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Abstract. We present simulations of Far Infrared (FIR) emisbecause of the uncertainty in the relative distributions of dust
sion by dust in spiral galaxies, based on the Monte Carlo @nd stars. Indeed, realistic models are needed to avoid equivo-
diative transfer code of Bianchi, Ferrara & Giovanardi (19963al results/(Disney et al. 1989). Recently, Xilouris et al. (1999)
The radiative transfer is carried out at several wavelengthhave analised a sample of seven edge-on spirals by fitting op-
the Ultraviolet (UV), optical and Near Infrared (NIR), to covetical and NIR images with a complex radiative transfer model
the range of the stellar Spectral Energy Distribution (SED). Toiclusive of scattering. They derived a small opacity, with their
gether with the images of the galactic model, a map of the eneryponential dust disks having a mean face-on optical depth in
absorbed by dust is produced. Using Galactic dust propertittee B-bandrg = 0.8. Unfortunately, the method can only be
the spatial distribution of dust temperature is derived under tapplied successfully to a limited numer of cases, i.e. edge-on
assumption of thermal equilibrium. A correction is applied fogalaxies, where it is possible to analyze the vertical surface-
non-equilibrium emission in the Mid Infrared (MIR). Images obrightness distribution and the dust extinction is maximised by
dust emission can then be produced at any wavelength in the inclination.
FIR. Further constrains on the structure and opacity of dust disks
We show the application of the model to the spiral galaxgan be obtained by studying dust emission. Assuming that all
NGC 6946. The observed stellar SED is used as input and mdte stellar radiation absorbed by dust is reemitted in the MIR
els are produced for different star-dust geometries. It is fouadd (mainly) in the FIR, the amount of extinction in a galaxy
that only optically thick dust disks can reproduce the observedn be simply derived by comparing the total dust emission
amount of FIR radiation. However, it is not possible to repravith the stellar one (thenergy balancéechnique). The extinc-
duce the large FIR scalelength suggested by recent observation is then used, together with a radiative transfer model, to
of spirals at 20@:m, even when the scalelength of the dust disiktudy the dust disk properties (Evans 1992; Xu & Buat 1995;
is larger than that for stars. Optically thin models have ratidsewhella 1998a). However, the dust emission is treated as a
of optical/FIR scalelengths closer to the 20@ observations, bulk and generally only the disk optical depth is derived. The
but with smaller absolute scalelengths than optically thick casparameters for the geometrical distributions of dust and stars
The modelled temperature distributions are compatible with diave to be assumed a priori.
servations of the Galaxy and other spirals. We finally discuss Three-dimensional models of FIR emission from spiral
the approximations of the model and the impact of a clummalaxies can help to retrieve information about the relative star-
stellar and dust structure on the FIR simulations. dust geometry from the SED of dust emission and the spatial
distribution of the radiation, when available. However, an addi-
Keywords: radiative transfer — ISM: dust, extinction — galaxiedional factor is introduced in such models. Not only it is neces-
individual: NGC 6946 — galaxies: spiral — galaxies: structuresary to assume a dust distribution, but also a knowledge of the
infrared: galaxies variation of the ISRF heating throughout the disk is needed. The
ISRF could be in principle derived from the observed profiles
of stellar emission, but a complicate de-projection is needed
) involving assumptions on the dust distribution. This approach
1. Introduction is adopted by Walterbos & Greenawalt (1996). They compute

Dark lanes in edge-on spirals clearly reveal the presence of di4€S and surface brightness gradients gu8and 10Q.m for

in galactic disks. Depending on the dust amount and distrifyS@mple of 20 spirals. The diffuse ISRF is derived from B band
tion, the extinction of starlight may affect to different degreg¥©files and the dust distribution from the HI column density.
our knowledge of the objects harboring dust and of the distaH® Problem of defining an ISRF can be avoided by assuming a
universe in the background. However, deriving the amount {mperature gradient for dust grains. Davies et al. (1997) mod-

dust from the extinction features in spiral galaxies is not ea§l€d the 140:m and 24Q:m Galactic emission observed by
IRBE, by adopting a gradient that matches the longitudinal

Send offprint requests tbianchi@mpia-hd.mpg.de variation of temperature observed in the data themselves.
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Otherwise, the dust heating by the ISRF can be derived in a The paper is structured as follows: SEtt. 2 describes the ra-
self-consistent way from a radiative transfer model of the stelldiative transfer code, with a particular attention to the chosen
radiation in the dusty environment. Sauty et al. (1998) producddst and stellar distributions and to the modification with re-
a Monte Carlo radiative transfer model for the clumpy ISM ddpect to the original BFG code. Sddt. 3 &hd 4 show how the map
the spiral galaxy NGC 6946, although a self-consistent ISRIF absorbed energy derived from the radiative transfer model
is derived only for the UV radiation, relying on optical profilexan be converted into a map of the dust temperature distribu-
for radiation at longer wavelength. Dust heating in a clumgjon and hence, of FIR emission. We then show an application
galacticISMis also included in the photometric evolution modef the model to the spiral galaxy NGC 6946 with the intent of
ofSilva et al. (1998). They carry out the radiative transfer inanalysing the behaviour of our model and test the influence of
proper way for stellar emission embedded in the clumps atiek various parameters on the FIR emission. The observed prop-
use an approximation for the smooth medium. In the emissierties of NGC 6946 used in the model are described in Sect. 5.
model of Wolf et al. (1998) the radiative transfer is computethe results are presented in SEkt. 6 and discussed i Bect. 7. A
with the Monte Carlo technique for the whole spectral rangguymmary is given in the last section.
both in the smooth medium and clumps. However, the adopted
geometry is typical of star-formation environment. 2. The radiative transfer model

In this paper, we present a self-consistent galactic
model for the FIR emission. The model is based on thHée original BFG radiative transfer code carries out the radiative
Bianchi, Ferrara & Giovanardi (1996, hereafter, BFG) Montgansfer for typical galactic geometries. Simulation of optical
Carlo code for the radiative transfer (complete with scatteringjirface brightness, as well as light polarisation, are produced.
in dusty spiral galaxies. A map of the energy absorbed by dusbigst properties are computed from the Draine & Lee (1984)
derived from the output of the radiative transfer for stellar radidust model, using Mie’s theory for spherical grains. In this paper
tion at several wavelength. The grain temperature along the dustuse a simplified version of the code: the treatment of polariza-
distribution is therefore computed from the radiative transfer fion has been omitted; empirical dust properties and scattering
self. Luminosity, spectrum and surface brightness distributiphase functions are used. The same approach has recently been
of the FIR radiation can be retrieved, for any wavelength. Tlaelopted in Ferrara et al. (1999) and Bianchi et al. (2000D).
main advantage with respect to other models of FIR emission In this section, we describe the stellar and dust distributions
lies in the relative simplicity. We have limited the number ofdopted in the galaxy model, and the chosen dust extinction
parameters involved to a minimum, adopting, whenever posaird scattering properties. A brief description is then given of
ble, empyrical data. This will allow an isolation of the effect othe radiative transfer code.
the dust distribution on the FIR emission. We will try to explain
the characteristic of FIR emission with diffuse dust heateq b}?‘f"l. The stellar disk
diffuse ISRF. Clumping of dust and embedded stellar emission
(Bianchi et al. 2000b) are not yet included in this work. As in BFG, the new version of the code allows the use of both

Recent FIR observations suggest large scalelengths for dilisks and spheroidal bulges to describe the spatial distribution
emission. In a sample of seven spirals resolved by the ISOPHSTstars |(Bianchi 1999). However, to limit the number of free
instrument aboard the 1SO satellite_(Kessler et al. 1998arameters in the modelling, we adopt here a single stellar disk.
Lemke et al. 1996), Alton et al. (1998c) found that the 208  The chosen disk is exponential along both the radial and vertical
scalelengths are 70% larger than those in the B-band. The ladigjections. The luminosity density distribution is thus described
ratio may be a result of a dust disk larger than the stellar distrildy
tion. However, the result may also be affected by the transient
effects of the ISOPHOT detectors. In fact, the P32 mappiflg poexp(—r/a— [ 2| /Bs). (1)
mode with which the Alton et al. (1998c) images were obtaingghere r and z are the galactocentric distance and the height
is not yet scientifically validated (Klaas & Richards 2000). Wahove the galactic plane, respectively, andand 3, the rela-
will use the model presented here to test if indeed the obsgye scalelengths. While there is a consensus for the radial ex-
vations are compatible with large disks. Other works seemsggnential behaviour (de Vaucouleurs 1959: Freeman 1970), a
support the same hypothesis. Davies et al. (1997) could mogighber of expressions for the vertical distribution have been
the Galactic FIR surface brightness only with a dust disk witfised in the literature. Van der Kruit & Searle (1981) use a
radial and vertical scalelengths larger than the stellar by a facsetH, the solution for a self gravitating isothermal sheet, while
1.5and 2.0, respectively. Nelson, Zaritsky & Cutri (1998) convan der Kruit (1988) propose a sech, consistent with measures
bined 100m IRAS images of galaxies with similar angular sizef stellar velocity dispersion out of the Galactic plane. The ex-
and concluded that dustis present well beyond the observed stghential adopted here (Wainscoat, Freeman & Hyland!1989)
lar disk. Xilouris et al. (1999) derived intrinsic dust scalelengthas the advantage of mathematical simplicity, but has no firm
larger than the stellar one, by amean factor 1.4 in the seven edgigysical justification. Analysing the vertical profiles of a sam-
on spiral sample. If confirmed, such disks may have a large ifile of 24 edge-on galaxies in the relatively dust-free K-band,
pact on the observations of the distant universe, because of tagiiGrijs, Peletier & van der Kruit (1997) find that a distribution
larger cross section to radiation from background objects. with a peak intermediate between the exp and the sech fits better
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the central peak (see also de Grijs & van der Kruit 1996). Since In luminous, face-on, late-type spirals; Heaks in the cen-
a small inclination from the pure edge-on case can producére and falls off monotonically with increasing galactocentric
less sharp profile, these results are consistent with an expordistance, while the HI distribution shows a central depression
tial distribution. and a nearly constant surface density across the rest of the optical
The radiative transfer model of the galaxy (Seci. 2.4) is ruhisk (Young & Scoville 1991). Some early type galaxies show
for several wavelength bands. The radial scalelength of the stk same behaviour, although a good fraction of them presents a
lar distribution,a, is assumed to be the same for all of theseentral depression and a flatter ring distribution for the molecu-
bands. Therefore, any observed colour gradient along the dakgas. Indeed, flat or ring-like dust distributions have been de-
of a spiral is interpreted as due to differential extinction withived from FIR and sub-mm observations (Xu & Helou 1996b;
A, rather than being a reflection of different stellar componenodroski et al. 1997; Bianchi et al. 1998).
The wavelength dependence of the intrinsic stellar radial scale- Nevertheless, the gas distribution of most galaxies is domi-
length is uncertain, because a knowledge of the dust distributitated by a centrally peaked molecular gas component. Thisis the
is needed for its determination. Peletier et al. (1995) analyzeake of the late-type spiral NGC 6946 (Tacconi & Young 1986),
the variation of the ratio of B and K-band scalelengths with iwhose dust distribution is the main concern of this paper
clination in a sample of 37 Sb-Sc galaxies and concluded tti&ect[$). Therefore, in this paper dust is assumed to be dis-
the observed gradient is due to extinction. On the other hatibuted in a smooth radial and vertical exponential disk, similar
de Jong (1996) compared colour-colour plots of a sample of &6the stellar one (Se€f. 2.1). The number density of dust grains
face-on galaxies with a Monte Carlo radiative transfer modedhn be written as
and finds thateasonabledust models cannot be responsible for
the observed colour gradients. However, such a conclusion dB&s 2) = noexp(—r/aa—| 2| /Ba), (2)
not seem to include models with dust disks more extended thath », the central number density. The dust scalelengths
the stellar, that is one of the cases studied here. The fits of ed&;-and ﬂd can be selected independenﬂy from the ana|ogous
on galaxies of Xilouris et al. (1999) show a slight variation oftellar parameters. It is usually assumed in radiative transfer
the intrinsic scalelength with wavelength. models thatey =~ «, and 8; ~ 0.53, (Byun etal. 1994;
Observations on the Galaxy show that different stéijanchi et al. 1996; Davies et al. 1997, and references therein).
lar populations have different vertical scalelengths. For thge will refer to this as thetandard modelThe choice of the
sake of simplicity, a single mean value for the verticlertical scalelengths is mainly dictated by the impossibility of
scalelength has been adopted here, for each wavelengtfulating the extinction lanes in edge-on galaxies with a dust
Wainscoat et al. (1992) provide a table of vertical scalelengtigstribution thicker than the stars (Xilouris et al. 1999). The as-
B, V, J, H, K-band absolute magnitudes and local numbgfimption of a similar radial scalelength for stars and dust has
density for the main Galactic stellar sources. A mean valug firm justification. As already said in the introduction, recent
has been computed averaging over the total disk luminegralysis of extinction of starlight and FIR emission suggests

ity integrated from the B to the K band. Assuming = more extended dust distributions.
3 kpc (Kent. Dame & Fazio 1991; Fux & Martinet 1994), we  The central number density of duss is normalised from
derive o, /(B:) = 14.4. Similar values for a../(8.) the chosen optical depth of the dust disk. For a central face-on

can be found in the literature (van der Kruit & Searle 1983ptical depth in the V-band;,, n is given by
de Grijs & van der Kruit 1996; Xilouris et al. 1999). -

The stellar disk is truncated ataf. Fits of star ng = ———, 3)
counts for faint Galactic sources suggest a similar trun- 2fa0ext (V)
cation (Wainscoat et al. 1992; Robin.&28 & Mohan 1992; whereo.. (V) is the extinction cross section. The optical depth
Ruphy et al. 1996). The truncation along the vertical directiat any wavelength can then be computed by integrating the ab-
is at 63,. sorption coefficient

2.2. The dust disk kx(r, 2) = n(r, z)oext () (4)

The parameters for the dust disk are far more uncertéﬁh)ng any path through the dust distribution. The integral in-

than those for the stellar disk. Usually the same function (?Ives knowledge oft_he r?tmcxt()‘)/ffcxt(V)’ which !s found
form is used as for the stellar distribution, with indeperr®™ the assumed extinction law. As for the stellar disk, the dust

dent scalelengthd (Kylafis & Bahcall 1987: Byun et al. 199 isk has been truncated at 6 scalelengths both in the vertical and
Bianchi et al. 1996 Xilouris et al. 1999). radial direction. .
A very good correlation is usually found between In Sect[6 various values afy/c., fa/5, andry will be
dust and gas in spirals, especially with the molecn?—)(plored'
lar component which is dominant in the inner galaxy
(Devereux & Young 1990; Xu et al. 1997; Bianchi et al. 1998.3. Dust extinction
Alton et al. 1998a; Bianchi et al. 2000a). It is therefore reas

on- I . . .
able to use the gas distribution as a tracer of dust. Ji]he extinction law adopted here is that typical of dif-

fuse Galactic dust, with a strong bump at 2175
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Table 1. Milky Way extinction law @ext (A)/oext (V)), albedow and Adhering to the Monte Carlo method, the code follows the
asymmetry parameter and wavelength range of the 17 bands usdife of each energy unit (@hotor) through scattering and ab-

in the models. The last column gives the value of the MIR correctigprption, until the radiation is able to escape the dusty medium.
Fur (Eq. (9)). The code is monochromatic, since the optical properties of dust
- must be specified for a particular wavelength. In principle, the
band A < A[AI< At oexi(N)/oext(V) @ g  Fwr(\)  geometrical distributions of stars may dependiotwo. For a

EUV 912 1125 4.34 042 0.75 0.72 given star-dust geometry and central face-on optical dgpth
uvi 1125 1375 311 060 0.75 0.54 radiative transfer simulation is produced for each of the 17 bands
uv2 1375 1655 2.63 0.67 0.75 0.44

of SectlZB. Typically, a simulation consists of Jfhotons.

Bxi iggg ;ggg 3?3 8:22 8;3 8:;; The main steps of the computation scheme are:

UVv5 2090 2340 3.12 0.46 0.71 0.65 Emission:

Uve 2340 2620 2.35 056 0.70  0.54 the position of a photonin the 3-D space is derived according
Uv7 2620 3230 2.00 061 0.69 043 {4 the stellar distributions described in SECH 2.1. Photons are
LBJ gsgg ig?g igg ggi 822 ggg emitted isotropically and with unit energy.

\% 4979 5878 1.00 0.59 0.61 0.23  Calculation of optical depth:

R 5878 7350 0.76 057 057 018 The absorption coefficient, (r, z) (Eq.@)) is integrated

' 7350 9500 0.48 055 053 0.14  fom the emission position along the photon travelling direction
JH 1%150%% 13888 09'12687 82? 8:2; 813 to deriv_e the_total optical depth- through t_he d_ust distri_buti(_)n.

K 19000 25000 0.095 050 043 012 A fractione™" of all the energy travelling in that direction
LMN 25000 37500 0.04 050 0.43 0.12 Ppropagates through the dust. With the Monte Carlo method it is

. . . .th ibl tract the optical deptht which the phot
Regions of high star formation and starburst galaxﬁ en possible to extract the optical deptht which the photon

usually have a weaker bump and a steeper far-UV ri %p;p{%eg}s on a dust grain. This optical depth can be computed
(Whittet 1992; | Calzetti, Kinney & Storchi-Bergmann 1994;
Gordon, Calzetti & Witt 1997). Extinction laws in the optical /=
show smaller differences. From radiative transfer models ¢ “d¢ = R, (6)
of seven edge-on galaxies, Xilouris et al. (1999) derive an’
extinction law similar to the Galactic one longward of thevhere R is a random number in the range [0,1]. If the de-
U-band. rived 7 is smaller thanrr, the photon suffers extinction, oth-
The used extinction law is tabulated in Tdble 1, for 17 bandswise it escapes the dusty medium. This process is quite inef-
in the spectral range of stellar emission. The bands from UV1ficient when the optical depth of the dust distribution is small,
K have essentially the same spectral coverage as the homanwgst of the photons leaving the dust distribution unaffected. To
mous described by Gordon et al. (1997), from which the esvercome this problem, thierced scatteringnethod is used
tinction law is taken. Two bands (namely EUV and LMN) hav¢Cashwell & Everett 1959; Witt 1977): essentially, a fraction
been added to extend the spectral coverage in the ultravioletup” of the photon energy is unextinguished and the remain-
to the ionization limit and in the near infrared. The extinctioing 1 — e~ is forced to scatter. When the optical depth is
law for these two bands has been taken from Whittet (1992) asdall (- < 10~*) or the photon path is free of dust, the pho-

Rieke & Lebofsky (1985), respectively. ton escapes the cycle. Oncés known, the integral o, (7, 2)
We have used the Henyey & Greenstein (1941) phase fuiginverted to derive the geometrical position of the interaction
tion for the scattering. This is given by between the photon and the dust grain.
1 1—g° Scattering and Absorption:
¢(0) = 2(1+ g2 — 2gcos0)3/2 ©) a fraction of the photon energy, given by the albedo

is scattered, while the remainind — w) is absorbed. The
scattering polar anglé, i.e. the angle between the origi-
nal photon path and the scattered direction, is computed us-

§8g thelHenyey & Greenstein (1941) scattering phase function
g andw are shown in Tablgl1. Again, the values for the ban J v N ) gp

from UV1 to K are from_Gordon et al. (1997). For the EU Eq. (8)), inverting

band we have used Witt et al. (1993) data at 1R0Mile the 0

values for the LMN band have been assumed equal to those in ¢(0') sind’ = R, (7
the K band. 0

with 6 the angle of scattering. The asymmetry parameter
as well as the dust albeda are derived from models of dust
scattering by reflection nebulae in the Milky Way. The adopt

with R a random number. The inversion of HG. (7) is given by
2.4. The Monte Carlo code the analytical formula

(8)

We give here a brief description of the radiative transfer code, 1 ) (1-g¢2)?
referring the interested reader to the BFG paper for more detalls: Sg \ LTI~ :

S: arccos (1+g(1—2R))2
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No preferential direction perpendicular to the original photagnergy absorbed by dust. However, for the purpose of modelling
path is assumed, as for scattering by spherical grains. The the-FIR emission, a further step is needed before coadding. This
imuthal angle is thus extracted randomly in the rafigér]. is explained in the next section.

The amount of energy absorbed by the dust grain is stored
as a function of the galactocentric distance and the height abave )
the plane, using the two model symmetries, i.e. the symmet’?y-rhe MIR correction

around the vertical axis and the symmetry about the galactife energy absorbed from photons heats up dust grains and
plane, to improve the signal-to-noise. Maps of absorbed enefgye-emitted in the infrared, preferentially &t> 10 um. We
were not produced by the original BFG code. do not consider here the heating of dust grains by collisions
Exit conditions: with the interstellar gas: this process is normally negligible and
the last two steps are then repeated, using the new directiba dust temperature is almost entirely determined by radiative
of the scattered photon, the coordinates of the scattering pgntcesses (Spitzer 1978).
and the energy reduced by absorption, until the energy of the When the energy of the absorbed photon is small compared
photon falls below a threshold valus)(* of the initial energy) to the internal energy of the grain, radiation is emitted at the ther-
or until the exit conditions om are verified. mal equilibrium. This is the case for larger grains, responsible
After the exit conditions are satisfied, the photon is charafor most of the FIR emission. For smaller grains, the absorp-
terised by the last scattering point, its travelling direction and itien of a single high-energy photon can substantially alter the
energy. To reduce the computational time, the two model syinternal energy. The grain undergoes temperature fluctuations
metries are exploited to produce a total of 4 photons from eaghseveral degrees and cools by emission of radiation, mainly
one. Photons are then classified according to the angle betwisethe MIR range (Whittet 1992). The models of this paper are
the last direction and the symmetry axis. An image is produckabited to thermal FIR emission only. Therefore, it is necessary
collecting all the photons that fall in a solid angle band of widtto exclude from the total absorbed energy the fraction that goes
47 /15 (BFG) and mean polar angle equal to the chosen modiaio non-equilibrium heating.
inclination. Désert, Boulanger & Puget (1990) derived an empirical
Finally, allthe photonsin an angle band are projected into tast model, from an analysis of the features in the Galactic
plane of the sky according to their point of last scattering. Mapgtinction law and in the infrared emission. Three dust com-
of 201x201 pixels are produced, covering an area of 12x12 stebnents were needed in the model: i) big gram®15um <
lar radial scalelengths around the centre of the galaxy. Mapswok 0.11um), responsible for the FIR emission; ii) very small
absorbed energy cover 6 dust scalelengths in the radial direc@pains (0.0012pm < a < 0.015pm) and iii) PAHS, responsible
and in the positive vertical direction in 101x101 pixels. for the MIR emission ah < 80um. From the parameters and
functional forms of [®sert et al. (1990), we have derived the
mean absorption cross-section of the modgls(\), and for
each of its three dust componeﬂnt@f the light impinging on
Each set of 17 radiative transfer simulations is then normalisé grain mixture, a fraction of energy proportionabtg,s(\)
according to a chosen SED for the stellar radiation. Two kindsisfabsorbed; therefore, the contribution of very small grains and
normalization are available: in the first, timputnormalization, PAHSs to the absorption is given by
a SED is chosen for the intrinsic, unextinguished, stellar energy

2.5. Normalisation of the radiative transfer output

emission. The SED is integrated over the bands limits and the = (\) _ T (N) + Taig " (A ©)
total energy emitted in a band is used to scale each monochro- Tabs(A)

matic simulation. This is suitable, for instance, to predict th\? | - 1) the MIR . . in T 1
FIR emission associated with a synthetic galactic SED. alues of Fnr()), the correction, are given in Taklé

The second normalisation mode, thetputnormalisation, for each of the model bands and plotted in Elg. 1 as a function

is instead based on the observed SED of a galaxy. An obser éi fMIR(/\f) rr:as a local maxm_urr;) in the p%smon of the”
SED is constructed from observations in several wavelength >ADbUmp o the extinction curve: & sprpnon y very sma
the model is scaled to produce images that have the same S gins in thq Bsert et al. (1990) model is responsible for this

The intrinsic, unextinguished, SED is then inferred from thga%[te' Thel Tisle.‘” tSe Far}JV is;ﬂuert]o PAHS' bed
radiative transfer model. This second mode, suitable for fittin er multiplying by (1 — Fir (1)), the 17 absorbed energy

the FIR emission, is the one used in this paper (S&ct. 5). aps store the energy that is abso_rbed by large grains only. The
Together with the optical images, the absorbed energy ma( ! coadd(_ed_mapflfabs(r,_z ) contains the energy absorbed by_

are also normalised. Thus, the output of a model consists Lés.t per “r!'t t!me and unit VOIume’. that goes into thermal equi-

set of 17 images in the wavelength range of stellar emiss(i)BW'um emission only. The derl\{atlon of the dust temperature

and a set of 17 maps of the energy absorbed by dust from steﬂafj FIR emission fromVaps (1, 2) is shown in the next section.

radiation emitted in each band. The images are produced in units

of surface brightness, while the maps of absorbed energy are

in units of energy per unit time per unit volume. The absorbed Note thatoext = Gabs + Tsca. In thelDesert et al. (1990) model,

energy maps can be added together to produce a map of the taisl small grains and PAHs are pure absorbersi.&. = 0).
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b S S - ] Table 2.Basic properties of NGC 6946.

RA (J2000) 20 34™ 520 de Vaucouleurs et al. (1991; RC3)

Dec. +60 9 15" RC3
inclination 34 Garcia-Gomez & Athanassoula (1991)
P.A. 64 Garcia-Gomez & Athanassoula (1991)
= distance 5.5 Mpc Tully (1988)
£ Das 115 RC3
= Ap 1.73 RC3
Laust 1.5-3-10'° L, this work, Secth
Mgas 9.10° My  Devereux & Young (1990),

rescaled to 5.5Mpc

°r ‘ ‘ L Finally, FIR images are created integrating the emission co-
2 4 6 8 10 efficient,

1/A [pm™]
Fig. 1. The contribution of very small grains and PAHSs to the absorﬂf\ (r,2) = n(r, Z)Uabs()\)B’\(Td(r’é)) )

. . 3 v
tion, Faurr (A) (Eq. (), derived from the Bsert et al. (1990) model. =Y exp(—r/ag— | # | /ﬂd)Q X2

264 Ba(Ty(r, 2)), (13)

4. The dust emission model along a given line of sight through the dust distribution, under

The power absorbed by a single dust grain can be derived byt € assumption that dust is optically thin to FIR radiation. Using

viding Wi (r, ) by the grain number density(r, z). Because the emissivity of Eq[{12) this is justified for any model with
of the conservation of energy, this is equal to the power ea@?sAonfbltehvaluei_s OI{’_' the far infrared i

grain radiates. Assuming that all dust grains in our model are s for the optica’ Images, e 1ar infrared Images are pro-
spherical and with the same mean radivthe thermal equilib- duced in units of surface brightness. FIR images have the same

fium imposes that extent and_resolutlon of the opticalimages, i.e. aregion of 12x1_2
stellar radial scalelengths around the centre of the galaxy is

Wabs(r, 2) mapped in 201x201 pixels.

n(r, z)

whereTy(r, z) is the dust temperature distribution aRd, () 5. A worked example: NGC 6946
the emission efficiency. By Kirchhof’s lav@)e, = Qaps =
Taps/ma® (Whittet 1992).

For the exponential dust distribution of Egl (2) and the ce
tral number density of EJ.(3), E€.{|10) can be rewritten as

~ dra? / T Oun(NTB(Ta(r 2)d\, (10)
0

In the following we show an application of the radiative transfer

ﬁ_nd dust emission model to the spiral galaxy NGC 6946. The
Inal goal is to find the parameters of the dust distribution com-
patible with the available observations in the optical and FIR

BaWaps (7, 2) _ range.
27y exp(—r/aq— | z | /Ba) NGC 6946 is a large nearby Sc galaxy (A few basic prop-
% Qem(N) erties are presented in Table 2). The optical appearance of the

Qo (V) mBx(Ta(r,z))dA, (11) galaxy is characterised by six prominent spiral arms of which
. the three arms originating from the NE quadrant are brighter and
With Qext (V) = 0ext (V) /ma®. The map of dust temperaturemore developed than those in the SW (Tacconi & Young 1990).

0

Ta(r, z) is derived by inverting EqL(11). Trewhella (1998a.b) finds that the NE interarm region suffers
For the ratioQc, (M) /Qex:(V), We use a value derived forhigh extinction. The region appear fainter because of the dust
Galactic dust.(Bianchi, Davies & Alton 1999), effect, rather than being intrinsically less luminous. Indeed, po-

2 larised light is observed in the interarm regions as well as in the
Qem (V) _ 2005 (100:m/A) . (12) spiral armsl(Eendt et al. 1998).
Qext(V) 2390 [1 + (200 m/A)° 1/6 NGC 6946 shows a centrally peaked molecular gas dis-
tribution (Tacconi & Young 1989) dominant in the inner’10
Eq. (I2) has also been derived assuming that all grains hawer the flatter atomic gas component (Tacconi & Young 1986).
the same radius. The wavelength dependence of the rdtlee galaxy is marginally resolved in FIR observations with
changes smoothly from~—! to A=2 at 200m, as observed KAO and IRAS (Engargiola 1991; Alton et al. 1998c), with
bylReach et al. (1995) using high S/N FIR spectra of the Galdbe dust emission tending to follow the spiral arms and the
tic plane. The absolute value of the ratio has been derived bsight central emission. The 11¥esolution 20Q:m ISO image
ing dust column density maps calibrated to Galactic extincti@mows a morphology similar to the 10 IRAS observation
(Schlegel, Finkbeiner & Davis 1998). (Alton et al. 1998c). Higher resolution SCUBA images show a
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Table 3.NGC 6946 mean flux inside a circular aperture of diameter The SED in the non-ionising UV is taken from
5' (corresponding to the B-band half light radius; Engargiola 199 Rifatto, Longo & Capaccioli (1995b). The authors derive fluxes
for several wavelengths. The origin of the data is described in[Sekt. it a large sample of galaxies, by homogenising observation

and’5.2, for the stellar and dust emission, respectively. from several satellites (notably IUE), balloon and rocket-borne
experiments, with different apertures and sensitivities. An aper-
stellar emission ture correction depending on the morphologycal type is applied
A f, 5Q) to each flux, and total magnitudes are given for three photo-
pm Jy metric bands centred at 1680(shortUV), 2500A (medium
0.091 0.05 uv), 3150A (long-UV). Using an appropriate aperture correc-
shortUV 0.165 0.09+0.02 tion and calibrating as In Rifatto, Longo & Capaccioli (1995a),
mediumUV  0.250 0.13+ 0.09 we have derived fluxes for our selected aperture. The quoted
long-UV 0315 0.3+02 errors come mainly from the aperture correction. The flux at the
U 0.360  0.50+ 0.05 Lyman limit (9124) has been extrapolated after observing that
B 0.435  0.90+ 0.06 inav f, versudog A plot the observed SED is flat for tishort
g 0.49 1101 andmediumUV. This trend is assumed to be valid down to the
\% 0.554 1.38+ 0.07 S . L . . .
" 0655 2002 ionization limit. The ionising UV is not included in the model
| 0.850 3.2+0.3 (Sect[T).
J 1.250 51404
H 1650  7.2£06 5.2. The dust Spectral Energy Distribution
K 2.200 5.8+ 0.5
5.000 1.3 The SED of dust emission is also shown in Tdble 3. Surface
dust emission brightnesses over the half-light aperture shortward of 40
12 11+ 2 have been derived from IRAS High Resolution (HiRes) im-
o5 14+ 3 agesl(Rice 1993; Alton et al. 1998b). Derived values have been
60 120+ 20 colour corrected.(Rice et al. 1988) and are consistent (within
100 240+ 50 a 20% error|_Alton et al. 1998c) with the analogous data pro-
160 3104+ 60 vided by Engargiola (1991), derived on previous enhanced res-
200 280+ 80 olution IRAS images. The value at 16fn has been derived by
450 9-27 Engargiola (1991) from the air-borne KAO telescope.
850 2-3 Data at 20um are derived from P32 images taken

from the ISOPHOT instrument aboard the ISO satellite

(Alton et al. 1998c). The P32 mapping mode is still not sci-

entifically validated and its photometric calibration is highly
tight correlation between the dust emission at g60and the uncertaini(Klaas & Richards 2000). Alton et al. (1998c) com-
dominant gas phase (Bianchi et al. 2000a). pared both the integrated flux with the value derived by

We now describe the observed SED for the stellar emissié#lgargiola (1991) on 20@m KAO images and the measured

used in the normalization of the radiative transfer, as shownlackground with an extrapolation from the @@ value. They
SectZb, and the SED of dust emission, that will be comparé@nclude that the calibration may overestimate the flux by about

to the model results. The procedure adopted in the modelli3ge- A 30% error is shown in Tatle 3.
are presented in SeCLb.3. Finally, lower and upper limit of the flux at 450 and 85

are derived from SCUBA images_(Bianchi et al. 2000a). The
lower limit correspond to the signal coming from regions 3
brighter than the sky, inside the selected aperture. The upper

We have derived the observed stellar SED from literature daliflit is derived assuming asdlemission for the regions without

Va'ues for the ﬂux inside an aperture df c‘ﬁorresponding to detected Signal. Sub-mm fluxes are Only given for CompleteneSS,

the B-band half light radius; Engargiola 1991) are presentedtii FIR models being constrained mainly by the fluxes at 100,

Table3. All the data have been corrected for Galactic extinctid®0 and 200um. Emission at 12, 25 and 6@m, dominated by

(Tablel2) using the assumed extinction law. small grains|(@sert et al. 1990), is used in Sédt. 7 to validate
Optical and Near Infrared data in the bands U, B, g, V, 1, |, e MIR correction.

H, K are from_ Engargiola (1991). The observed NIR emission

is considered as purely stellar. Using the IRAS A flux as 5 3. Modelling procedure

a template of small grain emission and thesert et al. (1990)

model, we derived a dust contribution to the K-band emissiondfter choosing the star-dust geometry, a radiative transfer sim-

only 0.3%. The stellar emission at/im has been extrapolategUlation is run for each of 17 bands of the model (Seci. 2.5) and

from the K-band, using the Rayleigh-Jeans spectral region in iftges for the inclination of NGC 6946 are produced (Table 2).

synthetic galactic SEDs bf Fioc & Rocca-Volmerange (:L997)A“ intrinsic scalelength,, = 2.5 kpc has been used for the stel-

5.1. The stellar Spectral Energy Distribution
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lar emission, derived from a K-band image (Trewhella 1998b),
where the effects of extinction are smaller. For éh¢ (5,) ra-
tio of Sect[Z.11, this leads t8, =170 pc. The simulations do
not depend on the absolute values of the scalelengths, as long as
they are shown as functions of scaled galactocentric and vertical
distances. However, absolute values are needed if we want to
derive correct values for the emitted and absorbed energies in .
each band. =
The simulated images are then integrated inside the half light
radius aperture (derived from the B-band simulation). Mean
fluxes over each band of Talile 1 are obtained by integrating-a
continuous SED derived from the data in Table 3. These fluxes
are then used to scale the results of the aperture photometry on, _ |
the simulation. Because of this normalisation, the stellar SED
derived from the simulated images is the same for each model.
The intrinsicunextinguisheénergy emitted by stars is then de-
rived from the Monte Carlo code. The half-light radius aperture I ‘
was chosen in the earlier stages of our analysis because of the AN
availability of one more UV data point in Engargiola (1991).  , L Ll Ll L ‘;‘\\;}s Ll
However, if the distribution we have adopted is a correct de- 0.1 1 10 100 1000
scription of the galaxy luminosity density, the normalization is A Lpm]
independent of the aperture dimension, being equivalent to ggy. 2. Flux inside the B-band half-light radius for models with =
signing a value fop, in Eq.[1). After the normalization, FIR «,, 8, = 0.58, and optical depthsy =0.5, 1, 5 and 10. The data
images for the selected inclination are produced and the fluxeints are those described in Sgct] 5.1[anH 5.2, for the stellar and dust
derived, as for the images of stellar emission. The simulateahission, respectively. The solid line represents the SED of stellar
SED in the FIR is then compared to the observed one. emission measured on the simulated images. For each model, the lines
For a sample of seven spirals, Alton et al. (1998c) melg.the UV—optich-NIR range represent thg fluxes measured foratr_a_ns-
sured B-band and FIR scalelengths in a galactocentric distaﬁé@em model with the NGC 6946 inclination. Be(;ause ofthe quantities
range from 1.5t0 3.5 after smoothing the optical and theolo?ted,uf,, vslog()), the area under the curve is proportional to the
IRAS images to the poorest resolution of the 200 1SO map emitted energy.
(FWHM=117"). For NGC 6946, they found that the B band

scalelength is slightly smaller than the 20@ scalelength, by NGC 6946 has an exponential radial profile, with a scalelength
afactor 0.9, while it is larger than the 1pfn scalelength, by a of 90" (Tacconi & Young 1986). Incidentally, this is very close
factor 1.8. The absolute values of the scalelengths are presemded, . Thus, the dust disk discussed here can be thought of as
in Table[4. The large 200m scalelengths, compared to the opa dust component associated with the molecular phase. Four
tical and IRAS data, are a general property of the sample. Tgues for the V-band face-on optical depth have been chosen,
FIR simulation of this work are compared with the observationg —0.5, 1, 5 and 10.
of Alton et al. (1998c). FIR images are smoothed to the ISO res- The SED of the four models in presented in Eig. 2. The thick
olution and scalelengths are derived on the same distance raggi line represents the stellar emission of the galaxy as derived
asthe opseryanoEs - from the simulations, normalised to the observed data points as
Keeping fixed the stellar distribution, several models atscribed in the previous section. Each different line shows the
produced ywth dlffer.ent pgrametersforthe dustdlstr'lbutlon.Th\qrinsic unextinguished SED in the short-wavelength part of
final goal is to obtain a single model able to desciioéhthe the spectrum and the FIR emission in the long-wavelength side.
observed FIR SED and the spatial distribution of the emissigror the dust-free emission, the SED is derived from the total
intrinsic energy, assuming isotropic emission and measuring the
6. Results halflight radius in atransparent model. Allthe models presented
] ] in this paper show a spike at~2000A in the unextinguished
The first models presented here have the geometrical paramedgfp) This is due to the extinction feature at 2E&7present in
of the standard modeli.e. a star-dust geometry Wity =  the assumed extinction law (S€ctl2.3), while the observed SED
a, andfy = 0.50,. As already said in Se€t. 2.2, the choicgsfiat A possible dip in the stellar SED caused by this extinction
is mainly motivated by the presence of extinction lanes alofgyiyre could be masked by the broad band of the observation
the major axis of edge-on galaxies. The €blumn density in o the |arge errors in the UV photometry. The extinction feature
2 Asdescribed in SedE 3.4, a region ofdds covered by 201 pixels, could also be absent, in which case our assumption of Galactic
thus giving a pixel size of 5/7 (150 pc), for the adoptee,=95’. dust for NGC 6946 is not correct.
Therefore the ISO beam can be modelled by a gaussian of FW2M In allthe models, the wavebands from EUV to U contributes
pixels. to 40% of the total absorbed energy, while the wavebands from

a,=1.0 o, 0.5
B.=0.5 B, ____ 10

. \ ]
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Table 4.B-band, 100uzm and 200u:m scalelengths for several modelsjs necessary to produce the observed SED in the FIR. The total
in units ofa, (95”). Scalelengths have been measured on the modelsamount of energy absorbed and re-emitted (in both MIR and
described in Sedt.5.3. The unsmoothed B-band scalelength, measpEd) is between 1.5 angl- 10'° L, for the two highry, mod-

on a B band image (Trewhella 1998b), isd.3 els, respectively. This corresponds to a fraction 0.3-0.4 of the
intrinsic energy produced by the stars. Thereferd,/3 of the
QB 0100pm (200 um bolometric luminosity of NGC 6946 is absorbed by dust.
observed (Alton et al. 1998c) 1.52 0.86 1.66 The optical (B) and FIR (10@m and 200um) scalelengths
measured on standard models are shown in Table 4. The B-
Standard modety=0.5 115  0.65 0.80 band scalelength increases with and it is close to that ob-
v=10 119  0.66 0.81 served ifry & 5. The FIR scalelengths increase with the wave-
7v=5.0 1.63 0.72 0.86

length. A slightincrease withy is also observed, because of the

wv=10. 207 0.77 0.91 smaller temperature in the centre. However, FIR scalelengths
aq = 150, modelny=0.5 1.16 0.76 1.01 are never as large as observed, especially atB20While
=10 121 0.76 1.02 the 100um scalelength for theyy = 5 model is underesti-
~=5.0 1.60 083 1.08 mated by~15%, the 20@:m scalelength is about one half of
rv=10. 1.76 0.87 1.12 that measured on ISO images. Therefore, the ratio between the
B-band and 20@m scalelengths is smaller than that measured
7v=0.5 HI +7v=5.0 H, distr. ~ 1.59 0.81 1.06 by|Alton et al. (1998c). It is interesting to note that, because of

the more rapid increase of the B-band scalelength wjttthe
lowest values of the ratio are obtained for optically thin cases.

B to LMN to 60%. Therefore, most of the radiation is absorbddevertheless, optically thin cases are unable to explain the large
from the Optical-NIR light. A similar result was obtained fo200:m scalelength and the energy output. We note here that, by
the same galaxy by Trewhella (1998b). adopting a singler, measured in the K-band, we have assumed
The MIR corrections are quite similar for all the modelgthat the larger optical scalelength with respect to that measured
approximately 32% of the total absorbed energy is estimatedfidthe NIR is entirely due to dust extinction. If indeed an in-
go into MIR emission, the remaining 68% being available fdfinsic difference exist, a smaller optical depth may be able to
thermal equilibrium processes and FIR emission. Since smagproduce the observed B band scalelength. We will discuss the
grains and PAHs responsible for no-equilibrium processes h&ftect of our assumption in Sett. 7.
a higher absorption efficiency at shorter wavelength, the con- Alton et al. (1998c) suggest that the large observed scale-
tribution of absorption from Optical-NIR wavebands is highdengths at 20@m is due to a dust distribution more extended
after the MIR correction. So the radiation originally emitted dban the stellar disk. To test this hypothesis, we run models with
A > 4000 A contributes~ 70% of the FIR emission. The samexa = 1.5, (Davies et al. 1997; Xilouris et al. 1899), keeping
result applies to all the models presented in this paper, therefit@ other parameters as for the standard model.7The- 5
MIR corrections are not discussed separately in each casetase is shown in Figl 4. As for standard models, only optically
comparison between the estimated and observed MIR emisdiigk cases are able to match the observed SED. For the same
is given in Secfl7. optical depth the extended model has a higher extinction (e.g.
The temperature distributions for each model are shown4A% of the energy is absorbed in the V-band against the 34% of
Fig.[3, as afunction of the galactocentric radius and height abdbe standard model).
the plane. Apart from the central region, the distributions are The temperature distribution for the extended model is
very similar. For a dust distribution narrower than the stell&0own in the central panel of Fid. 5. For ease of comparison,
one, the stellar radiation field is expected to increase with hei§h€ temperature distribution of the standard model is shown
above the plane in an optically thick model (Draine & Lee 198&gain (in the top panel), with the same scale as for the new
Rowan-Robinson 1986), because the stars closer to the plané@éel. Within a radius of @, (the extent of the stellar disk)
shielded. This is evident in the central regiofs € 1.5¢,) of the temperature pattern of the extended model is quite similar,
the models. When the optical depth increases, dust at higheart from a small difference due to the normalisation. This
temperature is found at higher positions above the plane. In thgeflected in the peak of the FIR SED, that is essentially the
models with higher extinction, the effect can still be seen §&me in both the models. Outside ef,§ the truncation of the
larger galactocentric distances, the region of higher tempesellar distribution, dust is colder and it does not modify the
ture approaching the galactic plane at large distances. Vertigagpe of the SED. The steeper temperature gradient,ais6
gradients are very shallow, because of the greater extent ofzmeartifact due to the truncation of the stellar disk. A trunca-
galaxy in the radial direction with respect to the vertical arféPn is indeed suggested by counts of faint stellar sources in the
because the stellar distribution is smooth. Galaxy (SecfZl1). A few tests have been conducted with stellar
The FIR spectrum is shown in FIg. 2. Only models with cerflistributions truncated at the same distance as the dust disks,
tral optical depth between,=5 and 10 produce enough energj0 avoid having dust in regions without local stellar emission.
to match the observational data. This is a general propertyldfe steeper gradient disappears and a larger distance is needed
all the models we are going to discuss: a substantial extinctiéhreach the same temperature. However, changes are small,
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the general trend in the temperature distribution and in the FéiR dust as well is larger than the stellar one, by a factor of
emission distribution are essentially the same. It is interestitwgo. Models that included a thicker dust disk, however, do not
to note that folR > 6« dustis colder on the plane than abovegroduce better results than those presented here (Bianchi 1999).
because starlight is seen through higher optical depths along theLarger FIR scalelengths can be produced by extending fur-
plane. ther the dust distribution. Davies et al. (1999b) note that the

The extended dust distribution causes an increase of the HFRAS emission tends to follow the molecular gas, while the
scalelengths with respect to the standard model (Table 4). Scal# m profile is closer to the much broader atomic gas com-
lengths at 10@m are quite close to those observed (within ponent. Could dust associated with the HI distribution be re-
3% for thery = 5 case). However, the 2Q0m scalelengths sponsible of the emission 200 ym? A model was produced
are still underestimated, by at least 30%. B band scalelengttith two dust disks. As said earlier, a disk witly = «, can
are similar to those for the standard model (the effect of an edescribe dust associated with the molecular gas. As for the dust
tended dust distribution being appreciable only for high opticassociated to the atomic gas, we chose a disk with a flat radial
depths). As in the standard model, despite the increase of th&ribution up to 2.&,, then falling off exponentially with a
FIR scalelength with+,, B/200um scalelength ratios are closescalelength of 3v,. This mimics the observed column density
to those of Alton et al. (1998c) only in the optically thin case.of HI (Tacconi & Young 1986).

The analysis of Galactic FIR emission of Using the relation between extinction and gas column den-
Davies et al. (1997) suggests that the vertical scalelengily ofiBohlin et al. (1978) and the column density measured by
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not possible to produce B/2Q0n scalelength ratios as small as
inAlton et al. (1998c), for any of the models presented here.

,,,,,,,,, 7,=5.0 standard
- Ty=5.0 ag=1.5 a,
rrrrr ~ T80 distr. 7. Discussion
As shown in the previous sections, models with a central
| face-on optical depthy, ~ 5 are necessary to explain the
SED observed in the FIR for NGC 6946. A high optical
depth through the central regions of the galaxy has also been
. found by| Engargiola (1991) and Devereux & Young (1993).
i \ 1 |[Evans (1992) and Trewhella (1998b) apply the energy balance
] . \] | method to the stellar and dust emission of NGC 6946, using
\
\

vf, [10'° Jy Hz]

a TRIPLEX model, i.e. an analytical approximation for the
radiative transfer, neglecting scattering, for a standard model
(Disney et al. 1989). They both derived high optical depths for

)
} ;‘ \ 1 thedisk, using the data inside the half light radius. Evans (1992)
I / ‘»\\ measuredy, = 6-7, while|Trewhella (1998by, =4+ 1. A
f 1,\ 1 high optical depth is also suggested by high-resolution sub-mm
o A N SCUBA images: the diffuse inter-arm emission in the NE spiral
01 1 10 100 1000 grms at a distance of 2=~ «,) is compatible withry, = 2.2
A Lpm] (Bianchi et al. 2000a). Xu & Buat (1995) carried out an energy

Fig. 4. Same as Fi@l2, but for the models with extended dust distrib@lance on a sample of 134 nearby spirals with available UV, B

tions. The SED for a standard model with the same optical depthdBd IRAS fluxes. They derived a mean optical depth= 0.60.
A direct comparison between their result and the optical depth

also included, for comparison.
needed by our model to explain the FIR output may lead to the
wrong conclusion that we have overestimated the amount of

Tacconi & Young (1986), we derived an optical depth~ 0.5 apsorbed energy. However, the mean ratio of bolometric lumi-
for the broader dust disk. For the dust disk associated with W@sity absorbed by dust for their sample {/3) is similar to
molecular phase we adopted = 5, as in the previous standardyyat predicted by our models for NGC 6946. The difference de-
disks. Using the observed;+tolumn density, a value larger atyeng on their adopted geometry, a plane-parallel homogeneous
least by a factor of two would have been derived. Howevghodel for dust and stars. If the dust is associated with the domi-
too much energy would have been absorbed from dust (see,fght gas component, like observations suggest, our choice of an
instance, the SED of they = 10 standard model in Fi§l2). exponential distribution seems more appropriate. For the same
The discrepancy between the value derived from the gas cgiical depth, their model results much more effective in extin-
umn density and that needed to produce the right amountg‘?fishing radiation. For example, in the UV, Xu & Buat adopt
absorption may be due to the smaller effective absorption iny@st and stellar distributions of the same thicknestsfamodel
clumpy structure of dust. Clumping is discussed in $éct. 7. |pisney et al. 1989) and isotropic scattering with albed0.18.

The SED of this new model is shown in Fig. 4. The temgy gpportunely setting scalelengths and truncations, the BFG
perature distribution is presented in the bottom panel ofFFig. fodel can produce results for a slab. At their UV reference
Despite the colder temperature of the dust associated to vaelength/\ = 2030A, 60% of the radiation is absorbed by
the behaviour of the FIR radiation in the region where scalgyst, for their adopted UV extinction law. Because of their low
lengths are measured is dominated by the dust disk assoCigigfddo, scattering does not play a relevant role in the radiative
with Hofl. The derived scalelengths are similar to those of ansfer. In our corresponding UV4 band, the = 5 standard
extended modek{; = 1.5a,) with a single disk. model absorbs only 50% of the radiation. In the optical, they

In conclusion, the optically thick regime is required to matchqopt asandwichmodel, with the thickness of the stellar distri-
the observed FIR SED, both in models with standard and &stion twice that for dust. Ak = 4400 A, their model absorbs
tended dust distribution. FIR scalelengths are larger in extendgfd, of the radiation, while the,, = 5 standard model 40%.
models with respectto standard models. Thei@Gcalelength 1 oyr simulations most of the radiation is absorbed in the
is very similar to that derived on IRAS images, but the 260 Optical-NIR spectral range (60% for light at > 4000 A).
scalelength is always smaller than that measured by ISO. Itfigis was alredy noted for NGC 6946 hy Trewhella (1998b).
3 By extending the dust disk further, the FIR scalelength can beca[>r(1g _&_ Bual (199!))0 reach opp0§|te con_cluspns, with the non-

as large as that observed. This happens, for example, for a single' fusing v (912A<_ A <3§59A,) contributing to 6&:9% Of_
the absorbed radiation. This is in part due to the model differ-

like dust distribution. However, optically thick models,( = 2 for ) )
the Hi-like distribution) are still needed. Such models would have&ices we have already discussed. Xu & Buat adopted a different

dust mass larger than what implied assuming the canonical gas-to-dbigkness for the UV stellar distribution to simulate the thinner
mass ratio (Sedil 7). distribution of younger stars. We tried a similar approach by
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Fig. 5. Same as Fi@l3, but for the extended models with= 1.5, andr, =5 (central panel) and with two dust disk associated to each
gas component (lower panel; see text for details). The temperature distribution for a standard model=#btis shown in the top panel, for
comparison. All the models have the same scale along the radial axis.

adopting the same scaleheight for dust and star at smalleof which 75% is assumed to be absorbed by gas and converted
(Bianchi 1999), but the fraction of radiation absorbed in thHato emission lines at larger wavelengths (seelalso Mezger 1978;
UV increased only by a 5%. Furthermore, the SED observedieGioia-Eastwood 1992). Allowing the remaining 25% to be
NGC 6946, with a peak in the NIR, may be different from thentirely absorbed by dust and adopting a lower limit MIR cor-
mean characteristic of the Xu & Buat sample. The UV selecteection of~ 70% (Sect[B), the total FIR luminosity originating
sample may be biased toward bright UV galaxies, although tlfiem the absorption of ionising photons is
hypothesis is di;mi;sed in Buat & Xu (1996). LFIR(Lyc) = 2.2 105L, (16)
Another major difference between our model and that of . .
Xu & Buat (1995) is in the ionising UV shortward of 982 In  for the assumed dlstancg of 5.5 Mpc. This correspond to only
their work the absorption of Lyman continuum photons cor® 2% of the total FIR luminosity emitted by the standayd=5
tributes as much as 20.% to the total FIR emission in a sam-Model. As a comparison, the contribution to the FIR from the
ple of 23 late type galaxies. Our omission of this spectral rang&/V band for the same model is 3.6%. The ionising UV con-
from the radiative transfer, due to the lack of empyrical datiPution is similar for all the models that roughly provide the
may result in an overestimate of the optical depth. To test gt@me amount of FIR energy as that observed. Therefore, it is
approximation, we derived the ionising UV fromnHbbserva- justified to omit the ionising radiation in the model. The ap-
tions of NGC 6946/ (Kennicutt & Kent 1983), assuming stafroach of Xu & Buat (1995) is different from the one presented
dard ionisation conditions as in HIl regioris (Lequeux j_ggdy_ere. Their UV contribution includes direct absorption of Lyc
After correcting for the [NII] contamination (25% for spirals)Photons and indirect (via emission lines), while in the present
Galactic extinction {51, ~ 1) and internal extinction (30% for Model the absorption of emission line photons is taken care of in
the R-band, where thedine is located, for a standarg: — 5 the spectral band where the emission occurs (e.g. in the R-band

model), we derived an intrinsic unextinguished Hux, for the Hx line), the total contribution of re-combination being
" summed up to the stellar SED for each band. Nevertheless, their
f(Ha) =9.110"Hergem s, (14) ratio between Lyc emission and total absorbed energy is similar

Jo the one derived here.

A wrong MIR correction could also be responsible for an
underestimation of the FIR emission in our model. The frac-
f(Lyc) = 33.9f(Ha) = 3.1 10 ergcnr 2571, (15) tion of absorbed energy that goes into MIR emission depends

Following Xu & Buat (1995), the Lyman continuum flux can b
derived as
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| is different from the one of NGC 6946. As an example, the
+ Sodroski et al. 1997 | ratio between fluxes at 6@m and 100um is 0.2, while it is

1 0.5 from the NGC 6946 data. This does not necessarily mean
7| thatthe dust model of Esert et al. (1990) cannot be applied to
1 NGC 6946. The different ratio could be due to different heating
conditions in the local interstellar radiation field, with respect
| tothe mean radiation field of NGC 6946. Larger ratios between
-+ 60 umand 100um can be derived from the@3ert et al. (1990)
1 model when the ISRF is larger than the local. As already said,
emission from small grains can contribute to part of the ob-
served FIR flux. However, for a wide range of heating condi-
tions, the contribution close to the peak of FIR emission is min-
T 1 imal (Désert et al. 1990). Since modelled and observed fluxes

L‘i‘\- are compared in this spectral range, the assumption that all FIR
:fZE standerd model N\ " N emission occurs at thermal equilibrium does not affect sensibly
15 @ ———_- 71:5,0 ay=1.5x, model \\\\\\ n — our reSUItS' L. .. .
_r—05 M+ 7,-5.0 N, dist. AN The position of the peak emission in the modelled FIR
\\ \\ | SED clearly shows that the dust temperature in the simula-
L tions is not severely different from the real one. Recently,

Stickel et al. (2000) extracted high signal-to-noise sources from
the ISOPHOT Serendipity Survey. Fluxes at Lif@were mea-
Fig. 6. Temperature along the galactic plane as a function of the galatired for 115 sources having a galaxy association, most of which
tocentric distance for four different models: the = 0.5 andrv =5 gre spirals, and integrated with 100 IRAS data. The distri-
standard models, &, = 5, aa = 1.5a, model and the model with hytion of the ratio of 17@m and 10Qum fluxes is quite well
a dust disk associated with each of the two gas phases|(Sect. 6). Reffined, with half of the galaxies having a ratio between 1 and
points show the radial gradient of temperature in the Galaxy and are _qu5 For the emissivity adopted here, this translates in a colour
rived from Sodroski et al. (1997) as described in the text. The vertical . L

X L .~ témperature in the range 23-28 K. Similar colour temperatures
error bar representthe error in the temperature determination, while i—26 K) can be derived from the ratios of the total fluxes at 100
horizontal the radial range for which the temperature has been me&a- . . S .
sured. The cross marks the temperature of 21K at the Sun distaff8d 20Q:m, in any of our models. Using emissivities derived
from the galactic centré (Bianchi et al. 1999). from Galactic emission and extinction, Bianchi et al. (1999)
found that the value of the dust mass for a small sample of

essentially on the absorption of light from the short waveleng@i@laxies does not depend dramatically on the assumed spec-
spectrum, since the absorption efficiency of small grains respdi@l behaviour of the emissivity. This can be easily interpred if
sible for non-equilibrium processes is higher in the UV ($dct. 3just temperatures in external galaxies are similar to those in the
For the model presented here, with a dust scaleheight smalfiky Way. Because of these similarities, and of the small de-
than the stellar one, the amount of energy absorbed from Wgndence of the temperature on the assumed model, it is not too
bands does not increase very much with the optical depth (Tdiédacious to compare values measured on the present models
saturation effeciBianchi et al. 1996). The MIR corrections forwith the high quality observations of the Galaxy.
these models are therefore quite constar82% of the total Dust temperatures at high latitude are quite con-
absorbed energy being re-emitted in the MIR. Even for mod&ignt in the Galaxy! (Reach etal. 1995; Lagache et al./1998;
with higher efficiency in extinguishing radiation, like the optiSchlegel et al. 1998). For the emissivity adopted here, atemper-
cally thick model with a thicker dust distribution, the fractiorture of~21K can be derived (Bianchi et al. 1999). Remark-
of the total energy emitted in the MIR is not very different fron@bly, nearly all the models present a similar temperature at a
this value (Bianchi 1999). galactocentric distance of3 (the Sun position, foR,=8.5kpc

For the local ISRF the contribution of small grain emisand a Galactic scalelength of 3kpc). Sodroski et al. (1997) de-
sion to the 60um IRAS band is~62%, while at 100um it compose the Galactic FIR emission observed by DIRBE into
is only 14% and at 20Qum 4% (Désert et al. 1990). There-three components, associated with the atomic, molecular and
fore, the fraction of energy emitted in non equilibrium heathe ionised gas phases, and derive the temperature for four an-
ing can be roughly estimated by measuring the MIR emissifHlii at different galactocentric distance. HiYy. 6 shows the tem-
shortward of 60um. After integrating a continuous SED in-perature of the dust associated with the atomic gas (supposedly
terp0|ated from the data points in Talile 3, the MIR enerd}ﬁatEd mainly by the diffuse |SRF) for each annulus. Data have
is derived to be 34% of the total infrared energy emitted H3een scaled to a Galactic scalelength= 3 kpc and corrected
dust. The value derived from observation is very close to tf@f the emissivity law used in this work. In F[g. 6 we also plot
model one. This justifies the use of thégrt et al. (1990) dust the temperature radial profile for four representative models: the

model as described in Sddt. 3. Itis interesting to note that the fiv- = 0.5 andry = 5 standard models; the; = 5, aq = 1.50,
frared galactic spectrum used in thégrt et al. (1990) model model; and the model with a dust disk associated with each of

R [a,]

*
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the two gas phases. Clearly, all the simulations presented hifaia cases may have a 2pf scalelength close to the observed.
have a temperature gradient compatible with the Galactic ortéowever, the fraction of energy absorbed in these models will
Because of the lack of high resolution observations in themain the same as well. Therefore, the optically thin models
FIR, the derivation of temperature gradients in external galaxiedl still be unable to produce the required energy output in the
is more difficult. Davies et al. (1999b) derived the temperature$R. Furthermore, most of the energy is absorbed in the NIR,
from 100um IRAS and 20Q:m ISO fluxes at two different where the peak of stellar emission occurs. In this spectral range
position on NGC 6946, in the centre and on the disk at 3 arcnoaor K-band based, is surely a better description for the galaxy
from the centre. After smoothing for the ISO resolution, ouadial scalelength.
models are compatible with those observations (Bianchi|1999). We also produced a model with two dust distributions, a
For any model, the FIR scalelengths increase with the wawg- = 5 standard disk associated with the molecular gas dom-
length of emission, tha, /«, ratio and, although slightly, with inant in the central part of NGC 6946, andra = 0.5 disk
the optical depth. Therefore, larger FIR scalelengths can &®sociated with the broader distribution of atomic gas. Even
found in optically thick extended models. For the = 5 ex- with the presence of such an extended distribution, the double
tended model, that provides a good fit to the SED, the 400 disk model is dominated by the optically thick disk associated to
scalelenghtis very close to the value derived from IRAS imagéke H,, necessary for the FIR emission. For what concerns FIR
The 200 um scalelength is larger than scalelength at 460 scalelengths, the same results as forthe= 5 extended model
However, it is 30% smaller than that observed by ISO. It hase obtained. It is interesting to note that for the parameters
not been possible to find a model able to reproduce the lamgopted here for the two dust disks and assuming the atomic +
200u.m scalelength measured by Alton et al. (1998c¢) in a samolecular gas mass of Table 2, the gas-to-dust mass ratio is 180,
ple of seven galaxies including NGC 6946. The B-band ratidose to the Galactic value of 160 (Sodroski et al. 1994). Similar
is close to that observed for thgy = 5 extended and stan-values can be retrieved from all the optically thick models.
dard models. Alton et al. derived a ratio 0.9 between the B and The high optical depth of the models contrasts with the
200pm scalelengths. Because of the dependence of the B-baecknt determination of optical depth in edge-on spirals by
scalelength om,, similar ratios can be obtained only for optiiXilouris et al. (1999). Using a sample of seven edge-on galax-
cally thin extended models. Such models fail to predict both thes, they find a mean central face-on optical depth- 0.5. The
SED and the absolute values of the FIR scalelengths. A possgher opacity of NGC 6946 may be a result of the galaxy be-
ble reason for the discrepancy between observations and modwedsvery gas-rich (Tacconi & Young 1990); or it may be due to
may reside in the transition effects of the ISOPHOT detectodumping of the ISM, affecting in a different way FIR and optical
Memory effects during the scanning of a bright source affealeterminations of the optical depth. While FIR observations de-
the P32 mapping mode. Alton et al. checked for this problem ket all of the dust (atleast when the temperature of the clump and
conducting the scalelength analysis on both in-scan and crasger-clump medium are similar), optical observations may be
scan directions and concluded that the effects were negligitdéfected preferentially by the extinction of the smoother, lower
However, a proper analysis requires a knowledge of the undéensity (and optical depth) inter-clump medium.
lying light distribution and a description of the transient effects, To our knowledge, only two works in literature discuss
which are still poorly understood. The P32 mapping modetise effects of clumping within the framework of a radiative
still not scientifically validated (Klaas & Richards 2000). transfer model for spiral galaxies. Kuchinski et al. (1998) dis-
We have carried out a few test to check for the influen¢gbute clumps in the dust disk assuming a constant filling
of different stellar distributions, like including a small bulgdactor and a value for the ratio between densities in clumps
appropriate for a late type galaxy or having a smaller verticahd in the nearby smooth medium. The other model is by
scalelength for younger stars (Bianchi 1999). The result weB&nchi et al. (2000b), based on the BFG radiative transfer code,
not significantly different from those presented here. A basic as the present work. Bianchi et al. (2000b) modelled the clump
sumption of all our models is that the intrinsic (not extinguishedistribution in a similar way to the distribution of molecular gas
radial stellar scalelength is the same at any wavelength. Accardthe Galaxy. The clump properties were derived from those
ing to this view, the larger scalelengths observed in the opticdiserved in Giant Molecular Clouds. A comparison with the
are due to extinction, rather than to intrinsic color gradients. Asichinski et al. (1998) results indicates a strong dependence of
outlined in Secf. 211, the problem is still very debated. A simpthe observed brightness profiles on the detailed internal and spa-
test can be conducted here to assess the influence of scaleletigjttlistribution properties of clumps. This makes the interpreta-
variations with\. Let's assume that the measured B-band scat@n of the data very difficult. For the same dust mass, itis found
length (1.3v,) is more representative of the intrinsic radial varithat a clumpy dust medium has lower extinction. However, when
ation of the stellar distribution. By substituting with 1.3«,, a fraction of the stellar radiation is allowed to be emitted from
the results of TablEl4 show that standard or extended modekside the clumps, as for Giant Molecular Clouds hosting star-
with 7 = 0.5 or 1 have ammbservedafter smoothing) B-band formation, extinction increases and can reach higher values than
scalelength quite similar to the onelof Alton et al. (1998c), thhose for homogeneous models.
difference between observed and intrinsic scalelength due to thePredictions of the influence of clumping on the FIR mod-
smoothing process, rather than to extinction. Since the modelldd are not easy. If the dust component associated with the H
B/200um scalelength ratio remains the same, these opticaidyclumped, it could be responsible for most of the FIR emis-
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sion, when embedded stellar emission is considered. A diffUseind that dust heated by a diffuse ISRF can account for, on
component associated with the HI would be responsible foagerage, half of the observed IRAS fluxes. Using large nearby
reducedry derived from the analysis of edge-on galaxies. Fabjects it is possible to decompose the FIR emission into the
the models of Bianchi et al. (2000b), it is unlikely that a clumpglifferent sources of heating. Xu & Helou (1996a) measure the
distribution with a large dust mass (corresponding to an optatio between the IRAS 60m and Hv fluxes from bright FIR-
cally thick smooth distribution) has an optically thin apparent resolved sources in M31. Using the totalvHuminosity and
as measured hy Xilouris et al. (1999). However, the modelstbie |Désert et al. (1990) dust model, they extrapolate the frac-
Bianchi et al. (2000b) are based on the Galaxy, while clumpitign of the total luminosity emitted by dust that is associated
based on the different distributions of atomic and molecular gagh Hll regions and star-formation. A value of 224% only
in NGC 6946 may have a different behaviour. Clumping wiik found. A decomposition of the Galactic flux observed by
also affect the spatial distribution of the FIR emission. Du§OBE at 14Q:m and 24Q:m shows that most of the dust emis-
in clumps is shielded from the ISRF and heated to lower tesion (~70%) arises from dust associated with the atomic gas
perature. Depending on the distribution of cold dust clouds(&odroski et al. 1994), with temperature gradients compatible
broader 20km emission could be produced. with a diffuse ISRF heating. Only 20% of the FIR is emitted by
Two recent models include clumping of dust and embedust associated with the molecular component and 10% is due
ded stellar emission to describe the radiative transfer and Rthot dust associated with the HIl phase.
emission of NGC 6946. However, the complexity of the models The smooth models presented here attempt to explain the
prevents an isolation of the effect of the dust distribution on tf&R emission without invoking dust heated in star-forming re-
FIR heating._Silva et al. (1998) fit the observed optical and Fiftons. Under the assumption of a diffuse stellar emission and
SED of NGC 6946 with their galactic photometric evolutiomlust, we find that radiation & < 4000 A contributes~ 30%
model, adopting a simplified treatment for the radiative transflerthe total FIR, this including the ionising UV. This percentage
in the diffuse medium and a separate model for dust in clumpsll surely increase when a clumpy dust structure is adopted.
They find that nearly half of the dust emission comes from withifhe high optical depths necessary to produce the observed en-
molecular clouds. The adopted distributions for smooth dust amg)y may be an overestimation because we neglect clumpy hot
stars are different from those in Sé€dt. 6: the radial scalelengthsst. However, without a proper model for the radiative trans-
are the same for both dust and stars, as well as the vertical scie-and dust emission in a clumpy medium, it is not easy to
lengths; the radial scalelength is twice the one adopted here;tinelerstand if the results shown here are severely biased by the
diskis thicker by a factor of two. Since we use the same SED aassumption of smooth distributions.
their model is optically thin to B-band radiation (only 10% of Finally, we tried to model the FIR emission with an ex-
radiation absorbed), most of the FIR emission must come frdra dust component, a spherical halo. The presence of dust in
absorption of UV photons in the molecular cloud distributiorthe halo of normal, non-active, spirals is predicted as a re-
A distribution of molecular clouds compatible with the galactisult of the imbalance between the radiation pressure and the
gravitational potential, together with a smooth phase modellgdlactic gravitational force (Davies et al. 1999a). A halo of cold
on the atomic gas, is used by Sauty et al. (1998) to study t@s clouds, able to explain part of the dark matter in spi-
FIR emission in NGC 6946. The radiative transfer is carrigal galaxies, may be stabilized by the presence of dust grains
out using the Monte Carlo technique only for the UV radiatio(Gerhard & Silk 1996). Unfortunately, it is difficult to obtain
emitted in star-forming regions within the molecular cloudsnformation about a putative dusty halo. Because such a dis-
The ISRF at\ > 2000A is derived from a R-band map of thetribution would act as a screen for the galactic disk, the radia-
galaxy, scaled on the Galactic local ISRF. As in our case, ttige transfer fits of Xilouris et al. (1999) are unable to detect it.
observed FIR emission can be explained only with substantfalalysing the difference in colours of background objects be-
extinction. However, they find that emissiomat: 2000 A con- tween fields at different distances from the centre of two nearby
tributes 72% of the total FIR, while in the present work energyalaxies| Zaritsky (1994) find a B-I colour excess in the inner
absorbed from optical radiation is dominant. fields. He derived a dust halo scalelength ofBkpc, although
Therefore, according to the models|of Silva et al. (1998)e measured colour difference is onby@f the statistical noise.
and| Sauty et al. (1998), the dominant contribution to the dust Because of the high uncertainty of the halo parameters, we
heating comes from young stars. If this is true, the recesimply used a spherical homogeneous dust halo, together with a
star-formation rate of a galaxy could be measured using FéRandard disk. The halo has the same radial dimension as the dust
fluxes. These are more readily available than other tracersaofd stellar disks, i.e.c.. Among the models we tried, the case
star-formation |(Devereux & Young 1991). In a series of pan whichy = 1 for both halo and disk provides a reasonable
pers, Devereux & Young (1993, and references therein) cofit-to the FIR emitted energy and scalelengths (Bianchi 1999).
pared FIR and H fluxes and suggested that the FIR luminositiiowever, when the galaxy is seen edge-on, such a dust distri-
is dominated by warm dust absorbing radiation from OB statsution would be easily observable, within the resolution and
However, thisresultis debated. Walterbos & Greenawalt (199)nsitivity of available FIR observations. Alton et al. (1998b)
modelled the FIR emission in spiral galaxies, deriving the di§tudied the FIR emission in 24 edge-on galaxies, including star-
fuse ISRF from optical profiles and estimating the dust colunfiurst and quiescent objects, using HiRes IRAS images. None
density from the atomic gas. For a sample of 20 galaxies, thefithe object was found to be resolved along the minor axis.
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8. Summary and conclusions and limit the number of parameters in the model. Clumping may

We have described in this paper a model for dust emissiglr?o be responsible for the discrepancy between the observed

. : ) L nd modelled scalelengths at 2@n, if a diffuse component
in spiral galaxies, based on the Monte Carlo radiative trans 9 pon, | ! P

r . :
code of Bianchi, Ferrara & Giovanardi (1996). For each relati\(/% cold dust (?Igmps shielded from the ISRF is present. On the
: - qther hand, it is necessary to remind here that the results of
star-dust geometry and dust optical depth, the radiative transigg "o ") (1998c) at 20pm are based on data which is not
_code is carried out for 17 different _phgtometnc band;, C.Overétscientificallyvalidated.Again,future FIR instrumentation or
ing the spectral range of stellar emission. In the apphcatlongoﬁ?t of validated data will help to asses if the large scalelengths

NGC 6946 presented here, we have chosen a model stellar are an artefact of the ISOPHOT detector transients or if they are

and dus_t distribution t_hat prod_uces the same fluxes as thosetﬂ “genuine results of a temperature distribution different from
served in the UV-Optical-NIR images. The code also produc&se one we have derived here

a map of the total energy absorbed by dust. For each posmon.l.he main purpose of the paper was the presentation of the

inside the galaxy, dustis heated by an ISRF consistent with tH%del itself. A test has been conducted on a well studied galaxy.

radiative transfer itself, without any other assumption. The d E)WGVGI‘ NGC 6946 is very gas rich (Tacconi & Young 1990)
temperature is computed from the absorbed energy, using 5 , - it

emissivity derived by Bianchi et al. (1999) for Galactic dust andﬂ% Its characteristics may be different from those of a ‘mean

. - laxy. Optical and FIR data are available for several galaxies. A
correcting for the contribution of non-thermal equilibrium proga axy. Optical and dataare available for several galaxies

cesses to the emission. Hence. FIR maos can be easil obtafu(talge paper will be devoted to their analysis and more general
ISsion. ! bs can be b {Siclusions about the dust distribution and extinction will be
for any wavelength, integrating along a specific line of sight.

The model optical and FIR scalelengths and the SED haQ/reawn'

been compared t(_) NGC 6946 obgervatlohs. Severf'all models h/5"(‘(\,491owledgementsThe work of this paper has benefitted from com-
been explored. Itis found that optically thick dust disks €5)  ments and discussion with many people. Among them we wish to re-
are needed to match the observed FIR output. Approximatgdémber M. Trewhella, Z. Morshidi, R. Smith, A. Kambas, J. Haynes,
one third of the total stellar radiation is absorbed by dust in thig. Evans, Rh. Morris, A. Whitworth, A. Ferrara, S. Kitsionas, P. Glad-
case. The temperature distributions are quite similar, for awin, N. Francis and an anonymous referee. S.B. acknowledges a PhD
of the dust disk models. Temperature values in the models anglentship from the Department of Physics and Astronomy at Cardiff
comparable with those observed in our Galaxy and other spirdlgiversity.

We have compared the modelled FIR scalelengths with the
observations of Alton et al. (1998c). Extended dust disk modls
with ag = 1.5¢, (Davies et al. 1997: Xilouris et al. 1999) have
larger FIR scalelengths than standard modelswith= a,. For Alton P.B., Bianchi S., Rand R.J., et al., 1998a, ApJ 507, L125
optically thick cases, the 10fm scalelength is close to the valugAlton P.B., Davies J.I., Trewhella M., 1998b, MNRAS 296, 773
derived on IRAS images. Alton et al. (1998c) found that the Biton P.B., Trewhella M., Davies J.I,, etal., 1998c, A&A 335, 807
band scalelength of NGC 6946 is smaller than the 280ne Bﬁanch? S., 1999, Ph.D. t_hesis, Cgrdiff University. astro-ph/9911397
by a factor 0.9 (0.8 for a sample of seven galaxies). We hagi@nchi S.. Ferrara A., Giovanardi C., 1996, ApJ 465, 127

janchi S., Alton P.B., Davies J.I., et al., 1998, MNRAS 298, L49
not been able to reproduce the large FIR scalelengths measﬂgﬁchi S. Davies J.1.. Alton P.B.. 1999, AGA 344, L1

on 200um ISO data. In the required optically thick regimeg;,, ;i 5 " pavies 3.1., Alton P.B., et al., 2000a, AGA 353, L13

the scalelength ratio B/2Q@m is always larger than observedgianch s., Ferrara A., Davies J.1., et al., 2000b, MNRAS 311, 601
Smaller ratios can be obtained only in optically thin cases, bghjin R.C., Savage B.D., Drake J.F., 1978, ApJ 224, 132

the absolute values for the scalelengths are smaller. The resgligt ., Xu C., 1996, A&A 306, 61

are not improved if two dust disks modelled on the gas distByun Y.I., Freeman K.C., Kylafis N.D., 1994, ApJ 432, 114

bution are used. The behaviour of the model is dominated Gglzetti D., Kinney A.L., Storchi-Bergmann T., 1994, ApJ 429, 582
the standard optically thick disk associated with the molecul@ashwell E.D., Everett C.J., 1959, A Practical Manual on the Monte
component, rather than the very extended dust distribution asCarlo Method for Random Walk Problems. New York: Pergamos
sociated with HI. A spherical dust halo could produce resufggvies J.I., Trewhella M., Jones H., etal., 1997, MNRAS 288, 679
closed to those observed, but would also be easily detectedfly'€s J-I-» Alton P.B., Bianchi S., etal., 1999a, MNRAS 300, 1006
currently available FIR observations, which is not. Davies J.1., Alton P.B., Trewhella M., et al., 1999b, MNRAS 304, 495

. . de Grijs R., van der Kruit P., 1996, A&AS 117, 19
The high optical depth found for NGC 6946 cony, gris R peletier R.F., van der Kruit P.C., 1997, A&A 327, 966

tra_sts yvith recent deter_minations on edge-on spiral galaxgesjong R., 1996, A&A 313, 377

(Xilouris et al. 1999). This may be a result of our assumptiofe vaucouleurs G., 1959, Handbuck der Physik, vol. 53. Berlin:
of a smooth distribution for stars and dust. The inclusion of springer, p. 275

clumping in a proper model of radiative transfer and FIR emide Vaucouleurs G., de Vaucouleurs A., Corwin Herold G. J., etal., 1991,
sion is therefore desirable. However, the heavy dependence ofhird Reference Catalogue of Bright Galaxies. Berlin: Cambridge
clumping on the assumed model makes the modelling moreJniversity Press, RC3

complicate. Future high resolution and sensitivity instrumeReGioia-Eastwood K., 1992, ApJ 397, 542

tation will therefore be essential to define the dust distributig#fsert F.X., Boulanger ., Puget J.L., 1990, A&A 237, 215
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