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ent paper (Burke, Collins & Mann 2000) presents the analysis of the K-band Hubble diagram of 76 brightest 
luster galaxies (BCGs) in X-ray 
lusters andshows that the properties of BCGs depend on the X-ray luminosity (LX) of their host
lusters. Unfortunately, the low numbers of nearby 
lusters in this sample makes itdiÆ
ult to 
onstrain evolutionary trends. In this letter we extend the Hubble diagramof Burke et al. (2000) to a total of 155 
lusters using new data on 79 BCGs at z � 0:1from the 2MASS extended sour
e 
atalogue. We show that the major division betweenBCGs in high and low-LX 
lusters disappears at z � 0:1, with BCGs having similarabsolute magnitudes independent of the X-ray luminosity of their host 
lusters. Atlarger redshifts the K-band light of BCGs in high-LX systems is 
onsistent with littleor no merging ba
k to z � 0:8, whereas BCGs in the low-LX systems have a di�erentevolutionary history, with many in
reasing their mass by a fa
tor � 4 sin
e z ' 1.This provides dire
t eviden
e of hierar
hi
al merging in a galaxy population.Key words: Galaxies: 
lusters: general { galaxies: ellipti
al and lenti
ular, 
D {galaxies: evolution { galaxies: formation1 INTRODUCTIONBrightest 
luster galaxies (BCGs) provide a unique samplewith whi
h to study the evolution of galaxies in a 
lusterenvironment. They are the most luminous galaxies emittingpurely photospheri
 light in the universe and are uniquelypositioned at the 
entre of the 
luster gravitational poten-tial. A 
lassi
 observation of BCGs is that they vary littlein luminosity within a �xed metri
 aperture (e.g. Sandage1972a,b) and in re
ent years the near-infrared K-band Hub-ble diagram has been analysed to redshifts z ' 1 (e.g.Arag�on-Salaman
a, Baugh & Kau�mann 1998; Collins &Mann 1998). The K-band is ideal to study BCG evolutionas extin
tion at 2.2 �m is 
onsiderably smaller than at opti-
al wavelengths and the K-
orre
tion is relatively insensitiveto the star formation history of the galaxies (e.g. Madau,Pozzetti & Di
kinson 1998).Knowledge of the X-ray luminosity of a 
luster is vitallyimportant in the study of BCG evolution (Edge 1991). X-rayparameters provide obje
tive information about the 
lusterenvironment sin
e the strength of X-ray emission is dire
tlyrelated to the depth of the 
luster gravitational potential? Email: sb�astro.livjm.a
.uk

well and therefore the 
luster mass. In both Collins & Mann(1998) and Burke, Collins & Mann (2000 { hereafter BCM)it was established that, in general, BCGs in 
lusters with anX-ray luminosity LX � 2:3�1044 erg s�1 (in the EMSS pass-band 0:3� 3:5 keV) have mean absolute magnitudes ' 0:5mag brighter with a dispersion half as large (' 0:24) as thosein less luminous 
lusters. Despite these e�orts, it is un
learwhether this e�e
t is evolutionary as there are few BCGswith redshifts below z ' 0:1 in these studies. For example,in Arag�on-Salaman
a et al. (1998) there are only 3 BCGsbelow z = 0:1 (2 in high-LX 
lusters) and 13 in BCM (3in high-LX 
lusters). To as
ertain whether the variation ofBCG properties with 
luster X-ray luminosity seen at highredshift is a genuine evolutionary e�e
t we signi�
antly ex-tend the K-band Hubble diagram of BCM below z ' 0:1 inthis letter, using the 2 Mi
ron All Sky Survey se
ond in
re-mental release extended sour
e 
atalogue (hereafter 2MASS
atalogue; Jarrett et al. 2000).In Se
tion 2 we give a brief outline of the 2MASS 
ata-logue, des
ribe our sample and then present the new Hubblediagram in Se
tion 3. In Se
tion 4 we dis
uss the impli
a-tions of our results for the evolution of BCGs and draw our
on
lusions. Throughout this letter we assume a 
osmology
onsistent with the supernovae data (see Bah
all et al. 1999):
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m = 0:3;
� = 0:7 and H0 = 100 h km s�1 Mp
�1, withh = 0:7. This a�ords the 
han
e to present earlier results forthe Hubble diagram, whi
h assumed an Einstein{de Sitteruniverse and h = 0:5, in the framework of the most re
entestimates of the 
osmologi
al parameters.2 DATAThe 2MASS 
atalogue (Jarrett et al. 2000) 
overs �40 per
ent of the sky and 
ontains J, H and Ks-band images andphotometry for �585,000 galaxies. The extended sour
e de-te
tion limit (10�) at Ks is 13.1 mag and together withthe spatial resolution of 2 ar
se
 means that 2MASS is wellsuited for dete
ting luminous galaxies, su
h as BCGs, outto z � 0:1. The typi
al astrometri
 a

ura
y of sour
es in2MASS is 0:5 ar
se
 rms.Our input 
luster 
atalogue is that of Lynam (1999).This 
onsists of a sample of 150 ri
h Abell 
lusters withmeasured redshifts z � 0:1 and jbj � 15Æ, whi
h have ex-tended X-ray emission above a 
ux limit of 3 � 10�12 ergs�1 
m�2 in the ROSAT hard-band (0:5� 2:0 keV). The X-ray data 
omes from the se
ond redu
tion of the ROSAT AllSky Survey, paired with 
o-ordinates from Abell, Corwin &Olowin (1989). X-ray 
ux measurements are essentially thesame as that of the NORAS and REFLEX 
luster surveys(B�ohringer et al. 2000). The Lynam sample was 
onstru
tedspe
i�
ally to study streaming 
ows of galaxy 
lusters (Ly-nam et al. 2002, in preparation) and 
ontains 
lusters with awide range in X-ray luminosity sele
ted over a large fra
tionof the entire sky, thus ful�lling our requirements. The BCGswere identi�ed by the positional 
oin
iden
e between the
entroid of the X-ray 
luster emission and the �rst rankedgalaxy, whi
h in general show very good agreement being
oin
ident to � 30 ar
se
 (Lazzati & Chin
arini 1998).The mat
hing with the 2MASS 
atalogue was done bysear
hing around the BCG positions given by Lynam (1999)out to a maximum radius of 60 ar
se
. A total of 79 BCGswere 
ommon to both 
atalogues, this 
onstitutes only 50per 
ent of the Lynam (1999) 
atalogue due to the partialsky 
overage of the 2MASS se
ond in
remental release. Only19 of these had separations > 3 ar
se
, and all had separa-tions less than 20 ar
se
. These 19 BCGs were 
he
ked 
are-fully to ensure that the 
orre
t obje
t had been identi�ed.In 3 other 
ases the 2MASS algorithm had missed the BCGbut found another sour
e nearby, possibly due to sour
e 
on-fusion. As these BCGs had no reliable K magnitude it wasnot possible to in
lude them in the analysis.The major strategy behind the photometri
 redu
tionsof the 2MASS data was to be as 
onsistent as possible withthe pro
edures of BCM for the 76 BCGs dis
ussed in thatpaper. Out of the wide range of photometry values availablein the 2MASS 
atalogue we 
hose to use those measured in
ir
ular apertures as they are more robust than those in el-lipti
al apertures (e.g. Pahre 1999, Jarrett et al. 2000). The
atalogue 
ontains magnitudes within 11 
ir
ular apertureswith radii between 5 and 70 ar
se
. A Hermite polynomial�t to the aperture photometry of the 2MASS data was per-formed to estimate the apparent magnitude at the metri
radius of rm = 12:5h�1 kp
 used by BCM. The internalphotometri
 error in the 2MASS magnitudes is � �0:1 mag.The data was then 
orre
ted for Gala
ti
 absorption using

the maps of S
hlegel, Finkbeiner, & Davis (1998) { the 
or-re
tion is small, typi
ally � 0:02 mag. The 
olour 
orre
tionbetween the 2MASS Ks-band and the UKIRT K-band, usedby BCM, is typi
ally 0:006 � 0:01 mag (Carpenter 2001),and so was negle
ted.One di�eren
e between the datasets is that in the BCMsample no attempt was made to remove 
ux due to other
luster galaxies falling within the aperture, although 
uxdue to 
ontaminating stars and obvious non-
luster galax-ies was ex
luded. In 
ontrast, the 2MASS magnitudes areautomati
ally 
orre
ted for the presen
e of stars and othergalaxies within ea
h aperture. We examined the di�eren
ethat this makes by measuring the magnitudes of 10 2MASSgalaxies in 
ir
ular apertures dire
tly from the 2MASS`postage stamp' images. The mean di�eren
e in the photom-etry between the un
orre
ted postage-stamp images and the2MASS magnitudes is only 0:03 � 0:01 mag. Finally, as anexternal 
he
k on the 
onsisten
y of the 2MASS photom-etry, we obtained K-band magnitudes for 12 BCGs usingQUIRC on the University of Hawaii 2.2m teles
ope. The 12BCGs 
over the range of redshift and 
luster X-ray luminos-ity values in the Lynam (1999) sample. The mean di�eren
e(2MASS-UH) is only 0:028� 0:042 mag. We also 
omparedthe magnitudes of the 6 BCGs below z = 0:1 in BCM whi
hare in 
ommon with 2MASS. The mean di�eren
e (2MASS-BCM) is 0:04 � 0:09. Therefore we 
on
lude that there areno signi�
ant o�sets between the respe
tive datasets.All X-ray luminosities were 
orre
ted to the new 
os-mology, denoted by �, using the form:L� = LEdS� dL(�)dL(EdS) � ap
orr(�)ap
orr(EdS)�2 ; (1)where EdS denotes an Einstein{de Sitter 
osmologywith h = 0:5, dL is the luminosity distan
e to the 
lus-ter and app
or is the value of the aperture 
orre
tion. TheBCM data in
orporates X-ray 
atalogues, prin
ipally EMSS(Gioia & Luppino 1994) and the SHARC surveys (Burke etal. 1997; Romer et al. 2000), whi
h extrapolate their mea-sured X-ray 
ux to total 
ux assuming a King surfa
e bright-ness pro�le and a �xed 
ore radius. The appropriate valueof ap
orr was used for ea
h survey (giving rise to luminos-ity 
orre
tions ' 20 per 
ent), negle
ting the RASS-basedmeasurements as these 
uxes are � 90% of the total 
uxfrom the 
luster (B�ohringer et al. 2000, 2001) resulting ina negligible aperture 
orre
tion. Finally, to maintain 
onsis-ten
y with BCM, the X-ray luminosities given by Lynam(1999) were transformed from the RASS (0:1 � 2:4 keV)passband to the EMSS passband (0:3 � 3:5 keV). Assum-ing a 6 keV thermal bremsstrahlung spe
trum (the 
hoi
eof temperature has negligible e�e
t on the 
orre
tion fa
-tor): the passband 
orre
tions are of the form: LX(0:3� 3:5keV) = 1:08LX(0:1� 2:4 keV). At the mean redshift of thesample (z = 0:27), the X-ray luminosity 2:3 � 1044 erg s�1(0:3 � 3:5 keV), reported in BCM as marking a transitionin the properties of the 
onstituent BCGs, transforms to' 1:9 � 1044 erg s�1 in the supernovae 
osmology adoptedhere. Hen
e we report the results below using this new X-rayluminosity threshold. 
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Figure 1. The Hubble diagram. The �lled points denote BCGs in 
lusters with LX(0:3�3:5 keV) > 1:9�1044erg s�1. The no-evolutionpredi
tion, assuming a 10 Gyr old stellar population, is shown by the solid line, the zf = 2 model by the dashed line and the zf = 5model by the dotted line. All the models were normalised in the same way using the 18 BCGs below z = 0:1 with LX � 1:9� 1044 ergs�1 whi
h gives Mk = �25:78� 0:05.3 RESULTSThe K-band Hubble diagram for 155 BCGs is shown in Fig-ure 1. The lines show model predi
tions 
al
ulated usingthe GISSEL96 
ode (Bruzual & Charlot 1993), for a solarmetalli
ity stellar population with a Salpeter initial massfun
tion. The solid line indi
ates a no-evolution model for a10 Gyr old stellar population, while the other lines are forstellar populations whi
h form in an instantaneous burst ofstar formation at a single epo
h, zf = 2 and zf = 5, andthen evolve passively.In Figure 2 we present the absolute magnitude { X-rayluminosity relation for the high and low redshift samples.The MK values are 
al
ulated using the K-
orre
tion fromthe zf = 2 model. The �gure illustrates 
learly how the MKvalues for BCGs at z � 0:1 depend on the X-ray luminosityof the host 
luster and 
ontrasts this behaviour with theMKdistribution at z � 0:1. This di�eren
e is quanti�ed in Table1 whi
h gives the mean absolute magnitudes as a fun
tionof X-ray luminosity and redshift. To test the signi�
an
e ofthis di�eren
e we 
arried out a non-parametri
 two-tailedKolmogorov{Smirnov (KS) test on the absolute magnitudesof the BCGs in 
lusters above and below z = 0:1. Above z =0:1 the test gives a probability of only 0.013 per 
ent thatBCGs in high and low LX 
lusters are drawn from the sameparent population, whereas the 
orresponding probabilityfor BCGs below z = 0:1 rises to 36 per 
ent.
Table 1. Statisti
al properties of the absolute magnitude as afun
tion of X-ray luminosity and redshift.z LX(0:3� 3:5 keV) �1044erg s�1 (N, 1�)< 1:9 > 1:9< 0:1 -25.67�0:04 (74, 0.34) -25.78�0:05 (18, 0.21)> 0:1 -25.51�0:09 (29, 0.47) -25.93�0:04 (34, 0.24)4 DISCUSSION AND CONCLUSIONSWe 
onsider the amount of merging that BCGs may haveundergone to further examine the di�eren
e in BCG prop-erties with host 
luster environment. The parametri
 formintrodu
ed by Arag�on-Salaman
a et al. (1998) and used byBCM: M(z) = M(0) � (1 + z)
 was used to estimate thegrowth in the stellar mass 
ontent of the BCGs. Figure 3shows the residuals about a zf = 2 model with the lines
orresponding to growth fa
tors of 0, 2, 4, 16 sin
e z = 1.It is 
lear from Figure 3a that those BCGs in more X-rayluminous 
lusters have not experien
ed any signi�
ant stel-lar mass growth sin
e z = 1, whereas Figure 3b indi
atesthat the BCGs in low X-ray luminosity 
lusters show a widerange of mass evolution sin
e redshift z = 1. Very similarresults are found if the formation redshift is in
reased tozf = 5. This suggests that BCGs have di�erent evolutionaryhistories depending on the X-ray properties of their 
lusterhosts.Our results on the merging history of BCGs have beenqualitatively 
on�rmed re
ently by Nelson et al. (2001) us-ing the I-band Hubble diagram for BCGs sele
ted fromthe Las Campanas Distant Cluster Survey in the range
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Figure 2. The absolutemagnitude - X-ray luminosity relation fora) those BCGs with redshift z � 0:1 and b) those with redshiftz � 0:1. The dotted line represents the LX = 1:9� 1044 erg s�1
luster luminosity boundary.0:3 � z � 0:9. In this sample only BCGs in low mass 
lus-ters must have a

reted signi�
antly sin
e z ' 1. Further-more, the V-I 
olour evolution seen by Nelson et al. (2001)is 
onsistent with the a

retion in low-LX BCGs 
onsist-ing of old stellar populations. From a theoreti
al perspe
-tive, N-body simulations naturally produ
e massive, 
entraldominant 
luster galaxies through merging (Dubinski 1998,Athanassoula, Garijo & Gar
�ia G�omez 2001), although rel-atively little theoreti
al work has fo
ussed on predi
ting themerging history of BCGs as a fun
tion of environment: thesemi-analyti
al models presented by Arag�on-Salaman
a etal. (1998), predi
t that BCGs in the most massive 
lustershave grown by a fa
tor 4 � 5 sin
e z = 1, whi
h is 
learlyin
onsistent with the results in Figure 3a. More re
ently,Gottl�ober, Klypin & Kravtsov (2001) argue that at z � 1the merger rates in groups are signi�
antly higher than inri
her systems, resulting in a more diverse range of evolu-tionary properties of their 
onstituent galaxies.We 
on
lude that those BCGs in high redshift, high lu-minosity 
lusters are brighter and more uniform than thosein their low luminosity 
ounterparts and that this separationis signi�
antly weaker at low redshift. This is a dire
t indi-
ation of how a single homogeneous population of galaxiesevolves hierar
hi
ally. Both this work and future studies of

Figure 3. Inferred mass of BCGs from residuals about thezf = 2 model for BCGs in a) high-LX 
lusters and b) in low-LX 
lusters. The model plots are forM(z) = M(0)(1+ z)
 , with
 = 0;�1;�2;�4, 
orresponding to growth fa
tors of 0, 2, 4, 16sin
e z = 1. The models are normalised independently for ea
h�gure using the absolute magnitudes below z = 0:1.the near-infrared surfa
e brightness pro�les of BCGs alongwith velo
ity dispersion measurements should help 
onstrainthe evolutionary parameters and stimulate more theoreti
alpredi
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