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ABSTRACT

This work is devoted to the study of the star formation histories (SFHs) of the
brightest cluster galaxies (BCGs) with intermediate central ages (from 5 to 10 Gyr),
to confirm if BCGs with these ages represent different accretion histories or simply a
stochastic effect. The sample is composed of 6 BCGs with intermediate central ages
and 3 BCGs with old central ages (> 12 Gyr) as comparison galaxies. The galaxies
were observed with the integrated field spectrograph VIMOS installed in the Very
Large Telescope (VLT). The SFHs were obtained with the full spectrum fitting
technique using the star population code STARLIGHT. The BCGs of intermediate
central age analyzed formed almost 100 % of their stars at z > 2 and their SFHs
are similar to the SFHs of BCGs of old central ages and elliptical galaxies of similar
mass (Mpy, > 10' Mg); therefore, these BCGs do not represent different SFHs.

RESUMEN

Este trabajo estd dedicado al estudio de las historias de formacién estelar
(HFE) de BCGs (brightest cluster galaxies) con edades centrales intermedias (de 5
a 10 Ga), para confirmar si BCGs con estas edades representan historias de acrecién
distintas o si es simplemente un efecto estocastico. La muestra esta compuesta de
6 BCGs con edades intermedias y 3 BCGs con edades centrales viejas (> 12 Ga)
como galaxias de comparacién. Las galaxias se observaron con el espectréografo
de campo integrado VIMOS instalado en el VLT (Very Large Telescope). Las
HFE se obtuvieron con la técnica de ajuste de todo el espectro usando el codigo
de poblaciones estelares STARLIGHT. Las BCGs de edades centrales intermedias
analizadas formaron casi el 100 % de sus estrellas a z > 2 y sus HFE son similares a
las HFE de BCGs de edades centrales viejas y de galaxias elipticas de masa similar
(Mpin > 1011 Mg); por tanto, estas BCGs no representan HFE distintas.

Key Words: galaxies: clusters: general — galaxies: elliptical and lenticular, cD —
galaxies: evolution — galaxies: formation — galaxies: star formation

1. INTRODUCTION

Brightest cluster galaxies (BCGs) are the largest and
most luminous galaxies in the Universe, generally
very close to the space and kinematic center of galaxy
clusters. At first BCGs appear to be giant ellip-
tical galaxies. However, they have unique proper-
ties (shallower surface brightness profiles, high speed
scattering, relatively high luminosities and masses),
and their special formation environment makes them
different from giant elliptical galaxies. The follow-
ing formation theories have been proposed to explain
the origin of BCGs: cooling flows (Silk 1976; Cowie

& Binney 1977; Fabian 1994), galactic cannibalism
(Ostriker & Tremaine 1975; White 1976; Malumuth
& Richstone 1984; Merritt 1985) and two-phase (De
Lucia & Blaizot 2007; Naab et al. 2009; Laporte et al.
2013). However, when these theories were tested in
different cosmological settings, not all of them gave
realistic results.

The first studies of BCGs focused on their high
luminosities. BCGs are typically 10 times more lu-
minous than normal elliptical galaxies (Sandage &
Hardy 1973; Schombert 1986), with absolute magni-
tudes between —21.5 to —23.5 in the V band. Other
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studies found that the luminosities of BCGs are too
high to be simply the brightest member of a standard
luminosity function (Schechter & Peebles 1976) of
elliptical galaxies (e.g. Tremaine & Richstone 1977;
Dressler 1978; Bernstein & Bhavsar 2001).

BCGs have usually been classified into two mor-
phological types, cD galaxies that have faint and
extended stellar halos and giant ellipticals, with-
out an envelope. This is based on the morphology
shown by BCGs in the optical range and their col-
ors in the optical and near infrared, which suggest
relatively old stellar populations and little ongoing
star formation activity (Dubinski 1998; Tonini et al.
2012; Bai et al. 2014; Zhao et al. 2015). However,
they distinguish themselves from the typical clus-
ter elliptical galaxy by their relatively large masses
(= 10'3 My, Katayama et al. (2003)) and lumi-
nosities, and by shallower surface brightness profiles
and central velocity dispersions of 300 — 400km s—!
(Oemler 1976; Schombert 1986; Dubinski 1998; Ed-
wards et al. 2020). Von der Linden et al. (2007)
found BCGs to have a higher dynamical-to-stellar
mass ratio, indicating that they contained a larger
fraction of dark matter compared to a sample of non-
BCG galaxies. Also, the BCGs often show double or
multiple nuclei (Schneider et al. 1983; Laine et al.
2003).

By using integral field unit (IFU) spectroscopy
Oliva-Altamirano et al. (2015) performed an analy-
sis of the stellar populations of 9 BCGs at z < 0.1.
They showed that BCGs have high central metallic-
ity, flat metallicity gradients and ages in a wide range
of 5 to 15 Gyr. They also found that 67 % (6/9) of
BCGs have intermediate central ages (5 Gyr < age
< 10 Gyr) suggesting a history of active accretion
(star formation up to z ~ 1) and 33% (3/9) have
old central ages (age > 11 Gyr) reflecting that they
have not had star formation since z ~ 2. The stellar
population measurements come from the luminosity-
weighed distribution and are sensitive to the bright-
est and youngest populations of the stars in the
galaxy (e.g. Trager & Somerville 2009).

Hydrodynamic simulations of early type galaxies
(ETGs) in environments less dense than those typi-
cally found around BCGs predict that more massive
galaxies are older than less massive galaxies, such
that at masses > 10'9° M, the galaxies are older
than 10 Gyr (Naab et al. 2014; Peeples et al. 2014;
Hirschmann et al. 2013) and show passive evolution
from z =~ 2.

The SFH is a function that describes how the
rate of star formation varies over cosmic time until
the moment of observation. The SFH in galaxies is

one of the most important parameters to constrain
cosmological models, the formation and evolution of
galaxies and the star formation theories. Knowledge
of SFH is important for the development of various
topics in the evolution of galaxies, such as chemical
enrichment, interactions between galaxies as dissipa-
tors of star formation, and the role played by stellar
dynamics and the self-propagation of star formation.
In particular, the SFH of BCGs provide information
about their formation conditions in the early uni-
verse and also about the mechanism by which star
formation shuts down.

In this work, the SFH of BCGs of intermedi-
ate and old central ages are inferred using the sam-
ple of BCGs from Oliva-Altamirano et al. (2015).
The SFH were obtained with the whole spectrum
fitting technique using the stellar population code
STARLIGHT (Cid Fernandes et al. 2005). We in-
vestigated whether BCGs with intermediate central
ages have different accretion histories, or whether
it is simply a stochastic effect. The outline of this
paper is as follows. In § 2 we describe observa-
tions, data reduction and spectrum fitting. We
present the results in § 3. These are later dis-
cussed in § 4. For the analysis of the results we
adopt the ACDM cosmology with Q,; = 0.27 and
H,=70Km s~ Mpc~!.

2. METHODOLOGY
2.1. Observations

The observations of the BCGs were carried out us-
ing an IFU. An IFU is an instrument that divides
the field of view into many spaxels (cells or spatial
pixels). In astronomy, IFUs are used to study large
objects such as nebulae, galaxies or a crowded clus-
ter of stars or galaxies in one shot, using a technique
known as integral field spectroscopy. In this method,
the signal from each spaxel in the field of view is fed
into a spectrograph, which generates a spectrum for
each individual spaxel. With all the resulting spec-
tra, a data cube is formed, which contains everything
in the 2D field of view, in addition to the third di-
mension obtained by the spectrograph.

The sample is composed of 6 BCGs with inter-
mediate central ages and 3 BCGs with old central
ages (See Table 1). The ages were calculated by a
stellar population analysis (Olivia-Altamirano et al.
2015). The BCGs are part of the C4 Cluster Cata-
log (Miller et al. 2005) from the Third Data Release
(DR3) from the Sloan Digital Sky Survey (SDSS;
York et al. 2000). BCGs were observed with the
VLT using the VIMOS spectrograph (Le Feévre et al.
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TABLE 1
BCGS OF INTERMEDIATE AND OLD CENTRAL AGES

BCGs # R, ? zb log Mpy, > € Age 4 Merging? ¢
(SDSS-C4-DR3) ["] [Mo] [Gyr]
Intermediate age
1027 6.98 0.090 11.79 8.9 y
1042 7.22 0.094 11.83 6.4 n
1048 5.17 0.077 11.59 7.1 y
1066 4.95 0.083 11.62 5.8 y
1261 5.76 0.037 11.32 8.8 n
2039 8.82 0.082 11.86 9.6 n
Old age

1050 8.43 0.072 11.78 16.4 n
2001 5.84 0.041 11.38 12.6 n
2086 4.83 0.083 11.60 13.2 y

#We use the same nomenclature as Jimmy et al. (2013) and Oliva-Altamirano et al. (2015), i.e. we present each cluster
by the last four digits of the SDSS flag, rather than the SSDS-C4-DR3 number.

" Jimmy et al. (2013).

°The dynamical mass was calculated using the standard equation given in Cappellari et al. (2006).

40liva-Altamirano et al. (2015).

2003). VIMOS was used in IFU mode with the high-
resolution blue grism, which has a spectral resolution
of 0.51 A pixel~!. The galaxies observed with the in-
struments mentioned above have a spatial sampling
of 0767 pixel ! and a field of view of 27" x 27”. The
observations were made in two parts: from April to
August 2008 (Prog. ID 381.B-0728) and from April
to July 2011 (ID 087.B-0366), during dark nights
with an average seeing of 079.

2.2. Data Reduction

The reduction of the IFU data was done first using
the VIMOS code (Izzo et al. 2004). This code gener-
ates the calibration files (master bias, arc spectrum,
flat field, fiber identification, etc.) and extracts the
science spectrum in every fiber of every image. The
VIMOS field of view is made up of four quadrants
and the VIMOS code reduces each quadrant sepa-
rately. Second, an IDL routine is used to mask the
bad fibers, subtract the sky in each of the quadrants
of the science images, and then combine the quad-
rants to form a data cube. More details on the obser-
vations and data reduction can be found in Jimmy
et al. (2013) and Oliva-Altamirano et al. (2015).

2.3. Spectrum Fitting

After generating the data cube for each galaxy we
used the PYTHON code of Oliva-Altamirano et al.
(2015) to obtain the spectrum of the center of each
BCG. This code divides each galaxy into rings and
then the spaxels (spectrum of a region of the field
of view) of each ring are stacked to obtain one spec-
trum per ring. The code identifies the rings follow-
ing the total flow, therefore the shape of the rings
is not circular but rather defined by the morphology
of the galaxy. The spectrum of each spaxel of each
galaxy was run at the wavelength of the rest frame
before being stacked using the speed calculated with
the program pPXF (Penalized Pixel Fitting) of Em-
sellem et al. (2007). pPXF fits stellar pattern li-
braries to the characteristic absorption lines of the
BCG spectra, giving the recession rates of the spec-
tral lines.

The left panel of Figure 1 shows the annular dis-
tribution of BCG 2039. The right panel is the flux-
collapsed VIMOS image. The annuli are 0.2, 0.48,
0.77 and 1.0 R, in each galaxy. The central aperture
has been defined as 0.2 £+ 0.03 R.. In Table 1, we
show R, for each galaxy. BCG 1027 has z = 0.09
and R, = 6798; for this galaxy R, corresponds to
~ 13 kpc.
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Fig. 1. Left Panel: The annular distribution of BCG 2039. The central annulus, corresponds to the aperture 0.2+0.03 Re.
The annuli all extend to 1 Re. Right Panel: The flux-collapsed VIMOS image BCG 2039. The color figure can be viewed

online.

Finally, with the STARLIGHT code, the SFHs of
the BCGs were determined. STARLIGHT is a syn-
thesis code for stellar populations. The method is
based on fitting the observed spectrum of the galaxy
as a linear combination of spectra of simple stellar
populations. The adjustment is carried out through
the techniques of simulated annealing, Metropolis
and Markov Chain Monte Carlo. STARLIGHT fits
an observed spectrum with a combination of N, sim-
ple stellar populations from the evolutionary synthe-
sis models of Bruzual and Charlot (2003). In this
work we use a base that contains N,=45 spectra of
3 different metallicities (Z = 0.2, 1.0, 2.5 Z4) and
15 ages between 1 Myr and 13 Gyr. The stellar ex-
tinction is modeled by the extinction law of Cardelli
et al. (1989) with RV = 3.1.

Figures 2 and 3 illustrate the spectrum fits ob-
tained for BCGs. The upper left panel shows the
observed spectrum (black line) and the model (red
line). The lower left panel shows the residual spec-
trum (observed — model). The histograms in the
right panel show the SFHs as % of the light frac-
tion at 4020 A (upper) and as % of the mass fraction
(lower) both decomposed into 15 ages and 3 metallic-
ities. Some of the derived properties are shown in the
upper right: Xi is the fit x? divided by the number
of A’s used in the fit; adev is the mean relative dif-

ference between the model and observed spectrum;
S/N is the signal to noise ratio in the region centered
at A = 5000 A.

3. RESULTS

In this section we use the integrated spectrum fit
with an aperture of 0.2 £ 0.03 R, to investigate the
SFHs of 6 BCGs (SDSS-C4-DR3 1027, SDSS-C4-
DR3 1042, SDSS-C4-DR3 1048, SDSS-C4-DR3 1066,
SDSS-C4-DR3 1261 and SDSS-C4-DR3 2039) of in-
termediate central ages. In addition, the fits of 3
BCGs (SDSS-C4-DR3 1050, SDSS-C4-DR3 2001 and
SDSS-C4-DR3 2086) of old central ages are inferred.

Since a composite stellar population can be seen
as the sum of simple stellar populations (Bruzual &
Charlot 2003), the SFH of a stellar population can
be understood as the fraction of stellar mass pro-
duced as a function of time in the form of simple
stellar populations. Therefore, the mass fraction p;
provided by STARLIGHT plotted as function of the
simple stellar populations ages can be considered as
direct proxy for the output SFH (Citro et al. 2016).

In Figure 4 the SFHs of BCGs of intermediate
central ages are shown. The SFHs of these galax-
ies are formed with few stellar populations of dif-
ferent ages (less than 4). 83% (5/6) of the BCGs
(1027, 1048, 1066, 1261 and 2039) of intermediate
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Fig. 2. Spectral synthesis of an intermediate age BCG. Top left: Observed (black line) and model (red line). Bottom
left: residual spectrum (green line). Right: Flux (top) and mass (bottom) fractions as a function of age. Some of the
derived properties are listed in the top right: x3 is the reduced x?, adev is is the mean relative difference between model

and observed spectra and S/N refers to the region around A = 5000 A. The color figure can be viewed online.
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Fig. 3. As Figure 2, but for an old age BCG. The color figure can be viewed online.
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Fig. 4. Star formation histories of BCGs of intermediate
central ages. The mass fraction p; (obtained by a spec-
trum fit with STARLIGHT) as a function of logarithm
of age. The color figure can be viewed online.

central ages formed 100 % of their stars at z > 2.
The BCG 1042 shows an incipient star formation
at z < 2 (less than 1% in mass). 100% (3/3) of
the BCGs (1050, 2001 and 2086) of old central ages
are established with only two stellar populations at
z > 2 (see Figure 5).

4. DISCUSSION

In this work, we inferred the SFHs of a sample of
BCGs at z < 0.1 with the objective of determining
if these BCGs of intermediate central ages have dif-
ferent accretion histories or if it is only a random
effect.

The SFHs found agree with the expectations for
elliptical galaxies. These galaxies formed their stars
in the early stages of the Universe (z > 2) and do
not show recent star formation. Most of the SFHs of
BCGs were fitted with only two stellar populations
of different ages, and no more than four according
to the results of the work of Groenewald & Loubser
(2014).

The SFHs of BCGs of intermediate central ages
(Figure 4) and old ages (Figure 5) inferred in
this work are similar. According to Citro et al.
(2016), passive and high mass ETGs (log(Mpyn) >
11.25 M), ages between approximately 10 — 13 Gyr
and z from 0.06 to 0.08 have SFH similar to those
found in our BCGs. McDermid et al. (2015) inferred
the SFHs of ETGs from the ATLAS?P survey of mass
between 11.5 < log(Mpyn) [Me] < 12 and found that
90 % of their stars were formed in the first 3 Gyr
(z = 2).
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Fig. 5. Star formation histories of BCGs of old central
ages. As Figure 4. The color figure can be viewed online.

The results obtained in this work (SFHs show-
ing star formation at z > 2) and Oliva-Altamirano
et al. (2015) (high central metallicities and shallow
flat metallicity gradients) indicate that the forma-
tion and evolution of the BGGs of intermediate ages
probably occur through the two-phase scenario. Star
formation dominates the mass increase of BCGs at
z > 2 and dry mergers dominate the mass assem-
bly at z < 1. Jimmy et al. (2013) found that 50 %
(3/6) of the BCGs of intermediate central ages in our
study have experienced recent or ongoing mergers.

Our results are in agreement with semi-analytical
models (De Lucia & Blaizot 2007) and hydrodynamic
simulations (Ragone-Figueroa et al. 2018), which
propose that star formation in BCGs occurs at z > 2.
Then the BCGs are assembled by dry fusions without
significant star formation. These authors disagree on
the stellar mass growth rate. Ragone-Figueroa et al.
(2018) found a growth rate of 1.3 at 30kpc and 1.6
at 50kpc, which is significantly lower (=~ 3) than the
one proposed by De Lucia & Blaizot (2007).

The two-phase scenario is supported by several
observational studies that have measured the stellar
mass growth rate mostly for values less than z ~ 1
(e.g. Lidman et al. 2012; Lin et al. 2013; Bellstedt
et al. 2016; Zhang et al. 2016). Lidman et al. (2012)
showed that BCGs grow by a factor of 1.8 for z be-
tween 0.2 and 0.9. Lin et al. (2013) found a similar
growth, such that the stellar mass of BCGs increases
by a factor of 2.3 from z ~ 1.4. Zhang et al. (2016)
showed a mass growth of by a factor of z =~ 2 from
z~1.2.

Recently, Edwards et al. (2020) investigated the
formation and evolution of local BCGs. They deter-
mined stellar populations and dynamics from galaxy
core through the outskirts and into the intracluster
light. Their results are consistent with the idea that
the BCG core and inner regions formed quickly and
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long ago. The outer regions and intracluster light
formed more recently, and are continuing to assem-
ble through minor merging.

Based on the above, we conclude that the inter-
mediate central ages of these BCGs do not represent
distinct SFHs.

The authors are grateful to Paola Oliva Altami-
rano and Sarah Brough for comments that led to im-
provement of this article and data for this research.
We thank the STARLIGHT project supported by the
Brazilian agencies CNPq, CAPES and FAPESP and
by the Frace-Brazilian CAPES/cofecub program.
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