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I wander away from the midnight VAX:
Renounce approximation for a time,

And, since no one is waiting, I relax,

Find the stairs that lead to the roof, and climb.

Canopus shimmers over subdued palms,
The first time it has ever touched my eyes.
It adds an oddness to familiar calm,

Reminding me of changes, and I sigh,

Remembering when Orion was cold, but clear.
Neither he nor I needed anyone near,
And the things that I didn’t know, couldn’t see

Did not then matter as much to me as now.

I have gained much, but I'm not sure how.
And for all the time and effort I've spent,

I’'m — not more unhappy, but less content.
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ABSTRACT

This thesis presents ellipse-fitting isophotometry of 175 brightest elliptical
galaxies in Abell clusters (BCEs). Galaxy structure is traced to an average major
axis ol 50 kpc, and some galaxies are traced beyond 100 kpc. The data consist
not only of major- and minor-axis surface brightness profiles but also of isophote

ellipticity, major axis position angle, and centroid position profiles.

Almost all BCEs have some local structure that does not show in an
azimuthally averaged brightness profile. However, local structure shows no
correlation with global parameters such as galaxy luminosity or size. These results

echo similar earlier findings for field ellipticals.

The average ellipticity of a BCE is a strongly increasing function of physical
radius as are most individual ellipticity profiles. This distinguishes BCEs as a
class from other elliptical galaxies and explains why c¢D halos as a class are highly
flattenned. The deficit of large round isophotes is so marked that the isoluminosity
surfaces of BCEs at large radii cannot be drawn from a population of randomly
oriented oblate spheroids. This is the first sample of galaxies for which such an

exclusion has been possible.

The distinction of the isophotes from an oblate population becomes possible
over the same range of radii (20-30 kpc) at which the isophotes become significantly
aligned with the global position angle of the cluster. These results confirm and
further quantify the long-suspected origin of BCEs in cluster material. The
detection of nonconcentric light in 20 % of the BCEs in the sample suggests that

some galaxy construction continues to the present day.
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Particular attention has been paid to the morphology of ¢D halos. The
inner edges of these halos range from sharp to very gradual, are almost always
associated with sudden ellipticity increases, and often also with isophote twists or
nonconcentric light. This indicates that they have some dynamically significant

identity, perhaps as material accreted from the cluster.

An analytic method for separating the light distributions of overlapping
binary galaxies has been derived and applied to images of 12 such systems. It
is based solely on the assumption that each galaxy in the pair has point-reflection
symmetry about its own center. Nonconcentric light is a probe of interactions

between the members of the pair.
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ABSTRACT

Deep isophotometry of a sample of 175 brightest cluster ellipticals (BCEs)
is presented and discussed. Over half the sample is measured out to a distance

1

along the major axis of 50 kpc (Hy = 60 km sec™! kpc~?!, ¢ = %) Profiles of

isophote major and minor axes, ellipticity, position angle, and centroid are derived

2 in r surface brightness. The average ellipticity of

at intervals of 0.25 mag sec™
BCEs is a strongly increasing function of metric radius. This behavior is rarely seen
in field ellipticals. The shape (local) parameters of BCEs are not correlated with
their global properties or the global properties of the clusters they inhabit. Almost
all individual BCEs have significantly increasing ellipticity profiles, and almost all
show local structure that is not reflected in azimuthally averaged (one-dimensional)
surface brightness profiles. Fewer than 39 galaxies in the present sample show
significant amounts of ellipticity decrease with increasing radius anywhere in their
surface brightness profiles. Seventeen have roughly constant ellipticities, and only
2 have steadily decreasing ellipticity profiles. About 20 % of the galaxies in
the sample show isophote twists greater than 40°. A comparable number show
significant nonconcentricity. Thirteen BCEs, primarily multiple-nucleus systems,
show both. At radii greater than about 30 kpc, BCEs become strongly aligned with
the distribution of galaxies and X-ray gas in clusters, and become so predominantly
flattened that they cannot represent a randomly oriented population of oblate
spheroids. These results are evidence that at least the outer regions of BCEs are
dynamically strongly coupled to their clusters, which have recently been shown to

be very prolate or stringy. BCEs may have been formed this way simultaneously

with their clusters, but the presence of significant amounts of nonconcentric light



in 15 to 20 % of them suggests that at least some galaxy growth continues to the

present day.



I. INTRODUCTION

Our knowledge of the surface brightness profiles of elliptical galaxies has
increased dramatically in recent years. A decade ago it was generally believed
that all ellipticals were oblate spheroids and that the very luminous galaxies in the
centers of rich clusters were all “cD galaxies,” supergiant, superluminous cannibals

qualitatively different from common field ellipticals in some way that was never very

clearly defined.

The 1970s saw the beginning of extended photometric studies of elliptical
galaxies, both with photographic plates (Oemler 1976; King 1978; Strom and
Strom 1978a, b, ¢, 1979; Schombert 1986, 1987) and especially with the new CCD
cameras (e.g., Leach 1981; Hoessel, Thuan, and Gunn 1980; Schneider, Gunn,
and Hoessel 1983a, 1983b; Hoessel and Schneider 1985; Kormendy 1985; Lauer
1985; and others). Among the results particularly relevant to the present work are
the quantification of the cD classification (Tonry 1987, Schombert 1988) and the
realization, based on dynamical observations as well as the discovery of changing
axial ratios and isophote twisting, that many ellipticals are probably triaxial. Most
recently it has been demonstrated that ellipticals commonly show dust patches
and lanes (e.g., Ebneter and Balick 1985; Ebneter, Djorgovski, and Davis 1988),
nonelliptical isophotes (Jedrzejewski 1987), and other irregularities, sometimes
even in the absence of obvious perturbing influences. The most comprehensive
isophotometric surveys to date have been those of Kent (1984, 1985), Djorgovski
(1985b), Michard (1985), and Lauer (1985).

The new detector technology also fostered studies of elliptical galaxy

dynamics (v. de Zeeuw 1987). Among the most interesting observations was the



discovery by Dressler (1979) that the velocity dispersion profile of the brightest
cluster elliptical (henceforth BCE) in A2029 continues to increase out to a radius of
100 kpc. Some doubts about the strength of this conclusion persist, but it has been
confirmed in other galaxies by Carter et al. (1981, 1985), and it is at least clear
that the velocity dispersion profiles in many BCEs show no decrease with radius, as
they do in field ellipticals (v., for instance, Davies et al. 1983, Tonry 1985). In the
past year two groups have published generalizations of the Faber-Jackson (1976)
relation, showing that to within observational errors, ellipticals lie on a plane in
their parameter space (Djorgovski and Davis 1987, Dressler et al. 1987). Hoessel,
Oegerle, and Schneider (1987) have shown that BCEs lie on the same plane.

The new discoveries have not been restricted to optical wavelengths. The
success of the Einstein Observatory revealed facts about elliptical galaxies, and
BCEs in particular, too numerous to reference completely. These include the
discovery of correlations between the sizes and luminosities of BCEs and the X-
ray luminosities of the clusters in which they occur (Porter 1984), the discovery
that not all dynamically evolved clusters form dynamically dominant BCEs (in
other words, cDs: Jones and Forman 1984), and the detection of cooling-gas inflows
in the centers of the densest clusters (v. Fabian, Nulsen, and Canizares 1984 for a

review, and Bertschinger and Meiksin 1986 for a dissenting opinion).

Meanwhile, advances in computing hardware and numerical techniques have
fostered simulations of elliptical galaxy formation and dynamics, and of galaxy
mergers. The work most relevant to the systems in this paper includes van Albada
(1982); Merritt (1983, 1984, 1985); Villumsen (1982, 1983); Farouki, Shapiro, and
Duncan (1983); Duncan, Farouki, and Shapiro (1983); and Cavaliere et al. (1986).

Van Albada showed that violent relaxation could produce structures with ri law



surface brightness profiles and velocity dispersions that are extremely radially biased
in the outer regions. Merritt’s work questioned the conclusion of ongoing galaxy
growth that many workers had drawn from the existence of multiple nuclei in BCEs,
pointing out that many of these systems are probably not bound and suggesting
that BCE structure is determined quickly, early in a cluster’s history. Farouki
and coworkers found evidence that mergers are not homologous, and Cavaliere et
al. emphasized the importance of subclustering in delaying the final relaxation of
a cluster. These studies allow a more detailed consideration of the morphology of
merger products than did the pioneering work of Ostriker, Hausman, and coworkers
(Ostriker and Tremaine 1975, Ostriker and Hausman 1977, Hausman and Ostriker

1978, McGlynn and Ostriker 1980).

Earlier papers of this series (Schneider, Gunn, and Hoessel 1983a, 1983b;
Hoessel and Schneider 1985, papers I, II, and IV, respectively) dealt with
observations of BCEs in a large sample of Abell clusters. Paper IV presented
uniform photometry of BCEs in 175 clusters, including 16-kpc aperture magnitudes
(H, = 60,90 = ), model fits to the azimuthally averaged light distribution within
that radius, and an estimate of the frequency of occurrence of multiple nuclei. Since
the chief goal of that paper was to evaluate the usefulness of BCEs as standard
candles for cosmology, the light distributions of the multiple-nucleus galaxies were
not cleaned or separated, since such an operation would be difficult or impossible

to perform on clusters at very high redshift.

In this paper we take a different point of view, concentrating on the galaxies
themselves. We have removed from the images of the BCEs in the sample of Paper
IV all stars, neighboring galaxies, and secondary nuclei and present isophotometry

of the BCEs in the form of ellipses fit to the galaxy isophotes. Our primary purpose



is to examine the two-dimensional information in the surface brightness distribution.
The motivation is twofold. The main hope is that shape parameters, particularly
ellipticity profiles, will provide more clues than brightness profiles to the dynamics
of these galaxies and their relation to their clusters. It is also of interest to establish
to what extent BCEs are structurally similar to fainter and smaller ellipticals. The
discussion in this paper will be limited mostly to the ellipse fits. A future paper in
the series will discuss in more detail the departures from ellipticity (boxiness, dust

lanes, asymmetries) in the sample.

In Section II we describe the procedure that was used to clean the images,
and the results are presented in Section III. The isophotometric properties of BCEs
are compared with those of field ellipticals in Section IV. Section V comprises
a discussion of the results, and the conclusions are summarized in Section VI.

Throughout this paper we assume Hy = 60 km sec™! Mpc™! and go = 3.



II. OBSERVATIONS AND REDUCTIONS

The data analyzed in this paper are the CCD images of the 175 BCEs of
Paper IV. These images typically have a field of view of 4!5 with a scale of 0/'548
per pixel, and exposure times 5-30 minutes. All were taken through the r filter of the
Thuan-Gunn (1976) system. Most were taken in periods of 1" to 2" seeing on the
Palomar 1.5-meter reflector. Table 1 lists basic data on the exposures. The clusters
are listed by Abell number in column 1, and their redshifts are given in column 2.
Column 3 lists the date of the observation, in a 6-digit format: for instance, 091879
stands for UT September 18, 1979. Column 4 lists the exposure in seconds, column
5 the image scale in arc seconds per pixel, and column 6 the photometric calibration
of the image in magnitudes per data number. Column 7 lists the full width at half
maximum of the seeing, which was fit with a double Gaussian in each image. A

more detailed description of the data may be found in Paper IV.

The data were reduced on the Space Telescope Wide Field /Planetary Camera
VAX 11/780 with the interactive software package CASSANDRA. The effects of
bright stars were the first to be corrected. Saturated pixels were flagged by being
reset to a large positive number: 32767. Bad columns were repaired by interpolation
from their neighbors. The removal of foreign objects could then begin in earnest.
To isolate the light distribution of the BCE, stars and other galaxies were edited out
of the image with a polynomial interpolation routine. A rectangular box or mask
was drawn around them, and the interpolation was based on the pixels surrounding
the box. This was done while viewing the image at maximum contrast on a display
system to ensure complete removal of the halos of neighboring galaxies wherever

possible. The interpolation was done independently in both dimensions, and the
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results at each pixel, averaged. Shot noise appropriate to the intensity level at each
pixel was then added. The parameters of the interpolation (the box size, the degree
of the polynomial, and the frame size) could be varied within certain ranges to

produce the best possible results.

Large objects in regions of high gradient in the BCE profile could not always

be perfectly cleaned. Most of these fall into one of two categories:

1) galaxies or nuclei in regions of large intensity gradient (star images in these

areas are generally small enough to be well removed even so), or
2) systems of two or more nuclei of comparable strength and small separation.

Fits from such regions are identified in the comments accompanying Figure
1 and can usually be identified by the breaks, clearly anomalous values, and high
residuals they produce in the profiles. Multiple-nucleus galaxies can usually be
adequately treated by the simultaneous ellipse-fitting technique of Lauer (1986,
1988) or the analytic method of Porter (1988b), but this has not been attempted

here because of the small proportion of really intractable clusters in this sample.

This interpolation of signal and reconstruction of noise carries with it certain
risks, and many workers in the past have chosen the more conservative approach
of simply discarding contaminated regions of a picture. The greatest danger is
that a galaxy in the neighborhood of the BCE may have a large, low surface
brightness envelope of its own that will bias the interpolation if it is not, or cannot
be, completely removed. We have been confident in proceeding as described because
of the speed and intensity resolution of the imaging systems used. A picture
can quickly be examined at a wide range of contrasts, and so any features that

contaminate the fits can easily be seen and noted, if not perfectly cleaned. By
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the same token, the sky background could be brought into high relief, allowing the
limiting magnitude of the photometry to be intelligently chosen. Systematic errors

surely remain at a few percent of the sky brightness, but these are common to all

photometry.

After the galaxies were cleaned as well as possible, ellipses were fit to the
isophotes at intervals of 0.25 magnitudes. The software allows further picture editing
at this stage by presenting for approval the pixels to which an isophote is to be fit,
allowing any of them to be discarded. For each isophote of a galaxy, the following
properties were derived: pu,, the Thuan-Gunn r surface brightness in magnitudes
per square arc second (using standard photometric calibration procedures); a and
b, the major and minor axes; ¢ = 1 — %, the ellipticity; 8, the position angle of
the major axis; and xo and y,, the coordinates of the centroid. The fits to each
isophote are all independent of one another. Some studies have used the parameters
of a given isophote as initial guesses for the fit to a neighboring one, and the fitted
isophote parameters may thus be artificially correlated at low light levels. This

should not be a problem with our method.

The use of surface brightness as the independent variable for isophotometry
is also an approach different from that taken by most previous studies. Usually the
major axis of an isophote with a fixed center is given, and the best-fitting values
of the ellipticity, position angle, and surface brightness are found by standard x?
minimization techniques. Since most elliptical galaxies have a very high degree of
central symmetry (Lauer 1985), this procedure is usually satisfactory. The BCEs
in Abell clusters have several important differences from field ellipticals, however.
Many have complex multiple or obviously disturbed nuclei, and even some that

appear relatively smooth are known to have significant large-scale asymmetries.
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A2634 and the broadest nucleus of A1185 are fine examples of such lopsided galaxies.
Under these circumstances use of surface brightness as the independent variable
provides the advantage that the ellipse centroids can naturally be varied as easily
as the other shape parameters. It will be seen that this freedom gives further insight

into the dynamics of a number of interesting BCEs.

In the best images isophotometry could be done reproducibly (not necessarily
accurately; v. next paragraph) to a level of 27 mag arcsec™2. This is 0.4 % of
typical sky brightness in the Gunn r passband and is consistent with the expected
limit, as the following argument shows. The intensity scale in most of the images
is approximately 29.3 magnitudes per data number, and in the deepest pictures, is
30.9. The radius of a p, = 27 isophote is at least 50 pixels and is usually larger,
depending on redshift and galaxy profile. Such isophotes therefore contained over
2500 counts and should therefore, by a crude estimate, be determined to better than
2 %. To monitor the quality of the isophote fits, approximate 1o deviations were
calculated at each brightness level. These are root mean squares of the distances
from each pixel in an isophote to the fitted ellipse, not perpendicular to the ellipse,
but along the line connecting the working pixel to the ellipse centroid. The difference
between these two measures is significant only for the most eccentric isophotes, and

the adopted definition of ¢ in such cases is conservative.

The reproducibility of the photometry to this level is also demonstrated by
independent analysis of four images of A2175 that were obtained under a variety of
conditions with different cameras and telescopes. The fits to these data are shown
in Figure 2. The ellipticity is reproduced to within £0.05 and the major-axis angle
to within £5° between a = 2’5 (about 3 times the seeing half width) and p, = 26.

The ellipse centroids are reproduced to 2 — 3" at the same surface brightness, and
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the brightness profiles are essentially identical as faint as u, = 27.5. This is at a
level where the “isophotes” of this galaxy are no longer even approximately elliptical
and are probably dominated by systematic errors and scattered light in the field
(v., e.g., King 1971 and Piccirillo 1973).

In fact, most of the isophotometry is cut off at levels between 23 < y, < 26 by
other factors, the two worst being severely contaminated isophotes and imperfect
flat fielding. These limitations have the advantage that they are grossly obvious
and cause the quality of the isophotometry to deteriorate suddenly below some
threshold brightness, rather than infecting it with subtle systematic errors. Poor
sky subtraction due to the limited field of view is also a problem with some of the
nearer clusters, but since the focus of the present study will be on shape parameters

rather than photometry, this is not a serious concern.

Near the centers of the galaxies the isophotometry is seriously affected by
seeing, which decreases the apparent ellipticity of isophotes; pixellation, which
tends to increase it; and tracking quality, which, if poor, can completely mask true
ellipticities and major-axis angles and noticeably degrade the surface brightness
profiles at small radii. Rather than attempt fitting of seeing convolved ellipses
image by image, we have conducted experiments on simulated and real data for a
variety of true ellipticities and seeing conditions. This gives a rough idea of the

accuracy of good data.

Two types of experiments were run. In the first, CASSANDRA was used
to simulate images of galaxies with a variety of brightness profiles and constant
ellipticities, blurred by various amounts of seeing. These artificial data were then

reduced in the same way as the real pictures. Aside from showing the extent of seeing
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effects, these reductions allowed estimation of the precision to which major-axis

position angles were determined as a function of ellipticity and surface brightness.

Over two dozen simulations were run, of galaxies with ellipticities from 0 to
0.6. Seeing was modelled with double Gaussians, whose power was split equally
between components having 22 = 2. Full-width half maxima ranged from 0"8 to 3!0
(half energy radii 079 to 3"5). Most of the models had surface brightness following

the usual approximation to a King profile:

Iy

(1+(2))
with “core radius” a = 176. Effects of differences in central concentration were
explored with King profiles having a = 05 and de Vaucouleurs models having r.
= 55 and 1370. All of the simulated images had scales of 0’548 per pixel, 29.3

magnitudes per data number, and a sky level of x4, = 21, to match the majority of

the real images.

Reductions of some of the simulated pictures are shown in Figure 3. They
suggest a good rule of thumb for estimating the effects even of relatively poor seeing:
the ellipticity of a galaxy with a King profile is unaffected at radii larger than four or
five times the full width at half maximum of the seeing disk, and even at the radius
of the seeing disk, the apparent ellipticity is generally within 0.1 of its true value.
These are conservative guidelines for systems in the range E4 to E5. If a galaxy
has a steeper central brightness profile, the effect of seeing on the central isophotes
is greater: a concentrated E6 de Vaucouleurs galaxy may have E4 isophotes at the
radius of the seeing disk. Nevertheless the ellipticity regains its true value outside

r = 50, where it can be determined with precisions ranging from +0.02 in an E2
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galaxy, £0.01 in an E3, and even better in flatter galaxies. The simulations suggest

that for galaxies flatter than E6, systematic underestimation of ellipticity begins.

Rounder galaxies, in the range E2 to E3, show no effects of seeing outside
two or three times the seeing radius. The effect of seeing on E1 galaxies is barely
detectable. In this regime the primary limitation is the inability of the software to
see a perfect circle in a finitely sampled image. When a model E0 galaxy was built
and the resulting image reduced, the measured ellipticities of its isophotes scattered

up to 0.05.

Figure 3 also shows how ellipticity and signal strength govern the precision
with which an isophote’s major axis angle can be measured. Surprisingly, even the
position angle of an E0.2 isophote can be measured, though only at the brightest
levels, and only to within 10 or 20 degrees. Surface brightness ceases to have as
strong an effect on the precision of position angle measurements when isophotes
become as flat as E2, by which point the internal scatter is +3°. Ideally, position
angles of isophotes flatter than E6 can be measured with a precision of better than

a degree.

Centroid positions are very precisely measurable for all models and are
completely unaffected by seeing. Figure 3 indicates that for isophotes brighter
than p, = 25, the noise in the measurements is less than 0”5 along the major axis
of an isophote, and less than 025 along the minor axis. However, the centroid
positions are sensitive to telescope guiding errors, and many galaxies showed small
amplitude (< 1”) centroid jogs in right ascension due to such errors. These are easily
distinguished by inspection of Figure 1 and are usually noted in the accompanying

comments.



All of these guidelines are for the surface brightness range p, < 25, ie.,
for isophotes containing at least several dozen DN per pixel and not significantly
contaminated by light from other objects or poor flat fielding. At fainter levels

systematic errors once again dominate.

The simulated data had two major limitations: they are inevitably cleaner
than real data taken with imperfect detectors, and CASSANDRA is not presently
capable of simulating variable-ellipticity galaxies. A second experiment was
therefore also run. Six images with good (12 or better FWHM) seeing and a
variety of ellipticity profiles were chosen from the sample, degraded by smoothing
with Gaussians, and rereduced. Three of the images were on the 1.5-meter scale
(07548 per pixel), and three were Hale 5-meter images with scales of 0415 per pixel.
Gaussians of 1.55 and 3.1 pixels FWHM were used for the smoothing, producing

images of approximately 2" and 3" seeing.

The degraded profiles are compared to the original results for the same
galaxies in Figure 5. The plot for A1081 shows that if the ellipticity of a galaxy’s
isophotes is large, but also changes substantially at small radii, seeing may decrease
the measured € by as much as 0.25 at 1”. Encouragingly, however, the tests on both
A1081 and A1413 suggest that large errors are confined to within about 3 times
the seeing radius, even for 3" seeing. Two other points are worth noting. First, the
detailed effects of the smoothing on A1809 are matched very well by an image of
that cluster taken in poorer seeing (Porter 1988a). Second, the tests on A1413 show
that its central ellipticity minimum is not a seeing artifact. This is an important

verification of a type of feature that is visible in many of the galaxies in Figure 1.

Another important test of the results is comparison to published

isophotometry of some of the same galaxies in the sample. Surface brightness profiles
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are available for many of the galaxies in our sample, but ellipse fits are much rarer.
Most ellipticals with available isophotometry are at much smaller redshifts than our
galaxies, and in many cases the ellipse centroids were fixed rather than being free
parameters. Nevertheless there are two studies to which we can compare our results
quantitatively. We have an overlap of 10 galaxies with the sample of Malumuth and
Kirshner (1985). Djorgovski’s (1985b) restricted sample (i.e., of ellipticals only)
included NGC 2832 in A779, NGC 4889 in Coma (A1656), NGC 6173 in A2197,
and NGC 6166 in A2199.

Our surface brightness, ellipticity, and position angle profiles are plotted
against those of these two studies in Figure 4. The abscissa, instead of being
r surface brightness as in Figure 1, is the independent variable used by the other
study: the major axis for Djorgovski’s 4 galaxies, and the mean radius v/ab for those
of MK. Overall the agreement is quite good. Djorgovski’s profiles are uniformly
brighter than ours, because his r passband was broader than ours, and no zero-point
correction has been included in the plots (v. Djorgovski 1985a). But the shapes
of his brightness profiles are reproduced quite well, allowing for the difficulty of
correcting for the complex structure of NGC 6166 (the BCE in A2199). The only
significant disagreement between our shape profiles is in the ellipticity of A779,
which Djorgovski finds to be half an ellipticity class rounder than we do. The
seeing in Djorgovski’s image was relatively poor, and this may explain the difference,

although it extends to larger radii than our tests suggest it should.

The agreement of our fits with those of MK is satisfactory, though not perfect.
The ellipticity profiles of A2107, A2124, and A2147 agree at all values between 0.0
and 0.6. In A2052 a large isophote twist at very small radii and ellipticities ( r < 3",

€ < 0.1) is reproduced remarkably well. Of the disagreements that exist, some are
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easily understood. The profiles of A2670 are an extreme example of the limits MK
placed on their attempts to derive ellipticities and position angles for very round
and very faint isophotes: they have set € and major axis PA to reasonable constants
for the entire profile of this nearly round galaxy. The variations in our profiles,
especially the two ellipticity minima, may be primarily due to improperly cleaned

companion galaxies.

Four disagreements, however, are not as easily explained. These are in the
position angle profiles of A401 and A2124 and the surface brightness profiles of
A401 and A496. The position angle profiles of A2124 agree over most of their range,
but ours shows a sharp twist of 70°, from east-west to PA 110°, before returning
to 150° at r = 10”, where it is once again in fair agreement with MK’s profile.
One might speculate that their algorithm is not good at detecting sharp position
angle gradients, had it not done so, in agreement with our results, in A2052. The
disagreement in the position angle profiles of A401 is even worse: MK observe a
twist of 50° in the inner 5”, but we do not. Equally curious is the disagreement
in the surface brightness profiles of A401 and A496: our profiles are significantly
steeper than MK’s. Yet their seeing was not significantly worse than ours, and one
would not expect typical errors in sky subtraction to affect profiles at the u, = 22

level.

The only other isophotometric studies we have found of galaxies in the
present sample are in Carter (1978) and DiTullio (1979). DiTullio (1979) observed
NGC 4889, and Carter (1978) observed NGC 6173 and 6166. Their profiles are in
satisfactory agreement with ours and Djorgovski’s. Carter’s ellipticity profiles are
up to 0.05 higher than ours in some places, but the disagreements are much less

significant than those discussed above.
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III. ISOPHOTOMETRY

As stated in II, ellipses were fitted to the galaxy isophotes at intervals of 0.25
magnitude. The results are shown in Figure 1, in order of Abell number. Plots for
some second-brightest cluster galaxies are also shown, usually for clusters in which
the first and second galaxies have comparable magnitudes or in which there is reason
to believe the second-ranked galaxy may have some unusual dynamical significance.
Nine profiles are shown for each galaxy, all as a function of surface brightness. These
are the major and minor axes, and their geometric mean, the ellipticity, eccentricity,
and major-axis position angle, the isophote centroid coordinates z¢ and y, (relative
to the nucleus), and the 1o deviation of the fit from the pixels used. For systems
with multiple nuclei, different symbols are used for the inner regions of the (usually
2) different nuclei and for the outer envelope. The ellipticity and major-axis angle
profiles are often the most interesting, but the others also warrant inspection. As
stated above, the 1o value is the mean distance from a pixel in an isophote to the
fitted ellipse, not perpendicular to the ellipse, but along the line connecting the pixel
to the center of the ellipse. It should be referred to in evaluating the reliability of the
surface brightness profiles, and especially the centroid displacement profiles. The
surface brightness, centroid displacement, and 1o plots are scaled to the variation of
those quantities. The ellipticity, eccentricity, and position angle profiles are shown
at the same scales for all galaxies: 0.0 to 0.7 for ellipticity, 0.0 to 1.0 for eccentricity,
and covering 180° about the average value for the major-axis angle. This is best
to display the variations in the sample. Because of its length, Figure 1 is presented
as an appendix to the thesis. Comments on individual clusters are given with the

figure. In this section we will discuss the properties of the sample as a whole.
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There are two ways to approach the mass of data in Figure 1. The first
is more quantitative and objective: one can, for example, plot the distribution of
ellipticities at a fixed radius, or the amount of isophote twisting between two chosen
radii. The second is more qualitative and subjective. One can classify galaxies by
the morphology of their ellipticity profiles, or look for significant drift or breaks in
isophote centroid positions. Each approach provides some insight into the data and
can correct overinterpretations made using the other approach. We will describe

our more quantitative experiments first, and the qualitative ones second.

Given this first large body of i1sophotometry of BCEs, one of the most obvious
questions to ask is: what is the distribution of ellipticities of BCEs as a function
of radius? It is important to know whether it varies significantly and whether
it resembles the classical distribution of ellipticities of field galaxies (Sandage,
Freeman, and Stokes 1970; Binney 1978). The comparison to field ellipticals is

reserved for the next section. We now concentrate on the ellipticities of BCEs.

Since isophotes were fit at 0.25 magnitude intervals and each choice of inner
isophote was somewhat arbitrarily made for convenience, the measured isophotes
corresponded to different physical radii for different galaxies. To facilitate the
analysis, a simple weighting scheme was devised to estimate the ellipticity of a
galaxy at a series of chosen semimajor axes ax. The weighting was by a Gaussian

function of log a:
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where a; are the major axes of the measured isophotes. The dispersion o was chosen
to be 0.1, which usually resulted in significant contributions from 3 to 5 measured
isophotes. This was enough to suppress some noise, but not significant large-scale
variations in the profiles. The major axis angle profiles were treated in the same
way. Data obviously contaminated by poor fits in the regions of overlap among

multiple nuclei were edited out by hand.

An important additional filter applied to the data was the ezclusion of all
180photes with semimajor azes less than 3 times the seeing FWHM in the image.
This was done in consideration of the results of the seeing tests described above.
The fiducial semimajor axes chosen were 2, 4, 8, 16, 32, 64, and 128 kpc. These
points have equal separations of 0.3 in the logarithm, and represent the physical
radii sampled by the data between seeing disks and the outer limits of the galaxies.

The sample sizes at those radii were 47, 152, 167, 158, 139, 67, and 9, respectively.

Figure 6 is a plot of the average ellipticity of the sample detected at each of
these radii. The error bars are root mean square deviations from the means. There
is a clear increase in the average ¢, from 0.14 at 2 kpc to 0.45 at 128 kpc. The
increase is also clearly visible in the histograms in Figure 11. Within 32 kpc, this
increase is very well represented by ¢ = 0.08 4+ 0.13log(a). The figure suggests that
the increase accelerates beyond 32 kpc, but the sample size is becoming smaller,

and the error bars drawn are likely to be underestimates of the true uncertainties.

We now show that the average ellipticity increases with radius because
individual galaxies grow flatter toward the outside, and not because round galaxies
are intrinsically smaller, or drop out of the sample because of some selection effects.
Figure 14 histograms the change in ellipticity from 4 kpc to 16, 32, and 64 kpc in

galaxies present in the sample at both radii. Only 4 out of 63 (6 %) of the BCEs
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have Ae < 0 between 4 and 64 kpc, and the percentage for the 16 and 32 kpc
histograms is less than 10 %. Conversely, the 4 kpc ellipticity histogram of those
BCEs that drop out of the sample at larger radii looks no different from n(e) for

the entire sample at 4 kpc.

We have studied the behavior of BCE ellipticities at multiples of their de
Vaucouleurs effective radii and core radii as well as at fixed metric radii. The
parametric sizes were taken from Paper IV, and ellipticities were again measured
at intervals of 0.3 in the logarithm, but this time covering the range l—lgre to 4r, for
the de Vaucouleurs fits, and 0.8a to 51.2a for the modified Hubble fits. Since the
average effective radius of the sample is 32 kpc and the average core radius is 2.4
kpc, this should cover approximately the same range (2-128 kpc) studied in Figures

6, 11, and 14.

For these experiments an additional precaution had to be taken: galazies
not well fit by a particular model were not used to study the behavior of ellipticity
at multiples of the scale length of that model. This was necessary because of the
fitting procedure used in Paper IV. At that time, “galaxy centers” were determined
in a completely unbiased way: they were defined as the position giving maximum
luminosity within a circular aperture with a radius of 16 kpc. The scale lengths in
Paper IV were determined from azimuthally symmetric model fits using that center.
There are enough double and multiple BCEs in the sample to mask correlations
sought using all the resulting fits. Table I in Paper IV indicated which BCEs were
well fit by which model, if either, and only such good fits were used in the present
work. This results in a 50 % decrease in the sample size, but is necessary for the
present. We intend to produce improved fits to the cleaned minor- and major-axis

profiles in a future paper.
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Figure 7 is the plot of ¢(log%). The trend of the first 5 points is identical
to that visible in Figure 6, but there is not as marked an ellipticity increase in the
last two points. The sample sizes for the points in this figure are 22, 47, 79, 88, 81,
58, and 21. This suggests that the reason the trend is less pronounced is that there
is some “mixing” of physical radii in the conversion to scale lengths. This is not
surprising, since BCEs have a range of effective radii, but it is perhaps significant
that ellipticity depends a bit more strongly on physical radius than on scale length.
Comparison of the ellipticity histograms at multiples of r. in Figure 12 to those
at fixed radii in Figure 11 also suggests that the increase in ellipticity is slighter
as a function of =. But the small sample sizes at large radii make this conclusion

tentative.

Despite the conservative corrections for seeing, multiple nuclei, and poor
quality fits, the plot of ellipticity at various multiples of a galaxy’s core radius
in Figure 8 shows almost no trend. This is perhaps not surprising, since the
average core radius, 2 kpc, is an order of magnitude smaller than the radii at
which the changes in ellipticity are being observed. The sample sizes for the points
in this figure are 34, 52, 78, 80, 64, 42, and 12. One might expect uncertainties
in the core radius fits to cause blurring of any trend at large radii, but Figure 8
shows no convincing trend even at scales of 1-10 core radii. Since there have been
numerous indications that the interiors of BCEs are causally related to their cluster
environment (Paper I and references therein, Porter 1984), and since other results
presented in this paper strengthen the evidence for physical connections between a

cluster and its BCE, this is somewhat disturbing and requires further study.

Isophote twisting was also studied in an objective fashion. Figure 16 shows

histograms of isophote twists between 4 kpc and 16, 32, and 64 kpc. Once again an
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additional restriction had to be made to the sample: this time only those galaxies
that had € > 0.1 at both the radii in question were included. This was done to
eliminate the scatter in PA measurements of nearly round isophotes. Nevertheless
the figure shows that about a third of the BCEs studied show isophote twists of
more than 10°, and that this figure is more or less independent of the major-axis

baseline chosen for the measurement.

We searched for correlations among ellipticity, ellipticity gradient, and
isophote twisting, as well as for correlations between any of those properties and
global properties such as core radius, effective radius, growth parameter, reduced
absolute magnitude (v. Paper IV), and cluster X-ray luminosity. These searches
were performed over the full range of fiducial radii at which the shape parameters
were measured. No correlations were found other than can be explained by the
increase of ellipticity with radius and various selection effects. For instance, it
could be said that “faint BCEs are rounder than average,” but that is because they
have smaller parametric radii (Paper IV) and are therefore observed only at small
physical radii, where isophotes are rounder than at 128 kpc. Samples of the scatter
plots found are shown as Figures 18 (e at 8 kpc vs. log re), 19 (A€ between 4 and

32 kpc vs. log r¢), and 20 (isophote twisting between 4 and 32 kpc vs. log 7).

We turn now to the less quantitative, but most instructive and not entirely

subjective exercise of looking at the profiles.

Undoubtedly the most striking property of the sample is the ubiquity of
increasing ellipticity profiles. Furthermore most ellipticity profiles are quite simple
in that they show at most one change of slope. Seventy-two show none, and only
15 show more than one. As for the increases, they may be shallow, they may

occupy only part of a profile that is elsewhere constant, and they may compete
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with decreases in other parts of the profile, but there are only 24 BCEs in the entire
sample of 175 whose ellipticity profiles are nowhere increasing, and 19 of these are
constant: only 5 show decrease but no increase. There are 39 galaxies in which
some ellipticity decrease is present, but these have a greater increase in other parts
of the profile. BCEs with significant ellipticity decreases are listeu in Table II, and
the 19 with constant ellipticity are listed in Table III. Variations over less than
about 0.5 magnitudes in surface brightness (3 fitted isophotes) are disregarded as

local perturbations.

The listing in Table II is fairly objective, as closer examination of several of
these galaxies (listed in parentheses) shows they are not typical ellipticals. A1474,
for instance, is obviously an edge-on disk galaxy, and A193, A389, A1123, and A1904
have unresolved complex central structure. The ellipticity decrease in A2283 is so
slight that only A2328 and A2382 are convincing candidates for steady ellipticity
decrease, and even these images have some tracking error and poor seeing (2” and
17, respectively). The amplitudes of the ellipticity decreases are very small. The
ellipticity of A2328 goes from 0.2 to 0.1, and that of A2382 from 0.2 (0.3, if one
accepts the innermost point) to essentially 0. A2328 has a small companion 2"
from its center, and A2382 has a compact companion 18" to the south. Further

comments acompany Figure 1.

The most interesting fact about galaxies with self-similar isophotes is that
they are much rounder than other ellipticals. The average ellipticity of the 17
galaxies in this class is 0.12, and all are at least as round as E2. Anticipating
the discussion below, we note that Djorgovski’s sample of ellipticals gives the same
results. In other words, no ellipticals that are anywhere flatter than E2 have self-

similar 1sophotes.
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DiTullio (1979) has concluded that decreasing ellipticity profiles are
predominant among isolated galaxies, occurring less frequently among members
of groups and clusters, and never among BCEs. The present data strongly support

the last part of her claim.

Ellipticity variations in BCEs have another interesting property. When they
are large enough, they are clearly visible as disturbances in the surface brightness
profiles, or differences between the major- and minor-axis brightness profiles. While
inspecting Figure 1, we noticed that ellipticity disturbances are almost never
reflected by the minor-axis surface brightness profile alone. In other words, there is
a tendency for the surface brightness profiles to be smoother along the minor axis.
This statement must be interpreted cautiously, for it is certainly true that there
are many galaxies with inflections or bumps on both axes, and many examples of
structure in ellipticity profiles that cannot be attributed to disturbances along only
one axis. Nevertheless we have identified 27 examples of an ellipticity change due
to a change on a major-axis profile, and only 4 ellipticity changes arising from a

minor-axis brightness profile.

Similarly we have searched for galaxies with bright “halos,” i.e., those whose
surface brightness profiles have significant decreases of slope. By the definition
of Schombert (1988), these are cD galaxies, and many of them have associated
disturbances in their ellipticity and position angle profiles to suggest that they have
two dynamical components. However the breaks are to be interpreted, they too seem
to show a preference for major-axis profiles. Further discussion of these galaxies is

given in Porter (1988a, chapter II of this thesis).

Figure 1 shows a large percentage of galaxies with strikingly large isophote

twists. A naive tabulation gives 70 galaxies with total twist amplitudes of 40°
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or more! However, 41 of these involve isophotes with ellipticities of less than 0.1
and must be regarded with considerable skepticism. We have compiled a list of
33 galaxies with what we feel have credible twist amplitudes of at least 40° and
examined their surface brightness and ellipticity profiles in more detail. All have two
component surface brightness profiles, and many have structure in their ellipticity

profiles which is clearly associated with the isophote twisting. The list is presented

in Table IV.

One particularly interesting type of behavior observed in a few galaxies
is the coincidence of a sharp rotation in the isophotes with a pronounced local
circularization of the isophotes. The most convincing examples of this are A978 and
A1228. This behavior is almost certainly indicative of superposed but misaligned
components of the light distribution. In the regime where two such components
have similar surface brightness, the ellipticity of each is suppressed. Within this
region the apparent major axis is due primarily to the light of the smaller, brighter
component; outside it is dominated by the light of the larger component. In between

lies the transition.

A quantity of interest is the maximum observed major-axis rotation over a
range of surface brightness in which the intensity, ellipticity, and centroid profiles
show no evidence of complex structure. A2061 has a PA profile that rotates through
40° between 4” < a < 20", where the ellipticity increases steadily from 0.07 to 0.4.
The profile shows even larger axis twists at smaller radii, but since the isophotes
involved have ¢ < 0.05, these are not trustworthy. Outside 20”the PA stabilizes,

and there is a slight indication of a halo.

Since it is possible to model isophote twists of much greater than 40°

with triaxial figures (Williams [1981] modelled a 60° twist in NGC 596 this
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way), and since many smaller isophote twists are probably the result of external
perturbations (e.g., the two galaxies in A154 have twists of 10° and 20°), it is
not possible to separate intrinsic and projected twists on the basis of photometry
alone. Spectroscopic studies of the BCEs in Table IV should greatly further our

understanding of elliptical galaxy dynamics.

Table V lists 34 galaxies found to be significantly asymmetric, as shown by
isophote centroids displaced from their nuclei. Most of these centroid drifts have
been verified by antisymmetrizing the images: rotating the frame by 180° about
the BCE nucleus and subtracting it from itself. Antisymmetries show up as dipole
residuals when this is done (Porter 1988b). The tables show that antisymmetries are
not limited to obviously multiple galaxies: the drifts in A43 and A1630 are as strong
as those in A42 and A910, though perhaps weaker than the powerful disturbance
in A1185. They also show that while the proportions of isophote twisting and
asymmetry in the sample are about equal, they are not strongly associated. There
are only 13 galaxies in common between Tables IV and V. Most of these do have

multiple nuclei or close companions.
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IV. PAST ISOPHOTOMETRY OF ELLIPTICALS

The first ellipticity profiles date from the early 1960s (e.g., Liller 1960,
1966), but only recently have such observations become common, thanks to CCDs.
King (1978) published isophotometry of elliptical galaxies based on photographic
plates. DiTullio (1978, 1979) published ellipticity profiles of NGC 4889 and
numerous isolated and cluster ellipticals. The most extensive isophotometric study
of elliptical galaxies has been the thesis of Djorgovski (1985b), and the only extensive
isophotometric study of BCEs so far has been that of Malumuth and Kirshner
(1985).

These studies have shown that ellipticals exhibit a great variety of flattening
profiles: some constant, some increasing, some decreasing, some mixed, some
apparently completely irregular. Often irregularities in the brightness and flattening
profiles are correlated (e.g., Davis et al. 1985), a phenomenon that the present study
and that of Djorgovski show is quite general. However, there are two simple types
of flattening curve that account for most galaxies so far observed. These are (1) a
continuous, steady (as opposed to accelerating) increase in €, and (2) an increase
in € followed by a turnover at some intermediate radius. Few galaxies have truly
constant flattening profiles, and even fewer have decreasing ones. These are results

that have been borne out by the present study.

To compare the properties of BCEs with field ellipticals, we shall use the
primary sample of Djorgovski (1985b). This is a complete magnitude-limited
set of 122 ellipticals drawn from the CfA redshift survey. We have calculated
the average ellipticity of the field ellipticals at the same fiducial radii with the

same technique used for the BCEs. Distances to the galaxies were calculated by
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Djorgovski according to a Virgocentric flow model with a local group infall velocity

of 300 km sec™!.

Figures 9, 10, 13, 15, and 17 show the same data for Djorgovski’s galaxies
as Figures 6, 7, 11, 14, and 16, respectively, for the BCEs: ellipticity plotted as
a function of radius, ellipticity at multiples of r., histograms of ellipticity at fixed
radii, ellipticity changes between fixed radii, and isophote twists between fixed radii.
The sample sizes for the points in Figure 9 are 121, 117, 93, 41, and 12, and for
Figure 10, are 5, 18, 51, 86, 93, 84, and 48. The BCE sample extends to larger radii
than the field sample, partly because the field galaxies are intrinsically smaller, and
partly because the nearest field galaxies were not imaged as far out as 128 kpc.
Note also that the field ellipticals have much smaller effective radii, so that while
Figures 6 and 7 sample the same region of space in the BCEs, Figures 9 and 10

sample different regimes in the field galaxies.

At any rate it is clear that field ellipticals do not show nearly as strong
an increase of ellipticity with radius as do BCEs. This is true whether one plots
ellipticity as a function of physical radius or as a function of % Due to small sample
sizes, it is not possible to state that the field galaxies are rounder than BCEs at
large radii, but they do see<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>