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ABSTRACT 

Single-band photographic and CCD surface photometry is used to determine luminosity and structural 
properties of the extended, faint envelopes around 27 cD galaxies. The distribution of envelope light follows a 
similar slope (/ocr-16) as other cluster luminous material (i.e., galaxies). Several correlations between 
envelope luminosity and cluster properties (richness, cluster X-ray luminosity, Bautz-Morgan type, and Rood- 
Sastry type) substantiate arguments for the dynamical formation of envelopes. A correlation between under- 
lying galaxy luminosity and envelope luminosity implies a parallel but separate process between the growth of 
the first-ranked elliptical by mergers and cD envelope formation. Strong color gradients, in particular the blue 
disk colors as predicted by other studies, were not found upon examination of multicolor profiles for three cD 
envelopes. 
Subject headings: galaxies: clustering — galaxies: photometry — galaxies: structure 

I. INTRODUCTION 

Galaxies classified as cD occupy a special place in the 
scheme of extragalactic structure by being intermediate in scale 
between normal galaxies and cluster-sized entities and may be 
important for tracing the behavior of cluster dynamics (see 
review by Tonry 1987). Their faint extended appearance and 
tremendous size were first discovered from visual inspection of 
photographic plates by Matthews, Morgan, and Schmidt 
(1964); however, the outstanding nature of extended envelopes 
(radii in excess of 1.5 Mpc in some cases) was not revealed until 
the faint surface photometry of Oemler (1976). It soon became 
apparent that the existence of true cD envelopes, rather than 
merely shallow profiles, was a subject only suitable for study 
using deep surface photometry (Malumuth 1983). It has also 
been found that many visually classified cD galaxies exist 
without extended envelopes, as well as a few non—first-ranked 
galaxies with cD envelopes (e.g., NGC 6034 in Hercules, see 
Schombert 1986, hereafter Paper I, and Schombert 1987, here- 
after Paper II). This paper will consider only those distinct 
envelopes which break from the surface brightness profiles of 
D and cD galaxies; the diffuse outer regions found around 
many brightest cluster galaxies will not be discussed. 

The enormous size of extended envelopes implies that the 
outer regions must be strongly influenced by the cluster poten- 
tial and that they reflect the dynamics of cluster orbits rather 
than the kinematics of the underlying galaxy (see also Dressier 
1979). Information about the cD envelope yields knowledge of 
the cluster potential near the center of rich clusters. Therefore, 
this paper will investigate the possible correlations between 
optical and nonoptical cluster dynamical state indicators and 
the properties of pure cD envelopes in search of clues to their 
formation and evolution. 

There have been many attempts to explain the origin of cD 
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envelopes. The four leading hypotheses are stripping theory 
(Gallagher and Ostriker 1972; Richstone 1976; Malumuth and 
Richstone 1984), cooling flows (Fabian and Nulsen 1977; 
Cowie and Binney 1977; Fabian, Nulsen, and Cañizares 1984), 
mergers (Villumsen 1982; Duncan, Farouki, and Shapiro 
1983), and the primordial origin theory (Merritt 1984). Each 
has its own predictions, although stripping and primordial 
origin operate with similar processes. Stripping theory pro- 
poses that the extra luminosity component of cD galaxies has 
its origin in stars removed from cluster members through tidal 
interactions and then deposited on the central galaxy. Merritt 
(1984) argues that there is no need to impose a special process 
for creating extended envelopes and hypothizes that all gal- 
axies had large halos early in the life of a cluster. These halos 
were then removed by the mean cluster tidal field during the 
initial collapse and returned to the cluster potential, except for 
the central member (i.e., the cD galaxy). Its envelope remains/ 
unaffected because of its special position with respect to the 
cluster potential and, thus, inherits the remnants of other 
halos. The main difference between stripping and primordial 
origin is that stripping begins after cluster collapse and is 
ongoing as the cluster evolves. Primordial origin assumes that 
the strong tidal events occur before collapse and that there is 
little activity after cluster virialization. 

Two other formation methods are cooling flows and 
mergers. Cooling flow theory introduces the idea that radiative 
cooling of hot X-ray gas decreases its pressure and, then, this 
denser gas settles toward the center of the potential. If there is a 
central member at this location, this gas can collect until suffi- 
cient densities are reached to begin star formation (Fabian, 
Nulsen, and Cañizares 1984). Mergers are usually invoked to 
increase the interior luminosity of first-ranked ellipticals ; 
however, under special conditions it may be possible to 
increase the energy of the outer regions so that they distend 
into an extended envelope. 

There have been several studies in the last 15 years which 
link the properties of clusters to the luminosity of cD galaxies 
(Sandage and Hardy 1973; Malumuth and Kirshner 1981; 
Schneider, Gunn, and Hoessel 1983). However, most of these 
works have treated the cD galaxy as a whole unit without 
attempting to separate the cD envelope from the parent BCM 
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476 SCHOMBERT Vol. 328 
(brightest cluster member, first-ranked elliptical). The closest 
procedure to separation was the work of Malumuth and 
Kirshner (1981), who measured an excess luminosity for each 
cD galaxy from what was expected based on its central velocity 
dispersion and the Faber-Jackson relation. However, the 
parent galaxy owes most of its luminosity growth to merges 
(see Paper II), whereas there are several possible origins for 
extended envelopes. 

The purpose of this paper is to use the deep surface photo- 
metry from Papers I and II to determine the luminosity, colors, 
and structural properties for a sample of cD envelopes indepen- 
dent of the underlying BCM. These values can then be com- 
pared to the global properties of clusters in order to test the 
effect of environment on cD envelopes. The observations and 
data reduction are presented in § II along with a list of objects. 
Properties of envelopes are discussed in §§ Ilia and Illb. A 
simple two-component model for galaxy and envelope light is 
constructed and compared to observations in § IIIc. The com- 
parison to cluster parameters is presented in § Hid. 

II. OBSERVATIONS AND REDUCTION 
As discussed in Paper II, the term cD galaxy will be used 

only for those bright ellipticals which, when examined with 
deep surface photometry, display the characteristic extended 
envelope breaking from the main profile (see examples in 
Paper II). This envelope has little to do with the visual estimate 
of “ cD-ness ”, a term which is more closely related to the slope 
of the galaxy profile than an indicator of true envelopes 
(Malumuth 1983). Table 1 lists those galaxies with clearly 

defined extended envelopes from Paper II and that meet the 
observational constraints outlined below. 

Photographic material is often necessary to measure the 
outer edges of extended envelopes in nearby clusters. The usual 
choice is wide field plate material from Schmidt telescopes. 
Schmidt plates have ideal scales for measuring the envelopes, 
although they sacrifice information on the cores of the cD 
galaxy. Plate material also provides a large number of pixels 
per isophote, which is a requirement for sufficient sky contrast 
to reach the 28 F mag arcsec ~2 level representative of many cD 
envelopes. CCD systems usually have limited field sizes do not 
encompass the full extent of cD envelopes with a reasonable 
amount of empty sky. When CCD frames are used in this 
study, the existence of a cD envelope was first noted on the 
photographic material and then reobserved with the Palomar 
1.5 m RCA CCD system and reimaging optics. For the more 
distant clusters, CCD frames were sufficient. Reduction 
methods for photographic material are outlined in Paper I; 
CCD methods are outlined in Paper II. 

In addition to the objects from Papers I and II, a new cD 
galaxy, NGC 4874 in Coma, was added using the surface pho- 
tometry from Baum, Thomsen, and Morgan (1986). From the 
definition of a cD galaxy in Paper II, and comparison to stan- 
dard elliptical templates, it can be stated with a high degree of 
confidence that NGC 4874 is a true cD galaxy. The Coma 
cluster now has the distinction of being the first system to 
contain two cD galaxies (NGC 4874 and NGC 4839; Oemler 
1976). NGC 4874 is more dominant in size, luminosity, and 
location than NGC 4839, and thus is probably the center of the 

TABLE 1 

Cluster 
(1) 

A150  
A151   
A358   
A400   
Perseus   
A779   
A1413   
Coma  

A1767   
A1795   
A1809   
A1904   
A1913   
A2142    
A2147   
Hercules  
A2162   
A2199   
A2366   
A2420  
A2572   
A2589    
A2634   
A2670   
SC1325-31 ... 
SC1331-31 ... 

cD Envelopes 

Galaxy RS Typea BM Typeb 

(2) _(3) (4) 
UGC 716 cD I-II 
Gl cDs II 
Gl C 
G1 le II-III 
NGC 1275 L II-III 
NGC 2832 cDs I-II 
Gl cD I 
NGC 4874 
NGC 4839c 

Gl cD II 
Zw 162010 cD I 
Gl cD II 
Gl C II-III 
Zw 104027 Ic HI 
G1 B II 
UGC 10143 F HI 
NGC 6034c 

NGC 6086 Is II-III 
NGC 6166 cD I 

F I-II 
Gl cD I 
NGC 7597 F III 
NGC 7647 cD I 
NGC 7720 cD II 
G1 cD I-II 
G1 cDd Id 

G1 cDd I-IId 

a Rood-Sastry types from Struble and Rood 1987b. 
b Bautz-Morgan types from Leir and van den Bergh 1977. 
c Non-first-ranked cluster members. 

Estimated off of UK/SERC Southern Sky Survey. 

l0ê Lgal 
(5) 

10.92 
11.05 
10.96 
10.63 
11.10 
10.92 
11.53 
11.63 
10.86 
11.11 
11.00 
11.16 
11.13 
10.69 
11.45 
11.10 
10.96 
10.85 
11.21 
11.02 
11.16 
10.84 
10.92 
10.99 
11.25 
11.27 
11.27 

l0g ¿env 
(6) 

10.84 
11.08 
11.06 
10.47 
10.22 
9.50 

11.85 
11.03 
10.18 
10.95 
11.28 
10.93 
10.52 
10.48 
11.14 
11.16 
10.87 
10.99 
10.74 
10.52 
10.68 
10.57 
10.82 
10.26 
11.31 
12.04 
10.97 

log re 
(7) 

1.59 
1.70 
1.60 
1.85 
2.45 
0.95 
3.03 
2.01 
2.83 
2.03 
1.38 
1.83 
1.59 
1.53 
1.91 
2.23 
2.37 
1.53 
2.00 
1.51 
1.89 
1.37 
1.76 
1.61 
2.52 
3.20 
1.59 

Ve 
(8) 

24.96 
24.93 
24.84 
26.31 
28.66 
22.04 
29.81 
25.34 
30.73 
26.02 
23.47 
25.61 
24.53 
25.29 
25.13 
26.99 
28.34 
24.39 
26.24 
24.68 
25.72 
24.03 
25.34 
25.21 
28.31 
29.42 
24.02 

ß 
(9) 

-1.63 
-1.71 
-1.54 
-1.54 
-1.41 
-2.35 
-1.34 
-1.52 
-1.24 
-1.28 
-1.54 
-1.68 
-1.51 
-1.72 
-1.39 
-1.33 
-1.35 
-1.64 
-1.82 
-2.03 
-1.49 
-1.73 
-1.69 
-2.10 
-1.57 
-1.18 
-2.20 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
88

A
pJ

. 
. .

32
8.

 .
47

53
 

No. 2, 1988 477 STRUCTURE OF BRIGHTEST CLUSTER MEMBERS. III. 

main cluster potential. This should have important rami- 
fications to Coma dynamical studies (see Fitchett and Webster 
1987). 

In order to obtain luminosity values for cD envelopes which 
were free of the underlying galaxy’s contribution, it was neces- 
sary to subtract the effects of the parent system. The best 
method, as discussed in Papers I and II, was to remove a 
template elliptical profile that fit the inner regions of the cD 
galaxy (see example in Fig. 1). These templates were drawn 
from a sample of bright ellipticals in clusters and the field 
(excluding first ranked members). Although it is not clear what 
effect the cD envelope has on the outer structure of ellipticals, 
this was the most straight forward method of removing under- 
lying galaxy light. Other methods of galaxy subtraction (e.g., 
removing best-fit r14 components) yielded similar results. 
Table 1 summarizes the data for the 27 cD galaxies of this 
study. The cluster and parent galaxy name are listed in 
columns (1) and (2). The Rood-Sastry and Bautz-Morgan types 
(Struble and Rood 1987b) are listed in columns (3) and (4). The 
luminosities for the underlying galaxy (Lgal) and the cD 
envelope (Lenv) are listed in columns (5) and (6) in units of solar 
luminosity assuming an absolute magnitude for the Sun of 
Mv = 4.77 and a ff0 = 100 km s'1 Mpc-1. Fits of the cD 
envelope to the r1 4 law (discussed in § IIIc) are listed in 
columns (7) and (8). The power-law slope, ß, of the cD envelope 
is listed in column (9). 

Errors resulting from the subtraction process were closely 
related to errors in the faint light levels between the envelopes 
and measured sky values. Comparisons between different tem- 
plates and multiple profiles of the same cD galaxy gave an 
average error of ±0.10 (log L) for the envelope luminosities in 
Table 1. The largest error was associated with those envelopes 
with the shallowest slopes, where small deviations in the pho- 
tometry produced large variations in calculated luminosity. A 
lower bound of log Lenv = 9.0 (e.g., see the profile for A779 in 
Paper I) was set by the impossibility of detecting such faint 

envelopes superposed on the dominant light of the galaxy. An 
upper bound was limited only by the field size and the ability 
to determine the sky level to a given accuracy. 

Color profiles were produced for a selected subsample of cD 
and D type galaxies (Schombert 1988). Three objects from that 
sample with cD envelopes (NGC 6034, A1767-G1, and A1413- 
Gl) are discussed in § Mb. The objects were selected by 
requiring that the envelope fit on a single frame with room for 
sky measurements at both ends. Reduction of multicolor 
surface photometry from the Palomar 1.5 m CCD system is 
outlined in Schombert and Wallin (1987). Preliminary 
reduction and CLEANing used the image processing package 
ARCHANGEL on the Caltech Astronomy Department’s VAX 
11/780. Final reduction used an updated version of GASP 
(GAlaxy Surface Photometry) developed by M. Cawson 
(Steward Observatory), with several modifications by G. 
Bothun (University of Michigan) and the author. Color pro- 
files were produced by direct subtraction (in mag arcsec-2) 
between the surface brightness profiles in the various band- 
passes. Conversion to kiloparsecs was made using the redshifts 
of Struble and Rood (1987a), corrected for a Virgo infall of 300 
km s“1. A H0 of 100 km s-1 Mpc"1 and a <z0 of 0 have been 
assumed. 

in. DISCUSSION 

a) Envelope Luminosities 
Although extended envelopes in cD galaxies are faint in 

average surface brightness, they are large in area. This yields 
total integrated luminosities which are comparable to the 
luminosity of the underlying galaxy. Some of the envelopes 
from Paper I (e.g., A1413-G1 in Fig. 1) had no obvious cutoffs. 
In these cases, a pragmatic cutoff was assumed at the 30 F mag 
arsec"2 level. Those profiles which do have cutoffs may have 
errors in their estimated sky level, thereby producing a sharp 
drop in the outer envelopes. Hence, the issue of how the edges 

Fir 1 —Surface briehtness profile for the cD galaxy in A1413 (Oemler 1976) along with best-fit template from Paper II. Envelope luminosities in Table 1 are 
determined by direct subtraction of the template from the data, then summation of the remaining luminosity. This system contains one of the brighter envelopes in 
the sample. 
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478 SCHOMBERT 

of cD envelopes merge into the background cluster light and 
whether this change is abrupt or smooth is not resolved (see 
also Porter 1987). 

Since there is little surface photometry of cD envelopes in 
the literature, external checks of envelope luminosity are not 
possible. However, it was shown in Paper I that the major 
contributor to error at low light levels is from errors in the 
estimated sky. Other contributors to error are improper zero- 
point, incorrect redshift, galactic absorption, and contami- 
nation by stars or galaxies. To counter these effects, the 
reduction techniques were designed to minimize photometric 
errors. In order to test the effects of sky error on the envelope 
measurements, some simple numerical tests were constructed 
to reproduce the profiles for varying sky values by ± 3 <r the 
background noise. The result was that cD envelope lumin- 
osities are only affected at the ± 10% level (mildly dependent 
on profile slope). 

It can be noted from inspection of Table 1 that, to first order, 
the galaxy and envelope luminosities are comparable. If the 
M/L of cD envelopes is similar to giant ellipticals (i.e., M/ 
L = 5-10; Malumuth and Kirshner 1985) then the mass in a 
cD envelope contributes only as much mass to the cluster as 
one bright elliptical in the core. On the other hand, if the M/L 
values of cD envelopes are similar to the M/L envelope values 
for the giant D galaxy in A2029 (i.e, M/L = 275; Dressier 
1979), then they may cause significant dynamical friction 
effects. If this M/L value is constant, then cD envelopes would 
also contain up to 15 times the mass of a first-ranked elliptical 
or 1013 M0. F 

A comparison of galaxy and envelope luminosities, log Lenv 

versus log Lgal in solar units, is shown in Figure 2. Lenv is 
weakly correlated with Lgal (a standard least-square correla- 
tion coefficient of R = 0.6), suggesting that cD envelopes share 
a common origin with the underlying galaxy (i.e, mergers; see 
Paper II). Several numerical studies (Villumsen 1982; Duncan, 
Farouki, and Shapiro 1983) have attempted to produce cD 

envelopes with mergers. The hypothesis is that mergers trans- 
fer significant energies to distend the outer regions of the 
remnant into cluster-sized envelopes. However, these simula- 
tions were only able to achieve envelopes whose luminosities 
were 10% the luminosity of the underlying galaxy. A majority 
of the stars were still contained in the main body of the parent 
galaxy and not in distended envelopes. In particular, the rem- 
nants did not span the Mpc scale seen in this data sample, and 
the luminosities were an order of magnitude below the average 
envelopes luminosities listed in Table 1. 

The basic reason for the failure of mergers to form cD 
envelopes comes from energy considerations. The standard cri- 
terion for a merger is that the orbital velocity (i.e, orbital 
energy) be less than or similar to the velocity dispersion of the 
BCM (i.e, internal energy; White 1982). This value of 300 km 
s for most BCMs is much less than the velocity dispersion 
required of a Mpc-sized envelope. Since the luminosity of cD 
envelopes is often greater than the luminosity of the underlying 
galaxy, the possibility of a majority of the mass being heated to 
envelope scales by mergers or later tidal collisions is extremely 
unlikely. Thus, mergers are insufficient as a source of cD 
envelope luminosity and scale, but the correlation in Figure 2 is 
suggestive of a parallel process between the dynamical growth 
of a BCM and cD envelopes. 

b) Envelope Colors 
Stripping theory would propose that cD envelopes are pre- 

dominately blue because low luminosity and disk systems are 
more numerous and easier to strip than giant ellipticals (White 
1982). Strom and Strom (1977) discovered evidence of this 
process in several nearby clusters by detecting a difference in 
the mean structure of galaxies in the cores versus galaxies with 
orbits in the outer regions. Furthermore, they also determined 
that galaxies with strong blue color gradients are less common 
centrally than in the outer cluster regions. This is interpreted as 
the blue halos having stripped from low-luminosity objects, 
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log r (h 1 kpc) 
Fig. 3c 

and this has reinforced the prediction that cD envelopes will 
appear bluer than normal giant elliptical colors. 

Actual observations of the colors of cD galaxies are usually 
limited to aperture studies (Lugger 1984, and references 
therein) which indicated that cD galaxies are normal in color 
compared to other bright ellipticals. A more informative 
approach is that of Valentijn (1983) who obtained multicolor 
surface photometry (Johnson B and V bands). His data showed 
the existence of blue cD envelopes with multicolor profiles for 
five out of six cD galaxies in his sample displaying large color 
gradients [A(B — K) = 0.4], and outer envelope colors ranging 
from B—V of 0.5-0.7. This is the strongest evidence to date in 
support of the stripping hypothesis that accumulated matter is 
the content of cD envelopes. However, the study of V Zw 311 
by Schneider and Gunn (1982), an example of a possible cD 

galaxy in the process of formation, indicated that its envelope 
colors were red. 

To further investigate this phenomenon, B—V profiles of 
three cD galaxies (NGC 6034, A1767-G1, and A1413-G1) were 
studied. Figure 3 displays the V surface brightness profile and 
B—V color profile for these objects. Note that the color infor- 
mation is deep into the envelope itself (with the exception of 
A1413-G1), and extends beyond the point were the parent 
galaxy light is expected to contribute 1 % of the envelope light. 
Both color profiles for NGC 6034 and A1767-G1 extend into 
the inner edge of the cD envelope. The color of NGC 6034 is 
flat to the limit of the data. A1767-G1 displays a slight gra- 
dient, but the cD envelope has a mean color of B—V = 1.15. 
A1413-G1 displays a similar behavior with a B—V = 1.24 at 
the point where the cD envelope dominates over the galaxy 
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light. No evidence of strong color gradients or blue envelope 
colors was found in any of the cD galaxies examined. 

A double-blind experiment (Schombert and Bothun 1987) 
was undertaken to test the sensitivity of color gradient detec- 
tion and whether strong gradients or blue colors could be 
hidden in the errors. The result was that a maximum gradient 
error of A(B—V) = ±0.05 is expected at cD envelope light 
levels; thus, any strong gradients would have been easily 
detected. Although the sample only consists of three objects, 
the lack of blue envelopes is in direct contradiction with the 
results of Valentijn (1983) and the expectation from the obser- 
vations of Strom and Strom (1977). However, the lack of blue 
colors is in agreement with observations of V Zw 311 
(Schneider and Gunn 1982). If stripping is the primary method 
of forming cD envelopes, then these colors imply that red gal- 
axies rather than spirals are the source material. This is plaus- 
ible since cD systems are only associated with high density 
regions (see § llld), and these regions are rich in early-type 
galaxies (Dressier 1980). 

The lack of blue envelope colors also contradicts the expec- 
tation from cooling flows which produce a recent epoch of star 
formation. One possible solution was proposed by Fabian, 
Nulsen, and Cañizares (1984). Their simulations which were 
able to form red, low-mass stars from cooling flows, and could 
produce similar colors to giant ellipticals. However, this star 
formation process should be confined to the cores of BCMs 
where the gas densities can develop to star formation thresh- 
olds, and seems unlikely as a method to form large extended 
envelopes. 

c) Envelope Structure 
cD envelopes are relatively easy to distinguish from under- 

lying galaxy surface brightness profiles due to the distinct 
break in the profile near the 24V mag arcsec-2 level. No 
contour information in outer regions of envelopes was 
attempted due to low signal-to-noise ratios of these regions. In 

fact, the reduction software fixes the ellipse eccentricity and 
orientation at radii beyond which the S/N falls below a speci- 
fied level to maintain a stable profile for determining faint 
envelopes. Nevertheless, there were no sharp changes in either 
eccentricity or position angle at the transition region from 
parent galaxy to cD envelope. No shells or bright features were 
seen in any of the profiles, possibly because these structures are 
short-lived due to tidal effects from other galaxies passing 
through the envelope (Lauer 1987). Alternatively, the relax- 
ation time scales in the transition region are short (the average 
orbital time scale at these radii is 108 yr). Thus, the matching of 
the underlying galaxy contours with the envelope would be 
expected. 

To determine typical scale lengths and characteristic surface 
brightness for cD envelopes, the underlying galaxy can be 
removed and remaining light fit to the r1/4 relation in the same 
manner as the bright ellipticals described in Paper II. Results 
of these fits are listed in Table 1 and displayed in Figure 4, a 
plot of effective radius, log re in units of kpc, versus effective 
surface brightness, pe in units of V mag arcsec-2. Also plotted 
is the linear relationship for normal ellipticals from Paper II. It 
is notable that the envelopes follow an extension to the same 
structural relation as ellipticals. In terms of structure, the only 
differences between bright ellipticals and cD envelopes are 
their large-scale lengths and extremely low effective surface 
brightnesses. Values of pe less than 29V mag arcsec"2 are arti- 
facts of very shallow envelope slopes and do not reflect real 
values from the surface brightness data. The above discussion 
is not meant to impose the same physics of galaxy structure to 
cD envelopes since the inadequacy of the r1/4 relation is well 
known (see Djorgovski 1985). However, the extension of the 
relationship in Figure 4 of Paper II to cD envelopes is inter- 
esting and warrants further investigation. 

The envelope slopes from power law fits, ß, are listed in 
Table 1. When converted to volume density, the value for an 
average of all the envelopes in this sample would imply a rela- 

Fig 4 —Effective surface brightness, ¡ie, vs. the effective radius, re, for cD envelopes. Characteristic scale lengths for envelopes can range from 10 kpc to 1 Mpc. 
The solid line is the relationship for normal ellipticals from Paper II. cD envelopes appear in this diagram to be merely larger scaled versions of bright ellipticals. 
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482 SCHOMBERT Vol. 328 
tion of 

Penv°Cr~2-6±0-3 • (1) 
For comparison, the distribution of galaxies in cluster density 
profiles between 100 and 500 kpc (West, Dekel, and Oemler 
1987) is given by 

Pgai ocr_2-6±0-4 (2) 
in excellent agreement with the envelopes. Another probe of 
the outer galaxy potential is given by the distribution of globu- 
lar clusters. Unfortunately, no cD galaxies are sufficiently 
nearby for globular cluster counts. The best example for com- 
parison is the data of Harris (1986), which studied the distribu- 
tion of globular clusters around the giant elliptical M87 in 
Virgo, a galaxy with an “incipient” cD envelope (White 1987). 
His result gives 

Pgiob oc r~2-6 (3) 
also in agreement with the mean for envelope slopes (for a 
different value of r 21 see Grillmair, Pritchet, and van den 
Bergh 1986). The Einstein X-ray data from (Jones and Forman 
1984; Sarazin 1987) was also examined. For the objects in 
common, a mean density relation of the intracluster gas is 

Pgas°cr“2-1±0-2 • (4) 
This is marginally inconsistent with the optical data (see also 
White and Sarazin 1987) and while cD envelopes follow the 
distribution of the other luminous material in the cluster 
potential (i.e., galaxies and globular clusters), they are not dis- 
tributed in the same fashion as the X-ray-emitting gas. 

In order to more fully understand the connection between 
cD envelopes and the cluster potential, a simple two- 
component model can be formulated. This models attempts to 
incorporate our present knowledge of the dynamics of clusters 
and giant ellipticals as well as the structural information from 
this data set. The basic assumption for this model is that the 
kinematics of a cD galaxy can be broken down into an under- 
lying parent galaxy, with attributes similar to a BCM, plus an 
independent halo component which is more closely associated 
with the cluster dynamics. Following a method similar to 
Tonry (1985), a general density distribution of 

P(r) = Po(l + r2/r0
2Y (5) 

can be adopted for each component where p0 is the central 
density and r0 is the core radius. If the motions in each com- 
ponent are isotropic, then hydrostatic equilibrium yields 

<j2(r) = 4nGp0 r0
2f(r, ß), (6) 

where ff(/-) is the one-dimensional velocity dispersion and/(r, ß) 
is a function that can be determined analytically or numeri- 
cally depending on the value of ß. A boundary condition at 
r = 0 will produce an equation which allows the central 
density to be defined in terms of a central velocity dispersion 
and core radius. Thus, the variables for each component of this 
model are <r0, r0, ß and the M/L (see below). 

For the underlying BCM, a value of ßg = -3/2 is adopted, 
which for large radii will simulate a King model distribution of 
peer 3. Although BCMs were shown to be more shallower 
than King models in Paper II, with pg oc r~2-\ for this model 
the small difference will be ignored. The boundary condition 
yields an analytic solution for the central density of 

a2 = 4nGpgrg
2{\ - 2 In 2). (7) 

With values of ag = 375 km s“1 and rg = 2 kpc (Malumuth 
and Kirshner 1985), a central density of pq = 5.7 MQ/pc3 is 
derived. 

In principle, for the halo component, fits can be made to 
luminosity profile to determine ßh and rh. But, in practice, only 
ßh can be measured accurately, whereas there will be a range of 
acceptable rh values. Alternatively, cluster values for rh and ah 
can be used and are discussed below. 

The density distribution in equation (5) will project into a 
mass surface density of 

Z(r) = Z0(l+r2/r0y
+1/2, (8) 

where 

z = E° r(-/?+ 1/2) 
0 (~ß- 1/2) r(l/2)F( - ß)Po ' (9) 

Assuming constant M/L with radius for each component, we 
can derive surface luminosity as: 

I{r) = (M/L)~1H(r) . (i0) 
The galaxy and halo components are then summed to produce 
the final model. The parent galaxy’s values of ßg, r and a are 
stated above plus a value of [M/L]^ = 10 is assumed. For the 
halo component, ßh is measured directly from the surface 
brightness profiles. The remaining parameters; rh, <rh, and 
[M/L]h, can be treated as variables. However, for the process 
of actually fitting envelopes, there are only two free param- 
eters; a core radius and a central intensity. From equations (6) 
and (10) it is obvious that ah and [M/L]Ä are strongly coupled 
such that Iq oc ö'fI

2[M/L]A 
1. Thus, without dynamical infor- 

mation, it is impossible to resolve the contribution of each 
term. Instead, for the following discussions, we will consider 
only the term <7*2 [M/L] „-1 as one variable and rh as the 
second. 

In Figure 5, five models for various rh, log cr^CM/L]^“1 are 
plotted along with the surface brightness profile of A2670-G1 
(Oemler 1973). Adopting the cluster parameters from Tonry 
(1985) of (Th = 1000 km s-1, a M/L = 300(log ^[M/L]*-1 = 
3.5), rh = 100 kpc (180 kpc in projection; Dressier 1978), and an 
outer slope of /? = — 1 produces a model cD envelope which is 
much brighter than the average envelopes from this data set 
(see middle left panel of Fig. 5). Some improvement is made if 
ß — —1.3, the mean envelope slope in Table 1 in space density 
terms (see bottom left panel in Fig. 5). However, the best fits for 
cD envelopes were found with values between log ^[M/L]*"1 

of 3.2-3.5 and rhof 30-100 kpc (see top and middle right panels 
of Fig. 5). The last panel in Figure 5 demonstrates the failure of 
the model if a cluster <jh is used in conjuction with [M/LT of 
the same value as \_M/L]g. 

A more quantitative analysis can be performed using a x2 

test on a range of model types. The resulting x2 distribution for 
A2670 with ö'fI

2[M/L]A
_ 1 and rh as free parameters is shown in 

Figure 6. As can be seen in the contours, there is a large range 
of acceptable values for ^[M/LV1 and rh which fit the 
galaxy plus envelope equally well, For this reason, a rigorous 
fitting program for each envelope in Table 1 was not attempt- 
ed. Nonetheless, a range of values is distinct in x2 space, and 
this type of analysis may prove frutiful when dynamical infor- 
mation for cD envelopes becomes more common. 

d) Cluster Properties 
An assumption that is usually extended to cD galaxies is that 

cluster-sized objects should in some manner be influenced by, 
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STRUCTURE OF BRIGHTEST CLUSTER MEMBERS. III. 483 No. 2, 1988 

Fig 5-Examples of the simple two-component model described in text along with the profile of A2670-G1 (Oemler 1976). Best simulations for all envelopes 
were found for models with halo velocity dispersions between 500 and 1500 km s"1 and cluster core radii between 30 and 120 kpc. Adjustments for the envelope M/L 
required to match typical envelope luminosities were within the range 300-500. 

or have their origin in, the global properties of the cluster (i.e., 
correlated with richness, velocity dispersion, dynamical state, 
etc.). In order to test this hypothesis, the envelope luminosities 
listed in Table 1 are compared to numerous cluster properties 
found in the literature. In Figure 7, log Lenv is plotted versus 
cluster richness as represented by the galaxy counts of Struble 
and Rood (1987b), iVAbell. If only compact, regular clusters are 
considered, then there is a positive correlation (R = 0.72) 
between the number of galaxies in a cluster and cD envelope 
luminosity of 

Lenv oc n1'62±0A4' . (11) 

It is plausible that for the irregular clusters (open symbols in 
Fig. 7) their lumpy, distorted appearance reflects an equally 
complex potential, and that the global richness value of the 
whole cluster is unrelated to the local environment of the cD 
envelope. The simple stripping model to form cD envelopes 

developed by Malumuth and Richstone (1984) predicts Lenv oc 
N2 (also shown in Fig. 7) which is within the errors of equation 
(11). 

Stripping models also predict a correlation with cluster 
velocity dispersion. No correlation was found between Lenv 

and the cluster velocity dispersion (not shown); however, the 
number of clusters in this sample with measured velocity dis- 
persions (Struble and Rood 1987a) is very small and values 
may be blurred by subcluster effects. 

The Bautz-Morgan (BM) type (Bautz and Morgan 1970; 
Leir and van den Bergh 1977) is assumed to be a coarse indica- 
tor of the dynamical state of cluster in terms of dominance of 
central member and compact nature of inner core region. The 
relationship between this indicator and Lenv is displayed in 
Figure 8. The top panel in Figure 8 shows the percentage of 
occurrences from the original sample of Paper II of cD 
envelopes versus the BM type of the cluster. The complete 
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Fíe. 6 —x2 contours for two-component fits to A2670. Since uh and \_M/L]h are strongly coupled, the two free parameters are (7fc
2[M/L]h 

1 and rh. The lowest 
contour represents a x2 of 1.0 with a increase of 20% for each outer contour. The range of acceptable fits cover halo radii values from 25 to 80 kpc. 

Fig. 7.—Envelope luminosity vs. cluster richness represented by galaxy counts (iVAbell; see Struble and Rood 1987b). The predicted relation between envelope 
luminosity and cluster richness from the stripping models of Malumuth and Richstone (1984) is shown. Solid symbols are for regular, compact clusters (RS types cD, 
B, and C). Open symbols are for irregular, highly subclustered clusters (RS types F, L, and I). 
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sample from Paper II (inset) was selected to cover a full range 
of BM types (i.e., a range of cluster environments). Note that 
over half the BM types I and I-II clusters have cD envelopes, 
whereas less than one-third of types II through II-III have 
envelopes. In the bottom panel of Figure 8, the relationship 
between Lenv and BM type is shown. The scatter is large, but 
the tendency does exist for envelope luminosity to increase 
with more highly evolved clusters. The top two ranked 
envelopes are both in BM type I clusters. 

A similar relationship is found between Lenv and Rood- 
Sastry (RS) type (Struble and Rood 19876), where the RS type 
is also assumed to be some visual measure of the evolutionary 
state of a cluster. The top panel in Figure 9 displays the per- 
centage of occurrences from the original sample of Paper II of 
cD envelopes versus the RS type of the cluster. As in Figure 8, 
the complete sample from Paper II is shown. Again, half the 
RS type cD clusters have cD envelopes, whereas less than one- 
third of all other RS types are found to have envelopes. In the 
bottom panel of Figure 9 the relationship between Lenv and RS 
type is plotted. The large scatter makes any correlation indis- 
tinct, but the tendency exists for brighter envelopes in more 
evolved clusters. 

The correlation between Lenv and Lx, found in Figure 10, is 
the strongest evidence presented linking envelopes to the 
cluster dynamical state. The X-ray data (Jones and Forman 
1985; Valentijn and Bijleveld 1983) fitted by a least-squares 
algorithm (R = 0.84) produces 

LenvocLi06±018 (12) 

The Lx value for most poor clusters is less than 1042 ergs s"1 

(Valentijn and Bijleveld 1983; Bahcall 1980) which from this 
diagram would predict Lenv of less than 109 L0, a value which 
is not measurable by the techniques used here. The underlying 
physics in this relation is that a higher X-ray luminosity 
implies more hot gas and a deeper cluster potential, both 
resulting from a cluster that has undergone a degree of evolu- 
tion sufficient to strip gas from spirals and relax the distribu- 
tion. Therefore, the luminosity of the envelope is somewhat 
dependent on the local gravitational field of the cluster. This 
supports the stripping hypothesis since high gradients provide 
greater probability of tidal interaction. Since the connection 
between location of first-ranked ellipticals and the X-ray 
centers of clusters is also strong (Beers and Tonry 1986), Lx has 
the advantage of being both a global property of the cluster 

I I-II II ii-in III 
Bautz-Morgan type 

Fig. 8.—Envelope occurrence and luminosities vs. the Bautz-Morgan type of the cluster, a dynamical state indicator. Actual numbers from the complete sample 
of Paper II (inset) are marked. Although most of the envelopes were found in BM type I and I-II clusters, the number found in less evolved clusters is significa . 
tendency for envelope luminosity to increase with the more evolved clusters is suggested. 
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486 SCHOMBERT Vol. 328 

Rood—Sastry type 

Tj^t
EnVelOPe occ“rren“ and luminosities vs. the Rood-Sastry type of the cluster, Actual numbers from the complete sample of Paper II (inset) are marked 

and a local measure of the potential near the cD galaxy. This 
may explain the tighter correlation in Figure 10 versus the 
indistinct correlations in Figures 8 and 9 since Bautz-Morgan 
and Rood-Sastry type are relatively insensitive to the amount 
of subclustering. Lx is also a more direct measure of the evolu- 
tion of the cluster potential regardless of subclustering. 

A significant fraction of cD envelopes were found in irregu- 
lar clusters (Rood and Sastry types L, F, and I or BM types II 
through III ; see Figs. 8 and 9). To investigate the occurrence of 
envelopes in the field, 24 galaxies from Paper II were selected 
from the KOSS redshift survey (Kirshner et al. 1983) with the 
constraints of extreme brightness and isolation from other gal- 
axies. No envelopes were found in this field sample, and, there- 
fore, a cluster or subcluster environment is a prerequisite for cD 
envelopes. The envelopes discussed here were all located in a 
cluster core or in the center of a local subcluster. No extended 
envelopes were found in the 12 poor clusters examined with the 
possible exception of AWM 7, a bright elliptical with peculiar 
extended structure but unlike a normal cD galaxy. A corollary 
to this statement is that a minimal cluster richness is required 
before the envelope luminosity crosses the 109 L0 threshold to 
be detected as an independent component. 

IV. CONCLUSIONS 
The observations and interpretation of the various correla- 

tions presented in this study can be summarized as the follow- 
ing: 

1. cD envelopes are best discovered with photographic 
material which provides good plate scale for sufficient sky con- 
trast. The field size for most CCD systems are too small 
without reimaging optics to cover the entire envelope in a 
single frame. Comparison to elliptical templates allows the 
determination of an envelope luminosity independent of the 
underlying galaxy (see Table 1). 

2. A correlation between the luminosity of the parent galaxy 
and the envelope luminosity indicates that similar processes 
(i.e., dynamic) are responsible for the formation of BCMs and 
cD envelopes. 

3. cD envelopes are found in a range of cluster 
environments, from regular, compact clusters to irregular, 
highly subclustered systems. However, there is a higher rate of 
occurrence and higher luminosity envelopes in the more 
evolved clusters. 

4. cD envelopes can be found around non-first-ranked ellip- 
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9.5 10 10.5 11 11-5 12 12.5 13 
log Lenv/Lo 

Fig. 10—Total cluster X-ray luminosity (Valentijn and Bijleveld 1983) vs. envelope luminosity. This correlation (R = 0.72) is the strongest evidence in this study 
for a link between the dynamical state of a cluster and the luminosity of the cD envelope. 

ticals such as NGC 4839 in Coma (Oemler 1976) and NGC 
6034 in Hercules (Schombert 1984). However, all envelopes 
were found at local cluster density maxima (see also Beers and 
Geller 1983) and none was discovered in the field. 

5. The envelope colors of three cD galaxies display no large 
deviations from the red color of the parent galaxy. This obser- 
vation is a direct contradiction with the blue colors in cD 
envelopes found by Valentijn (1983). 

6. The surface brightness profiles of cD envelopes are well 
fitted by the r1/4 law extending the relationship of character- 
istic surface brightness and radii for BCMs from Paper II to 
cluster scale lengths. The power-law slopes of cD envelopes 
follow the same form as other luminous material in clusters 
(i.e., galaxies and globular clusters; p ccr 2 6), but do not 
conform to the distribution of hot X-ray gas (p cc r“21 ; Jones 
and Forman 1984). 

7. A two-component model, combining an underlying 
galaxy plus a separate halo component, is constructed. The 
range of halo velocity dispersen, [M/L], and core radius which 
provide acceptable fits is too large to constrain the true values 
without dynamical information. Normal cluster parameters 
(i.e., ah = 1000 km s~ [ M/L],, = 300, and rh = 100 kpc) are as 
equally plausible as models with small core radii (30 kpc) and 
low ah. However, for the larger cD envelopes, a distinct inflec- 
tion point in the surface brightness profile is visible, indicating 
cluster scale lengths for many bright envelopes. 

8. The envelope luminosity is weakly correlated with several 
global cluster properties. Most importantly for the stripping 
hypothesis is the confirmation of a correlation between cluster 
richness and envelope luminosity predicted by the models of 
Malumuth and Richstone (1984). In the sense that highly 
evolved clusters are more likely to have brighter cD envelopes, 
the strength and occurrence of envelopes are also correlated 
with the dynamical state of the cluster, as estimated from 
Bautz-Morgan and Rood-Sastry classification. This is also 
seen in the relationship between cD envelope and the X-ray 
luminosity of the cluster, which is assumed to be a direct 

measure of the depth of the cluster potential, and a strong 
indicator that cD envelopes are directly linked to the evolution 
of the cluster potential. Of course, the reverse causality situ- 
ation must also be considered; cD envelopes induce more 
rapid cluster evolution and, thus, the envelope itself may be 
responsible for the high X-ray luminosity and deeper potential. 

Although the data present here cannot definitively deter- 
mine which formation theory for cD envelopes is correct, the 
observations can discriminate between various predictions and 
provide more information for speculation. For example, based 
on the red envelope colors it is clear that recent star formation 
has not occurred in cD envelopes. In fact, since the colors of 
the envelopes are so similar to the colors of the parent galaxy, 
it is unlikely that even the biased star formation proposed by 
Fabian, Nulsen, and Cañizares (1984) for cooling flows can 
reproduce the expected mass and M/L suggested by the two 
component model. While this process may result in an 
increased gas density in the inner 10 kpc of the elliptical and 
the formation of new stars in the centers of cD galaxies 
(Romanishin 1986), it is implausible as a method to form 
extended envelopes. Based on energy considerations and com- 
parison to JV-body simulations, mergers can also be eliminated 
as a source of envelope material. 

The correlation between cD envelopes and cluster evolu- 
tionary state would argue strongly for a process that is linked 
to the dynamical state of the cluster, such as stripping. 
However, the fact that this tidal debris has the same distribu- 
tion as other cluster material, extends several cluster core radii 
and has an apparently old stellar population implies that the 
formation process occurred very early, before cluster collapse 
and virialization, much in the manner as proposed by Merritt 
(1984). This would also explain why envelopes are found within 
local subgroups of irregular clusters. 

Most interesting for futrue work in this area is the idea 
suggested by the two component model that the halos param- 
eters may reflect actual cluster potential values. Certainly, 
detailed comparison of cD envelope contour maps with X-ray 
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488 SCHOMBERT 

contours and galaxy counts will yield information on the shape 
of cluster potentials. Future work in progress to determine the 
stellar populations, velocity dispersions, and the orbits of gal- 
axies within cD envelopes will also help resolve many of ques- 
tions left unanswered by this paper. 
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