-

P
brought to you by . CORE

View metadata, citation and similar papers at core.ac.uk

provided by Leiden University Scholary Publications

MNRAS 456, 1565-1578 (2016) doi:10.1093/mnras/stv2784

The regulation of star formation in cool-core clusters: imprints on the
stellar populations of brightest cluster galaxies

S. I. Loubser,'* A. Babul,? H. Hoekstra,> A. Mahdavi,* M. Donahue,’ C. Bildfell?
and G. M. Voit®

1 Centre for Space Research, North-West University, Potchefstroom 2520, South Africa

2Department of Physics and Astronomy, University of Victoria, Victoria, BC V8W 2Y2, Canada

3Leiden Observatory, Leiden University, PO Box 9513, NL-2300 RA Leiden, the Netherlands
4Department of Physics and Astronomy, San Francisco State University, San Francisco, CA 94131, USA
3 Physics and Astronomy Department, Michigan State University, East Lansing, MI 48824-2320, USA

Accepted 2015 November 24. Received 2015 November 20; in original form 2015 August 23

ABSTRACT

A fraction of brightest cluster galaxies (BCGs) show bright emission in the ultraviolet and
the blue part of the optical spectrum, which has been interpreted as evidence of recent star
formation. Most of these results are based on the analysis of broad-band photometric data.
Here, we study the optical spectra of a sample of 19 BCGs hosted by X-ray luminous galaxy
clusters at 0.15 <z < 0.3, a subset from the Canadian Cluster Comparison Project sample. We
identify plausible star formation histories of the galaxies by fitting simple stellar populations
as well as composite populations, consisting of a young stellar component superimposed on
an intermediate/old stellar component, to accurately constrain their star formation histories.
We detect prominent young (~200 Myr) stellar populations in four of the 19 galaxies. Of the
four, the BCG in Abell 1835 shows remarkable A-type stellar features indicating a relatively
large population of young stars, which is extremely unusual even amongst star-forming BCGs.
We constrain the mass contribution of these young components to the total stellar mass to be
typically between 1 and 3 per cent, but rising to 7 per cent in Abell 1835. We find that the
four of the BCGs with strong evidence for recent star formation (and only these four galaxies)
are found within a projected distance of Skpc of their host cluster’s X-ray peak, and the
diffuse, X-ray gas surrounding the BCGs exhibits a ratio of the radiative cooling-to-free-fall
time (7. /tx) of <10. These are also some of the clusters with the lowest central entropy. Our
results are consistent with the predictions of the precipitation-driven star formation and active
galactic nucleus feedback model, in which the radiatively cooling diffuse gas is subject to
local thermal instabilities once the instability parameter ¢ /¢y falls below ~10, leading to the
condensation and precipitation of cold gas. The number of galaxies in our sample where the
host cluster satisfies all the criteria for recent and ongoing star formation is small, but their
stellar populations suggest a time-scale for star formation to restart of the order of ~200 Myr.

Key words: galaxies: clusters: general —galaxies: elliptical and lenticular, cD —galaxies:
stellar content — X-rays: galaxies: clusters.

1 INTRODUCTION

A fraction of the brightest cluster galaxies (BCGs) exhibit evolu-
tionary histories that are in stark contrast with the conventional
expectation that giant elliptical galaxies in clusters of galaxies are
all quiescent, passively evolving, ‘red and dead’ systems. BCGs,
particularly those residing at the centres of cool-core clusters (Hu,
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Cowie & Wang 1985; McCarthy et al. 2004, 2008; Cavagnolo et al.
2008), exhibit ‘blue cores’ (Bildfell et al. 2008) corresponding to
the presence of a small fraction (~1 per cent) of very young stars
(Sarazin & O’Connell 1983; Cardiel, Gorgas & Aragon-Salamanca
1995, 1998; Pipino et al. 2009). These BCGs also reveal activity
in their radio emission (Burns 1990; Best et al. 2007), or have op-
tical emission-line nebulae (Crawford et al. 1999; Edwards et al.
2007; Loubser & Soechting 2013), excess ultraviolet (UV) light
(McNamara & O’Connell 1989; Rafferty, McNamara & Nulsen
2008; Donahue et al. 2010), far-infrared emission from warm dust
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(Quillen et al. 2008) and molecular gas (Edge et al. 2002; Rawle
et al. 2012). Nevertheless, this forms far from a complete picture
as BCGs in the nearby Universe exhibit diverse morphologies, dif-
ferences in their stellar populations and therefore star formation
histories (SFHs; Loubser et al. 2009; Donahue et al. 2015), despite
the fact that most are located in a similar, privileged environment in
the very centres of X-ray luminous clusters. Short radiative cooling
times for the diffuse gas in the cluster cores, and proximity of the
BCG to the X-ray peak seem to be necessary (Bildfell et al. 2008),
but not sufficient criteria for star formation in BCGs.

Nearly 50 per cent of galaxy clusters in X-ray selected samples
have central gas cooling times <1 Gyr (Hudson et al. 2010) and
if unchecked, radiative losses would engender a flow of cooled
gas into the BCG resulting in star formation rates (SFRs) at least
an order of magnitude higher (100-1000 M, yr~!) than observed
(Fabian, Nulsen & Canizares 1991; Edge 2001; O’Dea et al. 2008).
The BCGs often host radio-loud active galactic nucleus (AGN;
Sun 2009), and theoretical estimates have long suggested that the
mechanical heating of the intracluster gas by these AGN plays a key
role in counteracting radiative cooling (Binney & Tabor 1995; Ciotti
& Ostriker 2001; Soker et al. 2001; Babul et al. 2002). With imaging
X-ray observations showing clear signs of interactions between the
AGN outflows and the hot diffuse gas surrounding the BCGs (see
McNamara & Nulsen 2007, 2012 and references therein), there is
now a broad consensus that in order to make sense of the full range
of BCG properties, it is crucial to understand the role of cooling,
feedback and gas accretion in cluster cores. However, the details of
how this coupling operates and of the precise mechanism(s) linking
the different phenomena remain a puzzle.

One possibility is that AGN feedback is directly fuelled by the
flow of the hot diffuse gas on to the central black hole via the hot-
mode (Bondi) accretion. The main argument in favour of this mode
is that the AGN activity is directly tied to the state of the diffuse
gas because the Bondi accretion rate depends on the gas density
and temperature in the vicinity of the black hole (Allen et al. 2006).
For this reason, this is the fuelling mode most commonly invoked
in cosmological simulations of galaxies, galaxy groups and clusters
of galaxies (e.g. Di Matteo, Springel & Hernquist 2005; Fabjan
et al. 2010; Dubois et al. 2011; Bellovary et al. 2013; Le Brun
et al. 2014). However, a detailed analysis of AGN activity in galaxy
clusters (Rafferty et al. 2006; McNamara, Rohanizadegan & Nulsen
2011) indicates that the hot-mode accretion is too small (by orders
of magnitude) to account for the observed outbursts (but see Fujita,
Kawakatu & Shlosman 2014). Hardcastle, Evans & Croston (2007)
also come to the same conclusion in their study of powerful radio
jets.

More recently, an alternative ‘cold mode accretion model’
(Pizzolato & Soker 2005; McCourt et al. 2012; Sharma et al. 2012;
Gaspari, Ruszkowski & Oh 2013) has emerged as a useful frame-
work for interpreting various observed properties of elliptical galax-
ies as well as BCGs in the centres of clusters (Gaspari, Ruszkowski
& Sharma 2012; Li & Bryan 2014a,b; Prasad, Sharma & Babul
2015; Voit & Donahue 2015; Voit et al. 2015). In this model, the
diffuse X-ray emitting gas in the cluster centre, which exists in
approximate global balance between radiative cooling and AGN
feedback, is expected to become highly susceptible to local thermal
instabilities once the ratio of the radiative cooling-to-free-fall time
(fc001/ tir) drops below a threshold value of ~10 (cf. Singh & Sharma
2015), resulting in cold dense clouds condensing out of the diffuse
gas and the emergence of a multiphase circumgalactic medium.
Once the cold clouds begin to form, recent simulation studies show
that these typically fall freely towards the cluster centre and, in the
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process, give rise to tens of kpc long cold filaments threading the
BCG and its outskirts as well as to an accumulation of cold gas in
the centres of the BCGs (Gaspari et al. 2012; Li & Bryan 2014a;
Prasad et al. 2015). The latter, in turn, is expected to fuel AGN
outbursts as well as star formation activity in the galaxies.

In a recent study of a large sample of the Archive of Chan-
dra Cluster Entropy Profile Tables (ACCEPT) clusters, Voit &
Donahue (2015) assessed the relationship between the existence
and the prominence of the extended emission-line nebulae, as evi-
denced by the observed Ho emission, in the cluster cores and the
thermodynamic state of the diffuse, X-ray emitting gas cocoon-
ing the BCG. They found that not only were all the clusters with
min(z.001 /1) < 20 detected in He, but that this thermal instability
criterion also correlated with the measured Ho luminosity in the
sense that clusters with small values of min(z... /%) are the most
luminous. This is consistent with the model prediction that the more
susceptible the gas is to thermal instabilities, the greater the total
amount of multiphase gas in the cluster cores.

In this paper, we investigate the other model prediction, namely
that star formation activity in the BCGs is also intimately linked to
the stability of the X-ray emitting gas in the cluster cores. Specifi-
cally, we use the optical spectra of BCGs located in X-ray luminous
clusters at 0.15 < z < 0.3 in combination with the stellar popula-
tion synthesis models to establish their diverse SFHs. We explore
whether there is a clear relationship between these histories and
the environmental condition within the cluster cores. In Section 2,
we describe the optical spectroscopy and data reduction. In Sec-
tion 3, we describe the stellar population analysis, and we discuss
the results in Section 4. We compare the results with UV data and
theoretical hypotheses in Section 5, and we summarize the main
results in Section 6. Throughout this paper we adopt a A cold dark
matter (ACDM) cosmology with Q,, = 0.3, Q, = 0.7 and Hy =
70kms~! Mpc~!.

2 OPTICAL SPECTROSCOPY AND
DATA REDUCTION

The Canadian Cluster Comparison Project (CCCP) consists of a
sample of 50 clusters studied in Mahdavi et al. (2013) (see also
Hoekstra et al. 2012, 2015). We discard potential double clusters
(Abell 115N/S, Abell 223N/S, Abell 1758E/W), as well as clus-
ters without a clearly dominant BCG (Abell 959, MS 1231+15a/b,
Abell 1234, Abell 1246; cf. Bildfell et al. 2008 for details). We
target clusters in the redshift range 0.15 < z < 0.3 whose BCGs
reside within a projected distance of 75 kpc of their host cluster’s
X-ray peak. Of the 24 clusters satistying this criteria, we observed
19 using the Gemini Multi-Object Spectrograph (GMOS) detector
in long-slit mode over a period of three semesters from 2007B to
2008B on the Gemini-North and -South observatories. The clus-
ters that we did not observe in the allocated time, or for which
the acquired data are not of sufficient quality for the analysis dis-
cussed here, were Abell 2204, Abell 2218, Abell 2219, Abell 521,
Abell 697 (see Table 1). These are all listed as red cored galaxies
in Bildfell et al. (2008), except Abell 2204 which is a known blue
core BCG. As discussed in Section 5, we do not expect these five
systems to change our conclusions.

We use the B600 grating with a central wavelength of 460 nm
and a slit width of 0.75 arcsec. The slit is aligned with the major
axis of the BCG. We use a 2 x 2 on-instrument pixel binning which,
along with the instrument configuration described above, yields a
spectral pixel scale of 0.1 nmpixel~' and a spatial pixel scale of
0.14 arcsec pixel ~!. For each cluster we take four separate 1800 s
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Table 1. BCGs observed and analysed for this study. Objects marked with * overlap with the analysis in Pipino et al. (2009). Ry is the projected distance
between the BCG and the X-ray peak (Bildfell et al. 2008), and we list the fraction of the half-light radius, R., reached with the extracted 15 kpc apertures.
The entropy K/ and the cooling time 7. ¢ at a radius of 20 kpc (hereafter referred to as ‘central’) are from high-resolution Chandra, XMM-Newton X-ray data
analysis (Mahdavi et al. 2013). We describe the derivation of the 7. /f ratios in Section 5. The five galaxies below the line were not observed and/or analysed
(as described in Section 2), but we do not expect these to affect our conclusions as described in Section 5.

Name z 32000 8712000 Exp. time Roit Per cent of R, Ic, 0 Ko I/t
(ks) (kpc) (Gyr) (keV cm?)

Abell 68 0.26  00:37:06.85  409:09:24.51 4x1.8 140 £ 24 0.18 357 £021 2142 £ 353 57.0 + 28.0
Abell 209 0.21  01:31:52.54  —13:36:40.00 4x1.8 144 £ 25 0.17 354 £ 0.18 160.8 £+ 19.8 90.6 + 33.8
Abell 267 0.23  01:52:41.95 401:00:25.89 4x1.8 652 + 5.0 0.20 4.15 £ 037 152.7 £ 34.1 109.0 &+ 55.7
Abell 383 0.19  02:48:03.38  —03:31:44.93 7x 1.8 0.6 + 2.0 0.56 041 + 0.02 213 £ 1.0 85+ 03
Abell 568 0.17  07:32:20.31  +31:38:01.06 8 x 1.8 10.6 £+ 2.1 0.26 2.86 + 0.31 140.1 4+ 23.2 32.7 + 8.5
Abell 611 0.29  08:00:56.83  +36:03:23.79 4x 1.8 34+ 20 0.44 1.28 + 0.11 57.0 &+ 10.0 30.9 + 6.5
Abell 963 0.21 10:17:03.63  +39:02:49.67 4x1.8 55+ 20 0.18 1.32 £+ 0.06 63.1 + 4.7 28.6 + 2.3
Abell 1689 0.18  13:11:29.52  —01:20:27.86 4x1.8 3.7 £ 20 0.32 1.19 + 0.04 725 + 3.4 182 + 0.6
Abell 1763 0.22  13:35:20.12  +41:00:04.30 4x1.8 7.8 £2.0 0.60 10.61 &= 1.05  419.5 £+ 54.0 -
Abell 1835* 0.25 14:01:02.10  4+02:52:42.69 4x1.8 45+ 20 0.28 0.29 + 0.01 19.7 £ 04 34 £ 0.1
Abell 1942* 0.22  14:38:21.88  403:40:13.34 4x1.8 50 £ 2.0 0.35 6.26 = 098  230.6 + 79.3 1243 £ 55.7
Abell 2104 0.15  15:40:07.94  —03:18:16.25 4x1.8 64 £+ 2.1 0.27 5.52 £ 0.68 201.7 £ 37.6 83.7 £ 50.3
Abell 2259 0.16  17:20:09.66  +27:40:08.29 2x 1.8 72.5 + 8.8 0.34 371 £ 040 1347 £ 33.6 822 + 454
Abell 2261 022 17:22:27.23  432:07:57.72 4x1.8 0.3 £ 20 0.42 1.14 + 0.11 60.0 + 8.7 27.8 + 5.1
Abell 2390* 0.23  21:53:36.84  +17:41:44.10 4x1.8 24 £ 20 0.83 0.58 4+ 0.01 31.6 = 1.0 9.8 +£ 0.2
Abell 2537 0.30  23:08:22.22  —02:11:31.74 4x1.8 151 £ 2.3 0.33 2.05 + 0.25 91.8 + 20.0 32.8 + 14.2
MS 0440402  0.19  04:43:09.92  +02:10:19.33 4x1.8 09 £+ 2.0 0.15 0.73 + 0.07 30.1 + 6.8 11.7 + 4.0
MS 0906+11  0.17  09:09:12.76 ~ +10:58:29.12 4x1.8 2.8 £20 0.28 2.88 + 045 1489 £ 225 46.0 + 20.3
MS 1455422  0.26  14:57:15.12 422:20:34.48 4x1.8 36 £ 20 0.63 0.40 + 0.01 23.6 + 0.6 6.3 +£ 0.2
Abell 521 0.25 04:54:06.86  —10:13:24.50 - 313 £ 5.0 - 243 + 0.37 75.6 £ 17.7  112.5 £ 28.3
Abell 697 0.28  08:42:57.54  436:21:59.90 - 13.9 £ 2.6 - 5.88 & 1.12 240.0 + 48.8 2064 + 39.1
Abell 2204 0.15  16:32:46.95  405:34:33.10 - 0.8 £ 2.0 - 0.25 + 0.00 173 £ 0.3 84 £ 12
Abell 2218 0.18  16:35:49.22  466:12:44.80 - 56.4 + 4.3 - 845 + 1.38 3179 £ 47.1 150.7 4+ 38.5
Abell 2219 023 16:40:19.83  +46:42:41.50 - 6.8 £ 2.1 - 5.84 £ 0.77 2432 £+ 30.6 89.6 + 19.4

observations, using small spatial and spectral dithers to mitigate
problems introduced by detector defects and chip gaps. There are
some exceptions, however, as due to scheduling and weather con-
straints one cluster was observed for less time (2 x 1800 s), while
two others were observed for more time (7 x 1800 and 8 x 1800 s).
Further information on our observations is given in Table 1.

We performed the primary data reduction steps for spectral obser-
vations with the standard IRAF software package for reducing GMOS
data provided by Gemini. The basic reductions included bias sub-
traction, flat-fielding and illumination correction. We use the Cu—Ar
arc spectra to generate a set of dispersion functions sampled uni-
formly at several positions along the slit (i.e. in the y-direction). For
individual arc spectra, the residuals for known locations of Cu—Ar
lines compared to the line locations, as predicted by the dispersion
solutions, show a median rms of 0.14 A. This translates to a worst-
case systematic error of 11 km s~ for individual lines, but since our
results are based on fitting the full wavelength range, for galaxies
that have velocity dispersions of 300 kms~!, the contribution of
this source of systematic error is negligible. The dispersion solu-
tions are applied to the corresponding science frames and standard
star observations to obtain a set of wavelength-calibrated data.

The next step in the reduction procedure is sky subtraction. The
projected angular scale of the slit on the detector extends for a total
of 5.6 arcmin. Avoiding the edges of the detector and the central 1.1-
arcmin region containing the spectrum of the BCG, we sample the
spectra from a 1.9-arcmin region below the BCG and a 1.8-arcmin
region above the BCG and sum these together. The extracted spectra
are then fit column-by-column (i.e. at fixed wavelength) with a linear
relation to obtain a background model that varies as a function of
wavelength and position along the slit. The background model is

then subtracted from the entire image and the process is repeated for
all science frames and standard star observations. We note that due
to our long exposures, the brightest sky line [O 1] 25577 is saturated
in many of the images and as a result is not properly subtracted. To
prevent this from influencing our results, this region of the spectrum
is masked out in any spectrum fitting analysis.

The final step in the reduction of the individual science frames is
flux calibration by means of an observed spectrophotometric stan-
dard star to generate a sensitivity function. The sensitivity function
is then applied to the corresponding science frame observations to
transform the spectra in units of counts on the detector to a set
of spectra in physical units of ergem=2s~' A ~!. Additionally, we
apply a second-order correction for atmospheric extinction at this
stage, the specific wavelength dependence of which is supplied by
the Gemini observatory via data tables in the Gemini IRAF reduction
package.

Using the individual exposures and the combined image we esti-
mate the errors on a pixel-by-pixel basis. The error for the median-
combined image at each pixel (o) is calculated by taking the stan-
dard deviation of the pixel values. To prevent cosmic rays from
biasing the errors, we use an iterative o-clipped estimator, reject-
ing values that lie outside 100+ from the median. This creates an
array of the same size and dimensions as the combined image. We
fit the flux error (o) as a function of wavelength on a row-by-row
basis, using a linear relation. We use the expected values from the
best-fitting solutions to build a o (X, y) for each combined image.
The resulting 2D error array is stored as an error image for use in
the spectral fitting procedure.

After taking into account the typical size of a blue stellar core
(Bildfell et al. 2008), the putative size of the ionization contribution
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from the AGN (if present), the size of the seeing disc and the
typical distance between the core of the BCG and the X-ray peak,
we extract two spatial regions from the 2D spectra. The first bin is
the central 5 kpc on either side of the luminosity peak of the galaxy
(a width of 10 kpc in total), whilst the second bin extends from 5 to
15 kpc (both sides of the galaxy combined). These inner and outer
apertures contain data with sufficient signal-to-noise ratio (S/N) to
accurately determine stellar population parameters. At the highest
redshift in our sample (z = 0.3) the inner aperture represents an
angular size of 1.2 arcsec, which is larger than the size of full width
at half-maximum (FWHM) of the worst-case point spread function
(PSF) for our data.

‘We adjust the population models to the changing resolution (with
wavelength) of the spectrograph. We used the spectrophotometric
standard star observed with the same instrumental configuration to
derive the line spread function (LSF) at regular wavelength inter-
vals. We compute the physical dispersion of the galaxies, after we
account for the stellar library template dispersion and instrumental
broadening. We present the spatially resolved velocity dispersion
profiles of the BCGs together with stellar dynamical modelling in
conjunction with the X-ray and weak lensing derived mass distri-
butions of the host clusters in a subsequent paper.

3 STELLAR POPULATIONS

The integrated (unresolved) spectra from passively evolving BCGs
can be represented as single stellar populations (SSPs, entities that
consist entirely of stars born at the same time with the same metal-
licity). Modern stellar population analysis assumes that the stellar
populations of a galaxy with a more complex SFH consist of a
sum of SSPs. Stellar evolution theory is then used to calculate the
integrated properties of these SSPs and predict a spectral energy
distribution that can be compared to observations.

We follow the methods of Koleva et al. (2009), Loubser (2014)
and Groenewald & Loubser (2014) to analyse the stellar populations
of BCGs. We use the University of Lyon Spectroscopic Analysis
Software (uLyss; Koleva et al. 2009) to obtain a non-linear x2-
minimization against SSP (or a linear combination of more than one
SSP) models convolved with the internal kinematics of the galaxy.
We use two sets of high-resolution stellar population models, those
of Vazdekis et al. (2010) based on the MILES library (Sanchez-
Blazquez et al. 2006) and Pegase-HR (Le Borgne et al. 2004) based
on the Elodie 3.2 library (Prugniel & Soubiran 2001). Emission
lines (if present) are masked, as even weak emission lines can fill-in
important absorption features like the Balmer lines and will lead
to overestimated ages. The rest of the spectrum is then used to
determine the best fit to the stellar population models. We found
consistent fits using both sets of models, and continue with the
high-resolution Vazdekis/MILES models, using a Salpeter initial
mass function (IMF; Salpeter 1955), throughout the analysis. The
errors on the stellar population parameters are derived by perturbing
the spectrum with noise following a Gaussian distribution of width
given by the error spectrum.

We start by identifying both the best-fitting spectrum resulting
from an SSP (of age tssp) as well as the best-fitting composite stellar
model comprising a stellar population of mass fraction fyoune and age
fyoung < 2 Gyr superposed on an intermediate/old stellar population
with 7,4 > 2 Gyr. A stellar spectrum with an age below 2 Gyr has
prominent features that disappear in spectra of ages above 2 Gyr.
Thus a spectrum with a young component (even if its mass fraction
is small, its contribution to the luminosity can be significant) cannot
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be properly fit with an SSP, or a combination of populations older
than 2 Gyr.

If both (SSP and composite model) give comparable y2-values,
we default to an SSP spectrum and interpret the results to indicate
that (1) there is no significant young (<2 Gyr) component present
although (2) if the 75sp < 10 Gyr, then the stellar population consists
of both an old stellar population as well as intermediate aged stellar
populations. Attempting to fit a composite model where all the
components are older than 2 Gyr results in multiple, degenerate
(with similar x2-values) solutions due to the similarity in optical
spectral features of older stellar populations. Given the errors in
the observed spectra, it is more reliable to default to an SSP. An
SSP fit is heavily luminosity weighted, and therefore the presence
of a small younger (luminous) component will skew the best SSP
fit towards a younger age. For this reason, it is important to do
a relative comparison between the parameters determined for the
inner versus outer apertures, as well as a comparison of the stellar
population properties among the galaxies in the sample, and the
X-ray (environmental) properties of the surrounding intracluster
medium (ICM).

For the composite case, the relative weights of the two compo-
nents, as well as their metallicities, are not constrained during the
fits. The wavelength range that we consider here (3500-4900 A)
contains absorption features, for example the higher order Balmer
lines, that are very sensitive to age but insensitive to metallicity. The
region also contains features, for example CN and Fe, that are more
sensitive to metallicity and less so to age. The combined measure-
ment of all the spectral features makes accurate age determination
possible. The derived stellar population properties are summarized
in Table 2.

Our metallicity determinations are not as robustly constrained
as we would have liked. The results in Table 2 imply old stellar
populations that are severely metal poor ([Fe/H] ~ —0.8). This
is an artefact of the stellar population models using solar-scaled
Padova (Girardi et al. 2000) isochrones, which do not predict the
right abundances (in particular, the o-elements) for very massive
old early-type galaxies. In addition, the best metallicity-sensitive
features for old elliptical galaxies (certain Fe, Mg absorption lines)
fall outside the wavelength range considered here. We do not extrap-
olate by including corrections from computationally derived model
atmospheres, as this introduces uncertainty. However, the higher or-
der Balmer lines and other blue absorption features (and hence age
determination) are insensitive to metallicity and «-elements (see
discussion in Vazdekis et al. 2015). Thus the poorly constrained
metallicity does not have an influence on the ages or the fractions of
young stellar components derived here. A luminosity contribution
of a young 100 Myr old stellar component of ~50 per cent only
constitutes ~1 per cent of the mass contribution, so the errors on
the derived mass fractions are small.

The four galaxies marked with a x in Table 2 all exhibit strong
optical emission lines in their spectra in both apertures. These also
directly correspond to the galaxies where the observed spectra are
best represented by a younger (<2 Gyr) stellar component super-
posed on top of an intermediate/old stellar component. Ionized AGN
emission, if present, is typically seen only in the inner 5 kpc and
should thus be contained within the inner aperture. The presence
of emission lines in the outer aperture, as well as the young stellar
components, point to star formation as the dominant photoioniza-
tion mechanism.

The strength of the D4000 index also offers a useful diagnos-
tic separating old, red galaxies and star-forming galaxies that can
be complimentary to the full-spectrum fitting. The D4000 index
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Table 2. Derived luminosity-weighted, stellar population properties for the BCGs. The young (1) and old components (2) are indicated for the four BCGs for
which composite populations were needed to fit the observed spectra. The same four BCGs, marked with %, exhibit emission lines in their optical spectra. The
last column indicates the colour of the core as measured by Bildfell et al. (2008). The error arrays, described in Section 2, are used to derive the errors on the
stellar population properties, as described in Section 3.

Name Aperture Component Age (Myr) [Fe/H] (dex) Luminosity fraction Mass fraction Classification (CCCP)
Young stellar components (Section 4.1)

Abell 383* Inner 1 100 4+ 50 0.20 £+ 0.10 12 <1 Blue
Inner 2 4360 + 520 0.20 + 0.05 88 >99
Outer SSP 4080 + 860 0.18 = 0.06 100 100

Abell 1835* Inner 1 200 + 100 0.20 + 0.10 71 7 Blue
Inner 2 15110 £ 2000 —1.21 £ 0.10 29 93
Outer 1 100 £ 50 0.05 + 0.35 60 2
Outer 2 17 000 £ 1800 —0.44 + 0.07 40 98

Abell 2390* Inner 1 100 £ 50 0.10 + 0.47 47 1 Blue
Inner 2 7280 £ 1220 0.20 = 0.10 53 99
Outer 1 100 £ 50 0.20 + 0.20 47 1
Outer 2 5500 £ 300 0.07 =+ 0.10 53 99

MS 1455+22* Inner 1 110 + 30 0.13 £+ 0.63 29 1 Blue
Inner 2 3440 + 680 0.16 =+ 0.10 71 99
Outer 1 240 + 100 0.15 + 0.58 37 3
Outer 2 2680 + 380 0.20 + 0.04 63 97

Intermediate components (Section 4.2)

Abell 68 Inner SSP 4420 £+ 1100 0.20 + 0.05 100 100 Blue
Outer SSP 4450 £+ 760 0.20 + 0.10 100 100

Abell 209 Inner SSP 4430 £+ 1310 0.20 £+ 0.05 100 100 Red
Outer SSP 7530 + 2440 0.19 + 0.04 100 100

Abell 267 Inner SSP 4070 £+ 130 0.20 + 0.05 100 100 Red
Outer SSP 4010 £ 200 0.20 + 0.06 100 100

Abell 568 Inner SSP 4300 £ 390 0.20 £+ 0.05 100 100 Red
Outer SSpP 4160 £+ 900 0.15 + 0.09 100 100

Abell 611 Inner SSP 3810 + 380 0.18 = 0.05 100 100 Red
Outer SSP 14 870 £ 3600 —0.43 £ 0.10 100 100

Abell 963 Inner SSP 7610 £ 590 0.20 £+ 0.06 100 100 Red
Outer SSP 15000 + 3250 —0.23 £ 0.11 100 100

Abell 1763 Inner SSP 7410 £ 460 0.20 + 0.05 100 100 Red
Outer SSP 7500 £+ 1250 0.20 + 0.08 100 100

Abell 1942 Inner SSP 3880 + 140 0.20 + 0.10 100 100 Red
Outer SSP 4200 £+ 1060 0.18 + 0.07 100 100

Abell 2104 Inner SSP 5530 £ 190 0.20 + 0.04 100 100 Red
Outer SSP 4460 + 1280 0.20 + 0.10 100 100

Abell 2259 Inner SSP 4570 £+ 380 0.19 + 0.02 100 100 Red
Outer SSP 4510 £+ 710 0.20 + 0.10 100 100

Abell 2261 Inner SSP 4410 £ 560 0.20 + 0.05 100 100 Red
Outer SSP 4400 + 1530 0.20 + 0.10 100 100

Abell 2537 Inner SSP 4230 £+ 920 0.15 + 0.05 100 100 Red
Outer SSP 15720 + 5200 —0.35 £ 0.10 100 100

MS 0440402 Inner SSP 4370 + 160 0.20 + 0.03 100 100 Red
Outer SSP 15400 + 6280 —0.88 + 0.05 100 100

MS 0906411 Inner SSP 4430 + 870 0.20 + 0.07 100 100 Red
Outer SSP 5750 £+ 520 0.20 + 0.10 100 100

Old stellar population (Section 4.3)

Abell 1689 Inner SSP 15330 £ 1410 —0.28 + 0.03 100 100 Red

Outer SSP 14 250 + 2310 —0.34 + 0.07 100 100

increases steadily with age, and can be used to identify galaxies
with star formation in the last Gyr (Kauffmann et al. 2003; Brinch-
mann et al. 2004). We use the narrow-band D4000 definition of
Balogh et al. (1999) as it is less prone to be influenced by red-
dening. Dust along the line of sight will attenuate the blue light,
and therefore change the shape of the observed spectrum. A D4000
index measurement of less than 1.6 is a good indication of a galaxy
with a recent star formation episode, and larger than 1.6 is consistent
with old galaxies. Even though the errors on the individual index
measurements are considerably higher than for full-spectrum fit-

ting, we find consistent results in that the four galaxies with young
components also have some of the lowest D4000 measurements
(Fig. 1).!

!'We emphasize that the four galaxies with prominent young components
were not accurately fitted with SSPs, but with a composite population. They
are therefore plotted at Log (SSP age) = 0 to facilitate comparisons with the
X-axis quantities. These ad hoc SSP ages should not be directly compared
to the SSP ages plotted on the Y-axis.
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Figure 1. D4000 index measurements compared to the age measurements
with full spectrum fitting. Typical error bars are indicated in the upper
left-hand corner. It shows the bimodality (~1.6) between old and young
galaxies.

4 DISCUSSION

Even though the BCGs in the sample were selected to be close to
the peak of X-ray luminous clusters, they show a large variety in the
derived stellar populations, and most probable SFHs. We broadly
separate and discuss the different stellar populations below.

4.1 Prominent young stellar components

The presence of a younger component in the stellar populations
is easily identified as it exhibits prominent spectral features and
represents a large fraction of the luminosity. The BCGs that show
these young populations (in Abell 383, Abell 1835, Abell 2390 and
MS 1455+22) are in qualitative agreement with the detection of
optical photometric ‘blue’ cores by Bildfell et al. (2008) in some of
the BCGs in the CCCP sample (see Table 2), with the exception of
the BCG in Abell 68, which is indicated as having a blue core in
Bildfell et al. (2008) but has no optical emission lines in the spectra,
and is very well approximated with an SSP. This galaxy was noted
to be an exception to the general trend by Bildfell et al. (2008)
because it is located in a cluster with a central entropy, Ky, well
above the 30 keV cm? threshold (BCGs in clusters with high central
entropies generally do not show evidence of recent star formation
episodes, see Section 5). The sizes of the blue cores (typically 20—
30 kpc), as measured by Bildfell et al. (2008), in the four galaxies
with detectable young stellar components also qualitatively agree
with our stellar population fits in the different apertures.

The young component of the BCG in Abell 1835 is particularly
dominant in the luminosity fraction, to such an extent that the fit
to the older, less luminous, component is uncertain. The spectrum
shows clear features of A-type stars (Fig. 2), which is very unusual
for a massive central cluster elliptical galaxy. The BCG in Abell 383
is also unusual in that it shows optical emission lines in the inner and
outer aperture, even though the outer aperture is best approximated
by an SSP.

Our results constraining the mass fraction of the young compo-
nent agrees with, and are complimentary to, the SFRs derived in
the UV (see the detailed comparison to UV observations of Pipino
et al. 2009; Donahue et al. 2015 in Section 5.1).

All four young stellar components that we detect are ~100—
200 Myr old. This can signify a single burst of star formation less
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than 200 Myr ago, or repeated bursts of which the most recent was
in the last 200 Myr. In the case of the latter, the spectral features
and luminosity contribution of the most recent burst are much more
prominent than those of preceding episodes, and the age of the
young component will converge on 100-200 Myr during the stellar
population analysis.

If there is no very young (~200 Myr) component, but there is a
component with age still below 1 Gyr, then we would have been able
to detect it. As a demonstration, we construct a set of mock spectra
consisting of a 1-5 per cent mass fraction contribution from either
a 200, 400, 800, 1200, 16000r a 2000 Myr stellar population (thus
building a grid of 30 spectra) superposed on a 15 Gyr population. We
use the same stellar population models and IMF as in our analysis of
the observations. We use Monte Carlo simulations (where n = 200)
to fully incorporate the observational errors in the spectra, which
has a non-negligible influence on the ability to detect small fractions
of young populations. We take the signal in each spectral bin and
scatter it up or down within observational errors (S/N = 40) and take
each realization as a possible spectrum for analysis, and convolve
the mock spectra with a Gaussian of width 250 km s~! to account for
the velocity dispersion of the BCGs. We keep the metallicity of the
stellar components fixed at typical metallicities for components of
that age (e.g. [Fe/H] = —0.5 for a 15-Gyr population; [Fe/H] = 0.2
for a 200-Myr population), and we analyse all the mock spectra
in the exact manner in which we analyse the observational data.
We use the SSP as well as composite model fits for each of the
200 realizations of the 30 spectra to assess the ability to recover
the small fraction of the young stellar populations. We do so by
measuring the deviation from the mean SSP age, and the deviation
from the expected composite stellar population (CSP) young age.

The resulting grid (Table 3) contains the recovered ages as well
as the errors on the ages of the SSP and composite model fits, and is
an accurate representation of our ability to detect the young popula-
tions within the observational errors. It illustrates that 1-5 per cent
of the 200, 400, 800 Myr populations can be reliably detected us-
ing a composite model fit. Only the larger of the 1200 Myr (4 and
5 per cent) and 1600 Myr (5 per cent) bursts can be reliably detected
using a composite model. None of the five 2000 Myr old popula-
tions (as well as the smaller mass fractions of 1200 and 1600 Myr
populations) can be reliably detected with a composite model, and
an SSP fit is the preferred fit as dictated by our analysis method.
Thus, even bursts as small as 1 per cent in mass as far back as
800 Myr ought to have been detectable. Only bursts that contribute
>4 per cent in mass ought to have been detectable if they occurred
1-2 Gyr ago.

Looking at the mass accretion histories suggested by the recent
hydrodynamical simulations of the ‘cold mode accretion model’ (Li
et al. 2015; Prasad et al. 2015), we find that typically the deposition
of cold gas on to the central BCGs occurs via groups of episodic
events occurring in quick succession, with each individual event
expected to give rise to a starburst. This, in turn, led us to inves-
tigate whether it is possible to detect differences in the composite
spectra if the young population was formed in a recent single or a
sequence of multiple bursts (spread out over the last Gyr). After all,
stellar population analysis assigns a most probable, but very rarely
a unique, SFH to a galaxy.

Using the same stellar population models used in the preceding
analyses, we construct composite spectra corresponding to the case
where the young population is formed via a single recent burst, or
via a sequence of bursts (every 200 Myr over the past Gyr). We
prepare these spectra in the same manner as described above and
again analyse these in the exactly as we analyse the observational
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Figure 2. Upper: the fit to the inner (left) and outer (right) aperture of Abell 1835, an example of vigorous recent star formation. Middle: the fit to the inner
(left) and outer (right) aperture of MS 1455422, an example of moderate recent star formation. Lower: the fit to the inner (left) and outer (right) aperture of
Abell 1689, an example of an old, passively evolving BCG. The residuals are shown in the bottom panel, along with the 1o error (calculated from the error
spectra which include Poisson as well as systematic noise) in green. The emission lines (red) were masked to fit the underlying absorption features.

data. In Fig. 3, we show an example where the young component
comprises 1, 3 and 5 per cent of the total stellar mass. We find that if
the star formation episode(s) are small (cumulatively contributing
less than ~3 per cent of the stellar mass in the last Gyr), then there
are no discernible features that will identify previous (repeated)

bursts beyond the most recent (and the luminous) star formation
episode. Only if the episode(s) are large (cumulatively contributing
more than ~5 per cent of the total stellar mass in the last Gyr),
do the predicted spectra corresponding to the single and repeated
bursts show prominent detectable differences. We note, however,
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Table 3. Grid illustrating the ages and errors of the best fits (SSP versus composite models) for mock spectra of different mass
fraction contributions of a young stellar population superposed on a 15-Gyr population. The best fits (lowest x> and uncertainty) are

indicated in bold.

Age and mass fraction contribution of young stellar component

1 per cent 2 per cent 3 per cent 4 per cent 5 per cent

200 Myr

SSP 4550 = 200 3066 = 93 1602 £ 47 1324 +25 1160 &+ 19

Composite 208 = 35 205 =19 208 = 16 205 +13 206 = 12
400 Myr

SSP 6699 + 402 3994 + 300 3078 £ 114 2770 + 157 1675 £ 90

Composite 394 + 154 369 + 54 368 + 40 368 + 32 377 £ 30
800 Myr

SSP 12 085 £ 937 9618 + 854 8659 + 753 7778 + 534 6273 + 358

Composite 1396 £ 760 1138 + 315 1005 £ 217 919 + 180 819 + 142
1200 Myr

SSp 13 444 + 831 11 863 £ 911 10 619 + 918 9885 + 893 9383 + 837

Composite 3094 + 9893 2495 + 4840 2378 £ 5336 1698 + 574 1591 + 339
1600 Myr

SSP 13570 + 851 12 608 + 861 12 321 + 869 11 482 + 882 10 944 £ 905

Composite 3416 + 3226 3428 + 2854 2403 + 1340 2839 + 1112 1612 £ 759
2000 Myr

SSP 14 187 + 874 13 627 + 859 12 924 £ 901 12 365 + 861 11786 + 874

Composite 2409 + 5894 3520 £+ 5312 3463 £+ 3123 3029 £ 2068 2606 £ 1844

that the above conclusion is specific to the Salpeter IMF. In Section
4.4, we examine the implications of an IMF that is more bottom
heavy than Salpeter.

4.2 Intermediate components

Galaxies where the observed spectra are best represented by an SSP
model of an intermediate age are the most common in this sample
(Table 2), but also the most difficult to assign a unique SFH to.

In general, the SSP ages determined for the inner and outer aper-
tures agree within the error bars; however, there are four BCGs
(Abell 611, Abell 963, Abell 2537, MS 0440+4-02) that show sig-
nificantly older luminosity-weighted SSP ages in their outer bins
compared to the inner bins (all labelled red cores in Bildfell et al.
2008). Age gradients for local BCGs are shallow on average (Loub-
ser & Sanchez-Bldzquez 2012), but can show remarkable scatter
that are reflective of the BCG accretion history (Oliva-Altamirano
et al. 2015). It is likely that the intermediate aged galaxies, and in
particular the four BCGs with large age gradients, have had active
evolutionary paths and possibly bursts of star formation over cos-
mic time, generating one or more younger (but older than 2 Gyr)
stellar population components superposed on an old population.
This is especially likely for the four BCGs (Abell 611, Abell 963,
Abell 2537, MS 0440+-02) where the outer apertures indicate that
the majority of the stars are ~14 Gyr old, and where all four host
clusters have cooling times below ~2 Gyr (see Fig. 9).

We have conducted different tests on the stellar population fits
to the above-mentioned galaxies. We found that even though the
galaxy might have experienced a complex evolutionary path that
differs from passive evolution, an SSP is still the preferred fit as the
extraction of different age components that are closer to each other
in age (and older than 2 Gyr) from the integrated spectra is often
not reliable because of the similarity in the integrated stellar spectra
of older populations.
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We show an example of how the SSP fit converges, for dif-
ferent initial estimates for the age and metallicity, for the inner
component of Abell 611 in Fig. 4. The SSP fits are a reliable
luminosity-weighted estimate of the stellar population age, and
will be heavily biased towards an intermediate age if even a small
younger/intermediate population is present.

Focusing on the spread in the SSP ages for the inner apertures of
the intermediate component galaxies (from Table 2), we find that
the intrinsic scatter in the ages dominates the statistical errors on the
ages. The observed rms of log(age) is found to be 0.094, whereas
we estimate a dispersion of 0.051 from the statistical uncertainties
in the log of the SSP ages. Under the assumption that these follow
a normal distribution in log(age), we obtain an intrinsic rms of
0.079 in log(age). This intrinsic scatter suggests a variety in the
evolutionary histories of the intermediate galaxies.

4.3 Old, ‘red and dead’ BCG

Only one BCG (in Abell 1689) best resembles an old, entirely
passively evolving population (Fig. 2). This galaxy is also recorded
as a ‘red’ core in Bildfell et al. (2008), and is the only BCG in
this X-ray luminous cluster sample that is unlikely to have had star
formation episodes during its evolution.

4.4 Effect of uncertainty in the IMF and metal abundances

Recent observational evidence suggests a variable IMF that be-
comes progressively more bottom heavy with mass in early-type
galaxies (Conroy & van Dokkum 2012). We have repeated the tests
described in Section 4.1, where we built composite spectra given
a particular SFH, but using a very bottom-heavy (slope 2.8) IMF
instead of a Salpeter IMF (slope 2.3). An example, where 5 per cent
of the total stellar mass is formed in the last Gyr, is shown in
Fig. 5. The differences between a single and multiple burst scenar-
ios are now less pronounced. Now in order to recover a spectrum
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Figure 3. Composite spectra expected for broadly different SFH scenarios

with at least one episode of star formation during the last Gyr. The different

scenarios are a single recent burst (forming 1 per cent of the total stellar mass), small repeated bursts (forming 1 per cent of the mass), a larger single recent

burst (forming 5 per cent of the mass) and repeated bursts (forming 5 per cent

resembling that of the inner aperture of Abell 1835 (Fig. 2), a very
recent burst with a mass contribution of more than 10 per cent is re-
quired. This is much larger than SFRs observed in the UV (Section
5.1; Pipino et al. 2009; Donahue et al. 2015), or the bursts predicted
by the hydrodynamical simulations (Li et al. 2015; Prasad et al.
2015). Our main conclusion from these tests is therefore: if the IMF
in star-forming BCGs is more bottom heavy than a Salpeter IMF,

of the mass). The SFR is given as M, yr!

normalized to 1 M.

then it is much more difficult to distinguish multiple star forma-
tion episodes in the last Gyr from one recent, larger star formation
episode.

The large central galaxies in rich clusters are very metal rich in
general (see Loubser et al. 2009 for stellar populations of nearby
BCGs), and the measured metallicity is frequently limited by the up-
per limit of where the empirical stellar population models ([Fe/H]
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Figure 4. An example of how the SSP fit converged for the inner compo-
nent of Abell 611. Different starting estimates were given for the age and
metallicity and the fit converged on the solution presented in Table 2.
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Figure 5. Composite spectra expected for different SFH scenarios where
there is at least one episode of star formation during the last Gyr, assuming
a very bottom-heavy IMF. The different scenarios are a larger single recent
burst (forming 5 per cent of the mass), and repeated bursts (forming 5 per cent
of the mass). The SFR is given as M, yr~! normalized to 1 Mg . If the
IMF in star-forming BCGs is more bottom heavy than a Salpeter IMF, then
it is much more difficult to distinguish multiple star formation episodes in
the last Gyr from one recent, larger star formation episode (compared to a
Salpeter IMF in the bottom right-hand panels in Fig. 3).

= 0.2 dex in Vazdekis/MILES models using solar-scaled Padova
(Girardi et al. 2000) isochrones) are considered reliable (Vazdekis
et al. 2010). As mentioned in Section 3, we do not extrapolate by
including corrections from computationally derived model atmo-
spheres, as this introduces uncertainty and will not influence the
detection of a younger stellar component. Our stellar population
results, measured from the blue part of the spectrum and the higher
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order Balmer lines, are insensitive to variations in supersolar abun-
dances, like [a/Fe] (Vazdekis et al. 2015). Kauffmann et al. (2003)
(their fig. 3) show that in galaxies with young stellar populations
(i.e.galaxies with D4000 < 1.6), the difference between the mea-
surements of blue features, like H§ and D4000 measurements on an
index—index plot is significantly larger between models of recent
starbursts and models of continuous star formation, than between
the same models at different metallicities (Zg and 2.5 Z¢)).

5 ANALYSIS

5.1 Comparison with previous results from UV data

Our results for the subsample (Abell 1835, Abell 1942 and
Abell 2390) that overlaps with the sample that Pipino et al. (2009)
examined via a joint analysis of near-ultraviolet [NUYV, from Galaxy
Evolution Explorer (GALEX)] and optical photometric data agree
very well with their findings, including their characterization of
‘blue cores’, which they detect in Abell 1835 and Abell 2390 in
which we also find young components, but not in Abell 1942 where
we do not find a young component. Similarly, our findings for the
subsample of BCGs (Abell 383, Abell 209, Abell 2261, Abell 611)
also agree with the results of the UV analysis by Donahue et al.
(2015). They find a UV excess possibly associated with star forma-
tion in Abell 383, where we also find a young component, but not in
the three other BCGs, where we too do not find young components.

Asmentioned in Section 4.1, all the young stellar components that
we detect in the BCGs contain stars that are no more than 200 Myr
old, and we ought to have been able to detect stellar populations with
a minimum age between 200 Myr and 1 Gyr in the other systems, if
present. Pipino et al. (2009) also found that the recent star formation
in blue core BCGs typically had an age less than 200 Myr. They
suggest that these systems have been repeatedly forming stars for
most of their lifetime, which is more plausible than catching these
systems all within 200 Myr of a single burst of star formation. In
addition, if the latest generation of stars were ~1 Gyr, then we would
expect to see some BCGs in cool-core systems showing ‘E+4A’-type
characteristics in their optical spectra.

Pipino et al. (2009) estimate the SFH of each galaxy in their
sample by comparing the NUV and optical photometry to a li-
brary of synthetic photometry, generated using a large collection
of model histories. They have found Abell 1835 to be star forming
at 120 Mg yr~', and Abell 2390 at a much lower 5 Mg yr~'.
These estimates are qualitatively in excellent agreement with our
findings of an unusually high mass fraction of young stars in
Abell 1835 (Fig. 2), and a much lower mass fraction of young
stars in Abell 2390. We do not fit the shape of the continuum when
measuring absorption lines and fitting stellar population models,
minimizing the effect of dust obscuration. Our detections or non-
detections of young stellar components, and the mass fractions of
the young stellar components, are therefore robust. We also note
that Rawle et al. (2012) find low Ha extinction for all but the most
infrared luminous BCGs, compared to similar normal star-forming
galaxies, implying that the gas in the BCGs is, in general, signifi-
cantly less dusty.

5.2 Host cluster X-ray properties

There are two thresholds in the surrounding medium of the host
cluster that determine whether star formation in BCGs is allowed,



and at what rate: a threshold in central entropy, Ky, and a threshold
in the ratio of cooling time to free-fall time, . /#.

A sharp threshold for star formation in BCGs is found at
Ky < 30 keV cm? (Cavagnolo et al. 2008). This entropy criterion
divides BCGs with various observed indicators for star formation
from those without it (Voit & Donahue 2015), and indicates that
some combination of thermal conduction and suppression of ther-
mal instability prevent condensation and star formation in systems
of greater core entropy. This observed threshold also translates as
a central cooling time of 7. o < 1 Gyr, as t. ¢ and K are closely
related. Below the central entropy threshold, short cooling times en-
hance the likelihood of steady or intermittent gas flow from the ICM
to the galaxy (McCarthy et al. 2008). As introduced in Section 1,
this is a necessary but not sufficient condition for star formation to
occur.

Precipitation (leading to star formation) in the centres of cool-
core clusters is tightly linked to the minimum ratio of the cooling
time over the free-fall time, z. /t;; (Gaspari et al. 2012; Sharma et al.
2012; Li et al. 2015; Prasad et al. 2015; Voit et al. 2015), where the
cooling time, 7., is an estimate of the time it would take for a parcel of
cluster gas to radiate all of its energy at its current X-ray luminosity,
Lx. The theoretical framework has clarified the conditions under
which condensation of a low-entropy core can produce multiphase
structure and indicates that the threshold for precipitation is #. /f ~
10 (Singh & Sharma 2015, but see Meece, O’ Shea & Voit 2015), and
correlates with the total amount of multiphase gas (Voit & Donahue
2015). Thus, below the #. /#;; threshold the thermal instabilities grow
and the gas becomes multiphase gas that falls in, and fuels the AGN
cycle and the star formation (i.e. a sufficient condition for star
formation to occur).

In this section, we explore how the K and ./t criteria relate
to the detected young stellar components, and we compare the
luminosity-weighted SSP ages of the BCGs (without very young
components) to the X-ray properties of the host clusters (projected
distance between BCG and X-ray peak Rz, central cooling time 7. o,
central entropy Ky and minimum cooling to free-fall time-scale ratio
t./tr). We use the central measurements of the clusters by Mahdavi
et al. (2013) from the high-resolution Chandra and XMM-Newton
X-ray data for the CCCP sample.

In Fig. 6, we plot the SSP luminosity-weighted ages of the inner
regions against the projected distance between the BCG and the
X-ray peak of the cluster, R, (in kpc). The four galaxies with very
young components (blue diamonds) are all located <5 kpc from the
X-ray peak, and the figure emphasizes this as a necessary but not
sufficient condition for star formation. Whenever a significant star
formation is observed in the BCG, its position is within few kpc
from the X-ray centre.

We plot the SSP luminosity-weighted ages of the inner apertures
against the central entropy, K, (in keV cm?), and central cooling
time, t. o (in Gyr), in Figs 7 and 8. The four galaxies with very
young components all have central entropy <32 keV c¢cm?, and
central cooling time <0.6 Gyr.

We also plot the SSP age gradients (log outer bin age — log inner
bin age) against cooling time for all the galaxies without a (very)
young stellar component in Fig. 9. There are interesting trends
apparent in this plot. First, the BCGs with the oldest stars in the
outer bin all reside in clusters with central cooling time <2 Gyr
while those with intermediate (4—10 Gyr) SSP ages typically live in

2 We use the central entropy measured by Mahdavi et al. (2013) and follow
their notation of Ky = K(20 kpc) keV cm?.
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Figure 6. SSP ages of the inner apertures plotted against the X-ray offsets,
Rofr. The four galaxies with very young components (blue diamonds) are all
located <5 kpc in projection from the X-ray peak, and the X-ray offsets of
these galaxies are plotted at Log (SSP age) = O for reference.
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Figure 7. SSP ages of the inner apertures plotted against central entropy,
Ky. The four galaxies with very young components all have central entropy
<32 keV cm?. The central entropy of these galaxies are plotted at Log (SSP
age) = 0 for reference.
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0.6 Gyr, and the cooling times of these galaxies are plotted at Log (SSP age)
= 0 for reference.
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Figure 9. The SSP age gradients (difference between outer and inner bins)
against central cooling time for all the galaxies without young components
(i.e. galaxies adequately described by a single stellar population). The sym-
bols are colour coded according to the SSP age of the outer bin.

clusters with long cooling times >2.5 Gyr. And second, the latter
systems generally show shallow SSP age gradients, with stars in
the inner bin being approximately 20-30 per cent younger while
the BCGs residing clusters with shorter central cooling times show
a much wider dispersion in the age gradients, the SSP ages of the
stars in the inner being as young as a quarter of the SSP age of stars
in the outer bin.

The results are intriguing, and seem to suggest that BCGs in
clusters with moderate to long central cooling times are somewhat
younger systems and that the shallow age gradients suggest galaxy-
wide star formation perhaps associated with the last major merger
that established the cluster/BCG system. On the other hand, any
system-wide star formation in BCGs living in the cool-core clusters
happened a long time ago, if at all, as indicated by the old stellar
ages in the outer bin, and the dispersion in the age gradient suggests
that any secondary star formation that happens is largely confined
to the central regions. In previous studies, SSP age gradients have
been shown to correlate with galaxy mass and kinematics but not
the local environment (Kuntschner et al. 2010; McDermid et al.
2015), as this plot seems to suggest. A thorough investigation of the
intriguing relationship between age gradients and BCG dynamic
properties will be presented in a follow-up study, but we have looked
at the relationship between cluster mass and BCG age gradients
and do not see any relationship. The only strong trend appears to
be with the central cooling time and the gas thermal instability
parameter (z./ty) and, therefore, one tantalizing possibility is that
the star formation signature may possibly be related to the longer
term heating—cooling cycles in the cluster cores. Regardless, Fig. 9
shows that a spatially resolved SSP analysis offers the possibility to
resolve SFHs in BCGs despite the degeneracy that causes composite
stellar population models to be unreliable for BCGs without star
formation in the last Gyr.

We calculate the 7./ ratio by using the redshift of the BCGs, the
M5 lensing mass of the clusters (Hoekstra et al. 2015), the #. ¢ (as
described above) and the X-ray derived cluster concentration value
(Mahdavi et al. 2013), assuming a Navarro—Frenk—White (NFW)
profile (Navarro, Frenk & White 1996). The M5y, mass is the mass
enclosed within a radius where the mean density is 500 times the
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Figure 10. SSP ages of the inner apertures plotted against minimum ratio
tc/tge. The minimum #./t of the four BCGs with young components are
shown at Log (SSP age) = 0 for reference.

critical density.> One caveat of the NFW assumption (that does not
include the potential of the central BCG) is that it can lead to smaller
values of 7. /t;z. We propagate the measurement errors, and we find
a good agreement with this derivation of the #./ty ratio compared
to the calculations in Voit & Donahue (2015) for the CCCP clusters
in common with the ACCEPT cluster catalogue (Cavagnolo et al.
2009). We find one value (for the BCG in Abell 1763) that is
extremely large due to an unusually small concentration value and
exclude it from further analysis. In Fig. 10, we compare the SSP
ages for the inner apertures with the #. /# ratio, where we also plot
the 7. /t;; ratios of the four BCGs with prominent young components
at Log (SSP age) = 0 for comparison. Our results show that the four
BCGs with young components are all located below the threshold
for precipitation of z. /t; ~ 10.

Itis still possible that gas is present in BCGs with #. /t > 10. This
is because the cold precipitation and the ensuing AGN feedback,
which can intermittently raise the central cooling time, proceeds in
cycles. Within this cycle, there can be a significant delay* of up to
2 Gyr between when the ICM cooling rate is suppressed (increase in
t./t) due to AGN heating and when SFR starts to decline at the end
of the cycle due to the consumption of the cold gas. The simulations
of Lietal. (2015) show that #. /#;+ can fluctuate between ~5 and ~20
while star formation is happening. Therefore, the relation between
SFR and gas cooling rate (or #./#y) at a particular moment in time
is not linear, but the two quantities are related in that star formation
generally occurs only when #./#; is close to the critical value for
precipitation (Li et al. 2015; Voit et al. 2015).

‘We would like to draw attention to the results of MS 0440-+02,
where Ry ~ 0.9 kpc, and Sy ~ 30keV cm?, and ./t barely above
10, but where no prominent young stellar component is detected.
This non-detection of a young component is unconventional given
the combination of the three properties. This is one of the four BCGs
in this sample (Abell 611, Abell 963, Abell 2537, MS 0440+402)
with a large age gradient between the luminosity-weighted SSP age
of the inner and outer apertures. The outer apertures indicate that
the majority of the stars are ~14 Gyr old, and all four host clusters

3 All calculations are done assuming Ho = 70 km s~! Mpc~!.

4 This is model dependent. The delay in the simulations of Prasad et al.
(2015) is shorter than those in Li et al. (2015) because of smaller jet
efficiencies.



have cooling times below ~2 Gyr (see Fig. 9). It is thus very likely
that these galaxies (and in particular MS 04404-02) have had active
evolutionary paths and possibly bursts of star formation over cosmic
time, generating one or more younger (but older than 2 Gyr) stellar
population components superposed on an old population. It is worth
mentioning that this system was found to have a red core in Bildfell
et al. (2008) but with very high B-band luminosity. Chapman et al.
(2002) had previously found a significant amount of red dust in
the galaxy and the high-resolution imaging in Bildfell et al. (2008)
showed a double nucleus feature that could be due to the presence
of a dust lane. Bildfell et al. (2008) speculated that the system
may be hosting dust-shrouded star formation, although the study
by Hoffer et al. (2012) did not detect dust-obscured star formation.
From the X-ray properties and theoretical framework, you would
expect to see star formation. Given our analysis, dust is unlikely
to obscure a young stellar component, but the absence of a young
stellar component can be due to the potential for hysteresis in the
precipitation cycle (Li et al. 2015; Voit et al. 2015). Voit & Donahue
(2015) discuss the absence of star formation in low entropy systems,
as conduction can potentially prevent gas from condensing in the
cores.

As mentioned in Section 2, the clusters that we did not observe
in the allocated time are Abell 2204, Abell 2218, Abell 2219,
Abell 521, Abell 697. These are all listed as red cored galaxies
in Bildfell et al. (2008), except for Abell 2204 which is a known
blue core BCG. According to this, and their environment charac-
teristics as listed in Table 1, these galaxies fit the trends described
above and we conclude that these systems would sit alongside the
other systems with similar characteristics.

6 SUMMARY AND CONCLUSIONS

We investigate the stellar population properties in BCGs located in
the very centres of a subset of the CCCP sample of X-ray luminous
clusters at redshift 0.15 <z < 0.3. Specifically, we observe and
analyse the absorption line spectra in the blue optical wavelength
range. The latter confers the advantage of us being able to robustly
identify very young <1 Gyr populations in some of these BCGs. We
also find a large variety in stellar population properties, and most
likely SFHs, in this sample of BCGs that indicates a diverse set of
complex, non-passive, evolutionary paths.

We detect prominent young (~200 Myr) stellar populations in
four of the 19 galaxies. We constrain the mass contribution of these
young components to the total stellar mass to be typically between 1
and 3 per cent. The BCG in Abell 1835 is, however, unusual in that
it shows remarkable A-type stellar features indicating a relatively
large population of young stars (7 per cent of the total stellar mass),
which is extremely unusual even amongst star-forming BCGs. We
also show that a spatially resolved SSP analysis of stellar age gradi-
ents within individual BCGs offers the possibility of resolving SFHs
in BCGs without star formation in the last Gyr despite the degen-
eracy that causes composite stellar population analyses to become
unreliable in such systems.

We also explore the relationship between the SFH and the local
environment of the BCGs. We find that the four BCGs with strong
evidence for recent star formation (and only these four galaxies) are
found within a projected distance of 5 kpc of their host cluster’s X-
ray peak, and the diffuse, X-ray gas surrounding the BCG exhibits
aratio of the radiative cooling-to-free-fall time of . /#¢ < 10. These
galaxies also have some of the lowest central entropy, all hosted
by clusters with S; < 32keV cm?. The stellar population results
are consistent with a UV photometric analysis, in showing a large
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variety of SFHs (Donahue et al. 2015), as well as the age and mass
contribution of the young components (Pipino et al. 2009) in clusters
with low entropy, thermally unstable cores.

Our results are consistent with the predictions of the intermittent
precipitation-driven star formation and AGN feedback model, in
which the radiatively cooling diffuse gas is subject to local thermal
instabilities once the instability parameter z./t; falls below ~10,
leading to the condensation and precipitation of cold gas. In this
model, radiative cooling of the thermally unstable gas causes the
condensation and precipitation of cool clouds out of the hot medium
surrounding the BCG, which then rain down on to the BCG and
fuel star formation as well as the central supermassive black hole.
The resulting AGN feedback heats the diffuse gas, temporarily
suppressing the further formation of the thermal instabilities. This,
in turn, eventually leads to a shutdown of AGN feedback and star
formation, setting the stage for the next cycle.

Consider a population of BCGs where all the conditions (R,
Ky and 1. /1) that will make the BCGs susceptible to the cycles of
star formation are satisfied. In the event of continuous, or recurring
bursts of star formation repeating on a time-scale of 200 Myr or
shorter, the youngest (~100-200 Myr), most luminous stellar com-
ponent is the most dominant young component. On the other hand,
if the burst recurrence time-scale is of the order of ~1 Gyr, then we
find that the young component will only be detected for 20 per cent
of the time, and a component between 200 and 1000 Myr will be
observed 80 per cent of the time. Our sample of BCGs, where all
four BCGs that reside in host clusters that satisfy all the criteria
from star formation episodes show a very young stellar component,
suggest a time-scale for star formation to restart on the order of
~200 Myr, or less.
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