
A&A manuscript no.(will be inserted by hand later)Your thesaurus codes are:11.03.1 11.05.2 11.16.1 11.12.2 11.19.7 ASTRONOMYANDASTROPHYSICS18.3.1996The luminosity function of cluster galaxies: relationsamong M1, M � and the morphological typeD. Tr�evese, G. Cirimele, and B. AppodiaIstituto Astronomico, Universit�a di Roma "La Sapienza", via G. M. Lancisi 29, I-00161 Roma, ItalyReceived ; acceptedAbstract.A study of the luminosity function of 36 Abell clusters ofgalaxies has been carried out using photographic plates ob-tained with the Palomar 1.2 m Schmidt telescope. The relationbetween the magnitude M1 of the brightest cluster memberand the Schechter function parameter M� has been analyzed.A positive correlation between M� and M1 is found. Howeverclusters appear segregated in the M1-M� plane according totheir Rood & Sastry class in such a way that on average M1becomes brighter whileM� becomes fainter going from late toearly Rood & Sastry and also Bautz & Morgan classes. Alsoa partial correlation analysis involving the magnitude M10 ofthe 10th brightest galaxy, shows a negative intrinsic correlationbetween M1 and M�. These results agree with the cannibal-ism model for the formation of brightest cluster members, andprovide new constraints for theories of cluster formation andevolution.Key words: Galaxies: clusters of { galaxies: evolution {galaxies: photometry { galaxies: luminosity function { galaxies:statistics1. IntroductionThe observed luminosity function (LF) of galaxies providesthe most important means to test theories of galaxy formationand evolution. According to a reformulation and extension ofthe Press & Schechter (1974) theory presented by Bond et al.(1991), the direct hierarchical clustering of primordial overden-sities is responsible for the onset and evolution of a self-similarmass distribution leading to the observed Schechter-like galaxyluminosity function.Moulding of the luminosity function by galaxy merginghas recently been exploited (Cavaliere & Menci 1993 and refs.therein) to reconcile the local LF (Efstathiou, Ellis & Pe-terson 1988; Binggeli, Sandage & Tamman 1988) with faintgalaxy counts (Tyson & Seitzer 1988) and redshift distribu-tion (Broadhurst, Ellis & Shanks 1988).Galaxy merging, or galactic cannibalism, was originally in-troduced by Ostriker and Tremaine (1975) as a mechanismof growth of brightest cluster members at the expense of theSend o�print requests to: D. Tr�evese

other massive galaxies, which are most a�ected by dynami-cal friction. According to the model of Hausman and Ostriker(1978), as the evolution of the cluster proceeds this selectivedepletion should push to lower luminosities the turnover pointbetween the steep high-luminosity fallo� and the atter faintend of the LF. This should cause a negative correlation be-tween the magnitude M1 of the brightest cluster member andthe characteristic magnitude M� of a �tting Schechter (1976)LF.From a study of 12 rich clusters, Dressler (1978) derived anindication that M1 and M� are anticorrelated. However, in asubsequent study of 9 Abell clusters, Lugger (1986) (L86) con-cluded that the correlation is not statistically signi�cant and,in a more recent study of 12 Abell clusters, Oegerle and Hoessel(1989) (OH89) �nd no evidence for any relation between M1and M�. These results are taken, by the respective authors,as indications against the e�ect found by Dressler (1978). Itshould be noted that in both these studies a positive M1-M�correlation is found, though it is not statistically signi�cantdue to the small number of clusters analyzed.Since the properties of individual clusters are strongly af-fected by random uctuations, they become meaningful onlywhen de�ned statistically using a large number of clusters.Thus a project has been undertaken for studying in a uni-form manner a large sample of nearby galaxy clusters (Flinet al. 1988, Tr�evese et al. 1992 (T92), Flin et al. 1995), andderiving properties such as number density pro�les, morphol-ogy, galaxy orientations, luminosity functions (LF) and theirpossible statistical relations.The results concerning galaxy orientations in a sample of 55clusters (Tr�evese, Cirimele and Flin 1992) indicate the specialrole played by �rst ranked galaxies during the evolution ofclusters.In the present paper we restrict our attention to the spe-ci�c problem of the M1-M� relation and present the resultsobtained from a sample of 36 Abell clusters, more than threetimes larger than each of the previous samples. From this weobtain a statistically signi�cant evidence of a new type of neg-ative M1-M� partial correlation, related to the fact that M1becomes brighter and M� fainter in going from irregular to cDRood & Sastry (1971) (RS) cluster types or from type III totype I in the Bautz & Morgan (1970) (BM) classi�cation.2. Data and Reductions



2Table 1. Cluster DataAbell # z M1 M10 M� RS BM NA76a 0.0416 -24.30 -22.73 -22.73 L II-III 77A147a 0.0438 -24.12 -22.91 -22.81 I III 152A151a 0.0536 -24.88 -23.26 -22.58 cD II 260A157a1 0.103y -24.54 -23.19 -23.14 B II 106A260b 0.0348 -23.96 -22.63 -22.58 F II 109A278b1 0.0896 -24.09 -23.28 -23.18 I III 114A407c 0.0463 -24.11 -23.07 -22.71 I II 168A505c 0.0543 -24.57 -23.19 -22.86 cD I 94A569c 0.0196 -23.39 -21.62 -20.93 B II 229A637d1 0.136y -23.85 -22.63 -22.64 C 23#A646d1 0.1303 -23.85 -23.24 -22.92 I III 74#A649d1 0.124y -23.73 -22.40 -22.12 cD II 25#A655d 0.1245 -25.01 -23.20 -22.53 cD I-II 131A656d1 0.136y -23.77 -22.42 -22.54 I III 33#A671d 0.0502 -24.29 -22.57 -22.36 C II-III 71A779d 0.0230 -24.44 -22.64 -22.12 cD I-II 108A1132e 0.1363 -23.93 -23.17 -23.01 B III 51#A1377d 0.0514 -24.06 -22.98 -22.73 B III 175A1413d 0.1427 -25.01 -22.94 -22.32 cD I 172A1570d2 0.156y -24.03 -22.71 -22.84 I II-III 20#A1589d 0.0718 -24.22 -23.33 -23.17 C II-III 122A1661f 0.1671 -24.83 -23.71 -23.62 F III 101A1689d 0.1832 -25.04 -23.86 -23.39 C II-III 84#A1700f1 0.119y -24.28 -23.19 -22.92 L III 78#A1775d 0.0717 -25.21 -23.68 -23.17 B I 107A2028d 0.0776 -24.20 -22.98 -22.78 I II-III 53A2040d 0.0456 -23.20 -22.42 -22.06 C III 132A2052d 0.0348 -23.95 -22.66 -22.08 cD I-II 253A2056d3 0.0804 -23.11 -22.15 -22.01 C II-III 64#A2065d 0.0722 -24.80 -23.79 -23.35 C III 291A2073d3 0.1717 -24.37 -23.50 -23.55 C III 27#A2096d4 0.108y -23.98 -22.73 -22.30 C III 69#A2124d 0.0654 -24.50 -22.57 -22.21 cD I 62#A2593g 0.0421 -23.58 -22.55 -22.51 F II 137A2657a 0.0414 -23.25 -22.28 -22.32 F III 125A2670d 0.0761 -24.64 -23.13 -22.73 cD I-II 74y the redshift has been estimated from z-m10 relation.Zero of photometric scale from: a Hoessel,Gunn & Thuan 1980; b Sandage & Perel-muter 1991; c Peterson 1970; d Hoessel & Schneider 1985; e Gunn & Oke 1975;f Bothun et al., 1985; g Murphy, Schild & Weekes 1983; a1 b1 f1 same plate asA151,A260,A1661 respectively. d1 d2 d3 d4 same plate as A655, A1589,A2065 A2124respectively. # magnitude limits brighter than m3 + 3.Our data are derived from 10-inch photographic platestaken by P. Hickson with the 48-inch Palomar Schmidt Tele-scope to analyze a sample of 64 Abell clusters. The �elds wereselected according to the criteria speci�ed in Hickson (1977) to-gether with details about the emulsions and �lters employed.The resulting photometry corresponds to the red F-band ofOemler (1974). The sample was not statistically complete butit was designed to cover all cluster morphological types, toperform statistical studies of each cluster type. Other clustersappearing in the same plates, some of which are not Abellclusters but belong to the Zwicky catalog, were also added tothe sample, thereby reaching a total of more than 100 clus-ters in all. Plates were scanned with a PDS 1010G in Rome,with pixel sizes ranging from 10 to 25 �m depending on thecluster distance. Automatic identi�cation of objects and theirclassi�cation as point-like or di�use are described in T92. Totalmagnitudes are computed from the ux integrated in a circularaperture whose radius is R1 = 1:5r1, where r1 is the �rst mo-ment of the intensity distribution (see T92). The magnitudede�ned in this way corresponds on average to an isophotalmagnitude at 24 mag � arcsec�2, with the advantage that r1 isless noisy than the corresponding isophotal radius. The signalto noise ratio is S=N �> 100 for a few objects brighter thanF = 12 mag, about 25 for F � 14 mag and falls to about 5for F �> 18 mag.Relative photometry has been obtained for 55 of the aboveclusters (Tr�evese, Cirimele and Flin 1992), while the zero ofthe magnitude scale has been established for 36 clusters, using

published photometric data. For 27 out of 36 clusters we usedr band data from Hoessel, Gunn & Thuan (1980) and Hoessel& Schneider (1985); for 8 of the remaining clusters we used Vdata while for A2593 we used R data, as speci�ed in the table.In the case of Johnson R-band data we assume F=R asdiscussed in Lugger (1989). For data in the Thuan and Gunn(1976) r and Johnson V we assume the average color of brightcluster galaxies implying F = r � 0:58 and F = V � 0:76 ,as given by Schneider et. al. (1983) from which we also takethe relevant k-corrections. Magnitudes have been corrected forthe interstellar extinction AF by adopting the relation AF =0:07(csc b�1) (Oemler 1974). Overall, the estimated magnitudeerror due to the uncertainty of the zero point of each plate plusthe internal error is less than 0.2 mag .3. Luminosity function determinationTo compare the luminosity functions of di�erent clusters it isimportant to de�ne the galaxy samples of individual clustersaccording to uniform criteria, as discussed in L86. In partic-ular, the distribution of galactic types and luminosities variesfrom the cluster core to the �eld (Oemler 1974, Lugger 1986).Thus the luminosity functions were determined inside circularregions with a �xed radius of RA = 1:7=z arcmin correspond-ing to 3 Mpc forHo=50 Km s�1 Mpc�1, qo = 1. Outside theseregions a local �eld density was computed and compared withthe �eld galaxy counts of Butcher & Oemler (1985). The agree-ment was within 10 percent in 23 cases. Though the local de-termination is probably more appropriate, for the statisticalcomparison of di�erent clusters we preferred to adopt the av-erage background to treat all the clusters in a uniform wayand to obtain a closer comparison with the work of previousauthors. In particular the background counts as a function ofthe red apparent magnitude mR were deduced from Butcher& Oemler (1985) assuming R=F and an average color indexJ-F=1.0 as in Lugger (1989). A a straight line �t in the range14 � mR � 18 gives logNb = 0:503 �mR � 7:49, where Nb isthe number of background galaxies per square degree and per0.25 magnitudes interval.The galaxy samples of each cluster were corrected statis-tically by eliminating, in each magnitude bin of 0.2 mag, anumber of galaxies estimated from the �eld density in the samemagnitude bin. Finally a magnitude limit as close as possible tom3+3 was adopted in most (24) cases while for the remaining12 clusters, whose fainter magnitudes bins have an anomalouslylow population, a brighter limit was adopted (these objects aremarked with # in column 8 of Table 1).The LFs were then �tted with a Schechter (1976) function:�(L)dL = �� � LL��� exp�� LL�� d� LL�� (1)maximizing the likelihood, as in Schechter & Press (1976), bymeans of the MINUIT package of the CERN library. Prelim-inary results concerning a non parametric comparison of theluminosity functions have been presented elsewhere (Tr�eveseet al. 1996).Since our aim is to analyze the relation between M� andthe magnitude M1 of the brighter cluster member, each LFhas been �tted with M� as free parameter and � �xed to theuniversal value �1:25 (Schechter 1976) and the �rst rankedgalaxy has been excluded from the �t (see OH89).
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Fig. 1. The luminosity functions in the F band of the 36 clusters of the sample. Each point represents the logarithm of the number n ofgalaxies in bins of 0.2 mag. The continuous curves represent the maximum likelihood �t with a Schechter function of the unbinned data.The brightest galaxy is not included in the �t and is not shown.



4The resultingM� values for the entire sample of 36 clustersare reported in column 5 of Table 1 together with the Abellcatalogue number, redshift (Struble & Rood 1991) , M1, M10,Rood & Sastry and Bautz & Morgan classes , and the numberof galaxies of each cluster used in the �tting. The source ofmorphological classi�cation are Struble & Rood (1987) for theRS type and Abell, Corwin & Olowin (1989) for BM types. Thedi�erential LFs are shown in Figure 1 with the �tting function.It is to be noted however that the curve shown is not a �t tothe points in the �gure, which derive from an arbitrary binningof the data, but represents the maximum likelihood �t to theunbinned data.4. The statistics of M1 and M�The values ofM� show a nearly gaussian distribution withM�= -22.66 � 0.52 in agreement with the values �22:52 � 0:45,�22:64 � 0:50, �22:85 � 0:23, found respectively by Dressler(1978), L86 and OH89.
Fig. 2. M� versusM1 for the 36 clusters of the sample. The di�er-ent symbols refer to the RS classes, as indicated. A positive globalcorrelation is seen.Figure 2 shows the distribution of the 36 clusters of oursample in the M1-M� plane. A �t of a straight line M� =ao + a1M1 to the data, assuming equal errors on both axes,gives a1 = 1:12, or a1 = 0:58 considering only the errors onM�. The correlation is positive with a coe�cient r = 0:54and an associated probability P (> r) = 7 � 10�4 of the nullhypothesis. The clusters appear segregated according to theirRS class, with early types towards the top left and late typestowards the bottom right.Notice that L86, from a sample of 9 clusters, obtains a1 =0:67 � 0:37, r = 0:56 corresponding to P (> r) = 12%, whilefrom the data of OH89, relative to 12 clusters, it is possible toderive a1 = 0:22 � 0:14, r = 0:45 corresponding to P (> r) =14%. Thus our result gives a statistically signi�cant proof ofthe trend suggested by the previous �ndings of L86 and OH89.These results contrast with the �ndings of Dressler (1978) whoobtains, for 12 clusters, a1 � �0:5, r � �0:5, but a muchhigher probability of the null hypothesis due to the smaller size

of the sample (see the discussion of L86 about the role playedby A665 which has a somewhat uncertain value of M�).A straightforward interpretation would be that the selec-tive depletion of the bright end of the luminosity function,predicted by the galactic cannibalism model of Hausman andOstriker (1978), does not agree with the observations.However, before deriving any physical conclusion from theobserved correlation, it must be considered that the error onthe zero point of the magnitude scale a�ects by the sameamount both M1 and M� of the same cluster, causing a pos-itive M1 - M� correlation, even in the case the true values ofM1 and M� are intrinsically uncorrelated. It is easy to showthat, in the absence of any intrinsic M1-M� correlation, theobserved correlation coe�cient would be ro = �2c=(�1 � ��),where �1 and �� are the observed standard deviations of M1and M� respectively, and �c is the standard deviation of thecalibration error (see Massaro and Tr�evese (1996)). Thus, inour case a r.m.s. uncertainty e.g. as large as 0.3 mag on thecalibration could account for the observed positive correlation.However, in a few cases it has been possible to �nd in theliterature other photometric data on the galaxies we used toestablish the zero point, obtained by di�erent authors, some-times in di�erent bands. A comparison of these data showsthat the uncertainty is less than 0.2 mag. Thus it is possiblethat the calibration uncertainty accounts for the positive M1-M� correlation only in part. In any case a reliable correction ofthis statistical bias would require an accurate estimate of boththe random photometric noise and the calibration errors.A possible approach consists in studying magnitude di�er-ences like (M��M10) and (M1�M10), which are independentof calibration errors, and of any global shift of the luminosityfunction. The choice of the 10-th ranked galaxy is motivatedby the fact that the r.m.s. deviation of Mk has a minimum fork = 10 in our sample of 36 clusters.
Fig. 3. (M� �M10) versus (M1 �M10) for the 36 clusters of thesample. The di�erent symbols refer to the RS classes, as indicated.A negative correlation is seen.(M� �M10) is plotted versus (M1 �M10) in Figure 3 andappears negatively correlated: r = �0:46, P (> jrj) = 4:6�10�3.The clusters are still segregated according to their RS classes.



5Alternatively it is possible to perform a partial correlationanalysis in order to single out the intrinsic correlation betweenM1 and M�, removing the correlation produced by a globalshift of the luminosity scale.In the case of three (or more) stochastic variables xi , i =1; 2; 3 , from the ordinary (zero order) correlation coe�cientsri;j ,it is possible to compute the partial correlation coe�cientsri;j;k, (i; j; k = 1; 2; 3; i 6= j 6= k) de�ned by:ri;j;k = ri;j � rj;k � ri;kp(1� r2j;k) � (1� r2i;k) ; (2)which represents the intrinsic correlation between xi and xjcorrected for the e�ect induced by the correlation of both xiand xj with xk (see e.g. Anderson 1984).The ordinary correlation coe�cients between M1, M� andM10 are all positive : r1;�=0.54 , r1;10=0.76 and r�;10=0.89.The resulting partial correlation coe�cient is r1;�;10 = �0:50with an associated probability P (> jrj) = 1:9 � 10�3.The e�ect is statistically signi�cant, thus providing a newconstraint for any model of cluster formation and evolution.As already pointed out, in Figures 2 and 3 the clusters aresegregated according to their RS class. The same e�ect appearsusing the BM classes. Thus we have divided the clusters intogroups, corresponding to the RS classes F+I, C+L, B and cDrespectively, to collect enough objects in each group. Then, forcomparison, we have also grouped the clusters according totheir BM class.
Fig. 4. The average values < M1 > (lower panels) and < M� >(upper panels), computed for the subsamples corresponding to theRood & Sastry classes cD, B, C+L and F+I (left) and to the Bautz& Morgan types (right). From late to early types < M1 > becomesbrighter, while < M� > becomes cluster fainter.The average values <M1 > and < M� >, taken over eachgroup, result negatively correlated. The e�ect is better seen inFigure 4 , where < M1 > and < M� > of the di�erent groupsare shown. It appears that < M1 > becomes brighter, while< M� > becomes fainter, in going from irregular to compactand regular clusters.A more precise characterization of this trend is obtainedby computing, for the 36 clusters of our sample, the Kendall

rank correlation coe�cients � ofM1,M� andM10 with the RSand BM type, together with the relevant probabilities P (�) ofthe null hypothesis. The results are summarized in Table 2.A negative correlation appears of M10 with RS and BMtypes, but it is very weak and not statistically signi�cant. It ispossible to check from data in Table 1, that an error in the colortransformation of 0.2 mag , e.g. causing a systematic shift of1/4 of the sample, does not appreciably change the correlationcoe�cients and the relevant probabilities.We also repeated the statistical calculations excluding fromthe sample the 12 clusters whose LFs have been determinedin smaller range of magnitude. The results are essentially un-changed (in some cases the signi�cance of correlation in evenslightly improved).As a result we can conclude that we obtained for the �rsttime signi�cant evidence of a negative correlation of M� withboth the RS and BM classes. We �nd also that the correlationsofM�-M10 andM1-M10 with the morphological classes are themost signi�cant. Finally we �nd a trend of M1 with the RScluster type and we con�rm the similar trend of M1 with theBM cluster type which was already known (see e.g. Sandage &Hardy 1973).5. ConclusionsWe can summarize our results as follows:- The mean of the characteristic magnitudes M�, determinedby maximum likelihood �ts, is in good agreement with thevalues found in the literature.- M� is positively correlated withM1 with high statistical sig-ni�cance.- Clusters appear segregated in theM1-M� plane according toboth their Rood & Sastry and Bautz & Morgan type.- Including in the study also the magnitude M10 of the 10thbrightest member, a partial correlation analysis shows anegative intrinsic correlation between M1 and M�.- We �nd statistically signi�cant evidence that on average themagnitude M1 of the brightest cluster member is brighterin clusters of the earlier Rood & Sastry and Bautz & Mor-gan types.- The characteristic magnitude M� is on average fainter inclusters of the earlier Rood & Sastry and Bautz & Morgantypes. The e�ect is statistically signi�cant, providing a newconstraint for theories of cluster formation and evolution.Once the RS types are interpreted as an evolutionary se-quence going from late type, irregular clusters to the more con-centrated, dynamically evolved cD clusters, the above resultsmay support the cannibalism model of Hausman and Ostriker(1978). In this scheme, during the cluster evolution the �rstranked galaxies grow by merging, becoming brighter.We stress that merging itself is not su�cient to explainthe increase of M�. Rather one must assume that the merg-ing a�ects preferentially the most massive and bright clustermembers. This also causes the increase of M10, which howeveris found to be smaller. It is also important to remember thatM1 is excluded from the maximum likelihood �t, as done byprevious investigators, so that the determination of M� is nota�ected by the brightening ofM1 along the RS sequence, fromI to cD types, but simply measures the depletion of the brightend of the luminosity function.The emerging scenario could be the following. The positiveglobal M1-M� correlation which appears in the data is mostly



6Table 2. Rank correlation statisticsRS BM� P (�) � P (�)M1 0:26 2:3 � 10�2 0:30 9:8 � 10�3M� �0:24 4:0 � 10�2 �0:25 3:0 � 10�2M10 �0:03 9:7 � 10�1 �0:05 6:2 � 10�1M1-M10 0:37 1:2 � 10�3 0:58 5:4 � 10�7M�-M10 �0:47 4:4 � 10�5 �0:34 3:7 � 10�3intrinsic. Possibly because clusters are born with di�erent lu-minosity functions which, to a �rst approximation, are glob-ally shifted towards brighter or fainter luminosities, accordingto some statistical distribution. During the subsequent evolu-tion the brightest member grows at the expense of other brightgalaxies, which are most a�ected by dynamical friction, caus-ing the depletion of the bright end of the LF. This happensfor both intrinsically brighter and fainter clusters. Once thespread in luminosity is reduced by computing the average overindividual classes, the negative M1-M� correlation appears.We stress that, beyond any evolutionary interpretation, ourresults show that the cluster LFs are not universal but dependon the cluster type in a systematic way.Intrinsic di�erences and evolutionary changes of the shapeof the LF will be better understood through a non parametricanalysis.ReferencesAbell, G. O., Corwin, H. G., & Olowin, R. P. 1989, ApJS, 70,1Anderson, T. W. 1984, in "An introduction to multivariatestatistical analysis', (New York: Wiley)Bautz, L. P., & Morgan, W. W. 1970, ApJ, 162, L149Bond, J. R., Cole, S., Efstathiou, G., & Kaiser, N. 1991, ApJ,379, 440Binggeli, B., Sandage, A., & Tammann, G. A. 1988, ARA&R,26, 509Bothun, D. G., Aaronson, M., Schommer, B. , Mould, J. ,Huchra, J. , & Sullivan, W. T. III 1985, ApJS, 57, 423Broadhurst, T.J., Ellis, R.S., & Shanks, T. 1988, MNRAS, 260,241Butcher, H. R. & Oemler, A. 1985, ApJS, 57, 665Cavaliere, A., & Menci, N. 1993 ApJ, 407, L9Dressler, A. 1978, ApJ, 223, 765Efstathiou, G., Ellis, R. S., & Peterson, B. A. 1988, MNRAS,232, 431Flin,P., Hickson,P., Pittella,G. 1988, in " Large scale structurein the universe. Observational and Analytical Methods",ed. SeiterFlin,P., Tr�evese, D., Cirimele, Hickson,P. 1995, A&AS, 110,313Gunn, J. E., & Oke, J. B. 1975, ApJ, 195, 255Hausman, M. A. , & Ostriker, J. P. 1978, ApJ, 224, 320Hickson, P., 1977, ApJ, 217, 16Hoessel, J. G. , Gunn, J. E. , & Thuan, T. X. 1980, ApJ 241,486Hoessel, J. G. , Schneider, D. P. 1985, AJ 90, 1648Lugger, P. M. 1986, ApJ, 303, 535 (L86)
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