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Abstract. Aunified view of dust grains of all sizes and temperasmall dust grains and of macromolecules. The galaxy has also
turesin Centaurus A has been generated by combining ISOCA#Een optically imaged at the prime-focus of the 4-m Cerro Tololo
mid-infrared images with optical data. In our unified VB reflector, to probe the large dust grain distribution.
ratio image, a symmetrical bar-like structure and spiral arms of Indeed, the smallest dust grains (radii O.0Z and less)
size 1.5 kpc surround the nucleus. We have overlaid the (H-Which may transiently be very hot (up 401000 K) and readily
model colour map of Quillen et al. (1993) and find a strikingbserved by the Infrared Space Observatory in the mid-infrared,
correspondence with the ridges seen in emissigmiand the contribute little to the extinction at optical wavelengths. Mid-
dark lanes which they find in the near-infrared. The inferenagrared ISOCAM images (Cesarsky et al. 1996) do not trace
is that the morphology of large cold dust grains, responsible fie distribution of the large~{ 0.1um) grains, which however
the extinction at V, H and K, closely follows that of the hot dusiominate the extinction in visible light.
over the full projected 3kpc diameter of the mini-spiral galaxy. As reviewed by Greenberg & Li (19S6), the large (tenth mi-
From the spatial distribution of our V-18n map, we derive a cron) grains are essentiaywayscold; they would need to be
dust mass of approximately 24®1 ., similar to the dust mass placed at a remarkably short distance of only 0.1 parsec from
of the Triangulum galaxy NGC 598 (M33). A further intercomthe intense radiation of an O5 star before the ice would evapo-
parison of optical and ISO images reveals that the morphologte. Indeed, these large grains are typically too cold (40 K
of the warp of the central spiral may be optically traced: the coim the diffuse ISM, Block 1996) to be observed in emission
tours of an entire one half of the spiral lie on the same warpshortward of 10Q:m, so these dust grains were systematically
ridge as that found in optical photographs. missed by the Infrared Astronomy Satellite IRAS (see Sauvage
& Thuan 1994). Yet it is these grains which we see in any Atlas
Key words: galaxies: individual: NGC 5128 — ISM: dust, exphotograph of a dusty galaxy.
tinction — infrared: ISM: continuum — infrared: ISM: lines and  In order to probe the distribution of dust grains of all sizes
bands and temperatures, we have developed a unified method by com-
bining optical with ISOCAM mid-infrared images. An exam-
ple of this technique has already been applied to the Whirlpool
1. Introduction Galaxy M 51 (Block et al. 1997). Such a methodology shows the
large, cold dust grains in extinction and the very small hot grains
An object of intense astrophysical interest is our closest actijgd macromolecules in emission (negative extinction), so that
radio galaxy, Centaurus A (NGC 5128), only 3.25 Mpc distangptical minus mid-infrared imaging enhances all populations of

Its complex and intruiging optical structure was noted as eadyist grains and of macromolecules (Block et al. 1997).
as 1847 by Sir John Herschel, working at the Cape of Good

Hope. In theHubble Atlas Centaurus A is classified as the pos-
sible merger of an elliptical galaxy with a spiral galaxy, follow2- The V-15um morphology of Centaurus A

ing the earlier suggestion by Baade & Minkowski (1954) tha&ome of the most dramatic and chaotic dust lane morphologies
NGC 5128 represents two galaxies in collision. are to be found in optical photographs of our closest radio galaxy,

Centaurus A has been imaged with the Infrared Space Qisntaurus A. This is exemplified on Fi. 1 which represents an

servatory (ISO, Kessler et al. 1996) at wavelengths of 7 aggariay of ISOCAM LW3 15:m contours superposed on the
15um  (Mirabel et al. 1999), to reveal the emission of veny pang prime focus image of Centaurus A. The mid-infrared

Send offprint requests 1. Sauvage (msauvage@cea.fr) structure has been interpreted as tracing dust in a barred mini-
* Based on data obtained with 1SO, an ESA project with instrumerﬁ@irall galaxy (Mirabeletal. 1999), reformed fromthe interstellar
funded by the ESA member states (especially the PI countries: Frarﬂ?@,dwm of the accreted gala'xy.' o
Germany, the Netherlands and the United Kingdom) with the partici- In Fig[2 we present a ratio image, secured by dividing the
pation of ISAS and NASA. ISOCAM image by the optical one. The optical image was re-
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Fig. 1.A contour overlay of the 15m warped disk detected in emissionFig. 2.A V-15 umratioimage shows a unified view of macromolecules,
by ISOCAM on an optical V-band CCD image of Centaurus A, secur&@ry small grains and large dust particles at the centre of Centaurus A.
at the prime focus of the 4-m reflector at Cerro Tololo. North is ug\ Symmetrical disk structure of radius 1.5 kpc — colour coded orange-
and east to the left. The southern contours of the central warped digft — surrounds the nucleus. The disk, postulated to be the remnant of
strikingly follow the interface of optical extinction/emission both t@ small spiral galaxy involved in the merger with the giant elliptical,
the SE and NW over the full 3kpc projected diameter of the disk. contains both very small dust grains (detected in emission a5
by ISOCAM) and large cold dust grains, whose morphology is almost
identical to the dark lanes detected by Quillen et al. (1993) in their H-
K colour models. Other dust lanes which give Centaurus A its rather
binned and convolved with the ISOCAM LW3 point sprea@haotic appearance have no/irs emission counterpart and are colour
function as fully described Hy Block et al. (1997). Several keipded blue in this figure.
features in these figures are worthy of note:
Firstly, an inner disk-like structure of dust of radius
1.5arcmin (or 1.4 kpc at 3.25 Mpc) is clearly unveiled in our
V-15um image. The disk is bright, being deteciacemission detected in emission at 8%Mn and reported by Mirabel et al.
at 15um andin extinctionat V. It is quite symmetric, clearly (1999, see their Fig. 2).
showing the bar arms on both sides of the nucleus connecting toThere is a also a close similarity between the morphology
the spiral arms (see Mirabel et al. 1999). At the edges, the dafkthe disk seen in our V-1bm image and the warped disk
starts to warp. The western side of the bar shows less clearly th#erred from molecular gas CO(2-1) observations (eg. Fig. 10
the eastern side, possibly indicating that this is the far-side of theQuillen et al. 1992). These morphological considerations of-
structure (extinction will be less on the far-side thus breakirgr strong support — apart from kinematical data presented by
the symmetry of the emission structure). Mirabel et al. (1999) — to believe that this gas+dust structure
There is a striking correspondence with the bright structurespresents the disk of a mini-spiral galaxy reformed during the
seen in our Fid.]2 and the dark lanes which Quillen et al. (1993rger of a companion galaxy with the giant elliptical.
find in the H-K near-infrared regime, especially on the SE side, Inour V-15um image, very small dust grains have presum-
confirming that this should be the near side of the mini-spiralbly been subject to temperature spiking. There is a significant
The somewhat poorer agreement on the NW sides probaatyiount of UV emission from newly formed stars in the ionized
originates in the fact that modelling[in Quillen et al. (1993) didas disk (Marston & Dickens 1988, Nicholson et al. 1992) and
not take into account the existence of a bar structure in the dtls similarity with the molecular gas distribution likely indicates
disk, which introduces a strong asymmetry in the azimuthlat the dust seen in emission at i resides at the interface
distribution of the dust: on the NW side, most of the dust is af UV irradiated clouds.
the far-side of the disk, thus contributing little extinction (see Secondly: itis remarkable to see just how closely the south-
Fig.[d). Nevertheless, the rather good agreement between emismost contours of the diséllow the ridge of optical emission
sion and extinction structures suggests that the distributionbafth to the SE and to the NW over the full 3 kpc projected di-
large, cold dust grains in the disk (responsible for the extinameter of the disk. The southernmost sector of the disk of the
tion at V, H and K) should closely follow the morphology ofsmall spiral galaxy reformed in the merger can actually be opti-
hot grains detected in emission by ISOCAM. This is now indeally delineated: that there indeed has been a piling up of dusty
pendently confirmed by the SCUBA observations of cold dustaterial on the SE ridge is confirmed by dark lanes seen in the
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near-infrared images of Quillen et al. (1993, see especially thigiant increase in distance is very likely to be the reason why
Fig. 11). the north-eastern dust lane has no emission counterpart: at that
The presence of dark dustlanes atK is indicative of apprecaistance, heating by the stellar population of the giant elliptical
ble optical depths, since imaging at the K-band (24§ pen- is probably too low, and, since star formation activity, as traced
etrates dust ten times more efficiently than does visible lighty the ISOCAM emission, has ceased, internal heating sources
The various components of extinction have been recently sre absent.
viewed by| Bryant & Hunstead (1999) from NIR imaging and We can actually quantitatively check that cold dust can give
spectroscopy of the central 3@f the galaxy. They show thatrise to strong extinction feature while escaping submm detec-
extinction to the K-band point source is smaller than 10 magtion: if we assume a Galactic gas-to-dust mass ratio of 160, and
V, compatible with, for instance, the extinction that could bd /N (HI) = 5.34 1022 mag cnt from|Bohlin et al. (1978),
derived ¢~ 3 magnitudes in V) to the line of sight of SN1986Gve can compute the relation between the extinction and the
(Phillips et al. 1987). They also clearly demonstrate that tleenission. To simplifiy this computation, we use dust grains of
K-band source is unlikely to be the AGN itself, but rather dust single size, and a single density, emitting as modified black-
clouds located less than 20 pc away from it. This explains whydies. This gives:
much higher extinctions have been reported (e.g. 70 V mag from

X-ray studies, see the discussion in Packham et al. 1996): the — 1 9810~ ( Ey ) < P ) ( a )
latter likely samples the line of sight all the way to the AGN, ImJy.”=2 ) \10712 g.um=3 ) \ 1 um
while the former does not include that occuring in a very com- v -3 1

pact circumnuclear ring. (1011 Hz) (Qabs(V: a))

In the NW there is diffuse optical emission covering a sec- v 1K
tor of the 15:m emission, which could, in part, be attributed to {GXP (4-8 (m) <T>) - 1} 1)
forward scattering by dust grains, toward the observer, from
the central engine of Centaurus A. Other dust lanes which From the SCUBA 45@m image of Mirabel et al. (1990),
give Centaurus A its rather chaotic appearance have panl5we derive an upper limit for the flux in the dark lane region of
emission counterpart and are colour coded blue in[Fig. 2 (ti¥isnJy’2. Using a typical size of 0.am for the grains, and a
is specifically the case of the north-eastern dust lane whigmperature of 15K for the cold dust, known ranges of grain
forms the northern boundary of the optical dust lane). Nofgoperties (Draine & Lee 1984, Mennella et al. 1998), translate
that these regions also lack counterparts in the SCUBA mapsA,, of typically 5-20, amply enough to produce the very dark
of Mirabel et al. (1999). This is quite puzzling given their oplane observed in north-east side of the galaxy. This range of
tical appearance, and is worth elucidating. Indeed, lookingetinction values fits well with the fact that the NE dust lane has
the near-infrared maps of Quillen et al. (1993), one can see tbalors similar to the central dust lane (Quillen et al. 1993) and
the north-eastern lane is still detectable in the K-band imathet the extinction in the central region (excluding that occuring
and that it has a (J-K) color similar to that of the more cefin the immediate vicinity of the AGN) is210 mag in V (Bryant
tral dust lane that we also see in emission. Therefore the t@aHunstead 1999).
optical depths of the two lanes are likely of the same order of
magnitude and, were the cold dust temperatures to be of the ) )
same order, one would expect to detect the northern laneSn! '€ dust mass and survival of dust grains
the submillimeter. The answer most probably lies in the actual the merger event

three-dimensional location of the dust giving rise to that lang, s instructive to estimate the mass of dust associated with
i.e. it should be further away from the nucleus of Centaurus fhe mini-barred spiral. From our V-16n image, we estimate

As mentionned earlier, the current view of the dust structuretife thickness of the emission structures (bar and spiral arms)
Centaurus A presented by Mirabel et al. (1999) and supportgcthe 12 corresponding to only 190 parsecs. From Fig. 2 we
by the present paper does not contradict the geometrical mosigé that the spiral arms start at 1.5 kpc from the nucleus and
developped by Quillen et al. (1993). We can therefore use thgét all structures, bar and arms a¥200 pc wide. From Fig. 3
model to find the actual location of the northern dust lane. Agf Mirabel et al. (1999) we can see that the spiral arms subtend
cording tg Quillen et al. (199B) strong extinction will occur at least 45. If we use a surface atomic gas mass density of
folds in the warped disk or tilted rings structure. At these folds, 80 solar masses per square parsec (appropriate to an atomic
the line of sight becomes tangential to the structure, thus maptydrogen column density of 10?2 atoms cn12 as observed
mizing the optical depth of the dust. Using the parameters pggr van Gorkom et al. 1990) we derive an atomic hydrogen gas
sented by Quillen et al. (1993) we compute the angle betwe@ass of 1.4 108 solar masses. The uncertainty is a reduction by
the line of sight and the axis of the concentric rings as a functi@ifactor of~ 4: for a warped disk the line of sight can penetrate
of distance to the nucleus. Extremas in this function will signgde disk several times, and the actual HI surface density will
the presence of the folds we are searching for. We find two sugéthat many times le<s. Eckart et al. (1990) use a line-of-sight
extremas, the inner one corresponding to the inner dust lane fhfetration of four times. Furthermore, the integrated molecular
we also see in emission, and the second-eretimes further gas mass (Eckart et al. 1990) is almost identical to that of the
away, that gives rise to the north-eastern dust lane. This sigrifomic gas mass, so we derive a total combined atomic and
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molecular gas mass of 2808 solar masses. If we adopt aof [Quillen et al. (1993). We note that this correlation is much
canonical gas-to-dust ratio of 100, we derive a dust masshaftter in the SE side than in the NW side, indicating an asym-
0.7-2.8<10° solar masses. Such a dust mass is typical fomaetry in the distribution of the dust in the disk plane that is not
small spiral galaxy such as M33 or for dusty ellipticals. Typicaéken into account by the models. This asymmetry is very well
ranges in dust masses for bright nearby ellipticals detectedunderstood if the dust is distributed in a bar+arms structure as
IRAS are in the 16— 10° solar mass (Goudfrooij 1996). evidenced by Mirabel et al. (1999).

Our estimate for the dust mass excludes the mass of dustDetailed comparison of the emission and extinction struc-
grains found at larger galactocentric radii which have no IS@ires also reveal that the warp observed in the emission map
CAM emission component. It also excludes dust grains residesely follows the southern ridge of extinction, implying that
ing in the disk of the mini-barred spiral and responsible fahe plane of the mini-barred galaxy disk is nearly perpendicular
the diffuse emission seen in Fig. 1. This likely explains whip the plane of the sky on approximately 2-3 kpc.
our dust mass estimate is a factor~0f0 smaller than that of Finally a dust mass can be computed assuming that the
Mirabel et al. (1999) using IRAS and SCUBA data. These lattdust resides mostly in the bar+arms structure. The result,
instruments detect a larger fraction of the complete dust emis2x10° M, though compatible with the dust mass of a
sion, not only that residing in the bar+arms struture. small spiral or that found in elliptical galaxies, is markedly

Dynamical studies can be used to study the problem of dgshaller than that derived by Mirabel et al. (1999). We inter-
survival in a merger everjt. Nicholson et al. (1992) propose thaet this result as implying that a substantial amount of dust
the ionized gas disk has completed more than 10 rotations (eauattiffuse and resides in the disk of the mini-barred spiral galaxy.
~ 1 x 10® year at 3.0 kpc) since the merger event (Rix & Katz
1991). Itis believed (Nicholson et al. 1992) that the merger and
subsequent formation of the dust band occursed yr ago. A Acknowledgementdt is a great pleasure to thank Dr A. Walker at
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sence of shock induced destructive mechanisms is of the order

of 10° years and mergers would not destroy dust grains unless

very strong shocks are involved. Those grains which remaiaterences

in giant molecular clouds would in any case be shielded from

destructive processes (Greenberg, private communication). Baade W., Minkowski R. 1954, ApJ 119,215~
Block D. L. 1996, in New extragalactic perspectives in the new South

Africa, D. L. Block, J. M. Greenberg Eds., (Kluwer:Johannesburg),
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fully symmetric barred mini-spiral. This specific case illustrateSesarsky C. J., Abergel A., Agnese P., et al., 1996, A&A 315, L32
particulary well the importance of obtaining information on dufraine B. T., Lee H. M. 1984, ApJ 285, 89

grains of all sizes to clearly understand the large scale distritl¢kart A., Cameron M., Rothermel H., et al., 1990, ApJ 363, 451
tion of dust: if the spiral were to be seen face-on, the colunfimegreen B. G., Block D. L. 1999, MNRAS 303, 133

densities at equivalent galactocentric radii would then ess&pudfr_ooij P. 1996, in New extragalactic perspectives in the new South
tially be the same. However, if one tilts a barred spiral embedded Affica, D. L. Block, J. M. Greenberg Eds., (Kluwer:Johannesburg),
!n light Sourc.es. (stars and an ac.tlve. galactic nucleys), a bre&'éenberg J. M., Li A. 1996, in New extragalactic perspectives
in symmetry is introduced by projection effects as different po-

o . . . . . in the new South Africa, D. L. Block, J. M. Greenberg Eds.,
sitions on the spiral now lie at varying optical depths in the (Kluwer:Johannesburg), 118

line of sight. That an intrinsically symmetric dust distributiofkagsier M. F., Steinz J. A., Anderegg M. E., et al., 1996, AGA 315,
can produce an extremely asymetric dust lane has been clearly; o7
demonstrated by Elmegreen & Block (1999). Malin D. F., Quinn P. J., Graham J. A. 1983, ApJ 272, L5
In Centaurus A, we have shown that the V-15 bright strustarston A. P., Dickens R. J. 1988, AQA 193, 27
tures are very well correlated with the H-K model color mapgennella V., Brucato J. R., Colangeli L., et al., 1998, ApJ 496, 1058



76 D.L. Block & M. Sauvage: A unified image of dust grains in Cen A

Mirabel I. F., Laurent O., Sanders D. B., et al., 1999, A&A 341, 667Rix H. W., Katz N. 1991, in Warped disks and inclined rings around
Nicholson R. A., Bland-Hawthorn J., Taylor K. 1992, ApJ 387, 503 galaxies, S. Casertano, P. D. Sackett, F. H. Briggs Eds., (Cambridge
Packham C., Hough J. H., Young S., et al., 1996, MNRAS 278, 406  University Press), 112
Phillips T. G., Ellisson B. N., Keene J. B., et al., 1987, ApJ 322, L73auvage M., Thuan T. X. 1994, ApJ 429, 153
Quillen A. C., de Zeeuw P. T., Phinney E. S., Phillips T. G. 1992, AiSteinman-Cameron T. Y., Durisen R. H. 1982, ApJ 263, L51

391, 121 van Gorkom J. H., van der Hulst J. M., Haschick A. D., Tubbs A. D.
Quillen A. C., Graham J. R., Frogel J. A. 1993, ApJ 412, 550 1990, AJ 99, 1781



	Introduction
	The V-15,{unhbox voidb @x hbox {$mu $m}}xspace  morphology of Centaurus A
	The dust mass and survival of dust grainshfill penalty -@M in the merger event
	Conclusion

