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Abstract. The IR emission of 640 Markarian galaxies (MrkG), mcluded in the IRAS Survey, 1s considered
as an evidence for enhanced star formation rate {SFR) in these objects. About 739, of the MrkG have high
far-infrared luminosities (ca. 10E+44ergs '} in 1-500 mem IR spectral band. The distribution of
log( feo/f100), peaked at about 45 K, shows that IRAS MrkGs have a tendency to extend the relation fq/f 00
vs L, /L, for ‘normal’ § glaxies. They emit up to hundred times more IR energy in 40-120 mcm band than
m optics. The mean ratio log (L, /L,> for 621 IRAS MrkG with known redshifts is 2.2.

It is suggested that there are two IR emitting components in the IRAS Mrk{ — a warm one connected
with the UV-fluxes of the newborn massive stars, re-radiated by dust, and a cool one, originated from the
dust in gaiactic disks and heated by the general interstellar radiation field. The warm IR luminosities and
warm IR fractions are determined on the basis of IR colour—colour diagrams «(25/12), «(60/25), and
2{100/60). The mean warm IR fraction for all Mrk IRAS detected galaxies with well-defined IR fluxes is
(.83 when the grain mass absorption coefficient model with # = 0.0 is used. The dust mass responsible for
the IR flux at 60 mem is derived to be about 10E + 5 M, assuming the dust clouds are optically thin, and
using the dust temperature T, ~ 46 K (deduced from the f(60)/f(100) ratio). There is a relation between
L. and L,, which points out that the most IRAS MrkG have rather enhanced SFR.

1. Introduction

Surveys widely carried out in the last decades at optics have produced large sets of
emission-line galaxies {ELGs). In the majority of the observed galaxies with emission
lines in their spectra the line emission probably is an indicator of gas photoionized by
hot, young stars associated with the regions of active star formation. On the other hand,
most of the energy emitted by such stars at short optical wavelengths actually is detected
by us as re-radiated by dust far-infrared (FIR) emission. That is why, as have been noted
by Salzer and MacAlpine (1988), the investigation of the FIR properties of samples of
optically selected ELGs is important for gaining a better knowledge of the energetics
of these galaxies, as well as for understanding the galaxy activity, both Sy-like and
induced by star-formation processes. The use of the database accumulated by nfrared
Astronomical Satellite (IRAS) provides the best opportunity to select subsets of ELGs
with well-manifested FIR properties. One of the optical surveys carried out is the list
of Markarian galaxies (MrkG) (Markarian ez al., 1989). This set contains 1500 galaxies
with ultraviolet excess. The present paper considers the infrared radiation of a sample
of 638 MrkG included in Catalogued Galaxies and Quasars Observed in the IRAS Survey
(Lonsdale et al., 1985) which contains about 43%, of the whole Markarian’s list. Six-
hundred twenty-one of IRAS-detected MrkG have known redshifts, and 102 of them
have weli-determined IRAS fluxes.

Astrophysics and Space Science 199: 199-213, 1993.
© 1993 Kluwer Academic Publishers. Printed in Belgium.

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System



.199P

1993Ap&SS.199.

200 G. T. PETROY

2. General Properties

If we use IRAS data we ought to do a comparative studying of the parameters of the
star formation in the different type Markarian galaxies. As a first step we have choosed
the two components model of de Jong et al. (1984).

The basic data are presented in Table 1. The mean and its variance are presented for
30 Syl, 35 Sy2, B Sy3, 84 SBG, 426 normal Markarian galaxies with measured radial
velocities and IRAS fluxes and for 102 objects with well-defined fluxes as well. The last
rows belong to the Markarian galaxies as a group. The data in the column are as follows:
type of activity, redshift, blue luminosity in (ergs s~'}, infrared luminosity in
(ergs s~ 1), infrared cxcess. F(12)-F(25) ratio, F(25)-F(60) ratio, F(60)-F(100)
ratio, dust temperature (F,,/F,5), dust temperature (Fgy/F 00), spectral index (100/60),
spectral index (60/25), spectral index (25/12), and dust masses using F(60). The activity
types are as by Veron-Celty and Veron (1989).

We assume that the infrared radiation of the galaxics in question is due to dust thermal
re~-radiation of the stellar radiation fieid.

As indicators of the ‘infrared activity’ of galaxies the IR luminosities L, and the ratio
L, /L, may be used, where L,, is taken to be equal of vf(v) at 4 = 4400 A. We have used
the calibration of Houck et al. (1984) in the blue region f-

log f(BYy= —-7.54 - 0.4 mp, (1}

where f(B) is expressed in (W m 2} and mp s thc apparent photographic magnitude
from the Catalogue of Galaxies and Clusters of Galaxies (CGCG - Zwicky et al.,
1961-1968). Note that these fluxes are about 5 times larger than those in standard
B-filter (Soifer et al., 1987).

2.1. INFRARED LUMINOSITIES AND COLOURS

Infrared fluxes f refer to the infrarcd emission between 40 and 120 mem which is
determined according to Dennefeld er ol (1985) as

FUIR) = 1L.75(2.55f,0 + 1.01f 100} X 10E— 14 Wm~2, (2)

where [, and fi,, are the IRAS cataloged flux densities in Jy. We have used
Equation (2} in order to compare our results with those of other authors for different
kinds of objects.

If we follow Belfort ef al. (1987), we have estimated the total far infrared cmission
Fg, from about 1 to 500 mem by the expression

AFIR) = 1.75(12.66f,, + 5.0f,5 + 2.55f0 + 1.01f,00) X I0E-14.  (3)

The distribution of the total FIR luminosities L, for a sample of IRAS-detected
MrkG with known redshifts (consisting of 621 objects) is shown in Figure 1. All the
luminosities. L{B1), L(IR), and L(¥IR), have been computed assuming a pure Hubble
flow with H = 75km s~ ! Mpc ! and g = 1.0. It should be noted that about 73%, of
all IRAS-detected MrkG have L;. > 10E +44 erg s =, In fact, this means that these
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Fig. 1. Distribution of the FIR and blue luminosity of all 621 MrkG with known redshifts found in the fRAS
Point Source Caralogue.

MrkG belong to ELIRS (extremely luminous far-infrared sources — see Harvit ez af.,
1987). because they have both strong [R radiation within 1-300 mem band and low-
ionized optical spectra.

Figure 2 shows the distribution of the colour index ratios f,/fi00 for our sample of
five different samples of IRAS-detected Markarian galaxies (from lower to upper panel
- ‘normal’ MrkG, Markarian Starburst galaxics; Sy3, Sy2, and Syl, Mrk galaxies). The
mcan infrared colour for the sample of 621 IRAS-detected MrkG with known redshifts
is {log( feo/f100)> = —0.26 and the mean ratio (L, /L,> = 2.2. The corresponding
values for the ‘normal’ § galaxies are {log f.5//100> = —0.43 and {1, /L,> = 0.4 (see
de Jong et al., 1984). It may be seen that the IRAS-detected MrkG are warmer than the
‘normal’ § galaxies, with distnbution peaking clearly at T ~ 45 K. 1t can be seen also
that the IRAS Mrk( have a distribution of temperature colour index fiy/f,4 Similar
to that of thec BCELGs (Kunth and Sevre, 1985).
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The infrared colours f,40/fco VS the indexes of activity L, /L, for the sample of 621
IRAS-detected MrkG with known redshifts are plotted on Figure 3. On this diagram
102 objects with well determined IRAS fluxes at 60 and 100 mcem are marked. The
region occupied by the ‘normal’ S galaxies picked out from the Virgo cluster is outlined
by a solid line. On the same figure the BCELGs would have occupied the upper right
part. Thus, IRAS-selected MrkG extend the same relation for the normal S galaxies (see
Kunth and Sevre, 1983).

The ratio fqy/f100 has been adopted by many authors as a convenient measure of the
infrared activity of galaxies. In Figure 3 there is a tendency of increasing of the dust
temperature derived from f,,/f;00 and the galaxies become warmer with the IR activity
(L, /L, ratio). This has been already mentioned by de Jong ez al. (1984) for the ‘normal’
S members of the Virgo cluster. IRAS-detected MrkG tend to extend this relation and
the BCELGs show the same tendency. At temperatures 40—50 K JRAS-detected MrkG
emit up to hundred times more energy in the infrared than in the optical blue band. It
should be noted that the region occupied by IRAS-selected MrkG coincides with the
one occupied by IRAS-selected MrkG coincides with the one occupied by the BCELGs.
This result probably points at higher star formation rate (SFR) in these galaxies than
in normal spirals and irregular galaxies.

2.2, DUST MASSES

The IR emission of the dust is caused mainly by the dust component with low tempera-
ture (about 30 K for the cirrus emission). In the optically thin case the mass of the dust
emitting at a given wavelength is determined as

My (1) = Amr?f/AnB(TH K, (4)

where r is the distance to the galaxy; f,, the observed flux density at wavelength 1; 7,
the dust temperature; K = @/(4/3)apcm®g~, the mass absorption coefficient; and
@ ~ A7 " is the absorption efficiency of the dust. We assume that the dust is a mixture
of graphite and silicate particles with density p = 2 g cm ™2, whose radii  are equal to
0.1 and 1.0 mcm. We adopt » = 1 and the corresponding mass absorption coefficients
are based on the recent grain models by Draine and Lee (1984).

The dust masses generating the observed IR-flux at 60 mcm have been obtained using
Equation (4), where the dust temperatures T, were deduced only from f,/f;00 ratio if
n = 1 grain absorption model is adopted. By this way we found that the mean dust of
IRAS-detected MrkG is M, (60 um) ~ 10E + 5 M. A correlation might be expected
between the ratio L, /L, which characterizes the starburst activity and the dust mass
radiating at 60 and 100 mem. Such a correlation for 621 IRAS-selected MrkG with
known redshifts, if only the graphite grains of 0.1 mm are taken into account, is shown
in Figure 4. As far as the dust masses were defined using the F(60) mcm we have to
expect some relation between the two parameters. This i1s in accordance with the
evaluation of the masses of the dust clouds in the Galaxy. Very interesting is the fact
that a large part of Markarian galaxies being elliptical and SO objects and a lack of
deficit of interstellar matter. By use of the two components model as a standard we have
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possibility to make only qualitative description of the different groups of Markarian
galaxies. The general conclusion is the temperature of the dust is guite high — 40-50 K.
The normal Markartan galaxies demonstrate very similar parameters — the infrared
excess between 0 and 1 (only 109, have larger blue luminosities — i.e., infrared cxcess
<0!). It is remarkablc the Syl G demonstrate a lowest activity but as we mentioned
above there are additional sources to heat the dust. The great dispersion in the dust
temperatures for SB, Sy1, and Sy2 Markarian galaxies probably is real. The group with
well-measured fluxes (a mixture of all type objects!?) has quite a high dust temperatures
and big dispersion too from 40 to 80 K.

2.3, STAR FORMATION RATES

The star formation rate is considered from a point of view of the relation between Z.(IR)
and L(Bl) (see Gallagher and Hunter, 1987). This relation for above mentioned
621 MrkG is presented in Figure 5. On the same picture the lines of constant (middle
line), declined (Jower hinc), and increased (upper inc) SFR are presented. Most of them
lie between the lines of constant SFR and starburst. Some of them are obviously above
the latter. This indicales an increased SFR in the IRAS-detected Markarian galaxies.
If we follow Gallagher and Hunter (1987), we can made a raw estimation of SFR

dM/dr = 2.5 x 10E - 108 '8L(FIR) M, year~!, (5)

if the mass of the warm stars is near to 10 M. Here § ~ 0.5 and it depends both on
the newborn star effective temperature and on galaxy’s geometry. The part & of the
infrared radiation, which is connected with the young stars, must be < 1.0, and accord-
ing to our estimation it is about 0.55 (# = 1 dust grain absorption model adopted). As
a result it was obtained dM/di ~ 8 M, year ™ .

The picture is too different for the different types of Markarian galaxies — probably
this is reflection of the presence of additional heater of the dust. There ts practically
strictly correspondence beiween the luminosities in the blue and far infrared for the
normal Markarian galaxies. That means practically all the vltraviolet radiation from the
young stars is converted into infrared emission by the surrounded dust. Similar is the
picture for the Star burst — and Hu — Markarian galaxies, but there are few high
luminosity objects, using the Crawflord’s criteria. Probably these are objects with
increasing Star Formation Rate.

Seyfert 1 Markarian galaxies do not confirm the picture above — there 1s very weak
relation between Ly, and L,,,.. The same 1s the sitnation with Seyfert 2 Markarian
galaxies but the blue luminosities are ca. an order lower.

3. Results

The mean colour temperature for the total sample of 638 IRAS-selected MrkG based
on the feo/f100 Tatios is about 46 K and it differs from 250 K, the temperature based on
the fi,/f2s ratios (all values are determined within the n = 1 dust grain absorption
model). So we may expect that the IR radiation generated by dust re-radiation of the
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UV photons of newborn massive stars originates in two differently situated dust clouds.
If we follow Hunter et al. (1987), and for convencience only, we could refer to them as
the ‘near-dust” and “far-dust’ IR components.

‘Near-dust’ IR component is connected with the radiation at 12 and 25 mem coming
from hot dust located in (or at least very near) the H1 regions sitnated around the
newborn massive stars. The mean dust colour temperatures, derived from the ratio
fi2/f5s, concern these regions.

‘Far-dust’ IR component is related mainly to the radiation at 60 mcm and less to that
at 100 mcm. This radiation arises in a warm dust associated with a neutral gas outside
of the tonized gas region or in the associated neutral molecular gas clouds, out of which
the H 11 regions have formed. The mean colour temperatures, derived from the ratio
Jfeo/f100, cOncern the dust, which is essentially responsible for the ‘far-gust’ IR com-
ponent.

There is a third IR component which is cooler than the “far-dust’ one. It originates
from the dust in galactic disks heated by the general interstellar radiation. Thus, 1t
resembles the ‘cirrus’ radiation in our Galaxy. As in the Milky Way, we consider the
dust temperature of this IR component to be about 30 K.

As it was noted above, only 102 IRAS-selected MrkG have well determined IRAS
fluxes. We include them in a separate subset sample. Their IR emissions have been
assumed to be proportional to v"B (7T), where B (T) is a Planck function. Two-
black-body model spectrum has been adopted for the emission at 60 and 100 mcm. They
are the ‘cirrus’ black-body radiation at 30 K, and the black-body emission of the warmer
‘far-dust’ component, which temperature is 50-120 K (Sekiguchi, 1987).

If we use measured fluxes in 12, 25, 60, and 100 mkm we had defined the spectral
indexes for each object. In Figure 6 we had plotted the line «(100/60) = x(60/25)
corresponded to the power law of the radiation. One could to mark on for every group
of objects there are galaxies above the line a, = o, — i.e., disposed in the region
traditionally occupied by the quasars. A half of normal Markarian galaxies also
in fact are lower limits. Nevertheless obviously there is enhanced star formation in all
type of Markarian galaxies. By use of Sekiguchi’s (1987} analysis of similar relation
CI(100/60)-CI(60/25) one could to determine the temperature of the dust, the part of
the IR emission at 60 mkm and some qualitative evaluations for each object. Only 5
objects from total 621 dispose below the black-body line.

4. Discussion

The members of the subset have been plotted on the two-colour diagram. log( f44/f100)
against log( f,,/f2s), which is presented on Figure 7. This relation practically presents
the Helou’s (1986) model. The two lines on the picture corresponds to the Helou model.
Above the short ling is the region occupied by the objects with higher star formation rate.
The cross point and below is the region where typically the cirruses lay. Only four objects
with well-defined fluxes dispose in that region and Mrk 1022 is worthy to be remem-
bered.
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With exception of the galaxies with Seyfert-like nuclei, the far-1R radiation is a result
of thermal re-radiation from interstellar dust grains heated by starlight. The FIR model,
proposed by Helou (1986), consists of two components — a cirrus-like one and a warm
one, connected with active star forming regions. To trace curve D in his paper, Helou
(1986) used an estimation made by Desert (1986) of the emission from dust particles
of various sizes and convenient heating radiation ficld. The last one was altered from
an intensity comparable to the solar neighbourhood (point X'}, to one similar to the
intensity found in the regions of active star formation {point Y). The other curve H was
computed from Helou’s (1986) two-component model and it represents the locus of
points in the colour-colour diagram, where the contributions from the warm and cool
components are equal.

Most of the galaxies on this diagram, where the ratio L,,/L, increases from the lower
right to the upper left corner, arc placed between curves D and H. This indicates that
the IRAS-detected MrkG are objects with enhanced star-formation rate.

The objects lying definitely above the line D on the Helou diagram have been
considered as the most interesting oncs in the subset.

5. Conclusions

On the basis of the discussion above the following conclusions have been made:

(1) About 73% of IRAS-detected MrkG show high total IR luminosities
Ls > 10E+44ergs™!in 1-500 mcm IR spectral region.

(2) The distribution of log{ foo/f100) shows that the IRAS Mrk(r are warmer than the
‘normal’ § galaxies with clear peak at about 7 = 45 K (# = 0 model). The temperature
colour index f.,/fi00 Of IRAS MrkG is distributed similarly to that of the BCELGs.

(3) IRAS-selected MrkG tend to extend the relation f,,/f100 V$ Ly /Ly, for ‘normal’
S galaxies and emit up Lo hundred times more energy in the IR spectral band between
40 and 120 mem. Its mean ratio (L, /L,,> of IR luminosities to blue ones is about 2.2

{4) Itis very likely that in IRAS-detccted MrgG there are two IR components — warm
one, connected with the UV fluxes of newborn massive stars, re-radiated by dust, and
cool one, originated from dust in galactic disks, which 1s heated by the general interstellar
radiation field. The ability to deduce total warm IR luminosities Ls, and warm IR
fractions Lg /L, rests on IR colour—colour diagrams «(25/12), «(60/25), and
2{100/60). The mean warm IR fraction is {(L;./Lgs.> ~ 0.83, if the grain mass absorp-
tion coefficient 1s # = (.0,

(5) Ifthedust clouds are optically thin, the dust mass of IRAS-detected MrkG, which
1s responsible for IR flux densities observed at 60 mcem, is derived to be
M (60 mkm) ~ 10E + 5 M.

{6) There is a correlation between L, and L,,, which indicates that the most IRAS-
detected MrkG have enhanced rather than constant star formation rate,
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