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ABSTRACT

Photometry of a large sample of first-ranked cluster
galaxies, obtained with SIT and CCD area photometers, is
discussed. The absolute photometric results anchor the
bright end of the Hubble diagram; essentially the entire
formal error for the method is now due to the distant clus-
ters used. MNew determinations of the systematic trend of
galaxy absolute magnitude with the cluster properties of
richness and Bautz-Morgan type are derived.

Structural properties of the galaxies are derived from
the surface photometric observations. All the structure data
support and are interpreted on the dynamical friction evolu-
tion model. Twenty-eight percent of the galaxies have
multiple component nuclei; the short lifetimes of such sys-
tems provide the best available evidence that ongoing
evolution actually occurs. Average magnitude and structure
evolution rates are derived and used to estimate corrections
to the value of 95 derived from the Hubble diagram. When
combined with the expected rate of evolution of the stellar
population in the galaxies and accounting for known selec-
tion effects in the sample, a true value near the formal
value of q, = -0.5 is indicated, suggesting an open universe.

Correlation of the absolute magnitudes with galaxy
structure may be used to eliminate the magnitude dependence
on cluster richness and Bautz-Morgan type, and remove the

bias introduced into cluster samples by selaction procedures.



After removal of the trend due to differences in their
evolution the dispersion in the magnitudes of those bright-

est cluster galaxies is reduced to ¢ = 0721 and the scatter

in their core radii is o = 22%.
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PRELIMINARY REMARKS

This thesis is divided into two chapters, each a
self-contained article for submission to the Astrophysical
Journal. The research described in Chapter I was done

in collaboration with J. E. Gunn and T. X. Thuan.



CHAPTER I

MAGNITUDES FOR 116 GALAXIES



I. INTRODUCTION

The redshift-magnitude relation for the brightest members
of rich clusters of galaxies is at present probably the most
powerful global test in observational cosmology (Gunn and Oke
1975, hereafter GO; Kristian, Sandage, and Westphal 1978,
hereafter KSW). One major remaining source of observational
error in the formal value of gy 1s inexact knowledge of the
mean absolute magnitude of first-ranked galaxies at the present
epoch. The purpose of the present study is to reduce this
uncertainty, along with investigation of the systematics of
the absolute magnitudes with cluster richness class and
Bautz-Morgan (BM) type (Bautz and Morgan 1970; Sandage,
Kristian, and Westphal 1976, hereafter SKW) for a well-
defined set of clusters.

The sample chosen consists of all Abell clusters (Abell
1958) with richness class greater than or equal to one,
distance class four or less, and galactic latitude above
thirty degrees in absolute value. Additionally, all high
latitude richness zero clusters of distance class three or
less are included, in order to increase overlap with the low
redshift sample cf GO and enable study of systematic trends
over a wider range of cluster richness. Three clusters have
insufficient observational data to warrant inclusion here.

A total of 116 first-ranked galaxies are photometered. Red-
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shifts for these clusters an analysis of their space
distribution are published elsewhere (Thuan and Gunn 1980).
After description of the observations and systematic
trends in this new set of photometric data we briefly discuss
the implications of these results for the Hubble diagram
determination of g,. Structural properties of a large subset
of the galaxies measured here and related evolutionary effects

are discussed by Hoessel (1980, Paper II).



ITI OBSERVATIONAL MATERIAL

Photometric observations were obtained in the green and
red (g, r) passbands of the photometric system of Thuan and
Gunn (1976). Three instruments were used to collect the data,
a pulse-counting photometer, SIT vidicon area photometer, and
CCD area photometer. Reduction of the SIT and CCD pictures
to the multiaperture magnitudes used here are detailed in
Paper II. Enlargements from the Palomar Sky Survey were used
to locate the first-ranked galaxy in each cluster. In those
cases where no clear choice was evident, several of the
brightest galaxies were measured and results for the most
luminous included here.

One third of the galaxies in the sample were observed
with a two channel pulse-counting photometer at the 1l.5-meter
Palomar reflector. The instrument and filters were identical
to those with which the photometric system was defined.
Galaxies were centered visually in one channel, measured in
both colors, then centered in the other channel and remeasured.
Data from each aperture were reduced separately to outside
the atmosphere by transformations derived from observations
of at least eight system standard stars each night. The
photometric residuals were generally 1-2% and never larger
than 3%. Counting statistics for the galaxies were generally
1-2% in each aperture. Final reduced measurements for the
two channels were compared; if agreement was inferior to
0.04 mag, the measurements were rejected and the object

re-observed. Fifteen galaxies had acceptable measurements



made on more than one night. General agreement between
nights was better than 0.04 mag.

Observations were frequently obtained through several
size apertures bracketing the desired metric sampling radius
of 16 kpc (assuming throughout HO = 60 km s_l Mpc—l and
dg = 1/2). For objects with such multiaperture data, includ-
ing all SIT and CCD observations, the measurements were inter-
polated to this standard radius. Other observations were
aperture corrected following the procedure of GO. Results of
Paper II indicate a mean value of o = 0.49 for the present
sample which was used.

Redshifts, observation angular size and physical radius,
magnitudes, colors, and aperture corrections are listed in
columns 7-13 of Table 1. No entry in column 10 signifies
that the data were interpolated to the correct radius of 16
kpc. Coordinates for the galaxies observed, accurate to +20
arcseconds may be found in the second column. Cluster
galactic latitude, Abéll richness class, and Abell distance
class are columns 3-5. Cluster BM types in column 6 are
lifted from Leir and van den Bergh (1977).

The magnitudes in column 15 are on the VI system defined
by GO; VI is the monochromatic magnitude at 5456 A in the
galaxy's rest frame, corrected for galactic obscuration via
the reddening-free polar cap model of Sandage (1972). This
magnitude was derived from the intermediate-band g and r
magnitudes in the following fashion: the difference VI-g

and VI-r are calculated as a function of redshift for a



standard galaxy (NGC 4889 in this case) from multichannel
spectrophotometer data of high gquality, using the effective
wavelengths for the passbands which are shown in Thuan and
Gunn (1976). These corrections are applied to a sample
galaxy to calculate two values, VI(g) and VI(r). If the
intrinsic colors of the sample galaxy agree exactly with
those of NGC 4889, these two magnitudes will agree exactly
as well. 1In general they are different by a few hundredths
of a magnitude. The final value is obtained by a weighted
mean of the two values, the weight being inversely propor-
tional to the difference between the effective wavelength
0f the filters and 5456 (1+z). This procedure is similar

to the usually used K-correction, but is an interpolation,

since 5456 (1+z) is, for this sample, between the effective
wavelengths for g and r. The values of VI are limited in
accuracy almost entirely by the errors in the photometry.
Absolute intrinsic magnitudes, listed in column 16 of Table

1 were calculated assuming Hy = 60 km st

Mpc-l and qo==l/2.
The final column lists the type and number of observations
available for each object, with T indicating photometer, S
for SIT, and C meaning CCD.

Seven galaxies were measured both with the phototubes
and the SIT system. Comparison cf these results yields a
mean deviation for the seven of 0.00 mag with an rms scatter
of 0.03 mag. These objects were on average slightly brighter

than the sample average. Repeat observations of the faintest

galaxies in the sample on different nights with the SIT
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system generally agree to 0.04 mag. Three faint galaxies
from the sample along with first~ranked galaxies in two more
distant clusters (z ~ 0.25) were observed both with the SIT
and CCD. These five comparisons show a mean deviation of
0.02 mag with a scatter of 0.04 mag. We conclude from these
results that the photometric data set presented in Table 1
is free of detectable systematic measurement trends and is

self-consistent to 0.04 mag.



IIT DISCUSSION

The remarkably small dispersion in absolute aperture
magnitude of first-ranked cluster galaxies is a subject of
much interest. Special formation (Sandage 1976) or evolu-
tionary (e.g., Hausman and Ostriker 1978) processes have been
proposed to account for this similarity. The absolute
intrinsic magnitudes from Table 1 are histogrammed in Figure
1. The mean absolute magnitude for this nearly normal distri-
bution is (MVI) = -22.68 +0.03 mag, with a dispersion of
0.35 mag. A similar value for the scatter is found by KSW.

Available data allow the study of the systematics of
absolute magnitude with the cluster properties of Abell
richness and BM type. Absolute magnitudes subdivided by
richness class are plotted in Figure 2. A trend towards
brighter brightest galaxies with increasing cluster richness
is evident. Mean absolute magnitudes for each class listed
in Table 2 are most consistent with a brightening of 0.10 mag
per class. SKW find a 0.05 mag per class gradient from less
complete data with a wider range of richness and redshift.

We do not believe these two values to be inconsistent, given
the errors in each.

Sandage and Hardy (1973) have shown that absclute aper-
ture magnitudes for brightest galaxies correlate with cluster
BM type. Data for our sample, subdivided by BM class are
histogrammed in Figure 3. Mean absolute magnitudes for each
class are the ccntent of Table 3. The difference from class

I to III amounts to 0.41 mag where KSW find a value of
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0.54 mag. Changes with class agree well except for the bright
end where KSW find a larger effect. The slow surface bright-
ness declines with radius for cD galaxies and the larger
metric diametersof KSW combine to explain this. After
applying corrections to the absolute magnitudes for both
richness and BM type, derived from Tables 2 and 3, we obtain
a dispersion of o = 0.30 mag in agreement with the result of
KSW. More extensive discussion of the nature of these
effects is deferred to Paper II.

The mean absolute magnitude for the present sample is
0.07 mag brighter than for the low redshift galaxies of GO.
Twenty-nine galaxies are in common between the two lists.
New measurements average 0.05 mag brighter than the old,
which were obtained from broadband V photometry using rather
heterogeneous data. The remainder of the discrepancy is
consistent with the fact that the new sample is somewhat
richer than the old. A redshift - apparent magnitude diagram
for the present data; along with the distant sample of GO
(excluding 3C 295) is shown as Figure 4. Detailed discussion
of the Hubble diagram will be deferred until a forthcoming
reanalysis including a much larger, fainter, and more homo-
geneous set of faint clusters is completed. Briefly stated,
the implications of the new low redshift data are, as applied
to the GO case of 3C 295 out, no evolution, a change of -0.40
in the formal value to 3, = -0.55, along with reduction of the
formal error from Og = 0.57 to cq = 0.45. Thus even a

10 o
modest change in the bright end data can yield a large change
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in the global determination of d,- The reduction of the
uncertainty in the mean absolute magnitude at the present
epoch by the observations reported here makes such large
changes unlikely in the future. The formal errors for q, are
now essentially dependent only on the faint sample. ©New CCD
technology is resulting in dramatic reduction of the effort
necessary to improve data for the faint sample. We expect
shortly to have sufficient data to reduce the formal error to
below qu = 0.25. Uncertainty in the true value of the
deceleration is of course much larger than even the present
formal error, due primarily to the poorly understood luminos-
ity evolution of the brightest galaxies and systematic bias

in the cluster samples. These problems are addressed in

Paper II.
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TABLE 2

Mean Absolute Magnitudes for Each Richness Class

Richness < MVI > o
0... -22.66 = 0.10 0.34
1... -22.62 + 0.04 0.34
2... -22.86 = 0.07 0.34

3... -22.99
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TABLE 3

Mean Absolute Magnitudes for Each Bautz~Morgan Class

BM < Myp 2 g
Io.o.... -22.93 + 0.08 0.27
I-II..... -22.74 + 0.10 0.33
IT...... -22.81 * 0.06 0.28
II-III... -22.64 + 0.07 0.34

IIT...... -22.52

i+
(@}
.

o
)}
o
w
(=
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FIGURE 1

Histogram of absolute intrinsic magnitudes for 116 first-
ranked cluster galaxies. The Gaussian has the same mean

( <MVI> = =-22.68 mag) and dispersion (o = 0.35 mag) as
the data.
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FIGURE 2

Absolute intrinsic magnitudes for brightest galaxies binned
by cluster richness class. Mean absolute magnitudes for

each class are listed in Table 2.
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FIGURE 3

Absolute-intrinsic magnitudes for brightest galaxies binned
by cluster Bautz-Morgan type. Mean absolute magnitudes for

each class are listed in Table 3.
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FIGURE 4

Hubble diagram for the present data along with the faint
sample of GO. A formal value of q, = -0.55 is indicated,

with an error of ¢ = (0.45.
9o
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CHAPTER II

SIT AND CCD SURFACE PHOTOMETRY

AND DYNAMICAL EVOLUTION
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I. INTRODUCTION

The remarkably small scatter in the absolute magnitudes
of first ranked cluster galaxies (e.g., Sandage 1972,
Hoessel, Gunn, and Thuan 1980, hereafter cited as Paper I),
which makes the Hubble diagram a powerful probe for obser-
vational cosmology, has been attributed to some special
formation or evolutionary process (Sandage 1976, Dressler
1978a). One such process, the dynamical merger of cluster
members to form the giant, has been the subject of consid-
erable theoretical study (Ostriker and Tremaine 1975,
White 1976, Gunn and Tinsley 1976, hereafter GT, Ostriker
and Hausman 1977, hereafter OH, and Hausman and Ostriker
1978, hereafter HO). Observational support for this model
is available from the study of first ranked galaxy struc-
ture (Oemler 1976), dynamics (Dressler 1979), and cluster
luminosity functions (Dressler 1978b). A thorough under-
standing of its nature, and the rate at which this proc-
ess occurs is essential, since it generates a systematic
evolution of the absolute luminosities of brightest cluster
galaxies (GT), an effect which must be removed before
meaningful results for the deceleration can be obtained.

The present work was undertaken in order better to
understand the details of this evolutionary process and to
calibrate its importance for observational cosmological
methods. The theoretical results suggest that the dynami-
cal friction—induced cannibalism not only alters the

luminosity of the brightest galaxy; it also produces
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strong changes in the galaxy's structure (changing it from

a normal elliptical galaxy to a cD system). Both luminosity
and structure information are provided by the observational
technique of surface photometry. To date such data (detailed
in Section II) are available for the central regions of the
brightest galaxies in 108 nearby Abell clusters, chosen ran-
domly from the sample defined in Paper I. The structure
data are parameterized by simple model galaxies; the re-
sults are listed and interpreted in Section III. 1Implica-
tions of these results for cosmology are discussed in
Section IV. Future papers in this series will deal with
the characteristics of the faint outer envelopes of bright-
est cluster galaxies, and correlations of galaxy structure

with cluster structure.

II. OBSERVATIONS AND REDUCTIONS

The majority of the surface brightness observations
reported here were obtained with a SIT vidicon area photom-
eter at the 1l.5-meter Palomar teleécope. Characteristics
of this instrument are detailed by Kent (1979). The system
produces a digital picture of 256x256 square pixels with
0.55 arcsecond separation. Several frames were obtained of
each of the 108 galaxies. Generally five minute green and
red exposures (on the system of Thuan and Gunn 1976) taken
under photometric sky conditions were supplemented by two
additicnal red frames with integration times adjusted

according to the galaxy's luminosity. In every case the
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noise due to sky photon statistics exceeded the instrumental
noise.

Five relatively faint galaxies were observed with a CCD
system (described by Young et al. 1978) at the prime focus
of the 5-meter Hale telescope. Ten minute exposures in both
the green and red were obtained of the first-ranked galaxies
in the clusters A 166, A 246, A 274, A 227 and A 2328.

The raw picture data were reduced to multiaperture
magnitudes by the following procedure: Zero exposure erase
frames taken throughout each night were subtracted from all
other frames pixel by pixel. Dark emission during the short
integrations used here is negligible in both instruments.
Several flat field exposures of a uniformly illuminated
patch on the inside of the dome were made through the tele-
scope in each color each night. Sky exposures were divided
pixel by pixel by the averaged normalized flat field of
appropriate color. Prints of six red frames so treated are
shown as figure 1. éky background on each frame was deter-
mined by histogramming all pixels by data number and locating
the peak value by a simple parabolic fit. This value was
then subtracted from each pixel. The center of each object
to be photometered was estimated by eye; then improved by
an automated two-dimensional centering algorithm. Instru-
mental magnitudes were synthesized in circular apertures
about this location.

Frames of system standard stars, obtained each night,

were treated identically to the galaxy pictures. RMS resid-
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uals to the transformations to the standard star values
were less than 0.04 mag for the SIT and 0.01 mag for the
CCD. Galaxy magnitudes were reduced to outside the atmos-
phere utilizing these derived transformations. Further
description of the absolute photometric results is the
subject of Paper I.

Surface brightness profiles, derived by differencing
the multiaperture intensities, are shown in figure 2 for
six galaxies covering the range of observed size and shape
in the sample. Throughout this paper all surface bright-
nesses are in units of red magnitudes per square arcsecond.
Previous work on brightness profiles of luminous elliptical
galaxies (e.g. Oemler 1976, Kormendy 1977) suggests that
the interior regions may be adequately described by Hubble
intensity laws. We choose to parameterize our observations

by a modified Hubble law of the form

I
c

I(y) = ——— (1)
l+Y2/82

where Ic is the central intensity, B the core radius and vy
the angular distance from the center. The luminosity con-

tained within a projected radius y is

— 2 2 2
LY = WIC 8can (l+v*/8°) (2)

yielding a magnitude of
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L 2.5 log [m 8% an(l+y2?/8%)] (3)

with Ho denoting the central surface brightness. Standard
nonlinear least squares techniques were used to fit this
relation to the multiaperture data for each object over the
inner region of 16 kpc radius.

Profiles from three frames of the brightest galaxy in
A 2197, along with the averaged fit to these data are
illustrated in figure 3. This particular object is one of
the most sharply cut off with increasing radius in the
sample, and is less well fit than average. Lumpy profiles,
such as that of A 21 are also relatively poorly fit. Fits
to repeated observations made on the same night agree to
10% in core radius and 0710 in e A later paper in this
series will undertake detailed investigation of the profiles
of the galaxies in this sample, extending the results to
large radii and faint surface brightness. The complete pro-
files will be published therein.

Although the observations were made under relatively
good atmospheric conditions, with the more distant objects
measured in the best seeing, the core radius and central
surface brightness data are degraded by the atmosphere,
telescope and detector (at least for the SIT). To correct
for this, all suitably bright stars were located on the
pictures and multiaperture photometry obtained as above.

Gaussian fits to these data provided knowledge of the run of
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image guality throughout each night. On average the image
size was o( = FWHM/2.35) = 0.7 arcsec and ranged from 0.3
to 1.0 arcsec.

Corrections to B8 and u, were estimated by synthesizing
seeing degraded artificial galaxy profiles. Gaussians were
numerically convolved with equation 1 over the full range
of observed parameters ¢ and 8. Multiaperture magnitudes
were created from the profiles and the fit with the same

procedure used for the actual observations. A large table

was interpolated in for B(true) and Auc given o and B8
(observed). Core radius corrections averaged less than
25%, with Auc generally less than 0™30. Twelve galaxies
spanning the full range of core radii were observed on more
than one night under differing atmospheric conditions.
Comparison of the corrected core radii shows an rms scatter
of 13% with a 0718 scatter in Moo We adopt these values
as the typical obseryational errors in these guantities.
While this correction procedure is by no means optimal, it
does not degrade the results of the present data appreciably.
Averaged corrected core radii from all frames of each
object are listed in Table 1. Also listed are the average
corrected central surface brightnesses. The £final quantity
in Table 1 is central surface brightness corrected for the
galactic obscuration (as in Paper I) and corrected for the
color change as a function of redshift, estimated from high
guality multichannel spectrometer data. The change with

redshift in pass-band width in the galaxies' rest frames,
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normally included in the K-correction, has not been applied
to the data in Table 1; this effect will be accounted for

below.

III. RESULTS

Observational data now available for the 108 brightest
cluster galaxies include the core radius and central sur-
face brightness from Table 1 and absolute magnitude, red-
shift, and the cluster properties of richness and Bautz-
Morgan type (B!M) from Table 1 of Paper I. 1In order to
compare the properties of various galaxies and explore rela-
tionships between these properties we must eliminate the

effects of the redshift and establish "absolute" quantities

for each galaxy. A Hubble constant of Hy = 60 km s T Mpc“l
and q, = 1/2 are assumed throughout what follows. Each
physical radius a corresponding to the galaxy core radius
B8 listed in Table 2 is derived from
b
[1-(1+277%] ‘
a(kpc) = 48.438 8 (arcsec) . (4)
1+z

The mean core radius from these data is <a> = 2.23:0.1 kpc
with a dispersion of 0, = 1.09 kpc. Recalling that the
observational uncertainty is 13% for this gquantity, we find
that this observed scatter is primarily cosmic.

A more convenient dimensionless parametrization of

galaxy size is the power alpha used for the aperture cor-
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rection by Gunn and Oke 1975 (hereafter Go), i.e.,

- (o2
L =L (v/vg) - (5)

We term o the structure parameter in what follows. Rewriting

this expression as

d ¢n L

a4 = — (6)
d ¢n v

we find from equation (2)

2y 2
Y = s (7)

(1+yg%/8%) 8% 2n (l+vg?/8%)

where Yg is our sampling radius corresponding to 16 kpc.
Column 4 of Table 2 is a list of a values which are histo-
grammed in figure 4. The mean of this distribution is <a>
= 0.49#0.01 with a dispersion of 0y = 0.11. Observational
uncertainties in 8 propagate to #0.03 in «a.

The final intrinsic parameter listed in Table 2 is the
reduced surface brightness (RSB), which is the corrected
central surface brightness of Table 1 further corrected for
the fourth power redshift dimming appropriate for any rela-
tivistic cosmology (Hubble and Tolman 1935). A histogram
of the RSB data appears as figure 5. The mean value 1is

<RSB> = 18?13t0.06 with a cosmic scatter of URSB = 0?62.
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These "mean galaxy" parameters are summarized in Table 3.

A result of Paper I (and earlier work; see, e.g.,
Kristian, Sandage, Westphal 1978) is that the absolute magni-
tudes of first-ranked galaxies are correlated with the
cluster properties of richness and BM type. We find that
the brightest galaxy structure is also correlated with these
properties. 1In figure 6 the structure parameter histogram
1s subdivided by Abell richness class. Mean values for each
class are given in Table 4. Although the sample suffers
from a lack of rich clusters, an increase in the mean alpha
of 0.06 per class is shown by the data. A weak correlation
between structure parameter and cluster BM type is shown in
figure 7. Means for each class are listed in Table 5.

These correlations provide observational support for the
dynamical friction galaxy evolution model in which the BM
sequence is interpreted as a result of differing degrees of
evolution with the Type I clusters being highly evolved.
The structure parameter increases in this model as the
cannibal dines on its neighbors and grows in luminosity at
their expense, which happens at a faster rate in richer,
denser systems (see GT or HO).

This dynamical evolution introduces important errors
into the global Hubble diagram method of deceleration mea-
surement. As stressed by GT, the aperture magnitudes cf
galaxies change with time, an effect which must be cali-
brated before meaningful results for q, may be obtained.

Another serious problem is that selection procedures tand



36

to find mainly rich, dense clusters at the faintest levels,
and this correlation of galaxy and cluster properties intro-
duces the well-known Scott (1957) effect. 1Is there any way
of eliminating these problems? One possibility suggested by
HO is the expected correlation of structure and absolute mag-
nitude. Absolute intrinsic magnitudes from Table 2 are
plotted against alpha in figure 8. The observational uncer-
tainties are shown in the lower right. Evolutionary tracks
in this plane are calculated by HO. The data are replotted
in figure 9 where the points are average value in bins of
0.05 for alpha less than 0.5, and bins of 0.10 for alpha in
excess of 0.5. The error bars represent *lg dispersions in
the data, where the uncertainty in the mean value is illus~-
trated at the lower right. The dispersion of the data about
the mean line is 0 = 0.22 mag, and it decreases somewhat
from left to right, consistent with the prediction of HO.
This observed scatter is somewhat less than anticipated by
HO. |

In order to study this process in more detail, let us
assume, following GT, that in a merger the.galaxy scale size

(a) increases as the kth power of the mass (m), that is if

Sa sm
- = k — (8)
a m
then
SL Sm
— = — {1l-ka) (9)
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if the accreted material has the same mass-to-light ratio

as the original (GT equation 17). Taking y = B/Ys, we

derive
SL 1 8x
—_ = |- - g — (10)
L 1k X

which may be integrated to obtain

L, = ¢’ x/® an (1+1/x%) (11)

or

M, = -2.5 log [Xl/k 2n(l+1/x%)] +c . (12)

This relation, along with equation (7) may be used to find
the expected behavior in the (MVI' a) plane for various k.
Two such loci are shown in figure 9 for k = 1 and k = 2,
having been vertically adjusted to fit the data at a = 0.49.
The case k = 1 is the expected behavior (GT) for the homol-
ogous merger of galaxies of nearly the same size, whereas

k = 2 is expected for large objects consuming small ones.
The data are remarkably well fit by the k = 1 case. HO
have suggested relatively large objects located near the
cannibal to be its most likely victims, which is consistent
with this observed behavior and the large luminosity differ-
ence between the first and second ranked galaxies in highly
evolved (BMI) systems /Sandage and Hardy 1973).

Absolute magnitudss and structure parameters are plotted
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as functions of cluster redshift in figure 10. A trend in
the data towards larger, more luminous galaxies with increas-
ing distance in the sample is apparent. This effect is too
large to be easily explained by incorrect choice of 94 (a
value 60 away from the formal result of Paper 1 is necessary
to explain the data). An alternate hypothesis is that a
selection effect exists in the distance class limited sample.
Atypical clusters containing larger, more luminous brightest
galaxies than average are included in the sample, particu-
larly at the largest redshifts beyond the completeness limit
(z ~ 0.06) of the sample. Applying a statistical correction
to the absolute magnitudes based on the measured values of
alpha for each galaxy and the mean line defined by the data
in figure 9 eliminates this dependence of absolute magnitude
on redshift. It appears that this "a-correction" may be
used to correct for the effects of selection bias in cluster
samples and thereby eliminate the Scott effect

During the course of obtaining the redshifts for the
clusters in this sample it was noticed that a sizeable
fraction of the first-ranked galaxies have multiple nuclei.
This is not apparent on Schmidt prints (or plates) due to
excessive density and insufficient scale. A small subset
of these objects are the binary objects studied by Rood and
Leir (1979). In order to determine the fraction of multiple
systems and isolate individuals for further study, a photo-
graphic survey of the sample on short exposure large-scale

plates was undertaken with the 2.5-meter Hooker and the
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l.5-meter Palomar telescopes. Halfway through this project
the SIT system became available and was used to complete the
survey. One well-known multiple system, in A 2199, is shown
in figure 1. All galaxies in the sample with multiple com-
ponents separated by less than 16 kpc are listed in Table 6.
Two of these clusters, A 88 and A 1656 are not included in
the discussion below for lack of sufficient surface photom-
etry. Two objects, in A 2199 and A 21, are triple systems.
Thirty-three sample galaxies are multiple - a fraction of
28%. A sizeable number of such systems is expected to

form during dynamical evolution (GT, HO). The mean absolute
magnitude of the multiple systems is <MVI> = -22.76, while
<MVI> = -22.64 for the remainder. The mean structure param-
eter for the multiple galaxies is <a> = 0.53 with <a> = 0.48
for the rest. The ratio of these changes, AM/Aa, 1is nearly
equal to the slope of the mean (MVI -a ) relation of figure
9 near g = 0.49, indicating that the presence of the extra
components does not strongly affect the derivation of the
structure parameter. If we assume that these changes of
0.12 mag and 0.05 in o are typical for the accretion of a
galaxy, we can crudely estimate that the "average" sample
galaxy was formerly four smaller ones; from both the magni-
tude and alpha differences of the "mean" galaxy and the
faintest, smallest observed first-ranked galaxies with g =
0.30 and MVI = =22.15, which are identified with the primordial
state. The time since cluster collapse for the average

sample cluster is scomewhat less than 5 X 109 years (the
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appropriate value for the Coma Cluster, Gunn and Gott 1972).
On average, then, a cluster member is consumed about once
every lO9 years, which is in agreement with the typical
relaxation time for a massive galaxy in the central region
of a rich cluster (Bahcall 1977). If all mergers result in
a detectable multiple system at some stage, we can estimate
a lifetime of about 2.5 x 108 years, which agrees well with
current theoretical merger timescale estimates of about an
orbital time.

One more observed relationship supports the dynamical
evolution model. Reduced surface brightness and structure
parameters are plotted in figure 1l1. Typical observational
error is also shown. The dispersion of the RSB data about
the mean relation defined by the data is o = 0?23; approxi-
mately half of the variance can be accounted for by the
observational uncertainties. For the simple homologous
merger of N objects to form a giant (i.e., the k = 1 case
above) the central sﬁrface brightness is expected to
decrease like 1/N (see OH). The "average" sample galaxy has
RSB = 18713, which is a factor of four down from the RSB of
the smallest, least luminous galaxies in the sample. This
result provides independent confirmation that approximately
four objects have on average merged to create the first-
ranked galaxy. To summarize, the observational results dis-
cussed in this section are all entirely consistent with
dynamical merger of galaxies in clusters. The high fre-

guency of multiple nucleus systems is difficult to explain
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without such evolution.

IV. DISCUSSION

£ Elhmn e
i jo

the brightness and structure of
brightest galaxies has important consequences for observa-
tional cosmology, particularly its influence on the values
of the deceleration obtained from global methods. Is the
alpha correction all that is necessary to eliminate this
systematic effect, or are the corrected magnitudes still
correlated with other properties, such as cluster richness
or BM type? Alpha-corrected absolute magnitudes are histo-
grammed by richness class in figure 12. Mean absolute mag-
nitudes for each class are listed in Table 7. The clear
trend towards brighter galaxies in richer clusters, shown
in figure 2 of Paper I for these data, has all but disap-
peared. Corrected magnitudes binned by BM type are shown
in figure 13, and the mean values tabulated in Table 8.
Again the trend found in Paper I has been eliminated.
Richness plus BM corrections for each galaxy are plotted
against the alpha correction in figure 1l4. We believe the
alpha correction, which reduces the dispersion in the
magnitudes of first-ranked galaxies to ¢ = 0.21 mag, is the
more fundamental method, richness and BM magnitude trends
being due to correlation of galaxy structure with these
cluster properties. The results shown in figure 14 suggest
that the richness and BM corrections cannot properly elimi-

nate the evolution, particularly for nearly primordial
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(i.e., o v 0.3) objects. Work in progress will determine if
other cluster properties, such as the form of the luminosity
function or the central number density of galaxies may be
used in place of the alpha correction (see HO).

For faint high-redshift clusters the quantity alpha is
not impossible to measure (since 16 kpc corresponds to 2.5
arcsec at z = 0.6), but it will not be easy. Also, in order
to measure alpha I, must be known. An iterative procedure
may be used to solve for 9, with the Hubble diagram; alpha
corrections calculated for some initial q, are applied and
a new qg derived, then the procedure is repeated until it
converges. Since intrinsically brighter galaxies are larger
and an incorrect value of 94 results in an error of the same
sign, i.e., too large a q, corresponds to brighter, larger
angular size galaxies, the alpha correction reduces the
sensitivity of the Hubble diagram to dg- This reduction in
sensitivity is of the same order as the gains from the
reduced dispersion the correction provides. If some prop-
erty of the cluster, independent of d,r can be found to
correlate well with the evolutionary state of the brightest
galaxy, this sensitivity reduction may be avoided.

If we ignore selection bias in the data used at present
for the Hubble diagram (fig. 4 of Paper I) we can estimate
the influence of dynamical evolution on that result. The
time between the epoch of the faint clusters (z ~ 0.3) and
the epoch of the bright clusters (z ~ 0.07) corresponcs to

consumption of two or three galaxies by the cannibal. At
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A = 0.12 mag per event a correction to the formal value of
94 in the range 1 < Aqo < 1.7 in the sense 9, (true) = d,
(formal) + Aqo is necessary. A similar correction of oppo-
site sign is the best available estimate for the influence
of the evolution of the stellar populations in the galaxies
(Tinsley and Gunn 1976, hereafter cited as TG). Thus the
true deceleration is probably near the formal value, in the
absence of selection bias in the sample used.

Clusters richer on average than the low redshift
sample are preferentially selected at large distances; thus
the dynamical evolutionary correction is somewhat offset by
selection. A gquantitative estimate of the magnitude of this
effect cannot yet be made.

The deviation from the l/(l+z)4 behavior of central
surface brightness with redshift has been proposed as a
means of measuring the rate of stellar evolution in galaxies
(Gudehus 1975, Petrosian 1976, Tinsley 1976). The large dis-
persion introduced by dynamical evolution of the central
surface brightness, as well as the systematic trend with
redshift and selection bias, combine to render raw central
surface brightness useless for this purpose. Measurement of
the structure parameter may be used to eliminate these prob-
lems, via the relationship shown in figure 11, with the
price that the surface brightness-redshift effect is no
longer independent of cosmological model. Alpha-corrected
central surface brightness is plotted as a function of

log (1+2) in figure 15. The scatter in the data is large,
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but a correlation does exist with a best fit slope of
13.7 +2.8, slightly over lo from the expected slope of 10
for no evolution. It has long been realized that this plot
can provide a fundamental direct test for the expansion of
the universe (Hubble and Tolman 1935, Geller and Peebles
1972). Tired light cosmologies, where the change in energy
per photon with redshift is the only effect, have a slope in
this plane of 2.5, which is 40 from the observations.
Assuming the absence of strong radial gradients, the
stellar evolution of central surface brightness is (follow-

ing GO)

§SB = (1.3-0.3x) 2n tl/tO (13)

where x is defined for the stellar mass (ms)function in a

galaxy by
dn
— = m;(l+x) (14)
drrg
1
For g = 1/2 (where tl/to = ————t———— ) and x = 1 (see TG)
o (l+z)3/2

we list expected 8SB's for several redshifts in Table 9.
The slope error for the data in figure 15 corresponds to
0710 at z = 0.07 where most of our data are. Thus the data
lie 20 away from the expected line, including evolution.
Improved measurements can make sizeable improvements in

the significance of this sort of result, since half the

slope error may be attributed to the present observational
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uncertainties. Careful extension of these data to larger
distances is necessary before actual estimates of the evo-
lution rate may be obtained. If the slope of the surface
brightness-redshift relation continues to exceed 10, the
extra complication of intergalactic extinction may have to
be faced (Gudehus 1975).

An alternate global test using galaxies is the metric
diameter-redshift relation. Baum (1972) has applied this
method using a clever photographic technique. Others have
suggested core radii for first-ranked galaxies to be good
metric rods, independent of the stellar evolution (Petro-
sian 1976, Tinsley 1976). A core radius-redshift plot for
our data is shown in figure 16, along with the expected be-
havior for q, = 0 and qg = 1. (See e.g. Sandage 1961 for
theory.) The separation between these models amounts to

30% at z

0.6. The cosmic dispersion in core radii is

v50% which, along with the systematic dynamical evolution of
the core radii, makeé this method less than attractive.

Also faint cluster samples are biased towards larger galax-
ies, as discussed in Section III.

The correlation between core radius and central surface
brightness may be used to reduce this dispersion and elimi-
nate the systematic trends, but the rate of stellar popula-
tion evolution must be known before these corrections can
be applied. The core radius - RSB relation is shown in
figure 17. Elimination of the systematic trend reduces

the observed core radius dispersion to o, = 22%; half of
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this variance corresponds to the observational uncertainties.
Accurate rates for the stellar evolution of central surface
brightness are necessary before the 8-z diagram becomes a
viable method. From the ground, the core radius measure-
ments for high redshift clusters are difficult at best, but
the Space Telescope will have sufficient sensitivity and
resolution to measure directly both the core radius and
central surface brightness at any redshift.

Resolving the entanglement of deceleration and evolu-
tion will be difficult if only magnitudes, core radii, cen-
tral surface brightnesses and redshifts are available. In-
correct estimation of the stellar evolution rates results in
q, error of the same sign for both the Hubble diagram and
metric diameter tests. The magnitude of the errors is,
however, not identical for the two methods; only the cor-
rect stellar evolution rate should result in the same
deceleration being determined from both technigues. It
remains to be seen wﬁether all other systematic effects can
be eliminated to the extent that this becomes practical.

The mean surface brightness-core radius relation

defined by the data shown in figure 17 may be written as
RSB = 2.93 log a +17.15. (15)

This is identical to the relation found by Kormendy (1977)
(after accounting for photometric system differences and the

definition of core radius), largely from King's (1978)
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photometry of Virgo Cluster ellipticals of considerably
lower absolute luminosity than the present sample. Accept-
ance of the evolutionary cause for this relation for the
first-ranked galaxies hints that a physically similar pro-
cess, i.e., the homologous merger of small systems to form
larger ones, may be important in the formation of all ellip-
tical galaxies. Accurate surface photometry of a large
sample of galaxies extending deep into the cluster lumino-
sity function to check this result is necessary, and

could provide an important clue for the detailed under-

standing of the galaxy formation process.
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V. SUMMARY

Surface photometric observations of the brightest
galaxies in 108 Abell clusters lead to several conclusions
relevant to observational cosmology.

1) All available evidence indicates that dynamical fric-
tion strongly affects the structure and luminosity of first-
ranked galaxies.

2) Galaxy structure is correlated with the cluster proper-
ties of richness and Bautz-Morgan effects.

3) Galaxy absolute magnitude is correlated with structure.
An observed relation may be used to eliminate the dependence
of absolute magnitude on cluster properties, minimize the
dispersion in magnitude to ¢ = 0.21 mag, and remove the
systematic trend of dynamical evolution.

4) The average nearby Abell cluster has had four members
combine to form the giant which grows in aperture luminosity
by 0.12 mag for each'capture, which happens with a timescale
of n lO9 years.

5) This rate implies a correction in the range l<Aqo<l.7
is necessary for the Hubble diagram method. Stellar evolu-
tion requires a correction of similar size and opposite sign;
the true SR should thus not be far from the formal wvalue.

6) Surface brightnesses, corrected for the effects of
dynamical evolution, follow the behavior with redshift
expected for relativistic cosmologies. Improved cobserva=-

tions may allow measurement of the rate of evolution of the
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stellar population in galaxies.

7) Galaxy core radii are strongly modified by dynamical
effects, but correction for these influences is possible.
Such data might be a viable subject for a metric diameter-
redshift test, which can provide a useful complement to the
Hubble diagram and aid in the elimination of systematic bias

in the final results for the deceleration parameter.
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TABLE 3

Summary of Mean Galaxy Properties

Quantity Mean of
MVI . -22.68 * 0.03 mag 0.35
log a,, 0.30 0.20
a,.... 0.49 + 0.01 0.11
RSB | .. 18M13 + 0.06 0.62
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TABLE 4

Mean Structure Parameter by Richness Class

Richness < o > g
0... 0.41 = 0.02 0.06
1... 0.49 £ 0.01 0.11
2... 0.54 + 0.03 0.11

3... 0.52
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TABLE 5

Mean Structure Parameter by Bautz-lMorgan Type

B-M <o > o
I..... 0.59 £ 0.05 0.17
I-II.... 0.52 £ 0.03 0.09
IT..... 0.50 £ 0.02 0.10
II-ITI.. 0.47 £ 0.02 0.11
ITI..... 0.47 £ 0.01 0.07




TABLE 6

Clusters with Multiple Component Brightest Galaxies

Abell Abell Abell
21 779 2067
88 1126 2092

104 1185 2142
151 1291 2151
154 1468 2175
193 1496 2199
194 1656 2256
277 1927 2328
389 1991 2384
400 2052 2410

671 2063 2634
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TABLE 7

Mean Absolute Magnitudes after Alpha-Correction

Richness < MVI(a)> g
0... -22.80 = 0.13 0.40
1... -22.63 £ 0.03 0.28
2. -22.75 + 0.08 0.33

3... -22.88




57

TABLE 8

Mean Absolute Magnitudes after Alpha-Correction

BM < MVI(a) >
I..... -22.79 = 0.07
I-II.... ~-22.76 * 0.10
IT..... -22.75 + 0.07
ITI-III.. ~22.70 £ 0.06

IIT..... -22.56

I+

0.05




58

TABLE 9
Stellar Evolutionary Surface Brightness

Changes for X=1

z §SB {(mu)
0.07... 0.10
0.15 0.21
0.30... 0.39
0.60... 0.70
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Figure 1

Dezeroed and flattened red frames of six galaxies
from the sample. The picture of A 166 is a CCD frame
obtained with the Hale telescope one arcminute on a
side. The rest are SIT frames two arcminutes in size
made with the l.5-meter telescope. Frames of A 2124
and A 2029 have been digitally stretched for higher

contrast.
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Figure 2

Red surface brightness (in units of mag arcsec-z)
profiles for six galaxies in the sample (y is angular
radius in arcseconds). These objects were chosen to
exhibit the range of characteristics observed in the
entire sample. Final profiles extending to faint
surface brightness for the entire sample will be

published elsewhere.
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Figure 3

Average fit (solid line) to the observed profiles

for three red pictures of the brightest galaxy
This

(points)

in A 2197. The fit extends to 16 kpc metric radius.

object is fit somewhat less well than average; it is one

of the most strongly truncated with increasing radius in

the sample.
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Figure 4

Histogram of the dimensionless structure parameters
for the 108 galaxies in the sample. The mean of this

distribution is <a> = 0.49 with the dispersion o, = 0.11.
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Figure 5

Histogram of reduced central surface brightness for
the galaxies in the sample. The mean is <RSB> = 18713

with dispersion ¢ = 0T62.

RSB
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Figure 6

Histogram of structure parameter data for each
Abell richness class. Mean alphas for each class are

listed in Table 4.
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Figure 7

Histogram of structure class for each cluster Bautz-

Morgan type. Mean alphas for each type are listed in

Table 5.
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Figure 8

Absolute intrinsic magnitudes in a 16 kpc radius
aperture are plotted against structure parameter for
the sample galaxies. The error bars at the lower right
illustrate the observational uncertainty in each point.
An interesting comparison may be made between this figure
(data) and figure 3 of Hausman and Ostriker (1978)

(theory).
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Figure 9

The data of figure 8 are replotted as mean absolute
magnitudes in bins of structure parameter. The error bars
represent the dispersions in the data. Errors in the
determination of the mean points are shown at the lower
right. As explained in the text the solid curves are the
theoretically expected loci for two different rates of

galaxy core growth with accreted mass.
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Figure 10

Correlations of intrinsic absolute magnitude (upper
panel) and structure parameter (lower panel) with redshift
for galaxies in the sample. Interpreted as selection bias
in the distance class limited sample, the trend of
increasing absolute brightness with redshift is eliminated
if the data are corrected via the mean (MVI - a) relation

(shown in figure 9).
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Figure 11

Reduced central surface brightness is plotted as a
function of galaxy structure parameter for the data (from
Table 2). Observational uncertainties appropriate for
each point are illustrated at the lower right. Dispersion
of the surface brightness data about the mean RSB - a

relation defined by the data is o = 023,
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Figure 12

Alpha-corrected absolute magnitudes are histogrammed
for each cluster richness class. The clear trend of
brighter brightest galaxies in richer clusters (Paper I)

has been eliminated by the alpha correction.
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Figure 13

Alpha-corrected absolute magnitudes are histogrammed
for each cluster Bautz-Morgan type. The trend found in
the uncorrected data shown in figure 3 of Paper I is
reduced to less than statistically significant by the

alpha correction.
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Figure 14

Richness plus Bautz-Morgan corrections derived from
the data of Paper I are plotted against the alpha correc-
tions for each galaxy in the sample. Perfect correlation
is illustrated by the line. The AM(R+BM) appears to fail,
particularly for systems with small (nearly primordial)

core radii.
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Figure 15

Totally corrected central surface brightness is
plofted as a function of log (l1+z). The best fit line
has a slope of 13.7 + 2.8. 1In the absence of stellar
evolution a slope of 10 is expected for all relativistic
cosmologies. Tired light universes (slope 2.5) are

inconsistent with these data.
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Figure 16

The core radius~-redshift diagram has been proposed
as a cosmological test. The large dispersion and systema-
tic bias in raw core radius data for any cluster sample
combine to make this method less than promising. Core
radii, corrected by their correlation with central surface
brightness, are a much superior statistic, but the method
is then no longer independent of the evolution of the

stellar population in these galaxies.
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Figure 17

Galaxy core radii are plotted against central surface

brightness. A relation of the form RSB = 2.93 log a +17.15

fits the data well. This relation also holds for lower

absolute luminosity ellipticals in the Virgo cluster

(Kormendy 1977).
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