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ABSTRACT

Using the Hubble Space Telescope we have observed at 10 pc resolution the nuclei of a luminosity-limited
sample of 14 E and E/SO galaxies in the Virgo Cluster with magnitudes Br=9.4 to 13.4. In this paper we
present the images, and discuss the results of the detailed analysis of the surface photometry given in two
companion papers. We find that the nuclear and near-nuclear morphologies confirm and strengthen the
previously recognized dichotomy of “E” galaxies into “true” and “disky” subtypes. The latter, usually
classified E4 or later, often show a bright nuclear disk of radius ~100 pc. Essentially all early-type galaxies
with —18>M p>—20 are disky. Most true E galaxies are classified E4 or earlier. Most galaxies of both
types show dust in the nuclear regions, the most remarkable example being a compact dust disk in NGC
4261. Other than dust, no anomalies were detected in the centers of the three galaxies in our sample which
show clear kinematic evidence for a decoupled component.

1. INTRODUCTION

Numerous studies over the last decade have revealed el-
liptical galaxies to be far more complex than their outwardly
bland and symmetrical morphologies would suggest. Rather
than the ancient, homogeneous, and almost purely stellar
systems which were anticipated from the traditional picture
developed by Hubble and Baade, they are now often found to
contain a substantial interstellar medium, multiple, discrete
dynamical components, and stellar populations with a wide
range of ages. Much, though not all, of this complexity ap-
parently originates in tidal encounters, accretion events,
mergers, or other interactions between galaxies and their en-
vironments. Recent reviews on the structure of ellipticals,
their interstellar media, their stellar populations, and the role
which may be played by interactions can be found in Kor-
mendy & Djorgovski (1989), Roberts etal (1991),
O’Connell (1994), and Barnes & Hernquist (1992), respec-
tively. Additionally, the statistical frequency of active nuclei
in the form of QSOs and radio galaxies at higher redshifts
led to the realization that most nearby ellipticals should har-
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bor massive black holes, if these are indeed the engines
which drive nuclear activity (e.g., Rees 1984; Kormendy
1993). These central masses may contribute to the morpho-
logical complexity of their hosts.

The properties of the outer envelope of an elliptical gal-
axy are not as strongly affected by its evolutionary history as
its nuclear regions. At the distance of the Virgo Cluster, for
instance, it would not be possible to distinguish the signature
of a black hole from that of a recent merger at radii larger
than about 2", whereas the photometric and kinematic char-
acteristics at smaller radii would be very different in the two
cases (Young 1980; Kormendy 1984). The centers of ellipti-
cals are therefore of primary interest.

The Hubble Space Telescope (HST), even without optical
correction for the spherical aberration of its primary mirror,
offered important capabilities to study the structure of the
centers of elliptical galaxy on scales not accessible with
ground-based telescopes. Because of the strong central peak
of the point spread function (PSF) and the stable optical
characteristics of the Telescope, image reconstruction algo-
rithms are able to provide considerable information on scales
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of =072 (White & Allen 1990). HST has been used by sev-
eral groups to observe at high resolution a number of ellip-
tical galaxies with known intriguing optical, radio, x-ray, or
infrared characteristics. However, it seemed desirable to us
to perform an HST survey on a sample of galaxies whose
selection was unbiased with regard to such abnormalities.
From this kind of sample we can begin to investigate the
frequency with which encounters or black holes, for in-
stance, influence the evolution of galaxies.

Accordingly, we have begun a survey of elliptical galax-
ies, chosen solely on the basis of their luminosity in the B
band, in the Virgo Cluster, which is the nearest grouping
containing a large sample. The first phase of our survey,
which is presented in this paper, has concentrated on obtain-
ing F555W (V band) Planetary Camera (PC) images of the
galaxy nuclei, with which to investigate their central struc-
ture. We are primarily interested in determining surface
brightness profiles and isophotal shapes at high resolution,
with emphasis on the statistics of abnormalities such as un-
resolved cores, strong isophotal twists, dust lanes, and
nuclear disks. The presence of unresolved nuclear structures
on HST PC and Faint Object Camera images has already
greatly strengthened the case for massive black holes in the
Local Group Sb galaxy M31 (Lauer et al. 1993) and the
dwarf elliptical M32 (Lauer et al. 1992a), and in the Fornax
cluster elliptical NGC 1399 (Stiavelli et al. 1993). However,
an unambiguous demonstration of the presence of a black
hole demands kinematical information on the same spatial
scales (Kormendy 1993), and this requires the use of the
HST/COSTAR correcting optics.

In this paper we describe the observations, data reduction,
and analysis procedures and present the overall statistical
results of our survey. Subsequent papers (van den Bosch
et al. 1994; Ferrarese et al. 1994, hereafter referred to as
Papers II and III, respectively) will discuss in more detail the
isophotal shapes and the brightness profiles, respectively.
The outline of this paper is as follows: in Sec. 2 we describe
the selection of our sample; Section 3 describes the data
reduction procedures, image reconstruction methods, and
analysis technique; Section 4 presents the images, and dis-
cusses those features immediately visible. Section 5 summa-
rizes the results of Papers II and III and discusses their
broader implications. Section 6 contains our conclusions.

A note on terminology: in this paper galactic nucleus re-
fers to regions unresolved by the HST at Virgo, i.e. <10 pc;
nuclear regions or central regions refer to a radius of ap-
proximately 300 pc around the nucleus, and core refers to a
region surrounding the nucleus where the brightness profile
is much flatter than at larger radii.

2. THE SAMPLE

We selected a statistically complete B magnitude limited
sample of Virgo objects classified as E or E/SO in the RSA
(Revised Shapley—Ames Catalog: Sandage & Tammann
1981). Cluster membership criteria are described by Huchra
(1984). The relative proximity of the Virgo cluster (14.7
Mpc; Jacoby et al. 1990) permits relatively high spatial reso-
lution. In addition, since all the galaxies are at approximately
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the same distance, results can be compared without the com-
plications of differing spatial resolution or uncertain distance
estimates. NGC 4486 (M87) and NGC 4472 (M49) were not
included in our original program since they had already been
observed by other investigators. PC images for these are now
in the HST public archive, and we have therefore added them
to the sample. The data for NGC 4486 was derived from HST
program 3197 (H. C. Ford, Principal Investigator), and for
NGC 4472 from program 3229 (J. Westphal, PI). The image
of NGC 4486 is of lower signal/noise ratio than an image
previously published (Lauer ez al. 1992b) but was used be-
cause the PSF of that image is poorly defined. Three of the
luminous galaxies in Virgo (NGC 4406, NGC 4621, and
NGC 4660), which would otherwise have been included,
could not be observed with HST because of a lack of suitable
guide stars. Their elimination is thus unbiased with respect to
morphology, magnitude, or any other intrinsic property. With
the exception of these three, the sample includes. all Virgo
elliptical galaxies brighter than B;=13.4.

The final sample is listed in Table 1 in order of decreasing
B band luminosity. The table includes morphological classi-
fications, integrated magnitudes, far infrared, x-ray, and radio
fluxes. :

3. OBSERVATIONS AND DATA ANALYSIS PROCEDURES

3.1 Observations and Data Reduction

HST images of the 12 galaxies in our observing program,
HST 2607, were obtained between 1991 February 24 and
1993 March 15 with the PC using the wide band filter
F555W, which corresponds closely to the Johnson/Cousins V
band. The PC consists of a mosaic of four 800X800 CCD
detectors. Each pixel (15 um) subtends 07043, corresponding
to 3.1 pc at the distance of the Virgo cluster. The total field of
view of the camera is 1:1X1!1, or 4.9X4.9 kpc. A detailed
description of the PC can be found in the HST/WFPC Instru-
ment Handbook, MacKenty et al. (1992). The galaxy centers
were placed on PC chip 6. All observations were obtained
with the telescope guiding in coarse track, which typically
gives an rms tracking error of 07015.

All of the images were recalibrated during July 1993 us-
ing standard methods recommended by the WF/PC Instru-
ment Definition Team (see Lauer 1989) and the most up-to-
date reference files. Briefly, five calibration steps were
performed in the following order: statistical correction for
errors in the analog-to-digital (A to D) conversion, bias sub-
traction, preflash subtraction, dark subtraction, and flatfield
division. The A to D correction removes the systematic de-
gradation introduced by the conversion electronics. The bias
correction removes the background produced by the elec-
tronic bias by subtracting the average of a set of individual
bias readouts. To correct for the uneven illumination pattern
of the preflash image, a large number of preflash exposures
are averaged, scaled by the preflash exposure time, and sub-
tracted from the science image. The dark frame is con-
structed from orbit-long dark exposures; the nominal value
for the CCD dark current is 0.003 e/pixel/s. Finally division
by the mean flatfield frame corrects for variations in sensi-
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TaBLE 1. The sample.

Galaxy RSA RC2 By 100 um St em Fx
1) ) 3 (C)] (5) 6) )]

NGC 4472 E1/S0, E2 9.37 0+90 25 837420
NGC 4486 EO EOpec 9.59 36090 214 000 50 000*
NGC 4374 El El 10.09 1030110 6100 154%16
NGC 4365 E3 E3 10.52 580120 <4 246
NGC 4473 ES ES 11.16 095 <6 139
NGC 4261 E3 E3 11.41 130+40 18 600 92+13
NGC 4570 SO,/E7 S0 11.84 0=100 <10
NGC 4564 E6 E6 12.05 0170 - <10 5+6
NGC 4168 E2 E2 12.11 590+140 <11 29+6
NGC 4478 E2 E2 1236 065 <450 -23%17
NGC 4550 E7/S0, SBO 1256 22080 <10 3%5
NGC 4476 ESpec S0~ 13.01 164095 <450 —2+12
NGC 4623 E7 SBO+ 13.24 0+105 <10

* NGC 4342 E7 S0~ 13.41 0=160 <3

Notes to TABLE 1

Notes: Column (1) gives the NGC name of the galaxy. Columns (2) and (3) give the ellipticity class and type
according to the Revised Shapley—Ames Catalog (RSA; Sandage & Tammann 1981) and the Second Reference
Catalog (RC2; de Vaucouleurs et al. 1976), respectively. Column (4) presents the apparent total blue magnitude
according to the RSA. Column (5) gives the IRAS flux density and rms noise in mJy at 100 um (Knapp et al.
1989). Column (6) gives the flux density at 20 cm in mJy (Wrobel, 1991). Column (7) gives the x-ray flux and
error in the energy range 0.5-4.5 keV in units of 107 erg cm™?s™! (Roberts et al. 1991).

*The x-ray flux from M87 is confused with that of the cluster cooling flow. The value quoted is from Fabricant

et al. (1980) in the 0.2-3.0 keV range.

tivity between pixels in the CCDs. Flatfields were obtained
by observing the bright Earth surface as it passed below the
spacecraft.

For our program, particular attention must be paid to the
spurious effects of contaminants (MacKenty et al. 1992),
which can affect the images in two ways: first by varying the
level of the flatfield exposure with time, and second by cre-
ating spurious features (known as ‘“measles”) across the
chips. In addition, decontamination procedures, which are
executed to reduce the effects of contaminants, affect the
large scale structure of the PC flatfields. The external Earth
flatfield used to calibrate the images was obtained during
December 1991, before any of the decontamination proce-
dures were executed (February 1992, March 1992, and Au-
gust 1992). Nevertheless, variations in the flatfield large
scale structure as a consequence of decontamination can be
corrected for by using internal lamp flatfields which, unlike
the external flatfields, have been taken both before and after
decontamination procedures. All science observations ex-
ecuted after a decontamination procedure were multiplied by
an internal flatfield taken at the same epoch and divided by
an internal flatfield taken prior to decontamination, i.e., at the
same time as the external flatfield used for calibration. This
procedure corrects for variations in the large scale structure
of the flatfield but unfortunately does not. remove the
measles. The measles consist of roughly circular features at a
few percent of the signal level, normally about 20 pixels
(079) in diameter, with darker centers and brighter outer
rings. Since measles have been shown to be stable in the
period when the images discussed here were taken, the ratio
of internal flatfields, before and after decontamination, can
be used as “measles maps.” The measles could then be iden-
tified and removed by manually editing the images.

We have reduced only the PC CCD 6 frames on which the

center of the galaxy was located. Two back-to-back expo-
sures of 700 and 1700 s, respectively, were taken for each
galaxy, in order to facilitate the removal of cosmic rays. For
NGC 4472, three separate exposures were available in the
archive (160, 800, and 800 s), while only a single exposure
of NGC 4486 was available. For each galaxy, except NGC
4342, NGC 4486, NGC 4564, and NGC 4570, the multiple
exposures were combined, using standard IRAF routines,
and all pixels deviating more than 30 from the median were
rejected. The o is evaluated from a noise model by finding
the optimal quadratic sum of the photon noise, the readout
noise, and a “scale” noise that depends linearly upon the
median value. The resulting image was then edited in order
to remove coincident cosmic ray events or cosmic rays that
were overlooked by the IRAF routine. A different approach
was necessary for NGC 4342, NGC 4564, and NGC 4570,
for which the longer exposure was saturated in the inner 06.
For these three objects, only the 700 s exposure has been
used, and the cosmic rays have been removed by standard
automated IRAF routines or by manually editing the images.
The same was done for NGC 4486.

Before the images can be further analyzed, the sky back-
ground must be subtracted. Unfortunately, this cannot be de-
termined directly from the images, since light from the target
galaxy fills all four PC chips. Nevertheless, we were able to
measure the sky background from an image of a blank field
at the same heliocentric ecliptic coordinates as the Virgo
cluster. (Zodiacal light, the main source of sky background is
a function of heliocentric ecliptic coordinates.) The adopted
background is (3.820.9)X107® counts per second. This
value was appropriately scaled by the exposure time and sub-
tracted from the images of all the galaxies. Uncertainties in
the determination of the sky background should not be a
significant source of error for our data, since in all cases the
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sky background is negligible compared to the central regions
of the galaxies.

3.2 Image Deconvolution and Analysis

All PC images are blurred by the spherical aberration in
the HST primary mirror. Nonetheless, the aberrated point
spread function (PSF) has a sharp core containing spatial
information up to a spatial frequency of 10 cycles arcsec™?,
and is stable. As will be shown in Papers II and III, these
characteristics of the PSF allow us to partially reconstruct
our high signal to noise images by means of deconvolution
algorithms with high reliability.

For our deconvolutions we used theoretical PSFs created
by means of the TINYTIM software developed by the Space
Telescope Science Institute (Krist 1992). The model PSF is
noise free and depends on the instrument and filter used, the
HST main optics focal position on the date of observation,
the spectral shape of the source, and the position of the im-
age on the CCD. Burrows et al. (1991) showed that the
agreement of these model PSFs with the observed PSFs is
very good. Our experiments with deconvolution also show
the model PSFs to give better results than the (noisy) ob-
served PSFs. We have employed two different reconstruction
methods: the Richardson—Lucy (RL) algorithm (Lucy 1974;
Snyder 1990), as implemented in the STSDAS package in
IRAF, and a Fourier filtering algorithm (see Paper II). Both
methods suffered from boundary problems. Therefore, the
outer 50 lines and columns are removed, after deconvolution,
from the full 800X800 image.

In order to test the reliability of our deconvolution tech-
niques, we have performed a large number of tests on simu-
lated galaxies. These are described in detail in both Paper II
and Paper III. Briefly, the conclusions from the simulations
are these:

(1) The RL and Fourier reconstruction methods yield
equivalent results. We base most of the rest of this paper on
the RL algorithm, using 100 iterations.

(2) The simulations demonstrate that reliable information
on the surface brightness profile is recoverable on scales
r=072, while reliable information on the other parameters
describing the isophotal shapes is recoverable for r=05.

(3) The results are not sensitive to PSF changes on the
scales expected from spacecraft pointing jitter or variations
with position in the focal plane.

(4) At radii=2", where the atmospheric seeing permits
them, comparisons with ground-based studies are good.

It is worth pointing out that even in the presence of
spherical aberration, the HST is capable of galaxy surface
photometry on scales about a factor of ten smaller than has
been achieved with ground-based telescopes.

4. THE IMAGES

In this section we present the images and discuss those
features that are evident without more sophisticated analysis.
This deeper analysis is presented in detail in Papers II and
III, and conclusions are summarized in Sec. 5 below.

Two greyscale images for each galaxy are shown in Figs.
1 and 2. For each galaxy the first image is the RL deconvo-
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lution of the HST data, rotated so that North is up and East is
left. A region of 1172X11"2, or 800X800 pc, is shown. The
corresponding image in Fig. 2 shows scans from the Space
Telescope Science Institute Guide Star Selection System
(GSSS) “Quick J” plates taken with the Palomar 48"
Schmidt telescope. These images are included here to illus-
trate the galaxy morphology at larger radii and to indicate the
cluster environment surrounding each galaxy. The GSSS im-
ages cover 21’ X21’, are oriented parallel to the HST images,
and are centered on the program galaxies. The image of
NGC 4478 was omitted because it is visible on the images of
NGC 4486 and NGC 4476.

In 5 of the 14 galaxies dust is clearly visible in the decon-
volved images. In the strong radio galaxy NGC 4261 we
found a sharply defined, elliptical dust disk with a major axis
of 177 (120 pc) oriented perpendicular to the radio axis [Ko-
rmendy & Stauffer 1987; see Jaffe et al. (1993, 1994) for an
extensive discussion of this galaxy]. In NGC 4476 a large
dust ring (r=~12") is visible with a rather clumpy structure. In
the radio galaxy NGC 4374 a complicated dust lane is visible
projected against the nucleus. The absorption “striations”
have an appearance which is similar to the warped, nearly
edge-on captured disk in NGC 5128 (Centaurus A). The dust
in NGC 4374 may represent a small, warped disk which will
eventually settle into a principal plane of the triaxial poten-
tial and reach an equilibrium similar to the disk in NGC
4261. As in Cen A and NGC 4261, the dust lane is perpen-
dicular to the radio axis. Morphologically similar disks are
also seen in nonradio galaxies (Zeilinger 1994). In two other
galaxies, NGC 4342 and NGC 4550, the dust is filamentary
and has not been detected before. ‘

In NGC 4472 a very faint radial dust feature is visible at
radii 073 to 175 at position angle 140°. Unfortunately, this
feature is less clear in the reproductions in Fig. 1 than in the
original processed image. Similar very faint patches of dust
can be seen on the original images in NGC 4564, NGC 4186,
and NGC 4623. In the image of NGC 4486 we do not detect
the low contrast dust features seen from the ground (Sparks
et al. 1993; Zeilinger et al. 1993) because of the low signal/
noise ratio of our image.

NGC 4486, NGC 4261, NGC 4476, and possibly NGC
4374 show bright unresolved nuclei. The last case is uncer-
tain because of dust obscuration. A number of the fainter
galaxies, such as NGC 4570, NGC 4342, and NGC 4623
show well resolved nuclear structures with components that
are much flatter than the surrounding elliptical body. NGC
4486 shows its famous jet.

Thus, superficial examination of images with a spatial
resolution of ~10 pc indicates that most early galaxieshave
detailed structure, be it dust, point nuclei, or disky objects, in
their centers. However, none of the three systems known to
contain kinematically distinct components (NGC 4365, NGC
4472, and NGC 4550) show morphological anomalies that
might be linked to these components.

5. RESULTS

In Papers II and III we examine the morphology of the
centers of these objects quantitatively and relate it to their
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FiG. 1. HST PC image of the nucleus of the galaxy. The bar in the lower right corner represents 1”; the field of view is 1172. (a) NGC 4472. (b) NGC 4486.
(c) NGC 4374. (d) NGC 4365. () NGC 4473. (f) NGC 4261.
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Fig. 1 (continued). (g) NGC 4570. (h) NGC 4564. (i) NGC 4168. (j) NGC 4478. (k) NGC 4550. (1) NGC 4476.
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(m)
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Fig. 1 (continued). (m) NGC 4623. (n) NGC 4342.

global properties. The most important characteristics found
there, including a dimorphic type classification, are listed in
Table 2 for each galaxy in the sample.

5.1 The Dimorphism of Early Type Galaxies

On the basis of their shape and brightness profiles, our
sample of objects (all classified as “E” or “E/S0” on the
RSA system) divides into two subtypes, which we call Type
I and Type II. Type I galaxies, the classical luminous ellipti-
cals, are distinguished by the following characteristics:

(1) Their luminosity profiles can be fitted accurately with
a double power law for radii smaller than ~15", correspond-
ing to approximately 1 kpc at the distance of Virgo. Although
the luminosity profiles flatten at small radii towards a shal-
low power law, none of these cores are isothermal. The inner
power law profile continues to the smallest measurable ra-
dius (0°2=14 pc), but the slope of this central “cusp” is
quite small, <0.4.

(2) In general, Type I galaxies are luminous systems
(By<11 which corresponds to Mz<—20) with a relatively
low central surface brightness: typically 17>u,>16
mag arcsec”~ in the F555W band.

1573

(3) Their ellipticity is low (<0.4) and fairly constant with
radius, so that the profiles along the major and minor axes
are -quite similar. The RSA classifications of the Type I sys-
tems in our sample are E0-3. Their isophotes are usually
found to be slightly boxy.

(4) All the active galaxies in our sample (NGC 4261,
NGC 4374, NGC 4486, and NGC 4472) belong to Type 1.

Type II galaxies are generally less luminous than type I
galaxies and otherwise have a complementary set of proper-
ties. They appear to be composite systems, containing a
bulge, an “outer disk” on scale sizes of 100—-1000 pc, and
often a distinct bright nuclear disk with a radius of about 100
pc. Because of the disk components their isophotes are flat-
tened, disky, and show large ellipticity gradients. Some,
though not all, of the Type IIs in our sample are classified as
SO0’s in the RC2 system. Type II brightness profiles show
complex structure and continue rising steeply to the smallest
radii measurable with the HST.

This dichotomy of early type galaxy morphology corre-
sponds at least roughly to distinctions made earlier by other
authors from “macroscopic” (kpc scale) criteria observed
from the ground. This is discussed in some detail in Paper II,
Sec. 3.4. Capaccioli, et al. (1993) convincingly demonstrate
dichotomy in a survey of 1500 galaxies. They refer to the
two classes as “bright” and “ordinary,” and show that the
two classes have distinct distributions of almost all macro-
scopic observable parameters, including diskiness, ellipticity,
metallicity, degree of rotational support, presence of cool
gas, and nuclear activity. They find the two types to separate
at M 3~—19.3. Adjusted to our assumed distance to Virgo,
this corresponds to By~12.

It is clear that our Type II galaxies correspond in large
measure to the “ordinary” systems having rapid rotation and
some evidence of lenticular morphology. Since our definition
is based primarily on morphological criteria visible at radii
of 100-1000 pc, while the other classifications are based on
scale sizes ten times larger and on kinematic information, the
question of whether these classes are in fact identical can
only be decided by a future comparison of their properties on
these different scales. )

It is interesting that in both Type I and Type II galaxies a
radius of ~100-200 pc seems to be a specific characteristic
size: that of the nuclear disks for Type II galaxies and of the
core radius of Type I galaxies.

Within the limited size of our sample we find no correla-
tion of core size or central surface brightness with galaxy
luminosity for Type I galaxies (cf. Paper III). The correlation
found in earlier ground based surveys (Lauer 1985; Kor-
mendy & Djorgovski 1989) may be the result of including
morphologically distinct types such as cluster cDs and dwarf
ellipticals at the extreme luminosities. In this regard, the
somewhat larger core radius of NGC 4486 (M87) could be
explained by its position as a dominant cluster galaxy.

All of the galaxies with strong radio (20 cm) or x-ray
(between 0.5 and 4.5 keV) emission are Type 1. These mea-
sures of activity correlate with galaxy mass, so this result is
not surprising. It is in agreement with the findings of Bender
et al. (1989), and Capaccioli et al. (1993), who show that
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(a)

(b (€)
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FiG. 2. Digitized scan of the STScI GSSS “Quick-J” Sky Survey image surrounding the galaxy. The field of view is 21'. (a) NGC 4472. (b) NGC 4486. (c)
NGC 4374. (d) NGC 4365. (¢) NGC 4473. (f) NGC 4261.
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Fig. 2 (continued). (g) NGC 4570. (h) NGC 4564. (i) NGC 4168. (j) NGC 4478 omitted; galaxy visible on (b). (k) NGC4550. (I) NGC 4476.
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(n)
Fig. 2 (continued). (m) NGC 4623. (n) NGC 4342.

radio and x-ray emission are generally not found in galaxies
with disky isophotes.

The dynamically cold stellar disks and highly flattened
structures of Type II galaxies imply that they were formed
under conditions when gas phase dissipation was important
and where the specific angular momentum was fairly high.
The persistence of the cold disks, particularly the extremely
thin nuclear disks whose scale heights are less than 25 pc,
indicate that these galaxies have not undergone major dy-
namical disturbances since their creation (Toth & Ostriker
1992).

The Type I ellipticals are rounder, more relaxed, and are a
magnitude or two brighter, suggesting that either they are
formed by the merger of several Type II galaxies (e.g., Bar-
nes & Hernquist 1992) or that they were formed under very
different conditions, where the average specific angular mo-
mentum was low and gas dissipation was less important. The
coincidence of the characteristic nuclear sizes of the two
classes perhaps favors the first explanation.

5.2 Where are the Face-On Type Il Galaxies?

Most of the characteristics listed above that discriminate
Type I from Type II are explained by disk components seen
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at high inclination angles. For example, the higher central
surface brightness in Type II systems is caused by the
nuclear disk seen close to edge-on, and the difference be-
tween major and minor axes by the foreshortening of the
disk components along the minor axis, so that the bulge
dominates at larger radii. If one of these galaxies were
viewed face-on, it would appear much more like a Type I
galaxy; the disk components would drop in brightness (by
1.2 mag for a disk seen initially 20° from edge-on), and the
asymmetries between major and minor axes would disap-
pear. Of all the signatures discussed in Papers II and III that
distinguish these classes, only the total luminosity is not af-
fected by inclination. If the bulge component of a Type II
galaxy has a luminosity profile that can be fitted by a double
power law, it would be classified as a fainter Type I galaxy
when viewed face-on.

The distribution of the ellipticities of the Type II galaxies
leads us to believe that this has in fact happened. Where an
isotropically distributed ensemble of very flat systems would
have a uniform distribution in ellipticity, our clear Type II
galaxies (NGC 4342, NGC 4570, NGC 4564, NGC 4550,
and NGC 4623) all have ellipticities between 0.4 and 0.7.
Again assuming isotropy, an approximately equal number of
such systems should have ellipticities below 0.4, and it is
natural to identify the fainter galaxies that we have classified
as Type I or intermediate (e.g., NGC 4168, 4473) as in fact
Type II systems seen nearly face-on. We therefore provision-
ally conclude on the basis of our admittedly small sample
that essentially all fainter (B;>11 at Virgo) early type gal-
axies are of Type II. Only NGC 4168 appears doubtful in this
context. While its surface photometry is consistent with ei-
ther a Type I or face-on Type II, the galaxy shows a low level
of x-ray, FIR, and radio activity not seen in any unambiguous
Type II galaxies.

Van den Bergh (1990) studied the ellipticity distribution
of all the SO galaxies in the RSA catalog and arrived at a
similar conclusion: all fainter early type galaxies are in fact
lenticulars.

5.3 Dust in the Nuclei of Early Type Galaxies

In Sec. 4 we found dust in nine galaxies. In Sec. 3.6 of
Paper II we find indications for dust patches in an additional
two galaxies. Thus, we find dust in the nucleus of almost
every galaxy: 11/13 or 12/14 if the ground based data of M87
is included. The dust occurs with equal frequency in both
Type I and II galaxies, including the Type II galaxies with
clear disks. In these last cases it is unlikely that the dust has
been captured from a recent collision with a larger late type
galaxy. Such collisions would disrupt the cold stellar disks
(Ostriker 1990; Toth & Ostriker 1992). These authors indi-
cate that the mass of individual infalling satellites must be
less than ~1% of the mass of the host, thus roughly
=<10°.#, to avoid destruction of the disks. Alternatively,
the production of dust by evolved stars within the galaxies
themselves may be sufficient to balance the destruction of
the dust by spallation.

In some cases, for example in Centaurus A, where the
remnant of a late type galaxy is still visible, and in NGC
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TABLE 2. Morphological characteristics determined for the surveyed galaxies.

Galaxy RSA (J2000) &J2000) Type Dust Disk Remarks

(1) 2 (3) @ ®) 6 (M ®

NGC 4472 E1/S0, 12 29 46.673 +08 00 00.40 I P KDC

NGC 4486 EO 12 30 49.282 +12 23 27.90 I F PN+jet

NGC 4374 E1l 12 25 03.757 +12 53 12.44 1 F PN?

NGC 4365 E3 12 24 28.318 +07 19 02.23 1 KDC

NGC 4473 ES 12 29 49.010 +13 25 45.74 II: P?

NGC 4261 E3 12 19 23.145 +05 49 27.02 | D PN

NGC 4570 S0,/E7 12 36 53.340 +07 14 46.18 II P? +

NGC 4564 E6 12 36 27.053 +11 26 19.01 I P

NGC 4168 E2 12 12 17.240 +13 12 17.30 I P

NGC 4478 E2 12 30 17.467 +12 19 41.16 1

NGC 4550 E7/S0, 12 35 30.623 +12 13 13.40 I F Kin. Disks

NGC 4476 ESpec 12 29 59.172 +12 20 53.42 1 A PN

NGC 4623 E7 12 42 10.558 +07 40 36.98 11 P +

'NGC 4342 E7 12 23 39.003 +07 03 13.52 I P +

Notes to TABLE 2

Column (1) gives the NGC name. Column (2) gives the RSA classification. Columns (3) and (4) give the J2000
position of the isophotal center of the galaxy in the coordinate system defined by the HST guide stars. Typical
absolute accuracy is about 075. Column (5) gives the Type classification as I (elliptical) or II (disky) as
determined in Paper III. A colon indicates an uncertain classification. Column (6) indicates whether dust has
been found. The symbols are: D: disk; F: filaments; A: annulus; P: small patch; P?: probable small patch.
Column (7) indicates the presence of a nuclear stellar disk (Paper II) and Column (8) includes other remarks:
KDC=Kinematically Decoupled Core; PN=Point Nucleus. NGC 4550 has counterrotating stellar disks on 10"

scale.

4374, which resembles it, capture is the preferred explana-
tion. In others, such as NGC 4365, where the dust is very
smoothly  distributed, retention of locally produced dust is
more likely. The galaxies showing small patches probably
acquire dust by both processes.

In our sample, we see no general relation between nuclear
activity and the amount or morphology of dust. While the
massive Type I galaxies NGC 4261 and NGC 4374 with
large dust systems are indeed active, the modestly active
NGC 4472 and the hyperactive NGC 4486 only show small
patches. In the two dusty radio galaxies, the dust lane is
perpendicular to the radio jets even in NGC 4261, where the
radio axis is perpendicular to the galactic spin axis (Jaffe
et al. 1993). We also find dust in most of the nonactive Type
IT galaxies.

Excess. far infrared emission (FIR) is often an indication
of dust in galaxies. IRAS 100 um fluxes for the survey gal-
axies (Knapp et al. 1989), are tabulated in Table 1. The ob-
viously dusty galaxies of both types, NGC 4486, NGC 4374,
NGC 4261, NGC 4550, and NGC 4476 all show significant
FIR emission. On the other hand, two galaxies showing little
or no visible dust features and no nuclear radio emission,
NGC 4365 and NGC 4168, have similar FIR fluxes. A simi-
lar situation in the bulge of M31 (Soifer et al: 1986) was
explained by a very smooth, weak, diffuse, dust component
generated in the atmosphere of evolved bulge stars. This dust
reemits absorbed star light in the FIR without revealing itself
in patchiness or color gradients. This explanation is plausible
for these two galaxies in our survey: the FIR fluxes and
optical luminosities are comparable to the bulge of M31, and
the FIR fluxes are consistent with the absorption and reemis-
sion of a few percent of the visible light. It is puzzling that
the more massive galaxy NGC 4472 shows no equivalent

FIR flux, but the dense x-ray halo of this galaxy may rapidly
destroy dust by sputtering.

We note that ground based indicators of cool interstellar
matter, such as FIR emission only pick up the very largest of
the dust systems we detect visually.

6. CONCLUSIONS

(1) The dimorphism of early type galaxies discerned from
ground based criteria is strikingly confirmed by observations
of their nuclei. “E” galaxies are divided into Type I (“true”
ellipticals) and Type II (“disky” ellipticals). None of the
Type 1 galaxies have isothermal cores, and the brightness
profiles of the Type II galaxies continue rising approximately
as power laws to the HST resolution limit. The nuclei of
Type II galaxies are often distinguished by thin stellar disks
with radii of ~100 pc. In these cases, the outer disks seem to
show an inner edge at a larger radius, leaving a distinct gap
between the two disks.

(2) Essentially all early type galaxies fainter than
M z=—20 are Type II (“disky” or lenticular); there appear to
be no Type I (true elliptical) galaxies flatter than E4.

(3) The Type I galaxies typically show power law bright-
ness profiles in the cores, i.e., cusps, but the logarithmic
slopes of these profiles are quite flat, typically ~0.2.

(4) Almost all galaxies in our sample have dust in their
nuclear region, irrespective of classification or level of
nuclear activity. However, the central dust disk in NGC
4261, is a striking association between the interstellar me-
dium of an elliptical galaxy and nuclear activity.

(5) The three systems in our sample with kinematic evi-
dence of distinct components exhibit no photometric anoma-
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lies that can be associated with these subsystems.
(6) For bright, noncluster dominant ellipticals the correla-
tion between luminosity and core radius appears weak.
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