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ABSTRACT 

A sample of 84 Abell clusters has been selected to determine how the luminosity of the brightest 
cluster galaxy varies with cluster parameters. The clusters are of moderate redshift (0.04 < z < 0.30) 
and have a wide range of richness (Abell richness classes 0 to 5). Redshifts and two-color photometry 
for these galaxies are presented. A photometric system is developed which is well matched to the 
detector (low noise CCD) and to placing galaxies of vastly different redshifts on a standard system. 
These measurements are combined with earlier work to form a low redshift sample of 199 brightest 
cluster galaxies. The data confirm that the dispersion in the luminosities of first-rank cluster galaxies 
is ~ 0.34 mag. The colors of giant ellipticals have not changed since redshifts of 0.25. The trend of 
luminosity with Bautz-Morgan class matches those in previous investigations ( ~ 0.12 mag per class, 
with BM I being 0.3 mag brighter than the average cluster). The richness correction is reasonably well 
established at 0.10 magnitude per Abell richness class (rich clusters have brighter galaxies). There is a 
small uncertainty in the richness correction because the very rich clusters are, on average, more 
distant than the poorer ones. Application of these corrections reduces the luminosity dispersion 
slightly, to 0.29 mag. 

Subject headings: cosmology — galaxies: clusters of — galaxies: photometry 

I. INTRODUCTION 

The redshift-magnitude relation, or Hubble diagram, 
is the classic test of the global properties of the universe. 
Several recent systematic studies (Gunn and Oke 1975 
[GO]; Sandage, Kristian, and Westphal 1976 [SKW]; 
Kristian, Sandage, and Westphal 1978 [KSW]; Hoessel, 
Gunn, and Thuan 1980 [HGT]) have used the brightest 
cluster galaxy as a standard candle. The intrinsic disper- 
sion in the aperture luminosity of these sources is ~ 0.35 
mag, which is reduced to ~ 0.25 mag by applying cor- 
rections for morphological type, cluster richness, and 
galaxy structure (see KSW and HGT). 

These investigations yielded values of g0 from —0.55 
to 1.7; the reason for this discrepancy is not yet under- 
stood, but probably arises in the selection and analysis 
procedures. Another major impediment to measuring a 
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believable value for the deceleration parameter is the 
unfortunate fact that galaxies change as a result of the 
evolution of their stellar populations (Tinsley and Gunn 
1976). The brightest cluster galaxies also experience 
significant changes because of their cannibalism of other 
cluster members induced by dynamical friction (Ostriker 
and Tremaine 1975; Gunn and Tinsley 1976; Hausman 
and Ostriker 1978; Hoessel 1980). 

The measurements in HGT (116 galaxies) effectively 
determine the luminosity of first-ranked ellipticals at the 
present epoch. Since the HGT sample contains all high 
galactic latitude Abell clusters of richness greater than 0 
and distance class less than 5 (except for 8 < -25°), it is 
impossible to substantially improve this data base. An 
investigation of a well-determined sample of clusters at 
high redshift (0.25-1.0) is described in Gunn, Hoessel, 
and Oke (1983). The present paper presents work on 
clusters of intermediate redshift (z ~ 0.15) with a wide 
range of properties including the very rich clusters which 
are missing in the nearby HGT sample. 

The sample in this paper consists of 84 clusters cho- 
sen from Leir and van den Bergh’s (1977, hereinafter 

337 

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



D
at

a 
on

 th
e 

R
ic

hn
es

s 
Sa

m
pl

e 
a 

L. I at 

Q 

q: 

s in cn 

<z 
ot 

©cnNOi<nu)^,(nN(r»^,,v^,Q(nc3^in^fninN^in(vj^,a)<Ha)ivjcn(n(\jin(n^(ninNina)^ou)(\j^ ©N©©©SN©^>in©(ViS©©©^>*aiN(Vi8^©ooin0(\iin©«-i(\i©'H'H(n^N©©in'HN©©(Vi 

(Vi (\i (VJ (VI (XJ (VJ {Xi (Vi (Vi (Vi(Vi(VJ(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vjai(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(Vi(U(Vi(Vi(U 

©N©N^,©^>tnNN^<^rvON©©(ViNNN(Vi^,(D^i^,©©(n©(Vi8©^(n(VJvDNNQin^«4in©8^ inN80(Vi8©in©vo^r©NN©^r(D(n©©^,(Dinin(vi^^^,ffi©^©^t(V)(viN8(ViNn)(Viin©©«-t(Vi 
aSin^vDinvii^^^rinin^^ininNinNinNintn^Nœ^vDinininNinœ^^vo^NN^inN^tninin 

(Viin(Vi^>©^>©(vi©in(Vi(Vi©cn(Vi©N©(Vi8^^(n©^>(ViN^>(vi8^8(Vi88(Vi(Vi^>Q(vi0^>in^H(Vi(Vi 0 8 8 8 8 8 080808^88^8888008888888 O O O O O O O O 0 O O O O O O O 8 
8008080800088000000808000080088880880000888888 

N^^,(n(Ti©©(Vi^r^,^^,^»inN(DN8in0Nin©in©,9,©m88 (vi m n n n oinoinmoNmNmin lûinv0N0VÎ)NNVÎ)V0l0int'-lOv0a)NON(JVl£N©(JV8NNVÛlOin8vDPl©NVÛV0<0N8in08vDl£vO 
808O8O88O8888OOOO88OOOOOv4OOO8O8O**488 8 8 8 8 8 0 0 8 8 8 8 + ++ + ++ + +♦ + ++ + ++ + ++ + ++ + ++ + ++ + ++ + ++ + + + + ++ + ++ ♦+ + + 

5rtv.rs.^(g5rN^r0N(vi00iT0«H^r^,(vi-i-i^i^,0^>0TrN0 0 000(vj08N(vi(Vi00in«-ii|9>000 ^,^,0080in^,0^,^0ininN00(nN0^in^,in,9,m(Vi-r<in(vj00080in0^in^0inin^,N0 
©ininoiininuD^^inin^^ininNinNinNinin^NOO^intnino^ooin^inNNO^NOin^^ 

V» (Vi 0 0 * W # # WWWW Q. 
ai8N^000^(Vi0N0NN8 m00 0^(0in OinOONO^NN^NS^O^OinONOO 0^0^<^000^,00in00in^‘^‘0in^‘in08inN00<rt00(vi00^00N^iN0008^,0,i ^>^’8<HN8inin^>8Nin0N8in00-^0N0^’80in0NNtn0N0«H8(Vi008^>in00800 «-»8«^»H8^^^8^8880^t^^*H^iVi88»^(Vi(Vi^^880^8(Vi^H»^»,<8<H»,i<^8T^^^88 
G3 0 C3 CD ^D CD CD ^D ^D ^D 0 ^D ^D 0 CD 0 CD CD 0 ^D 0 ^D CD ^D CD CD ^D ^D CD 0 ^D ^D ^D CD CD CD ^D ^D ^D CD ^D CD 0 CD CD CD 

H4 I MMM I WMMH4 I i 1-4 |»HI-tl-4MH4»-4| »H | l-4M IH4MMH« I MM I M M M I M | M | | 

00in^rinin00<'rinintninintninin0v00ininin00inin^>tntn0inv0tntnininintninini0oininin 

0008M0(Vi0 8<»H^8M00^0inM^O00^‘M(VJW08M00M(ViWNM(Vi00800^0T-l 

8O080^>NNMN0M080N0N0(Vi80in0000N000^>N0inM0^000S|s.0Min 
080in0(vjNinN^N0in^,8(Viin^8^>8800in^i0Nin00in0(Vi0O(Vi000M0Q0MN 0N0V0Tr00<vNin0^inin000^0^‘^,^vin00in00in000000inNNN00^00 I I I I I I I I I I I I I I I !+♦ + + + + ++ + ++ + +♦ + ♦+ + ++ + ■*■+ + ++ + ++ + 

0tn00T4''i>0 000ino«-i000N0inoin0<r4v0inN0MN0800ONNOM^'(viN00N(vi(vi 
(VJ7inin8^00807'H^>in0^>N0M00000MNMin0N00M00in^i(Vi80«-tMNinN0 V80<^W0W00Tr0NN0MMN^00NW(Vi^,W00^,00^,N0in000NNWinin0W08 M MMMMMMMMMMM(Vi(VÍMMMM(Vi(Vi(VÍM(Vi«HM(VjMM(V|MMM(Vi(Vi(Vi(VÍM(ViM(V|(ViM(Vi0 

8N^,0(ViinNin00N000in8N«r400Tr0^,000N0(Viin00M^8^,^,080^^000N win0N0^,in0008,T^MM<n,^^>MMM0MinNNWMininin8^rr4^,M^,Nw^r000Minin 
0^>in0 0^i0^000000N^,N8MS^r00^>0N0(\i0SinN^>0(Vi^>88(Vi88N(Vi^r8 in8inMMM^MM0^(vj0M00MQin0in00(vj^,Tr^in0<HM0^Min(Vi8^0^‘inin^‘(viin 
in00N08^r^in88N0(ViTrMN0tn0000NNininNin^r0M000N0(ViN0080N0 080M(VJ0rU(VJMM888«H0M'T0inN8880M0N80^>8^0^>MM8800^r(ViM0M I I I *►+++ ! + I + 1-** I I I + +■►++ + ++ + ++ + ++ + ++ ♦+ "► + I + + ++ + + + 

0NNN0(Vi0 0M00(Vi0in(viinN000N^000^r00in^i00(Vi(vj0in000in00^00 ^^^,8M^rln08(Vi<H^■M(vilnln0lnM^0 04^•^•^,<rHQlnfv1^rtQ^rt^n®|rt(DcvJ(T)lnM^‘ln(Vi00^, 

0^00 N 0 m(V18804HM00S m 0 N008000008r40^0008^r0(V10(ViM00M0 ^(Vi(Vi(Vi0^r80^0 0M08^,0(ViN0(VJ(Vi^^,0ÍVi^,088880^«-«ÍVi(Vi0^,^,08MW00 
8 8 88884HMMMM(Vi000000000000888'«-i^T4MMMMMMMMMM0(Vi(Vi0N(Vi 8888888888888888CD8888888^v4'H^-immmmmmmmmmmmmmmmmm 

0 ^ 0 0 N ÍVJ 0 ^ ^ N 008800080000in0N0 0(VJ80M0000Q05rNin^00M0M^-0008 00^r00N<\i<M(viin,<Tin00NMin0MT40(viTrin0N0cvj(Vi00^,NOM0M^-in00 MMMMCVJ0,i,,9,'^‘000NN0 0 0088mm MMMr4(VJ(\iCVi(VJ00^‘TrTr00000 MMMMMMMMMMMMMMMMMMMMMM 

338 

American Astronomical Society • Provided by the NASA Astrophysics Data System 

49
 

21
 

+0
4 

50
 



TA
BL

E 
1 —

 C
on

tin
ue

d 

a 

(^(ntncvjm^oœ^NartGD^stno^MOGD^NNvûesat^tnsvDvo^oscBCMSOs^ 
v4(9S^hv4v409,h(9CBS*^^S^^S0v40^4v>,<^S^4«H'H^SS^«,4«^^S<hC9 (\irVi(ViNM(MN(M(M(U(ViM(M(M(VJNN(\l(VINNMN(VI(UN(XJ(Vl(VJ(VI(MMNNN(VI(\i(\i 

(nm®(no>w^nin^N^(n^,(nNŒincn^^,NWio©io^ina)(r»^»-«ift^vi)'vaïCD ©^©N(\j(MininN(Din(\i'v©©in(MN^,in©NtnN,«,cD©(n©©(vi^u>0©©w(\i 
vûNinininin©©a)U3vi)©©inNtnNinNM)v0iôtf)ininv)(nininin©©intn^Nviitn 

'^(\í®^nw(\j9(nca®'v,^^,^,9^,,vcvjcD©©©©©N-Nin©^,nn©cn©'vwa) ^9 CO ^9 09 09 O Q ® 09 09 09 09 09 ^9 09 09 CO (9 ^9 ^9 G9 09 ^9 09 ^9 09 ^9 ^9 S) O) CO 09 ^9 ^9 ^9 CO CD 09 
(S Q9 S) CO 09 09 CO CD 09 CD ^9 09 CO ^9 ^9 ^9 09 09 09 09 09 09 ^9 CO ^9 09 ^9 ^9 ^9 

©^©cvjin©®t/)(n©©NinN^©©©©^>©(Vi(M©s©inN^N(MmQ©fns®(n ©©©©in©NNN©NN©©SinN©©©©©©©©©©©©©N©©U)©^NIO 
S) O (9 ^9 (9 G) Gl G3 QJ ^9 G) ^p (P ^p G) G) QJ G3 ^P Qp G) ^P Gi ^P CP CP ^P QJ ^9 CP ^4 ^p G9 + ++ + ++ + -Í-+ + ++ + ++ + ++ + ++ + ++ + ++ + 4-+ + ■»•+ + ++ + + 

©Nin^SN®Tr©NN®^'8©s^®(n©^i>©©®©T-t^rin®(vi©©©in©©^^ ®®tn^,®©^,©(n©(nsNN^î(vj(viinincu©i/)(vjin(\j©©s^©®©c\jin©NQ«-i 
©Nini0in^aiviiviivii©©©inNinNinN©©inininiftininininu>u9ifttftinWNa9ift 

© © © © » (L# wwQ. Q. #w wQ: 
i/9^>©©©©©tn©in©^©©in®®s «-i®©in^©^©in©©© ® © © «< ^ © ©©^©©©^^©©©©©N©©^N©©©®^©©®©©©©©©©WW©W© ®N^N©©^'T©^©©^©^,©N©©®©©©©©©NN©N©8N©©^«-i© «h«Hv4(9S®«~*«^«-<©«^^v^®©®«*4S©«-<«~<®®8®SQSQ«h«h«^S®S(VJ«-4® 
8Q®®®©®Q9Q®Q®Q®®Q®S (Q Q) ® ® ® ® S ® ©©©©©©©©©©© 

I |hi| MMM|M»HHIIH| | I mi-41 |MMM|MMMM|M| MM| 

ifl©intn*iftin©tn©iflinTrift©^©in©in©tn©iftin^>'V^Mrtin©tntntn*©tntn 

©^,©©®^^4©^©©©®^<V®^©©®<H©S^©®®S^©©©^®®^^© 

©M®©in©©©©©©©©©Q©*4©©©^©©^>in^©®^*4N©^>©©©©© 
©^©^©©8SNN©©©©©'V©©©S^i©^©©©©©©S^©©^(\J©©(\J 
^©©NNNN©©©©©©©,V^©©©©©^©^4i'^(rtin©©©©©©©©N© ♦ ♦ + ♦♦♦ + ++ ♦♦ + + ♦♦♦♦ + ♦ + +11 I I I I I I I \ I I I I I I I 

©^(\J©'?©©'?'H©*-4©©©«H©©©^N'-''H©'V©|f)S©©N©lA©'V©(M(VJN 
-4©*®©©c\j©©^©*-i*©'-iNN©*©Qininin©(\j©©©N©«4©in(\jN©ftj (Vl«H-H(D-i^4©S©^©^©^8N©©©'V®'<r©^>^©^^N^©^©©®N©® »4 © *“• M M M M M 

©®©©©©Q©N®©©^©©in®©©apt©S(riN'Y(\JS(VJNSIft©©N(\J^''!>© ©©©©©©«4®©©©Qv4©©©®Q©©4r©^V)®«-l©©S©©©©©^^©v4 
^^«4©©^©©©®8Q©©©Q©©N©©©Q©©®©I0©®N©©©©N©N ,V®©(Vl©©©©«H^,©^-l«-t©©©«4Q3«H|n^,T4Q©(Viin©©®'«î«4,^©©®«-l®® 
N«4N©®*4©©©©©©©8©Q©'<r^iX)©S©«-i(\J--i(nN©©©«4©©N©v4© ©®in©(\jcvi(\j©(vj(\jin(vj'>4©'i)in©©©cvi©*-iQ*-4«>«QMMM-'-i(vj(vj«-4'r4(\j®(Vj® ♦ •♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦i+i i i i i+i i i i i+i i + 

fUN©(\JSN©©in(VJIA^’(\J~4©©®©©(\J^(VJM(\ja>©iX)®NNC\J'*Nin(Vl©inS ©©•4^ 4»^ © ® q ^©©©ifl^ Tf ^ © © -h © cu «Hon^snegM©^©^©^^© 
®©©©©©8^fN«4©(g©NQ©|^(gQM^©M©(N.«-i4rii)©©©©(g©©©vX)© ®®©^©©«4©©©©©®©^,-4©C98©^>^T©©8©©©©^>©®m©©©©© 
©©©©©©^^^■^^■^©©©©©NNNN^h^^©© ©©©©©©©©©©©© mmmmmmmmmmmmmmmmmmmmm©©© ©©©©©©©©©©©©©© 

^©©tn©N®©«4'9(o^©8©^T©'7©©©N©®®Q©©©©M4r©t^©tn©^ N©©©©©©M©©Tr©©—!©©M^^(iJ©fw0C9©^i^^x)vD©©©©©©^©© ©©NN©©œcn©cr*©©<D<p4-«M©(\]©(vj(\j©©Tr'<T'<r'<î^'<î'<T©©©©©©©© 

13 xi a 

T3 c CTÍ C/3 

Ö <U Ö o 
a o o 

13 
CT (U . 

tv 

13 x Oh 
C/3 <u 

T3 

■X C/3 

Í T3 
§ 

w V) 
§ \ ri 0 
iw 8 « D « C 

o S 'S c 
S|'S I 

§ -I ! 6 
s I •§ I 

•2 « c Í2 
•siäa ë 
ills 
^ ^ tó a 

¥ cCoiä 

339 

American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
83

A
pJ

. 
. .

26
4.

 .
33

73
 

340 SCHNEIDER, GUNN, AND HOESSEL 

LVDB) catalog of Abell (1958) clusters. All clusters with 
richness class 3 or greater and |Z?| > 30° were selected 
(excluding those in HGT). Abell 545, a richness 4 cluster 
at somewhat lower latitude, was included as well. For 
richness classes 0 to 2, the LVDB magnitudes were 
restricted to he in the range 14.2-15.5. Twenty clusters 
in each of these richness classes were randomly selected 
subject to these criteria. These procedures result in a 
selection of poor (richness 0, 1, and 2) clusters consider- 
ably brighter and nearer than the rarer very rich ones. 
The penalty for this is that photometric and metric 
trends with richness are inevitably contaminated by 
seeing effects (which we feel we deal with quite accu- 
rately) and by cosmological model dependences which 
cannot in principle be dealt with. The cosmological 
effects for this sample, however, are very small. Choos- 
ing a sample homogeneous in distance would have been 
preferable but would have required an unacceptable 
increase in observing time. Hereafter this group of clus- 
ters will be designated as the “richness sample.” 

The clusters were identified from enlargements of 
POSS-E prints and the positions given in LVDB. In 
most cases the cluster was obvious, and an improved 
position of the brightest galaxy was measured. In a few 
instances (primarily the richness 0 clusters) no cluster 
was evident, so the galaxy nearest to the LVDB position 
was chosen (see § II). The initial galaxy selected for 
clusters 1081, 1934, 2246, and 2686 were actually fore- 
ground spirals. The correct objects were found from 
inspection of direct image data obtained on the field. 
Table 1 gives a summary of the richness sample. The 
positions are for the chosen brightest galaxy in each 
cluster, and are accurate to 15". In all but four cases, the 
redshifts listed in Table 1 refer to the brightest cluster 
galaxy. For clusters 1190, 1689, 1825, and 2377 it was 
discovered that a nearby galaxy (within 90") was brighter 
than the initial selection by ~ 0.07 mag. Galactic coor- 
dinates, Abell richness and distance classes, and Bautz- 
Morgan (1970) types are listed in successive columns. 
Throughout this paper all dimensions are calculated 
assuming H0 = 60 km s_ 1 Mpc-1 and q0 = 0.5. 

The redshifts and photometry of the brightest cluster 
galaxies are described in §§ II and III. Section IV 

presents a photometric system suited for cosmological 
investigations with ground-based CCDs. The properties 
of these galaxies and the implications for the Hubble 
diagram are discussed in § V. The structure of the 
brightest three galaxies in these clusters is discussed by 
Schneider, Gunn, and Hoessel (1983, hereinafter Paper 
II); the luminosity function of the cores of 60 of the 
clusters and a new definition of cluster richness is pre- 
sented in Schneider (1983). 

II. REDSHIFTS 

Spectra of the first-ranked galaxy candidates were 
acquired using a multitude of detection systems during 
1979-1981. Table 2 is a journal of spectroscopic ob- 
servations giving the relevant instrumentation parame- 
ters. Detailed descriptions of the detectors can be found 
in Schechter and Gunn (1979) [SIT]; Gunn and 
Westphal (1981) [CCD]; and Young, Schneider, and 
Shectman (1981) [Reticon]. The exposures were gener- 
ally 400 s in length, except for the 1.5 m data where 
integrations of 2000-4000 s were required. Most of the 
observations were made through a 2" slit; the slit width 
for the CCD system was 175. Observing conditions 
ranged from nearly overcast to photometric; the seeing, 
from 1" to 8". Figure 1 displays examples of spectra 
taken with the various systems. 

Wavelength calibration was performed using He or 
He/Ar lamps. The reduction process for the SIT spectra 
is very similar to that given in Schneider and Gunn 
(1982). After processing to one-dimensional data, the 
spectra were rebinned on a logarithmic wavelength scale 
(bin sizes of 350 km s~1 and 200 km s-1 for the low- 
and high-resolution data) and cross-correlated with two 
radial velocity templates (K giants) using the Fourier 
quotient technique of Sargent et al. (1977). Redshifts for 
the CCD and Reticon data were measured directly from 
plots of the spectra. The adopted redshifts of all 84 
clusters are given in Table 1. The velocities have a solar 
motion term of 300 sin / cos b removed. The redshifts for 
nine clusters were taken from the literature; they are 
identified in Table 1 by a reference number in parenthe- 
ses following the redshift. 

TABLE 2 
Spectroscopic Data Systems 

Telescope Dispersion Pixel Size Resolution 
(inches) Detector (Àmm-1) (/im) (A) Clusters 

200   SIT 295 23 9 63 
200    SIT 140 23 5 7 
200   CCD 435 15 25 1 

60   CCD 435 15 35 3 
200   Reticon 17 30 2 1 

Literature 9 

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



C/} r" oo oo 

KO CM 

ft 
00 00 O'! 

Fig. 1.—A tableau of six brightest cluster galaxy spectra, all on a linear flux scale, with 1 DN = mag 25.0. The observations were made 
through either a T.'5 or a 2" slit. The data have been rebinned so that there are roughly two points per resolution element. The top four 
galaxies were observed with the 5 m SIT spectrograph. The lower two were acquired with the PFUEI/CCD system; A1018 at the Palomar 
1.5 m (4000 s), A1934 with the Hale telescope (1000 s). See Table 2 for a summary of the different data systems. 
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342 SCHNEIDER, GUNN, AND HOESSEL Vol. 264 
TABLE 3 

Clusters with More Than One Galaxy Redshift 

Cluster Galaxy cz 

22  N 43140 
S 42690 

160  G1 13260 
4'PA 70 13150 

326...  NW 16380 
SE 17080 

423   E 23760 
W 23980 

545    G1 46170 
35"PA 160 48360 

882   G1 42210 
10"W 42290 

910  G1 61610 
20"W 62290 

1123  G1 37040 
8"E 36500 

1373   G1 39390 
8'PA 43 36150 

1689   E 52490 
W 54470 

1880   G1 42340 
IOTA 25 46620 

1921  G1 40520 
30"E 41740 

1934   G1 65800 
5"W 66310 
38"W 65220 

1984   N 36080 
S 37740 

2244  G1 29330 
40"E 28280 

2521   E 41300 
W 40130 

Several checks on the accuracy of the SIT numbers 
are possible. Redshifts determined using the two tem- 
plates agreed to ~ 90 km s“1 for the high-resolution 
data; to ~ 100 km s -1 for the low-resolution data. Five 
galaxies were observed at both high and low resolution. 
The scatter in the velocities was of the order of 100 
km s_1. Comparison of nine of our measurements with 
those of other workers shows agreements on the scale of 
- 300 km s_ I. Systematic errors of this order are to be 
expected considering beam bending (anomalous deflec- 
tion of the readout beam due to the charge on the 
target; see Schechter and Gunn 1979) and the lack of 
comparison lines in the relevant part of the spectrum. 
The only measurement which is in serious disagreement 
with previous ones was the redshift for 1689. Our value 
is over 1000 km s“1 larger than that of Humason, 
Mayall, and Sandage (1956, hereafter HMS). Both mea- 
surements refer to the mean of two close components. A 
comparison of finding charts, however, indicates that 
our eastern galaxy is composed of two condensations; 
the measurement of HMS refers to the average of these 
nuclei. The redshift of our eastern component (Table 3) 

is in good agreement with the values of HMS. Measure- 
ment of several features in the CCD and Reticon spectra 
have an internal consistency of - 250 km s~l. 

Table 3 lists clusters that had more than one member’s 
redshift measured. This was usually the result of a 
companion accidentally falling on the slit. In a few cases 
an effort was made to observe galaxies which had 
luminosities comparable to the designated brightest one. 
For clusters that had two close ( < 10") equal compo- 
nents, the cluster redshift was taken as the mean of the 
two. Usually these components differed by only several 
hundred km s-1, but the pair in 1689 have a velocity 
difference of 2000 km s-1. Cluster redshifts which are 
the mean of two components have their redshifts fol- 
lowed by an asterisk. A P after the entry indicates the 
observation was performed with the CCD system, an R 
denotes the Reticon observation. 

Figure 2 displays a histogram of the redshifts broken 
down by richness class (the HGT clusters are also 
plotted). It is clear that Abell richness class and distance 
are rather correlated in the richness sample. There are 
two surprises—1018 and 1224. These seemingly innocu- 
ous richness 1 clusters are at redshifts of nearly 0.3, 
which is near the limit of the Abell catalog. (The largest 

z 

Fig. 2.—A histogram of the redshift distribution for the 200 
low-redshift clusters. The dotted line represents the galaxies in 
HGT; the richness sample clusters are coded by richness class. The 
correlation of richness with redshift in the richness sample is 
evident. 
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Fig. 3.—A comparison of the redshifts from Leir and van den Bergh (1977) [zL] with those of HGT ( + ) and the richness sample (X). 
One solid line is logz = logzL, the other is the best linear fit: log z = 1.18 log zL +0.18. The regression line indicates an accuracy in zL of 
~ 25%. See text for discussion. 

known redshift for an Abell cluster is 0.373 for 370, see 
KSW.) 

Some interesting insights can be drawn by relating 
these numbers to the redshift estimates of LVDB, who 
estimated cluster distances based on the appearance of 
the brightest galaxy and various cluster properties. Com- 
parison with - 100 published cluster redshifts indicated 
an accuracy of - 20%. Figure 3 is a plot of the LVDB 
velocities versus those of HGT and Table 1. Two Unes 
are plotted, a line of unit slope passing through the 
origin and the best fitting straight line. The flattening of 
the relation may be due to selection effects—as one 
proceeds to higher redshift (more volume), one encoun- 
ters more diverse cluster types (including rare, rich ones 
which stand out). Placing the distant clusters on the 
same relation as nearby ones may skew the relation, 
causing a distance underestimate for the distant clusters 

and an overestimate for the nearby ones. It is likely, 
however, that we are simply overinterpreting this effect; 
Figure 3 shows that the line with unit slope fits almost 
as well. 

Some of the scatter is due to problems of identifica- 
tion and/or catalog error, since in some instances there 
is no obvious cluster at the catalog position. For exam- 
ple, no cluster is found at the position of 2516, which 
was in the richness sample originally. In this obvious 
case, another cluster, 279, was drawn from the pool to 
replace it. Rather more serious is the case of Abell 34, 
which is at one-quarter of its LVDB distance. There 
were only two other “cluster” members on the CCD 
frame; there is no doubt that the object is not a cluster 
at all, and it was excluded in the analysis. Notice that 
there is no danger of bias from this arbitrary procedure. 
The “brightest galaxy” in the cluster stands four stan- 
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dard deviations from the Hubble line, and the cluster 
would in any case never have been selected in the 
distant samples to be used for cosmological tests. 

One of the clusters, 2597 (see Fig. 1), has a remark- 
able emission-hne spectrum. It is the only one of the 
brightest cluster galaxies that shows any emission lines. 
The galaxy was identified with the radio source PKS 
2322-12 (Schmidt 1965), and has a radio luminosity of 
6 X 1042 ergs s- ]. A search of a radio source list (Dixon 
1970) found 13 other radio sources within 2'5 of a 
position in Table 1. The resulting radio luminosities 
range from 2-40X 1041 ergs s~K This is roughly 30% of 
the clusters in the richness sample in the relevant red- 
shift range ( < 0.14). Richness classes 0, 1,2, and 3 were 
represented. No richness 4 clusters have radio counter- 
parts, but then the nearest (545) is more distant than 
any of the radio clusters. 

III. PHOTOMETRY 

Direct imaging of the central few arcminutes of each 
cluster was obtained with the PFUEI/CCD system. 
Observations were made in the g and r filters of Thuan 
and Gunn (1976), and the instrumental magnitudes 
transformed to this system from observations of six to 
twelve photometric standards each night. Typical residu- 
als in the r magnitude were 2-2.5%; they never exceeded 
4%. Difficulty was experienced on some nights with the 
g photometry, a phenomenon almost certainly con- 
nected with ill-understood effects in the “dead layer” in 
the unpassivated silicon surface of the CCD. The residu- 
als on these nights often change systematically in the 
sense that the detector becomes less sensitive with time. 
This behavior can be compensated given enough stan- 
dards; this has been done. 

CCDs are truly marvelous detectors, but they do have 
one troublesome property—their wavelength response is 
so different from photoemissive devices that it is dif- 
ficult to tie broad-band photometry to existing systems 
based on photomultipliers. This presents a serious prob- 
lem to us, as we wish to compare the observations in this 
paper with the photocathode results in HGT. We have 
decided to handle this problem in an inelegant but 
practical way. The Thuan-Gunn (TG) g and r magni- 
tudes for the standards were adopted; the transforma- 
tions of the CCD data to these numbers work well for 
stars with -0.8 < (g - r)TG <+0.9. Standards with 
(g — r)tg > 1 *0 had transformation (g - r)’s which were 
over 0.1 mag redder than the TG values (several photo- 
multiplier measurements were kindly communicated to 
us by S. Kent), and were ignored when deriving the final 
photometric transformations. The red star discrepancy 
is not unexpected, as M stars have complex spectra 
which play havoc with attempts to move between broad- 
band photometric systems. See the end of § IV for a 
discussion of this problem. 

The measurements of the brightest cluster galaxies are 
given in Table 1. These are the observed magnitudes 
based on the above transformations. The magnitudes 
refer to the light inside a 16 kpc radius in the qQ = 0.5, 
770 = 60 model. For the more distant clusters this radius 
is less than 4", and atmospheric seeing (usually I'.T-l'.^) 
cannot be ignored. The adopted seeing correction proce- 
dure is described in Paper II. Briefly, the seeing profile 
was determined from a star on the frame (a suitable 
candidate could always be found); then the radial pro- 
file of the galaxy was fitted to both a de Vaucouleurs 
law and a modified Hubble model 

I(x) Ip 

[l + (x/a)2]°9 
(1) 

each convolved with a double Gaussian fit to the seeing 
(the 0.9 in the Hubble profile comes from the mean 
slope in the region around 16 kpc in brightest cluster 
galaxies; see Paper II). A 16 kpc correction factor was 
calculated and then applied to the actual aperture mea- 
surement. This correction was usually negligible, only 
rising to 0.025 mag for the most distant clusters. 

Photometric data on all the clusters were obtained 
with the 1.5 m system (see Schneider and Gunn 1982 for 
a description) between 1979 August and 1980 August. 
Half of the photometric measurements were in very 
poor seeing; these clusters were redone on nights with 
good seeing ( < 175). The nonphotometric good seeing 
pictures (r filter, 500-1500 s exposures) were tied to the 
photometric ones by comparing multiaperture magni- 
tudes for the brightest galaxy. This was tested with 
clusters which had photometric data with good and bad 
seeing. These galaxies had magnitudes consistent to 0.04 
mag. The only problems arose with a few of the most 
distant clusters which had uncertainties of 0.07 mag, 
probably because, unlike the case for the nearby clus- 
ters, the apertures could not be made many times larger 
than the seeing disk. 

Hoessel (1980) found that ~ 30% of first-ranked clus- 
ter galaxies were multiple-nucleus systems; i.e., more 
than one “galaxy” occurred within the 16 kpc aperture 
(for an extreme example of this, see Schneider and 
Gunn 1982). Because of the ambiguity of what con- 
stitutes a “galaxy” in multiple systems, we shall adopt as 
a working definition of the brightest cluster galaxy the 
region of maximum light enclosed in an aperture with a 
radius of 16 kpc. The second and third brightest cluster 
galaxies are defined in an analogous way. This proce- 
dure has several practical advantages—including objec- 
tivity and algorithmic simplicity with linear image data. 
It also can be applied to clusters at vastly different 
redshifts. The drawback, as is readily seen in Schneider 
and Gunn (1982), is that the resulting profiles can be 
very bizarre (see Paper II for a discussion). The profiles 
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for the most extreme of these systems are, of course, 
fitted very poorly by either modified Hubble or 
de Vaucouleurs laws, but this procedure has the enor- 
mous advantage of not introducing distance-dependent 
biases. One has the option of rejecting extreme cases 
through the «-parameter, which is determined in a 
roughly seeing-independent way. 

The (g~ r) colors were measured by comparing the 
integrated colors in several apertures with radii of - 16 
kpc. Errors in the sky subtraction manifest themselves 
by rapid changes of color with radius; in nearly all our 
data on brightest galaxies, the internal consistency was 
- 2% in the 12-18 kpc range. Approximately 20 clusters 
had photometric measurements taken on different nights. 
These observations were obtained with different CCDs 
and slightly different g filters. Despite the dissimilarity 
of the photometric transformation equations, 80% agreed 
to 0.03 mag. The galaxies with large residuals were 
reobserved. 

IV. A STANDARD COSMOLOGICAL 
PHOTOMETRIC SYSTEM 

In this paper we present observations in only the g 
and r passbands, but wish to include two other filters in 
the following discussion of photometric data processing; 
i (Wa.de et al. 1979), and z (this paper). These last two 
filters are required for observations of high-redshift clus- 
ters, so that one can observe near a given wavelength 
in the rest frame of the galaxy. This system has several 
advantages for ground-based CCDs. The filters span the 
response range of this detector (4500-11000 Á), and 
several strong sky lines are avoided (Hg 4358 and 5460, 
and [O il] \5577). The z filter consists of 3 mm of RG 
850 (50% of peak transmission at 8400 Á, peak transmis- 
sion of 93% reached at 10200 Á), one reflection off 
aluminum, and the prime focus universal extragalactic 

Fig. 4.—The transmission function S(v) for the bandpasses of 
the griz system, PFUEI, and one reflection from aluminum. 

instrument (PFUEI) plus a Texas Instruments 800 X 800 
CCD. The response curves for the PFUEI can be found 
in Gunn and Westphal (1981). The relative response 
curve of the griz system are shown in Figure 4; all 
factors except atmospheric extinction have been in- 
cluded. 

The clusters (except for A545) have been restricted to 
galactic latitudes greater than 30° to minimize galactic 
obscuration. Sandage (1973) found that the absorption 
could be represented by a esc b law; however, it is clear 
that there are local inhomogeneities in the reddening 
(Heiles 1975). Absorption corrections based on the in- 
tervening neutral hydrogen density are likely to be more 
accurate than corrections determined from galactic lati- 
tude alone. 

From van de Hulsfs curve 15 (Johnson 1968) 

A(g) = 3.29E(B-V), 

A(r) = 2.23E(B-V), 

,4(/) = 1.63£(£-F), 

A(z) = \.22E(B-V). (2) 

Burstein and Heiles (1978) present a comprehensive 
study of galactic reddening as a function of the column 
density of neutral hydrogen. We selected their observa- 
tions with \b\> 30° and NH < 400 (Nu is the column 
density of neutral hydrogen/2.23 X 1018, which is the 
unit used in the contour maps of Heiles 1975), and 
executed a linear fit to 46 points which gave 

E(B- V) = 1.90X 10"4 (AH -68.9), 

rms scatter inE(B -V) = 0.026. 

Note that the absorption becomes zero at a nonzero 
value of the column density. This phenomenon is in part 
due to the presence of emission from the galactic plane 
in the dish sidelobes, but perhaps not entirely (see Stark 
and Heiles 1981). Its origin is not of primary interest to 
us, since we wish to use the Heiles contour maps only as 
an interpolation device for the reddening. Defining 

N' = Ah — 68.9; 

for a galaxy at rest 

A(g) = 6.24X 10_4A/, 

A(r) = 4.23 X lO^A', 

2l(/) = 3.09X 10_4A', 

A(z) = 2.31 X 10_4A'. (3) 

For galaxies at nonzero redshifts, the absorption is 
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Fig. 5.—Effective wavelengths of the griz filters for first-ranked 
cluster galaxies. Diagonal lines represent ^ the positions of the 
effective wavelength of g7( = g at z = 0.0, Xg/ = 5242 A) and the 
“break” at 4000 A. This system allows interpolation for g/ up to a 
redshift of 0.74. 

define Sj(v) to be the probability that a photon of 
frequency v will be detected by the system. This folds in 
filter and atmospheric (airmass 1.2) transmission, reflec- 
tivity of aluminum, and response of the detector. (Note 
that the response curves in Fig. 4 do not include the 
atmospheric transmission factor.) The apparent magni- 
tude nij is defined as 

m = Cj —2.5 log 
/•OO 

J nfSj(v) dv 

nv = number of photons of frequency v 
incident on atmosphere s-1 cm-2 

Hz1, 

Cj = constant found from photometric 
standards. 

The absolute magnitude of an object is 

Mj = Cj — 2.5 log (Z)o = 10pc). 

The photon flux from an object at redshift z is 

n* ~~ 4t7’c2Z2(z) AvDl ’ 

calculated by interpolating in the above formulae using 
the effective wavelength of the filter (see Fig. 5). If the 
column density becomes greater than 400 (for 545, for 
example), the color excess is read from the E(B - V) 
versus graph of Burstein and Heiles (1978), and the 
absorption calculated from (2). The polar reddening is 
known to be small (Sandage 1973), and these formulae 
result in essentially no absorption at the poles. The 
galactic absorption in the red band for each cluster is 
listed in Table 1. The same absorption correction proce- 
dure was applied to the HGT sample. Two of the HGT 
clusters have small negative galactic absorption with this 
scheme, 2l(r)=-0.002 mag (A^H = 65); none of the 
richness clusters had negative absorption. This proce- 
dure is open to a good deal of improvement, as the 
errors in the r magnitude induced by uncertainty in the 
reddening are 0.06 mag. 

We now turn to the problem of correcting the ob- 
servations for redshift related effects (the fact that one 
observes a different portion of the spectrum as the 
redshift increases), and propose a slightly new way of 
handling this problem. We note that the detectors em- 
ployed are photon-counting systems, not energy 
sensitive devices. (The same is true, of course, of pho- 
tomultipliers; our new definition of the ^-correction is 
the correct one for all such detectors.) For each filter (j) 

where 

Z<?(z)= T{goz + (go-l)[(l + 2go^)1/2-1]}> q0(\ + z) 

and 

Dl = luminosity distance = 
cZ.(z)(l + z) 

(Weinberg 1972). Thus 

rrij = G.- — 2.5 log 
/ •'0 

■NHl+2)(l + z)2Sj(v)dv 

AitDI 

or 

m i = - 5 log 

+ 2.5 log 
rNvSj(v)dv 
•'n J 

j /• OO 
(1 + z) Jo Np(l+z)Sj(v)dv 
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Define the ^-correction kj(z) as 

kj(z) = 2.5 log 

= 2.5 log 

The absolute magnitude is 

Mj = my -5 logZ>L -25- kj(k) (Dl in Mpc). 

Following GO, we shall define the reduced absolute 
magnitude (RAM) as 

RAM, = M, + 5 log [c//70]-5 

/•OO 
/ NySj(v)dv 

1 y0 

(1+z)2 ÇN^^sÀv)dv 

/•OO 
, / {fJv)Sj{v) dv 1 «'o  

1 + z / Uv(\+z)/v)Sj{v)dv *'0 

or 

RAMy = wy-51og[Zi(z)(l + z)]-Ä:>(z). 

This quantity removes the effects of HQ on the absolute 
magnitudes. The meaning of the reduced absolute mag- 
nitude is easily visualized; it is the ^-corrected apparent 
magnitude of an object placed at a luminosity distance 
of one Hubble radius. In our model, Rh = c/H0 = 5000 
Mpc, zRh ~ 0.866, and the distance modulus 5 logRÄ - 
5 = 43.49 mag. The formalism thus far is very similar to 
those of past investigators (Sandage 1961; GO; SKW; 
KSW; HGT) except for the definition of the ^-correc- 
tion. Basing the /c-correction on photons instead of 
energy does result in differences of up to 0.015 mag 
when sharp features (the 4000 Á break) enter the filter 
bandpass. In these instances the photon /c-corrections 
are smoother than the energy ones; this is because the 
detector sees a big drop in the high-energy photons 
which carry a larger fraction of the detected energy than 
the detected number of photons. 

In order to construct a Hubble diagram, a passband 
in the rest frame of the galaxy must be selected. One 
wants to chose one at the blue end so it is accessible at 
high redshift, but not so blue that Une blanketing will 
render the magnitude sensitive to metallicity. The g filter 
is an excellent compromise for our system, as the detec- 
tor is insensitive at shorter wavelengths and redshifts 
greater than 0.74 are required to push g out of our 
observational range. Hereafter g7 will represent this 
standard magnitude. 

For historical reasons (GO) we will define 

gi = Cg - 2.5 log / ^sg[v(l + z)]dv 
•'O r 

= mg- kg(z)-2.5log(\ + z). 

The (1 + z) term makes g7 behave like a monochromatic 
magnitude; it is roughly the monochromatic magnitude 
at the redshifted wavelength which corresponds to the 
center of the g band in the galaxy rest frame. Note the 
g7 = gatz = 0. 

If all galaxies had the same-spectral shape, an ob- 
servation in a single filter would suffice to obtain the 
magnitude in a preselected bandpass. HGT presented a 
method in which observations were obtained in two 
filters which bracketed the position of the desired wave- 
length region. We will adopt their procedure with a few 
minor modifications. 

One needs to know the effective wavelengths for the 
various filters; this, however, is an ill-defined problem 
for any filter of finite width. We define the effective 
frequency for a given filter as 

^eff = Vj - exp 

where is a fiducial source, in our case NGC 4889. 
Notice that this definition is in a sense halfway between 
an effective frequency and an effective wavelength, and 
is chosen over those purely for aesthetic reasons. As the 
object moves to higher redshift, 

^ nv^+z)Sj{v)\nvdv 
7ÖÖ 

Jo nv(X+z)Sj{v)dv 

and 

vj(z) - exp 

Figure 5 displays the redshift dependence of the effec- 
tive wavelength in the gnz system. One diagonal line is 
the position of the effective wavelength of our selected 
passband (g7), the other is the “break” at 4000 Á. As 
the break enters a given bandpass, the effective wave- 
length moves to the red. 

Let vg¡ = effective frequency of the desired region 
( = vg(0)), and filters k and j be the lower and upper 
(frequency) bounds (selected from Fig. 5). One can 
calculate a g7 from both the k and j filters applying the 
appropriate k(z) correction. 

f/(y) = - A:y(z)+(g - 7)0-2.5 log (1 + z), 

where (g — j){) is the color of the standard galaxy at 

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



19
83

A
pJ

. 
. .

26
4.

 .
33

73
 

348 
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In 
PJ' + Z) 

S/OO + ln 

gi- 
p

gM + z) 
Sr(k) 

In 

(4) 

A small modification in the interpolation equation (4) 
was adopted in the handling of the richness sample 
(CCD) data. Double weight was given to the r measure- 
ment because of the temporal response variations and 
associated reduction difficulties in the g band. The HGT 
data had equal weight given to gT(g) and g7(r). For the 
two clusters in the richness samples that have gr shifted 
above the r band, g7 was set equal to g7(r). 

We must now address the problem with the CCD 
photometric system mentioned in the previous section. 
The filters used with the PFUEI were convolved with 
the PFUEI plus CCD response curve, one reflection off 
aluminum, and the atmospheric transmissivity at 1.2 
airmasses. From our CCD photometry and photometric 
multichannel scans of standards lent us by J. B. Oke, we 
find 

r = rc + 0.044(g-r)c, 

g- r = 1.199(g- r)c, 

r — i = \.\2l{r — i)c, 

i — z = 0.925(/ — z)c. 

The subscript c indicates the natural CCD magnitudes, 
and the left-hand side represents the adopted griz sys- 
tem magnitudes. These magnitudes are equal to the 
original Thuan-Gunn magnitudes for objects whose 
spectra are smooth. To understand how galaxies behave 
with the CCD system, scans of NGC 4889 and the 
large-aperture composite galaxy of Whitford (1971) were 
numerically convolved with the photoelectric and CCD 
response functions. The resulting “natural” CCD colors 
were then transformed with the linear transformations 
appropriate to placing the standards on the photoelec- 
tric system. The transformed CCD r agreed with the 
photoelectric r to better than 1% for galaxies with z < 
0.30. The (g - r) values, however, were discrepant; the 
photoelectric color was more than 0.15 mag redder than 
the transformed CCD value at z = 0.2. This is due to the 
changed character of the g filter. In the photoelectric 
system the filter has Xg = 4947 Á and reaches down to 
4200 Á. The CCDo g response is basically dead by 4500 
A, and Xg = 5242 A. As the galaxy redshift increases, the 
photoelectric g sees the “break” much earlier than the 

CCD g does, and thus the photoelectric colors turn 
redder. Our system is this linearly transformed “natural” 
system. It has standard photometry negligibly different 
from the photoelectric system for the subdwarf stan- 
dards by which that system is defined. To calculate 
colors on it from scans, however, one produces natural 
magnitudes with the CCD response functions and then 
apphes the above transformations. Predicted k-conec- 

TABLE4 
Filter Redshift Corrections k(z) 

Redshift g 

0.00 
0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.26 
0.28 
0.30 
0.32 
0.34 
0.36 
0.38 
0.40 
0.42 
0.44 
0.46 
0.48 
0.50 
0.52 
0.54 
0.56 
0.58 
0.60 
0.62 
0.64 
0.66 
0.68 
0.70 
0.72 
0.74 
0.76 
0.78 
0.80 
0.82 
0.84 
0.86 
0.88 
0.90 
0.92 
0.94 
0.96 
0.98 
1.00 

0.00 
0.05 
0.10 
0.16 
0.21 
0.26 
0.32 
0.38 
0.45 
0.52 
0.61 
0.72 
0.83 
0.95 
1.07 
1.18 
1.28 
1.40 
1.51 
1.65 
1.74 
1.87 
1.93 
2.03 
2.09 
2.16 
2.23 
2.28 
2.34 
2.39 
2.43 

0.00 
0.02 
0.04 
0.05 
0.07 
0.09 
0.12 
0.14 
0.16 
0.20 
0.24 
0.27 
0.31 
0.34 
0.37 
0.40 
0.43 
0.45 
0.48 
0.51 
0.55 
0.59 
0.65 
0.71 
0.76 
0.82 
0.88 
0.95 
1.03 
1.10 
1.19 
1.27 
1.34 
1.42 
1.49 
1.57 
1.65 
1.72 
1.80 
1.86 
1.92 
1.98 
2.00 
2.06 
2.11 
2.16 
2.22 
2.26 
2.30 
2.36 
2.39 

0.00 
0.02 
0.04 
0.06 
0.08 
0.09 
0.11 
0.13 
0.15 
0.16 
0.18 
0.19 
0.21 
0.22 
0.24 
0.26 
0.28 
0.30 
0.32 
0.35 
0.37 
0.41 
0.43 
0.46 
0.47 
0.49 
0.50 
0.52 
0.53 
0.54 
0.56 
0.57 
0.60 
0.63 
0.65 
0.69 
0.72 
0.75 
0.79 
0.82 
0.86 
0.91 
0.97 
1.03 
1.10 
1.17 
1.24 
1.30 
1.37 
1.44 
1.50 

0.00 
0.02 
0.04 
0.06 
0.08 
0.10 
0.11 
0.12 
0.14 
0.15 
0.17 
0.18 
0.20 
0.21 
0.23 
0.25 
0.26 
0.28 
0.30 
0.32 
0.33 
0.35 
0.36 
0.37 
0.38 
0.39 
0.40 
0.41 
0.42 
0.43 
0.44 
0.46 
0.48 
0.50 
0.52 
0.53 
0.54 
0.55 
0.56 
0.57 
0.58 
0.60 
0.62 
0.65 
0.68 
0.71 
0.74 
0.78 
0.83 
0.87 
0.91 
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tions were produced in this fashion and are given in 
Table 4. Photometric transformations for brightest clus- 
ter galaxies (at rest) are 

g = r+ 0.47, B = g + 0.68, 

r = / +0.31, B = V + 0.97, 

/ = z + 0.22, J =V + 0.34, 

r = R +0.30, /= F+ 1.1. 

from the previously mentioned scans. The reduced abso- 
lute magnitudes for these galaxies are given in Table 5. 
Nineteen galaxies from GO were also transformed to the 
CCD system (adopting g7 = F7 + 0.27 from the scan of 
NGC 4889); their magnitudes can be found in Table 6. 
Figure 6 shows the observed (g — r) colors for the 
brightest cluster galaxies of HGT and the richness sam- 
ple versus the predictions of Table 4. It is clear that the 
points are consistent with the existence of a standard 
galaxy for z < 0.25. 

(The J and F relations are from Oemler 1974.) For a 
galaxy at rest, adding 0.06 mag to g will yield the AB 
magnitude (flux scale of Oke and Schild 1971) at 
5000 Á. 

The galaxies of HGT were placed on the CCD system 
by taking the r magnitude (with no change) and setting 
(g~/0 = (g_r)HGT +A(z)> where A(z) was found 

v. DISCUSSION 

Figure 6, along with a similar plot in KSW, presents 
reassuring evidence that one can use the ^-correction 
procedure with confidence. For the HGT and the rich- 
ness clusters the average difference between the ob- 
served (g-r) and the calculated one is +0.008 mag 
with a standard deviation of 0.055 [this is reflected in a 

TABLES 
Galaxies from Hoessel, Gunn, and Thuan (1980) 

Cluster 2 RAM Cluster z RAM Cluster z RAM 

21 0.0948 20.63 
76 0.0377 21.14 
85 0.0556 20.78 
88 0.1086 21.10 

104 0.0822 21.12 
119 0.0446 21.06 
147 0.0441 21.54 
151 0.0526 20.62 
154 0.0612 20.75 
166 0.1156 21.57 
168 0.0457 21.23 
189 0.0349 21.68 
193 0.0478 20.90 
194 0.0178 20.89 
225 0.0692 21.14 
246 0.0753 21.59 
274 0.1289 20.85 
277 0.0947 20.95 
389 0.1160 20.90 
399 0.0725 21.05 
400 0.0231 21.53 
401 0.0752 21.05 
496 0.0326 21.21 
500 0.0666 21.16 
514 0.0697 21.34 
634 0.0266 21.42 
671 0.0497 20.81 
779 0.0201 20.92 
787 0.1355 20.87 
957 0.0437 20.97 
978 0.0527 21.05 
993 0.0530 20.92 

1020 0.0650 21.60 
1035 0.0799 20.99 
1126 0.0828 20.72 
1139 0.0376 21.61 
1185 0.0349 20.99 
1187 0.0791 20.94 
1213 0.0484 21.11 

1216 0.0524 21.53 
1228 0.0344 21.59 
1238 0.0716 21.28 
1254 0.0628 21.39 
1291 0.0586 21.89 
1318 0.0189 21.85 
1364 0.1070 21.13 
1365 0.0763 21.25 
1367 0.0205 21.31 
1377 0.0509 21.31 
1382 0.1046 21.05 
1383 0.0598 21.68 
1399 0.0913 21.41 
1412 0.0839 21.48 
1436 0.0646 21.10 
1468 0.0853 21.35 
1474 0.0778 21.68 
1496 0.0961 21.45 
1541 0.0892 21.05 
1644 0.0456 21.26 
1651 0.0842 20.96 
1656 0.0230 20.67 
1691 0.0722 20.88 
1749 0.0562 20.98 
1767 0.0712 21.00 
1773 0.0776 20.93 
1775 0.0718 20.98 
1793 0.0849 21.34 
1795 0.0631 21.02 
1809 0.0788 20.73 
1831 0.0749 20.80 
1837 0.0376 21.75 
1904 0.0719 20.69 
1913 0.0533 21.49 
1927 0.0740 21.50 
1983 0.0458 21.78 
1991 0.0589 21.14 
1999 0.1032 21.00 
2005 0.1251 20.89 

2022 0.0565 21.16 
2028 0.0772 20.90 
2029 0.0777 20.36 
2040 0.0456 21.71 
2048 0.0945 20.88 
2052 0.0351 21.26 
2061 0.0782 20.73 
2063 0.0337 21.31 
2065 0.0722 21.17 
2067 0.0726 21.56 
2079 0.0657 20.82 
2089 0.0743 20.94 
2092 0.0669 21.45 
2107 0.042.1 20.87 
2124 0.0671 20.92 
2142 0.0911 21.30 
2147 0.0377 21.21 
2151 0.0360 21.25 
2152 0.0444 21.32 
2162 0.0318 21.25 
2175 0.0978 21.18 
2197 0.0303 20.75 
2199 0.0312 20.59 
2255 0.0747 20.99 
2256 0.0550 20.58 
2328 0.1470 20.43 
2347 0.1196 21.13 
2382 0.0648 21.44 
2384 0.0943 21.27 
2399 0.0587 21.47 
2410 0.0806 20.97 
2457 0.0597 20.94 
2634 0.0315 20.91 
2657 0.0414 22.06 
2666 0.0273 20.69 
2670 0.0774 20.79 
2675 0.0726 21.17 
2700 0.0978 20.94 
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TABLE 6 TABLE 7 
Galaxies from Gunn and Oke (1975) Mean Reduced Absolute Magnitudes 

Cluster z RAM 

UMa II G1  
1534+37 G1  
Hydra G8+G9 ... 
1604+39   
0308+16   
PHL 1093 G2 .... 
1318+31   
3C 323 G1  
1612+42   
1607+39   
1021+04   
1610+41   
0948+45   
1049-09 G1  
0948+44   
1446+26 G4  
0024+16 G1  
0949+44   
3C 295   

0.136 21.63 
0.153 21.45 
0.202 20.67 
0.235 21.56 
0.260 21.88 
0.270 21.97 
0.270 21.40 
0.270 21.05 
0.275 21.97 
0.280 21.23 
0.286 21.04 
0.300 21.42 
0.305 21.41 
0.330 21.62 
0.361 21.19 
0.373 21.41 
0.380 20.98 
0.385 21.79 
0.465 20.43 

discrepancy of similar size between g7(g) and g7(r)]. 
Since the expected errors in the colors are approxi- 
mately 0.03 mag (§ III), it is clear that the spectral 
energy distributions of brightest cluster galaxies are 
remarkably similar. There is no detectable color evolu- 
tion in giant ellipticals out to a redshift of 0.25 ( - 3-4 
X109 years). 

Table 7 lists the mean absolute magnitudes for the 
three 16 kpc samples. All three groups indicate that the 

Sample N <Z) (RAM) SIG RAM 

HGT 1980 . 
This paper . 
Gunn and 

Oke 1975 

116 
83 

19 

0.066 
0.121 

0.291 

21.14 
21.07 

21.37 

0.33 
0.35 

0.42 

luminosity of the brightest cluster galaxy has a disper- 
sion of about 0.34 mag, which is similar to the value of 
SKW and KSW. Tables 8 and 9 and Figures 7 and 8 
present the results of binning the HGT and richness 
samples into richness and Bautz-Morgan classes (BM 
types from LVDB). 

Our data support the tentative conclusion of HGT of 
an approximately 0.1 mag per richness class brightening 
of the brightest galaxy from richness class 0 to richness 
class 3. The richness 4 clusters (plus the one richness 5 
one, Abell 665) do not continue this trend, however, this 
result is significant at the 99% level. In fact, the luminos- 
ities of the richness class 4 galaxies fall 0.2 mag below 
those of richness class 3. SKW found, on the basis of a 
sample some 2^ times smaller, a change of only 0.05 
mag per class. The discrepancy is unlikely to be the 
result of the difference of aperture sizes used, since the 
larger aperture of SKW (36 kpc radius) should be more 
subject to contamination in the rich clusters, which 
would accentuate the brightening with richness class. 

It is important to note that the conclusion regarding 
the richness effect is not cosmology-independent, since 

log z 

Fig. 6.—The predicted (g—r) colors of first-ranked cluster galaxies as a function of redshift (from a scan of NGC 4889). The 
observations of HGT ( + ) and this paper (X) are plotted. The only correction applied to the data is removal of galactic absorption. The 
observations fit the predicted line quite well: the dispersion is only 0.055 mag. 
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TABLE 8 

Richness Corrections 

Class N (Z) SIGZ (RAM) SIG RAM 

HGT 1980 

0   11 0.035 0.011 21.13 0.31 
1   82 0.066 0.022 21.19 0.33 
2   21 0.076 0.035 20.96 0.32 
3   2 0.103 0.036 20.82 0.04 

This Paper 

0   20 0.079 0.024 21.30 0.27 
1    20 0.117 0.067 21.09 0.37 
2   19 0.115 0.027 21.02 0.32 
3    16 0.146 0.041 20.85 0.35 
4   8 0.201 0.035 21.07 0.33 

Total Sample 

0    31 0.063 0.030 21.24 0.29 
1 ....... 102 0.076 0.041 21.17 0.33 
2    40 0.094 0.037 20.99 0.32 
3   18 0.142 0.042 20.85 0.33 
4   8 0.201 0.035 21.07 0.33 

TABLE 9 
Bautz-Morgan Corrections 

Class N <Z) SIGZ (RAM) SIG RAM 

HGT 1980 

I    13 0.060 0.022 20.89 0.28 
I- II .... 11 0.061 0.024 21.08 0.31 
II   23 0.065 0.032 21.00 0.26 
II- III .. 22 0.062 0.021 21.16 0.30 
HI  44 0.070 0.026 21.29 0.32 

This Paper 

I   12 0.124 0.032 20.76 0.18 
I- II .... 11 0.106 0.028 20.88 0.24 
II   21 0.116 0.055 21.09 0.38 
II- III .. 18 0.138 0.077 21.08 0.31 
HI  21 0.117 0.052 21.34 0.29 

Total Sample 

I   25 0.091 0.089 20.83 0.24 
I- II .... 22 0.084 0.194 20.98 0.29 
II....... 44 0.089 0.110 21.05 0.32 
II- III .. 40 0.096 0.119 21.13 0.30 
III  65 0.086 0.083 21.30 0.31 

the mean redshift in our sample increases so markedly 
with richness. The observed change of 0.3 mag from 
richness 0 to richness 3 over a range in mean redshift 
from 0.079 to 0.146, however, requires a q0 in excess of 7 
if the effect is entirely cosmological in origin. Alterna- 
tively, an uncertainty of 0.5 in q0 corresponds to an 

uncertainty of only 1% in the richness correction. There 
is also a small (richness, Bautz-Morgan)-relation in the 
sample. The richness 3 clusters contain a dispro- 
portionately large number of Bautz-Morgan (BM) type I 
clusters, while the richness 4 clusters are primarily 
Bautz-Morgan types II-III and III. If Bautz-Morgan 
corrections are applied (see following paragraph), the 
richness corrections for classes 0 to 4 are - 0.07, - 0.02, 
+ 0.12, +0.25, and +0.15 (vs. -0.10, -0.03, +0.15, 
+ 0.29, and +0.07 without BM corrections). 

Adopting 21.11 for the mean reduced absolute magni- 
tude for brightest cluster galaxies, we arrive at BM 
corrections of -0.28, -0.13, -0.06, +0.02, and +0.19 
mag for BM classes I through III (vs. -0.37, -0.13, 
-0.04, +0.07, and +0.19 for KSW). The larger KSW 
correction for BM I is likely to be due to their use of a 
larger aperture. BM I clusters tend to harbor cD galax- 
ies, and their large envelopes would explain their bright- 
ening relative to normal ellipticals as one moved to 
larger apertures. The Bautz-Morgan classes are distrib- 
uted fairly homogeneously with distance, as indicated in 
Table 9, so the conclusions about the BM correction are 
essentially independent of the cosmological model. 

Although both cluster richness and Bautz-Morgan 
class have definite relations with the luminosity of 
brightest cluster galaxies, removing their effects does not 
greatly reduce the cosmic scatter. The clusters of HGT 
and this paper have an uncorrected dispersion of 0.34 
mag. Application of the deduced richness and Bautz- 
Morgan corrections reduce this value to 0.32 and 0.30 
mag, respectively, while the dispersion becomes 0.29 
mag if both effects are corrected for. Hoessel (1980) 
found that both these corrections are subsumed in a 
structural correction which can be calculated from 
surface photometry of the galaxy itself, and which arises 
in a natural way from dynamical evolution. We will 
investigate this “«-correction” further in the second 
paper in this series. 

The Hubble diagram (apparent magnitude vs. red- 
shift), while quite illustrative of some effects, leaves 
something to be desired when one wishes to emphasize 
the geometric effects of various world models. We chose 
to plot the reduced absolute magnitude against a red- 
shift-related quantity. The motivation for this choice is 
easy to understand. The calculated absolute magnitudes 
assume a given world model; if we have selected the 
correct one and brightest cluster galaxies are standard 
candles, the points will lie on a horizontal line. The 
reduced absolute magnitudes described in this paper will 
be the ordinate. The abscissa is 

^1/2 (Z) 

Zx(z) 

The advantages of this selection are apparent in Figure 

x = log 
2[l + z-(l + 2)1/2] 

= log 
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R i chness 

Fig. 7.—The relation between reduced absolute magnitude of brightest cluster galaxies and Abell richness class for HGT ( + ) and this 
paper ( X ). Except for the richness 4 clusters, a correction of ~ 0.1 mag per class represents the data reasonably well. 

Fig. 8.—Same as Fig. 7 but 
absolutely brighter. 

using Bautz-Morgan class as the abscissa. As the brightest galaxy becomes more dominant, it becomes 

9, which displays the behavior of reduced absolute mag- 
nitudes as a function of z and q0. All redshifts are 
contained in Figure 9; the right-hand side corresponds 
to z = oo (x = log 2 = 0.301). Note the remarkable lin- 
earity of the models. Both the #0 = 0.5 and qo = l.O 
models are precisely linear. The intercepts at z = oo are 

-51og(2#0) (relative to the ^0 = 0.5 line, because 
Zq(oo) = \/q0). The models with qQ greater than 0.5 
(closed universes) He above our standard q0 = 0.5 Une 
because too large a luminosity distance has been used to 
calculate the absolute magnitude; the reverse apphes to 
the open models. 
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Fig. 9.—The reduced absolute magnitude-redshift relation for various world models. The right-hand edge corresponds to z = oo. The 
Unes represent the behavior of standard candles which have q0 = 0.5 RAMs of 21.0. See text for explanation. 

Another feature is the clear presentation of the aper- 
ture correction (see GO and Hoessel 1980). If q0 does 
not equal 0.5, we are no longer measuring the same 
metric diameter at different redshifts. Defining 

d\nL 
d\nr 

GO showed that the sensitivity to q0 is reduced by the 
factor (1 - a/2). This appears naturally in our Hubble 
diagram, for the deviation from the horizontal (q0 = 0.5) 
line is 

RAM Jz)-RAM1/2(z) = (5 — 2.5«) log ^1/2 (z) 

w 

or 
(5-2.5«)(l-2^0)a: for small x. 

The rapidity with which the various curves deviate from 
the q0 = 0.5 Une is linear in «, as the above expression 
shows. If galaxies were point sources (« = 0), there is no 
aperture correction. The sensitivity of the test vanishes 
for « = 2 (constant surface brightness) since there is no 
cosmological information in surface brightness. We shall 
show in the following paper in the series that the mean « 
for our sample is about 0.7, a bit larger than that found 
by Hoessel (1980) but the same as that used by GO; the 
aperture correction thus reduces the sensitivity to q0 by 
roughly 35%. 

In Figure 10 we have plotted the galaxies of HGT, 
GO, and the richness sample (Tables 5, 6, and 1) on this 
modified Hubble diagram. Also shown are some world 
models with « = 0.7 and (RAM) of 21.14 from the 
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Fig. 10.—Hubble diagram for the galaxies of HGT ( + ), the richness sample (X), and GO (0>). Some world models with appropriate 
aperture corrections (a) have been drawn in. The reduced absolute magnitudes are from Tables 5, 1, and 6, respectively. 

nearby complete sample of HGT. The q0 ^ —0.5 model 
is unphysical, and was obtained simply by evaluating 
the analytic expression for Zqo(z) for that value of q0. 
The first-order cosmological effects are dependent on q0 

alone, and the curve shown should be accurate for small 
redshifts. 

It is clear that one can say little of cosmological 
interest on the basis of data shown; nor was that the 
object of acquiring data on this sample. The low-redshift 
end of the Hubble diagram is now, however, pinned 
down about as well as is possible. The present sample 
could be enlarged about a factor of 3 without exhausting 
the Abell catalog within our selection criteria. Based on 
the good statistics presently in hand, we do not believe 
such an enlargement would reveal any new effects of 
great cosmological significance. The next step is clearly 
to obtain similar observations on a carefully selected 
sample of clusters at high redshift. 

VI. SUMMARY 

1. Seventy-five new redshifts for Abell clusters have 
been measured; the redshifts range from 0.04 to 0.30. 
Redshifts for all clusters in the LVDB catalog with 
richness greater than 3 and |Z>| > 30° have now been 
determined. 

2. A four-filter ( griz ) photometric system is described 
which is well suited for cosmological investigations using 
ground-based CCDs. The system has a spectral coverage 
from 4500 to 9500 À. Corrections for galactic extinction 
are determined from the intervening H i column density. 
Photon based (instead of energy based) /^-corrections 
have been calculated for the griz system. The rest-frame 
g magnitude (A — 5242 Á) has been adopted as the 
standard measurement for brightest cluster galaxies; the 
filters allow two-color observations to bracket the red- 
shifted g filter for redshifts up to 0.74. 
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3. The standard distance for calculating absolute mag- 
nitudes of brightest cluster galaxies in this paper is one 
Hubble radius (instead of the standard 10 pc). This 
procedure removes the dependence of the absolute 
luminosity on /70. In the i70 = 60, qo = 0.5 universe, 
Rh = 5000 Mpc, zRh = 0.866, and the distance modulus 
is 43.39 mag. The reduced absolute magnitude in this 
paper refers to the ^-corrected g magnitude a galaxy 
would have if placed at a luminosity distance of 1 
Hubble radius. 

4. Photometry of 84 brightest cluster galaxies (the 
richness sample) in the g and r passbands using a CCD 
detector is presented. Brightest cluster galaxies are de- 
fined as the region of maximum light enclosed within an 
aperture with a metric radius of 16 kpc. The measure- 
ments have all been corrected for seeing effects (maxi- 
mum seeing correction ~ 0.025 mag). The rest frame 
(g — r) colors of brightest cluster galaxies have a disper- 
sion of only 0.04 mag. There has been no detectable 
color evolution in giant ellipticals since redshifts of 0.25. 

5. The galaxies in the richness sample as well as 135 
previous measurements of brightest cluster galaxies have 
been placed on the reduced absolute magnitude system. 
The dispersion in the aperture magnitudes is 0.34 mag. 

6. Brightest cluster galaxies brighten by 0.1 mag per 
richness class for richness classes 0 to 3. Richness 4 
galaxies, however, are fainter than the richness 3 ones by 
0.2 mag. 
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