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Abstract. The opacity of spiral galaxies is examined by modt. Introduction
elling the dust and stellar content of individual galaxies. TI':fg
|

three dimensional model that we use assumes exponential e amount and the way that dust is distributed within spiral
tributions for the dust and the stars in the disk. while fHét 92 axies as well as its extinction effects on the galactic starlight

h%s been a matter of debate over the last few years. Since Disney,

law is used to describe the bulge. In this model, both absorptigh™ . - . :
and scattering by the dust aregtaken into account. The mog pnes and Phillipps (1989) proposed that spiral galaxies may

applied to five late-type spiral galaxies (NGC 4013, IC 253 € g’?fi??!)t/;hltﬂgrz l:gg gerlfﬁeofn?rzzeg'gsso? ;ﬁg F;li bgtsgfd
UGC 1082, NGC 5529 and NGC 5907) using their optical (a 97I) with coL:qusio(ns tha{tgléﬁenldiﬁerL\J/vicliel Rel:etrjnI a eré
near infrared for IC 2531) surface photometry. For these galax- Y- pap

ies we have determined the scalelengths and scaleheights o*‘?ﬁg to supportthe idea of optically thin/moderately opaque spi-

: X L ral galaxies. This means that galaxies are either optically thin
stars and the dust in the disk, the bulge characteristics, thet oughout their disks or that they are optically thin in the outer

clination angle and the face-on optical depth. Computation{ogions and moderately opague at the center (e.g. Giovanelli et
the dust masses, as well as the extinction as a function of aﬁ. 1994, 1995: Kodaira & Yamashita 199&back & Shaver

wavelength, are also reported. : . o
: . .1997; Domingue et al. 1998; Moriondo et al. 1998; Kuchinski
Having analyzed a total of seven galaxies thus far, the fiv al. 1998: Gorélez et al. 1998). On the other hand, recent

galaxies mentioned above plus UGC 2048 and NGC 891 pre- . - . ) . .
sented in (Xilouris et al. 1997, 1998), we are able to draw some _|nfrare_d/subm|ll|meter ob_ser_vaﬂ_ons of spiral galax!es give
general conclusions, the most significant of which are: a direct picture of the dust distribution and a good estimate of
the total amount of dust (e.g. Alton et al. 1998a, 1998b; Haas et
1) The face-on central optical depth is less than one in all optiedl 1998; Bianchi et al. 1998; Kigel et al. 1998). These obser-
bands, indicating that typical spiral galaxies like the ones thadtions indicate that the cold dust componentl(0—20 K) that
we have modelled would be completely transparent if they weasenow detected, boosts the dust masses about an order of mag-
to be seen face-on. nitude higher than previously estimated by IRAS observations.
2) The dust scaleheight is about half that of the stars, whi€m the other hand, a more radially extended dust distribution
means that the dust is more concentrated near the plane ofdbpared to that of the stars is derived.
disk. In our studies we perform detailed modelling of spiral galax-
3) The dust scalelength is about 1.4 times larger than that of tes, aiming at the determination of the parameters that describe
stars and the dust is more radially extended than the stars. the three-dimensional dust distribution in these galaxies. For the
4) The dust mass is found to be about an order of a magnitutleee dimensional distribution of stars and dust we use simple
more than previously measured using the IRAS fluxes, indicatad smooth geometries (e.g. axisymmetric exponentials for the
ing the existence of a cold dust component. The gas-to-dust mstsss and the dust in the disk and tR&/* law for the bulge).
ratio calculated is close to the value derived for our Galaxy. There is no doubt that in reality spiral galaxies are clumpy with
5) The derived extinction law matches quite well the Galactfmall and large scale structure (e.g. spiral arms with the dust
extinction law, indicating a universal dust behaviour. trailing the arms in a patchy way). One has to keep in mind
those oversimplifications. The edge-on picture though that we
Key words: ISM: dust, extinction — galaxies: ISM — galaxiesuse cancels out most of the variation along the line of sight and
photometry — galaxies: spiral allows us to use simple mathematical functions in order to get
a mean description of the galaxies. We have verified this with
detailed computations (Misiriotis et al. in preparation) which
take into account the spiral structure.
The two galaxies (UGC 2048 and NGC 891) that we have
already modelled (Xilouris et al. 1997; hereafter Paper | and
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Xilouris et al. 1998; hereafter Paper Il) using the radiative transands. In van der Kruit & Searle (1982), U, J and F band data
fer model of Kylafis & Bahcall (1987; hereafter KB87), showvere fit to a truncated exponential disk in the R direction and
low values of the optical depth in the face-on orientation, i@ sech type function in the z direction. The inclination angle
dicating low opacities for these galaxies, while the predictedhs reported to b&7°, while the scalelength and scaleheight
dust masses and the dust distributions are now supported bytieee found to be 5.7 kpc and 0.43 kpc respectively in the J-
far infrared/submillimeter observations mentioned above. Ob@nd. Barnaby and Thronson (1992) used H-band data to fit the
aim is to continue this kind of study with as many galaxies &sellar distribution of this galaxy. The disk was fitted with an
possible in various orientations and thus improve the statistiexponential in the R direction with a scalelength of 4.0 kpc and
In this paper we do the analysis of the edge-on late-type spisech type function in the z direction with a scaleheight of 0.43
ral galaxies NGC 4013, IC 2531, UGC 1082, NGC 5529 angbc. The bulge was well described by a modified Hubble profile.
NGC 5907 (see Fig. 1). Morrison et al. (1994) obtained good quality R-band data and
NGC 4013 is an Sbc Hubble type spiral galaxy at a distanfitted the disk with exponential (in both directions) functions
of 11.6 Mpc (Bottema 1995) and a B-band luminosity;M  with a scalelength of 4.81 kpc and a scaleheight of 0.43 kpc.
-18.1 mag. Photometric properties of the 2D stellar distrib@he inclination angle was reported to be 86.7
tion of this galaxy can be found in Bottema (1995), where a In Sect. 2 we describe the observations and the data reduc-
disk with exponential scalelength of 2.3 kpc and a Sestfale- tion, in Sect. 3 we briefly discuss the model and in Sect. 4 we
height of 0.7 kpc is reported to fit the F-band data. Barnabymesent the model results for the five galaxies. A discussion fol-
al. (1993) present bulge and disk decomposition of an H-balotvs in Sect. 5 with some general conclusions. A quick summary
image, where an exponential disk with scalelength 2.5 kpc aiscporesented in Sect. 6.
scaleheight 0.2 kpc and a modified-Hubble type bulge with ef-
fective radius 0.24 kpc are fitted. Observations of this galaxy in i .
the 21 cm neutral hydrogen line (Bottema 1995; 1996) shov\?aObServat'onS and data reduction

highly warped gas disk, while the optical image of this galaxgbservations of the four galaxies NGC 4013, UGC 1082,
(also presented in Fig. 1) shows that the stellar distribution \iGC 5529 and NGC 5907 were made at Skinakas observatory
the disk is not warped, at least not to the degree that shouldiafCrete, using the 1.3 m telescope. The detector that was used
fect the axisymmetric modelling that we do [see also the optiGghs a Thomson 1024 1024 CCD camera with 18m pixels,
warp curves presented in Florido et al. (1991)]. installed at the prime focus of thg/7.7 Ritchey-Cretien tele-
IC 2531 is an Sb Hubble type spiral galaxy at a distance &fope. This arrangement corresponds to 0.39 arcsec/pixel and a
22 Mpc (Shaw et al. 1990) and M= -18.8 mag. Two attempts field of view of 6.7” x 6.7’. For the observations of NGC 5907
atmodelling IC 2531 have been reported (Wainscoat etal. 198 used a focal reducer that is installed on the telescope in or-
Just et al. 1996). The model used was along the lines of KB&ér to increase the field of view. This arrangement produced
but in a more simplified form, dealing with absorption by dug{ |arger field of view £ 13’ x 13’) and a scale of 0.75 arc-
and neglecting multiple scattering effects. Also, only a locgkc/pixel (using the same camera as above). The chip was run
fit was made in several strips parallel to the disk’s minor axigith a gain of 3.33c~/ADU and showed a readout noise of
Furthermore, a bulge component was notincluded in the modg} ¢~ . Exposures were made through B, V, | broad band filters.
Our work presents a global fit to the observed data using the fge B and V passbands are comparable to those of Johnson’s
radiative transfer model described in KB87 and more realiS%OtometriC system, while the | passband is Comparab|e to that
(bulge included) distributions. of Cousin’s photometric system. The effective wavelength of
UGC 1082 is an Sb Hubble type spiral galaxy with aredshifte system (filter and camera) in each passbariti3 um,
of 0.009353+ 0.000017 (Giovanelli & Haynes 1993). Using).564 um and0.809 um for the B, V and | bands respectively.
the formulae given by Zombeck (1990), we derive a distance|@f order to calibrate the images, we used standard stars and a
37 Mpc (assuming a value ofgH 75kms ' Mpc™!) for this  photometric procedure described in detail in Paper I. In Table 1
object. The B luminosity is M = -18.4 mag. Visual inspection we present some data concerning these observations.
of this galaxy (see Fig. 1) shows an edge-on configuration of a The optical observations of IC 2531 were made in March,
relatively faint galactic disk and a bright bulge with an obviouggg1 with the 1m Australian National University (ANU) tele-
dust lane passing through the disk. scope at the Siding Spring Observatory (SSO). The CCD sys-
NGC 5529 is an Sc Hubble type spiral galaxy at a distanggm was equipped with an EEV CCD 6f6 x 380 giving a
of 29.6 Mpc (Shaw et al. 1990) with M= -19.6 mag. Visual pixel size of 0.56 arcsec at the f/8 Cassegrain focus. Graham’s
inspection of this system shows a galaxy whichis not quite edqe982) standard stars were observed for calibration. Observa-
on. Despite this geometry, a dust lane is very well revealed afshs were made through B, V and | broad band filters with
thus our axisymmetric model, which is able to deal with al’yxposure times of 1000, 600, and 500 seconds respective|y_
inclination angle, can be applied. The seeing was estimated to P& The near-infrared obser-
NGC 5907 is awell studied Sc galaxy atadistance of 11 Mpgtions of the same galaxy were made in February, 1995 with
(van der Kruit & Searle 1982). It's B luminosity is M=-19.1 the 2.3 m ANU telescope at SSO using CASPIR (Cryogenic Ar-
mag. Several photometric studies have been reported about tg{sSpectrometer/Imager). The instrument was installed at the
galaxy and the stellar distribution has been obtained in seveyaB Cassegrain focus and was equipped with an SBRC InSb
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Table 1.Observational data.
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Galaxy Pixel size  Observing  seeiri§ ( rms" (mag) Total exposure time (min)
" (pc) nights B Y, I B \Y I
NGC 4013 0.39(22) 20Jun95 1.3 0.04 0.02 0.02
0.39(22) 21Jun95 1.0 0.03 0.02 0.02 140 40 25
UGC 1082 0.39(70) 09 Sep 94 1.4 0.04 0.03 0.03 60 50 20
NGC 5529 0.39(56) 04 Aug 97 1.2 0.03 0.03 60 40
NGC 5907 0.75(40) 07 May 97 18 0.03 0.03 0.02 30 20 10

* rms deviations from the least squares fit between catalogue magnitudes and calibrated magnitudes for the standard stars.

Table 2. Global model fit parameters for NGC 4013.

Parameter Units | band V band B band

I mag/arcset 17.29 +0.05 19.08 +0.04 19.60 +0.06

Zs kpc 0.20 +0.01 0.22 +0.01 0.19 +0.01

hs kpc 1.76 +0.1 1.94 +0.1 2.55 +0.1

I mag/arcse?c 10.49 +0.13 11.73 +0.11 12.60 +0.14

R. kpc 1.61 +0.06 1.42 +0.04 1.46 +0.05

b/a - 0.42 +0.01 0.44 +0.01 0.41 +0.01

] - 0.48 40.01 0.67 40.01 0.89 +0.01

2d kpc 0.11 +0.01 0.13 +0.01 0.13 +0.01

ha kpc 2.60 +0.1 2.45 +0.1 2.62 +0.3

0 degrees 89.6 +0.1 89.7 +0.1 89.9 +0.1

Table 3. Global model fit parameters for IC 2531.

Parameter Units K band J band | band V band B band

I mag/arcse% 16.49 +0.12 17.45 4£0.35 18.24 +£0.04 19.48 +£0.05 20.34 +0.07

Zs kpc 0.45 +0.02 0.44 +0.10 0.43 +0.01 0.40 +0.01 0.43 +0.01

hs kpc 504 +0.1 496 £0.3 505 +0.1 5.22 +0.1 6.78 +0.1

Iy mag/arcse% 10.39 +0.37 10.97 £0.40 11.00 +£0.20 11.85 +£0.20 13.40 +0.30

R, kpc 2.00 +0.24 1.97 +0.10 1.57 +0.08 1.23 +0.08 1.96 +0.15

b/a - 0.68 +0.03 0.69 +0.02 0.65 +0.02 0.65 +0.02 0.63 +0.02

T{ - 0.02 £0.01 0.06 +0.02 0.22 £0.01 0.30 +0.01 0.40 +0.01

Zd kpc 0.22 +0.03 0.20 +0.07 0.21 +0.01 0.23 +0.01 0.27 +0.01

ha kpc 8.00 +0.3 8.08 +0.6 8.43 +0.2 8.18 +0.2 8.88 +0.3

0 degrees 89.6 +0.2 89.7 +0.2 89.6 +0.2 89.6 +0.2 89.6 +0.2

Table 4. Global model fit parameters for UGC 1082. Table 5. Global model fit parameters for NGC 5529.
Parameter Units | band V band B band Parameter Units | band V band
I mag/arcset 19.02 +0.11 20.50 +0.07 21.29 +0.09 I, mag/arcsec  17.13  +0.05 18.42 +0.04
Zs kpc 0.44 +0.02 0.47 40.02 0.44 +£0.03 Zs kpc 0.42 +0.01 0.43 +0.01
hs kpc 413 +0.2 4.43 +0.1 4.57 +0.2 hs kpc 430 +0.1 459 40.1
I mag/arcset 9.42 +0.08 10.98 4+0.10 12.17 +0.09 I mag/arcsec  10.98 +0.06 12.25 =£0.07
R, kpc 1.34 +0.12 1.30 +0.14 1.44 +0.16 R. kpc 195 4+0.01 195 =£0.01
b/a - 0.59 +0.01 0.64 =+0.01 0.63 =+0.01 b/a - 0.59 +0.01 0.58 +0.01
T{ - 0.17 +0.01 0.27 =£0.02 0.34 +0.02 T{ - 0.42 £0.01 0.65 +0.01
2d kpc 0.29 +0.02 0.27 =£0.02 0.27 =£0.03 2d kpc 0.37 +0.01 0.32 +0.01
ha kpc 547 +04 5.78 +0.3 555 0.4 ha kpc 7.70 +0.2 710 +0.1
0 degrees 89.7 £0.1 89.7 4+0.1 89.7 +£0.1 0 degrees 87.2 +£0.1 874 +0.1
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Table 6.Global model fit parameters for NGC 5907.

Parameter Units | band V band B band
I mag/arcsec  17.49 +£0.02 18.99 +0.02 19.86 40.03
Zs kpc 0.32 +0.01 0.34 +0.01 0.34 +0.01
hs kpc 3.86 +0.1 4,91 +0.1 5.02 +0.1

Iy mag/arcse%: 9.38 +0.04 10.80 +0.04 11.88 +£0.05
R. kpc 1.02 +0.01 1.01 +0.01 0.93 +0.01
b/a - 0.34 £0.01 0.34 +0.01 0.45 +0.01
! - 0.30 +£0.01 0.49 +0.01 055 =+0.01
Zd kpc 0.10 +0.01 0.11 +0.01 0.13 +0.01
ha kpc 530 +0.3 5.29 +0.2 5.30 +0.2

0 degrees 87.2 +£0.1 87.2 +£0.2 87.0 +£0.2

Table 7. Global model fit parameters for NGC 891.

Parameter Units K band J band | band V band B band
I mag/arcsec 1541 +0.13 16.01 +£0.11 1743 40.03 18.89 +0.05 19.81 +0.06
Zs kpc 0.34 +0.01 0.43 +0.01 0.38 +0.01 042 +0.01 0.43 +0.01
hs kpc 3.87 +0.1 3.86 +0.1 493 +0.1 548 +0.2 567 +0.2

Iy mag/arcse%: 8.32 +0.54 9.35 +0.16 10.38 4+0.11 10.97 4£0.22 11.42 +0.32
R. kpc 0.86 +0.05 0.87 +0.05 1.97 +0.06 1.51 +0.09 1.12 +0.09
b/a - 0.76 +0.04 0.71  +0.08 0.54 +0.01 054 +0.01 0.60 =+0.02
r{ - 0.09 +0.01 0.21 +0.01 052 4+0.01 085 £0.01 1.00 40.01
2d kpc 0.25 +0.03 0.25 +0.02 0.24 +0.01 0.29 +0.01 0.31 +0.02
ha kpc 8.33 104 832 +04 754  +0.1 768 +0.2 8.01 +0.3

0 degrees 89.6 +0.1 89.6 0.1 89.7 +0.1 89.8 0.2 89.8 +0.2

256 x 256 detector giving a pixel size of 0.5 arcsec for its fagiormalization constants for the stellar emissivity of the disk and
camera mode. The standaydfilter and a modifiedK filter the bulge respectively. The relations

(Kn), whose long wavelength edge is tailored to exclude much

ofthe thermal emission, were used for the imaging observatiohs = 2Ls
The observation sequence included as many sky exposureg ap

the galaxy in order to follow the fast changing sky emissions.
Several standard stars were observed during the same nightl;, = 5.12L, R,, (4)

hs, 3

give the central value for the surface brightness of the disk and
3. Model the bulge respectively, if the model galaxy is seen edge-on and

The stellar emissivity (luminosity per unit volume) that we uséere is no dust. o _
consists of an exponential (in both radial and vertical directions) For the extinction coefficient we use a double exponential

disk and a bulge described by thé&/Rlaw, namely law, namely
R |z - _R_[ 5
L(R,z) = Ly exp (_hs - Zg) kA(R, z) = Kxexp ( ) 5)
B 1/4\ p—7/8 wherex), is the extinction coefficient at wavelengthat the
+ Ly exp(=7.67B75)B ’ (2 center of the disk andl; andz,; are the scalelength and scale-
with &, andz, being the scalelength and scaleheight of the dideight respectively of the dust. The central optical depth of the
and model galaxy seen face-on is
21 22(a /D)2 = 2Kz 6
B R—i—Rz (a/b)7 2 " AZd (6)

For a more detailed description of all the parameters, the
with R, being the effective radius of the bulge anchndb reader is referred to Sect. 4 of Paper .

the semi-major and semi-minor axis respectively. The reader is The radiative transfer model that we have used is that de-
alerted that the above formula appeared incorrectly in Papecsibed in KB87 (see also Paper I). For computational reasons,
I and Il due to a typographical error. Hefe and L, are the asin Papers | & I, the radiative transfer was performed inside a
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I-band cbservations I-band models

NGC 4013 NGC 4013

IC 2531 : IC 2531

[E—
o
—_—
UGC 1082 UGC 1082
NGC 5529

NGC 5529

NGGC 5907

E 3
|

NGC 5907

-
-#‘ .

Fig. 1. I-band observations of the galaxies NGC 4013, IC 253Ejg. 2.1-band models of the galaxies NGC 4013, IC 2531, UGC 1082,
UGC 1082, NGC 5529 and NGC 5900 to botton). NGC 5529 and NGC 590dp to botton).

cylinder with radiusR,,,... = 3 max(hs, hq) and half height of

6 max(zs, ), so that practically all the galactic light as welkhe ‘folded’ (around the minor axis) and photometrically aver-
as the dust are included. A Henyey-Greenstein phase functigjed images of the galaxies, which are also the images that were
has been used for the scattering of the dust (Henyey & Gregred for the model fit (see Paper 1). In each plot, the horizontal
stein 1941). The values for the anisotropy parametend the axis represents the offset (in kpc) along the vertical direction,
albedow have been taken from Bruzual et al. (1988). Our tasfith zero lying on the major axis of the disk. The vertical axis
has been to find those values of the parameters in Egs. (1) -dRkes the surface brightness (in mag/aréjeReal data are indi-
which create images of the model galaxies as close as poss#gied by stars, while the model is shown as a solid line for each
to the images of the observed galaxies. For the model fittipgofile. The six profiles in each plot are vertical cuts at six dif-
techniques that we use, the reader is referred to Papers | angkbent distances along the major axis. The cuts are at distances
0,0.5h%,1h1 1.5h1, 2t and2.5h! and are plotted from bot-
tom to top, withk! being the scalelength of the stars as derived
from the I-band modelling. The magnitude scale corresponds
In Tables 2 through 6, we give the parameters of the besttéitthe lower profile of each set, the other profiles are shifted
models to the observed data along with thif% confidence upwards (in brightness) by 2, 4, 6, 8 and 10 magnitudes respec-
intervals for NGC 4013, IC 2531, UGC 1082, NGC 5529 aniively. Profiles between 0 antd5h! correspond to brightness
NGC 5907 respectively (for Table 7 describing NGC 891 seweraged ovei” (7.5” for NGC 5907) parallel to the major
Sect. 5). Using the values of the parameters that describe #xés, while profiles a2h! and2.5h! are averaged ove’ (15"
stellar and dust distributions of the galaxies, given in the abofer NGC 5907) along the same direction. This was done to re-
tables, we have created model images and have compared tHane as much as possible the local clumpiness that may exist in
with the observed images (see Figs.1 and 2). In Fig. 1 thephrticular areas of the galaxy. In these plots, only the data above
band observations of all five galaxies are presented (NGC 40it® limiting sigma level{ 3 sigma of the local sky) that were

IC 2531, UGC 1082, NGC 5529 and NGC 5907 from top to botrsed for the fit are plotted, while the foreground stars have been
tom). In Fig. 2 we show the model images of these galaxiesremoved.

the I-band with the same scale and sequence as in Fig. 1 so thaDne can clearly see a good agreement between model and
a direct comparison can be made between the two figuresobrservation despite the small deviations in some places. It is
Figs. 3—-7 we give a more detailed comparison between modealrth remembering here thatgiobal fit was done to the ob-

and observation for each galaxy and each filter by showing veerved galaxy’s image and the derived set of parameters (Ta-
tical cuts along the minor axis. For this demonstration we ubkes 2—6) gives the best galaxy image as a whole.

4. Results
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Fig. 3. Vertical surface brightness
115 — ; ‘ 11.0 — ‘ — 95 — ‘ ‘ profiles for NGC 4013 in the B

125 | . 120 | ] 105 [ . (left), V (middle, | (right) bands.
135 |- 5 13.0 |- 5 115 |- b The six profiles in each plot are ver-
145 | . 14.0 - ] 125 7 tical cuts of the galactic plane at dis-
~, 155 |- 1 o, B80T 1« iig 5 ] tances of0,0.5h%, 1hL, 1.5, 2n!
B 165 18 16.0 - 1 8 sl 1 and2.5r! along the major axis as
g 175¢ 13 g'g r 1 5 st 1 plotted from bottom to top respec-
g 185 - ] g 100 L 1 2750 ] tively. Stars represent averaged pro-
r 195 ¢ T T 00l 1 Fassf . files of the ‘folded’ image of the
@ 205 |- 12 mo L 1 T 195 . observation, while solid lines give
215 ] 220 [ R 205 |- <4 the model. From bottom to top, the
225 ] 230 [ ] 2L5 - 7 magnitude scale is shifted upwards
285 ] 240 L ] 225 # 7 (in brightness) by 0, 2, 4, 6, 8 and
245 L T 235 1 1 . .
-30 -1.0 1.0 3.0 -3.0 -1.0 1.0 3.0 -3.0 -1.0 1.0 3.0 10 magnitudes respectively. See the
z offset (kpc) z offset (kpc) z offset (kpc) text for a more detailed description.
115 | .
125 | .
135 .
145 | .
L 155 4 .
$ 165 | 4 8 "9
8 175 3 3
S 185 | g 8
g 195 g g
£ 205 i £ £
D a5l > -
225
235 |
245 ¢ 24.0 23.0
255 L | L | L L | L | L L | L | L
-30 -10 10 30 30 -10 10 30 30 -10 10 30
z offset (kpc) z offset (kpc) z offset (kpc)
9.0 [ ‘ ] 8.0 —— —
“o “o
() Q
(2] (%]
o S
8 o
g g
E .E
4 N
ol | ] o4 1 1 N ] . - .
=30 -1.0 1.0 3.0 -30 -10 10 3.0 Fig.4.Same as in Fig. 3, but for IC 2531. In addition, J and K band cuts
z offset (kpc) z offset (kpc) are shown.

Subtracting the model image from the observation we obess of the galaxies that we modelled using relatively simple
tain residual maps that give the distribution of the absolute valaed smooth three dimensional distributions of stars and dust
of the residuals throughout the galaxy’s image (see Papers t&@mpared to the real ones with all the small scale clumpiness
II). From these maps we can derive the percentage coveragarmd spiral structure that they may have.
the galaxy’s image with residuals below a certain value. We do
so in Table 8, where the percentage coverage of the resid :
below 10%, 20%, 30%, 40% and50% is given for the I-band %’E Dust mass calculations
data. Approximately the same picture holds for the other banidaving found the parameters that best describe the dust distri-
(see Papers | & Il). These numbers indicate the ability of obution in each galaxy, we are able to have a good estimate of the
model to describe quite accurately the observed surface brightal dust mass of each galaxy (see Paper ). In what follows we
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12.5 T T T 12.0 T T T 11.0 T T T
135 [ . 130 [ ] 120 |
145 | 140 | 130 |
155 | 150 | 140 [
~, 165 S, 160 | o, 150 F
§ 175 f % 170 f $ 160
3 1857 3 180 S 170
g 195 ¢ 2 190 2 180
i 222 I E 200 | £ 190 F
L 21.0 20.0
25 22.0 21.0 |
2857 230 | 22.0 |
245 ¢ ] 240 ‘ ‘ 230 F T
25'5—3.0 -1.0 1.0 3.0 -3.0 -1.0 10 3.0 -3.0 -1.0 1.0 3.0 Fig.5. Same as in Fig. 3, but for
z offset (kpc) z offset (kpc) z offset (kpc) UGC 1082.
E:g T T In the case of IC 2531 the 21cm line flux was measured
130 L 120 [ tobe Sy, = 40.3Jykms™! (Huchtmeier & Richter 1989) and
140 | 130 [ thus the atomic hydrogen mass was calculated using Eq. (2)
o, 150 L 140} of Devereux & Young (1990) and is found to B (H;) =
$ 160¢ g 150 4.6 x 10° M. We have not been able to locate a measurement
& 70r g 10 for the 2.6 mm CO line for this galaxy in order to calculate the
g 13'8 E i;g i molecular hydrogen mas¥/ (Hs), but a crude approximation
E 20.0 | f 100 is to assume the same mass as that of the atomic hydrogen (see
21.0 | 200 | Sect. 5.3 of Paper I). Thus, the total gas mass is approximately
220 | 21.0 My = 9‘2x109M@.The dust mass for this galaxy as calculated
230 £ N 20 from our model parameters g, = 2.2 x 107 M, setting the
4004 L L0 L0 N BOBL 0 gas-to-dust mass ratio to 420.
-40 -20 00 20 40 -40 -20 00 20 40

For UGC 1082 the 21 cm line flux has been reported to
be Sy, = 5.47Jykms! (Giovanelli & Haynes 1993). This
Fig. 6. Same as in Fig. 3, but for NGC 5529. gives an atomic hydrogen massif( H;) = 1.8 x 10°M,. In

absence of a 2.6 mm CO line measurement in order to calculate
Table 8.Percentage coverage of the galaxy’s image when the absoltiie molecular hydrogen mass we approximate it to be the same

z offset (kpc) z offset (kpc)

value of the residuals is below a certain value. as that of the atomic hydrogen. The total gas mass istfer-

3.6 x 109 M. Using the IRAS60 wm and 100 pum fluxes for
Galaxy <10% <20% <30% <d40% <50% this galaxy (Moshir et al. 1990) and Eq. (4) of Devereux &
NGC 4013 46.6% 73.2% 87.0% 94.3%  97.8% Young (1990), the dust mass is found tolbg x 106M@. This
IC 2531 35.8%  66.0% 83.4%  94.4%  99.5% implies a gas-to-dust mass ratio of 1900. However, using the
UGC 1082 38.0% 65.0% 822% 91.1% 95.0% parameters derived from our model, we calculate a dust mass
NGC 5529 41.7% 73.9% 87.6% 94.1% 97.5% of My = 9.9 x 10°M¢, and the gas-to-dust mass ratio then
NGC 5907 38.5% 66.2% 83.0% 92.7%  97.4% becomes 360.

Adopting a 21 cm line flux of 40.8 Jy knt$ (Huchtmeier
& Richter 1989) for NGC 5529, we derive an atomic hydrogen

do these calculations and also compare with the total gas mgfés OfM(Hy) = 8.4 x 109M©. Doubl!ng it, in the absence
reported in the literature as well as with the dust mass calcula Omolecular hydrogerllomass information, we get a total gas
using the IRAS fluxes (wherever measurements are availabl ASS Ot - 1710 M@'. The60 yim and100 yim LRAS

For NGC 4013 the mass of the atomic hydrogen is report XES .(Mo.Sh" etal. 1990) give a du_st masssaf X. 10° M,
to be 1.3 x 10°M, (Bottema 1995), while the mass of theVhich mphesaggs-to-dust mass ratio of 30700' W'th. qurmodel
molecular hydrogen i8.9 x 10%M, (Gomez & Garcia 1997), calculations we find a dust mass &f x 10"Mc), giving a
giving a total of M, = 2.2 x 10°M, for the gas mass. Usingg‘f"s'to'duSt mass ratio of 470. .
the parameters derived from our model, the dust mass was caI-FOr NGC 5907 exact gas mass calculatlo_ns are presented
culated (see Sect.5.3 of Paper I) tolf = 4.5 x 106 M. in Dumke et al. (1997). The total gas mass is reported to be

This implies a gas-to-dust mass ratio of 490. Using the IRASY — 7.8 x 109M@.' The 1IRAS G0 um an6d 100 pm ﬂux-es

60 wm and 100 pum fluxes for this galaxy (Moshir et al. 1990) Moshir etal. 1990) give adust.massScﬁ x10°Me), wh|I7e with

and Eq. (4) of Devereux & Young (1990), the dust mass is car model parameters we derive a dust massbik 1(.) Mo
culated to bel.9 x 10°M, giving a gas-to-dust mass ratio ofl Ne gas-to-dust mass ratio then becomes 2200 using the IRAS
1200. measurements and 520 using our model’'s parameters.
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z offset (kpc) z offset (kpc) z offset (kpc) NGC 5907.
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Fig. 8. Values of the face-on central optical depth in all the bands that 1.0 |- A
were modelled for each galaxy. Different symbols are for different 0.0 \ L L I I

bands. Open circles correspond to the B-band, open squares to the UGC204'\§GC89 5253'1\'6C55,2\,%C593'7G‘C4063(’;Cl082

V-band, open triangles to the I-band, solid squares to the J-band and

solid triangles to the K-band. For UGC 2048 the values are taken frdrig- 9- The values ofz, (top graph), zq (middle grapf) and z,/zq
Paper . (bottom graph for each galaxy. All lengths are given in kpc. For the

explanation of the symbols see Fig. 8. The dashed line in the last graph
gives the mean value of the ratio calculated by using the V-band data.

4.2. Relative extinction values

Adopting a mean scaleheight for the dust from all bands (sgéing theRr!/* law for the bulge stellar distribution instead of
Sect.5) and US'”Q the values derived for the face-on centjigé modified Hubble profile that was used in Paper II. The val-
optical depth ¢{ = 2kz4) in each filter, we can derive theyes derived from the modelling are presented in Table 7 of the
extinction coefficients in each band. We have found thapresent paper.

kp/rkv = 1.33 andk;/ky = 0.72 for NGC 40135 /kv = We have quantified the opacity of the galaxies in terms of
1.33, k1/ky = 0.74, /Ky = 0.20 anadk i /kyv = 0.06 for  their central face-on optical deptt{. For all the galaxies we

IC 2531,k /ky = 1.26 andrk/ky = 0.62 for UGC 1082, have found central face-on optical depths with values less than
kr/ky = 0.65 for NGC 5529 andxp/kyv = 1.12 and onein all the bands that we analyzed, indicating that they would
kr/ky = 0.61 for NGC 5907. These ratios are identical tppear to be transparent when seen face-on, despite their ob-
the ratios of the extinction value$, /Ay . vious dust lane in their almost edge-on orientation seen in the
observationsThe values of the optical depth in all bands are
plotted in Fig.8 for each galaxy. Different symbols indicate
different bands. In particular, open circles correspond to the B-
Having analyzed a total of seven galaxies, we are now ableb@nd, open squares to the V-band, open triangles to the I-band,
draw some general conclusions concerning the dust and stedlalid squares to the J-band and solid triangles to the K-band.
distribution characteristics of spiral galaxies. In order to have a It is of interest to see how the scaleheight of the stars is
consistent set of parameters for all the galaxies, we reanalyzeldted to that of the dust. We show this in Fig.9, where the
the galaxy NGC 891 (already presented in Paper Il), but nggarameterg, andz; (in kpc) as well as their ratio are plotted

5. Discussion
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NGC891 NGC5529 _ NGC4013 . .
UGC2048 1C2531 NGC5907  UGC1082 Fig. 12.The observed (gray circles) values4f /Ay for our Galaxy

and the values calculated for all the galaxies analyzed. The symbols

Fig. 10. The values of. (top graph, hq (middle graph andh,/hq gre explained in the plot.

(bottom graph for each galaxy. All lengths are given in kpc. For th
explanation of the symbols see Fig. 8. The dashed line in the last graph
gives the mean value of the ratio calculated by using the V-band data.

" This means that the main body of the disk is dominated by the

10 old stellar population, at least at higllistances, giving roughly
~ [ . ] the same scaleheight in all bands.
S0 ¢+ o o . 1 Of particular interest is the distribution of dust in the radial
s i . . ° ] direction relative to the stars, as can be seen from the values that
10° ; ; ; ; ; ; ; were derived for the scalelengths. In order to have a better view
10° L ] of how the scalelengths of the stars and the dust are related we
~ N . ° give a plot (Fig. 10) similar to that of the scaleheights described
5107 i * ° o ] above. The symbols here, have exactly the same meaning as
s © o . ] that in Fig. 8. As with the scaleheights of UGC 2048, we adopt
. ° ° o o ] half the values of the scalelengths derived from the model. The
10 ‘ ‘ ‘ ‘ ‘ ‘ — statistics that were done in the V-band, give a mean ratio of
600.0 |- o i ha/hs = 1.4+ 0.2. This value is shown as a dashed horizontal
2: 4000 £ __________ o« .. o——-1 line. In all seven galaxies we have found that the dust is radi-
200.0 i ally more extended than the staifhis result has recently been
oo | ° T ‘ ‘ ‘ ‘ ‘ ] confirmed for our Galaxy using COBE/DIRBE data (Davies et
' NGC891  NGC5529  NGC4013 al. 1997a). Analysis of ISO data for several galaxies (Davies
UGC2048 1C2531 NGC5907 UGC1082

_ _ et al. 1997b, Alton et al. 1998a), as well as SCUBA observa-
Fig. 11. The values of\/, (top graph), Ma (middle graphandM, /M tions of NGC 891 in 45@um and 85Qum (Alton et al. 1998b)
(bottom graph for each galaxy. All the masses are in units\éf,. For - 5150 jndicate a more extended radial distribution for the dust
Ma we give a direct comparison between the values as calculatediiy, o the stars. Another work that also supports this, is that

our model (filled circles) and those calculated using the IRAS flux . . .
(open circles) wherever IRAS data were available. The dashed ”m%?nLequeux & Guelin (1996) where a systematic reddening of

the last graph gives the mean value of the gas-to-dust mass ratio. ackground galaxies is found in the outer regions of the galaxy
of Andromeda, suggesting the existence of dust even beyond

the optical disk.
for each galaxy. The symbols have the same meaning asin Fig. 8.It is important to notice at this point the deviations with
For the case of UGC 2048 (analyzed in Paper 1), we give halivelength shown in Figs.9 and 10 for the dust parameters.
of the derived scaleheight values since, as mentioned in Papdihese deviations, which are mainly due to the different appear-
it's distance has probably been overestimated by a factor ofa®ce of the clumpy nature of the galaxies in different bands, give
Doing the statistics in the V-band data we derive a mean ratioabetter estimate of the real uncertainty which4gis ~ 0.05
zs/zq = 1.8 £ 0.6 implying that the dust is more concentratedpc and forh, is ~ 0.5 kpc.
to the plane of the disk with respect to the stars. This was of An interesting result that comes out of our model analysis is
course, evident from the prominent dust lanes. This mean vathe dust mass calculation. For the two galaxies analyzed in the
of z4/z4 is plotted as a horizontal dashed line. One can alpoevious papers (UGC 2048; Paper | and NGC 891; Paper Il)
notice that there is not a significant trenc:gfvith wavelength. we find a dust mass which gives a gas-to-dust mass ratio very
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Fig. 13.A typical model galaxy in the B-band shown at various inclirig. 14, Mapping of the optical depth as a function of the inclination
nation angles (which are indicated on top of each model). The fainig{gle. white regions show the optically thick parts of the galaxy (with
surface brightness level at the outer part of the galaxy is 25 mag/arcsec-, 1) while grey regions show the optically thin parts of the galaxy.

close to that derived for our Galaxy (the values of the dust ma¥tained within the galaxies. Strong support to this argument
for NGC 891 using the R* law profile becomes.6 x 107 Mg, (that vast amounts of cold dust exists in spiral galaxies) is now
while the gas-to-dust mass ratio is now 150). About the sar@&en by recent far infrared observations in longer wavelengths,
picture holds for the rest of the galaxies modelled in this paptere the cold dust is now seen in emission (Alton et al. 1998a,
A better picture of this is given in Fig. 11, where the gas mad§98b; Bianchi etal. 1998; Haas etal. 1998{ifel et al. 1998).
(top graph) and the dust mass (middle graph) are plotted (in Having calculated the values df, /Ay (see Sect. 4) for the
units of M) for each galaxy. For the dust mass (middle grapBplaxies modelled in this paper (NGC 891 valuesaig¢ry =

we give the model calculations (filled circles) as well as the cdl-23, x1/kv = 0.61, k;/ky = 0.25 andk g /ky = 0.10 for
culations using the IRAS data (open circles). The gas-to-diiée case where the'R' law is used), we are able to show how the
mass ratio (using the dust mass derived from the model) is aygdues of the relative extinction in each band is compared with
given for each galaxy (bottom graph). A mean value of this ratibe values derived for our Galaxy (Rieke & Lebofsky 1985).
is M, /M, = 360+ 160 (close to the value of 160 adopted for This is done in Fig. 12, where the values of the extinction ra-
our Galaxy, see Spitzer 1978; Sodroski etal. 1994) and is plottés A /Ay are plotted as a function of the inverse wavelength
as a horizontal dashed line in the last grafir.all the galaxies (1/A). Each symbol here represents a different galaxy as shown
we have found a dust mass about an order of a magnitude mit@ide the graph. One can see tti extinction law derived for
than that calculated using the IRAS fluxes, which proves the al{-the galaxies is in very good agreement with that measured
istence of a cold dust component that has gone undetected@your Galaxy, indicating a universal dust behaviour
IRAS.This is evident from the middle graph of Fig. 11, where

the two dust masses (the one calculated from our model aéwSummary

the other calculated using the IRAS fluxes) are directly com-

pared. Our extinction model though, being independent of thre this paper we have done the modelling of the dust and
dust temperature (both warm and cold dust contribute to the skellar content of five spiral galaxies (NGC 4013, IC 2531,
tinction of light), is able to calculate the whole amount of dusfGC 1082, NGC 5529 and NGC 5907). With the two galaxies
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that have already been analyzed in previous work (UGC 20BBinchi S., Alton P.B., Davies J.l., Trewhella M., 1998, MNRAS
and NGC 891), we are able to draw some general conclusions298, 49

and thus obtain a good picture of how a typical late-type spifapttema R., 1995, A&A 295, 605

galaxy looks like. Assuming that the dust and the stellar di§lettema R., 1996, A&A 306, 345

follow an exponential 3D distribution and that the bulge is d&"vzual G.A., Magris G.C., CalvetN., 1988, ApJ 333, 673

scribed by an?'/* law profile, the typical parameters (deriverg"’“’!es J:1., Trewhella M., Jones H., etal, 1997, MNRAS 288, 679
from the mean values) that describe the galaxy in the B-banavisbr‘:]'ilt't’eﬁlton P.B., Trewhella M., Bianchi S., 1997b, MNRAS,
arez, ~ 0.4 kpc, h, ~ 5.0 kpc andl, ~ 20 mag/arcsetfor Devereux N.A., Young J.S., 1990, ApJ 359, 42

the stellar disk andy ~ 0.5z; andhg ~ 1.4h, for the dust pjsney Mm.J., Davies J.1., Phillipps S., 1989, MNRAS 239, 939

disk. A mean B-band central face-on optical depth/iss 0.8. Domingue D.L., Keel W.C., White R.E., 1998, ApJ, submitted

For the bulge, being more dependent on the morphological typgémke M., Braine J., Krause M., et al., 1997, A&A 325, 124

of the galaxy, we consider the valugésa = 0.5 for the el- Florido E., Prieto M., Mediavilla E., Sanchez-Saavedra M.L., 1991,
lipticity, R, = 1.5 kpc for the effective radius anfl, ~ 12 A&A 242, 301

mag/arcsetfor the central edge-on surface brightness. Suctzpvanelli R., Haynes M.P., 1993, AJ 105, 1271

galaxy is shown in Fig. 13 in various inclination angles, ranég‘?ova“e"? R., Haynes M.P., Salzer J.J., etal., 1994, AJ 107, 2036
ing from exactly edge-on (90) to face-on (Oo) The faintest iovanelli R., Haynes M.P., _Salzer_J.J., et al., 1995, AJ 110, 1059
surface brightness level is 25 mag/arésé@ne thing that can Gomez de Castro A.l., Garcia-Burillo S., 1997, A&A 322, 381

. . Gonalez R.A., Allen R.J., Dirsch B., at al., 1998, ApJ 506, 152
clearly be seen is the existence of a dust lane down to alm8§£ham JA 1982 PASP 94 244

85°. The decrease in the optical diameter (going from edge-p0.s M. Lemke D.. Stickel M.. et al.. 1998. A&A 338. L33
to face-on) is also very obvious. This is the effect of integratingenyey | .G., Greenstein J.L., 1941, ApJ 93, 70

along larger paths of light in the edge-on configuration than ichtmeier W.K., Richter O.G., 1989, A general cataloglofobser-
the face-on one. In Fig. 14 we show how the “image” of the vations of galaxies. Springer-Verlag, New York

optical depth of such a galaxy varies with inclination angle. lJust A., Fuchs B., Wielen R., 1996, A&A 309, 715

each model-galaxy shown in this figure, the white regions shdtedaira K., Yamashita T., 1996, PASJ 48, 581

the parts of the ga]axy that are optica”y thick (Wfth> 1) Krugel E., Siebenmorgen R., Zota V., Chini R., 1998, A&A 331, L9
and grey regions show the optically thin parts of the galaxy. ftichinski L.E., Terndrup D.M., Gordon K.D., Witt A.N., 1998, AJ
is evident that the galaxy is optically thick, at least in the cen- 115, 1438

tral regions, down to almost inclination angleGf, while the Kylafis N.D., Bahcall J.N., 1987, ApJ 317, 637 (KB87)

alaxy becomes totallv transparent when viewed face-on Lequeux J., Guelin M., 1996, New extragalactic perspectives in the
9 y y P ) New South Africa. Kluwer Academic Publishers

Misiriotis A., Kylafis N., Papamastorakis J., Xilouris E., 1999, in prepa-

ration
n
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