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ABSTRACT

According to the galactic cannibalism model, cD galaxies are formed in the centre of galaxy
clusters by merging of massive galaxies and accretion of smaller stellar systems; however,
observational examples of the initial phases of this process are lacking. We have identified a
strong candidate for this early stage of cD galaxy formation: a group of five elliptical galaxies
in the core of the X-ray cluster C0337-2522 at redshift z =0.59. With the aid of numerical
simulations, in which the galaxies are represented by N-body systems, we study their dynamical
evolution up to z = 0; the cluster dark matter distribution is also described as an N-body system.
We explore the hypothesis that some of the five galaxies will have merged before z = 0, making
reasonable assumptions on the structural and dynamical characteristics of the cluster. We
then compare the properties of the merger remnant with those of real ellipticals (such as its
accordance with the fundamental plane, the Faber—Jackson and the Mgy—o relations) and,
in particular, we check whether the remnant has the surface brightness profile typical of cD
galaxies. We find that a multiple merging event in the considered group of galaxies will take
place before z = 0 and that the merger remnant preserves the fundamental plane and the Faber—
Jackson relations, while its behaviour with respect to the Mgy—0o relation is quite sensitive
to the details of black hole merging. However, the end-products of our simulations are more
similar to a ‘normal’ giant elliptical than to a cD galaxy with its characteristic diffuse luminous
halo, thus confirming previous indications that the formation of cD galaxies is not a necessary
consequence of galaxy merging at the cluster centre.
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1 INTRODUCTION

Among the various scenarios proposed for the formation of the
brightest cluster galaxies (BCGs), and in particular of cD galaxies,
perhaps the most prominent is the so-called ‘galactic cannibalism’
model (Ostriker & Tremaine 1975; Hausman & Ostriker 1978). In
this picture super-luminous ellipticals (hereafter Es) are formed in
the centre of galaxy clusters by merging of massive galaxies and by
accretion of smaller stellar systems. Indeed, numerical simulations
have shown that galactic cannibalism is able to reproduce many
properties of the observed BCGs (see, e.g., Miller 1983; Malumuth
& Richstone 1984; Merritt 1984; Bode et al. 1994; Athanassoula,
Garijo & Garcia Gomez 2001). However, there are still some sig-
nificant discrepancies between the predictions of these simulations
and the observations: in particular, if one considers the available
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numerical simulations it is apparent that only a small fraction of
the simulations ending in a merging event do produce a cD-like
galaxy, while observations reveal that the presence of a cD galaxy is
quite a common property of galaxy clusters (see, e.g., Dressler 1984
and references therein). In addition, Thuan & Romanishin (1981)
pointed out that BCGs in poor clusters do not show the diffuse lu-
minous envelope typical of cDs, and this could be an important
additional indication that the end-product of galactic cannibalism
does not necessarily consist of a cD galaxy.

Observational tracers of the late stages of cD galaxy formation
have already been found: for example, the high frequency of multiple
nuclei in cD galaxies is considered an indication of recent merging
(see, e.g., Matthews, Morgan & Schmidt 1964; Schneider, Gunn &
Hoessel 1983; Laine et al. 2003). In contrast, observational examples
of the initial stages of cD galaxy formation are lacking: according to
the scenario depicted above, such systems would appear as groups
of galaxies located in the core of clusters and spiralling, as an effect
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of dynamical friction, towards the cluster centre. We have identified
a strong candidate for such an evolutionary stage: a group of five
Es located within a region of a few kpc of (projected) linear size
near the centre of the X-ray-selected cluster C0337-2522 at redshift
7=0.59 (ROSAT Deep Cluster Survey; Rosati et al. 1998).

The main goal of this work is to explore, as a function of the
initial conditions and of the structural and dynamical characteristics
of their parent cluster, how many (if any) of the five galaxies under
consideration will have merged before z = 0. In addition, we inves-
tigate whether the remnant has the surface brightness (SB) profile
typical of cD galaxies, i.e. it possesses a diffuse low-luminosity halo.
Finally, we check whether some features of Es, such as the funda-
mental plane (FP; Djorgovski & Davis 1987; Dressler et al. 1987),
the Faber—Jackson relation (FJ; Faber & Jackson 1976), the Mgy—o
relation (Ferrarese & Merritt 2000; Gebhardt et al. 2000) and the
metallicity gradient (Peletier 1989; Carollo, Danziger & Buson
1993), are preserved during the process. This kind of investigation
is motivated by the fact that BCGs, both giant Es and cDs, follow
quite closely the FP and the FJ relation determined by less luminous
Es (see, e.g., Oegerle & Hoessel 1991), though there are indications
that a significant fraction of BCGs are brighter than would be ex-
pected from the FJ relation of normal Es (Malumuth & Kirshner
1981, 1985). BCGs also have metallicity gradients consistent with
those of normal Es (Fisher, Franx & Illingworth 1995), and those
for which the mass of the central supermassive black hole (BH) has
been measured do follow the M gy—o( relation (e.g. M87; Ferrarese
& Merritt 2000; Gebhardt et al. 2000).

We try to address the questions above with the aid of numerical
simulations in which the galaxies are represented by N-body sys-
tems, and the initial conditions are constrained by the imaging and
kinematic information from our ESO-VLT data. The observations
provide, for each galaxy, only three phase-space coordinates (the
two projected positions and the line-of-sight velocity); thus, some
assumptions are needed in order to assign the remaining initial con-
ditions. In principle, one could make use of non-parametric esti-
mators (see Merritt & Trembley 1994); however, given the small
number of objects involved, such estimators are not practical for
our application. To overcome this problem, we modelled the cluster
where the five galaxies reside as a spherical dark matter (DM) den-
sity distribution with adjustable total mass, scalelength and amount
of radial orbital anisotropy in the velocity distribution: in order to
explore the effects of the dynamical friction of the galaxies against
the cluster DM, also the cluster is represented as a live N-body
system.

This paper is organized as follows. The observations and the
galaxy models are presented in Sections 2 and 3, respectively. A des-
cription of the simulations is given in Section 4 and the results are
discussed in Section 5. Our conclusions are presented in Section 6.
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2 OBSERVATIONS AND DATA REDUCTION

The five galaxies that we have considered are located in the core of
the X-ray galaxy cluster C0337-2522. The /-band image, shown in
Fig. 1, was obtained in 1999 September, using the Focal Reducer and
Spectrograph 1 (FORS1) at the ESO Very Large Telescope (VLT)
with an exposure time of 2 x 300 s and a seeing of 0.9 arcsec. The
image was reduced using a standard procedure and a catalogue of
the objects was carried out with the SEXTRACTOR package (Bertin &
Arnouts 1996). Spectra for the five elliptical galaxies were obtained
in 2000 January with FORS1 at VLT, using the grism R600 and a
1-arcsec wide slit with a resolution of ~90-100 km s~ '; exposure
times were in the range 2700-7200 s. The reduction of the spec-
troscopic data and the measurement of the redshifts (reported in
Table 1) were performed following the procedures described in Treu
et al. (2001). We note that, due to poor weather conditions and re-
duced reflectivity during the early stages of operations (see, e.g.,
Labbé et al. 2003), the signal-to-noise (S/N) ratio of the spectro-
scopic data does not allow us to measure the central velocity dis-
persions for all five galaxies with sufficient accuracy. Thus, in the
present work we are unable to use velocity dispersion measurements
in order to constrain the total mass of the galaxies and their inter-
nal dynamics. The details of the photometric measurements will be
presented in a separate paper (Treu et al., in preparation). For the
aim of this paper it suffices to say that the five galaxies have very
similar (within ~0.5 mag, see Table 1) /-band magnitudes, typical

C0337-1
C0337-2
. C0337-4
C0337-5
C0037-3

-

5 arcsec

Figure 1. VLT-FORSI1 /-band image of the galaxy cluster C0337-2522
(N up, E left). The five galaxies are named as in Table 1.

Table 1. Known data for the five galaxies. Positions and velocities are relative to the centre of mass of the system.
For reference, the centre of galaxy C0337-4 is at @ = 03"37M 45315 and § = —25°22' 3671 (J2000). I-band
aperture photometry within a 1-arcsec diameter aperture together with its random uncertainty is listed in the final
column (the zero-point of the magnitude scale is accurate to 0.1 mag).

Galaxy Redshift X y v, X y 1
(arcsec) (arcsec) (km/s) (kpe) (kpe) (mag)
C0337-1 0.589 0.51 3.78 284.7 3.63 27.00 20.55 £ 0.05
C0337-2 0.578 —0.36 0.94 —1892.9 —4.51 6.71 20.02 £ 0.06
C0337-3 0.590 —0.01 —1.24 473.3 —0.09 —8.86 19.98 £ 0.12
C0337-4 0.592 1.63 —1.04 850.2 11.63 —7.43 20.03 £ 0.05
C0337-5 0.589 —1.49 —2.44 284.7 —10.66 —17.43 20.11 £ 0.05
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of bright cluster E/SO at that redshift (see, e.g., Kelson et al. 1997).
We have no information concerning other low-luminosity members
of the cluster, and so we decided to consider only the five galax-
ies in the simulations, except for a special simulation described in
Section 6. Note also that some doubt concerning the cluster mem-
bership of galaxy C0337-2 could be reasonably raised by consider-
ing its negative and high barycentric velocity: however, the cluster
X-ray emission (Rosati et al. 1998; see also Vikhlinin et al. 1998)
strongly points towards the physical association of the central group
of galaxies. We decided to also consider galaxy C0337-2 as a mem-
ber of the cluster: its ‘special’ dynamical status, however, will be
evident when discussing the results of the simulations.

3 MODELS

The initial conditions for the cluster and the galaxies are spherically
symmetric density distributions. In particular, for the cluster DM
distribution we use a Hernquist (1990) model: note that in the central
regions it is indistinguishable from the Navarro, Frenk & White
(1996) density profile, while characterized by finite total mass. Thus,
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where p(r) is the cluster density profile, M (r) and M . are the
mass within the radius r and the total cluster mass, respectively,
W (r) is the relative (positive) potential and r is the so-called
‘core radius’. For the galaxies we use both one- and two-component
Hernquist models (Ciotti 1996), and so the galaxy stellar and DM
components are also described by equations (1)—(3), where the sub-
scripts “*” and ‘h’ now identify the two distributions, respectively.
In the two-component models we always assume My o = 5 M, o
and ry, = 3r,.

We note that a certain amount of radial orbital anisotropy is ex-
pected in some of the current structure formation scenarios of Es
(see, e.g., van Albada 1982; Barnes 1992; Hernquist 1993) and clus-
ters (see, e.g., Crone, Evrard & Richstone 1994; Cole & Lacey
1996; Ghigna et al. 1998). However, there exist observational and
theoretical indications that the amount of radial anisotropy should
be modest in both cases (see, e.g., Carollo et al. 1995; Ciotti &
Lanzoni 1997; van der Marel et al. 2000; Gerhard et al. 2001; Nipoti,
Londrillo & Ciotti 2002, hereafter NLC(2), even at significant look-
back times (Koopmans & Treu 2003). Accordingly, in a subset of
simulations, the cluster and/or the galaxy stellar components are
radially anisotropic, while for the sake of simplicity the galactic
DM halo component is always isotropic. In practice, radial orbital
anisotropy is introduced using the Osipkov—Merritt parametrization
(Osipkov 1979; Merritt 1985), where the supporting distribution
function (DF) for the density profile p is given by
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and f(Q)=0 for Q < 0. The quantity Q is defined as Q = & —
L?/2r2, where £ = W — v?/2 is the relative (positive) energy per

unit mass, v is the modulus of the velocity vector, Wr is the rel-
ative total gravitational potential and L is the modulus of the an-
gular momentum per unit mass. The parameter r, is the so-called
‘anisotropy radius’. For r >> r, the velocity dispersion tensor is radi-
ally anisotropic, while for r < r, itis nearly isotropic. The isotropic
DF is given by equation (4) in the limit r, — oo. Following the
adopted notation, we indicate the anisotropy radius of the cluster
and of the galaxies as r,  and r, ,, respectively.

4 NUMERICAL SIMULATIONS

4.1 Initial conditions

The coordinate system adopted to describe Fig. 1 is defined so that
the x-axis runs east—west, the y-axis runs south-north and the z-axis
is along the line of sight. Observations provide only three of the
required six initial phase-space coordinates of the centre of mass of
each galaxy, namely two positions in the (x, y) projected plane and
the line-of-sight velocity v,. The problem of the orbital evolution
of the five galaxies is thus underdetermined, and the missing initial
coordinates force us towards a probabilistic approach, where sev-
eral initial conditions compatible with the observational constraints
are used to evolve the system from z =0.59 to the present. We as-
sume, for simplicity, that the five galaxies have equal masses (see
Section 2), and that in the inertial reference system centred on the
cluster centre Y x; = Y.y = Dz = Y Vi = P Vy; =
> v,; = 0, summing over the five galaxies. In Table 1 we report
the values of the known coordinates for the five galaxies, reduced
to the reference system (we adopted Q,, =0.3, Q4 =0.7 and Hy =
65km s~! Mpc™!).

In order to fix the missing coordinates (z;, vy ;, vy, ;) of the galax-
ies, as a first step we constrain the structural and dynamical proper-
ties of the cluster model, by choosing the values of the parameters
Sacls e and M o (see Section 3). We investigated two cases for
the DF of the cluster: the isotropic case (corresponding to s, =
Tacl/Fa =00) and the radially anisotropic case with s, =1.8, a
value that fiducially corresponds to the maximum degree of radial
anisotropy compatible with stability for the one-component Hern-
quist model (see, e.g., NLC02 and references therein). For r, we
adopted the values 100 and 300 kpc (corresponding to the half-mass
radius nyv o 2 241 and 724 kpc, respectively): note that, at least in
projection, all five galaxies are well within 7. Obviously, for a fixed
rq there is a minimum cluster mass (M ,;,) for which all five galax-
ies are bound, under the implicit assumption that the cluster DM
is virialized (consistently with the time independence of the cluster
potential).! For each galaxy, the lower limit to the cluster mass cor-
responds to the case of vanishing v,, v, and z: then M, is given by
the maximum of these five lower limits. From the values in Table 1
and from equation (3), M in > 4.4 x 10" Mo, when rq = 100 kpc,
and M i, > 1.28 x 10" Mo, in the case of ry =300 kpc. It is clear
that in the limiting case M ot = M min, the least bound of the galax-
ies has a vanishing phase-space volume available: for this reason, in
the numerical simulations, for each choice of r; and s, o1, we explore
the cases Mo 2 Mmin and M or ~ 2M in. In the first case one
of the galaxies is weakly bound, while in the second case all the
galaxies are expected to be well bound. The exact values of M o
are reported, for each simulation, in Table 2.

I'This condition will be relaxed in a set of four simulations described in
Section 6, in which we study the evolution of the five galaxies in a collapsing
cluster DM distribution. Also, in Section 6 we present a simulation in which
a population of small galaxies is added to the cluster.
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Table 2. Simulations parameters.

No Tel Mcl,tot Sa,cl Na M*,Iot Sa,* Ny Mh.lot/M*.t()t Nn Nmerg Thast
1 100 4.8 1.8 235520 4 00 2048 0 - 4 3.0
2 100 4.8 1.8 29 440 4 o) 256 0 - 4 1.0
la 100 4.8 1.8 58 880 4 1.8 512 0 - 4 3.0
1h 100 4.8 1.8 107 520 2 o] 512 5 2560 4 2.0
3 100 53 00 130 560 4 e 1024 0 - 4 1.5
4 100 53 00 32 640 4 00 256 0 - 4 2.0
3a 100 53 00 65 280 4 1.8 512 0 - 4 1.5
3h 100 5.3 00 120 320 2 00 512 5 2560 4 1.0
5 100 9.6 1.8 60 160 4 00 256 0 - 5 3.0
6 100 9.6 1.8 120 320 4 e 512 0 - 5 3.5
Sa 100 9.6 1.8 120 320 4 1.8 512 0 - 5 3.0
6h 100 9.6 1.8 115 200 2 e 256 5 1280 5 3.5
7 100 10.6 00 266 240 4 00 1024 0 - 5 2.5
8 100 10.6 00 66 560 4 00 256 0 - 5 45
9 100 10.6 00 66 560 4 00 256 0 - 5 3.5
10 100 10.6 00 66 560 4 00 256 0 - 5 4.0
11 100 10.6 00 66 560 4 00 256 0 - 5 2.0
12 100 10.6 00 66 560 4 00 256 0 - 5 2.5
13 100 10.6 00 33280 4 00 128 0 - 5 2.5
Ta 100 10.6 00 133 120 4 1.8 512 0 - 5 2.5
7h 100 10.6 00 128 000 2 00 256 5 1280 5 2.5
14 300 13.5 1.8 85120 4 00 256 0 - 4 1.5
15 300 135 1.8 85120 4 00 256 0 - 4 2.5
14a 300 13.5 1.8 170 240 4 1.8 512 0 - 4 1.5
14h 300 135 1.8 165 120 2 00 256 5 1280 4 L5
16 300 153 00 96 640 4 [ 256 0 - 4 2.5
17 300 15.3 00 193 280 4 0 512 0 - 3 2.0
16a 300 153 00 96 640 4 1.8 256 0 - 4 2.5
17h 300 15.3 00 188 160 2 0 256 5 1280 5 5.5
18 300 27.0 1.8 171 520 4 0 256 0 - 4 3.0
19 300 27.0 1.8 171 520 4 o] 256 0 - 5 6.0
18a 300 27.0 1.8 171 520 4 1.8 256 0 - 4 3.0
18h 300 27.0 1.8 168 960 2 00 128 5 640 5 5.5
20 300 30.6 00 194 560 4 00 256 0 - 3 1.0
21 300 30.6 00 194 560 4 00 256 0 - 4 1.5
20a 300 30.6 00 194 560 4 1.8 256 0 - 3 1.0
20h 300 30.6 00 192 000 2 00 128 5 640 3 1.0
3c 100 53 00 130 560 4 00 1024 0 - 4 1.5
3cc 100 53 00 130 560 4 00 1024 0 - 5 6.0
17¢ 300 153 00 193 280 4 00 512 0 - 4 5.0
17cc 300 15.3 00 193 280 4 00 512 0 - 4 5.0
Is 100 4.8 1.8 235520 4 00 2048 0 - 4 2.5
If 100 4.8 - - 4 o] 2048 0 - 2 1.5
7t 100 10.6 - - 4 00 1024 0 - 2 0.5

First column: name of the simulation. r, cluster core radius in kpc. M o, cluster mass in units of 1013 Mp.
Sa.cl, cluster anisotropy parameter. N |, number of cluster particles. M, (o, galaxy stellar mass in units of 10! M@. sa
galaxy anisotropy parameter. N, number of stellar particles per galaxy. My o, galaxy halo mass in units of 10!! Me.
Ny, number of halo particles per galaxy. N merg, number of merging galaxies. Tias, time elapsed from the beginning of
the simulation when the last merging occurs (in Gyr). Suffix ‘a’ to the simulation name indicates that the galaxies are
anisotropic, while ‘h’ indicates the presence of galactic DM haloes; ‘c’ and ‘cc’ denote that the cluster DM distribution
is collapsing, with initial virial ratio 27 /|W|=0.8 and 0.5, respectively; suffix ‘s’ indicates that a population of small
galaxies is added to the diffuse DM to represent the cluster; finally, ‘f” means that the cluster potential is kept fixed during
the simulation.
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Now that the properties of the cluster are fixed, we can use general
physical principles to constrain the missing phase-space informa-
tion. A first basic requirement that we impose on the unknown co-
ordinates (z, vy, v,) of each galaxy is that they correspond to objects
bound to the cluster, i.e. for each galaxy v)z( + vi <2W(x,y,2) —
v?, where we neglected the galaxy-to-galaxy contribution to the
binding energy. In principle, for a given cluster density profile, and
without extra assumptions on the dynamical status of the five galax-
ies, all the sets of phase-space coordinates corresponding to bound
galaxies and to a null barycentric motion should be accepted. Un-
der the hypothesis that the five galaxies follow the same DF as the
cluster DM, we can proceed with a more detailed discussion on the
selection of the initial conditions.

In our approach, we first obtain the coordinate z for each galaxy,
by applying the von Neumann rejection method (see, e.g., Aarseth,
Henon & Wielen 1974) to the mass profile of the cluster. Once the
position of the galactic centre of mass is fixed, we recover the two
unknown velocities v, and vy, again by application of the von Neu-
mann rejection method to the cluster DF, where r and v, are fixed. As
arule, when extracting the initial conditions, we discard the realiza-
tions in which the barycentre position of the group of five galaxies
deviates from the cluster centre by more than 0.1r, and/or its ve-
locity is larger than 0.1(GM.y o1/7)"/>. We also performed a few
simulations in which the barycentric property of the five galaxies is
perfectly realized, finding that the results of interest are not affected
by the assumed tolerance on the centre of mass of the system.

At the beginning of each simulation the five galaxies are identical
Hernquist models with core radius r, >~ 2.2 kpc (which corresponds
to an effective radius R, ~ 4 kpc). In the one-component case the
total stellar mass of each galaxy is M, o =4 x 10" Mo, while in
the two-component case is reduced to M, oy =2 X 101 M@, and the
galactic DM halo is more massive and more extended than the stellar
component (M o = 10'? M) and r, 2 6.6 kpc). When using two-
component galaxy models, we reduce the diffuse dark component of
the cluster by an amount corresponding to SM}, i, S0 that the total
amount of DM in the N-body simulations is the same as in the one-
component case. We also explore some cases of (one-component)
radially anisotropic galaxy models, by assuming s, , =7, ,/r. = 1.8.
We define the half-mass dynamical time of the galaxies as

T = 37 ©)
dyn = 16GPM s

where py = 3(M 1ot + M o)/ 87tr3; is the mean density inside the
half-mass radius ry; of the total (stellar plus DM) distribution. With
the adopted values of the parameters, the half-mass dynamical time
of the galaxies is T gy, ~ 2.0 x 107 and 4.8 x 107 yr in the one- and
two-component case, respectively.

In summary, our initial conditions are characterized by the proper-
ties of the cluster, which are fully determined by the three parameters
(rets M 101> Sac1), by those of the galaxies (presence or absence of
galactic DM haloes, s, ,) and by the particular realization consid-
ered. Clearly, the results of the simulations also depend, for a given
set of cluster and galaxies parameters, on the specific values of the
initial positions and velocities of the five galaxies. Thus, it is natural
to wonder about the statistical significance that should be associated
with the result of a single simulation or a set of simulations relative
to given cluster and galaxies parameters.

In order to address this issue, we start by considering the idealized
case in which the whole available parameter space is explored by
the simulations. In this case, any result of interest R (e.g. the num-
ber of merging galaxies or the time of last merging) is a function of
the missing phase-space coordinates: R = R(wy, w,, ws, wy, Ws),

where w; = (z;, v, i, vy;) fori =1, 5. Under the additional assump-
tion that the dynamical evolution of each galaxy is independent of the
initial positions and velocities of the other galaxies (justified in the
considered scenario, in which the dominant dynamical mechanism
is the dynamical friction of the galaxies against the diffuse cluster
DM), the statistical weight of each simulation can be obtained by
considering the product of the five reduced DFs, f;(w;)= f(x;.o0,
¥i.0. Vz.i0, W;). Accordingly, the statistically weighted result can be
writtenas (R) = N ~! fR(wl, ws, W;, Wy, Ws) Hll fi(wy) dPw;,
where the normalization V' is given by N' = [[]_, fi(w,) dw;.
In the case of a finite number of simulations N, the previous relations
become

N 5
1
(R) = N Z R(wy i, Wk, Wik, Wa i, Ws k) H Jiw,; ), @)

k=1 i=1

where now

N 5
N =TI s ®)

k=1 i=1
In practice, we considered as a rule just two realizations for each set
of parameters (see Table 2), while in one case we explored seven
different realizations (simulations 7-13). In any case, we will use
equations (7) and (8) in order to quantify the expected merging
time.

4.2 Numerical methods

For the numerical N-body simulations we used both the serial and
parallel versions of the Springel, Yoshida & White (2001) GADGET
code. Once the position and velocity of the centre of mass of each
galaxy were fixed using the approach described in Section 4.1, the
numerical realization of the initial conditions for the galaxies and for
the cluster DM distribution was obtained by following the scheme
described in NLCO02.

For the purpose of this work we are interested in the dynamical
evolution of the system up to z=0. Thus, the total time of each
simulation is # = #(0) — #(z¢), Where z, =0.59 is the redshift of
the cluster. In the adopted standard A-cold dark matter (ACDM)
cosmology (see Section 4.1) t, >~ 6.1 Gyr, a time of the order of
100 T gy, for the galaxies (see equation 6) and of 10-50 Ty, for the
cluster (depending on M and r,). All the relevant properties of
the numerical simulations are reported in Table 2, where the results
within each group correspond to different realizations of the initial
conditions for the same cluster parameters.

The choice of the number of particles was determined by com-
putational time limits and by the requirement that all the particles
(DM and ‘stars’) have the same mass. For these reasons, simulations
characterized by different cluster and galaxy parameters were run
with different numbers of particles. We note that in the case of a
high mass ratio between the cluster and the galaxies (for example,
when rg =300 kpc and My 1oy ~ 2M 1in) €ven a quite large number
of cluster particles (N ~ 2 x 10°) implies a small number of stellar
galaxy particles (N, =256).

Five parameters characterize GADGET simulations: the cell-
opening parameter «, the minimum and the maximum time-step
Atmin and Afp., the time-step tolerance parameter «,, and the
softening parameter ¢ (Springel et al. 2001). We adopted o = 0.02,
Atpin =0, Atpax =T 4yn/100 (where T4y, is evaluated for the ini-
tial conditions of the galaxies), o, =0.05 and ¢ = R./5 ~ 0.36r,
(where R. is the initial effective radius of the galaxies). With these
choices we obtained conservation of the total energy with deviations
that do notexceed |AE/E | =~ 1 per cent over the entire simulation.
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S RESULTS

5.1 Merging statistics and time-scales

The first goal of this work is to investigate whether any, a few or all of
the five galaxies will have merged into a unique system before z =0,
to verify whether the studied system is indeed a good candidate to
represent a case of galactic cannibalism. In column 11 of Table 2 we
report the number N e, of galaxies involved in a merging within the
total time of the simulation (6.1 Gyr), and, in column 12, the time
Tasc at which the last merging occurs (calculated from the beginning
of the simulation, with a resolution of 0.5 Gyr). A first inspection of
Table 2 (leaving out the ‘special’ simulations 1f, 7f, 3c,cc, 17c,cc
and 1s) reveals that, in all the performed simulations, at least three
galaxies merge before z =0, thus suggesting that a multiple merging
event in the central group of five galaxies in the cluster C0337-2522
will take place over the next few Gyr.

As already pointed out in the introduction, in our investigation
we considered the possibility that the driving mechanism leading to
merging is the dynamical friction of the galaxies against the cluster
DM, making them spiral towards the cluster centre. In order to test
this hypothesis, we also ran two simulations by modelling the cluster
as a frozen DM distribution: these two simulations (1f and 7f) have
the same initial conditions as simulations 1 and 7, respectively. We
found that, at variance with simulations 1 and 7, in simulations 1f
and 7f only two galaxies merge before z = 0, and on the basis of these
results we confirm that the dynamical friction of the galaxies against
the cluster DM is the primary mechanism responsible for the galactic
cannibalism. The merging of two galaxies in the case of a frozen
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halo can thus be interpreted as a result of the less important effect
of galaxy—galaxy interaction. In Fig. 2 we plot, as an example, the
initial (left-hand panels) and final (right-hand panels) distributions
in the projected plane (x, y) of the stellar particles for simulations 7
and 7f: at z = 0 a single galaxy is formed in the case of a live-cluster
DM (upper right-hand panel in Fig. 2), while four distinct stellar
systems are still present in the case of a frozen-cluster DM (lower
right-hand panel in Fig. 2).

As already pointed out in Section 4.1, for fixed cluster param-
eters we explored, as a rule, two (but in one case seven) different
realizations of the initial conditions, identified in Table 2 by groups
separated by horizontal lines. One of the realizations in each group
is also used as the initial condition for simulations with anisotropic
galaxy models (named in Table 2 with the number of the corre-
sponding isotropic simulation with a suffix ‘a’); similarly, in order
to explore the effects of the presence of galactic DM haloes, for
each group we also ran a simulation with two-component galaxy
models (named in Table 2 with the number of the corresponding
one-component simulation with the suffix ‘h’). As expected, the
number of merging galaxies N e, and the characteristic merging
time-scale do not change if anisotropic galaxy models are used in
the initial conditions. We recall here that the choice of exploring
cases with anisotropic initial galaxy models was aimed at investi-
gating possible effects on the properties of the end-products (see
the following sections). As also expected, in the two-component
simulations (in which by construction more massive galaxy models
are used) dynamical friction is more effective than in the absence
of galactic DM. In some of the two-component cases more galaxies
merge than in the corresponding one-component simulations, while
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Figure 2. Top panels: snapshots of the initial (z = 0.59, left-hand panel) and final (z =0, right-hand panel) distribution of the stellar particles in the projected
plane (x, y) for simulation 7. Bottom panels: the same as in the top panels, but for simulation 7f. We recall here that the two simulations have identical initial
conditions, the only difference being that in simulation 7 the cluster DM is represented with particles, while in simulation 7f it is a fixed potential (see Table 2).

The effect of dynamical friction is apparent when comparing the final snapshots.
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inothers N s is the same, but Ty, is shorter (of 0.5-1 Gyr). We note
that T, is by definition dependent on the number of mergings and
it is not a direct measure of the dynamical friction time-scale (7 g;c,
that we define empirically as the time in which a galaxy reaches the
centre of the cluster as a consequence of the interaction with the
diffuse DM). This can be seen, for example, by considering simula-
tions 3 and 7. In the former, four galaxies merge in 1.5 Gyr, while, in
the latter, five galaxies merge in 2.5 Gyr. In this case, the dynamical
friction time-scale, as defined above, is of course shorter in the case
of five merging galaxies, even if Ty, is larger.

A more detailed analysis is required to address the dependence
of the number of merging galaxies, and of the merging time-scales,
on the cluster parameters and on the particular realization consid-
ered. We found that 7',y depends on both the cluster parameters and
the realization. This is not surprising, since the dynamical friction
time-scale is a function of both the cluster density and the initial
velocity of the galaxies. The general trend is that the number of
merging galaxies is nearly independent of the specific realization
for given cluster parameters, and does not depend strongly on the
cluster properties either. In general, N, is found to be insensi-
tive to the adoption of the ‘minimum-mass’ hypothesis (M o 2
M yin instead of Mo ~ 2M nin). However, one could ask what
is special about the set of simulations 5 to 13, in all of which five
galaxies merge. In order to answer this question it is necessary to try
arough quantitative evaluation of the dynamical friction time-scale
Tiic. As it is well known, Tgic o v° /Pa1, Where v is the modulus of
the velocity vector of the galaxy and p is the cluster density (see,
e.g., Binney & Tremaine 1987): roughly p, ~ Mcl,lm/rf.l, and so
Ttic € 373/ Mo Thus, it is clear that for fixed galaxy velocity
the dynamical friction time-scale decreases for decreasing cluster
radius and for increasing cluster mass, and the factor ril /M 1ot 1S
minimized, in our exploration, for cluster parameters of simulations
5 to 13. We also note that in the cases in which four galaxies merge,
it is always galaxy C0337-2 (characterized at t =0 by the highest
absolute value of the line-of-sight velocity, see Table 1) that sur-
vives as an individual object for the time interval covered by the
simulations: a clear consequence of its high velocity.

Finally, on the basis of the discussion at the end of Section 4.1,
we can determine, for each set of simulations with the same cluster
and galaxy properties, the statistically weighted value of the merg-
ing time-scale. As an example, we focus here on the set of seven
simulations 7 to 13, in all of which five galaxies merge. By apply-
ing equation (7), considering as a result of interest the time of last
merging 71,4, we find that in this case the statistically weighted last
merging time is (7,) = 2.3 &£ 0.3 Gyr, where the uncertainty has
been computed by assuming an uncertainty of 0.5 Gyr associated
with T}, in each simulation.

5.2 Properties of the end-products

We define the end-product of a simulation as the stellar system
composed by the bound particles initially belonging to the galaxies
involved in the merging process. In evaluating the binding energy
of the particles, we consider the gravitational potential of both the
cluster and the remnant galaxy mass distribution. We found that the
fraction of unbound particles is negligible (in any case smaller than
0.2 per cent), and thus the mass of the remnant is given by the sum
of the masses of its progenitors.

We measured some intrinsic and projected quantities of the end-
products: the intrinsic axis ratios ¢/a and b/a (where a, b, ¢ are,
respectively, the longest, intermediate and shortest axis of the as-
sociated inertia tensor), the angle-averaged half-mass radius, the
virial velocity dispersion and the total angular momentum, and, for

a set of 50 random projections, the circularized effective radius, the
projected central velocity dispersion, the ellipticity and the circu-
larized SB profile. In the treatment of the outputs of the numerical
simulations we followed the scheme described in NLC02, and, in
order to limit the uncertainties due to discreteness effects, we anal-
ysed the intrinsic and ‘observational’ properties of the end-products
with at least n x 512 particles (where n is the number of galaxies
involved in merging). To satisfy this condition and to explore the
properties of the end-products of all the considered initial condi-
tions, we ran, for each choice of the cluster parameters, at least one
simulation with 512 stellar particles per galaxy. The only exception
is the case (7 =300 kpe, Mot ~ 2M min) in which we used 256
stellar particles per galaxy.

5.2.1 Structural and dynamical parameters

The end-product is in general well described by a triaxial ellipsoid
with axis ratios in the range 0.5 < ¢/a < 0.9. In a few cases we found
oblate systems with c¢/a >~ c¢/b =~ 0.5-0.7. These oblate systems are
mainly flattened by rotation: their angular momenta (normalized
to the typical scales of the system: total mass M, virial velocity
dispersion o'y and half-mass radius ry) are, in modulus, among the
highest observed in the sample. In addition, a significant degree of
alignment between the angular momentum and the minor axis of
the inertia tensor is observed in these cases.

In the case of isotropic one-component initial models, the end-
products of merging of five galaxies (with total stellar mass M (ot =
2 x 10'2 M) have circularized effective radius in the range 12 <
(R)e < 21 kpc, and central velocity dispersion (measured inside
an aperture of equivalent radius (R)./4)? in the range 320 < o <
410kms~!. In the case of merging of three or four galaxies (M, 1o
1.2 x 10 M@ and M, 1 2 1.6 x 10'2 M, respectively) we found
10 < (R). < 12 kpe and 290 < oy < 392 km s™'; approximately
the same ranges are spanned by (R). and o of the end-products of
merging of radially anisotropic galaxy models. The main character-
istics of the end-products of two-component galaxies are not sub-
stantially different from those of the corresponding one-component
cases, with the only exception being the central velocity dispersion,
which is in general quite high (300 < oo < 491 km s~!), while as
arule7 < (R). < 17 kpe.

Thus, the values of (R). are always comparable with those mea-
sured in real luminous Es (see, e.g., Jgrgensen, Franx & Kjergaard
1996). In the case of one-component progenitors, o also lies in the
same range as those measured in observations, while in a few simu-
lations with two-component galaxies, the remnant is characterized
by very large values of o, unusual even for giant Es and cD galaxies
in the centre of clusters, which have oy < 400 km s~! (see, e.g.,
Oegerle & Hoessel 1991).

5.2.2 Surface brightness profiles

One of the motivations for this work was to test the hypothesis that
the system of five galaxies under investigation could be considered
the progenitor of a cD galaxy. The most recognizable feature of
cD galaxies is their SB profile, characterized by the R'/* law in
the inner part and by a systematic deviation from this law in the
outer part (roughly for (R)/(R). = 3, where (R) is the circularized
projected radius), due to the presence of a diffuse luminous halo

2Note that the simulated aperture is of the order of the adopted softening
length e (see Section 4.2). We ran a subset of simulations with ¢/4: while
the number of merging galaxies and the merging times were unaffected,
oo increased at most by a factor of 1.15, less than the observational scatter
and/or projection effects in Figs 4-6.
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Figure 3. Circularized SB profiles of the end-product of five merging galax-
ies (simulation 7) projected along its major axis (a, solid squares) and minor
axis (c, empty circles). The dashed and dotted curves are the corresponding
R'/4 best fits. For clarity, an artificial vertical shift has been applied to the
first profile.

(see, e.g., Sarazin 1986; Tonry 1987). We analysed the circularized
SB profiles of three different projections (along the three principal
axes) of each end-product, by fitting them with the standard de
Vaucouleurs (1948) R'/* law over the radial range 0.2 < (R) /(R). <
10: overall, the R'/* fits can be considered in good agreement with
the profiles (see, e.g., Fig. 3, where we plot the circularized SB
profiles of the end-product of simulation 7), even though the average
residuals between the data and the fits were found in the range 0.2
< (Ap) < 0.5 (mag arcsec™?). These residuals are not small, but
the deviation from the R'/# law is not a systematic excess at large
radii, as can be seen from Fig. 3. We also fitted the profiles with the
Sérsic (1968) RY/™ law:

R 1/m
I(R) = Iy exp [—b(m) (F) ] , ©)

where b(m) >~ 2m — 1/3 + 4/(405m) (Ciotti & Bertin 1999).
Thanks to the additional parameter m, we obtained better fits of
the SB profiles with the best-fitting parameter m in the range 3.5 <
m < 6.8 and 0.05 < (Aup)< 0.25 (mag arcsec™2), while for the
Hernquist profile of the initial galaxies we found m =~ 3.5, always
over the radial range 0.2 < (R)/(R). < 10. Thus, the trend is of
m increasing with merging, in agreement with what found by Lon-
drillo, Nipoti & Ciotti 2003 and Nipoti, Londrillo & Ciotti (2003a,
hereafter NLCO03a), who consider higher-resolution N-body simu-
lations of merging hierarchies. Also the end-products obtained from
merging of anisotropic initial systems have SB profiles fitted quite
well by the R'/* law up to (R) >~ 10(R)., with average residuals 0.1
< (Au) < 0.6 (mag arcsec™2). Adopting the Sérsic law as a fitting
function, we find the best-fitting parameter in the range 3.7 Sm <
6.4. In addition, there is no significant difference in the light distribu-
tion of one- and two-component end-products: also in the presence
of galactic DM haloes, there is no evidence of any systematic excess
at large radii in the SB profile.

On the basis of these results, we find no indications that the merger
remnant will be similar to a cD galaxy. In contrast, it seems that
the product of a multiple merging such as that considered is more
similar to a ‘normal’ giant elliptical. This is in agreement with
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Zhang et al. (2002) who have shown, for a different set of initial
conditions, that collapse with substructure is unable to produce a
¢D halo (see also Section 6).

5.2.3 Fundamental plane and Faber-Jackson relations

The previous analysis showed that the merging end-products have
SB profiles more similar to Es than to cDs. However, as briefly
discussed in the introduction, real Es follow well-defined scaling
relations. Thus, it is of particular interest to investigate whether the
end-products satisfy the FP and the FJ relations. We consider the FP
relation in the near-infrared K band, with the observational best fit

log(R). = 1.531og 6y + 0.314(u). — 8.24, (10)

where (1), = —2.5logLg /27t(R). 2 is expressed in mag arcsec ™2, 0

inkm s~! and (R). in kpc (L is the total luminosity in the K band,
the additive constant is evaluated for 2 =0.65 and the scatter of
log(R). around the best fit has rms = 0.096; Pahre, Djorgovski &
de Carvalho 1998). In the following we also consider the K-band FJ
relation given by Pahre et al. (1998):

Lg o of™, (an

with a reported scatter of 0.72 mag (for Coma cluster Es).

The FP and FJ relations are known to evolve with redshift consis-
tently with passive evolution of the stellar populations in Es: how-
ever, in our discussion concerning the position of the end-products
with respect to the FP and the FJ, for simplicity the mass-to-light
ratio Y, x = M, /Lk is maintained constant in the progenitors
and in the end-products. Thus, in order to place the isotropic one-
component progenitors (R, >~ 4 kpc, M, o =4 x 10" M, 0 =~
259 km s~!) on the FP, we assume Y. x =~ 1.5 (in the K band),
while the anisotropic one-component (R. =~ 4 kpc, M, o =4 X
10" M@, 69 ~ 271 km s™') and the two-component (R, =~ 4 kpc,
M, =2 x 10" M@, 09 ~279kms™") models require Y, x >~ 1.4
and 0.65, respectively. With this choice, the progenitors are placed
in all simulations on the filled circle at the bottom left of Fig. 4,
where equation (10) with its scatter is shown.

The position of the end-products (generally not spherically sym-
metric) in the parameter space where the FP is defined depends on
the line-of-sight direction: as a consequence, each end-product, ow-
ing to projection effects, determines a two-dimensional region in
Fig. 4 where it is represented by a set of points corresponding to
eight random projections. A first interesting result is that the pro-
Jection effects, though important, are not larger than the observed
FP scatter, in accordance with other numerical and analytical ex-
plorations (NLCO03a, Lanzoni & Ciotti 2003). In addition, the be-
haviour of the end-products with respect to the FP shows a certain
dependence on the characteristics of the initial galaxies. In partic-
ular, although the accordance with the FP is remarkable for all
our simulations (in agreement with what is found in the case of bi-
nary merging; NLCO3a, Dantas et al. 2003; Gonzalez-Garcia & van
Albada 2003; Nipoti, Londrillo & Ciotti 2003b), the end-products of
isotropic one- and two-component galaxy models (empty circles and
crosses in Fig. 4, respectively) stay preferentially below the FP best
fit, while most of the end-products of anisotropic one-component
galaxies (empty squares) are found above the FP best fit.

As is well known, the fact that a galaxy lies on the edge-on FP
does not imply that it satisfies the FJ relation too, because the lat-
ter also contains information concerning the position of Es on the
face-on FP. In Fig. 5 we plot the position of the end-products with
respect to the near-infrared FJ relation (solid line): the central ve-
locity dispersion and the luminosity are normalized to those of the
progenitors, which are placed at the origin, while the vertical bars in
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Figure 4. K-band FP: observational best-fitting relation (solid line, Pahre
et al. 1998) and its scatter (dotted lines). Filled circle: initial conditions.
Empty circles and squares: end-products of the merging of isotropic and
anisotropic one-component galaxy models, respectively (simulations 1, 3,
6,7, 17, 1a, 3a, 5a, 7a, 14a). Crosses: end-products in the two-component
case (simulations 1h, 3h, 6h, 7h, 14h, 17h). Triangles and diamonds: merger
remnants of simulations 3c and 1s, respectively. The plot represents eight
random projections of each end-product.

the diagram indicate the range in o associated to each end-product,
owing to projection effects. Fig. 5 shows that, as for the FP, the end-
products of the simulations do reproduce the observed FJ well. This
behaviour could be considered to be at variance with what is found
in NLCO3a and Nipoti et al. (2003b), where it was shown that in
merging hierarchies the edge-on FP is usually well reproduced but
the FJ is not, in the sense that the end-products are characterized
by too low o for their mass (luminosity). However, it should be
noted that the (expected!) deviation from the FJ as a consequence of
dissipationless merging becomes apparent only after several steps
of merging. Indeed, NLCO3a found the merging end-products to be
in accordance with the FJ relation when restricting to only one or
two merging events.

5.3 Multiple merging and the Mgg—o relation

As outlined in the introduction, a question naturally raised in the
considered scenario is whether the M py—0  relation is preserved by
multiple dissipationless merging. This relation, between the mass of
the central BH and the central velocity dispersion of the host galaxy
or bulge, can be written in the form

MBH X Ug, (12)

where the exact value of « is still a matter of debate, but seems to be
in the range of 4-5 (see, e.g., Ferrarese & Merritt 2000; Gebhardt
et al. 2000; Merritt & Ferrarese 2001; Tremaine et al. 2002). As in
NLCO3a, here we try to obtain some indications concerning the ef-
fects of multiple mergings on the M gy—0  relation, using the results
of our numerical simulations, though in them we do not explicitly
take into account the presence of BHs. The plausibility of our ap-
proach is due to the fact that at equilibrium the presence of a BH has
no significant influence on o, as the sphere of influence of a central
BH with mass My has a fiducial radius rgy = GMpy/ U(Z), approx-
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Figure 5. Central velocity dispersion of the final system versus its total
K-band luminosity in the case of isotropic progenitors, progenitors with a
DM halo and anisotropic progenitors (for the same subset of simulations as
in Fig. 4 and adopting the same symbols). Lg ; and o¢; are the common
luminosity and central velocity dispersion of each progenitor. The solid and
dotted lines represent the observed near-infrared FJ relation with its rms
scatter, respectively. Vertical bars span the whole range of values of o due
to the orientation of the line of sight with respect to each end-product: the
horizontal split in each group of vertical bars is artificial and it is introduced
for clarity.

imately one order of magnitude smaller than the typical aperture
radius used to determine . In addition, Milosavljevic & Merritt
(2001) showed that the BH binary, a natural consequence of galaxy
merging, though modifying the inner density profile, does not sig-
nificantly affect the projected central velocity dispersion measured
within standard apertures.

On the basis of these considerations, we simply assume that each
of the five galaxies contains a BH, the mass of which is related
to the galaxy central velocity dispersion by equation (12), and the
merger remnant contains a BH obtained by the merging of the BHs
of the progenitors. As in Ciotti & van Albada (2001) and NLCO03a,
we consider two extreme situations for the BH mass addition:
the case of classical combination of masses (Mpp 112 = Mpu,1 +
Mgy, with no emission of gravitational waves), and the case
of maximally efficient radiative merging of two non-rotating BHs
(M3 142 = M3y, + M3y ). Following this choice, in Fig. 6 we plot
the central velocity dispersion of the mergers versus the mass of the
resulting BH, in the case of classical (left-hand panels) and maxi-
mally radiative (right-hand panels) BH merging. In the diagrams the
dashed and dotted lines correspond to o« =4 and 5 in equation (12),
respectively. We note that, owing to the (relatively) small range of
galaxy masses explored, the difference between the values of o
predicted for these two values of the exponent are always smaller
than the projection effects on o of the models (vertical bars): for
this reason, in practice our considerations will be independent of
the exact value of «.

We start by considering the case of a classical combination of BH
masses (Fig. 6, left-hand panels). In this case it is obvious that, due

© 2003 RAS, MNRAS 344, 748-760



Classical Maximally radiative
7\ ‘ T ‘ T ‘ T ‘ L \77 ‘ T ‘ T ‘ T ‘ T ‘7
r Isotropic T 1
0.2 P g/ 7
01 /,_../"‘%ﬂ -+ I %ZI -
0oL REp ]
7} ‘ V- ‘ V- ‘ V- ‘ 1 \77 ‘ Il ‘ Il ‘ Il ‘ Il ‘7
[ ‘ T ‘ T ‘ T ‘ 7 \77 ‘ T ‘ T ‘ T ‘ T ‘7
r Isotropic plus DM T b
02 pep I 4 -
5 r AT 1
5 L B Tt 4
ol S B _
o) L //// 4 - //,
@ [ e T Pt ]
S 0 Lx" LT —
7} ‘ V- ‘ V- ‘ V- ‘ 1 \77 ‘ Il ‘ Il ‘ Il ‘ Il ‘7
[ ‘ T ‘ T ‘ T ‘ L \77 ‘ T ‘ T ‘ T ‘ T ‘7
0.9 [ Anisotropic 7’; h
01l - ’Eﬂ T Iﬂ ]
0w LT ;
7\ ‘ L1 ‘ L1 ‘ L1 ‘ L1 \77 ‘ Il ‘ Il ‘ Il ‘ Il ‘7
0 0.2 0.4 0.6 0 0.1 02 03 04

]log M[BH/N‘[BHJ ]log M[BH/N‘[BHJ

Figure 6. Left-hand panels: galactic central velocity dispersion versus BH
mass for classical BH merging, in the case of isotropic progenitors (upper
panel), progenitors with a DM halo (intermediate panel) and anisotropic
progenitors (lower panel); oo ; and Mg ; are the central velocity dispersion
and BH mass of the progenitors, respectively. The simulations and the sym-
bols are the same as in Figs 4 and 5. The bars indicate the range spanned by
projection effects: as in Fig. 5, each group of bars is artificially split. Dashed
and dotted lines represent the Mpy—o ¢ relation (equation 12) for « =4 and
5, respectively. Right-hand panels: same data as in the left-hand panels, but
for maximally radiative BH merging.

to the striking similarity between the exponents of the Mgy—0 and
the FJ relations, all the comments made in Section 5.2.3 also apply
here. The situation changes substantially if maximally radiative BH
merging is considered (Fig. 6, right-hand panels): in this case the BH
mass does not increase linearly with the (stellar) galaxy mass and,
consequently, the M gy—o( relation would predict a lower o for the
merger remnant of given luminosity, with respect to the classical
addition case. It is important to note that in the present exploration
the behaviour of the mergers is in better accordance with the M gy—
o relation in the case of a classical addition law than in the case
of a maximally radiative BH merging, again at variance with the
results presented in NLC03a. The origin of this seemingly different
behaviour can again be traced back directly to the preservation of
the FJ relation discussed in Section 5.2.3.

All the results presented in this section are based on the assump-
tion that the BHs of all the merging galaxies will contribute to the
formation of the final BH, leading of course to an oversimplified
scenario. In fact, there are at least two basic mechanisms that could
be effective in expelling the central BHs in a binary or multiple
merging. The first is the slingshot effect: if a third galaxy is accreted
by a merger remnant still hosting a BH binary, then the escape
of one of the three BHs is highly possible (see, e.g., Hachnelt &
Kauffmann 2002; Volonteri, Haardt & Madau 2003). Clearly, this
process could be particularly effective in the considered situation
of multiple merging: from our simulations it results that multiple
mergings are expected to happen over a few Gyr, i.e. with time-
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scales hardly longer than those of BH merging (see, e.g., Yu 2002).
A second physical mechanism that could produce the ejection of the
resulting BH is the so-called ‘kick-velocity’ effect: if, in a gravita-
tionally radiative BH merging, a fraction (even a few thousandths)
of the mass of the BH binary is emitted anisotropically as gravi-
tational waves, the recoil due to linear momentum conservation is
sufficient to expel the two merging BHs from the remnant (see, e.g.,
Flanagan & Hughes 1998; Ciotti & van Albada 2001). We note that,
in any case, a substantial amount of BH ejection during merging
would necessarily lead to the violation of the observed linear rela-
tion between the mass of the central BH and the mass of the host
bulge or galaxy (the so-called Magorrian relation; Magorrian et al.
1998). Thus, the preservation of the Mgy—0o and of the Magor-
rian relations represents an important (and difficult) astrophysical
problem related to the formation of BCGs.

5.4 Metallicity gradients

As is well known, metallicity gradients are a common feature of
Es (Peletier 1989; Carollo et al. 1993), and their robustness in the
context of galaxy merging was early on recognized as an important
constraint for scenarios of galaxy formation. For example, White
(1980) found that the remnant of the merging of two equal-mass
galaxies has a metallicity gradient ~20 per cent smaller than its
progenitors. This result suggested that in a scenario of (dissipation-
less) hierarchical merging the gradients could be erased in a few
subsequent mergings. It is interesting to extend these considerations
to the case of multiple merging such as that analysed in this work,
even if in the present case their constraining power is substantially
reduced. In fact, BCGs normally reside at the centre of clusters,
where metal-rich intracluster medium flows (such as cooling flows)
alter the metallicity distribution considerably.

From a dynamical point of view, the observed projected gradients
correspond to phase-space projections of the intrinsic metallicity
distribution of stars in their orbits. Ciotti, Stiavelli & Braccesi (1995)
described a simple technique to derive the intrinsic metallicity dis-
tribution in the case of spherically symmetric galaxies. By adopting
the same approach, in the initial conditions of the one-component
simulations we assigned to each stellar particle a metallicity given
by
Z = 1.3£+0.8, (13)
7o v (0)
where Z, is the solar metallicity, W(0) is the central relative po-
tential of each progenitor and Q is defined below equation (5). This
choice corresponds to a projected central metallicity Z(R =0) =~
2 Z@ - In our investigation we assume that the metallicity of each
particle remains constant during the dynamical evolution of the sys-
tem. We quantified the projected metallicity gradients, in both the
initial galaxies and the end-products, by measuring the ‘centre-to-
edge metallicity difference’ as defined by White (1980):

<Z>in - <Z>0ut
(2)

where (Z), (Z)i, and (Z)o, are the metallicities averaged over the
whole distribution, inside the projected radius enclosing one-third
of the total mass, and outside the projected radius enclosing two-
thirds of the total mass, respectively. We measured A Z of the merger
remnants of isotropic and anisotropic one-component progenitors,
considering the projections along the three principal axes. In all the
cases we found that it is significantly lower in the end-products than
in the progenitors: the decrease in A Z is in the range 30-60 per cent

AZ = , (14)
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Figure 7. Projected metallicity versus circularized radius. Solid line: initial
metallicity distribution of each progenitor galaxy. Filled and empty symbols:
metallicity distribution of the end-product of simulation 1 projected along
the major and minor axis, respectively.

of the initial value. This result is presented with an example in
Fig. 7, where we plot the projected metallicity as a function of
the circularized radius for the end-product of the merging of four
galaxies (simulation 1), and, for comparison, for its progenitors. On
the basis of the described results, we can conclude that in the case of
multiple merging the observed reduction of the metallicity gradient
is consistent with the repeated application of ‘White’s 20 per cent
rule’. Note also that, if the merging galaxies contain a substantial gas
fraction, the metallicity gradient could be restored by a significant
star formation event. Interestingly, Carollo et al. (1993) find that
the correlation between mass and the metallicity gradient fails for
high-mass Es, indicating that in some cases very massive galaxies
have a smaller gradient than less luminous Es.

6 DISCUSSION AND CONCLUSIONS

From a theoretical point of view, it is well known that galactic canni-
balism can be an effective mechanism for the formation of BCGs in
general and cDs in particular. On the other hand, just circumstantial
evidence of this process comes from the observations, and only of
the phase after merging (for example, BCGs with multiple nuclei).
In this paper we explored, with the aid of N-body simulations based
on the observationally available phase-space information, the hy-
pothesis that the group of five Es in the core of the X-ray galaxy
cluster C0337-2252 is a strong candidate for the galactic cannibal-
ism scenario. We summarize below the main results and then we
discuss, with the aid of a few ‘ad hoc’ simulations, a couple of
important points raised by the presented results.

(1) In all of the explored cases at least three galaxies merge be-
fore z =0. For some values of the parameters all five galaxies are
involved in the merging. The number of merging galaxies depends
on the cluster structure and, in some cases, also on the particular
realization of the initial condition for a given cluster model. It is
shown that the driving mechanism of the merging process is the dy-
namical friction of the galaxies against the diffuse cluster DM: if the
live halo is substituted by a fixed potential the number of mergings
is drastically reduced.

(i) The merger remnants are always similar in their main struc-
tural and dynamical properties to a real BCG. Their SB profiles are
well represented by the de Vaucouleurs law up to ~10(R)., with
no evidence of the diffuse and extended halo typical of cD galaxies
(see the discussion below).

(iii) It is found that the merging end-products nicely follow the
K-band FP and FJ relations, under the hypothesis that the five
galaxies are placed on these two scaling relations, by an appropri-
ate choice of the stellar mass-to-light ratio. These results are only
weakly dependent on the specific structure and dynamics of the
galaxy models used as initial conditions (i.e. the presence of DM,
orbital anisotropy).

(iv) The behaviour of the end-products with respect to the M gy—
o relation depends on the details of the BH merging. Assuming
that each galaxy initially hosts at its centre a supermassive BH (the
mass of which follows the observed Mgy—o( relation) and that all
the involved BHs finally merge, we found that the Mgy—o relation
is preserved if the BH masses add classically (in accordance with
the results on the FJ relation), while the end-products lie systemati-
cally above the observed Mpy—o( relation in the case of substantial
emission of gravitational waves.

(v) The metallicity gradient in the remnants is 30-60 per cent
lower than in the initial galaxies. This result is consistent with the
results of binary merging obtained by White (1980), and also with
observations (Carollo et al. 1993), reporting a range of metallicity
gradients in the most massive Es.

Thus, the results presented in this paper strongly suggest that the
observed system of five galaxies in the galaxy cluster C0337-2252
could be a BCG in formation in the phase before merging. However,
as already pointed out, this quite successful scenario is unable to re-
produce the diffuse low-luminosity halo of cD galaxies, which are
a substantial fraction of BCGs. It has been speculated that the in-
teraction of central massive galaxies (such as those produced in the
considered multiple merging) with smaller and lower density galax-
ies could be responsible for its formation; another dynamical aspect
that could be important in establishing the c¢D profile is the cosmo-
logical collapse of the DM cluster distribution during the galactic
cannibalism event. In order to qualitatively address these two impor-
tant points, we also ran five additional simulations, denoted as 3c,cc,
17c,cc and 1s in Table 2. In particular, in simulation 1s we used the
same initial condition as in 1, but we also added a population of
50 smaller galaxies (again modelled as one-component Hernquist
models with M, o =5 x 10'° M, . > 0.55 kpc and N, =256).
This additional population was distributed in the cluster by extrac-
tion from the cluster DF. There are two main results of simulation 1s:
the first is the fact that the number of merging galaxies is still four,
but also 29 smaller galaxies are cannibalized at the cluster centre.
Thus, the total mass of the end-product is approximately a factor of
1.9 larger than the corresponding end-product of simulation 1. The
second result is the fact that the SB profile in 1s does not present
the CD extended halo, while the end-product still nicely obeys the
FP and FJ relations (diamonds in Figs 4 and 5). In the other four
simulations we explore a few cases in which at z =0.59 the cluster
is collapsing. In particular, we reran simulations 3 and 17, assuming
an initial virial ratio for the cluster DM component 27 /|W|= 0.8
(3c, 17¢) and 2T /|W|=0.5 (3cc, 17cc). Interestingly, in simula-
tions 3cc, 17¢c, 17cc, the number of merging galaxies increases with
respect to the case of a virialized cluster (see Table 2). In any case,
we found that the structural and dynamical properties of these four
merger remnants, and their behaviour with respect to the FP, the
FJ and the Mgy—o relations (triangles in Figs 4-6), are similar
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to that of the other isotropic galaxy models explored. Again, while
the general picture of the paper is confirmed, the simulations fail to
reproduce the characteristic cD envelope.

We could then ask whether dissipationless merging, which works
quite well in the presented case of BCG formation, could be a univer-
sal mechanism for the formation of Es in general. NLC03a showed
that it is unlikely that (binary) dissipationless galaxy merging is
the dominant mechanism for the formation of normal Es, as it fails
to reproduce some of their observed scaling relations over a large
range in luminosity. However, NLC03a numerical simulations, and
ours (indicating that many properties of the BCGs are reproduced
by multiple merging of a few luminous Es), show that few merg-
ing events are compatible with the existence of the observed thin
FP of Es, though the remnants have in general lower central veloc-
ity dispersion and larger effective radius, with respect to real Es.
Remarkably, real BCGs do follow the FP quite closely, and, on the
other hand, many of them have lower oy and mean effective SB than
is predicted by the FJ and the radius—luminosity relation of normal
Es, respectively (see, e.g., Oegerle & Hoessel 1991).

Thus, we conclude that, while all the simulations we ran strongly
support one of the two ingredients necessary for the formation of
a cD galaxy, namely the galactic cannibalism at the galaxy centre,
they are unable to reproduce the peculiar extended halo of cDs.
This is not at variance with previous works that showed that the
halo formation is a more ‘delicate’ dynamical phenomenon than the
straight galaxy merging. It should also be recalled that observations
suggest that cDs seem to be common only at the centre of rich clus-
ters, while in small clusters BCGs have an R'/# luminosity profile
over a large radial range (Thuan & Romanishin 1981). Perhaps very
high-resolution simulations of satellite accretion in different envi-
ronments will be able to reveal the dynamical conditions necessary
for the formation of cDs, along a line of research already started
(see, e.g., Athanassoula et al. 2001).
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