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Propertie ss of dus t extinctio n 

Too be submitted to Astronomy & Astrophysics 

Co-authors::  T. de Jong, L. Hansen, H.U. N0rgaard-Nielsen 

Abstrac t t 

Wee have used multicolour  CCD surface photometry of 10 elliptical galaxies with large-scale dust 
laness or  rings to investigate the wavelength dependence of the dust extinction. In general, the 
extinctionn curves are found to run parallel to the Galactic curve of Rieke &  Lebofsky (1985). The 
rati oo of total to selective extinction Ry is found to range between 2.1 and 3.3, and are lower  on 
averagee than the canonical Galactic value of 3.1, implyin g that the "large"  dust grains—which 
aree responsible for  the extinction of optical light—are generally smaller  than in our  Galaxy. We 
showw that systematic effects concerning the location of the dust withi n the galaxy body, which 
mayy modify the observed extinction curves, do not change this conclusion. 

Wee have estimated the dust content of the lanes directly from total extinction values (e.g., 
Ay) ,, using the observed grain sizes. Extinction efficiencies of refractory grains and a grain size 
distributio nn are taken from the literature . The dust masses calculated using the total extinction 
valuess turn out to be up to 35% lower  than those calculated using the Galactic rati o of neutral 
Hydrogenn column density to EB-V colour  excess, showing that the effect of smaller  "large"  grain 
sizess on the total dust mass is significant. 

Wee find that the galaxies with Ry values (and, hence, characteristic grain sizes) that are 
smallerr  than in our  Galaxy have smooth, regularly distributed dust lanes, whereas the dust in 
galaxiess with "normal "  grain sizes is typically much more irregularl y distributed, e.g., in patches. 
Assumingg that the dust in these galaxies has an external origin, this suggests that the observed 
characteristicc dust grain size is determined by the time elapsed since the dust lane was accreted 
fromm outside. 

Followingg the current theoretical model calculations of formation timescales of regular  dust 
laness and rings in early-type galaxies, we predict that elliptical galaxies containing regular  dust 
laness with typical dust masses of 106 — 107 M© do not contain hot, X-ray emitting gas. 
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5.11 Introductio n 

Althoughh elliptical galaxies generally do not exhibit the large amounts of interstellar 
matterr  (ISM) typicall y found in spiral galaxies, it has recently become possible to detect 
variouss components of the ISM in elliptical galaxies (see, e.g., Roberts et al. 1991 and 
referencess therein; Goudfrooij  et al. 1994b). These studies have shown that the presence 
off  dust and gas in elliptical galaxies is the rul e rather  than the exception. 

Besidess detecting the interstellar  matter, we are interested in it s origin and fate since 
thi ss material is expected to hold clues to the formation and subsequent evolution of 
thee parent galaxies through both the physical properties and the dynamics of the gas 
andd dust. There are at least two possible sources of the observed ISM: accumulation 
off  material shed by evolved, mass-losing giant stars withi n the galaxy (e.g., Faber  & 
Gallagherr  1976, Knapp et al. 1992), and accretion of gas durin g galaxy interactions. In 
orderr  to systematically study the origin and fate of the ISM of elliptical galaxies we 
havee conducted a deep, systematic optical survey of a complete, blue magnitude-limited 
samplee of 56 elliptical galaxies drawn exclusively from the Revised Shapley-Ames Catalog 
off  Brigh t Galaxies (hereafter  RSA; Sandage &  Tammann 1981). Deep CCD imaging 
hass been performed both through broad-band filter s and through narrow-band filters 
isolatingg the nebular  Ha+[Nl l ] emission lines. The surface photometry and the isophotal 
propertiess of the sample galaxies are presented in Goudfrooij  et al. (1994a, chapter  3 
off  thi s thesis; hereafter  referred to as Paper  I) ; the optical images of dust and ionized 
gass can be found in Goudfrooij  et al. (1994b, chapter  4; hereafter  Paper  II) . Here we 
presentt  optical extinction curves of dust in elliptical galaxies with large-scale dust lanes 
andd estimate the dust mass associated with the obscured regions in these galaxies. 

I nn our  own Galaxy, the wavelength dependence of interstellar  extinction has been 
derivedd mainly through multicolour  photometry of individual stars for  which the intrinsi c 
luminosityy is known by means of their  spectral type (e.g., Johnson 1968). This "standard 
reddeningg law" *  has been found to be rather  uniforml y applicable in our  Galaxy in the 
opticall  and near-infrared wavelength range, and is described in Savage &  Mathi s (1979, 
hereafterr  referred to as SM) and Rieke &  Lebofsky (1985). Mathi s (1990) concludes in 
hiss review that the Galactic extinction curve from the far-infrare d to the UV is mainly 
aa function of Ry, defined as the rati o of the total visual extinction, A v , to the selective 
extinctionn between B and V, EB -y . In the following, we wil l therefore concentrate on the 
valuee of Ry. 

I nn external galaxies, it is usually not practical to use photometry of individual stars 
too derive the extinction curve. A variety of other  techniques has been used to determine 
thee value of Ry for  extragalactic dust. Most studies of spiral galaxies (e.g., Elmegreen 
1980;;  Keel 1983b; Walterbos &  Kennicutt 1988; Lequeux 1988; Knapen et al. 1991) 
havee reported values for  Ry which are remarkably similar  to the "canonical"  value in 
ourr  Galaxy, Ry = 3.1 (SM; Rieke &  Lebofsky 1985). This apparent invariance of Rv 

amongg galaxies cannot be expected a priori, since the physical properties of dust grains 
aree determined by many parameters which are expected to vary among the plethora of 
galaxies,, most notably the metal abundance and the history and initia l mass function of 
starr  formation. 

**  Although is is customary to refer  to this relation as a "standard law" , we consider  this incorrect since 
extinctionn in general depends heavily on, e.g., geometrical effects; we will hereafter  call this relation the 
"extinctio nn curve" 
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Althoughh early-type galaxies are in principl e quite suitable targets to study the ex-
tinctio nn properties of extragalactic dust in view of their  inherently smooth distributio n 
off  starlight , measurements are hampered by generally very low optical depths. The rela-
tivelyy scarce previous studies of the interstellar  extinction curve in individual early-type 
galaxiess mostly inferred smaller  Ry values than in our  Galaxy, indicating smaller  average 
dustt  grain sizes (cf. Warren-Smith &  Berry 1983; Brosch et al. 1985; Brosch &  Loinger 
1991).. This finding can be put into a broader  perspective since it is now known that a 
substantiall  number  of early-type galaxies are embedded in hot (~ 107 K) , X-ray emitting 
gass (e.g., Forman et al. 1985; Ki m et al. 1992a). The presence of this hot gas is expected to 
havee a profound effect on the dust grains, acting both as a destruction as well as a heating 
agentt  for  the dust at the same time. Specifically, proton and a-particles in the hot plasma 
destroyy the dust grains by sputtering (e.g., Barlow 1978; Draine &  Salpeter  1979a), while 
thee hot electrons are effective heating agents for  the dust (de Jong et al. 1990). 

Besidess being a useful tool for  studying individual galaxies, the study of dust in ellip-
ticall  galaxies may thus have an important broader  application. Specifically, the total dust 
contentt  as well as the physical properties of the dust grains (such as the extinction curve) 
mayy be a function of time and galaxy environment, and may provide a useful means of 
datingg dust lanes or  patches in elliptical galaxies. 

Followingg a short description of the galaxy sample (section 5.2), we investigate in sec-
tionn 5.3 the wavelength dependence of dust extinction in a selected subsample of elliptical 
galaxiess with large-scale dust lanes, using imaging data from our  optical survey. Analysis 
techniquess for  the derivation of extinction values are described, and potential effects of 
thee distributio n of dust withi n the galaxies which may modify the observed extinction 
curvess are discussed. In section 5.4 we derive dust masses from total extinction values 
too estimate the influence of different characteristic grain sizes as can be estimated from 
thee observed extinction curves. We discuss the derived characteristic grain sizes in the 
contextt  of typical timescales of destruction mechanisms for  grains in section 5.5. The 
mainn conclusions of this paper  are summarized in section 5.6. 

5.22 The galaxy sample 

Thee majorit y of the elliptical galaxies discussed in this paper  have been drawn from the 
(opticallyy complete) sample consisting of all galaxies with Bj- < 12 denoted E in the RS A 
(cf.. Paper  I) . This magnitude limi t was chosen in accordance with the sample of Jura 
etet al. (1987) to ensure total coverage of coadded flux densities measured by IRAS, and 
coincidess with the completeness limi t of the RSA. The galaxies in this sample (hereafter 
calledd the "RSA sample") are listed in Table 3.1 (in chapter  3 of this thesis), along with 
theirr  assumed distances, magnitudes, sizes, and morphological classifications of both the 
RSAA and the RC2 (de Vaucouleurs et al. 1976) catalogs. We also include here a number 
off  elliptical-lik e galaxies with prominent nearly edge-on dust lanes or  rings from the list 
off  Hawarden et al. (1981), specifically observed with the aim of studying the physical 
propertiess of the dust. Relevant observational parameters of these dust-lane galaxies are 
listedd in Table 5.1. 
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Tablee 5.1. Basic parameters of dusty early-type galaxies 

Galaxy y 

(1) ) 

NGCC 1947 
NGCC 5266 

ICC 4320 
NGCC 5626 
NGCC 7625 

BT BT 

[mag] ] 

(2) ) 

11.65 5 
12.08 8 
13.65 5 
13.98 8 
12.76 6 

B% B% 

[mag] ] 

(3) ) 

11.50 0 
11.50 0 
13.52 2 
13.47 7 
12.67 7 

Vhd d 
[kms-1] ] 

(4) ) 

1289 9 
3110 0 
6739 9 
6845 5 
1633 3 

MMB°B°T T 

[mag] ] 

(5) ) 

-20.56 6 
-22.47 7 
-22.13 3 
-22.21 1 
-19.90 0 

Teff f 

H H 
(6) ) 

38 8 
39 9 
33 3 
26 6 
13 3 

Phot. . 

ref. . 

(7) ) 

1 1 
1 1 
2 2 
1 1 
1 1 

«hel l 
ref. . 

(8) ) 

1 1 
1 1 
3 3 
4 4 
1 1 

NotesNotes to Table 5.1. 

Thee total blue magnitudes of the galaxies are listed in columns (2) and (3); the latter 
aree corrected for foreground extinction and K-corrected. The radial heliocentric 
velocitiess are listed in column (4). The absolute blue magnitudes are listed in column 
(5),, assuming H0 = 50 km s"1 Mpc- 1. The effective radii of the galaxies (in arcsec) 
ass derived from our surface photometry are listed in column (6). Column (7) lists 
thee literature source from which the photometric data were taken, and column (8) 
listss the literature source from which the radial velocity data were taken (1 = Third 
Referencee Catalog of Bright Galaxies (RC3, de Vaucouleurs et al. 1991); 2 = this 
paper;; 3 = Warren-Smith & Berry 1983; 4 ~ Sharpies et al. 1983) 

5.33 Acquisition and analysis of optical images 

5.3.11 Select ion of su i table galaxies 

Too determine extinction curves, we selected the galaxies with the most prominent, ex-
tendedd dust lanes or patches from the RSA sample (cf. Paper I I) . We also included the 
elliptical-likee galaxies with large-scale, nearly edge-on dust lanes listed in Table 5.1. We 
notee that there is strong evidence for an external origin of the dust for the majority of the 
ellipticall  galaxies under study here: kinematical studies using long-slit spectroscopy show 
thatt the ionized gas which is associated with the dust is dynamically decoupled from the 
stellarr velocity field of the galaxy, i.e., in rapidly rotating disks at random orientations 
withh respect to the (apparent) major axis of the galaxy (Demoulin 1969; Raimond et 
alal 1981; Möllenhoff 1982; Sharpies et al 1983; Caldwell et al. 1986; Möllenhoff fc Bender 
1989;; Ki m 1989; Goudfrooij 1994a). Moreover, the large-scale dust lanes associated with 
thee galaxies studied here often show warps or transitions from regular disks or rings in 
thee centre to irregular distributions in the outer regions (e.g., NGC 1947; NGC 5266). 

5.3.22 C CD observat ions and reductions 

Thee CCD imaging observations of the galaxies in the RSA sample have been performed at 
variouss telescopes of the European Southern Observatory (ESO) and at the 1.0-m Jacobus 
Kapteynn Telescope of the La Palma Observatory (LPO). The used filters were Johnson 
BB and V and Cousins I. We avoided the use of the R filter in view of potential problems 
duee to the strong emission lines of Ha A 6563 and [Nll]AA6548 , 6583 which emit in that 
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Tablee 5.2. Observing log for  dusty ellipticals 

Galaxyy Run / Tel. 

(1)) (2) 

NGCC 1947 Oct 87 / 1.54 
Octt  91 / 0.91 

NGCC 5266 May 90 / 1.54 

ICC 4320 May 90 / 1.54 

NGCC 5626 May 9 0 / 1 . 54 

NGCC 7625 Aug 8 7 / 2 . 20 
Octt  91 / 0.91 

BB image 

texpp PSF 

[sec]]  FWHM e 

(3)) (4) (5) 

27000 1.35 0.088 

720(2)) 1.77 0.094 

15000 1.36 0.015 

27000 1.39 0.093 

36000 1.35 0.026 

VV image 

texpp PSF 

[sec]]  FWHM e 

(6)) (7) (8) 

9000 1.38 0.023 

120(3)) 1.83 0.048 

420(2)) 1.48 0.058 

480(2)) 1.39 0.119 

9000 1.21 0.026 

11 image 

t « pp PSF 

[sec]]  FWHM  e 

(9)) (10) (11) 

1500(3)) 1.59 0.172 

150(3)) 1.68 0.062 

360(2)) 1.65 0.086 

360(2)) 1.48 0.070 

1500(2)) 1.65 0.077 

NotesNotes to Table 5.2. 
Inn column (2): Observing run and telescope used (see Table 3.2). The subsequent columns 
listt  the exposure times in seconds and the Point Spread Function (PSF) parameters FWHM in 
arcsecc and ellipticit y e for  the B, V and I images, respectively. The numbers in parentheses in 
columnss (3), (6), and (9) represent the number  of exposures made in the given passband 

wavelengthh region. For  details concerning the telescopes used, the instrumentation, the 
reductionn of the CCD images, and the observation log, we refer  the reader  to Paper  I. 

Thee CCD imaging observations of the early-type galaxies with prominent, nearly edge-
onn dust lanes from the list of Hawarden et al. (1981) were performed durin g the same 
observingg runs as for  the RSA sample. An observing log for  the dusty galaxies is given 
inn Table 5.2. For  NGC 1947, 5266 and 7625, additional narrow-band imaging of the 
Ha+[Nl l ]]  emission-lines was performed durin g runs Aug 87b, Oct 87, and May 90 (cf. 
Tablee 3.2) in order  to compare the distribution s of dust and ionized gas. Al l three galaxies 
weree exposed for  60 minutes through two ~ 100 A (FWHM ) wide filters: one centered 
att  6600 A containing the redshifted Ha and [N n] AA6548, 6583 lines and one centered at 
69000 A containing continuum light only. The data reduction procedure and the continuum 
subtractionn method for  the narrow-band imaging are described in detail in Paper  II . 

Multipl ee images taken through the same filter  were averaged after  sky subtraction. 
Thee used averaging procedure removes cosmic ray hits in the individual images as well. 
Cosmicc ray hit s in single images were removed by identification of pixel values exceeding 
aa local 5<r  threshold and replacement by a median value which was determined over  the 
nearestt  7 x 7 pixel box. These specific parameters were found to yield the best result 
afterr  judgement by eye. The final B, V, and I images were subsequently aligned by 
measuringg the centroids of stars in the common field of view and rebinning to a common 
coordinatee system. This alignment procedure involves scaling, translation and rotation , 
andd introduces a small smearing of the images (amounting to less than one pixel, however). 
Finally ,, the B, V, and I images of each galaxy were smoothed by convolving with elliptical 
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Gaussianss to match the PSF of the image with the worst seeing. 

5.3.33 Analysis techn iques 

Too determine the extinction in the different passbands, one has to compare the actually 
observedd light distribution from the target with that expected in the absence of dust. In 
thee case of galaxies with dust lanes which seem to be distributed asymmetrically with 
respectt to the galaxy nucleus (e.g., skewed dust lanes), this can be done by relying on the 
assumptionn that the stellar light distribution is symmetric with respect to the nucleus 
(e.g.,, Warren-Smith & Berry 1983; Brosch et al. 1985; Knapen et al 1991). In the case 
off  early-type galaxies, another method consists of fitting ellipses to the light distribution, 
i.e.,, assuming the galaxy isophotes to be intrinsically elliptical (e.g., Sparks et al. 1989; 
Broschh & Loinger 1991; N0rgaard-Nielsen et al 1993). Comparison of the purely elliptical 
modell  images with the observed images then allows the selection of locations where dust 
iss residing. While the assumption of purely elliptical isophotes is usually valid to a very 
highh degree, recent CCD surface photometry has uncovered small stellar disks within 
manyy galaxies classified as E (cf. Bender et al. 1989; Paper I and references therein), 
affectingg the accurate measurement of dust extinction in regions occupied by the stellar 
disks.. Here we wil l make use of the latter method if possible, as detailed below. 

5.3.S.15.3.S.1 Generation of "extinction" maps 

Ellipsess were fitted to the isophotes of the galaxy images using the GALPHOT ellipse 
fittingfitting package, running within the IRAF  ̂ image processing system. The elliptical fits can 
bee made with the position angle, ellipticity, and centre of the ellipses as either free or fixed 
parameterss (see for details J0rgensen et al. 1992; Paper I) . For the present study, we let all 
thesee parameters be free if applicable (see below). Before the model fits were executed, 
imagee pixels occupied by foreground stars and neighbouring galaxies were flagged and 
ignoredd in the further analysis. After a succesful fitting procedure, model images with 
purelyy elliptical isophotes are reconstructed from the fit. Model intensities of individual 
imagee pixels are reconstructed by a fourth order polynomial fit  to the radial intensity 
profilee of the elliptical fit. 

AA first fit to the data was used to derive a initial map of the dust distribution. This map 
wass then inspected and regions of the image where isophotes were significantly distorted 
byy dust were flagged. A second fit to the data was made whereby the flagged pixels were 
rejectedd in order that the fitted ellipses accurately describe the underlying stellar light 
distribution.. In some cases this second fit was made using a fixed centre for the fitted 
ellipses,, derived from the average centre of the outer (apparently dust-free) isophotes. 
Thiss proved necessary because of occasional relatively high percentages of rejected pixels 
inn the dusty inner regions of some galaxies (e.g., NGC 4696, 7625). The final model 
imagess were subsequently used to create "extinction" maps at each wavelength A, e.g., 

A ^ - M l o g f - ^ - )) (5.1) 
VA ,, model/ V ' 

'IRAF'IRAF is distributed by the National Optical Astronomy Observatories, which is operated by the 
Associationn of Research in Astronomy, Inc., under cooperative agreement with the National Science 
Foundation,, U.S.A. 
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wheree I stands for the ADU count level of an individual image pixel. Note that absolute 
fluxflux calibration is not necessary for this purpose. 

5.3,3.25.3,3.2 Colour-index maps 

Colourr index (B—V, V—I, B—I) maps were also created from the reduced broad-band 
images.. We note that it is quite crucial to have a proper determination of the sky back-
groundd to create reliable colour-index maps. The sky background values were calculated 
byy fitting a power law to the outer parts of the radial intensity profiles as measured by 
thee GALPHOT package. For typical elliptical galaxies, this method has been shown to 
providee sky values with an accuracy of order 0.1% (cf. Paper I). The resulting radial colour 
profiless were visually checked for their behaviour at the edges of the field of view, since in-
correctt sky subtraction in one or more passbands will result in sudden 'jumps' in a colour 
profile.. For the galaxies in the RSA sample, the colour index maps have been presented 
inn Paper II . The dusty ellipticals from the Hawarden et al. (1981) sample were processed 
inn the same way. The final colour index maps were used to check the distribution of dust 
onn the final extinction maps, and to calculate dust masses (cf. section 5.5). 

5.44 Extinctio n curves 

Mapss of the dust extinction in the galaxies in our sample derived as described above are 
presentedd in Appendix A. To investigate the quantitative properties of the dust extinction 
inn each individual galaxy, we set up masks for each galaxy covering the regions in the 
"extinction""  maps obviously occupied by dust. We excluded the nuclear regions (radius r 
&&  5"), since the elliptical model fits were mostly unreliable in that region due to the effect 
off  seeing. Numerical values for A*  (A — B, V, I) were then extracted within the masks 
forr independent, rectangular boxes, comparable in size with the seeing disk. The scatter 
withinn each box was used to estimate the uncertainty associated with the extinction values. 
Thee selective extinction values or colour excesses EB-V> EV-I> and EB-I were derived from 
thee local AA values. Linear regressions between the different extinction values (e.g., A,, 
Aj )) were calculated; the best-fitting slopes were assigned to be the average of the slope 
off  A, versus Xj and the reciprocal slope of Aj versus A;. The best-fitting slopes of 
thesee regressions (and their associated uncertainties) were subsequently used to derive 
thee average extinction curve for the areas occupied by dust. For some galaxies it proved 
necessaryy to deviate slightly from the procedure described above. These cases are detailed 
beloww in section 5.4.1, where the results for individual objects are described. The resulting 
valuess of RA and their uncertainties are listed in Table 5.3. For comparison, the RA values 
off  the Galactic "law" are also listed. Finally, Figures 5.1-5.10 show the derived extinction 
curves,, compared with the Galactic curve. 

5.4.11 Descriptions for  individua l galaxies 

NGCNGC 1947. Galaxy with prominent dust lane orientated parallel to the minor axis of the 
galaxy,, accompanied by several fainter dust lanes (see, e.g., Sadler 1984a). Our 
B—II  image (cf. Appendix A) reveals even more, faint dusty filaments, essentially 
coveringg most of the northern part of the galaxy image. The dust lane system is 
accompaniedd by ionized gas rotating with 0 km s_1 (Möllenhoff 1982), and the 
angularr momentum vector of the gas is orthogonal to that of the stars (Bertola 
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etet al 1992), providing important evidence for an external origin of the dust and 
gas.. The Ha+ [N l l ] image reveals a regular disk-like distribution of the ionized 
gas,, centered on the galaxy nucleus. The emission is more intense on the SW side 
off  the nucleus, presumably due to obscuration by the dust lanes on the NE side 
off  the nucleus. We assume the gaseous disk to be intrinsically symmetric in the 
contextt of the following discussion. The spectrum shows the emission lines of Ha, 
[Nil ]]  A A 6548, 6583, and [Sll] AA6716, 6731, with intensity ratios typical of LINERs 
(cf.. Appendix B) 

Byy comparing our colour index maps with the extinction maps created by means 
off  the ellipse fitting procedure, we rendered the latter not useful since apart from 
thee main dust lane, hardly any sign of the other dusty regions was revealed in the 
extinctionn maps. Masking out the whole dusty region (as revealed by our B - I map) 
forr the elliptical fits did not prove useful either since this leaded to a percentage 
off  masked image pixels that was too large to be handled properly by the elliptical 
fittin gg routine. To determine the extinction curve for this galaxy, we made use of 
thee asymmetric position of the dust lanes with respect to the galaxy nucleus, i.e., we 
reliedd on the fact that the stellar light distribution of the galaxy is symmetric under 
reflectionn through the nucleus whereas the dust distribution is not. We firstly rotated 
thee images to let the main dust lane run horizontally across the image. The position 
off  the nucleus was determined by a Gaussian fi t to the central intensity profile of 
thee I image (in which the effect of dust absorption is smallest). Assuming the centre 
off  the galaxy to be at position (x,y) = (0,0), the values AA can be determined as 
follows: : 

A **  = E ~2-5 (l°Sh{xi,yj) -lo&hi-xit-y,)) *W{xt,y3) (5.2) 

wheree I\{x,y) represents the average intensity of a rectangular pixel box at a 
displacementt x,y from the nucleus, and W(x,y) is a weighting function (with 
£»\jj  W(xi,yj) — 1). The latter was chosen to be proportional to the average EB - i 
valuee of the box, and to the local signal-to-noise ratio in the image. We also applied 
aa "flat" weighting function, e.g., to determine whether the extinction curve varies 
overr the dust lane area, but no significant variation was found. As in the case of 
thee elliptical fi t method, all data within 5 arcsec from the nucleus were ignored. 

NGCNGC 4125. Apart from a major axis dust lane which is warped in its outer parts, this 
galaxyy features a prominent stellar disk along its major axis (cf. Paper I) . This 
hamperss a proper determination of the true dust absorption, since the excess light 
fromm the stellar disk is found to partly coincide with the dust lane region. The 
colourr index images show no apparent colour difference between the disk and the 
surroundingg regions of the galaxy, at least within 0.005 magnitudes in EB_v- To 
determinee the average extinction curve for this galaxy, we therefore only considered 
thee regions in the dust lane which were clearly situated outside the stellar disk. 
Thee maximum extinction in that region is however rather low (slightly over 0.1 mag 
inn B). The extinction curve measured for NGC 4125 is found to quite similar to 
thee Galactic curve, although marginally more concave, as shown in Fig. 5.2. The 
dustt lane is associated with a rotating disk of ionized gas, showing a LINER type 
spectrumm (Ki m 1989; Paper I I) . 
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NGCNGC 4278. This galaxy exhibits a system of dust patches on the northern side of the nu-
cleus,, out to 25" from the centre (cf. Paper II ; Ebneter et al. 1988). The elliptical fits 
weree performed without apparent problems. In view of the asymmetric distribution 
off  the dust patches, we also determined extinction values by comparing the intensi-
tiess in the boxes occupied by dust with that in a box positioned on the opposite side 
off  the nucleus, cf. the case of NGC 1947 mentioned above. This exercise yielded the 
samee result (within the uncertainties). NGC 4278 is a source of strong Ha+[Nll] 
emissionn with disk-like distribution and kinematics (Paper II ; Demoulin-Ulrich et 
al.al. 1984). The emission-line spectrum is prototypical for a LINER. The maximum 
extinctionn in the northern dust patches amounts to AB ~ 0.15 mag. However, there 
iss no sign of obscuration in the Ha+[Nll] image (cf. Paper II) , suggesting that the 
dustt patches are located (at least partially) behind the ionized gas. The extinction 
curvee measured for NGC 4278 (Fig. 5.3) shows no significant deviations from the 
Galacticc curve. 

NGCNGC 4374, Skewed, extended dust lane in central region (see also Hansen et al. 1985; 
Kimm 1989; Paper II) . The dust lane is associated with a rapidly rotating disk of 
ionizedd gas with a LINER spectrum. The elliptical fits were performed without 
problemss after masking out the dust lane region. The maximum extinction in the 
dustt lane amounts to AB ~ 0.3. We only have B and I images available for this 
object;; our extinction curve was therefore determined by first normalizing to EB- I; 
aa ratio EB- I /EB-V = 2.25 (appropriate to Galactic dust) was used to normalize to 
EB-V.. The resulting extinction curve of NGC 4374 (Fig. 5.4) runs parallel to the 
Galacticc curve, with slightly lower R values. 

NGCNGC 4589. Extended dust lane along the apparent minor axis of the galaxy, which was 
easilyy masked out for the elliptical fits. The maximum extinction in the dust lane is 
slightlyy over 0.4 mag in B. Also in this galaxy, the dust lane is associated with ionized 
gass with a LINER-type spectrum. A detection of  12CO (J = 1 - 0) line emission 
fromm the nuclear region of NGC 4589 has been reported with an associated H2 mass 
off  (9 ) x 107 M 0 (Sofue & Wakamatsu 1993), providing evidence for the presence 
off  star forming regions. However, the line width at zero intensity (FWZI) of the CO 
linee is found to be 105 km s_1, which is significantly lower than the rotation velocity 
off  the dust lane (~ 200 km s"1, cf. Möllenhoff k Bender 1989). Thus the molecular 
gass is probably situated in the nucleus only, whereas our extinction measurements 
havee been performed outside the central region. The extinction curve (Fig. 5.5) 
showss no significant deviations from the Galactic curve. 

NGCNGC 4696. Prominent, peculiar dust lane shaped like a one-sided spiral (e.g., J0rgensen 
etet al. 1983, Sparks et al. 1989), associated with Ha+[Nll] emission with a LINER 
typee spectrum. The final elliptical fit for this galaxy had to be made using a fixed 
centree of the ellipses in view of a large percentage of pixels that had to be rejected 
inn the dusty central regions. The maximum absorption reached is Av ~ 0.3 which is 
somewhatt lower than that reported by Sparks et al., but similar to the value found 
byy j0rgensen et al. (1983). The extinction curve (Fig. 5.6) is very similar in shape 
too the Galactic curve, with a slightly lower Ry value (Ry = 2.8). 
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NGCNGC 5266. This elliptical galaxy has a prominent dust ring along the minor axis (see 
alsoo photographs in Tohline et al 1982; Caldwell 1984b; Varnas et al. 1987). The 
distributionn of ionized gas is shown in Appendix A. Apart from strong emission from 
thee nucleus, the ionized gas is distributed in a ring, contrary to previous assumptions 
madee to interpret the gas kinematics (e.g., Caldwell 1984b). The ring of ionized gas 
iss clearly associated with the dust ring. Our long-slit spectrum (taken along PA 
19°)) reveals emission-line intensity ratios typical of LINERs in the nucleus, whereas 
thee ionized gas in the ring has an HI I region-like spectrum, providing evidence for 
starr formation in the ring (cf. Appendix B) 

Wee could not achieve an adequate elliptical fit for the central region of this galaxy 
sincee masking out the whole dusty region (as revealed by our B—I map) leaded to a 
percentagee of masked image pixels that was too large to be handled properly by the 
ellipsee fitting routine. We have therefore only determined extinction values outside 
thee main dust ring—thereby avoiding the star formation regions as well—, where 
thee elliptical fit  was made without apparent problems. The resulting extinction 
curvee (Fig. 5.8) is somewhat more concave than the Galactic one. 

ICIC 4320. Prominent, extended dust lane along the apparent minor axis of the galaxy. 
Long-slitt spectra taken along the position angle of the dust lane show no compelling 
evidencee of emission lines (Goudfrooij 1994a). The extinction curve of the dust in 
thiss galaxy has previously been studied by Warren-Smith k Berry (1983) who as-
sumedd the dust lane to be on one side of the nucleus only, using symmetry arguments 
(cf.. the case of NGC 1947, see above) to derive the extinction. We find, however, 
thatt the lane extends somewhat to the other side of the nucleus as well, prompting 
uss to employ the "elliptical fit  method" (after masking out the dust lane region). 
Thee fits were made without apparent problems. The maximum extinction reached 
inn the well-ordered dust lane is AB ~ 0.5 mag, similar to the estimate of Warren-
Smithh & Berry. The measured average extinction curve for this galaxy shows a 
linearr variation of extinction with inverse wavelength, with a slope approximately 
equall  to that of the Galactic curve. We find a value Rv of 2.1, in good agreement 
withh the result of Warren-Smith & Berry, who found Ry = 1.9. 

NGCNGC 5626. This galaxy features a fairly regular dust ring which is mainly seen on the 
NEE side of the nucleus (cf. also Sharpies et al 1983). The visible part of the dust 
ringg was carefully masked out before the final elliptical fit  was made. The maximum 
extinctionn reached is AB ~ 0.35 mag. The average extinction curve (Fig. 5.9) shows 
thatt the dust extinction varies rapidly with wavelength, becoming negligible at the 
II  band. The ratio of total to selective extinction is small, Ry = 2.2. 

NGCNGC 7625 - Arp 212. This early-type galaxy has been classified as either Ep or SAap. 
Thee CCD images of this galaxy reveal a complex inner structure with both bright 
andd dark spots. The outer isophotes are well described by ellipses. The colour 
indexx images (cf. the pictures in Appendix A) reveal several blue spots just North 
off  the nucleus. Furthermore, regions with dust absorption are present, the most 
prominentt of which are a dust "bar" south of the nucleus (running along PA ~ 125°), 
andd a curved dust lane extending from the bar to the North-East. Considerable 
substructuree is apparent within the dusty regions. The central region of the galaxy 
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iss also severely entangled with patchy dust. Our Ha+[N l l ] image reveals that the 
gaseouss emission has a complex distribution. The regions with the highest intensities 
aree found on the North and West of the nucleus. The emission region covers the blue 
spotss North of the nucleus. The major part of the dusty regions as described above 
alsoo lie within the emission region. The spectrum of the ionized gas in NGC 7625 
iss found to be typical of H l l regions (cf. Appendix B). Hence, there is significant 
evidencee for star formation in the dust lanes. 

Wee have used the "elliptical fit  method" to derive the underlying stellar light dis-
tributionn of this galaxy. After a first fi t to the data, regions of the image where 
isophotess were most significantly distorted (either by dust or by excess emission) 
weree flagged for the subsequent (final) fit. We had to use a fixed centre for the 
ellipticall  fits of the B and V surface brightnesses, since the dust patches near the 
nucleuss caused overlapping ellipses during the fitting procedure, caused by different 
fittedfitted centres for subsequent ellipses. The centre was therefore assigned to be the 
centrall  position of the galaxy in the I image (as determined by a Gaussian fit to 
thee intensity profile), where the effect of dust absorption is smallest. To determine 
thee extinction curve in this galaxy, we only considered rectangular boxes within the 
"dustt bar" and the curved dust lane as described above, since these features show 
upp prominently in the extinction maps at each passband. 

Thee measured average extinction curve for NGC 7625 (Fig. 5.10) is very similar to 
thee Galactic curve, the value of Rv being 3.3. The extinction curve for dust in this 
galaxyy was studied before by Brosch & Loinger (1991). They used a similar tech-
nique,, but did not give information concerning regions that were flagged during the 
ellipticall  fits in the different passbands. Their results for the B, V and I passbands 
weree slightly different from ours (e.g., their Ry = 2.8  0.1), though they arrived 
att the same conclusion, i.e., that the extinction curve is not significantly different 
fromm the Galactic one. 

5.4.22 Potent ial sys temat ic error s 

5.4-2.15.4-2.1 Star formation in the dust lane 

Thee derivation of the dust extinction using the elliptical fit  procedure described above 
iss not free of potential pitfalls. One point to be addressed is the possibility of star 
formationn in the dust lane, since spatially extended Ha+[Nl l ] emission has been found 
too be associated with the dust in many of the galaxies studied in this paper (cf. Paper 
II ;; Buson et al. 1993; Ki m 1989; Sharpies et al. 1983). Spectroscopy of the regions with 
ionizedd gas reveals emission-line intensity ratios which are mostly typical of low-ionization 
nuclearr emission-line regions (LINERs, Heekman 1980; Ki m 1989; Paper II) . LINERs are 
typicallyy found in galaxies of early Hubble type (Heekman 1980). 

Despitee many efforts during the last decade, the excitation mechanism of LINERs 
ass a class is still a highly controversial issue. Many mechanisms have been proposed 
thatt reproduce the available data on emission-line intensity ratios quite well, e.g., cooling 
flows,flows, shock heating, photoionization by very hot Wolf-Rayet stars and early-type O stars 
inn a dense medium (see, e.g., the reviews of Heekman 1987 and Filippenko 1993). Since 
theree is morphological as well as kinematical evidence for an external origin of the gas 
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Figur ee 5.1 (upper  left) . The extinction curve for JVGC 1947 (solid line). For com-
parison,parison, the Galactic curve is also drawn (dashed line) 

Figur ee 5.2 (upper  right) . As Fig. 5.1, for NGC 4125 

Figur ee 5.3 (lower  left) . As Fig. 5.1, for NGC 4278 

Figur ee 5.4 (lower  right) . As Fig. 5.1, for NGC 4374 

inn the elliptical galaxies studied here, the shock heating model (see, e.g., Shull fe McKee 
1979)) may well offer a viable proposition for the excitation mechanism since cloud-cloud 
collisionss occur naturally when gas (from e.g., a small, gas-rich companion galaxy) has 
beenn captured by the massive elliptical and slowly, dissipatively settles into a disk (e.g., 
Gunnn 1979; Lake & Norman 1983). Another plausible mechanism that has been found 
too reproduce the excitation level of ionized gas in ellipticals is photoionization by the 
radiationn field of post-AGB stars (Binette et al. 1994). We therefore do not regard the 
presencee of (extended) ionized gas in the galaxies in our sample as compelling evidence for 
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Figur ee 5.5 (upper  left) . As Fig. 5.1, for NGC 4589 

Figur ee 5.6 (upper  right) . As Fig. 5.1, for NGC 4696 

Figur ee 5.7 (lower  left). As Fig. 5.1, for NGC 5266 

Figur ee 5.8 (lower  right) . As Fig. 5.1, for IC 4320 
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starr formation. However, it is energetically possible that (part of) the Ho+[Nl l ] emission 
iss due to ionization by hot stars (see, e.g., de Jong et al. 1990; Goudfrooij et al. 1990). 

Somee objects in our sample do show direct evidence for star formation through H II 
region-likee spectra and/or the presence of molecular gas (cf. section 5.4.1). 

Lightt emitted by young massive stars within the dust lane would be bluer than in the 
surroundingg parts of the galaxy. Since the dusty areas are ignored in the elliptical fits, the 
extinctionn as we have measured it is a lower limit , especially at the shorter wavelengths. If 
att all, the real extinction curve would thus be somewhat more concave than the measured 
one.. We note however that we have carefully avoided measurements in regions in which 
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Figur ee 5.9 (left) . As Fig. 5.1, for NGC 5626 

Figur ee 5.10 (right) . As Fig. 5.1, for NGC 7625 

evidencee for current star formation has been found, if possible (cf. section 5.4.1). 

5.4-2.25.4-2.2 Dust located within the galaxy 

Inn studies of the extinction curve of dust in our Galaxy, all matter responsible for the 
extinctionn is assumed to be in front of the light source. In the case of dust lanes or patches 
inn galaxies however, the dust may be expected to be located within the stellar body, 
whichh may have a significant impact on the resulting extinction curve. To illustrate this 
phenomenon,, we consider below effects of an idealized, optically thin layer of absorbing 
dustt which is partly located behind the light sources in the line of sight, on the observed 
extinctionn curve. This problem has been treated somewhat differently for the case of M31 
byy Walterbos & Kennicutt (1988). The intrinsic extinction of the dust is assumed to 
followw the Galactic extinction curve as tabulated by Rieke & Lebofsky (1985). 

a)a) Presence of foreground stars 

Wee assume the dust to be a coherent, geometrically as well as optically thin layer embed-
dedd in the galaxy. Let the total luminosity emitted by stars at wavelength A in the area 
off  the dust lane be Lx,.. If we define x\ to be the fraction of light emitted at wavelength 
AA by stars in front of the dust, the total luminosity observed from the dusty region is 

^A.efff  = L\,,x\ + LX]»(l - Xx)e~T>~ 

wheree rA is the optical depth of the dust at wavelength A. Since radial colour gradients in 
ellipticall  galaxies are generally small (e.g., Franx et al. 1989; Peletier et al. 1990a; Paper 
I) ,, it is reasonable to neglect the wavelength dependence of xx and set xx = x. Thus the 
observedd extinction at wavelength A can be expressed as 

AA,efff = - 2 .5 log (—J = -2 .5 log (z + (1 - x)e~T") (5.3) ) 
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Thiss expression should be compared with the "normal" case of dust in front of the light 
source,, A*  = —2.5 log(e_TA). The implied effect of various fractions of light emitted in 
frontt of the dust on the Galactic extinction curve is illustrated in Fig. 5.11 for, e.g., a 
dustt layer with Ay = 0.5 mag which is a typical value for dust lanes in elliptical galaxies. 
Ass can be seen, the RA values are increasing with increasing fractions x. Also, the slope 
off  the curve in the optical part of the spectrum is seen to increase slightly. The larger the 
valuee of Ay, the stronger the effects of foreground stars are found to be. 

b)b) Homogeneously mixed dust and stars within the dusty regions 

Anotherr interesting (albeit idealized) case is that of dust grains which are uniformly mixed 
withh the stars in the dusty regions. With this assumption, the optical depth of dust is 
proportionall  to the pathlength along the line of sight. Let L\ be the total luminosity 
off  the area of the dust lane at wavelength A, and T\ the total optical depth of dust at 
wavelengthh A. We define <L\>  = L\jr\  as the average luminosity per unit optical depth 
off  dust, which in this case is equal to the average luminosity per unit length along the 
linee of sight. Hence the effective (observed) luminosity at wavelength A is 

LLxx,df,df = r<L x>e-rUr'x = ^ (l - e"^) , 
JOJO T\ 

leadingg to the effective extinction at wavelength A 

AA,efff = -2 ,5 log ( ^ ) = - 2 .5 log ( ^ p ) (54) 

whichh is to be compared with A\ — —2.5 l o g ( e- n ) for dust in front of a light source. 
Thee implied effect of a homogeneous mixture of stars and dust in the dusty regions on 
thee Galactic extinction curve is illustrated in Fig. 5.12 for dust layers with Ay = 0.5, 1.0, 
andd 2.0 mag. We see that also in this case, RA values are increased with respect to the 
standardd Galactic extinction curve, the effect being stronger for larger values of Ay. 

c)c) Forward scattering in the dusty regions 

Wee have also considered the possibility that part of the light from the dust lanes or 
patchess could be due to scattering of light from the stars in the galaxy. This has been 
shownn to have a potentially significant effect on the photometric properties of disks of 
spirall  galaxies (Bruzual et al. 1988; Disney et al. 1989). However, we think scattering is 
unlikelyy to be important in the present case of dust lane ellipticals. Consider the following: 
Forr a total optical depth of dust less than unity, the amount of scattered light increases 
stronglyy towards shorter wavelengths where the dust albedo is higher (e.g., Mathis 1990). 
Therefore,, partial restoration of surface brightness "lost" by dust absorption wil l prefer-
entiallyy occur at the shorter wavelengths. This would lead to apparently lower extinction 
valuess towards the blue, making the extinction curve "flatter" than the Galactic curve. 
Thiss is contrary to the majority of our results; a hint of this effect is only provided in 
thee case of NGC 5266 (cf. Fig. 5.7). Moreover, recent model calculations of the transfer 
off  radiation within a spherically symmetric geometry containing stars and dust clouds 
(Wit tt et al. 1992) show that the amount of scattered light is relatively small, e.g., I9/Io 
==  0.03 for a total extinction Ay — 0.25 (which is a typical value for the galaxies in our 
sample,, cf. section 5.4.1), whereby Ia is the intensity of scattered light, and I0 is the total 
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Figur ee 5.11. The influence of light sources between the dust and the observer on 
thethe observed extinction curve. A total extinction of Av = 0.5 is assumed. The 
solidsolid line represents the standard Galactic extinction curve. The long-dashed curve 
isis for x — 0.25, the short-dashed curve is for x = 0.50, and the dotted curve is for 
xx = 0.75, where x is the fraction of light emitted in front of the dust. 
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Figur ee 5.12. The influence of dust which is homogeneously mixed with stars in 
thethe line of sight on the observed extinction curve. The solid line represents the 
standardstandard Galactic extinction curve. The long-dashed curve is for a total extinction 
ofof Ay = 0.5, the short-dashed curve is for Ay = 1.0, and the dotted curve is for 
AAvv = 2.0 
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Tablee 5.3. Extinction curves: regression fits, grain size reduction factors 

Galaxy y 

(1) ) 

NGCC 1947 
NGCC 4125 
NGCC 4278 
NGCC 4374 
NGCC 4589 

NGCC 4696 
NGCC 5266 

ICC 4320 
NGCC 5626 
NGCC 7625 

Galaxy y 

RB RB 

(2) ) 

3.688 4 
4.333 0 
4.199 9 
3.700 4 
4.455 9 

3.800 7 
3.622 5 
3.055 4 
3.055 3 
4.366 5 

4.10 0 

Rv Rv 

(3) ) 

2.700 4 
2.744 3 
3.199 8 

— — 
3.255 2 

2.800 7 
2.733 7 
2.088 4 
2.155 3 
3.277 5 

3.10 0 

Ri Ri 

(4) ) 

1.233 3 
1.555 5 
1.188 8 
1.455 6 
1.722 4 

1.444 9 
1.911 4 
0.899 3 
0.644 2 
1.611 3 

1.86 6 

<a>/a<a>/aGaï Gaï 

(5) ) 

0.822 0 
0.966 6 
0.999 5 
0.866 9 
1.022 4 

0.900 3 
0.944 3 
0.755 5 
0.711 0 
1.000 5 

NotesNotes to Table 5.3. 

Columnss (2) to (4): RB = AB/EB-v, Rv = Av/EB-v, Ri = AI/EB_V*  Column (5) 
listss the relative characteristic (mean) grain radius with respect to that responsible for 
thee Galactic curve. The latter  quantity is calculated by shifting the observed extinction 
curvee along the (1/A) axis unti l the best match with the Galactic curve is obtained (cf. 
sectionn 5.4.3) 

unextinguishedd intensity. Finally , recent models of galactic disks containing stars and 
dustt  which include the effect of multipl e scattering of light (Bruzual et al. 1988) indicate 
R\R\ values which are clearly larger than the canonical Galactic value of 3.1 (e.g., Rv = 5.3 
forr  a nearly edge-on disk with TV = 0.3, cf. Table 3 of Bruzual et al. 1988), contrary to 
whatt  is observed in the dust lanes of elliptical galaxies in our  sample. This indicates that 
thee effect of scattering is negligible compared to the effect of the grain size (cf. below). 

5.4.33 Interpretat io n of ext inct ion curves 

AA glance at Figs. 5.1-5.10 and Table 5.3 shows that the RA values in the dusty ellip-
ticall  galaxies in our  sample are generally lower  than those of the Galactic extinction 
curve.. Assuming that the chemical composition of dust particles in these galaxies are— 
onn average—similar  to those of the ISM in our  Galaxy, this implies that the average dust 
particl ee size is smaller  than in our  Galaxy. In view of the fact that the influence of fore-
groundd light and/or  forwar d scattering is to increase the TL\ values, i.e., to make the dust 
particless appear  larger than average, seems to indicate that they really are smaller. 

Ann attempt has been made to estimate the characteristic particl e size relative to that 
responsiblee for  the Galactic curve. A clue to this is provided by the extinction efficiencies 
(Q(Qee)) of spherical dielectric grains (e.g., Greenberg 1968). As customary, we express the 
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sizee of a grain in terms of the (dimensionless) parameter x defined by 

2ira 2ira 

**  = -T< 
wheree a is the grain radius. For very small grains (x < 1), Qe ex A - 4 (Rayleigh scattering); 
whenn x ^ 1, Qe oc A - 1; finally, Qe levels oft asymptotically to about twice the geometrical 
crosss section of the grain (e.g., van de Hulst 1957). Since the extinction curve in the 
opticall  part of the spectrum varies proportional to A - 1, Qe is proportional to x. For a 
givenn Qe, an observed increase in 1/A of a given extinction curve compared to the Galactic 
curvee is thus equivalent to a decrease in the characteristic particle size a*. The estimated 
relativee characteristic grain sizes (i.e., with respect to that responsible for the Galactic 
curve)) were thus calculated by shifting the observed extinction curves along the (1/A) axis 
untill  the best match with the Galactic extinction curve was achieved. The uncertainty 
off  the resulting characteristic grain size was derived from the standard deviation of the 
resultss from the three different bandpasses. Results are listed in Table 5.3. 

5.55 Dust masses derived from extinction values 

5.5.11 D u st m a ss f rom co lour excesses 

Previouss estimates of the dust mass in elliptical galaxies from optical extinction integrated 
overr the extinguished areas of the galaxy images (e.g., J0rgensen et al 1983; Hansen et 
al.al. 1985, 1991; Véron-Cetty k Veron 1988; Goudfrooij et al 1990) have usually been 
performedd using the ratio of neutral Hydrogen column density to colour excess in our 
Galaxy, , 

NNHH = 5.8 x 1021 EB -v atoms cm"2 (5.5) 

(Bohlinn et al. 1978). However, dust masses calculated using this method require an 
assumptionn about the value of the gas-to-dust ratio in ellipticals. Since HI has only been 
detectedd in very few ellipticals (see Roberts et al 1991), a reliable characteristic value for 
thee global gas-to-dust ratio in ellipticals is not available. Hence, this is usually taken to 
bee similar to the one in our Galaxy (i.e., Mgta/Md = 100), but this is highly uncertain in 
vieww of the expected differences in metallicity and star formation history between elliptical 
andd spiral galaxies. Furthermore, the extinction curves of dust in ellipticals (cf. section 
5.4)) indicate characteristic grain sizes that are often different from that reponsible for 
thee average Galactic extinction curve. I t is thus more desirable to estimate the dust 
massess directly from total extinction values instead of colour excesses. This can be done 
ass follows. 

5.5.22 D u st m a ss f rom t o t al ex t inc t ion va lues 

Forr a given grain size distribution function n(a), the cross-section for spherical particles 
att wavelength A can be written as 

ttaa+ + 
C«t(A)) = / Qext(a, A) ira2 n{a) da (5.6) 

**  Strictly speaking, this method only works properly if the form of the particle size distribution function 
(e.g.,, Mathis et al. 1977) is constant. This seems to be a fair (first order) assumption since the extinction 
curvess of the galaxies in our sample generally run approximately parallel to the Galactic curve. 
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(see,, e.g., Spitzer 1978), where a_ and a+ represent the lower and upper cutoffs of the grain 
sizee distribution, respectively, and Qext(a?A) is the extinction efficiency at wavelength A. 
Thee total extinction in magnitudes at wavelength A can then be written as 

AAxx = 1.086 C«t(A) x ldy (5.7) 

wheree ld is the length of the dust column in the line of sight. The dust column density 
Ejj  [g cm-2] is 

Sdd = / + ^a3pd n(a) da x ld (5.8) 

wheree pd is the specific grain mass density. Hence, dust masses can be estimated from 
thee measured Ay values by making sensible assumptions for a_, a+, n{a) and Qv(a). 

Severall  grain models invoking different size distribution functions and mixtures of 
chemicall  compositions have been proposed in the literature, all of which reproduce the 
averagee Galactic extinction curve quite well. Mathis et al. (1977) obtained a good fit 
inn the optical and near-infrared part of the spectrum using a two-component mixture of 
graphitee and silicate grains. They employed a grain size distribution function n(a) oc a-3 ,5 

inn the range 0.005 /im < a < 0.22 /im (see also Draine & Lee 1984). This model was 
howeverr challenged by Greenberg & Chlewicki (1983) in view of the discrepancy between 
thee Mathis et at. model and the observed UV and far-UV part of the extinction curve. 
Greenbergg & Chlewicki proposed a grain model involving refractory cores and volatile 
icyy mantles, with "large", ~ 0.1/«n grains mixed with grains of size ^ 0.01/tm. Finally, 
Wittt (1979) inferred a size distribution function including very small particles using UV 
scatteringg data. 

Sincee quite different grain models seem to yield about equally good fits to the Galactic 
extinctionn curve, it seems fair to state that even in our own Galaxy, the precise grain 
propertiess are not known with a great deal of confidence. In the present case of elliptical 
galaxies,, the information about grain properties is restricted to the extinction in the 
opticall  part of the spectrum, which is produced by the large (a ~ 0.1 /im) grains only. We 
wil ll  therefore restrict ourselves to a simple parametrization of the size distribution and 
extinctionn efficiencies of grains. 

Wee employ the size distribution of Mathis et al. (1977), i.e., 

n(a)n(a) - n0 a
- 3 5 (o_ < a < a+), (5.9) 

wheree a_ = 0.005 /im and a+ = 0.22 pm in the case Rv = 3.1 (cf. Draine & Lee 1984). 
Smallerr values of Rv are well reproduced by decreasing the upper size cutoff (a+) of the 
distributionn (cf. Steenman & Thé 1989). Since the characteristic grain size as derived 
fromm the optical extinction curve refers to grains at the upper end of the size distribution, 
wee assign 

o++ = <O>/OG»I x 0.22/xm 
a__ = 0.005 fita 

usingg the values of <a>/aQa\ from Table 5.3. 
Ass to the extinction efficiencies, we consider published values of spherical grains that 

aree composed of either graphite or "dirty" silicates, with equal abundances (see, e.g., 
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Joness & Merrill 1976; Jura 1982; Draine 1985). Concentrating on the V band extinction 
values,, we parametrize Qext as 

Qut.aUicatee = 0.8 a/a,i i ica tc for a < aaa ica te 

== 0.8 for a > aaiiicate ? and 

Qext,graphitee = 2.0 a / a ^ p h ^ for a < apiiphi it. 

== 2.0 for a > ag raph i te 

withh agiiicate = 0.1 fim, and a^ph ê = 0-05 fim. The extinctions were integrated over 
thee image areas occupied by dust lanes and/or patches in the galaxies. Total extinction 
valuess Ay were calculated from colour excesses using the average Rv values listed in Table 
5.3.. For the galaxies from the RSA sample which contained small central dust lanes only 
(cf.. Paper I I) , Rv = 3.1 was assumed. The dust masses computed using this method 
(designatedd MdjAv) are listed in Table 5.4, along with the dust masses computed by 
meanss of eq. [5.5] (designated MdjEBV) for comparison. In the case of Rv = 3.1, the dust 
massess computed using total extinction values turn out to be only slightly different from 
thosee using colour index values: MdyAv/MdfEB_v = 1.05. However, MdiAv/Md}Eg_v = 
0.666 for IC 4320, which has the lowest value of Rv in our sample (Rv = 2.1). Thus, the 
effectt of smaller dust grains on the total dust mass is quite significant. 

5.66 Discussion 

Ass mentioned before, Ry values of the dust extinction in dust lanes in elliptical galaxies 
are—inn most cases—smaller than the canonical value in our Galaxy, implying character-
isticc grain sizes which are up to 30% smaller in radius compared to that responsible for 
thee Galactic extinction curve. In what follows we attempt to put this in perspective by 
consideringg potential mechanisms that might have acted to reduce the size of grains in 
dustt lanes in elliptical galaxies. 

Drainee k Salpeter (1979b) found that for our Galaxy, sputtering in supernova (SN) 
blastt waves is probably the dominant destruction mechanism. However, they employed 
thee Tammann (1977) rate of SN explosions in galaxies, which is a factor £ 70 higher 
thann the most recent estimates for early-type galaxies. Using the model of Draine & 
Salpeterr concerning SN explosions in a two-phase medium (cold dense clouds embedded 
inn a coronal intercloud medium of low density) which is supposed to be most appropriate 
too the present case of elliptical galaxies, and converting their results for the grain lifetimes 
too those appropriate to the most recent estimate for the rate of SN explosions in early-type 
galaxies, , 

life) yr '' <5 1 1> 
(Cappellaroo et al. 1993, converted to H0 = 50 km s"1 Mpc- 1) , we obtain a lifetime of 
1.44 x 109 (L B /1010 L^y1 yrs for 0.1 pm refractory grains (e.g., graphite and silicate), 
whilee the lifetime for pure H 2 0 ice grains is a factor of about 1.5 shorter. 

Anotherr important cause of grain destruction is turbulence (i.e., low-velocity [vshock £> 
600 km s~ ] shocks) in the dust lane regions, in which case sputtering and grain-grain 
collisionss may occur. According to Draine k Salpeter (1979b), the combination of both 

(5.10) ) 

RSNRSN = 0.58 x 10' 
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Tablee 5.4. Estimated masses of dust 

Galaxy y 

(1) ) 

RV V 

(2) ) 

«*>/<*G« / / 

(3) ) 

l o 88 MA,EB-v 

(4) ) 

ll°fL°fL MMd,Ad,Av v 

[M®] ] 

(5) ) 

NGCC 1407 
NGCC 2974 
NGCC 3136 
NGCC 3377 
NGCC 3640 

NGCC 3962 
NGCC 4125 
NGCC 4278 
NGCC 4374 

ICC 3370 

NGCC 4486 
NGCC 4494 
NGCC 4589 
NGCC 4696 
NGCC 5044 

NGCC 5576 
NGCC 5813 
NGCC 6482 

ICC 1459 
NGCC 7507 

3.10 3.10 
3.10 3.10 
3.10 3.10 
3.10 3.10 
3.10 3.10 

3.10 3.10 
2.74 4 
3.19 9 
2.70 0 
3.10 3.10 

3.10 3.10 
3.10 3.10 
3.25 5 
2.80 0 
3.10 3.10 

3.10 3.10 
3.10 3.10 
3.10 3.10 
3.10 3.10 
3.10 3.10 

Early-typee ga 

NGCC 1947 
NGCC 5266 

ICC 4320 
NGCC 5626 
NGCC 7625 

2.70 0 
2.73 3 
2.08 8 
2.15 5 
3.27 7 

1.00 1.00 
1.00 1.00 
1.00 1.00 
1.00 1.00 
1.00 1.00 

1.00 1.00 
0.96 6 
0.99 9 
0.86 6 
1.00 1.00 

1.00 1.00 
1.00 1.00 
1.02 2 
0.90 0 
1.00 1.00 

1.00 1.00 
1.00 1.00 
1.00 1.00 
1.00 1.00 
1.00 1.00 

axiess with 

0.82 2 
0.94 4 
0.75 5 
0.71 1 
1.00 0 

3.47 7 
4.94 4 
4.77 7 
3.98 8 
4.29 9 

4.65 5 
5.52 2 
4.35 5 
4.49 9 
5.53 3 

3.16 6 
3.91 1 
4.90 0 
5.69 9 
4.36 6 

3.51 1 
3.97 7 
4.02 2 
5.26 6 
5.00 0 

large-scalee dust lane! 

5.93 3 
6.35 5 
6.84 4 
6.67 7 
6.38 8 

3.49 9 
4.96 6 
4.79 9 
4.00 0 
4.31 1 

4.67 7 
5.54 4 
4.38 8 
4.44 4 
5.55 5 

3.18 8 
3.93 3 
4.94 4 
5.66 6 
4.38 8 

3.53 3 
3.99 9 
4.04 4 
5.28 8 
5.02 2 

t t 

5.87 7 
6.31 1 
6.65 5 
6.48 8 
6.40 0 

NotesNotes to Table 5.4. 
Columnn (2) lists the Rv values of the 
dustt  in the galaxies, and column (3) 
listss the characteristic dust grain size 
relativee to that responsible for  the 
Galacticc extinction curve. Numbers 
inn Italic font indicate that Galactic 
dustt  grains are assumed, and numbers 
inn Roman font indicate measured val-
ues.. Column (4) lists the dust masses 
estimatedd from the colour  excess val-
ues.. Dust masses estimated from the 
totaltotal extinction values are listed in 
columnn (5) 

mechanismss leads to a grain lifetim e of ~ 3x 108 yrs for  0.1 fim refractor y grains, and about 
100 times shorter  for  pure ice grains. However, these numbers are quite uncertain since 
theyy depend heavily on the maximum velocity of the shocks (e.g., the standard 'quiescent' 
cloudd parameters of Spitzer  (1968) give typical relative cloud velocities of 20 k m s - 1 , 
whichh would lead to lifetimes which are two orders of magnitude longer  according to 
Fig.. 4 of Barlow (1978)). Spectroscopy of emission line regions associated with extended, 
smoothh dust lanes in elliptical galaxies (Goudfrooij  1994a) shows that random motions are 
smalll  compared with typical rotation velocities of 200 km s_ 1, i.e., comparable with the 
resolutionn limi t of the observations which is typicall y about 50 km s^1. Thus a lifetim e 
beloww 109 yrs for  0.1 (im refractor y grains seems rather  unlikely. 

Anotherr  plausible destruction mechanism in the dust lane ellipticals is sputtering by 
thermall  ions, since the dust lanes in the galaxies in our  sample are generally associated 
wit hh "warm "  ionized gas which has a typical gas temperature of 104 K (Paper  II ; this 
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paper).. For volatile grains of radius 0.1 fim, the lifetime is typically at least 109 yrs at this 
temperature,, while the destruction rate for refractory grains is negligible (Barlow 1978). 

Inn addition to "warm" gas, a substantial number of luminous elliptical galaxies are 
foundd to be embedded in a "hot" (T ~ 107 K) coronal gas, with typical electron densities 
off  10"2 c m- 3 (e.g., Roberts et al. 1991). Sputtering of grains in this kind of environment 
leadss to a typical grain lifetime of 107 yrs (Draine k Salpeter 1979a), making it the 
mostt effective destruction mechanism for dust grains in ellipticals. However, the current 
knowledgee about the general occurrence of this hot coronal gas in elliptical galaxies is 
limitedd to the observations performed by the EINSTEIN satellite (Giacconi et al. 1979), 
whichh mainly concerns bright, nearby ellipticals (cf. Fabbiano et al. 1992). Of the present 
samplee of ellipticals with large-scale dust lanes, NGC 4374, NGC 4589, and NGC 4696 are 
thee only galaxies observed (and detected) by EINSTEIN. Of these galaxies, NGC 4374 and 
NGCC 4696 have been found to contain hot gas (Forman et al. 1985; Matilsky et al 1985). 
NGCC 4589 is only marginally detected, and its low X-ray to optical luminosity ratio 
indicatess that the X-ray emission is likely due to stellar X-ray sources within the galaxy, 
i.e.,, there is no compelling evidence for the presence of hot gas (cf. Ki m et al. 1992b). No 
X-rayy observations have been reported to date of any other galaxy in the present sample 
accordingg to the NED database5. 

Fromm the above we conclude that if hot gas is not generally present in elliptical galaxies 
withh extended dust lanes, the most effective destruction mechanisms for refractory grains 
aree sputtering and grain-grain collisions in low-velocity shocks, and sputtering in SN-
drivenn blast waves. Adopting the Cappellaro et al. (1993) rate of SN explosions, the 
resultingg lifetime of 0.1 fim silicate grains is about 1.4 x 109 yrs. 

Lif ee times of silicate dust grains against destruction are longer for smaller dust grains, 
e.g.,, by a factor of ~ 1.5 for 0.01 fim grains compared to 0.1 fim grains (Draine & Salpeter 
1979b).. Assuming that the dust lanes in the galaxies in our sample are accreted from a 
companionn galaxy and that no significant replenishment of dust has occurred in the lanes 
sincee the accretion process took place, one would thus expect that both the total mass 
off  dust and the characteristic grain size in the dust lanes gradually drop with time since 
thee dust in the lane was accreted. However, the total amount of dust accreted during 
thee galaxy interaction is unknown and possibly differs significantly from galaxy to galaxy, 
preventingg a quantitative estimate of the "age" of a given dust lane. 

Wee have at tempted to find a relation between the characteristic dust grain size and 
thee destruction rate of dust in the galaxies in our sample. In Fig. 5.13 we show the 
relationshipp of the masses of dust within the lanes (cf. Table 5.4) with the blue luminosities 
perr unit surface area of the dust lane ellipticals. The surface area was calculated from 
thee effective radii of the galaxies (cf. Tables 3.1, 5.1). Since the dust lanes typically lie 
withinn an effective radius from the galaxy centres, this ratio should be proportional to the 
destructionn rate due to, e.g., supernova blast waves. As Fig. 5.13 shows, no significant 
relationn is present between these parameters. It is remarkable, however, that the galaxies 
withh small dust grains contain the higher amounts of dust in the lanes, which may be due 
too the ingestion of a more massive companion galaxy. 

AA probably more meaningful indication of the "age" of a given dust lane is provided 
byy its overall morphology (see, e.g., Tohline et al. 1982). Interestingly, all galaxies in our 

sThee NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory , Cal-
iforni aa Institut e of Technology, under  contract with the National Aeronautics and Space Administratio n 
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Figuree 5.13. The relationship of the dust content of the dust lanes as derived from 
thethe extinction properties with the blue luminosity per unit surface area of dusty 
ellipticalelliptical galaxies. Open symbols represent dust lanes with a "normal" characteristic 
graingrain size (i.e., comparable with the canonical grain size in our Galaxy), and filled 
symbolssymbols represent dust lanes with characteristic grain sizes that are significantly 
smallersmaller than their Galactic counterparts. Elliptical galaxies containing hot, X-ray 
emittingemitting gas (in which the dust destruction timescale is 2 orders of magnitude 
shorter)shorter) are represented by "star" symbols. The NGC or IC designation of the 
galaxiesgalaxies are indicated below the symbols 

samplee with grain sizes that are significantly smaller than the Galactic dust grains have 
smooth,, regularly distributed dust lanes, whereas the dust in galaxies with "normal" grain 
sizess is typically much more irregularly distributed, e.g., in patches (cf. Appendix A; Paper 
II) .. This indeed suggests that the observed characteristic dust grain size is determined by 
thee time elapsed since the dust lane was accreted from outside. 

Ann excellent example which favours this suggestion is provided by the case of the 
X-rayy emitting giant elliptical NGC 4696. The position of the dust lane of NGC 4696 
inn Fig. 5.13 seems to be quite peculiar since the dust content of the lane is much larger 
thann expected in this hostile environment, whereas the extinction curve of the dust is not 
significantlyy different from the Galactic curve, i.e., the grain properties do not seem to 
havee been substantially modified. A plausible solution to this dilemma has been presented 
byy de Jong et al. (1990) who showed that the X-ray, optical and IRAS observations of 
NGCC 4696 can be explained in the context of an "evaporation flow" scenario. They 
suggestt that cool clouds of molecular gas and dust (captured during a recent collision 
withh a gas-rich companion galaxy, of order 108 yrs ago) are heated and evaporated by 
thermall  conduction in the X-ray plasma, locally cooUng the hot gas at the same time. 
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Sparkss et al. (1989) independently arrived at a similar picture based on an analysis of 
opticall  data alone. The filamentary structure of the dust lane of NGC 4696 is consistent 
wit hh this scenario involving a recent interaction in view of the formation timescale of 
smoothlyy distributed dust lanes or rings in galaxies (~ 1 — 5 Gyrs according to recent 
models,, cf. Sparke 1986; Steinman-Cameron & Durisen 1988; Christodoulou & Tohline 
1991;; Quinn 1991; Rix & Katz 1991; Steinman-Cameron 1991). Thus, one would not 
expectt to find dust lanes or rings with smooth, regular morphologies and kinematics in 
ellipticall  galaxies with substantial amounts of hot, X-ray emitting gas. In fact, we may 
predictt that elliptical galaxies with dust lanes containing 106 - 107 M 0 of dust do not 
containn hot gas. Analysis of the ROSAT all-sky survey data and future observations with 
e.g.,, the ASCA satellite may be used to test this prediction. 

5.77 Concluding remark s 

 We have used multicolour CCD surface photometry of 10 elliptical galaxies with 
dustt lanes or rings to investigate the wavelength dependence of the dust extinction. 
Inn general, the extinction curves are found to run parallel to the Galactic curve of 
Riekee & Lebofsky (1985). The ratio of total to selective extinction Rv is found to 
rangee between 2.1 and 3.3, and are lower on average than the canonical Galactic 
valuee of 3.1, implying that the dust grains which are responsible for the extinction 
off  optical light are generally smaller than in our Galaxy. 

 To estimate the effect of smaller dust grains on the total dust mass, we have derived 
massess of the dust within the lanes using two methods: 

1.. By means of the ratio of neutral Hydrogen column density to colour excess in 
ourr Galaxy, and 

2.. Directly from total extinction values (e.g., Ay) , using the observed grain sizes, 
thee Mathis et al. (1977) size distribution, and extinction efficiencies of refrac-
toryy grains taken from the literature. 

Thee dust masses calculated using the total extinction values turn out to be up to 
35%% lower than those calculated using the colour excess values, showing that the 
effectt of smaller "large" grain sizes on the total dust mass is significant. 

Inn the absence of hot, X-ray emitting gas, the typical timescale for destruction of 
0.11 fim refractory grains in elliptical galaxies is probably somewhat longer than 
1099 yrs, while sputtering in hot gas destroys dust grains on a timescale of ~ 107 

yrs.. Since sputtering preferentially destroys the larger grains, observed extinction 
propertiess can be used as an indication for the time elapsed since the dust was last 
substantiallyy replenished. 

 We find that the galaxies with Ry values (and, hence, characteristic grain sizes) 
thatt are smaller than in our Galaxy have smooth, regularly distributed dust lanes, 
whereass the dust in galaxies with "normal" grain sizes is usually much more irreg-
ularlyy distributed, e.g., in patches. This suggests that the observed characteristic 
dustt grain size is determined by the time elapsed since the dust lane was accreted 
fromm outside. 
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 Following the current theoretical model calculations of formation timescales of large-
scale,, regularly distributed dust lanes and rings in early-type galaxies, we predict 
thatt elliptical galaxies containing large-scale dust lanes with typical dust masses of 
1066 — 107 M 0 do not contain hot, X-ray emitting gas. 
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Appendixx A. Maps of dust and ionized gas in dusty elliptical s 

Inn Figs. 5.14-5.18 we present CCD images of the galaxies with large-scale dust lanes. 
Thee figures show, unless stated otherwise, a direct B-band image (top), the EB-I index 
(middle),, and an Ha+[NII] emission-line image with the continuum subtracted. For each 
galaxyy the images are aligned and on the same scale. North is up and east is to the left, 
exceptt for the images of NGC 1947 in which case the dust lane has been forced to run 
horizontallyy across the images; the position angle of the dust lane of NGC 1947 is 122°. 
Thee grey scale goes from low to high intensity in the emission-line images. The contour 
levelss are indicated in the captions for each image as: lowest level (step) highest level, 
orr by mentioning all contour levels separated by a comma. The levels are expressed in 
magg arcsec-2 for the EB-I images, and in units of 10~16 erg s"1 cm"2 arcsec-2 for the 
emission-linee images. 
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Figur ee 5.14 (left) . NGC 1947. Direct B image (top); EB-i (middle): 0.05, 0.1, 0.2, 
0.4,0.4, 0.8, 1.2; Ha+[NII]  (bottom): 0.6, 1.2, 2.4, 4.8, 9.6, 19.2, 38.4 

Figur ee 5.15 (right) . NGC 5266. Direct B image (top); EB_, (middle): 0.01, 0.025, 
0.05,0.05, 0.11, 0.22, 0.45; Ha+[NHJ (bottom): 2.2, 4.4, 8.8, 17.6, 35.2 
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Figur ee 5.16 (left) . IC 4320. Direct B image (top); EB _/ (middle): 0.05, 0.1, 0.2, 
0.3,0.3, 0.4, 0.6, 0.6 

Figur ee 5.17 (right) . NGC 5626. Direct B image (top); Av (middle): black = Av = 
0.45 0.45 



180 0 55 Properties of dust extinction 

15. 00 i 

-15. 00 i 

-15. 00 0. 0 
Arcse o o 

15. 0 0 

15.0 0 

0.0 0 

15.0 0 

..V
"-

-

j J iÉk k 

< ? v J | \ g g 

^UP3I I 

Ö^S? ? 
,, , i . * - . i 

\>* \>* 

bb~*si ~*si 

M^, , 

V .. t. C Q ( -

VV ^ W 

E2Bff  ^s> ^ 

xOxO  1 , "  , 

-15. 00 0. 0 15. 0 
Arcse o o 

15. 0 0 

SS 0. 0 

-15. 00 -

-15. 00 0. 0 
Arcse c c 

15. 0 0 

Figur ee 5.18. NGC 7625. Direct V image (top); EB-i (middle): 0.05, 0.1, 0.2, 0.4, 
0.8,0.8, 1.2; Hct+[NII]  (bottom): 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2, 102.4 



AppendixAppendix B. Emission-line spectra of dusty ellipticals 181 

Appendixx B. Emission-line spectra of dusty elliptical s 

Thee emission-line spectra of the dusty ellipticals which were not presented in Paper  II  are 
shownn in Fig. 5.19. 

Figur ee 5.10. (ON FOLLOWIN G PAGE) Emission-line spectra around Ha of the dusty 
ellipticalelliptical galaxies NGC1947, NGC 5266 (centre and dust ring), and NGC 7625. The 
galaxygalaxy designation is shown in the top left part of the spectra. The spectra of NGC 
52665266 have been transformed to zero redshift. The emission lines [O i] AA 6300, 6364, 
Ha,Ha, (Nn]AA6548, 6583, and [S n]AA6716, 6731 are shown. 
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