonging to this
category among sources in the first VII Markarian lists, which have relatively
good morphological data (MB86). Fourteen of them were detected by IRAS
at 60um, giving a detection rate of 87.5%, not much higher than that for the

whole bright Marakarian sample.

2.5. Others

There are still some Markarian galaxies which can not be classified into
the above 4 categories, i.e., they are neither compact, nor irregulars, nor show
any evidence of star-like nuclei or of interactions. Table 2.1 lists 15 such galaxies
which I picked up from Huchra’s morphological sample (H77a). Galaxies with
emission lines and without emission lines are sorted into two groups. Those

which have emission lines also show some other evidences of enhanced star-

formation activity. They have been all detected by IRAS regardless of their

morphological type and have relatively high F,, / F,, ratios, where
Frrr = C-1.26-107" - (2.58 - Fgo, + Figp),) (erg/em?/sec),  (2.1)

Feou and Figo, are IRAS fluxes in Jansky, and C = 1.8 (Xu and De Zotti 1988);

and

Fop =2.52-107%.10704(V-B.C) (erg/cm®/sec), (2.2)

where V is the apparent visual magnitude, B.C. is the bolometric correction
(Xu and De Zotti 1988). On the other hand, for those which have no detected
emission lines, I can’t find any evidence of enhanced star-formation activity:
their UBV colours are not bluer than average for normal galaxies of their mor-
phological type (H77a); they are either undetected by TRAS, or have relatively
low Fgo, and F,,,/F,,. Thus I conclude that they are likely to be normal

galaxies included in the Markarian lists by chance. Another glance to these
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Table 2.1. Non-seyfert Markarian galaxies without any feature (see text)

Mkr type z "Mzw B-V U-B Fg,(Jy) t(%u—’l) YH, ref

*101 S0 0.0158  -20.8 0.57 -0.02 0.93 1.13 Y 3
321 Sc 0.0319 -22.5 0.62 -0.05 2.67 2.70 Y 7
323 Sed  0.0145 -20.7 0.73 0.07 2.98 4.00 Y 7
336 E5  0.0170 -20.9 0.74 0.16 1.31 1.77 Y 7
531 SO/E 0.0120 -20.3 4.71 4.07 Y 4
555 Sd  0.0137 -21.1 3.89 2.38 Y 1
558 S0 0.0129  -19.9 1.47 2.31 Y 1
626 E0O  0.0131 -20.1 0.66 -0.01 1.00 1.30 Y 5
85 E 0.0117  -20.0 0.82 0.30 >0.6 N 1
179 SBbc 0.0110 -19.9 0.67 0.11 0.99 1.16 N 3
249 S0 0.0090 -19.2 0.84 0.30 >1.5 N 2

*386 SBb  0.0120 -20.0 0.88 0.40 0.73 1.13 N 7
389  S0/a  0.0156 -21.0 0.83 0.32 0.74 0.80 N 3
656 E0O  0.0190 -21.3 >1.5 N 6
669 SO/E 0.0177 -20.6 0.94 0.46 >1.5 N 3

Table 2.2. Interacting/peculiar Markarian ellipticals

Mkr type "Mz, B-V U-B Fs, (Jy) ’(P—F—R) tH, ref

341 E3 0.0152 -21.1 0.73 0.13 0.85 1.02 Y 7
607 S0/a 0.0089 -19.0 2.33 3.03 Y 1
452 S0 0.0177  -20.5 0.95 0.45 >1.5 N 3
*608 0.0091  -19.3 >0.6 N 8
616 S0/a 0.0119  -19.7 >1.5 N 6

* Superposed by a galactic star (ref. 3).

** Taken from MBS86 (H, = 75).

T See text for the definations of L, . and L,,.
I Y: detected; N: undetected.

References for H, data

1. Kopylov et al. (1974). 5. Denisyuk and Lipovetskii (1974).

2. Ulrich (1971). 6. Denisyuk et al. (1976).

3. Huchra (1977a). 7. Arakelyan et al. (1972).

4. Markarian et al. (1984). 8. Huchra (1988, private communication).



galaxies tell us that the majority of them (5/7) are E/S0 galaxies. I was stim-
ulated, by this fact, to check the properties of other Markarian E/S0 galaxies,
especially of those classifiead as interacting /peculiar galaxies, in view of the

argument that interactions are not a sufficient factor for triggering starbursts

(Lawrence et al. 1986, MB86). In Huchra’s morphological sample, five E/S0
galaxies are in pairs or close groups, or show evidence of peculiarity (Table 2.2).
A quite similar situation is found here as showed in Table 2.1: those (2 out of
5) which show optical emission lines are also detected by IRAS and have bluer

optical colors than normal ellipticals. The three which do not show emission

lines, are also undetected by IRAS and have rather normal optical colors.

In Huchra’s morphological sample there are 15 E /S0 galaxies which are not
Seyfert or BL Lac objects, and are not classified as SBG’s or CBG’s. According

to above analysis, eight of them are very likely normal galaxies.

2.6. The relative abundances of subtypes

The most reliable estimates of the relative frequency of the various sub-

types are obviously those based on a complete morphological sample, like that
by H77a.

Huchra’s ‘complete morphological sample’ contains 91 Markarian objects
on the whole. Ten of them are Seyferts or possible Seyferts, and two are BL
Lac’s. Of the remaining 79 objects, 28, i.e. ~ 35% are starburst galaxies, in

good agreement with the estimate of B3,

Thirteen are compact blue galaxies (Thuan and Martin 1981), excluding

those CBG’s (seven) classified as SB( by BR3. The corresponding percentage

T Mkr 332 is not on Balzano’s list, but is classified as a starburst galaxy by
MBS86
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is 16.5, in good agreement with the estimate based on an analyvsis of the sample

of Xu et al. (1988) (see 2.2).

The identification of CIG’s in Markarian lists is far from complete. It is,
thus, hard to estimate their abundance. However, in Huchra’s sample there are
eight Markarian irregulars not identified as SBG’s (B83) nor included in Thuan
and Martin’s (1981) catalog of CBG’s. If these eight galaxies are all CIG’s,
given the fact that Markarian irregulars have same mean optical colors as those

of CIG’s (Section 2.3), these objects are ~ 10% of Markarian galaxies.

Fifteen sources, which do not belong to any of the above subtypes, are
in pairs or in close groups. Among them, 4 are normal spirals, 4 are barred
spirals, 5 are E/S0 galaxies, one is a Sc+Im system (Mkr 171), and another is
a Sc+SBab system (Mkr 271).

Of the remaining 15 galaxies not belonging to the previous classes, 8 have
optical-UV emission lines, and were detected by IRAS; seven without detected
emission lines show no evidence of being galaxies with any activity rather than

normal galaxies. Five of them are E/S0 galaxies.

The percentages of non-Seyfert Markarians in the above sub-classes are

summarized in Fig. 2.1.

2.7. Summary

(1) The Majority (= 90%) of non-Seyfert Markarian galaxies show evidences
of enhanced star-formation activity (‘starbursts’). We will refer to them as

Markarian star-forming galaxies.

(2) Depending on the scale and on the location of the violent star-formation
region (regions) relative to the host galaxy, Markarian star-forming galaxies can

be divided into four main subtypes:
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a). Starburst galazies (SBG) are generally disk galaxies with starburst nuclei.

b). Compact blue galazies (CBG) are generally compact galaxies with a star-

burst swamping the old underlying stellar population.

c). Clumpy irregular galazies (CIG) are massive Magellanic irregulars with sev-
eral (~ 5) violent star-formation regions all over the galaxy. They are generally

interacting irregular galaxies.

d). Interacting/peculiar galazies (IPG) have similar properties to CIG, except
that they are not irregulars. Some of them (Mkr 171, 271) are examples of the

most active star-forming galaxies showing evidences of a starburst extended

over the whole system.

(3) About 10% of non-Seyfert Markarian galaxies are likely normal galaxies.
The majority of them are ellipticals. The probability for a Markarian elliptical

galaxy to be a normal one is more than 50%.
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Chapter 3
Radio and X-ray Properties

3.1. Radio

Only the first 7 Markarian lists (Mkr 1-700) have been systematically
observerd in radio band. Forty-two of the sources in these lists were found
having 5(6¢m) > 30 mJy (Sramek and Tovmassian 1975; Sulentic 1976; Bieging
et al. 1977; Kojoian et al. 1980; Biermann et al. 1980). Ten of them are
Seyferts, and 3 are BL Lac objects. Of the remaining 29 objects, 15 out of
16 with morphological classifications are spirals (Mkr 11 is an E5/S0 galaxy:
H77a).

Another analysis can be done using the complete UGC radio sample by
Dressel and Condon (1978). They observed, at 2.4 GHz (12.6 cm) with a
detection limit of 15 mJy, 2095 UGC (Nilson 1973) galaxies, 2018 of which
make up a complete sample defined by [b| > 10°, 0° < ¢§ < 37°, m, < 14.5
(or m, < 14 if 11"30™ < a < 13"). One hundred and seven non-Seyfert
Markarian galaxies are included in the sample, 41 of which were detected above
15 mJy, giving a detection rate of ~ 40%, significantly higher than that for
the whole UGC sample (~ 21%, Dressel and Condon 1978; Toffolatti et al.
1988). The mean value of the logarithm of the monochromatic radio (2.4 GHz)
to blue luminosity ratio ,R;.4 = log S2.4 + (m, — 12.5)/2.5 (Franceschini et al.
1988a), is 1.56 4 0.04, higher by about 0.3 than that of UGC spiral galaxies
- (Franceschini et al. 1988a), and quite close to that of UGC Seyferts. Forty-two
galaxies in this sample have been classified according to the scheme in Sect. 2.7.
The detection rates for the represented subtypes are: 57% (16/28) for starburst
galaxies (B83); 57% (4/7) for compact blue galaxies (Thuan and Martin 1981);
43% (3/7) for interacting/peculiar galaxies.
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Klein et al. (1984) carried out a 6.3cm survey of 52 compact blue galaxies,
of which 22 are Markarian CBG’s, down to 1 mJy (3¢ limit) using the Effels-
berg 100m radio telescope. They found that, on the average, CBG’s have about
10 times higher radio to optical luminosity ratios than normal spirals. There
is evidence that the relation between radio and optical luminosity of CBG’s is
different from that for normal spirals. The average radio continuum spectrum
of CBG’s is significantly flatter ({a) = —0.3340.05) compared to that of normal
spirals ({(a) = —0.72 + 0.03, Gioia et al. 1982), suggesting that an important,
and even dominant, contribution comes from bremsstrahlung emission of hot
electrons in HII regions. In view of the high rate of massive star formation of
CBG’s, and of the correspondingly large supernova rate, the relatively low frac-
tion of synchrotron radiation may be surprising and may suggest that magnetic

fields in these objects are relatively weak.

A sample of 33 bright spiral galaxies, that are relatively strong radio
sources with high radio-to-optical flux ratio (R) was observed by Condon et
al. (1982) at 4885 MHz (6.1cm) and/or 1413 MHz (21lecm). VLA maps show
evidence that the majority (28) of them, nearly all having nearby companions,
are extended. Among them there are 4 Markarian interacting galaxies (IPG,
cf. section 2.4): Mkr 38, Mkr 171, Mkr 533, Mkr 1376. Condon et al. (1982)
argued, that, if the high radio emission of these galaxies is due to starbursts,

1

supernova production rates as high as 1 yr~! are required.

Sulentic (1976) found that the optical luminosity and the radio luminosity
of Markarian galaxies are fairly well correlated (the correlation coefficient is
about 0.7 for a sample containing 36 objects, including 8 Seyferts). This can
be understood since the optical emission of star-burst galaxies is dominated by
very bright O,B stars, while their radio emission is made up by bremsstrahlung
from ionized gas and by non-thermal emission from relativistic electrons; O,B
stars, ionized gas and relativistic electrons are all related to the star formation

rate.
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Twenty-one cm neutral hydrogen studies by Bottinelli et al. (1973) and
Bottinelli et al. (1975) showed that Markarian galaxies contain a neutral hy-
drogen mass in the range of 107108 Mg , corresponding to a mass fraction of

a few percent.

3.2. X-ray

Fabbiano, Feigelson and Zamorani (1982) reported Einstein results for a
sample of 33 peculiar galaxies, 3 of which are Markarian objects (Mkr 59, 131,
297). There is no uniform, well defined selection criterion for this sample, but
most galaxies are in Arp’s catalogue (Arp 1966), and many of them lie in groups
and interacting pairs. Inthe U —B vs. B—V diagram, these galaxies are located
in the same region of Markarians (Huchra 1977a), so they are believed to be
actively star-forming galaxies. Thirteen objects were detected at 3¢ level with
soft X-ray (0.5—3 KeV) fluxes in the range 2—17 x 107" erg/cm?/sec. The
corresponding luminosities range from 1 x 10%? to 2.3 x 1042 erg/sec (Hy = 50).
The galaxies with higher photon counts show evidences of extended or multi-
ple emission regions. Population I binary X-ray sources and young supernova
remnants are suggested to be the most important contributors. Since there are
more O,B stars (~ 10°) in star-forming galaxies (Benvenuti et al. 1979) than
in normal galaxies (e.g., in our own Galaxy, there are ~ 10* OB stars, ven
den Heuvel 1980), more X-ray binaries exist, and the supernova explosion rate
is higher. A SNR rate of ~ 0.2yr~1 and 200 X-ray binaries will produce an
X-ray luminosity ~ 10*°-10%2 erg/sec (while in our own galaxy, the SN rate is
~ 0.05yr~! (Clark and Stephenson 1982), and there are ~ 20 X-ray binaries
(ven den Heuvel 1980)). Fabbiano et al. (1982) found that the X-ray luminosity
is correlated with both radio luminosity and aptjcal luminosity. The correla-
tion is stronger with radio luminosity (~ 7o level) than with optical luminosity

(~ 30 level).
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Weedman et al. (1981) reported a single soft X-ray (0.25—3.5 KeV) ob-
servation for Mkr 538=NGC 7714 with the IPC on the Einstein Observatory
(Giaconni et al. 1979). The exposure time was 2091 seconds on 1979 Decem-
ber 20. In a region of 2’ centered upon the nucleus of the galaxy, 17.7 4+ 6.1
excess counts relative to the back ground were detected, corresponding a lu-
minosity L;(0.25—3.5 KeV) ~ 6 x 10*° erg/sec for Hy = 75, or L,(0.25—
3.5 KeV) ~ 1.4 x 10*! erg/sec for Hy = 50, consistent with the results of
Fabbiano et al. (1982).

Using the relationship between X-ray and radio luminosities derived by
Fabbiano et al. (1982) and their model for evolution of actively star-forming
galaxies, Danese et al. (1987) estimated a contribution of these sources to the

X-ray background at 2 keV in the range 5 to 11%.

On the other hand, the results of Fabbiano et al. (1982) were derived
using a sample not well defined in a statistical sense and rely on soft X-ray

data.

Persic et al. (1988) exploited the HEAO 1 A-2 data-base (Piccinotti et al.
1982) to investigate the hard X-ray properties of several samples of galaxies.
Given the limited sensitivity of the A2 experiment, their could not study sources
on an individual basis but adopted a statistical approach. Their method con-
sisted in comparing the distribution of counting rates from positions coincident
with the sources under study with that found for a large number of randomly

chosen positions in the sky (control fields).

No statistically significant signal was found for a sample of 67 UGC star-
burst/interacting galaxies (S/I galaxies, Danese et al. 1987: Francheschini et
al. 1988a, 1988b), comprising non-Seyfert Markarian galaxies, Zwicky blue com-
pact galaxies, and galaxies classified by Nilson (1973) as peculiars, distorted,

interacting or in close multiple systems, brighter than m,. = 13.5. However,
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when the sample was subdivided by optical luminosity into three equally pop-
ulated parts, Persic et al. (1988) found that the counting rates for high and
intermediate luminosity sources tend to be systematically larger than those for
control fields, although the difference is significant only at the 5.5 x 1072 level
(i.e. the probability of finding just by chance a difference with control fields
equal to that observed is 5.5 x 107%). Even though the A2 data do not al-
low to reliably estimate the mean X-ray to optical luminosity ratio for these
sources, the results by Persic et al. (1988) may suggest that such ratio might
be increasing with optical luminosity, rather than decreasing as implied by the
relationship derived by Fabbiano et al. (1982). Also, the A2 data turn out to
be compatible with a mean X-ray to optical luminosity ratio for actively star-
forming galaxies an order of magnitude larger than for normal galaxies. Such a
possibility was suggested by Bookbinder et al. (1980), who pointed out that the
former sources might be highly luminous in X-rays due both to bremsstrahlung
emission during a hot wind phase powered by supernovae, and to hard X-ray

binaries, which may be overabundant in metal poor systems.

Persic et al. (1988) also analyzed in a similar way a sample of 74 Markarian

starburst nuclei (B83). No significant difference with the distribution of count-
ing rates for control fields is found for these optically weaker sources, neither

for the full sample nor subdividing it by H, luminosity.

Rieke (1988) used the HEAO 1 A-1 (~ 3 times more sensitive than HEAO 1
A-2, Wood et al. 1984) data base to search for hard X-ray fluxes (2-10 Kev) from
bright, ultraluminous infrared galaxies. In a sample of 15 such galaxies (3 are
Markarian galaxies: Mkr 231, Mkr 273, Mkr 331) with far-infrared luminosity
> 101! Lo (Hy = 75: Soifert et al. 1987b) and Fgg,+Fioo, > 30 Jy, drawn from
the list of Soifer et al. (1987b), only the previously known hard X-ray source
NGC 7469 (Syl) is clearly detected. An additional weak detection of Mkr 331 is

consistent with the number of detections expected from source confusion. The
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uniformly low X-ray luminosities of these galaxies are inconsistent with the
suggestion of Sanders et al. (1988) that they contain dust-embedded QSO’s.
Some alternatives are suggested: (1) the infrared galaxies may contain a form
of X-ray quiet active nucleus; (2) the X-ray sources in active nuclei cannot turn
on until after any circumnuclear gas is cleared up; (3) the bulk of the infrared
luminosity in these galaxies may be generated by intense circumnuclear star

formation.
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Chapter 4
A Review of Theoretical Models

Given the fact that the majority of Markarian non-Seyfert galaxies have
an intense star-formation activity (Chapter 2), all theoretical models for them

in the literature have tried to build links between observational data, and the

following fundamental parameters of the ‘starburst’ (¢f. Huchra 1987): (1) The
duration and/or the age of the burst; (2) its Initial Mass Function (IMF), espe-
cially as a function of environment, e.g. metallicity, parent galaxy luminosity,
galaxy-galaxy interaction rate, location of the burst, etc.; (3) the strength or
the magnitude of the burst b, which is usually defined as the ratio between the
mass involved in the burst and the mass of the underlying galaxy (Larson and

Tinsley 1978).

4.1. Huchra’s photometric models

Huchra (1977b) investigated 3 classes of evolutionary models: old galaxy
models, young galaxy models, and ‘composite’ galaxy models, to explain the dif-
ferences between the UV-optical colors and the H s equivalent widths of Markar-

lan galaxies and those of normal field galaxies.

He assumed that the emission from galaxies is a mixture of the integrated
contribution from stars at different points of their lifetimes and of the con-
tribution from interstellar gas. The data for stellar evolution was taken from

literature (assuming a normal composition = = 0.70, z = 0.02):

(a) The low mass models (m < 1.0My) were taken from an unpublished com-
pilation by Caldwell et al. (1974). These models were assumed not to evolve

on the time scales of interest.
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(b) Models of 1—9 Mg were taken from Iben (1965, 1966a,b, 1967a,b) with cor-
rections and additions to the relatively low mass (1-3 Mg ) red-giant evolution,

following Tinsley (1972).

(c) High mass models (> 10Mg ) were taken from Iben (1966¢), Robertson
(1972), Zidlkowsky (1972), Barbaro et al. (1973), Barbaro et al. (1972), and
Chiosi and Summa (1970).

The majority of galaxy models contained only stars of 30 Mg, or less; the
IMF was integrated between 0.05 and 30 Mg . The high-mass stars (35, 40, and
60 Mg ) were included in a small number of galaxy models in order to examine

the effects of increasing the upper mass limit.

The contribution from interstellar gas to the galaxy continuum radiation
includes free-free emission, recombination of H*, Het, and He**, and two-
photon emission (Brown and Methews 1970). For simplicity, Huchra assumed
that the galaxy contained sufficient gas so that HII regions are ionization-
bounded. The adopted UBV colors of the ionized gas are U — B = —0.95,
B —V = -0.02, and the absolute V magnitude due to one ionizing stellar

photon is M, = 116.31.

The three sets of galaxy models are characterized by different star-
formation histories. ‘Old’ galaxies are defined as systems which started forming
stars ~ 10'? years ago, while ‘young’ galaxies are systems that started forming

stars relatively recently compared with the age of the universe— < 10° years

ago. For both old and young galaxies, the rate of star formation is monoton-
ically decreasing with time. The simple parameterization of the stellar birth

rate function

U(m,t) = m® exp(—3t/ty) (4.1)

of Searle, Sargent, and Bagnuolo (1973) is used. The IMF is a power law of

slope «, with low mass cutoff at m = 0.05Mp and high mass cutoff at

min
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M0 = 30—60Mg (see discussion above). The integrated (over stellar mass)
star formation rate as a function of time # is, therefore, taken to be exponential:
to 1s the age of the galaxy, 3 is the exponential decay rate. It was found that old
galaxy models fit the observed colors and H s emissions of Markarian galaxies
only if they have sufficiently flat (e < 1.35) IMF or, for somewhat steeper
IMFs, nearly constant rate of star-formation. Models with these parameters
predict relatively high metal abundances, but observations do not support this

prediction.

The predicted UBV colors by all young galaxy models with different IMF,
without reddening, do not fall within the envelope confining observed data
of Markarian galaxies. Although models having flat IMF (the power index
o < 2.35) extinguished by ~ 1 mag internal visual extinction can account for
the UBV data of compact blue galaxies, which are the bluest among non-Seyfert
Markarians and the best candidates for being truly young galaxies, such amount

of extinction is not supported by the observations of CBQ’s (see table 5 and 6
of Huchra 1977b) 1.

The UBYV colors of Markarian starburst galaxies (B83), judging from Fig.
6 of Huchra (1977b), can be accounted for by young galaxy models with normal
IMF (a ~ 2.35) reddened by Ay ~ 1 mag internal extinction. On the other
hand, the average Ay inferred from the Balmer decrement of the starburst
nuclei (B83) is ~ 1.5 mayg. Nevertheless, the NIR observation reported by
B83 revealed an old population, in direct contradiction with the young galaxy

hypothesis.

A ‘composite’ galaxy is a system consisting of an old galaxy, as defined
above, plus a burst of recent star formation. Simple models for the burst have

been computed. A power-law IMF (within the same mass range as for old

" Thuan (1983) estimated a typical A, ~0.25 for CBG’s.

36



galaxy models) was again used. The star-formation rate was taken to be a

step function of time, constant for an interval of 1, 2.5, 5, or 10 x107 years
and zero otherwise. These intervals are similar to observed cluster-formation

times (Hartmann 1970; Schlesinger 1972). Smoothing the step function to a
Gaussian did not significantly affect the colors as a function of time. For bursts
of duration < 5 x 107 yr and o < 2.35, the colors and their evolution are
almost independent of the duration and of a, the power index of adopted IMF
of starbursts; in other words, they are only sensitive to their relative strength

and to their age.

The UBV colors of Markarian galaxies can be accounted for, without any
need of reddening, by some sets of composite models, either comprising star-
bursts of different strength at their brightest stage, or representing the evolution
sequences of some ‘composite’ systems along the life-time and post-life-time of
their starburst component. Besides, the looped evolution of these models in the
Hp vs. (U — B) plane (due to the different ages of ionizing and non-ionizing
massive stars) helps explaining the observational evidence that some of the rela-
tively red Markarian galaxies show strong Balmer emissions, and some relatively

blue ones show weak Balmer emissions.

Huchra (1977b) concluded that the composite models fit best the optically
observed properties of Markarian galaxies. The contribution of starbursts to
the V band light of Markarian galaxies is estimated in the range of 20—50%,
corresponding to starburst strengths b < 0.01 for the IMF of a — 2.35, or
b < 0.001 if o = 1.35.

4.2. Biermann and Fricke’s model for optical photometry and radio

luminosity

Biermann and Fricke (1977) presented a study on the origin of the radio

and optical radiation from Markarian non-Seyfert galaxies. They assumed an
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underlying galaxy with U — B = 0.14, B —V = (.76, and S/L, =0.128, where
S is the radio flux density (in mJy) at 5GHz, scaled to a standard distance of
20 Mpc; and L, is the blue light in units of 10°L¢ . This corresponds to the
model 4 of Biermann (1976), which fits the parameters (gas content, M /L,
ratio, deuterium and metal abundances, radio flux and supernova rate) of our

Galaxy within a factor of two or better, according to the author.

The Salpeter IMF from 0.1 to 100 Mg was used for the starburst, which
was assumed to be a step function of time (cf. Huchra 1977bh) with a duration
of 107 yr. With the above assumptions, the only two free parameters are the
relative strength of the burst b, given by the ratio of the peak blue light of the
burst to the blue light of the galaxy, and the age of the burst ¢. The influence of

the burst was calculated with a time step of 5 10° years for the first 108 years.

The model for the UV-optical colors of the burst was based on the work

of Tinsley (1972), and is not very different from that of Huchra (1977b).

The radio emission was assumed (Biermann 1976) to come either from HII
regions (thermal) or from relativistic charged particles originating in supernova
remnants (non-thermal). The properties of HII regions were calculated using
the model of Mezger and Henderson (1967) with an electron temperature of 8000
K. A total differential output at 5 GHz per SNR of 0.1 Jy-years seen from 20
Mpc distance (=~ 6.22-10%* erg/Hz) was adopted, consistent with the results of
Clark and Caswell (1976). All supernova remnants were assumed to be equal,
although differences associated to different masses of progenitor stars and to
different conditions of the outside gas are very likely (Gull 1973; Henning and
Wendker 1975). The adopted mass range for supernova progenitors is < 6.5Mg

. The difference between supernova types I and II was ignored.

Models constructed with different values of the two parameters, b and ¢, fit

the U — B vs. B—V diagram of Markarian galaxies reasonably well. A difference
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between the evolution curves of composite models of Huchra (1977b) and those
presented here can be found on the U — B vs. B —V diagram: after the death
of the burst, the former return directly to the the points representing old host
galaxies, while the latter form looped curves. The difference is probably due to

the fact that Huchra (1977b) ignored the contribution from red supergiants.

On the other hand, judging from their Fig. 2a, the model provides a poor
fit to the log(S/L,) vs. B — V diagram of Markarian galaxies. On one hand,
most of the data points very far apart from the model loops now turn out to be
Seyfert galaxies (e.g. Mkr 1, 3, 6, 231), for which the models are obviously in-
applicable (Ulvestad 1982; Wilson 1983). On the other hand, starbursts strong
enough to contribute more than 95% to the B light of the galaxies are required
to account for the log(S/L,) vs. B — V data of non-Seyfert Markarians, in
conflict with the results from fits of the UBV colors in the same work (see
also the conclusion of Huchra 1977b). This problem could be a consequence of
having ignored the non-thermal radiation associated with galactic disks, which,
according to Helou et al. (1985), could be more than 10 times stronger than

that coming directly from individual SNR’s.

4.3. Struck-Marcell and Tinsley’s model and the optical-NIR pho-
tometry of CBG’s

Struck-Marcell and Tinsley (1978) pointed out that V — K colors are in
principle much more sensitive than UBV colors to the age of galaxies, an im-
portant parameter especially to understand the nature of compact blue galaxies
(Searle, Sargent, and Bagnoulo 1973). Furthermore, when a starburst is super-
posed on an old galaxy model, a much more extended region is covered by loci
of models, characterized by different starburst strength b and burst age Aty, in
the U — B vs. V — K diagram than in the U — B vs. B -V diagram. It is easy
to distinguish in a U — B vs. V — K diagram the systems with burst of 10%
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strength from the truly young systems (b — o), while this can hardly be done

with a UBV diagram.

The models of Struck-Marcell and Tinsley (1978) rely on the galactic evo-
lution code of Tinsley (1972) with a few modifications. The local (solar neigh-
borhood) IMF, based mainly on the studies by Wielen (1974) and Burki (1977),
was used. The mass range of the IMF is from 0.1 Mg to 30 Mg . While stars
more massive than 30 Mg contribute negligibly to the total luminosity and to
the UBV colors (Larson and Tinsley 1978, hereafter LT78), the choice of the
lower mass limit affects only the calculated mass to light ratios. Actually, the
resulting M/L ratios (LT78) had to be multiplied by a factor of two to fit the
observational data (Nordsieck 1973). The contribution of red supergiants are
estimated from observational data (Harris 1976). No contribution from emission

of ionized gas and dust to near-IR emission was taken into account.

U — B and V — K colors of models in which starbursts superposed on a
normal galaxy with U — B = 0.56 and V — K = 3.22, corresponding to the
old galaxy model with a single flash of star formation lasting 10"yr and that
occurred 10'%yr ago (see also LT78), were reported. The starburst was assumed
to have a duration of 2 x 107yr and to have the same IMF of the old galaxy.
The whole domain of the two parameters, the burst intensity 5 (0 < b < oo)

and the burst age At, was fully explored. The results showed, for example, that

while the difference of B — V of models with b = 0.1 and with b = oo is only
0.04 (LT78), the difference of their V — K is as large as 1.50.

The above models were employed by Thuan (1983) in his optical-NIR
study of compact blue galaxies (cf. section 2.3). After a careful investigation
of the JHK diagram of his sample, he ruled out significant contributions from
re-radiation of dust and from transitions in innized gas to the NIR emission of
CBG'’s, and concluded that the emission is of stellar origin, consistent with the

assumption of Struck-Marcell and Tinsley (1978).
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Thuan (1983) found also that the range of predicted U — B vs. V — K

colors match well the observed ones. Meanwhile, two points were made:

(1) all CBG’s in his sample except for one (Haro 23) lie above the Aty = 5x107yr
(Aty is the age of the starburst) line predicted by models. This might indicate
that the majority of the bursts within CBG’s observed now have occurred less
than 5 x 107yr ago, consistent with studies of individual CBG’s (e.g. Viallefond
and Thuan 1983 for Mkr 209). If so, there is not enough time for the stars made
in the present burst to evolve into the K and M giants, which are very likely
the main contributors to the NIR emission of CBG’s (cf. Section 2.2). Thus,

most CBG’s must have ezperienced previous star-formation.

(2) It can be seen from his Fig. 5 that the data points encompass models with
b ranging from ~ 1 (the mass of stars made in the present burst is about equal
to that in older stars) to ~ 0.001. Metallicity and internal reddening effects
will not change this range much since the metallicity and reddening vectors
are nearly parallel to lines at constant . There seems to be no galaxy blue
enough in Thuan’s sample to be truly ‘young’ in the sense that its entire stellar
mass was made in the present burst (b = o), in agreement with the argument
based on the age of the burst and stellar main-sequence lifetimes (point (1)).

The several galaxies with b 2 1. are also the most metal-deficient ones in the

sample, such as I Zw 18 (with Z ~ Zg/25).

As discussed in Section 2.2, the second point made above is not necessarily
true in general, since some CBG’s, like II Zw 70 and I Zw 18, indeed show
evidences of being ‘truly young’ galaxies in the sense that their present bursts
of star formation are the first in their lifetime (Loose and Thuan 1985). The
failure of the models in predicting their starburst strengths is likely due to the

possibility that their NIR emission comes really from red supergiants.

4.4. A model for optical photometry and FIR luminosity
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Markarian galaxies turn out to be remarkably luminous in the FIR (see
Chapter 2). Since the FIR radiation is interpreted as thermal emission of dust
heated by starlight (Soifer et al. 1987a), it has been proposed that a large
FIR luminosity is the result of a high present star formation rate (cf. Chapter
5). A simple photometric model, which permits the computation of the UBV
colors and of the FIR luminosities, together with the L;,n/L, ratios, the H,
equivalent widths (EW(H,)), and the infrared excesses (IRE) of star-forming

galaxies, has been developed by Belfort et al. (1987).

The model contains two components: an underlying galaxy and a burst
of star-formation. The old galaxy component is based on another model by
Mochkovitch and Rocca-Volmerange (1984). The adopted IMF is from Kenni-
cutt (1983): |

(M) = po M1+ for 01< M <1Mg (4.2a)

S(M) = ¢y M~25 for 1< M <100Mg. (4.2b)
Different extinction laws were used for massive stars and low mass stars (Mo-
chokovitch and Rocca-Volmerange (1984):

Ex(B—V)=c+e (M >20Mp), (4.4)

where e and ¢’ are free parameters of the model. The FIR luminosity can be
calculated from re-radiation from dust heated by stellar UV photons as well
as by optical photons, assuming that a (I — f) fraction of Lyman continuum
photons are directly absorbed by dust. For (1 —1f), e, and €', the values to be
0.5, 0.05, and 0.35, respectively, were adopted.

A starburst of duration 7 = 2 x 107yr was assumed. The IMF for the

burst was taken to be equal to that for the underlying galaxy, although there
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is some evidence suggesting anomalous IMF’s for starbursts (Rieke et al. 1980;
Augarde and Lequeux 1985). The burst is defined by its strength b and its
age At, defined as the time past since its beginning (LT78). The M/L ratio
of the burst takes on its minimum value M/L = 0.005(Mgy/Lo) at the end of
the burst (At =7 =2 x 107yr), and increases with the age of the burst. The
extinction law in the burst E(B — V), assumed to be identical for all stellar

masses, is a parameter for the models.

In the extreme cases when E (B—V), > 3, no contribution from the burst
is added to the optical light of the galaxy, but all to the FIR light. If b = 1%,
the possible extreme value for Markarian non-Seyfert galaxies (Huchra 1977hb),

Lein/L, can be > 20 for red underlying galaxies ((B — V) ~ 1), but < 10 for
blue galaxies ((B — V) < 0.6).

Belfort et al. (1987) applied their model to a sample of active star-forming
galaxies, which contained 10 Markarian starburst galaxies and 5 Markarian
compact blue galaxies. Rather than giving ‘exact’ values of b and Ey(B -V),
which have probably little meaning in view of the various uncertainties of the
study, they simply defined three groups of starburst strength b [small (b <
0.005), intermediate (0.005 < & < 0.01), and large (0.01 < b)], and indicated an
order of magnitude for E,(B — V). They found 2 Markarian starburst galaxies
with ‘small’ bursts, 5 with ‘small to intermediate’, ‘intermediate’, or ‘large
to intermediate’ bursts, and 3 with ‘large’ bursts. On the other hand, all of
Markarian CBG’s, together with other CBG’s, were found having values of

starburst strength of a few percent (very ‘large’).

A comment on the model is that the emphasis on the effect of internal
extinction of starbursts complicates the whole problem. As a consequence, the
models can make very few definite predictions. On the other hand, different

classes of star-forming galaxies appear to display different amounts of internal
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extinction; it would be interesting to study them separately. For example, judg-
ing from the data of Balzano (1983), starburst nuclei usually have intermediate
internal reddening (E(B-V) ~ 0.5); CBG’s have rather low internal redden..
ing (French 1980), and active interacting galaxies are quite heavily extinguished
(e.g. M82). Markarian non-Seyfert galaxies on the whole, given thejr relatively
bluer colors in comparison to the field galaxies of the same morphological type

(Huchra 1977a), are unlikely to have, in general, large interna] extinction.

4.5. Sramek and Weedman’s model for thermal and non-thermal

radio emission

radio luminosity relates the number of Supernova remnants, so scales with the
number of massive stars. Knowing the total mass and tota] number of stars

within a given mass range specifies the shape of any IMF that is a power law.

tions: (1) The bursts of star-formation are In progress, so no age effect of the
burst needs to be taken into account. (2) The HII regions associated with the
burst are ionization bounded, and the absorption of lonizing photons by dust
can be ignored (optically thin for Lyc photons), thus the total Lyc photon pro-

duction rate by all lonizing stars, UV, is related to the observed thermal radio
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flux by UV = 8.5 x 10*°d £, (4885, T) (Osterbrock 1974), d being the distance
in Mpec, and f,(4885,T) the thermal radio flux by ionized gas of temperature
T at 4885 MHz, in the unit of mJy. (3) Ulvestad’s (1982) relation between the

non-thermal radio flux and the number of supernova remnants, R, holds:
f(1465, NT) = 5.6 - (1465/408)*n7+°75(d/100) 2 R. (4.5)
The spectral index ., of non-thermal radiation is in the range of —0.9——0.5.

The total Lyc production rate UV can be related to the total stellar mass

through the formula:

m(u)
Uv = Ng/ - wo(m)m™Pr(m)dm, (4.6)
m(l)
where uv(m) is the Lyc production rate by a star of mass m, and T(m) is
the lifetime over which this emission occurs. Both of uv(m) and 7(m) can be
estimated through stellar evolution models for massive stars. Ny is in units of
yr~! and is the normalizing constant for the star-formation rate. The lower
and upper mass limits m(l) and m(u) and the power index 3 specify the IMF.
With the same notation, the supernova rate R (yr~!) is related to the number
of massive stars

m(u)
R=N, / m =P dm. (4.7)
m(l)

The sample of starburst regions of Sramek and Weedman (1986) comprises
six Markarian starburst nuclei (Mkr 52, 357, 603, 1089, 1259, 1344), two com-
pact blue galaxies (Mkr 59, IT Zw 40), and eight giant HII regions in the nearby
galaxies M33 and M101. They found that the starburst nuclei can all be inter-
preted using an initial mass function of the same form, having a conventional

slope (in the range 1.5—2.5) and mass limits (m(l) ~ 6My and m(u) in the
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range ~25—40 Mg ). On the other hand, a general deficiency of non-thermal
radiation from CBG’s and from giant HII regions is found, which, in Sramek and
Weedman’s (1986) scheme, means a deficiency of supernova remnants in these
objects. For CBG’s, the result is consistent with that of Klein et al. (1983) and
might be interpreted by relatively low magnetic fields (Klein et al. 1983), or as
due to very high upper mass cutoffs (see Section 2.2), which in turn may result

in high UV/R ratios.

An obvious shortcoming of the model is the neglect of dust absorption
of Lyc photons. As discussed in Chapter 5, almost all giant HII regions and
starburst nuclei show quite substantial UV extinctions. Thus the predicted
monochromatic luminosity at 4885 MHz should be significantly lower than the
results of Sramek and Weedman (1986), indicating (see their Fig. 7) that the
IMF’s of starbursts are either flatter than predicted by them (power index
o = 1.5-2.5), or have higher (> 40M¢ ) upper mass cutoffs.

4.6. Summary

(1) The observational properties (optical and near-IR. photometry, radio and
FIR luminosity, emission line strength, etc.) of non-Seyfert Markarian galaxies
can all be accounted for by a class of models comprising an underlying galaxy

superposed by a burst of star-formation.

(2) The duration of the starburst is in the range 1—10 x 107 yr. Except for
very metal deficient CBG’s (e.g. I Zw18=Mkr 118), the starburst strength of

non-Seyfert Markarian galaxies is generally < 0.01.

(3) Although the maximum effect of a starhurst on the observational properties
of its host galaxy happens at about its end, significant influence can still show

up until ~ 10® yr after its death.
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(4) The IMF of starbursts might be conveniently described by a power law

(o = 1.5—2.5) with reasonable lower and upper cutoffs.
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Chapter 5

A Model for FIR Emission
of Markarian Star-forming Galaxies

5.1. Introduction

The Infrared Astronomical Satellite (IRAS) survey, with its essentially uni-
form coverage of almost the whole sky at 12, 25, 60, and 100 um, has presented a
new view of the Universe. One important outcome was the demonstration that
most galaxies, and especially spirals and irregulars are strong far-infrared (FIR)
emitters (Rowan-Robinson et al. 1984). It has been known from early studies
of some prototype star-forming galaxies (NGC 253, M 82, Mrk 171, NGC 7714)
that a strong FIR excess is an outstanding property of these sources (Rieke and

Low 1975 ; Rieke et al. 1980; Weedman et al. 1981; Gehrz et al. 1983).

The FIR properties of Markarian galaxies have been widely studied in
literature, since they have provide the largest, as well as the most homoge-
neous, pre-IRAS sample for selecting active star-forming galaxies. Xu et al.
(1988) found that the IRAS detection rate of non-Seyfert Markarians is as
high as ~ 84%, while the detection rate for a complete sample of UGC spi-
ral/irregular galaxies with the same limiting optical magnitude, mz, = 14.5,
studied by Franceschini et al. (1988) is 63%. It was also found that most
(~ 90%) Markarian galaxies are more luminous in FIR than in the blue. The
mean value of log(Leoum/L,) (Lp being the luminosity at 0.43um) turned out
to be 0.28+0.03, to be compared with log(Leoum/L,) ~ —0.4 found by de Jong
et al. (1984) for Shapley-Ames galaxies.

Optical and FIR luminosities of Markarian galaxies were shown to be

tightly correlated: the linear correlation coeflicient between (log L,) and
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log(Leopm is » = 0.85 + 0.03. There is also strong evidence that more lu-
minous Markarians tend to have relatively larger percentages of their output
in the FIR. The correlation coefficient between log(Leoum/Ly) and log Lgo,um

for the sample of Xu et al. is 0.66 + 0.04; the slope of the linear regression is
0.25 4+ 0.02.

Three mechanisms may contribute to the FIR radiation in bright extra-
galactic sources: (1) photospheric emission from stars, (2) synchrotron emission
from relativistic electrons spiraling in the sources’ magnetic fields, and (3) emis-
sion by dust. The dust reradiation is held responsible for the FIR emission of
non-Seyfert disk galaxies (Soifer et al, 1987a). The observational evidences
supporting this hypothesis include (a) the extended emission in those sources
where sufficient resolution can be achieved, (b) the large FIR excesses over the
expected photospheric emission or a reasonable extrapolation from the radio
spectrum, and (c) the shape of the FIR continuum energy distributions gener-
ally quite like that of our own Galaxy, for which a dust-emission origin is well

established (Cox et al. 1986).

Here we present a two-component model for FIR emissions of non-Seyfert
Markarian galaxies. The warm component is assumed to comprise the emission
of dust associated to star-forming regions, heated by the ultraviolet light from
young massive stars. The cold component is due to dust dwelling in a galactic
disk, heated by the general interstellar radiation field (ISRF). For both compo-
nents, the contribution from ‘very small grains’, or rather molecules (Léger and

Puget 1984), has been taken into account.

The model is compared with data for the sample of non-Seyfert Markarian
galaxies, defined by Xu et al. (1988), as well as for three other samples: (1) the
compact blue galaxies (CGB) of Kunth and Sévre (1985), (2) the IRAS selected
galaxies of Smith et al. (1986), and (3) the nearby disk galaxies of Hawarden

et al. (1986). The reason we consider the 3 additional samples is threefold: (a)
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CUBG’s constitute an important subclass of non-Seyfert Marakarians. They are
very likely a class of relatively young and metal deficient star-forming galaxies
whose emission is dominated by young massive stars (Kunth et al. 1985). (b)
It has been proposed that majority of bright IRAS selected galaxies are star-
forming galaxies (Soifer et al. 1985), and the IRAS survey seems to be a very
powerful tool for selecting objects of this kind, not hampered by dust extinction,
unlike the Markarian survey. It is therefore interesting to compare the FIR
properties of sources from the two surveys. (c) A FIR study of similarities and
differences between 'normal’ disk galaxies and Markarian galaxies will help to

understand better the nature of the latter and the star-burst phenomenon.

The model is presented in Section 5.2. The samples used in this work are
described in Sect. 5.3. The main results are given in Sect. 5.4. The last section,

5.5, is devoted to a discussion of the model in several astrophysical contexts.

5.2. The model

(1) The grain model

The grain model adopted here is a simplified version of that worked out by

Mathis et al. (1977, here after MRN77) and refined by Draine and Lee (1984,
hereafter DL84).

First, we ignore the difference between the optical properties of graphite
and silicates, i.e. we deal with only one component. DL84 found that the differ-
ence between the optical properties of the two grain consituents is much smaller
than predicted by MRN7T (see also Mathis, Mezger, and Panagia 1983, here
after MMP83). Judging from the Fig. 11 of DLR4 (the diagram of the Planck
averaged emissivity (Q(a,T')) vs. temperature T), the (Q(a,T)) of graphite and

silicates are strongly different from each other only in a relatively narrow range
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around T' = 300 K. DL84 found only a ~ 15% difference between the local
graphite (~ 20 K) and silicate (~ 17 K') temperatures, much smaller than the
difference (graphite temperature ~ 19.2 K and silicate temperature ~ 10.2 K)
found by MMP83 using MRN77 model.

Second, we assume a unit absorption efficiency, @,,, for UV photons
radiated by massive stars. The absorption efficiency for optical light Q) is
approximated as X, /(1 + X,), where X, = zliﬁ, a is the grain radius, and A
is the photon wavelength. Thus, when 27a >> ), Q) ~ 1, and when 27a < )\,

v 2—’/\'—“ For grains’ FIR absorption efficiency, (based on the results in Figs.

4b and 5b of DL84) we adopt the expression:

0.065-a- X717, (A <130.9um)
Qrrn(d) = {0.065 ca (e )0 (A >130.9um), (51

130.94

where A and @ are both in the unit of cm. The corresponding specific FIR cross

section of grains per H-atom, is approximated as (cf. DL84’s Fig. 9):

2.63-10728 . \~LT (A <130.9um)
UFIR.H(/\) = {2.63 .10—28 ( A )—0.3 St T (/\ > 130-9ﬁ”71)’ (5.2)

130.9u

where o, . is in the unit of cm?/H-atom. We use MRN77’s grain size distri-

bution:

pla) x a5 (a3 < a < ay), (5.3)

where a; = 504 and a, = 2500A.

Useful derived quantities are the mean absorption cross section (averaged
over the grain size distribution) and the specific cross sections (per H-atom) for
UV photons and V-photons (A = 5500.4):

faalz ma? - a3 da

(0yy) = Pavd =3.37-107"%  (em?); (5.4)
al a - a
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faz X2 1020735 da

(oy) = 1o — =7.527-107 (em?), (5.5)
a1 @7°0da
_ Tprna(A)
Oyv.n =Ng,H(0yy) = <0-UV>_~———3\_—
(0rr)(A) (5.6)
=1.14-107*" (c¢m?/H-atom);
Ty =ngm(o,) =255-10"2? (cm?/H-atom), (5.7)
where (0, ,) is the size-averaged FIR absorption cross section of grains:
a2
1 @erny-ma? -a™35 da
(0pin(A)) = =2 F“ix.z
fa.l a=?%da
(5.8)
[ 77510710 AT (em®) (A < 130.9um)
ST 10T AT ()0 (em?) (A > 130.9um),
and
Mg H = Trinm 3.39-1071° (H-atom) ™!, (5.9)
(Trin)

is the specific number of grains per H-atom. Our o, ,, and o, , are in excellent

agreement with DL84’s results (cf. Fig. 7 of DL84).

(2) The PAH model

Several evidences suggest that very small grains, which can be transiently
heated by single UV or visual photons to temperatures as high as 1000K, are
responsible for most of the MIR emission of galaxies. The existence of these
small grains has been indicated by the high color temperature of the MIR
emission from reflection nebulae (Sellgren 1984) and galactic cirrus (Boulanger
et al. 1985), by the ‘unidentified features’ at 3.3u, 6.2u, 7.7, 8.6u, 11.34

observed in a wide variety of astronomical objects: reflection nebulae, planetary
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nebulae and active galaxies ( Léger and d’Hendecourt 1987; Allamandola 1984;
Willner 1984), and by the anti-correlation between IRAS colors Fi, w/ Fa2s, and
Feou/Fro0, of galaxies (Helou 1986). By a spectroscopic study, Léger and Puget
(1984) identified them as polycyclic aromatic hydrocarbon (PAH) molecules.
Now it is widely accepted that PAH molecules are the main contributors to the
MIR emission of galaxies (Cox et al. 1986; Draine and Anderson 1985; Puget
et al. 1985; Désert 1986; Helou 1986).

We have adopted the PAH model suggested by Puget et al. (1985). Al-
though there are arguments against the presence of PAH’s in HII regions, in
view of the possibily that they are destroyed either by UV photons or by in-
teraction with ionized gas (Puget 1987; Ghost and Drapatz 1987), Léger and
d’Hendecourt (1987, see also Désert 1986) concluded that, since the major-
ity of PAH are big molecules (consisting of more than 50 atoms), they are
strong enough to withstand destruction. Following them, we assume that PAH

molecules are present both in HII regions and in the disk.

Following Puget et al. (1985) and Désert 1986, we adopt for PAH’s a
power-law size distribution with the same slope used for grains but with an

amplitude larger by a factor of three, and confined to the range 44—15A4:
Pran(a) xa % (44 <a < 154). (5.10)

Since Puget et al. (1985) reported the absorption rate of PAH’s only at 700
A, 2200 A, and 1 pm, we have chosen the absorption rate at 7004 as the
representative value within HII regions’. From their Fig. 1, we deduce a relation

between the cross section at 7004 and the molecular radius a:

Tpar (XA =T004) = 0.0434%. (5.11)

700 Ais a good approximation for the mean wavelength of ionizing photons,

often taken as half the wavelength of Lyman limit (Mezger 1979).
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With the above size distribution, we can compute the average absorption cross
section

a2 _
a 1.5 da

< PAH>(/\ = 7004 a,) = 0. 043fa1
fal a'—3'5 d(l (5.12)

=1.725-10"'%  (em?),

and the specific absorption cross section per H-atom:

UPAH.H(7OO‘21) =Mpap.pg " <0'PAH>7002
(5.13)

=9.3.10"% (em®/H-atom) ,
where n,, . . is the specific number density of PAH per H-atom.

Puget et al. (1985) didn’t report the absorption rate of V-photon by

PAH’s. However, it is reasonable to assume that the absorption efficiency of

PAH for V-band photons ist.

a

QV.PAH & X ’ (5.14)

30% of of absorption within galactic disks is attributed to PAH’s (Draine and
Anderson 1985, Puget 1987, Léger and d’Hendecourt 1987).

The specific emissivity per H-atom of PAH molecules is

PAH»V—// V Vs a h ,2 PAH(V a)nPAHHP a)(ll/ da
(5.15)

(erg/sec/H-atom),

where:

' from the dipole approximation of Mie's theory in the case of a/\ < 0.1,

DL84
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o 5(v',v,a) is the differential power (in unit of erg/sec/Hz) radiated by a PAH

of radius a heated by a photon hv'.

© 0., (V,a) is the absorption cross section; the factor of 2 takes into account
the two surfaces of a molecule.

o I, is the intensity of the heating radiation. For the case of HII regions, we

approximate it as a delta function
I =I,6(v' —4.3.10%%), (5.16)

where the frequency 4.3 - 10'° corresponds to A = 7004. For the radiation in

the disk,
I, =I(r)§(v' —5.5-10), (5.17)

where the frequency 4.3-10%° corresponds to A = 55004, and I(r) is the intensity
of ISRF in the ring of radius r.

We take into account only the contribution from NIR-MIR emission fea-
tures of PAH’s, i.e. we neglect their continuum radiation (Puget et al. 1985).

The emitted flux density S can be expressed as

Ai(a) [Tre=(r9) 92 B, (T)
! — — 7
S(v',v,a) = E 6y ;i 3y /7",,,,.~,,. F(T, o) C(T,a)dT, (5.18)

1

where

o v; is the effective frequency of the feature

0 8,,,, is a step function

§ = {1 (l/i — 0.5&74 Z v S v; 4+ 0.5&1/{,)

0 elsewhere.

o A;(a) is the integrated absorption cross section (4; = 0;A);) of the feature

at v;, given by Léger and d’Hendecourt (1987);
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o A); is the effective width of the feature;

o F(T,a) = 37,2mBy,(T)Ai(a) is the power released by a PAH molecule at

temperature 7', the factor 2 takes into account the two surfaces of a molecule;

o C(T,a) is the specific heat of PAH, derived from (Léger and d’Hendecourt
1987)

C(T, a) = 3(N¢(a) — 2)k(T/1300K), T;1300K
Y Z A 3(Vi(a) — 2)k, Tj1300K

where Ny(a) is the number of atoms contained in a PAH of size a (Puget et al.

1985; Léger and d’Hendecourt 1987):

Ni(a) = 2.5-10"%a%;
0 Trnaz(v',a) is the maximum temperature of a PAH molecule of radius ¢ heated

by a photon hv'. It can be derived from

Tm.uw(’/,va')
h' = / C(T,a)dT. (5.19)
Tm,in

The derived T}, is essentially independent of the choice for Tnin. In actual

calculations we take T.,;, = 5K.

The PAH contributions to IRAS fluxes are confined to the 121 band,
which encompasses three PAH emission features (those at 7.7Tum, 8.8um, and
11.3—11.9um). The predicted intensities of the latter have been convolved with
the IRAS response function (IRAS Explanatory Supplement, 1986).

(3) Warm dust

Warm dust associated with HII regions is heated by massive stars. Mezger

et al. (1979) and Cox et al. (1986) have argued that the main contribution to
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the warm FIR radiation of our own Galaxy comes from the dust associated
with ‘extended HII regions’, which correspond to type V/VI HII regions in
Israel’s classification scheme (Habing and Israel 1982), with typical density of
~ 10 H-atoms/cm?® (see also Mezger et al. 1982). Their results are consistent
with current scenarios for the evolution of HII regions (Smith et al. 1978;
Habing and Israel 1979; Giisten and Mezger 1982; Mezger et al. 1982), implying
that massive stars spend most (~ 90%) of their lifetime within extended HII

regions; correspondingly ‘compact HII regions’ (n. 2 10* H-atom/cm?, type

I/II of Israel) and ‘radio HII regions’ (n ~ 50 + 1000 H-atoms/cm?, Smith et
al. 1978; type III/IV of Israel) are much rarer.

On the other hand, the observed correlation between blue and FIR lumi-
nosities, found for Markarians and optically selected galaxies in general, consti-
tutes a direct proof that the bulk of FIR emission of these ob jects cannot come
from compact HII regions, which are characterized by a large visual extinction.
Therefore we will concentrate, in following, on dust associated with extended

HII regions.

First of all, we assume that the radiation field within such regions is uni-
formly distributed. That this is a reasonable assumption is indicated by their
modest intrinsic visual extinction (= 0.3mag, see Cox et al. 1986). Indepen-
dent, albeit sparse, data confirm that the mean free path of Lyman continuum
(Lyc) photons within extended HII regions is of the order of, or smaller than,
the average separation of heating stars. Mezger et al. (1982) found an average
density of 12 H-atoms/cm? for the galactic extended HII regions. The cross
section of grains for Lyc photons is ~ 2 - 10~21em? /H-atoms (DL84). So the
mean free path is r, =1/(12-2-10721) ¢m = 3pc. In the Orion Aggregate,
star counts by Sharpless (1952, see also Reddish 1978) gave about 50 ionizing
stars over an area of 100 pc2. Given the size of the aggregate ~ 100 pc, the mean

density is 5 - 1073 /pc3, corresponding to an average separation of ~ 6 pc. On
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the other hand, Balzano(1983) found a typical mass ~ 10® Mg within starburst
nuclei with typical size of about 600 pc. Again, for reasonable choices of the

average mass of young massive stars, their average separation turns out to be

< 10pec.

The temperature of a grain in an extended HII region is derived from the

energy balance:
nlpdma® = /WBV(T;,’.(CL)) *Qrrnla,v) - dwa’ dv. (5.20)

As discussed above, the UV absorption efficiency of grains has been set to
unity. Optical emission lines and the ISRF light are neglected, since both their
intensity and their absorption efficiency are much smaller than those for the

UV light within HII regions.

The specific emissivity (per H-atom per frequency interval) of warm grains

associated with extended HII regions is

4W6;”,R,U(V)=ngr,ff/ "By (T4r(a))@pin(a,v) -dma® - p(a)da,  (5.21)

ay

where again ng, , represents the specific number density of grains per H atom,

and p(a) the normalized grain size distribution.

Since the FIR spectrum of our warm component (equation 5.21) depends
only on the temperature distribution of warm dusts, which in turn is fully
determined by I,, the UV radiation field within HII regions (cf. equation

5.20), the only parameter for our warm component is I,,.

(4) Cold dust
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Cold dust is associated with disks of galaxies, and is heated by the ambient
interstellar radiation field (ISRF). Following Jura (1982), we assume that both

the radiation field and the optical depth of dust follow an exponential law:
I =Iyexp(—r/r;); (5.22)
T = 19 exp(—r/7;). (5.23)

For our own Galaxy, MMP83 found both r, and r; (for the disk star component
of ISRF) to be ~ 4pc. Thus, for simplicity, we assume r; = r, = rq, in general.

Iy, 79 and rg are free parameters of our model.

The heating rate, [71\Qx(a) - 4ma® d), for dust in the disk is estimated

assuming for ISRF photons an effective wavelength A\ = 55004. This is obvi-
ously a crude approximation, but it is hard to do much better in view of the
uncertainties on both the ISRF (Mezger et al. 1982; MMP83) and on the phys-
ical properties of grains. Thus, the temperature T'(a,r) of a dust grain of size

a located in the disk at a distance r from the center can be estimated from:

mI(r)Q, (a) - 4mra® = /WBu(Tgcr(a,T)) . QFIR((L,V)47T(LZ dv, (5.24)
where:

I =1 - exp(—r/r,), (5.25)

Qu(a) = —¢ 2ma (5.26)

3 ..IY = o .
1+ X, " 55004

The differential FIR luminosity, in the unit of erg/sec/Hz, from the disk

is
L;‘fn.u = //WBV(T;T(G,,T)) Qpinla,v) -dra® - ng.(r)pla) - Z(r) - 27r da dr

://ﬂ-Bl.(T(a,T’))QF_,R(CL,I/,)47ra.2 T‘I'}

pla) - 27r dadr,
{7v)

(5.27)
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where ng,(r) is the number density (per cm?) of grains, p(a) is the normalized

grain size distribution (cf. equation 5.3); Z(r) is the disk thickness at r; and
T (1) = Z(r) nge(r) - (o, ) =7, o, (5.28)

is the opacity of the disk at 7 (cf. equation 5.23), and (o, ) is the size-averaged

V-band absorption cross-section of grains (cf. equation 5.5).

A glance to equation (5.27) tells us that the shape of the FIR spectrum of
the cold dust component does not depend on the value of 7y, nor of ry because
both appear only as constant multipliers (T'(a,r) and 7 depend only on r/rg).
Letting 2 = r/rq, the equation (5.44) can be rewritten as

2 7(2)

Lt =l / / 7B,(T(a,z))Q, (a)dra® o)

p(a) - 2mz dade, (5.29)

which clearly shows that the form of the F IR spectrum of the cold dust is

determined by only one parameter, [;.

5.3. The samples

(1) Markarian galazies

Xu et al. (1988) have constructed a complete sample comprising all

Markarian galaxies brighter than my,, = 14.5falling in the sky region ]bul < 30°
and § < —2°. It contains 176 non-Seyfert Markarian galaxies, all having mea-
sured redshift. Ten of these galaxies are out of the sky region covered by IRAS:
139 have been detected by IRAS at 60 pum. In Table 5.1 we List the 66 galaxies
which have been detected at least at 25 pm, 60 um and 100 um; 22 of these
were detected in all four IRAS bands. Mkr313 has been excluded since it is
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extended at 60 pum (Xu et al. 1988). All FIR data have been taken from the

second version of the IRAS point source catalog.

(2) Compact blue galazies

Kunth and Sévre (1985) compiled photometric, spectroscopic, IRAS, and
some HI measurements for the ‘most studied’ compact blue galaxies, taken from
various sources. They also collected IRAS data for a sub-sample of blue compact
galaxies observed by Klein et al. (1984) at 6.3 cin. We picked from their two
samples 26 galaxies detected by IRAS at 25u, 60p, and 100u; 8 of them were
detected in all four IRAS bands (Table 5.2).

(3) IRAS selected galazies

From the complete sample of 72 TRAS selected galaxies brighter than
Fsop = 2 Jy, defined by Smith et al. (1987, hereafter S87), we have selected the
51 objects which have been detected by IRAS at 25 um, 60 pm, and 100pm,
and show no evidence of being extended at any of these bands (587). 13 have

been detected also at 12 yum (Table 5.3).

(4) Nearby disk galazies

The nearby disk galaxy sample of Hawarden et al. (1986, see also Puxley
et al. 1988) comprises 186 galaxies in the Revised Shapley-Ames Catalog of
Bright Galaxies (Sandadge and Tammann 1981) with morphological classifica-
tions in the Second Reference Catalogue of Rright Galaxies (de Vaucouleurs,
de Vaucouleurs and Corwin 1976) between S0/a and Scd (inclusive), exclud-

ing Seyfert galaxies and LINERs listed in the catalog of Veron-Cetty and Veron
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Table 5.1. The sample of Markarian galaxies.

Ml’k Mz, E(B-V) z Flzﬂ(Jy) F25#(JY) FSO/.L(JY) Fwou(J}’)

12 12.7 0.03 0.014 0.247 0.325 3.202 7.144
18 14.3 0.03 0.011 <0.250 0.231 2.079 3.180
33 13.2 0.00 0.005  <0.260 0.969 4.786 5.488
35 12.9 0.00 0.004  <0.250 0.923 5.183 6.646
52 124 0.01 0.007  <0.349 1.081 4.660 6.126
59 12.8 0.00 0.003  <0.250 0.387 1.836 2.388
36 11.7 0.04 0.001  <0.250 0.296 3.193 6.516
111 13.9 0.04 0.013  <0.250 0.321 2.837 5.894
119 14.1 0.03 0.010  <0.250 0.290 2.182 4.182
133 128 0.03 0.007 <0.357 0.539 3.034 5.680
158 13.0 0.01 0.007 0.430 1.189 8.525 12.23
161 134 0.00 0.020  <0.250 0.375 2.475 4.116
169  14.2 0.00 0.005  <0.250 0.680 3.614 4.790
171 11.8 0.00 0.010 3.710 21.51 105.8 111.2
188 126 0.00 0.007 0.391 0.473 4.811 11.39
190 131 0.00 0.003  <0.250 0.438 2.669 5.462
201 13.0 0.00 0.009 0.857 4.357 22.79 25.94
207 135 0.01 0.008  <0.250 0.206 2.217 4.204
213 13.2 0.00 0.010 0.248 0.677 3.916 6.843
256 13.2 0.02 0.011 <0.250 0.346 2.878 5.689
281 125 0.00 0.008 0.344 0.643 5.287 13.07
286 13.9 0.02 0.027 0.265 0.739 4.431 6.661
297 14.1 0.03 0.016 0.243 0.873 7.042 10.10
307  13.7 0.05 0.019  <0.250 0.223 1.841 4.409
319 14.0 0.06 0.028  <0.314 0.562 4.265 7.302
321 135 0.06 0.033  <0.283 0.295 2.684 6.136
323 13.7 0.06 0.015 0.265 0.318 3.014 8.678
325  12.7 0.05 0.012  <0.250 0.505 5.250 6.978
326 13.9 0.05 0.013 0.279 0.755 3.895 6.140
332 12.7 0.03 0.009 0.321 0.636 5.059 10.03
353 14.2 0.01 0.017  <0.310 0.586 3.953 6.195
401  13.6 0.00 0.005  <0.250 0.595 2.537 3.828
404  12.0 0.00 0.004 0.653 1.342 11.85 23.92
432 14.0 0.00 0.011 <0.250 0.416 3.625 6.706
43 12.3 0.00 0.004 0.272 0.718 5.988 11.58
446  14.2 0.00 0.024  <0.250 0.280 1.458 2.617
430  14.2 0.00 0.019  <0.250 0.207 1.807 3.168
496  14.0 0.01 0.029 0.297 1.130 6.491 9.983
531  13.5 0.03 0.013  <0.250 0.510 4.798 7.197
534 13.2 0.03 0.018 0.504 1.149 7.412 9.856




Table 5.1 (continued)

Mrk mgz, E(B-V) 2z Fi3,(Jy)  Fasu(Jy)  Feou(Jy)  Flroon(Jy)

538 13.1 0.01 0.010 0.496 2.801 11.230 11.29
545  12.5 0.03 0.016 0.468 1.140 9.151 16.27
582  14.0 0.00 0.019 <0.291 0.536 5.033 9.374
589  14.3 0.01 0.011  <0.250 0.448 2.708 3.542
602  13.2 0.06 0.010  <0.250 0.688 3.604 5.781
691  13.2 0.02 0.011  <0.250 0.536 4.098 7.600
703  13.3 0.03 0.012  <0.297 0.583 4.026 7.009
708  14.0 0.02 0.006 0,307 0.769 5.473 8.281
731 134 0.01 0.004  <0.428 0.686 3.046 4.756
759 12.5 0.02 0.007 0.283 0.527 4.202 9.532
761  14.3 0.01 0.014  <0.353 0.531 5.408 11.13
769 123 0.01 0.005 <0.375 1.036 8.691 12.40
799  12.7 0.01 0.011 0.518 1.639 10.40 20.49
814 144 0.01 0.013  <0.250 0.194 1.538 2.658
839  13.8 0.06 0.013 0.289 0.911 5.194 7.870
861  14.5 0.01 0.015 <0.250 0.249 1.347 2.005
1002 13.5 0.02 0.011 <0.321 0.852 4.944 6.566
1027 144 0.03 0.030  <0.316 0.620 5.380 8.476
1101 14.3 0.00 0.034 <0.250 0.248 1.861 3.541
1104 13.6 0.00 0.007  <0.270 0.274 1.461 1.859
1134 14.3 0.06 0.017  <0.288 0.464 4.826 1.031
1224 14.3 0.01 0.050  <0.250 0.535 4.433 7.262
1233 13.9 0.02 0.016  <0.250 0.312 2.834 4.811
1304 13.7 0.01 0.018  <0.250 0.850 3.886 4.508
1365 14.1 0.00 0.018  <0.250 0.710 3.896 9.817
1466  13.1 0.01 0.004  <0.402 1.208 5.979 10.96
1485 12.4 0.00 0.008  <0.637 0.342 2.254 8.597




Table 5.2. The sample of compact blue galaxies.

Name mzw *D(MPC) Flzu,(Jy) Fzsp(Jy) Fsou(Jy) Fmo#(Jy)
ITZw40 16.3 10.1 0.46 1.92 6.49 5.68
He2-10 13.0 8.72 1.10 6.55 23.8 25.7
NGC3690 125 40.8 3.73 21.6 105.4 110.0
NGC4214 111 6.4 0.40 1.76 14.24 24.75
NGC6764 32.0 0.38 1.34 6.41 11.47
I17w102 15.4 25.0 0.58 1.03 8.98 18.28
NGC7714  13.2 40.0 0.50 2.81 11.1 10.9
Harol 12.5 50.3 0.44 0.94 8.41 13.23
Mrk1089 13.8 53.0 <0.30 0.70 4.0 5.43
Mrk8 14.2 41.0 <0.30 0.41 2.37 3.82
Mrk33 13.5 21.6 <0.30 0.98 4.73 5.25
Mrk35 13.5 14.5 <0.30 0.93 5.13 6.37
Mrk162 14.6 86.1 <0.30 0.35 1.31 1.58
Mrk1304 14.5 73.0 <0.30 0.86 3.81 4.34
Mrk432 14.1 45.6 <0.30 0.42 3.58 6.44
11924-416 12.0 <0.40 0.51 1.61 1.34
IVZw149 13.9 <0.30 0.55 5.18 6.71
IIIZw107  15.0 73.7 <0.30 0.33 1.49 1.73
Mrk59 15.1 10.6 <0.30 0.42 1.83 2.29
Mrk71 13.8 3.6 <0.30 0.73 3.28 4.38
Mrk86 12.6 7.0 <0.30 0.42 3.15 6.26
Mrk169 14. 17.4 <0.30 0.68 3.59 4.58
Mrk313 13.2 30.8 <0.30 0.44 3.12 6.55
Mrk401 13.70 22.2 <0.30 0.62 2.49 3.67
Haro2 13.17 20.5 <0.30 0.98 4.73 5.25
Haro3 13.15 13.9 <0.30 0.93 5.13 6.37

* Distances in Mpc (Hy = 75).



Table 5.3. The sample of IRAS selected galaxies.

PSC Name myz, *Vr Fi2,(Jy)  Fasu(Jy)  Feou(Jy) Fioou(Jy)

0800142331  14.2 4647 0.31 0.65 4.05 8.31
0811142401 15.3 6052 0.24 0.52 3.00 6.61
08322+2838 12.9 2126 0.28 0.39 2.46 6.77
f08323+3003 18.0 17885  <0.11 0.16 3.24 4.75
08327+2855 15.3 7621 0.19 0.37 2.39 3.67
108354+2555 14.4 5508 0.40 2.20 25.6 27.9
09028+2538 12.7 2670 <0.21 0.63 4.24 8.63
0912042956 13.8 6313 0.29 0.44 2.22 5.94
0927342945 13.6 1678 0.27 0.69 2.63 3.99
0953442727 14.3 1236 0.30 0.50 3.79 7.95
1007842439 14.6 6365 0.29 0.88 3.78 4.15
1024542845 12.0 1370 0.17 0.20 2.34 4.22
10369+2659 15.1 5844 0.32 0.43 3.43 6.69
1046042619  15.7 7687 0.16 0.70 2.32 2.48
110565+2448 16.0 12926 0.25 1.56 12.8 16.4
11004+2814 11.8 1530 1.45 4.37 23.4 39.3
f11069+2711 17.0 21080  <0.10 0.14 2.56 4.59
1108542859  14.7 8556 <0.16 0.70 4.38 8.22
111102+3026 16.0 8788 <0.09 0.12 2.39 4.43
11474+2645 13.0 1737 0.27 0.49 3.48 7.87
11555+2809  14.0 3402 0.23 0.50 3.92 7.72
1156142743 13.5 3432 0.22 0.20 2.35 6.15
11598+3008 14.4 3174 0.37 0.34 3.89 8.50
12031+3120 15.1 6910 <0.11 0.33 2.19 2.79
1209942926  14.2 4034 0.38 0.58 5.79 2.78
1215943005 13.7 3876 0.50 1.71 4.00 5.04
1220043010 11.6 1004 0.25 0.54 3.96 9.12
1228942924  14.1 4572 0.28 0.52 3.29 7.62
1234142442  14.9 6920 0.27 0.45 4.06 5.72
1242242641 15.3 4544 0.15 0.50 3.39 5.59
12428+2724 13.4 1051 0.15 0.38 3.08 5.25
1259042934 15.0 7044 0.38 1.59 6.45 7.99
13086+2950 15.3 7252 <0.16 0.23 2.28 4.49
11312642452 14.8 3878 <0.11 1.77 19.0 19.1
1338742331 15.11 8186 0.26 0.89 4.85 7.18
13408+3035 14.5 10407 0.20 0.42 2.59 5.99
13532+2517 15.5 8856 <0.17 0.44 2.26 2.75
14026+3058 155 7578 <0.13 0.40 2.97 5.14
11415842741 16.0 20902  <0.10 0.14 2.60 4.37
1416542510 15.3 5278 0.25 0.43 3.57 8.16




Table 5.3 (continued)

PSC Name mMmzw *Vl‘ Fmﬂ(Jy) Fzs,,,,(.]y) FGQ#(Jy) F].OO/.L(JY)

1422142450 14.5 5087 0.35 0.95 5.40 9.02
1428043126  13.4 3582 0.84 1.61 11.9 25.1
14356+3041  15.0 10408 0.20 0.57 2.52 3.46
1454742443  14.6 10166 0.33 0.57 7.04 16.7
'15018+2417 16.5 20685 <0.11 0.38 3.05 4.16
1532742849  13.2 2021 0.14 0.25 2.66 5.74
11532742340 144 5563 0.70 11.0 111. 126.
15373+2506 15.1 6869 0.14 0.71 2.38 3.39
1556642657 14.9 4265 0.20 0.95 3.26 3.43
1640342510 154 6873 <0.15 0.37 2.91 5.26

* Recession velocities in the units of km/sec.
T Ultraluminous IRAS galaxies (see text).



(1985). These galaxies have been detected by IRAS in all four bands. Extended

sources and cirrus-contaminated sources have been excluded by the authors.

5.4. Results

Figures 5.1a¢ and 5.1b compare the FIR color-color diagrams predicted
by our model, with the observational data for Markarian galaxies. The filled

squares correspond to detections, the triangles to upper limits at 12um.

For all figures we have used the disk model specified by Iy = 10{15cql,
where [jpcq: is the intensity of the ISRF in the solar vicinity (MMP83). Its
color temperatures (Tc(25u4—60u) = 25.4K and T.(60p—100u) = 23.2K) agree
very well with the results found by Sodroski et al. (1987) for the disk of our

Galaxy.

Table 5.4. Models for the cold component (see text).

—I—‘l;— log —g% log F—w-;— TT.(25pu~60p)  log ;‘_M 1T.(60u-100u)

100

5 3.73 -4.48 22.8 -0.883 20.9)
*10 2.85 -3.83 25.4 -0.688 23.2
15 2.40 -3.49 27.0 -0.583 24.6
20 2.10 -3.25 28.3; -0.512 25.7

* The model used in this paper.
T The color temperature, assuming v? dependence for dust emisivity.
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Fig. 5.1a. Thelog Ly, /Las, vs. log Leo,/Lion, diagram of Markarian galazies
Fig. 5.1b. The log L5,/ Loo, vs. log Leou/L1ion, diagram of Markarian galazies

Solid squares are detected data; solid triangles are upper limits. Point C (the star) is the
‘warm cirrus’ (Boulanger et al. 1985). Solid lines are models with fixed I,,; from top to bottom
for Fig. 5.l1a., and from bottom to top for Fig. 5.1b.: I, = 20, 40, 60, 80, 100, 120, 140,
160 X Iiocur. Dashed lines are models with fixed R, /.; line a: R,,/. = 0.1; line b: Ry =03
line c: Ry ). = 1; line d: R, = 3; line e: R, = 10; line f: R,/ = oo.



Some other disk models (Table 5.4) are investigated. Their color tem-
peratures are not very different with each other. Our results are only weakly

sensitive to different choices for Ij.

The solid lines are model families with constant I, the intensity of the
radiation field within HII regions, but different relative contributions from the
disk component and from the warm component, measured by the FIR luminos-
ity ratio

Lwd

FIR
ed
LF‘IR

Rw/c =

where L¥? and Let  are the total FIR luminosities (from 10 pm to 1000 pm)
of the warm component and of the disk (cold) component (the MIR emission
from PAH molecules associated to them is included), respectively. The dashed

lines are model families of constant R, Je-

It is very interesting to notice that the lines of constant R, /c correspond
to almost constant Fs0,/Fi00,, when the latter ratio is < 1 (Fig. 5.1a), as a
consequence of the fact that the cold component peaks around 100um, and the

warm component peaks around 60um. Hence Fyg,/Figo p 1s a direct measure of

Ry /e

On the other hand, the Fy5,/Fso, ratio depends both on I, and Rw/c.
The falling-down of the predicted Fy5,/Feo, when Fs0,/Fi00, is small (Fig.
5.1b) is due to the growing contribution from the cold component, relative to

the warm component, to the 60um flux.

The fast rise of the predicted log Fi2,/Fss, when log Fs0,/Froo, decreases
(Fig. 5.1a) is a direct result of our assumpftion that the dominant contribution
to 12pum flux comes from the emission lines of PAH molecules (Puget et al.

1985; Désert 1986).
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Almost all Markarian galaxies locate in a region bounded by —0.5 <
log Ryyje < 0.5 (i.e. between the two dashed lines labelled b and d), and
40 > I,/Iiocar > 120 (i.e. between the two heavy continuous lines). Out-
side this region are only detected data points of three galaxies. One is
Mkr 1485=NGC 53501, whose anomalous colors may be due to contamination
by other sources in the same galaxy group (around NGC 5353: MB86; Markar-
ian et al. 1981). The other two are Mrk 538 (on the right hand side both in
Fig. 5.1a and in Fig. 5.1b) and Mrk325 (in the upper part of Fig. 5.1a, and in
the lower part of Fig. 5.1b). Mrk 538 is a Sdmp galaxy (Huchra 1977a; MBS6)
with a starburst nucleus (Balzano 1983); Mrk 325 is a clumpy irregular galaxy
(Casini and Heidmann 1976) with violent star-formation, probably induced by

tidal interaction with Mkr326 (Duflot-Augarde and Alloin 1982).

The mean log Fso,/Fi90, of Markarian galaxies is —0.226+0.013; the mean
log Fys5,/Feo, is —0.841 4-0.014; and the mean log Fia, /F55, is —0.508 + 0.036.
The last flux ratio has been derived using the Kaplan-Meier estimator (Schmitt
1985; Feigelson and Nelson 1985) which allows to take into account also the

information content of upper limits.

The anti-correlation between Fi3,/F5, and Fgo,/Fip0, and the positive
correlation between Fys,/Feo, and Fgou/Fioo, exhibited by data points are

successfully accounted for by our model.

The above mean FIR flux ratios are obtained for I,, = 72I},cq; and Ry, =
1. Fig. 2 shows the corresponding average FIR spectrum (normalized to the

flux at 60um). The error bars represent only the statistical errors around the

mean.

In addition, we have used the data reported by Kriigel et al. (1988a,

1988b) to derive the average Fi smm/ Fyso, ratio for Markarians. Tiventy-four

i Its upper limit Fja,/Fzs, < 1.86 is the only one outside the scale of Fig.
5.1a.
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Fig. 5.2. The average FIR spectrum of Markarian galazies

Heavy solid line: the global FIR spectrum of the best-fit model; dotted line: the warm compo-
nent; dashed line: the cold component. Crosses with error bars: the average observed spectrum
of Markarian galaxies.



Markarian galaxies brighter than 10 Jy at 100um were observed with the 30m
Millimeter Radio Telescope (MRT') (Baars et al. 1987) on Pico Veleta, Spain,
using the bolometer system developed at the Max-Planck-Institut fiir Radioas-
tronomie (MPIfR) (Kreysa 1985). The beam size was 11". The sample con-
tains eight Seyferts or possible Seyferts and nine starburst galaxies, according
to MB86. Since the aperture of mm observations is much smaller than both
that of IRAS at 100um (3'.0 x 5'.0, Neugebauer et al. 1984) and of the optical
sizes of the sources (H77a), we applied an aperture correction. To this end,
the extent of the emitting region was assumed to match the photometric sizes
(H77a), when available. Otherwise, the sizes reported by Markarian and collab-
orators were used (MB86 and references therein). The uncertainty introduced

by the correction is not included in the error bar shown in Fig. 5.2.

R,/ = 1 means that, on the average, warm dust associated to star-
forming regions and cold dust associated to the galactic disk contribute equally
to the FIR emission of Markarian galaxies. From Fig. 5.2 we can see that
the warm component contributes dominantly at wavelength shorter than 80
micron, while cold dust dominates at longer wavelengths. The ratio between
contributions from two components in the ranges 25—100um and 60—100um

are LY 00/ L5% 100 = 1.2, and LEL,00/L5E 100 = 0.54, respectively, where L%

denotes contribution from the warm component, L°¢ from the cold component.

The above results may be biased in favour of warmer far-IR spectra, as
a consequence of having included in our sample only those sources detected by
IRAS at least at 25 um, 60 um, and 100 um. As a check on this possibility, we
have used the Kaplan-Meier estimator, which allows to take into account also
the information content of upper limits, to estimate the average FIR spectrum
of the complete Markarian galaxies’ sample of Xu et al. (1988). No significant
differences have been found. Furthermore. the mean FIR fux ratios reported
here are in good agreement with the results of Franceschini et al. (1988) for the

UGQC starburst/interacting galaxies sample.
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For Markarian starburst galaxies Sekiguchi (1987) finds the average spec-
tral indexes ag, /25, = 2.02+£0.16, 190p/60p = 0.71£0.31. The corresponding
best-fit model has I, = 75[;pcq; and R, . = 1.5, and yields the following lumi-
nosity ratios between warm and cold components: L;’;’;m/L“dzs_mo = 1.6, and

L¥dt 00/ L§E 100 = 0.66. So, at variance with previous conclusions (see Soifer et
al. 1987a and references therein), we find that the FIR emission of Markar-
tan galazies (including those with starburst nuclei) at wavelengths longer than
60um is dominated by the cold dust component associated with the galactic disk,

rather than by the warm component associated with star-forming regions.

In Figs. 5.3a and 5.3b, we show, for comparison, the IRAS data for
other samples (triangles are always upper limits). Compact blue galaxies (open
squares and open triangles) generally locate in the region where our model
predicts relatively high R, ;. and high I,,. It must be recalled, however, that
compact blue galaxies usually are not disk galaxies. They have neither a con-
spicuous population of old stars, nor normal galactic disks (Searle and Sargent
1972, Searle, Sargent and Bagnuolo 1973, Thuan and Martin 1981). Thus our

FIR model might not be straightforwardly applicable to them. In any case, our
model results are consistent with their intrinsic properties. The high R, Jc 18
compatible with the relative weakness of their old star population. The large
I, may be due, on one side, to their relatively high density of massive stars,

and, on the other side, to their low metallicity (Thuan 1983) and consequent

low extinction within their extended HII regions.

IRAS galaxies (starred squares, and starred triangles) have larger dis-
~persions on FIR color-color diagrams than Markarian galaxies, consistent with
being a mixture of widely different populations. ranging from extremely active
interacting systems like Arp 220, to normal i<k gnlaxies (see Soifer o al. 1987
for a review). Particularly noteworthy is the sub-group of galaxies located on

the lower right-hand corner of the Fbs,/Fs0, vs. Foon/Figo, diagram. Their
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Fig. 5.3b. Thelog Las,/Loou vs. log Leou/Lion, diagram for other samples

x: detected data of nearby disk galaxies; open squares: detected data of compact blue galaxies;
open triangles: upper limtis of compact blue galaxies; starred square: detected data of IRAS
selected galaxies; starred triangles: upper limits of IRAS selected galaxies; encircled starred
squares: ultraluminous IRAS selected galaxies (see text). Star (G): data of the inner part of
the Galaxy (Cox and Mezger 1987). Fat star (M82): data of M82 (Telesco and Harper 1980).



Fs0u/F100, colors are relatively warm, but the F5,/Fgo, colors are very cold.
It turns out that the seven data points which are below the curve I, = 407 local
and rightward of the curve R, Je =1 (the dashed line ¢), together with the two
other encircled squares which are a bit above them in the figure, are the nine
galaxies with the largest L,/ Lop ratio in the IRAS selected sample. They are
also among the brightest IRAS galaxies: their Lgoum are higher than 4 x 1019
Le for Hy = 100 (S87), or 1.6 x 10! Lg for Hy = 50. Of the seven galaxies with
Leopm > 10 Ly (Hy = 100) in the sample of S87, six are in this sub-group.

There are evidences that almost all of the brightest FIR galaxies are in-
teracting (Sanders et al. 1987), and their ultraluminous FIR emissions are very
likely due to violent star-formations triggered by interactions (Soifer et al. 1987,
Rieke 1988). It has been argued that the extinction in their star-forming region

must be enormous (4, 2 30mag, Rowan-Robinson 1986). If so, they may be

optically thick even at MIR wavelengths (the local extinction at 10um is about
1/15th of the visual extinction, and at 25um about 1/70th: DL84). Then, the

simple model considered in this work does not apply and a substantial fraction

of the MIR emission may be absorbed and re-emitted at longer wavelengths.

On the other hand, Chini et al. (1987), based upon a compilation of IRAS
data, together with near-IF data and 1.3 mm band data obtained by their own
surveys (Chini et al. 1986b, 1986c¢), reported a set of average infrared spectra for
compact galactic HII regions, ionized by different types of star: from early O’s
to early B’s. In the wavelength range of our interest (> 10pm), no significant
difference could be found between these spectra. Fig. 5.6 shows an example
of them, superposed on the average far-IR spectrum of the nine ultraluminous
IRAS galaxies mentioned abovei. The two spectra indeed coincide with each

other reasonably well, as is expected from the abave discussion.

T The error bars only indicate the statistical uncertainties, no systematic

error is taken into account
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Figure 5.6
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Fig. 5.8. The average FIR spectra of compact HII regions and ultraluminous IRAS galazies

Solid line: the average observed FIR spectrum of compact HII regions (Chini et al. 1987).
Crosses with error bars: the average observed spectrum of ultraluminous IRAS galaxies.



On FIR color-color diagrams, the data points of nearby disk galaxies ap-
parently locate in a region of low R, Je- Their warm component is usually

smaller than the cold component (Ryje < 1).

The FIR data for the inner part (R < 8 Kpc) of our own Galaxy is taken
from Fig. 2 of Cox and Mezger (1987). In the (Fasu/Fsou) vs. (Fsou/Fio0,)
diagram, it lies above the region of normal spirals. The FIR data for M82, a
prototype star-forming galaxies (Rieke et al. 1980), is taken from Telesco and

Harper (1980).

5.5. Discussions

(1) Space density of massive stars

As discussed in the previous section, our models are defined by two pa-
rameters: the intensity of the radiation field within HII regions [,,, and the
ratio between the contributions from the warm component and from the disk
component to the total galaxy FIR emission, Ry jc. It is important to investi-

gate informations about the star-forming activity of galaxies carried by these

two parameters.

Obviously I, is a quantity related to the internal structure of star-forming
regions. However, effects of the geometry of extended HII regions are unlikely
to be important, since they are likely optically thick for UV photons. In the
(n2)1/2 vs. d (the size of HII regions) diagram (their Fig. 2) of Habing and Israel
(1979), all the giant and supergiant HII regions (type V and type VI in Israel’s
(1976) classification) lie above the line (n2)1/2d = 300 pc/em®. For a normal
dust/gas ratio, this indicates that the optical depths of giant and supergiant
HII regions for UV photons are larger than two. Another evidence suggesting

that star-forming regions are optical thick for UV photon can be found from the
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sample of starburst nuclei by Balzano (1983): their median Balmer decrement
is [(Hy)/L(Hp) = 5.3, corresponding to a ~ 7 mag extinction in UV and to a
~ 1.6 mag extinction in the visual. Even if half of the extinction occurs in the

disk, the UV extinction within HII regions is still substantial.

For an optically thick medium, the intensity of the radiation field J can

simply be determined from the local energy balance

dre =4rl-n-o,, (5.30)

where € is the emissivity, n is the H-atom density, o, is the specific absorption
cross section of dust in units of em? /H-atom. Given the H-atom density and
a starburst model, we can derive from I, the massive star density within star-
forming regions. The starburst model adopted here is described in Appendix
A. With the conventional assumption of a power-law IMF with index p rang-
ing from 2.5 to 1.5 (Sramek and Weedman 1986), and n = 10 H-atoms/cm®
(Mezger et al. 1982; Habing and Israel 1979), we find that values of Ly /Iocar
in the interval 40—120 (encompassing essentially all non-Seyfert Markarians)
correspond to massive star densities within star-forming regions in the range
8.7-107%—2.6-102 pc—2 (for the p = 2.5), or 1.8-10~2—5.5.10-2 pc™3 (for the
p = 1.5). The mean I, (~ 72I15cq1) of non-Seyfert Markarian galaxies corre-
sponds to a massive star density of ~ 1.5.10~2 pc™? for the p = 2.5, consistent

with the estimate from data on starburst nuclej (see Sect. 5.2).

Again, the situation may be different for compact blue galaxies. There
are evidences that CBG’s are rather metal deficient (Thuan and Martin 1982;
Thuan 1983): their metallicity is about a factor of five below normal, although
with a large dispersion. Thus they are generally optically thin in the visual
band. An average decimal reddening cosfficient of H c(Hjz) = 0.49 with a
dispersion of 0.33 can be found for the compilation of data on the ‘most optically

studied blue compact galaxies’ by Kunth and Sévre (1985). It corresponds to
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A, >~ 0.5 and A4,, ~ 2. The assumption that the star-forming regions are
optically thick in the UV is only marginally applicable for CBG. On the other
hand, if metals are underabundant by a factor of five, the deduced massive
star density, if our FIR model is applicable to CBG, must be reduced by the
same factor. In fact, as shown by equation (5.30), the emissivity (which is
proportional to the massive star density) is a linear function of the specific
absorption cross section, which, in turn, is proportional to the metal abundance,

for normal dust-production efficiency.

(2) L Loy vs. Foo,/Fro0, diagram and starburst strength
\ FIR P © n g

By definition R, Jc should measure the strength of the starburst activity.

Following Larson and Tinsley (1978), we define the starburst strength parame-

ter, b, as follows:

mass involved in starburst
b= ) (5.31)
total mass of the galaxy

The starburst model can be used to estimate the mass to luminosity ratio of

the warm component (M/L),,. Adopting the local M/L for the disk component
(M/L)., we can then relate the bolometric luminosity ratio L}?¢/L¢?, to b. On

the other hand, while L¥? is easily estimated (L¥d /L¥2 ~ 1), to derive Lgd,

cd

op» Which depends strongly on the the optical

we need to know the ratio L;‘fm /L

depth, 7, of the disk (de Jong and Brink 1986).

In Appendix B we conclude that the FIR to optical luminosity ratio of

the disk, L;CII‘R/LCd can be well approximated by

op?
cd _0.9
rIin 0 K 00
T =1 (3:32)
‘bol

where 79 is the optical depth at the center of the disk (see equation 5.5).
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The inclination effect is taken into account, replacing 79 with = = (a/b)7q,
a and b being the major and minor axis of a galaxy, respectively. We adopt
(a/b) = 1.6 as a representative value (de Jong and Brink, 1986). The local
M/L ratio is about 0.97 My /Lg in the visible band (Mihalas and Binney

1981). Using data reported in Allen (1976), a bolometric correction of a factor

of ~ 3 is found for a population of stars like that in the solar neighborhood.

Two different starburst models (model A and B), characterized by differ-
ent power indexes for the IMF (p = 2.5 and p = 1.5) are used in this work.
(M/L)y = 7.8e — 4 is found for model A (p = 2.5), and (M/L),, = 2.5¢ — 4 for
model B (p = 1.5). To estimate the L¥¢

FIR/L“’d ratio, the dust extinction of opti-

op
cal light is taken into account assuming that half of the reddening indicated by
the median Balmer decrement of starburst galactic nuclei, L(H)/L(Hjz) = 5.3

(Balzano 1983), occurs in the starforming region. For both model A and model

B, we find (L*¢ /L% ~ 0.02.

FIR

In the framework of our model, the ratio L,,,/L,p: for a galaxy can be

derived from

L 1+ Ry,

S = L:::l R / Lvuul (533)
ot (Z8) 4 Ruye (72)
Lyir Letn
The starburst strength & is obtained from
cd

(%)

b= Ryje—rpr—t il (5.34)

where Lot = L, + Lop.

Thus, given the starburst model, the FIR to optical luminosity ratio,

Ly;n/Lop, of a model galaxy depends only on the optical depth of its disk
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and on its R,,/. parameter. So does its starburst strength 5. In Fig. 5.4a and

5.4b, we plotted our model predictions on log L,,,/L,, vs. log Feop/Fioo, di-
agrams. The starburst model A (p = 2.5) is used in Fig. 5.4a, whereas model
B (p = 1.5) is used in Fig. 5.4b. The dashed and solid curves correspond
to models with different values of disk extinctions 7 or starburst strength b,

respectively. Each curve is labelled with the appropriate values of T or b.

As for data points, the optical fluxes are estimated from (Lang 1980)
Fopy = 2.52-107° . 107 0-4(B~(B-V)-B.C) (erg/cm?/sec), (5.35)

where B.C. is the bolometric correction for the stellar component of galactic
light; the radiation from interstellar medium, like the FIR radiation by dust, is
not taken into account. According to Soifer et al. (1986), for Markarian galaxies,
B -V = 0.5, B.C. = 1.2; for normal disk galaxies, B — V = 0.8, B.C'. = 0.9.
For IRAS selected galaxies, we adopt the value (B — V) + B.C. = 1.7. The
mean color index of compact blue galaxies is derived from the sample of Thuan
(1983) as B —V = 0.40 +0.14. The bolometric correction for their stellar light
is estimated from the mean V — K (Aaronson 1977; Soifer et al. 1986) of the
same sample, which is 1.74 £ 0.94. The corresponding B.C. (Johnson 1966) is
~ 0.1.

The FIR fluxes F,,, are estimated from their Fs0, and Figo, IRAS data
(Soifer et al. 1986):

Forn =C-1.26-107"" - (2.85Fs0, + Fioo,) (erg/em®/sec) .  (5.36)

Our model yields an average value of (' ~ 1.8, to be compared with the value
1.5 used by Soifer et al. (1986), 1.75 by Boulanger et al. (1985) and 1.8 by
Kunth and Sévre (1985).

The mean value of the logarithm of the FIR to optical luminosity ratio,

log L,/ Lop, of Markarian galaxies is —0.11 £ 0.28. The ratio is about a factor
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of 2.5 below the mean L,,,/L, of non-Seyfert Markarian galaxies found by Xu
et al. (1988), mainly due to the difference between the definitions of Lo, and
L, . For CBG’s,log L, /Loy is 0.560.42; for IRAS selected galaxies, it is 0.35
with a dispersion of 0.52; for nearby disk galaxies, it is —0.54 with a dispersion
of 0.46. The relatively large mean log L rrn/Lop of CBG’s is apparently due to
their small B — V and B.C..

Our model prediction for the mean value of the visual extinction in the
disks of Markarian galaxies is 7y ~ 0.8, with a dispersion of about a factor of 3.
This value is consistent with the observed mean Balmar decrement, (Balzano
1983). The predicted values of starburst strengths arein the range 1074-3x 103
for starburst model A (p = 2.5) and 3. x 10-5-103 for starburst model B
(p = 1.5). These values are lower than those found from previous models for
Markarian galaxies (Huchra 1977b; Belfort et al. 1987), because of the rather
low M/L value of our starburst models: M/L = 17.75 x 107* for our model
A, comparing to M/L = 5 x 10~% for the Belfort et al.’s (1987) model with
both the age and the duration of the starburst = 2 x 107 yr. This in turn is a

consequence of the adopted high values for the upper and lower mass limits of

the IMF. On the other hand, through kinematical studies, Augarde and Lequeux
(1985) estimated that the starburst strength of Mkr 171 is < 10~%, and Duflot-

Augarde and Alloin (1982) found b ~ 3 x 10~* for NGC 7673=Mkr 325.

Figures 5.4a and 5.4b show clearly that Markarian galaxies have a signif-
icantly more active star-formation than normal disk galaxies: the mean star-
burst strength of Markarian galaxies is ~ 5 times higher than that of normal
disk galaxies. These results are fully consistent with those of previous optical

studies (Huchra 1977a, 1977b).

Let us recall once again that our model cannot be used for ultraluminous

IRAS selected galaxies (represented by the starred squares laying at the top of
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Figure 5.4a
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Figure 5.4b
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Fig. 5.4a. log L.,,/F., vs. log Lo,/ L1ooy: predictions of the starburst model A
Fig. 5.4b. log L., /F,, vs. log Lan,/L1oo,: predictions of the starburst model B

Marks have sames menings as those in Fig. 5.1 and Fig. 5.2. Full lines: models with constant
staburst strength b (values marked on the lines). Dashed lines: models with constant 7 (values
marked on the lines).



both figures), and that in the case of compact blue galaxies, the meaning of

the optical thickness of the disk is doubtful. Data for these galaxies are plotted

only for sake of comparison with Markarian galaxies.

(3) Comparison with other FIR models

There are, in the literature, several theoretical models for the FIR emission

from disk galaxies.

Rowan-Robinson and Crawford (1986) proposed a 3-component model
comprising: (1) A disk which contains 2 sub-components at temperatures of
30K and 210K, mixed up empirically (see also Rowan-Robinson 1986). (2) A
‘starburst’ component based on the model for compact HII regions by Rowan-
Robinson (1980, 1982a, 1982b) and Crawford and Rowan-Robinson (1986).
(3) A ‘Seyfert’ component represented by an o = 0.7 power-law continuum
source embedded in a spherically symmetric dust cloud with density distribu-
tion n(r) o< 771, (ry <7 < 73). The model by Rowan-Robinson (1980, 1982a,
1982b) and Crawford and Rowan-Robinson (1986), however, is appropriate for
‘compact HII regions’, whose density is higher than 10* H-atoms /em?® and whose
A, > 30mag. However, as we discussed above, except for those galaxies where
the starburst has been just turned on and only shine in the FIR (e.g. very bright
IRAS galaxies with faint optical counterparts), the dust associated with com-
pact HII regions shouldn’t dominate the warm FIR emission. In fact, Rowan-
Robinson and Crawford (1986) claimed that their ‘starburst’ component is able
to fit the data of Telesco et al. (1984) for the 3 kpc ring in NGC 1068, and
the average spectrum of the clouds of dust and molecules, which are believed to
be associated with compact HII regions, in our own Galaxy (Rowan-Robinson,
1979). Besides, the FIR flux ratios of thiz compenent: log Fya, / Fys, = —0.07,
log Fys,/Feo, = 0.12, log Fsou/Firoop = 0.43, are very far from data on any

known optically selected star-forming galaxy (cf. Fig. 5.3a, Fig. 5.3b), and
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their model cannot account for the anti-correlation between Fi3,/Fy5, and

FGO;L/F100,LL-

The model by de Jong and Brink (1986) comprises two components: a
warm and a cold component due to dust at temperatures T, ~ 60K and
T. ~ 16K, respectively. The warm component is associated to star-forming
regions. They assume that only one half of the star-light from young massive
stars contribute to heat the warm dust, while the cold dust is heated by disk
stars as well as by light leaking out from star-forming regions. The Ly../L, vs.
F1o0u/Feo, diagrams for a sample of 120 RSA galaxies (Revised Shapley-Ames
Catalog of Bright galaxies, Sandage and Tamman 1981) plus 20 optically stud-
ied mini-survey IRAS galaxies (Soifer et al. 1984) are fitted by sets of models
with different L,/L; ratios and disk opacities, T, where L, is the total star
light from massive stars, and L; is the total light from disk stars. The tem-
peratures of warm and cold components have been determined empirically: T,
was chosen to be somewhat larger than the largest dust temperature as derived
from the observed Fio0,/Feo, flux ratios, T, was chosen so that the average
face-on extinction derived from the model for RSA galaxies agrees with opti-
cally determined values. The model predicted that IRAS mini-survey galaxies
generally have larger disk extinction and L,/L; ratio than RSA galaxies. The
difference between these two samples in the blue-FIR luminosity ratio versus the
Fs0,/Fro0, IRAS color diagram can also be explained by the models. However,
as will be discussed below, the model is too simple to account for emissions of
disk galaxies in all IRAS bands, i.e. when not only 60pm and 100um bands,

but also 12um and 25um fluxes are taken into account.

The two-component phenomenological model by Helou (1986) is es-
sentially aimed at explaining the anti-correlation between F t2p,/ Fos, and
Fsou/Fioopu. His starburst component hinges upon the dust emission model con-

structed by Désert (1986). In that model, grains, as well as molecules (PAH),
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are heated by the ambient radiation field whose intensity ranges from the value
appropriate to the solar neighborhood to values several hundreds times larger.
The model for the cold component is based on observational data of galactic
cirrus (Boulanger and Pérault, 1986). The model can explain the Fi,,/Fys5,
vs. Feou/Fioo0, diagram of normal galaxies quite well. However, judging from
Fig. 1 of Désert (1986), it predicts a too steep Fy5,,/Feo, when Fsou/Froo, is
in the reasonable range (not much larger than unit). For example, his = 100
model (the radiation field is 100 times the local one) predicts Fgg,/Figo, ~ 3
and Fbs5,/Fs0, ~ 0.03, while the ratio Fys5,/Feou of galaxies is usually larger
than 0.1. Although it is possible to fit the Fy5,/ Fop color with higher values
of x, even larger values of Fj, u/Fioou for the warm component would result.
Then, contrary to Helou’s (1986) conclusion, a big cold component is always
needed to obtain a good fit to the Fj, w/Fio0, color of galaxies which is usually
smaller than 1. This difficulty arises from their assumption for the radiation
field heating the warm component: a local-ISRF-like radiation field, i.e. mostly
optical photons. Since the temperature of a grain is only determined by its
energy balance (Section 5.2), and the absorption efficiency of grains in both
the optical band and in the FIR band is approximately proportional to a, the
grain size, all the grains with different sizes in the warm component of Helou
(1986) have similar temperature (the heating radiation is uniform), and the
component is essentially a single-temperature one. The emission spectrum is
then too narrow to give a good fit to the Fy5,/Fso, ratio and a reasonable
value of Fgo,/ Fig9, simultaneously, given the fact that the Fy5,/Fg0, and the
Fs0,/F100, color temperatures of galaxies are very different: ~ 50—60K and
~ 20—30K, respectively, for a v? dependence of the grain absorption efficiency.
Furthermore, Pajot et al. (1986) found a wide, smooth, power-law-like tem-
perature distributions for interstellar dust in different environments within the

Galaxy.

Our warm component is heated by a uniform radiation field, too. But we

have assumed that the heating is mainly due to UV light from massive stars.
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Fig. 5.5. Temperature distribution of the warm component

%: the integrated FIR absorption cross-section of the warm component in the unit of ¢m?
(arbitrarily calibrated). The various lines correspond to models with different values of I,.
From left to right: I,, = 20, 40, 60, 80, 100, 120, 140, 160 x I,...



Since the UV absorption efficiency of grains is very insensitive to the grain size
and nearly unity (DL84), small grains heated by UV radiation are warmer than
larger ones, because the later cool down faster than the former (due to the
dependence of the FIR absorption efficiency Q,, on grain size a). Grain sizes
range from 50 to 25004, yielding a temperature distribution having a width of
about a factor of (2500/50)5 ~ 2 (see equation 5.20 and Fig. 5.5).

Since two-temperature models are very popular in the current literature
(e.g. de Jong and Brink 1987; Sekiguchi 1987; Lonsdale Persson and Helou 1987;
Chini et al. 1986a; Fitt et al. 1988; etc), it is probably useful to stress that, in
the light of the above discussion, some of the results based on them are likely
to be unreliable. In particular, they tend to over-estimate the cold component,
since the narrow spectrum of the warm component always leaves a big dip in
the wavelength range longer than 60um that is usually, and arbitrarily, filled

enhancing the strength of the cold component.

(4) The cold component

In principle, our cold component is in the same category of that of Cox
et al. (1986, see also Cox and Mezger 1987). Judging from Fig. 2 of Cox and
Mezger (1987), the flux ratios of Fys,/Feo, and Fso0u/Fio0, predicted by our
cold component also agree very well with theirs. However, as reported by Cox
and Mezger (1987), the model failed to give right prediction of the color tem-
perature T,(60u~100u) of the Galactic disk as a function of galactic longitude.
Cox and Mezger (1987) suggested that this could be due to the ignorance of
the temperature fluctuations of grains smaller than 100A, as were tentatively
modeled by Draine and Anderson (1985). Meanwhile, Cox and Mezger argued
that the nature of these small grains is still nnknewn. and the models by Draine

and Anderson (1985) predicted ~ 20% of carbon cosmic abundance in grains

<204, which is at odd with the local extinction curve. Moreover, the points
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representing predictions by Draine and Anderson’s models (points A and B
in Fig. 5.3a and 5.3b, corresponding to their models of z = 1 and 2 — 0.5,

respectively’) are away from the main trend of data points of disk galaxies.

Boulanger et al. (1985) reported detections of a ‘warm cirrus’ by IRAS at
all four bands. The data is represented by point C in Fig. 5.1a and 5.1b. The
‘cirrrus’ is obviously warmer than many disk galaxies, and, thus, is likely to be

an anomalous one selected by IRAS due to its very warm spectrum.

Nevertheless, the fact that some cold disk galaxies, whose FIR emission is
presumably dominanted by the disk component, fall outside the region covered
by our model predictions on FIR color-color diagrams, reveals some shortcom-
ings of our simple models. Although we do not think the problem is serious for
the case of Markarian galaxies, which are very well fitted by our models, further
studies on the nature of cold dust, especially on that of small grains (< 1004),

are needed to work out models of more general validity.

Appendix A
Starburst model

Sramek and Weedman (1986) found that a power—law IMF with slope in

Iz is a parameter specifying the intensity of the heating light (Draine and

Anderson 1985)

78



the range 1.5 to 2.5 and with lower mass cut-off at 4 to 6 Mg and upper mass
cut-off at 30 to 40 Mg is compatible with the results of their study on the
thermal and non-thermal radio emission of starbursting regions. A similar IMF
but with a smaller lower limit, 0.1 Mg , and higher upper cut-off, 120 Mg
was employed by Belfort et al. ( 1986) to account for the UBV colors and the
Lpin/Ly ratios of starburst galaxies. Although there have been evidences that
the upper mass cut-off may be relatively low (~ 40 Mg ) in some particular
star-forming galaxies (e.g. M82), two arguments suggest that a higher upper
mass cut-off, like that used by Belfort et al. (1986), may be preferable, in
general. On one side, the study of Scalo (1986, see also Garmany and Conti
1982)) on the stellar luminosity function in the Galaxy led him to conclude that
the upper-cut off could be very high and that previuos results (e.g. Miller and
Scalo 1979) may well have under-estimated it. On the other hand, Campbell et
al. (1986) argued that low metallicity, frequently found in star-forming galaxies

(Huchra 1987), favours the formation of high mass stars.

In view of the above, our starburst population is specified by a power law
IMF with lower mass cut-off of 4 Mg and upper mass cut-off of 120 Mg . We
will discuss a IMF with power index of p = 2.5 (model A), and a flatter IMF
of p = 1.5 (model B). The mass, life-time, main-sequence averaged bolometric
luminosity and Lyec production rate of different types of star are taken from
Giisten and Mezger (1982, see also Cox et al. 1986). The ratio between Lyc
luminosity and total stellar luminosity as a function of star type for massive

lonizing stars is taken from Paragia (1973).

As for the starburst duration (or life-time, i.e. the time span from the
beginning to the end of the burst), published estimates range from 1 to 10 x
107 yr (cf. Balzano 1983, and references therein). We have chosen a fiducial
value of 2 x 10" yr. The same value has been adopted as the typical burst

age (the time passed since the beginning of the burst). This means assuming
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that we are seeing all bursts in their late phases. This assumption minimizes
the M/L ratio of bursts (Belfort et al. 1987), as well as the estimated burst
strength for a given IMF and underlying galaxy.

In the context of normal disk galaxies, 2 x 107 yr is the life time of star-
forming clouds (Yorke 1986). After this time, stars formed within the cloud will
move outside it, and, then, contribute to the general ISRF of the disk rather

than to the heating of the warm dust.

Appendix B
The FIR to optical luminosity ratio

of the cold component

The total luminosity of the disk is
Liot,g = / dme(r) - Z(r) - 27r dr, (5B.1)
0

where €(r) is the emissivity; Z(r) is the thickness of the disk at radius r. Since
e(r) - Z(r) + I(r) - 7sc(r) = S(r) - 7(7), (5B.2)

where S(7) is the source function, I the inten-ity of the radiation ficld, 7(r) =
Tab(T) + Tsc(7) is the opacity, 745(7) is the opacity due to absorption, and 7.(r)

the opacity due to scattering.
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The relation between S and I can be approximated by (Mihalas 1978)

(1) :-1_/ dr-/ S Eu(t — ) dt, (5B.3)
2T 0 0

where (I) is the average intensity of the radiation field (averaged first over dif-
ferent directions at a particular point and then over all points along a particular
vertical line within the disk), E; is the first order Schwarschild function. The

definition of E, is (Mihalas 1978)

En(w):/ t—"'e_mtdt:mn_lf e dt . (5B.4)
1 T

Suppose that S is insensitive to position, which is equivalent to assuming

a similar r dependence of emissivity and absorbancy. Then S can be treated

approximately as a constant, and eq. (5B.4) is solved:

s [T v S [T m
(I) = 5‘;./(; dT1A El(]Tl —fl)dt = :;\/0 dTl/'; El(:c)dm

=2 [0 Emyan = sa- 1L - myo) (5B.5)

T

= 5(1 - 51;(1 —e ) - %Ez(r)).

I The following derivations follow from the relations (Mihalas, 1978):

(1) E:L(m) = ”‘En——l(m)v

(2) Eolz)=(e" —x-E,_y1r)) (n —1).
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From numerical results (Fig, 5B.1),

we can see that, for - > 103

) equa-
tion (5B.5) can be further approximateqd by:
<[> 0.9
‘g—- = m . (5Bo6)
Thus,
L$ = /8#2(5(7’) - T(r) — I(r) - 750 )r dr
(5B.7
= 87? /I(r)(rab(r) +0.67%1(7))p dr,
In our model of disk FIR emission we have assumed (see equation 5.29 and
5.23)
I(r) = Lye 7 ,
T(7) = 19¢ " 7o
So
oo T T 0.1r
Liot,q = 8#210/ e‘ﬁ(rabwgeﬁﬁ + O.GT(;]'IE—T)T dr
0
(5B.8)
0.1
=8r27, (I2b0 15 _
T
On the other hand,

A 1277 dr = 872, Tab0 55.9)
rn = TI(T)  Tos(r) - 277 dp — 1 T (5B.




log (1/S)

Figure 5B.1

Fig. 5B.1 The log(I/S) vs. log T relation for a geometrically thin configuration

Solid line: numerical integration of equation (5B.5). Dashed line: I/S = 792/(.6 + 179) (see

text).



The albedo of normal grains is about 0.5 in a wide wavelength range from

optical to UV (DL84). Therefore we assume

Tabo = ;—0 (5B.11)
and (L;dm/Lgf,), is
Ton ) _m? (5B.12)
Lee, 4
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Chapter 6

Luminosity Functions and Cosmic Evolution

6.1. Optical and FIR luminosity functions of Markarian galaxies

Included in the following (pp. 85—96) is a paper published in Astron.
Astrophys. 196 (1988), pp. 59—70.
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Optical and far-IR luminosity functions of Markarian galaxies
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Summary. A new optical luminosity function of Markarian gal-
axies is presented, which improves on earlier determinations both
because of the improved data situation (the sample is complete,
Zwicky magnitudes and redshifts are available for essentially all
objects) and for a more accurate treatment of several effects:
Tully-Fisher distances have been used for low-z-galaxies; appro-
priate corrections have been applied to allow for binning and
errors on apparent magnitudes; the results produced by the
generalized Schmidt’s estimator have been compared with those
given by Turner's (1979) method, to investigate the effect of
inhomogeneities in the galaxy distribution. The mean surface
density of Markarian galaxies has been derived taking into
account the non-uniform sky coverage of the survey: these ob-
jects are found to comprise=~11% of galaxies brighter than
myw = 14.5. Luminosity functions have been constructed both
including and excluding Seyferts. The contributions of “stellar”
and “diffuse” objects to the space densities of non-Seyfert
Markarians have been computed. IRAS data have been used to
derive, exploiting survival analysis techniques to take into ac-
_ count also upper limits, the far-IR luminosity function. We find
that Markarian galaxies comprise an important fraction of IRAS
galaxies above Ly ~210'! Lg; yet, contrary to earlier claims,
they are never the dominant component. Finally, we show that
the far-IR to blue luminosity ratios of these sources increase with
luminosity just as expected if the bulk of the energy comes from
actively star-forming regions, cocooned by dust.

Key words: galaxies: active — luminosity function — infrared
radiation

1. Introduction

The Markarian survey (Markarian et al., 1981 and references
therein) is the main source of optically selected galaxies with
enhanced star formation activity. These objects, referred to as
“starburst” galaxies, are receiving increasing attention in the
context of several astronomical problems. In particular, they are
likely to play a key role in the interpretation of very deep Very
Large Array (VLA) counts of radio sources (Condon and
Mitchell, 1984; Fomalont et al., 1984; Partridge et al., 1986;
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Windhorst, 1984, 1986; Windhorst et al., 1987: Danese et al,
1987) and of Infrared Astronomical Satellite (IRAS) counts
(Hacking and Houck, 1987, Franceschini et al., 1988b) and may
also be significant contributors to the X-ray background
(Weedman, 1987; De Zotti, 1987).

In view of the above, the importance of accurate determi-
nations of the local space densities of these sources and of the
comparisons with the densities of sources found in different
frequency bands is obvious.

It is now possible to improve on the most accurate estimate of
the optical luminosity function of Markarian galaxies available
so far. due to Huchra (1977), in several respects.

Making use of all 15 Markarian lists we may pull together a
sample of size comparable to Huchra's (based on the first seven
lists), still confining ourselves to a bright enough limiting magni-
tude (my, < 14.5) for completeness to be ensured. In addition,
redshift measurements are now available for all objects in the
sample (while ~25% of galaxies were rejected by Huchra because
they lacked redshift). Also, all but four of our objects have
Zwicky magnitudes, considerably more accurate than
Markarian’s estimates used for ~ 50% of Huchra’s objects.

Moreover, redshift-independent distance estimates, based on
the Tully-Fisher (1977) relation, can be found for the majority of
nearby galaxies (z < 0.0075) whose measured redshifts may have
a substantial, or even a dominant, non-Hubble component.
Further refinements over previous studies include a careful defin-
ition of the mean surface density of Markarian galaxies brighter
than my, =14.5 (allowing for inhomogeneities both in the sky
coverage of the Markarian survey, and in the true spatial dis-
tribution of the objects), corrections for errors on magnitudes
and for the effect of binning.

Previous determinations of the luminosity function of
Markarian galaxies made use of Schmidt’s estimator which holds
on the assumption of a uniform distribution in space. As shown
in Sect. 2, however, there is evidence of substantial clustering of
these objects. As a check on the importance of this effect we have
also applied the alternative method proposed by Turner (1979),
which allows to derive the shape of the luminosity function for an
arbitrary space distribution provided that such shape is the same
in clusters and in the field.

Next, using IRAS data, we have constructed a fractional
bivariate (optical, far-IR) function. Survival analysis techniques
(Feigelson and Nelson, 1985; Schmitt, 1985) have been applied to
exploit the information content of IR upper limits. The resulting
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far-IR luminosity function is presented and compared with pre-
vious estimates in Sect. 3. Sect. 4 contains a discussion of our
main results.

2. The optical luminosity function

2.1. Definition of the sample

The sample comprises all Markarian galaxies fulfilling the
following requirements:

iym<14.5. We used Zwicky magnitudes whenever possible;
otherwise we took Markarian’s magnitudes. The V/V,, test
(Table 1) shows that Markarian’s survey is increasingly incom-
plete for my,, > 14.5, as pointed out already by Sargent (1972) and
Huchra and Sargent (1973). As is well known, the Markarian
survey is also incomplete at the bright side, since some nearby
galaxies brighter than 13 mag were left out (see Markarian, 1967),
partly because of the difficulty in distinguishing abnormal from
normal cases, and partly because a list of bright galaxies with
anomalous spectral features was previously published by
Markarian (1963). The latter list however does not obey the same
selection criterion as the conventional Markarian lists, contains
only galaxies of morphological type earlier than Sc (and thus
misses active objects such as M82) and is anyway “far from being
complete”; in view of the above we have chosen not to include it
in our analysis. In practice, ignoring the incompleteness at bright
magnitudes has a negligible effect on estimates of space densities
of luminous objects (M4, < — 17); for weak sources, on the other
hand, the error is small in comparison to statistical uncertainties.
i) |b|=30°, to minimize the uncertainties related to the correc-
tions for extinction within our own galaxy.

iii) 5> —2°. This constraint has an operational meaning: in this
region only four galaxies brighter than m=14.5 lack Zwicky
magnitudes (Mkn 789, 205, 1239, and- 1478; the first three of these
are type | Seyferts).

Objects classified by Véron-Cetty and Véron (1985) as QSOs
or BL Lacs (and, of course, the two stars Mkn 113 and Mkn 362)
were excluded. The final sample comprises 176 non-Seyfert gal-
axies and 30 Seyferts; all have measured redshift. The relevant
data are listed in Table 2; the reddening within our own galaxy,
E(B—V), has been derived, for each source, from the maps of
Burstein and Heiles (1982).

There is no indication of a correlation between apparent and
absolute magnitudes of galaxies in the sample (correlation coef-
ficient =0.06), consistently with the assumption that it is “homo-
geneous” (Neyman and Scott, 1961).

Table 1. V/V,,, test for Markarian galaxies

2.2. Determination of the mean surface density

Markarian and coworkers never defined clearly the boundaries
of their survey. Also, the coverage of the surveyed region is
admittedly far from uniform. Therefore the definition of the mean
surface density of the sources brighter than any chosen magni-
tude limit requires some care.

We adopted the following procedure. First, we divided the
region defined by conditions ii) and iii) into many subregions of
equal effective area Q., defined as
Q= J‘IO""'G’ABdQ (1)
to allow for the effect of galactic extinction on observed counts.
The adopted extinction law, 4 =0.2(cosec|b| — 1), is a good fit to
the average extinction read on the maps of Burstein and Heiles
(1982) (cf. Toffolatti et al., 1987; A5 =4E(B— V)). Since the appar-
ent magnitude limit is constant, this operation amounts to divid-
ing our “sample space” into equal volumes. If the objects are
uniformly distributed in space, the distribution of surface den-
sities among subregions should be poissonian.

The effective area within the boundaries defined by the above
conditions is 9699 deg?; it was divided into 120 subregions plus
some residuals, totalling 99 deg?, which do not contain any
object. This looked to be the finest subdivision with still reason-
able numbers per region.

The surface density distribution is shown in Fig. 1. The
expected excess of low surface density regions, associated to areas
not, or only poorly, covered by the Markarian survey is clearly
visible. The frequency of areas containing at least one galaxy can
be fitted with a Poisson distribution with mean A=2.4+0.4
sources (80 deg?)~!, or 0.030+0.005 sources deg?, brighter
than my, = 14.5. Excluding Seyferts we get A=20+032, ie a
mean surface density of 0.025+0.004 sources deg ™2 The total
effective solid angle covered by the final sample is thus
Q~206/0.03 ~ 6900+ 1100 deg?®.

For comparison, the surface density of normal galaxies at the
same limit is ~0.275 deg ™~ (Davis and Huchra, 1982); Markarians
thus represent ~11% of field galaxies.

2.3. Distances of nearby galaxies

Distances derived from the Tully-Fisher (1977) relation, scaled to
an assumed distance of the Virgo cluster of 20 Mpc, have been
adopted as far as possible for objects with z<0.0075 (the un-
certainties due to the dispersion around the mean relation are

Seyfert  included non-Seyfert

Mmzw

< V/Vinaz > N < V/Viaz > N
13.0 0.633 £ 0.057 26 0.618 + 0.058 25
13.5 0.588 + 0.038 58 0.590 + 0.038 57
14.0 0.555 + 0.027 114 0.516 + 0.030 99
14.5 0.513 + 0.020 206 0.492 £+ 0.022 176
15.0 0.497 £ 0.015 361 0.480 + 0.017 305
15.5 0.464 £ 0.012 580 0.463 + 0.013 496
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sources/ (80 deg?)

Fig. 1. Observed surface density distribution of Markarian galaxies in
the area of the sky defined in sub-Section 2.1 (solid line). The dashed line
shows the best fit Poisson distribution. The excess empty areas corre-
spond to regions not. or only poorly, covered by the Markarian survey

probably larger than those due to random motions for higher
redshifts). All members of the Virgo cluster (Huchtmeier and
Richter, 1986) or of the Ursa Major cluster (Aaronson and
Mould, 1983) have been given the same distance, irrespective of
their redshifts (i.e. also if they are larger than 0.0075).

Distances based on IR magnitudes have been used pre-
ferentially; those given by Aaronson et al. (1982b) have been
updated using the new IR magnitude/H 1 velocity-width relation
of Aaronson et al. (1986). Galaxies which belong to a group have
been assigned the mean distance of the group members (in several
cases however the distance of only one member is available).

Tully-Fisher distances (or data to derive them) were found in
the literature for 32 of the 52 galaxies with z<0.0075 (cf. Table 2).
The distances of the remaining 20 objects were estimated from
redshifts after having corrected for the Virgocentric motion using
the model by Aaronson et al., (1982a).

2.4. The generalized Schmidt’s estimator

As far as the assumption of a uniform distribution of galaxies
holds, the luminosity function can be efficiently derived using the
generalized Schmidt’s estimator, @, of the density of sources in
the absolute magnitude range M + AM (Felten, 1976):

1
(DG = Z (2)

T VM)

where the summation is over the objects in the chosen luminosity
interval. Since our sample is “local” (z<0.07 for the full sample;
z<0.05 for non-Seyfert galaxies) we can safely neglect K correc-
tions as well as deviations from an Euclidean geometry. The
accessible volume, V,,, then reads:

V.,=(Q/3) (cz,./Ho)?, 3)

Q being the effective solid angle covered by the survey and z,, the
redshift at which a source of absolute magnitude M has an
apparent magnitude equal to the survey limit. The variance of @
(Eq. (18) of Felten, 1976) for sufficiently narrow absolute magni-
tude bins reduces to

62~ Po(MY/ V(M) 4

where ¢, is the differential optical luminosity function.

Two corrections need to be applied to @ in order to derive @,
First, we must recall that ®@g is actually an estimator of the
integral of ¢, between M —AM and M +AM (correction for
binning); second, we must correct for the effect of errors on
nuclear magnitudes (Eddington, 1913). The latter were assumed
to have a gaussian distribution with dispersion=~0.5 mag
(Fasano, 1985). In practice to obtain ¢, we need to solve an
integral equation (see Cheng et al., 1985, Eqgs. (20) and (21)). This
can be done with the iterative technique of Lucy (1974). The
results are summarized in Tables 3 and 4 (cf. also Fig. 2).

Only 6 of the objects in our sample have no emission lines. Of
the remaining 170 non-Seyfert Markarians, 94 are classified as
“stellar”, 76 as “diffuse”. Their luminosity functions, listed in
Table 4, are remarkably similar.

2.5. Turner’s (1979) method

Although the value of {V/V,,.> for the sample as a whole is
consistent with that expected for a complete sample of uniformly
distributed galaxies, significant deviations from 0.5, probably
associated to inhomogeneities in the spatial distribution, show up
when we decompose the sample into absolute magnitude bins (cf.
Table 3). These fluctuations, however, cannot be ascribed to the
27 galaxies belonging to the two rich clusters (Virgo and Ursa
Major — Coma [) contained into the explored volume (dropping
them does not appreciably relieve the problem, see Table 3); they
are most likely due to the clumpy distribution of galaxies in
general. The assumption of homogeneity may then introduce
systematic errors varying with absolute magnitude. (Note that
there is indication of fluctuations of {¥V/V > for M,, = —21,
suggesting the presence of significant structure on scales of up to
~100 Mpc.)

As shown by Turner (1979), an estimate of the form of the
luminosity function completely independent of spatial variations
in the density of objects can be obtained, on the assumption that
such form is constant throughout the sampled volume, and given
a complete sample, from:

o(M)=A Y(M)exp(fM Y(M) dM') 5)

where Y(M)dM is the ratio between the number n(M)dM of
objects in the sample having absolute magnitude M, within dM,
and the total number of objects with absolute magnitude brighter
than M, N(<M):

Y(M)dM =n(M)dM/N(< M). (6)

The normalization constant 4 can be straightforwardly obtained
given the mean surface density (Subsect. 2.2). Again the results
need to be corrected for the effects of binning and of errors on
magnitudes.

As noted by Turner (1979), there is no simple way for assign-
ing formal errors to the derived space densities because the
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Fig. 2. Optical luminosity function of Markarian galaxies (Seyferts included). Crosses denote the present estimates; triangles, the results by Huchra

(1977)

various points are not statistically independent. The estimates
listed in Table 3 are obtained from a conventional error analysis;
they are probably fairly reliable, because most of the statistical
uncertainties are contributed by the terms n(M)dm, which are
independent.

Since no statistically significant differences from the results of
the generalized Schmidt’s estimator are found, we may conclude
that systematic errors originated by clustering of Markarian
galaxies are not large.

3. Far-IR properties

Only 11 galaxies in our sample (including the type 2 Seyfert Mkn
744) fall in areas not covered by IRAS (IRAS Explanatory
Supplement, 1985); 163 objects (including 24 Seyferts) were de-
tected at 60 um and upper limits are given for two more (Cata-
loged Galaxies and Quasars Observed in the IRAS Survey, 1985).
The overestimation of fluxes for faint objects in the IRAS Point
Source Catalog should not be a serious problem here since only 7
detected sources are fainter than 0.6 Jy at 60 um. For only one
source (Mkn 313=UGC 12317) there is evidence of extended
emission; the 60 ym flux given in the IRAS Small Scale Structure
Catalog (1986) has been adopted for it.

Upper limits at 60 um of 0.6 Jy or of 1.5Jy were adopted
(IRAS Explanatory Supplement, 1985) for undetected sources

falling in areas covered with three or two confirming scans,
respectively.

The fractional bivariate (optical, far-IR) luminosity function
and the associated errors have been computed using the Kaplan-
Meier estimator (Schmitt, 1985; Feigelson and Nelson, 1985),
which exploits also the information content of upper limits. The
results are shown in Table 5.

The far-IR luminosity function of Markarians is given in
Table 6; the errors are the quadratic sum of uncertainties on the
optical luminosity function and on the bivariate. As shown by
Fig. 3, it is very similar to the optical one, as a consequence of the
tight correlation between the emissions in the two bands (cf. Fig.
4). the linear correlation coefficient between luminosities at
0.43 um (Lg) and at 60 um (Lg,) is r=0.854+0.03 (Lg and Lg, are
defined as vL,; the former has been estimated using the relation
between Zwicky and photographic magnitudes derived by
Huchra (1976) and the absolute calibration of the blue magnitude
given by Lang (1974)).

This correlation is, actually, much stronger than that found
by Rieke and Lebofsky (1986) for normal galaxies. Such differ-
ence may be due to the fact that, in the case of Markarian
galaxies, bursts of star formation account for most of both the
blue and far-IR emissions, while, in normal galaxies, a substantial
fraction of blue light may be contributed by older stars. On the
other hand it is also possible that selection effects also play a role;
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Table 5. Fractional bivariate function of Markarians (Seyfert included). Le, is in solar units. The first line

gives the value, the second the error :

M. -14 -15 -16 -17 -18 -19 -20 =21 -22 -23
lOgLﬁo
1.00 1.00 .202
7.25 .000 .000 .000
.798
T.75 .000
124 252
8.25 724 .252
265 .631 255
8.75 .209 152 .047
.010 117 .543 222
9.25 .010 073 172 .146
153 597 .364 .034
9.75 151 .108 364 .034
.047 168 510 .388 79
10.25 045 .096 094 .043 279
.013 126 473 .301
10.75 .013 .043 .104 229
.106 292
11.25 .046 232
.082
11.75 .082
.047
12.25 .044

Table 6. Local luminosity function of Markarian galaxies
at 60 um. Lgo is defined as vL, (60 um) and is in units of
Lo=3910*3ergs™!. Hy=50

é1r (Mpe™ logLgy')

ZOQ(LGO/LG)
Seyfert included non-Seyfert

7.25 (.31 +.19) 107! (.31 +.19) 10!
7.75 (.55 +.29) 1072 (.55 £ .30) 1072
8.25 (.30 +.26) 1072 (.30 £ .26) 1072
8.75 (24 £ .09) 1072 (.24 +.09) 1072
9.25 (.58 +.20) 1073 (.57 +.20) 107°
9.75 (.23+.08) 1073 (.23+.08) 1073
10.25 (.11 4 .03) 1073 (.10 +.03) 10~*
10.75 (.20 + .05) 107* (.19 £ .05) 107*
11.25 (.12 4 .05) 1073 (.51 £ .35) 107°
11.75 (.18 4 .18) 1077 (.20 +.20) 1078
12.25 (.99 + .99) 10~°

for example, the Markarian survey may be biased in favour of
galaxies with low internal extinction (Smith, 1985).

There is strong evidence that the optical and IR luminosities
are not directly proportional: as shown by Fig. 5, more luminous
objects tend to have relatively larger percentages of their output
in the far-IR. The correlation coefficient between log(Leo)/Lg)

and 1og(Lg,) is 0.68+0.04; the slope of the linear regression is
0.26 +0.02 (cf. Table 7). Qualitatively similar behaviors have been
found by Deutsch and Willner (1986) for Balzano’s (1983) star-
burst nuclei and, most recently, by Feigelson et al. (1987) for
Markarian galaxies.

These results can be simply understood in terms of extinction
by dust in star-forming regions. In the limiting case whereby such
regions are more or less uniformly spread throughout the volume
and only those that lie near the surface toward the observer emit
blue light that can escape, we would have Lgo/LgocLeo'?
(Harwit et al., 1987).

Indeed, strong evidence for a significant dust content in
Markarian galaxies comes out from Fig. 5. Most objects turn out
to be more luminous in the far-IR than in the blue; the mean
value of log(Lgo/Lg) is 0.28 £0.027.

A close correlation between the far-IR excess Lgo/Lg and the
far-IR luminosity has also been found by Rieke and Lebofsky
(1986) and by Smith et al. (1987) for IRAS galaxies. In this case,
however, Ly and L, turn out to be only weakly correlated and,
as a consequence, the slope of the linear regression in the log
Lo —log(Leo/Ly) plane is close to unity.

As noted by Smith et al. (1987), the IRAS survey preferentially
selects galaxies within a relatively narrow range of absolute blue
luminosity; it apparently undersamples galaxies of low and very
high blue luminosity. A comparison with the results of recent
analyses of large, optically selected samples (Franceschini et al.,
1988a, b; Feigelson et al., 1987) shows that the deficiency of low
Ly galaxies in IRAS samples (relative to optical samples) can be
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Fig. 3. Luminosity function of Markarian galaxies at 60 um. Crosses and circles show our estimates including and excluding Seyferts, respectively.
Also shown, for comparison, are the luminosity functions of IRAS galaxies derived by Lawrence et al. (1986; squares) and Soifer et al. (1986).
Luminosities are defined as vL, and are in solar units (L =3.9 1033 ergs™")

only partly understood as the consequence of the fact that they
are relatively weaker far-IR emitters due to the effect of dust, as
discussed above; optical samples of spiral and irregular galaxies
appear to comprise a number of weak galaxies which are truly
underluminous in the far-IR. The lack of very high Ly galaxies in
the IRAS samples, on the other hand, demonstrates that the far-
IR excess versus luminosity relation cannot be extrapolated to
the most powerful sources.

Seyferts display a weaker correlation between far-IR and blue
luminosities than non-Seyfert Markarians; correspondingly, the
ratio Lgo/Ly is closely correlated with L, and the slope of the
linear regression is relatively steep.

4. Discussion and conclusions

As shown by Fig. 2, the present estimate of the optical luminosity
function of Markarian galaxies is in good agreement with that
obtained by Huchra (1977). We stress, however, that our results
are more “solid” since known sources of systematic errors have
been accurately dealt with. In particular the application of
Turner’s method has allowed to quantitatively estimate the sys-
tematic uncertainties originated by clustering.

Several authors (cf. Smith, 1985, and reference therein) em-
phasized that the Markarian survey may be biased against
discovering objects with even quite small amounts of dust extinc-

tion. In view of the evidence of a significant dust content in
Markarian galaxies, we may expect that the derived space den-
sities are severely underestimated. Since starburst galaxies are
known to be overluminous in the far-IR, the IRAS survey would
greatly help to settle the question.

As shown by Fig. 3, the contribution of Markarians to the
luminosity function of galaxies at 60 um is never dominant. This
result is at variance with the claim by Soifer et al. (1986) that “the
space density of infrared galaxies is quite similar to that of the
starburst (non-Seyfert Markarian) galaxies” in the luminosity
range from ~310'% to 310'" L. Soifer et al. (1986), however,
have apparently compared the “bolometric” luminosity function
of Markarians with the far-IR luminosity function of IRAS
galaxies. For a meaningful comparison, the luminosity function
of Markarians in Fig. 1 of Soifer et al. (1986) should be shifted
towards lower luminosities by a factor of 3 (they estimate that, in
the mean, far-IR luminosities of Markarians are one-third of the
total luminosities).

On the other hand, there is evidence that most of infrared
luminous galaxies are undergoing outbursts of star formation
activity (Elston et al., 1985; Soifer et al., 1987). This demonstrates
that the IRAS survey is far more efficient than optical techniques
for finding starburst systems. The increasing difference between
the space densities of infrared selected galaxies and those of
Markarians suggests that either dust affects more and more the
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respectively; arrows denote upper limits

Table 7. Best fit coefficients for relations between blue (0.43 um) and far-IR
{60 um) luminosities. Both luminosities are defined as vL, and are in solar
units (Lo =3.9 10°3 ergs~!). We consider linear relations of the form log Y

=a+blog X; r is the linear correlation coefficient

a b r
Sey. included .02 + .51 1.03 £ .05 .85+ .02
log Lep =a+b-log Lg non-Seyf. only -39 + .42 1.07 = .05 .88 + .02
Sey. only  -1.47 +3.95 1.17 + .39 .62 + .15
Sey. included -2.3 £+ .18 .26 £ .02 .68 + .04
log -Ii‘;‘l =a+b:log Lgy non-Seyf. only -2.17 + .21 25 +£.02 .66 + .04
Sey. only -6.03 + .88 .59 £ .08 .84 + .08

optical selection as the IR luminosity increases (possibly because
of the increase in the ratio Lgp,p/Lg, cf Sect. 3), or a new
component becomes important at high luminosities.

Arguments in favor of the latter possibility are discussed by
Harwit et al. (1987). On the other hand, Franceschini et al.
(1988b) have shown that an evolving population comprising, in
addition to Markarians, peculiar and interacting galaxies (in
keeping with the notion that interactions play an important role
in triggering starbursts), can easily account for all the available
far-IR data as well as for the VLA counts of radio sources
(Danese et al., 1987). In this framework the break in the far-IR

luminosity function at L=x10'? L, noted by Lawrence et al.
(1986) is interpreted as the trait of evolution rather than of the
emergence of a new class of sources.

That the luminosity of actively star-forming galaxies evolves
on a timescale shorter than the Hubble time is indeed expected
on simple physical grounds. The increase in the far-IR to blue
luminosity ratio with increasing luminosity, discussed in Sect. 3,
implies that evolution is considerably milder in the optical than it
is in the far-IR (and in the radio). The most spectacular bursts of
star formation thus probably occur inside a cocoon of dust that
obscures our view at optical wavelengths. Far-IR data may then
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Fig. 5. Far-IR (60 um) to blue (4300 A) luminosity ratios as a function of 60 um luminosity for non-Seyfert Markarians (crosses) and for Seyferts

(squares). Arrows denote limits

represent the most powerful tool for investigating the early
phases of galaxy evolution.
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6.2. Cosmic evolution of actively star-forming galaxies

As discussed in Chapter 2, most (~ 90%) of non-Seyfert Markarian galax-
ies are actively star-forming galaxies. The obvious expectation that objects of
this kind experience a significant cosmological evolution appears to be borne

out by recent observational evidence.

a. Very deep radio surveys

The first indication came from very deep radio source counts. VLA sur-
veys, reaching flux densities as low as ~ 50 —100uJy, at 21 cm (Condon and
Mitchell 1984; Windhorst 1984; Windhorst et al. 1985; Oort and Windhorst
1985; Oort 1987) and 6 cm (Fomalonf et al. 1984; Partridge et al. 1986), re-
vealed a significant steepening of the differential counts of radio sources below

a few mJy.

Danese et al. (1987) pointed out that such steepening cannot be attributed
to any of the canonical source populations which dominate the counts at high
flux densities, given the observational constrains (in particular, the 408 MHz
counts). A similar conclusion was also reached by Wall et al. (1986), who
stressed that it is very difficult to produce pronounced features, such as the
observed ‘upturn’, with sources dominating at high flux densities, given their
extremely broad luminosity functions. The latter authors remarked that the
space densities of low-luminosity radio sources are poorly known and suggested
that they could be large enough to explain the sub-mJy counts without evo-
lution. On the other hand, the detailed study of the local luminosity function
of galaxies, carried out by Toffolatti et al. (1987), set strongest constraints
on the density of weak sources. Using their results, Danese et al. (1987) con-

cluded that the contribution to the observed counts of non-evolving sources

with log P(400 MHz; W/Hz/sr) > 20 (Hy = 50). must be small.

As noted by Franceschini et al. (1988b), if the upturn of the deep radio

source counts is due to still weaker sources, they must be local: the median

97



redshift of sources with S(1.4 GHz) ~0.5 mJy has to be < 10=2. This latter
prediction is strongly inconsistent with the results of direct redshift measure-
ments, demonstrating that the mJy and sub-mJy radio source are at cosmolog-
ical distances (zmedian > 0.25; cf. Kron, Koo and Windhorst 1985; Windhorst,
Dressler and Koo 1987; Donnelly, Partridge and Windhorst 1987). Thus the
interpretation of the deep radio source counts in terms of a local population

seems to be ruled out.

At the other extreme, Condon (1984a, b) interpreted the VLA counts as
indicative of evolution of disc galaxies as a whole. However, as pointed out by
van der Laan et al. (1986) and confirmed by Danese et al. (1987), evolving
spirals can start contributing to the counts only below 1 m.Jy, as a consequence
of their relatively low mean radio luminosity. Thus they cannot account for the
significant fraction of blue galaxies observed up to ~ 10 mJy (Windhorst et al.

1985).

Danese et al. (1987) then concluded that the simplest viable possibility
for explaining the observed counts was to assume that galaxies with intense star
formation activity evolve in radio luminosity on a time scale ~ 20-25% of the
Hubble time. Their model accounts not only for the counts, but for all the data
available so far, such as the optical colors, the radio to optical luminosity ratios,
and the fraction of blue to red galaxies; it is also consistent with preliminary
data on the redshift distribution, on the spectral index distribution, and on the

source sizes (Windhorst et al. 1985; 1987).

Fig. 6.2.1 and Fig. 6.2.2 present their fit of source counts at 21 c¢m and

6 cm.

b. IRAS samples

Given the tight correlation between FIR and radio emissions and the high

FIR to radio luminosity ratios for disk galaxies (de Jong et al. 1985; Helou et al.
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Fig. 6.2.1. Taken from Fig. 2. of Danese et al. (1987).
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1985; Gavazzi et al. 1986), a direct test of the models by Danese et al. (1987)
can be provided by applying them to IRAS data. To this purpose, Franceschini
et al. (1988b) have directly translated the models fitted to the radio data into

the FIR band, exploiting the observed distributions of FIR to optical luminosity

ratios.

Separate 60um local luminosity functions for classes of sources, in which
basically different astrophysical processes are operating, were derived by
Franceschini et al. (1988a). They have considered the following classes: (i)
ellipticals+50s; (ii) normal spirals+irregulars; (il )star-burst /interacting (S/I)
galaxies, comprising non-Seyfert Markarians and galaxies classified by Nilson
(1973) as peculiar, eruptive, disrupted, interacting and blue compact; (iv)

Seyfert galaxies.

The Kaplan-Meier estimator (Schmitt 1985; Feigelson and Nelson 1985;
Isobe, Feigelson,and Nelson 1986) has been used to derive the bivariate (opti-
cal/FIR) distribution taking into account also the information content of upper

limits.

In Fig. 6.2.3 (Fig. 1 of Franceschini et al. 1988b), the global FIR lumi-
nosity function of optically selected galaxies, sum of the contributions from the
four populations, is compared with the luminosity function of IRAS galaxies
derived by Lawrence et al. (1986) and Soifer et al. (1987b). The agreement
is excellent up to log Lo, = 33 (Leo, is the monochromatic luminosity at 60
pm in erg/sec/Hz, hereafter Hy = 50), implying that the space distribution of

IRAS galaxies can be entirely accounted for by optical galaxies.

Note also that the data on the FIR local luminosity function strongly
support our previous conclusion that the =nh-mJyv source counts cannot bhe
understood in terms of local sources. Any population of low-luminosity sources

contributing substantially to the deep radio counts should also show up in the
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60-pm local luminosity function which is defined down to luminosities as low
as ~ 10"Lg (Lawrence et al. 1987), corresponding to log P(408M Hz) ~ 18
for disc galaxies. To account for the deep radio counts without evolution, one
would need local space densities far in excess of those observed; in particular,
the radio luminosity function used by Wall et al. (1986) for their illustrative
calculation would translate in an increase of ¢,, by a factor ~ 10 in the range
30 <log Leo, < 31,1.e. 10° < vL,/Le < 10'°, where space densities are rather
well defined by four independent samples. Increasing the space deunsity of lower
luminosity sources, where observational uncertainties on ¢, are large, does not
help much: we meet the constrains set by the counts, and by the luminosity
distribution of bright IRAS galaxies, already with space densities well below

those required by radio counts.

The UGC sample is not deep enough to allow a direct evaluation of space
density of the highest luminosity sources. A rough estimate can, however, be
obtained by combining the optical luminosity functions of galaxies with the
observed distributions of Lgo,/Lopt (Franceschini et al. 1988a), which appears
to be more or less independent of optical luminosity. The dominant contribution
to the space density of galaxies with log Lo, = 32.5 is found to come from S/I’s
and Seyferts, in agreement with the findings of Houck et al. (1985), Soifer et
al. (1987b) and Smith et al. (1987), and corresponds to the high tail of the
distribution of FIR to optical luminosity ratios. The result, shown by the cross
in Fig. 6.2.3, agrees with the estimates by Soifer et al. (1987b) and Smith et al.
(1987), but falls below the points of Lawrence et al. (1986). While the samples
of Soifer et al. (1987b) and Smith et al. (1987) are truly local (2. = 0.08
and = 0.07, respectively), the average redshift for the three highest luminosity
bins of Lawrence et al (1986) is = 0.2, so the evolution may come into play (see

also Soifer et al. 1987b).

Indeed, the models by Danese et al. (1987), fitting the data from deep

VLA surveys of radio sources, do predict an increase with red shift of the
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space density of ultra-luminous IRAS galaxies, fully consistent with the data

by Lawrence et al. (1986), as shown by Fig. 6.2.3.

These models assume that shape of the radio luminosity functions of S/I

and Seyfert galaxies does not change with cosmic time
¢r[Lr(2),2] = ¢r[LR(0),0], (6.2.1)

while their radio luminosity increases with redshift according to
L(z) = L(0) exp(k, x 1(z)), (6.2.2)

7(z) being the look-back time and x;! the evolution time-scale, both in units
of the Hubble time; K,I_ll is obtained essentially by fitting the data on mJy and

sub-mJy radio sources.

The data on brighter sources determine the parameters characterizing the
evolution properties of elliptical + SO galaxies and of QSO’s. The models im- -
ply that objects of these classes evolve only if their radio power exceeds some
threshold [P(408 MHz) > 10 W/Hz/sr]. The contribution to the far-IR
counts of the evolving portion of the luminosity function, however, is small and

will be neglected here.
Normal spiral and irregular galaxies are assumed not to evolve.

Exploiting the radio survey by Dressel and Condon (1978) and the IRAS
data on the sample, we can construct the conditional far-IR luminosity function,
¥, (Leop|z, Pa.a), describing the distribution of Leg,, given the redshift z and
the radio power at 2.4 GHz, Ps4 (in W/Hz/sr). Using the method developed
by Schmitt (1985), which takes into account data censored in both variables,

Franceschini et al. (1988b) found the followinyg best-fitting linear regressions:

log Leoy, = 7.44+ 0.821og P 4 for S/I galaxies (6.2.3)
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and
log Loy = 13.54 + 0.611log P, 4 for Seyferts. (6.2.4)

Then, assuming that ¥rg is independent of redshift and that the quantity
log(Lgo,/Pa.4) has a Gaussian distribution with a dispersion = 0.4 around the
mean given, as a function of P;4, by equations (6.2.3) and (6.2.4), the 60y
luminosity functions of S/I galaxies at any cosmic time can be derived directly

from ¢,(Ps.4, 2):

qsrn(LGUIM Z) = /¢R(PZ.4, Z)'lwl’(LﬁOm PZA)d'(log P2.4)- (6-2-5)

Analytical fits to the results of Franceschini et al. (1988) have been adopted to

represent the local radio luminosity functions (X = log P 4 — 24):
log ¢24(P2.4,0) = —7.46 — 1.359X% — exp(X +1) (6.2.6)
for S/I galaxies, and

log ¢3.4(Ps.4,0) = —7.36 — 0.985X — 0.0478X? (6.2.7)

for Seyferts.

For non-evolving spirals+irregulars and ellipticals+S0s, we need only the

60x local luminosity functions derived by Franceschini et al. (1988a).

In this framework the space densities (Fig. 6.2.3) and the luminosity
distribution (Fig. 6.2.4) of the highest luminosity sources of Lawrence et al.

(1986) are accounted for by evolution of S/I and Serfert galaxies.

-¢. Deep FIR counts

Franceschini et al. (1988b) exploited their model to predict 60um counts
down to Fgo, = 1 mJy. Predictions were tested against the observed IRAS
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excellent agreement with those of Soifer er al. (1987). The thin continuous line shows the predicted luminosity
function at = = (.25 (the mean redshift of the galaxies in the highest luminosity bin of Lawrence er al.). allowing for
evolution of S/I and Seyifert galaxies.
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Figure 2. Logarithmic ratios of far-IR to optical fluxes as a function of the absolute Zwickv magnitude for S/I galaxies
(tniangles) and Seyferts (circles). Arrows denote upper limits. Rgy=10g Sg+(mz. —12.5)/2.5: Sy in mJy.

Fig. 6.2.3. Taken from Fig. 1. of Franceschini et al. (1988b).
Fig. 6.2.4. Taken from Fig. 2. of Franceschini et al. (1988b).



we have done the analysis for sources detected at both wavelengths (taking into

account the limits at the other); the results are very similar (cf. Table 6.2.1).

The spectral index « has been assumed to be independent of luminos-

60/ 25

ity (see e.g. Rieke and Lebofsky 1986).

The predicted contributions to the 60um counts are shown in Fig. 6.2.6.
Note that although the radio evolution time-scale of S/I galaxies is comparable
to that of QSO’s and of powerful radio galaxies, the far-IR counts are never
very steep: actually, they are slightly flatter than Euclidean for Fyo, > 0.1 Jy

and decline significantly at fainter fluxes.
Three factors contribute to keep the log N-log § quite flat:

(i) non-evolving spirals and irregulars outnumber S/I galaxies over the flux

density range where the counts of the latter are steeper.

(ii) The evolution rate in the far-IR is, in the present framework, slower than in
the radio: it is easily seen from equations (6.2.1) to (6.2.5) that the evolution

times-scale in the far-IR, k), is > (0.82x,)""! and =~ (0.61x,)~" for S/I and

Serfert galaxies, respectively.

(iii) The very strong K-correction flattens down effectively the log N-log S of
S/I galaxies themselves. In order to emphasize the more efficiently evolving S/I
galaxies, surveys at longer wavelengths (=~ 300um), such as those that could

be carried out with the Multiband Imaging Photometer planned for the Far-IR
and Submillimeter Space Telescope (FIRST), would be needed.

(2) PRIMEVAL GALAXIES

To obtain an order-of-magnitude estimate of the possible contribution of
primeval disc galaxies to the 60pum counts down to 1 mJy, we have adopted

the following simple approach.
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Fig. 6.2.5. Taken from Fig. 3. of Franceschini et al. (1983b).
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Figure 4. Differential log N-log S at 60 um, normalized to AN, =600 5-2* (Jy~tsr~!). The data for S above or below
0.5y are from Rowan-Robinson er al. (1986) and from Hacking & Houck (1987), respectively. Curve a shows the
predicted counts, sum of the contributions from non-evolving spirals +irregulars (curve b), evolving S/1 galaxies
(curve c) and Seyferts (curve d), non-evolving E +S0s (curve e). Curve f displays the estimated contribution from
primeval disc galaxies shining for a time Ar=2x108yr at z,=2.5; the dashed line shows the total counts including
them.

Fig. 6.2.6. Taken from Fig. 4. of Franceschini et al. (1988b).



We assume that primeval disc galaxies emit in the far-IR, with a spectrum
similar to that S/I galaxies, the bulk of energy released in the production of a
solar metal abundance. If the Juminosity function of primeval galaxies has the

same form as that of normal spirals, and their bright phase occurs at z ;=25

and lasts At = 2 x 10® yr (consistent with the study of the chemical history
of the disc of the Galaxy by Shore, Ferrini and Palla 1987), we obtain the
counts shown b}; curve ‘f” in Fig. 6.2.6. In this case, primeval galaxies would
be about 100 times brighter than at present, and would start showing up at

Seop =~ 10mJy: The Infrared Space Observatory, IS0, to be launched in the
early 1993, should be able to detect a large number of them.

Obviously, higher values of zy would make primeval galaxies fainter: if
zf > 4 and At ~ 10% yr, their effect on the 60pum counts above 1 mJy would
be negligible. Note, however, that the evidence of dark haloes around galaxies,
extending out to > 100 kpc, implies that the disc formation cannot be completed
before z =~ 2 or 3 (Rees 1986); direct evidence of low heavy-element abundances

in a system at z = 3.1723 has been reported by Hunstead et al. (1987).

(3) QSO’S AND POWERFUL RADIO GALAXIES

A crude estimate indicates that radio-loud and radio-quiet QSO’s, and
powerful radio galaxies, comprise only a small fraction of sources brighter than

1 mJy at 60pm.

Miley and de Grijp (1986) found that only nine (including two doubt-
ful identifications) QSO’s (M, < —23) from the Bright Quasar Survey (BQS;
Schmidt and Green 1983) have IRAS counterparts (positional coincidence
within 30 arcsec); their median apparent macnitude is B = 15. Since the
BQS covers 3.26 sr, the surface density of QSO’s brighter than the IRAS survey

limit, Fgo, ~ 0.5 Jy, can be roughly estimated to be ~ 2.8sr7!, very close
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to the surface density of QSO’s with B < 15 (Schmidt and Green 1983). A
very similar result is obtained by combining the optical counts with the distri-
bution of far-IR to optical luminosity ratios of radio-quiet QSO’s measured by

Neugebauer et al. (1986).

The optical counts of QSO’s are very steep (slope of the integral log N—
log § =~ 2.15) for B < 19.5, and turn over sharply at fainter magnitudes (Boyle
et al. 1987). For a constant mean far-IR to optical luminosity ratio, we would
then expect that the QSO contribution to the surface density of extragalactic
sources at 60pm increases from & 0.1 per cent at 0.5 Jy to a maximum of a few

per cent at ~ 8 Jy.

The above estimate ignores differences between radio-loud and radio-quiet
QSO’s. However, if quasars with flat radio spectra have significantly higher far-
IR to optical luminosity ratios than radio-quiet ones (Neugebauer et al. 1986),
the latter have steeper counts, implying a stronger evolution (cf. e.g. Danese,
De Zotti and Franceschini 1985). Thus, radio-loud QSO’s are likely to remain
a minor fraction of IR-selected quasars, as is the case for Fgop > 0.5 Jy: only
one of the 7-9 QSO’s detected by IRAS in the region covered by the BQS is
radio-loud. This conclusion is confirmed by an extrapolation to 60um of the
radio counts of QSO’s at 1.4 GHz (Windhorst et al. 1985) using a mean ratio
between the flux densities at the two frequencies (S1.4/F0,) = 30 found, using

both detections and limits, from data on radio-loud QSO’s given by Neugebauer

et al. (1986).

Powerful radio galaxies [P(408 M Hz) > 10%*5 W/ H = /sr| are weak far-IR
emitters. None of the ten such objects in Dressel and Condon’s (1978) sample
has been detected at 60um, but the ensuing constraints on the mean far-IR to
radio luminosity ratio are uninterestingly wenl. The detection rate is very low
also for radio galaxies in the bright sample of Wall and Peacock (1985) even if we

confine ourselves to those with §(1.4 GHz) > 10 Jy. For the latter objects, an
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inspection of Cataloged Galazies in the IRAS Survey (1985), taking into account
the completeness limits described in the IRAS Ezplanatory Supplement (1985),
yields a conservative upper limit Leop/L,(1.4GHz) < 0.04, implying that the

contribution of these sources to the 60um counts is negligible.

d. Discussion

As already noted above (see 6.2.c.(1)), the predicted number of normal
spirals and irregulars is found to exceed that of evolving S/I galaxies at least for
Fsop > 1 mJy, although the relative importance of the latter steadily increases
with decreasing flux density: the radio AN(S/I)/AN(spirals) is ~ 0.33 at
10 Jy, ~0.44 at 1 Jy, ~ 0.66 at 0.1 Jy, >~ 0.93 at 1 mJy. This result may appear
strikingly at odd with the result for the radio band, where the contribution of

the former class to the counts is found to be always small (Danese et al. 1987).

This apparent discrepancy arises from the combined action of the two
effects already mentioned in 6.2.c.(1) [points(ii) and (iii)], i.e. of the slower
evolution rate in the far-IR in comparison to the radio, and of the steep far-IR
K-correction, which efficiently counters the effect of evolution. Both effect are
ilustrated by Fig. 6.2.7, which shows how the far-IR counts of S/I galaxies
would look if «,, were equal to x, and if the spectral indices in the two bands
were equal; the effect of the K-correction is obviously much stronger for the

evolving populations than for non-evolving spirals and irregulars.

The present estimates of the counts of Seyfert galaxies are admittedly
crude. The assumption of a radio evolution rate equal to that of S/I galaxies is
somewhat arbitrary, since the origin of the radio emission may be different in
the two classes if objects and, in the case of “etforts. may be directly related to
the nuclear activity (cf. Wilson 1983). On the other hand, for both classes the

radio power is well-correlated with the far-IR luminosity (cf. Franceschini et
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al. 1988a) and most of the latter, in essentially all type 2 and in a substantial
fraction of type 1 Seyferts, is extended and appears to come from dust warmed
in actively star-forming regions (Edelson, Malkan and Rieke 1987; Rodriguez

Espinosa, Rudy and Jones 1986).

A detailed discussion of the evolution of Seyferts in the far-IR, allowing
for a different behaviour of the ‘starburst’ and of the ‘nuclear’ components,
however, is only of marginal interest here since, as shown by Fig. 6.2.6, the
contribution of these ob jects to the 60um counts can be important only in the
case of an exceedingly strong cosmological evolution. In the present framework
the fraction of Seyferts in the 60um counts is < 10 per cent. If these sources
do not evolve in the far-IR, they never exceed a few per cent of galaxies (Fig.

6.2.8).

The assumption that the bulk of the ultraviolet light of primeval galaxies
is absorbed by dust and re-radiated in the far-IR is probably not too unrealistic.
Koo (1986) estimated that the average optical depth may become ~ 1 when the
fraction of metals in the star-forming gas is ~ 1/100th solar; the time-scale for

reaching such metal abundance may be only a few million years.

e. Conclusions

The hypothesis that actively star-forming galaxies have undergone signifi-
cant cosmic evolution is strongly supported by the fact that a model, assuming

that their radio luminosities evolve on a time scale ~ 20-25% of the Hubble

time, can account not only for all the data available from the very deep radio
surveys so far, but also for all available far-IR data (see Fig. 6.2.5 and Fig.

6.2.6).

We caution, however, that, although encouraging, this fact must not con-

ceal the significant degree of uncertainty inherent in extrapolations from radio
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Fig. 6.2.7. Taken from Fig. 5. of Franceschini et al. (1988b).
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to far-IR, as a consequence of errors in the local radio luminosity functions and
of uncertainties in the relations between far-IR and radio emissions (equations
6.2.3 and 6.2.4). In particular, there are indications that equation (6.2.3) may
overestimate the far-IR to radio luminosity ratio at the highest radio lumi-
nosities. Also, the predicted counts at faint flux levels depend to some extent
on the assumed far-IR spectra: slight differences are expected when replacing
the rather crude K-corrections adopted here with more refined ones based on

detailed spectral shapes at A < 60um (Xu and De Zotti 1988).

The discussion in Section 6.2.d sheds some light on why the available radio
and FIR data, taken together, favour a model assuming evolution, but only for
a subclass of disc galaxies, not for all of them. A key point is the steepness
of the FIR spectra of these sources which entails that the counts of objects at
cosmological distances converge faster at 60pum than at radio frequencies. Such
faster convergence is absolutely needed to reconcile radio and FIR data: without
it any extrapolation of the radio counts would over-predict by a substantial
factor the 60um counts. Of course, this requires that the typical redshifts of
mJy and sub-mJy radio sources are not too small. Note that this argument
works not only against non-evolving models, but also against models letting
all disc galaxies evolve. In fact, the latter models obviously minimize (for a
given local luminosity function) the amount of evolution needed to match the
observed radio counts and, hence, the characteristic redshifts of sources. The
K-corrections are , thus, less important, and the predicted FIR counts tend to

be too high.

The steepness of the FIR spectra implies that the 60um counts of un-
evolving galaxies are bound to converge quickly, while the observed counts keep
a roughly Euclidean slope down to 50mJy: it is. in fact, easy to check that
the deep IRAS counts, taken at face value. I entail some cosmological evolu-
tion. On the other hand, such counts are liable to systematic errors due, e.g.

to confusion or to strong clustering in the small area covered by the survey of
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Hacking and Houck (1987). The correlation between radio and FIR emissions of
disc galaxies, however, implies that IRAS and radio data cannot be dealt with
independently of each other. As discussed above, a consistent picture appears

to be possible only in the framework of cosmological evolution.

A powerful test on the model would be provided by redshift distributions
of weak sources (Fig. 6.2.9 and Fig. 6.2.10). We expect that evolving S/I and
Seyfert galaxies clearly show up in the high-z tail of such distributions. On
the other hand, our model predicts that the median redshift of IRAS galaxies
brighter than 50 mJy at 60um is ~ 0.1, i.e. substantially lower than that of
blue radio sources brighter than ~ 0.5 mJy at 1.4 GHz, which is probably
around 0.75 (Donnelly et al. 1987). By contrast, if the sub-mJy radio source
counts could be accounted for by a simple extrapolation of the deep IRAS counts
using a FIR luminosity ratio ~ 100 (cf. e.g. Kellermann and Wall 1987), the

two redshift distributions would be very similar.

As shown by Fig. 6.2.6, far-IR surveys might provide important insights
on the early evolution of disc galaxies. Simple arguments do indeed suggest
that these objects are likely to be cocooned by dust (except for the early phase
lasting only a few million years), re-radiating the bulk of their luminosity in the
far-IR. There are also good reasons to believe that discs formed at rather low
redshifts (2 >~ 2 or 3; cf. Section 6.2.c.(2)), so that they could be detectable at
flux levels that can be reached by ISO.

The source counts discussed in Section 6.2.c allow us also to estimate the
contributions to the diffuse far-IR background. At 60um we obtain ~ 0.02
MJy/sr from both S/I and spiral+irregular galaxies and ~ 0.005 MJy/sr from
Seyferts. If the duration of the bright phase is ~ a few times 10% yr, the
contribution of primeval galaxies ranges from (.01 MJyv/sr for Tpo= 2.0, to

0.004 MJy/sr for zy = 4. The contributions of ‘normal’ ellipticals and S0’s, of

radio galaxies and of quasars are negligibly small.
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Figure 7. Predicted redshift distribution of sources with Su>50 mJy (curve a). Also plotted are the contributions of
unevolving spirals + irregulars {curve b). evolving S/I (curve c) and Sevfert (curve d) galaxies. The ordinates are the
expected number of sources in an area of 6 square degrees.

Fig. 6.2.9. Taken from Fig. 7. of Franceschini et al. (1988b).
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Figure 8. Predicted redshift distribution of sources with 55,>35 mlJy in an area of 1 square degree. The labels of the
curves have the same meaning as in Fig. 7.

Fig. 6.2.10. Taken from Fig. 8. of Franceschini et al. (1988b).



Using the mean spectral index between 100 and 60pm or between 60 and
25um (Table 6.2.1) for non-evolving and for evolving populatibons, respectively,
and assuming that primeval galaxies have a far-IR spectrum similar to S/I
galaxies, we obtain an overall contribution at 100um of ~ 0.15 MJy/sr, i.e.
of only a few per cent of the background intensity (5—6 MJy/sr) tentatively
estimated by Rowan-Robinson(1986b). An extragalactic background flux of
several M Jy/sr may imply energy sources more efficient than thermonuclear

reactions in stars.
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