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Abstract. 1.) We present photometric data of three starburst
galaxies (Mkn 496, Mkn 1116, NGC 6000) obtained with the
Infrared Space Observatory (ISO) in the wavelength bands 2.5–
11.6 µm (P-40) and 120–200 µm (P-22). In all galaxies, we
detect the 9.7 µm silicate absorption feature and strong emission
from PAHs; only the 3.3 µm band is below the sensitivity limit
of the instrument. 2.) We model the starbursts by computing the
radiative transfer in the galactic nuclei under the assumption
of spherical symmetry. By properly adjusting the distribution
of stars and dust, we can fit the observed infrared radiation,
including the PAH features. The dust is described by a mixture
of large grains, very small grains and PAHs, the latter all of the
same size (25 carbon atoms). The photo–destruction of the PAHs
is computed in a physically consistent way. 3.) We explore the
parameter space by modeling the spectral energy distribution
of the ultraluminous starburst galaxy Arp 220. Although the
nucleus is deeply hidden by dust, the simple radiative transfer
calculations allow an estimate of its global structure.
Key words: infrared: galaxies – galaxies: starburst – galaxies:
nuclei – ISM: dust, extinction

1. Introduction
Star formation in external galaxies is intimately linked to questions concerning galaxy formation and evolution. Of particular
interest are galaxies with star bursts. Because formation is taking place in interstellar clouds, the UV and optical stellar light
is re–processed into infrared photons. The major part of the IR
spectrum of starbursts is emitted from the nuclear region and
the spectral energy distributions peak at about 100 µm. As their
normalized spectra show similarities both in the mid infrared as
well as in the far infrared (Rowan–Robinson & Crawford 1989,
Roche et al. 1991), one may wonder whether starburst galaxies
have a common structure.
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Based on observations with ISO, an ESA project with instruments
funded by ESA Member States (especially the PI countries: France,
Germany, the Netherlands and the United Kingdom) with the participation of ISAS and NASA.

The galactic nuclei are deeply hidden by dust so that it is
necessary to observe at infrared wavelengths. Here the recent
ISO mission (Kessler et al. 1996) gave new opportunities. Analyzing the data with radiative transfer models, one hopes to
disclose some aspects of the true structure of the sources.

2. Observations
We undertook a photometric study of the IR emission of the
three IRAS galaxies Mkn 496, Mkn 1116 and NGC 6000 with
ISOPHT (Lemke et al. 1996). Observations include spectro–
photometry in the wavelength range from 2.5 to 11.5 µm and
far IR photometry between 120 and 200 µm using the observing
templates P–40 and P–22 (Klaas et al. 1994). P–40 observations
were performed with both detectors of the PHOT–S subsystem in triangular chopper mode. This mode implies chopping
at two reference positions (OFF1, OFF2) and two ON–source
measurements. An observing cycle consists of an OFF1–ON–
OFF2–ON measurement scheme. The total on–source integration time is 512s. A chopper throw of 3000 was adopted. We
present P–22 observations of the C200 detector in filters at 120,
150, 180 and 200 µm, an integration time of 16s each, and rectangular chopping. We exclude P–22 chopped observations with
the C100 detector because of yet unsolved technical problems.
We mention that Mkn 496 = NGC 6090 had already been observed with ISO by Acosta–Pulido et al. (1996) and their C200
and P–40 spectra agree very well with ours.
Data were reduced with PIA (Version 7)1 . The basic calibration steps are detailed in the ISOPHT Data User Manual
(Laureijs et al., 1998). In addition, we smooth P–40 spectra
by rebinning two neighboring points into one and color correct
P–22 data by assuming a spectral shape ν 2 Bν (30 K). The photometric uncertainty of P–22 chopped observations using PIA 7
calibration files is presently still large (∼40%), but it is expected
that the accuracy of the photometry will be improved once we
better understand the detector and have up–dated calibration
files.
1
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Table 1. ISO chopped photometry with the C200 detector. All measurements have a signal–to–noise ratio greater than 10. The errors account for the large calibration uncertainty of ∼40%. Fluxes are color–
corrected and in Jy.
Filter
120
150
180
200

Mkn 496

Mkn 1116

NGC 6000

12.3 ± 4.9
8.5 ± 3.4
6.1 ± 2.4
4.8 ± 1.9

9.1 ± 3.6
7.0 ± 2.8
5.1 ± 2.0
3.7 ± 1.5

61.5 ± 24.6
44.9 ± 18.0
30.6 ± 12.2
25.8 ± 10.3

3. Radiative transfer in galactic nuclei
Radiative transfer models for the disks and nuclei of galaxies have been carried out in various approximations by a number of authors (Krügel & Tutukov 1978, Efstathiou & Rowan–
Robinson 1990, Spagna et al. 1991, Pier & Krolik 1992, Granato
& Danese 1994, Krügel & Siebenmorgen 1994, henceforth
KS94, Efstathiou & Siebenmorgen, 1995, Silva et al. 1998).
3.1. The source function
We compute the radiative transfer for the nucleus of the galaxy.
The maps of nuclei generally appear at all wavelengths to first
order round and therefore we feel justified to use for our crude
endeavor models of spherical symmetry. The radiation transport
code which we employ is detailed in KS94. Its potential was
demonstrated by successfully modeling all relevant infrared data
for the nucleus of M 82.
The crucial parameter in the transfer equation is the source
function. For a dust cloud without distributed luminosity sources
(like stars in a galactic nucleus) it reads
ext
Sν (r) = [εdν (r) + Jν (r) · κsca
ν ] /κν .

(1)

The dust emission coefficient is given by
Z
Bν (T ) P (T ) dT .
εdν = κabs
ν

(2)

The absorption, scattering and extinction coefficient are desca
ext
noted by κabs
ν , κν , κν , and the mean intensity of the interstellar radiation field by Jν (r). The distribution function P (T )
in Eq. (2) equals the δ–function in the case of large grains because their temperature is constant. Then this equation just reads
εdν = κabs
ν Bν (T ). For very small grains (such as PAHs) the
function P (T ) has to be evaluated separately (see e.g. Siebenmorgen et al., 1992).
The model nuclei contain two kinds of stellar populations:
– Giants with 4000 K effective temperature, number density
nG (r) and spectral luminosity LG
ν . They are very numerous and smoothly distributed and introduce into the source
function the term nG (r) · LG
ν which enters in the numerator
of the right side of Eq. (1).
– OB stars from the starburst with an effective temperature of 30 000 K, number density nOB (r) and luminosity
LOB = 105 L . Because they are so luminous, each imme-
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diate environment of an OB star presents a hot spot where
the dust temperature has a local peak.
As was shown in KS94, when the luminosity of the galactic
nucleus is dominated by OB stars, the hot spots have a great
influence on the mid IR spectrum. The size of a hot spot follows
from the condition that inside it, heating of the dust is dominated
by the OB star, whereas outside heating by the interstellar radiation field Jν (r) is more important. The emission from a hot spot,
denoted by Lhot
ν , has to be computed in a special routine (for the
original description see Krügel & Tutokov 1978) and is taken
into account in the source function by the term nOB (r) · Lhot
ν .
Altogether, the source function of a galactic nucleus filled with
stars is
Sν (r) =

G
G
d
sca
nOB (r)Lhot
ν + n (r)Lν + εν (r) + Jν (r)κν
. (3)
ext
κν

3.2. Dust model
We employ a dust model similar to that by Siebenmorgen &
Krügel (1992). The large spherical grains have radii from 300
to 2400 Å with a size distribution exponent 3.5. They consist
of silicate and amorphous carbon particles with a volume ratio VSi /VaC = 1.4. A fraction of 25% of the solid carbon is
graphitic in the form of very small grains with radii from 10
to 20 Å and distribution exponent 4. Another fraction YCPAH of
the solid carbon is in PAHs. All PAHs have a skeleton of 25 C–
atoms and 14 H–atoms at the periphery, corresponding to the
maximum hydrogenation parameter for circular PAHs. Optical
constants for silicate are from Laor & Draine (1993), for amorphous carbon (type BE) from Zubko et al. (1996), for graphite
from Draine (1985), for the PAHs from Schutte et al. (1993).
To minimize the number of free parameters in the fits, the dust
model is kept constant and we only vary the abundance YCPAH
of the PAHs.
The dust–to–gas ratio is not required for computing the radiative transfer models. The total amount of dust in the galactic
nuclei, Mdust , follows from the visual extinction AV and the
dust radius Rdust , as given in Table 2:
Mdust =

2
AV
4πRdust
.
3KV

(4)

Here it is assumed that the dust density ρ is constant, so AV =
Rdust ρKV . The exact value of Mdust depends on the visual
extinction coefficient KV and thus on the particular dust model,
but KV = 3 · 104 cm2 per gram of dust (or KV = 200 cm2 per
gram of gas) is a value that will not arouse much controversy.
3.3. Photodissociation of PAHs
In a strong UV radiation field, PAHs may evaporate. Although
evaporation is not important for our objects, it was taken into
account and treated by the following formalism details of which
are found in Zota (1998). The photo–dissociation rate k(U ) of
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Table 2. Parameters of the radiative transfer models.
Parameter

Mkn 496

Mkn 1116

NGC 6000

Arp 220

Distance
Luminosities
OB–stars LOB
Giants Lgiant

119 Mpc

100 Mpc

29.3 Mpc

73 Mpc

1.3 · 1011 L
5 · 1010 L

8 · 1010 L
4 · 1010 L

3.5 · 1010 L
2 · 1010 L

7.3 · 1011 L
3.6 · 1011 L

Radius
OB stars ROB
Giants Rgiant
Dust Rdust

150 pc
800 pc
1400 pc

300 pc
1100 pc
1300 pc

200 pc
900 pc
1000 pc

350 pc
1800 pc
1400 pc

Densities
OB stars ρOB
Giants ρgiant
Dust ρdust

∝ r−2
∝ r−1
const

∝ r−1.5
∝ r−1
const

∝ r−2
∝ r−1
const

const
∝ r−1
const

26.5 mag

27 mag

29 mag

54 mag

0.01
25

0.015
25

0.012
25

0.01
25

Extinction
AV to center (r=0)
PAHs
YCPAH
Carbons nC

the PAHs is described only by its internal energy U and the
degrees of freedom s (see e.g. Forst 1973),
s−1

E0
.
(5)
k(U ) = k0 1 −
U
Despite this simplification, Jochims et al. (1996) achieved good
agreement between dissociation measurements in the lab and
a linearized version of Eq. (5) for small PAHs (nC < 25) by
properly choosing the fit–parameters k0 and E0 . After Jochims
et al. (1994), E0 ' 2.8 eV and k0 = 1015 . . . 1016 s−1 for the
dissociation channels H, H2 and C2 H2 . As typical emission
rates for IR–photons are of order 102 s−1 , they suggest kcrit ∼
102 s−1 as the critical value for the onset of PAH dissociation.
This corresponds after Eq. (5) to some internal energy Ucrit and
the latter is converted into an evaporation temperature Tcrit by
the canonical representation of the internal energy,
Us (T ) =

s
X

−1

hνi (exp(hνi /kT ) − 1)

.

(6)

i=1

The νi are the fundamental vibrations of the molecule; for small
PAHs, these frequencies have been measured (e.g. Cyvin et
al. 1979, Whitmer et al. 1978) or can be calculated. The effect of
photo–ionization, which is the only competing reaction path for
PAHs of high internal energy, stabilizes the PAHs against evaporation. This effect is accounted for in our models following
Verstraete et al. (1990).
4. The models
4.1. Mkn 496, Mkn 1116 and NGC 6000
We first apply the radiative transfer code to the nuclei of
Mkn 496, Mkn 1116 and NGC 6000. We attempt to reproduce in
the models the infrared measurements which we obtained with

ISOPHT, as well as IRAS and submm/mm data. Galactic nuclei
have a diameter of only a few kpc, the active region being usually considerably smaller. Given the distance to our objects, the
angular diameter of their nuclei on the sky is of order 10 arcsec,
whereas the whole galaxies including their disks are some ten
times bigger.
The luminosity in starburst galaxies is likely to be dominated
by the nucleus. Therefore, when comparing theoretical fluxes
of the nucleus with actual observations that were obtained with
a beam larger than the nucleus, we assume that the contribution
of the galactic disk is moderate. Qualitatively, one expects the
disk to be more influential at submm wavelength because there
must be plenty of interstellar matter in the disk. However, the
star formation rate in the disk is probably relatively low.
The IR spectra are shown in Fig. 1 together with the fit results. The model fluxes refer to a uniform aperture (beam size)
of 2400 , about equal to the resolution of the P-40 detector of
ISO. The full lines in the right boxes of Fig. 1 show the overall fits. At far IR wavelengths, they are somewhat below our
ISOPHT as well as the IRAS 100 µm points, but this is the way
it should be for extended galaxies. The 1.3 mm fluxes of the two
Markarians were obtained with an 1100 beam and lie therefore
below the theoretical line.
In the left boxes, the P–40 spectra comprising the silicate
absorption feature at 9.7 µm and the mid IR emission bands 6.2,
7.7, 8.6 and 11.3 µm are zoomed for easier read off. Overall,
the models are not bad. However, the P–40 fluxes at 12 µm are
generally smaller than the IRAS photometry at that wavelength.
Assuming that IRAS is basically right, this may be due to a
combination of several effects. For Mkn 496, the difference is
marginal and may be fully explained by the broadness of the
IRAS filter which includes part of the steeply rising spectrum
beyond 12 µm. For NGC 6000, the difference is a bit larger. This
galaxy is the nearest (29 Mpc) and its mid infrared emission may
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Fig. 1. Observations vs. radiative transfer models for the starburst galaxies Mkn 496, Mkn 1116
and NGC 6000. Left: Our P-40 data and the
12 µm IRAS point (big square). Right: ISO
photometry (circles), IRAS fluxes (squares). At
1.3 mm, the points for both Markarians refer to
an 1100 beam (Chini & Krügel, priv. communication); for NGC 6000 at 1.3 mm to a 2400 beam and
at the two submm wavelengths to ∼1800 beams
(Chini et al. 1995). The models refer to a 2400
diaphragm.

be extended beyond the ISO beam (2400 ). Such radiation would
still be picked up by IRAS which has a larger beam.
In Mkn 1116, the discrepancy amounts to a factor ∼2.5.
Both previous effects may contribute. Moreover, the IRAS flux
is close to the detection limit where there is always the tendency
to overestimate the flux. But the most likely explanation lies in
our observing position. We used IRAS coordinates, partly to

be in line with the previous 1.3 mm continuum measurement,
partly because it would not matter in the broad–beam P–22
observations. The IRAS position is 1400 off from the optical
center. We therefore conclude that the P–40 and 1.3 mm fluxes
towards the center of Mkn 1116 may be twice as large than
those which we measured. The affect on the model parameters
of Table 2 is, however, not dramatic. For example, to double
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the mid IR fluxes of the model, one may just double the PAH
abundance.
In all three galaxies, the 3.3 µm feature slipped detection because of ISOPHT’s insufficient sensitivity. However, the model
fluxes of this feature lie always within the observed noise. Unfortunately, there are no data to compare with our predictions
for the 11.95 and 13.3 µm resonance.
The structure of the three nuclei is described in Table 2. All
nuclei are powered by a starburst of ∼1011 L luminosity and
there are about 106 OB stars within the central few hundred
parsec. The nuclei are also similar otherwise: they have comparable total dust mass (∼ 3 · 107 M ), comparable extinction
(∼27 mag), size of the starburst region (∼200 pc), and ratio of
starburst to total luminosity (∼2/3). The OB stars created in the
burst have a strong central peak, their density increase is steeper
than that of the giants (nOB ∝ r−2 , whereas nG ∝ r−1 ). The
OB star region, which is the place where the PAHs are excited
and the mid IR radiation originates, has a moderate visual optical depth of ∼5 mag. Therefore most of the extinction occurs
in the envelope of the galactic nucleus.
For illustration, the temperature profiles within the galactic
nucleus of the large grains are plotted in Fig. 2. As the grains
have a size distribution, there is at every radius r for each chemical component a range of temperatures. It is not a strict, but
nevertheless quite general rule that if one has in a radiation field
two grains of the same material and shape but different size, the
smaller one is warmer. The upper boundary curve represents the
smallest, the lower the biggest particles. The spread in temperature is much smaller in the outer parts of the galaxies because
there the radiation field becomes very soft.
4.2. Arp 220
To further illustrate the potential of modeling the IR spectra, we
compute the radiative transfer for the nucleus of Arp 220. This
is a famous ultraluminous object (L ≥ 1012 L ) which belongs
to the local universe and is an order of magnitude brighter in
the IR than the three galaxies discussed before.
Arp 220 is probably also powered by a starburst as, for example, Sturm et al. (1996) observe fine structure lines only of
low excitation. These authors derive an optical depth AV =
50 ± 10 mag. Their value is compatible with our model, also
described in Table 2, which has a dust mass ∼ 7 · 107 M
within r = 1400 pc.
Our model fits the IR emission quite satisfactorily (see
Fig. 3). It correctly reproduces the 10 µm silicate absorption
feature as well as the PAH resonances. The model fluxes are
calculated for a 1000 beam; they therefore underestimate the submillimeter emission as Arp 220 is known to be more extended.
The temperature profiles are shown in Fig. 4. They are flat within
the starburst region as it should be for a constant density of the
OB–stars (see Table 2). For comparison with another radiative
transfer model which assumes a somewhat different geometry
and includes optical emission from unobscured stars, one may
consult Silva et al. (1998). As far as we can make out, except for

Fig. 2. Temperature of the large grains vs. galactic radius, separately
for silicates and amorphous carbon grains. The upper curves refer to
the smallest, the lower to the biggest grains.

this presence of stars outside the heavily veiled nucleus, there
is no qualitative disagreement between their model and ours.
5. Discussion and conclusions
The interior of galactic nuclei is usually hidden to optical and
near IR observers by a dust veil of high optical depth. Measurements in the far IR, which are not handicapped by obscuration,
are until now always of low resolution and furthermore cannot
detect stars directly. If one wishes to determine the spatial configuration of stars and dust in a galactic core, one has to use
indirect means. One way is to model the observed IR energy
distribution. If one succeeds in building a model that correctly
reproduces the IR fluxes of a sufficiently large data base, one
has, if not a true, but at least a self–consistent picture. If fur-
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Fig. 3. Radiation transfer model of Arp220. ISOPHT (black squares, Klaas et al. 1997), IRAS (shaded circles), triangles (Rigopoulou et al. 1996),
shaded diamonds (Wynn-Williams & Becklin 1993). The model (dotted line) refers to a 1000 diaphragma.

ing two nuclei separated by 100 or 350 pc (Graham et al. 1990,
Miles et al. 1996). The real configuration is evidently not spherically symmetric. So the structure of the model is, of course,
wrong on a scale r < 400 pc. But, on the other hand, the data
which our model had to fit refer only to regions greater than
100 . The more general result that most of the energy in Arp 220
comes from r < 400 pc and that this region has an optical depth
AV ∼ 14 mag and that the total optical depth is about 50 mag
are probably correct.
So the method of deriving the structure of an obscured galactic nucleus from modeling its observed IR emission by computing the radiative transfer is cheap and promising, if one does not
forget its limitations.
Fig. 4. Temperature of the large grains vs. galactic radius of Arp 220.
Again the light lines refer to carbon grains, the fat one to silicates. See
caption of Fig. 2.
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of dust in the formation of stars”, eds.: H.U. Käufl and R. Siebenmorgen, Springer Berlin–Heidelberg–New York, 1996, ISBN –
3-540-61462-1

146

R. Siebenmorgen et al.: Starburst nuclei: ISO observations and models

Forst W., 1973, Theory of unimolecular Reactions, Academic Press,
New York
Graham J.R., Carico P., Matthews K., et al., 1990, ApJ 354, L5
Granato G.L., Danese L., 1994, MNRAS 268, 235
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