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BCGs and CGs
They are not always the same
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Cooling Flows

The cooling time scale for the X-ray emitting gas in the central parts of some 
clusters is shorter than the Hubble time 

Figure 1: False-color images of the galaxies and intracluster plasma in the galaxy cluster SPT-
CLJ2344-4243. (a): This color-composite image of SPT-CLJ2344-4243 is based on an RGB com-
bination of optical r, i, z images. Galaxies which make up the galaxy cluster share a common
brown color, due to their similar star formation histories and common distance. The central galaxy,
which is both the most massive and most luminous galaxy in the cluster, is considerably bluer than
the rest of the member galaxies, suggesting significantly younger stellar populations. This is more
obvious in the zoomed-in inset. The lower right inset, which shows an ultraviolet color-composite,
reveals a bright UV source, with no accompanying emission from the surrounding member galax-
ies. Dotted lines represent the orientation of the optical and near-IR long-slit spectra. (b): This
false-color image shows the adaptively-smoothed X-ray data, with photon energies from 0.7–2.0
keV (to minimize AGN contribution), of SPT-CLJ2344-4243. This image clearly shows the lu-
minous, centrally-concentrated core, as well as the relatively smooth, relaxed morphology of the
intracluster medium. White contours represent the SZ decrement (significance levels of 5, 10, 15,
20, 25) against the cosmic microwave background. The circularity of these contours agree with the
scenario that this system is not currently undergoing a a major merger with another galaxy cluster.
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Very blue BCG

We’ll hear a lot more about this from 
Michael McDonald and others on 
Wednesday.

SPT-CLJ2344-4242 at z=0.6



BCGs are distinct
Distinct from the general population of giant elliptical galaxies (von den Linden et al. 2007)

Compared to elliptical galaxies, BCGs

• are physically larger and often have very 
extended light profiles (cD galaxy)

• are dynamically distinct (e.g. higher velocity 
dispersions for their mass)

• are often radio loud AGN (but tend to lack 
optical signatures of AGN activity)

• have weaker optical emission lines. If there is 
line emission, it is more consistent with a 
LINER rather than a Seyfert galaxy.

• are alpha element enhanced
Combined VLT/ISAAC and HST images of  
RDCS1254-2929 at z=1.23



Distant BCGs
Examples can be identified out to z~1.5, and their past can be tracked in numerical 
simulations

A&A 524, A17 (2010)

1. Introduction

Galaxy clusters at high redshift provide us with a unique yet
rare chance to investigate the effect of the highest density envi-
ronments on the evolution of galaxy populations. Due to the ex-
treme rarity of massive galaxy clusters, and especially more so at
early cosmic epochs, even wide-area deep surveys do not probe
these peculiar environments which thus need to be searched and
identified in specifically designed surveys, and then followed-up
with observations across a wide range of wavelengths in order to
maximize the scientific return of their discovery.

Thanks to considerable efforts with on-going cluster sur-
veys, which are utilizing a variety of methods (e.g., Gladders
& Yee 2000; Rosati et al. 2002; Eisenhardt et al. 2004; Wilson
et al. 2005; Wittman et al. 2006; Fassbender 2008; Staniszewski
et al. 2009; Andreon et al. 2009; Demarco et al. 2010, and refer-
ences therein), the number of known high-redshift clusters is in-
creasing, however only a handful of spectroscopically confirmed
galaxy clusters beyond redshift 1.3 have been discovered to date
(Mullis et al. 2005; Stanford et al. 2005, 2006; Eisenhardt et al.
2008; Wilson et al. 2009; Papovich et al. 2010; Tanaka et al.
2010).

Galaxy clusters at such high redshifts are not only important
for studying the emergence of the large scale structure and for
constraining cosmological models, but also specifically for the
evolution of massive early-type galaxies which seem to dom-
inate massive cluster galaxy populations even beyond redshift
one. The further back in cosmic time we can reach, and thus
the closer we can get to the major stages of the galaxy forma-
tion process, the tighter are the constraints we can set on the
evolution of these galaxies, as well as on the relevance of the
cluster environment in shaping their physical properties (among
many others, Toft et al. 2004; Blakeslee et al. 2006; Andreon
2006; Strazzullo et al. 2006; De Propris et al. 2007; De Lucia
et al. 2007; Kodama et al. 2007; Holden et al. 2007; Zirm et al.
2008; Andreon 2008; Lidman et al. 2008; Gobat et al. 2008;
Muzzin et al. 2008; Rettura et al. 2010; Mei et al. 2009; Collins
et al. 2009; Hilton et al. 2009; Rosati et al. 2009, and references
therein).

While the detailed study of galaxies with stellar masses
M <∼ 1010 M⊙ is still limited at z > 1, even with the current
generation of 10 m class telescopes, massive galaxy populations
can be studied out to high redshift in sufficient detail, in terms of
their structure, star formation histories, and stellar masses. These
studies allow us to constrain the evolution of massive galaxies in
more nuances than the old, and now widely superseded in its
original form, “monolithic vs. hierarchical” question. This pro-
vides valuable input to theoretical modeling of galaxy evolution,
the detailed comparison of cluster and field galaxies being one
of the many examples (Menci et al. 2008; Romeo et al. 2008).

Taking advantage of the full range of available observations,
across the widest possible range of cosmic epochs and envi-
ronments, has become particularly important in order to probe
different aspects of galaxy evolution, and to test specific pre-
dictions of theoretical models. As an example, the introduction
of various forms of so-called feedback mechanisms to modu-
late galaxy evolution has reconciled previously considered “anti-
hierarchical” observations with hierarchical predictions (e.g.,
De Lucia et al. 2006; Bower et al. 2006, and references therein),
and elucidated the decoupling between star formation and mass
assembly histories of massive galaxies. In order to probe these
two processes independently, galaxy evolution has to be stud-
ied by directly sampling galaxy populations up to the highest
redshifts.

Fig. 1. A color image of XMMU J2235 obtained by combining the ACS
F775W and F850LP and NICMOS F160W images (North is up, East to
the left). The image shows a region of about 2× 2 arcmin2, correspond-
ing to about 1 × 1 Mpc2 at the cluster redshift.

In this work we present multi-wavelength observations of
the X-ray luminous galaxy cluster XMMU J2235-2557 (Mullis
et al. 2005, hereafter XMMU J2235, RA = 22h35m20s.82,
Dec = −25◦57′40.3′′, J2000) at z = 1.39, which is the most
massive virialized structure discovered beyond redshift one (Jee
et al. 2009; Rosati et al. 2009), spectroscopically confirmed with
30 cluster members with redshift in the range 1.37 < z < 1.41.
This is a follow-up work of the first multi-wavelegth analysis
presented in Rosati et al. (2009), which uses an enhanced data
set and is aimed at obtaining a more comprehensive picture on
the star formation, stellar mass distribution, and morphological
structure of the galaxy populations in the cluster central regions.

Throughout this paper, we adopt a H0 = 70 km s−1 Mpc−1,
ΩM = 0.3, ΩΛ = 0.7 cosmology, and the AB magnitude system.

2. Data and derived quantities

2.1. Observations and catalog production

This work is based on a multi-wavelength dataset collected in the
field of XMMU J2235 with the VLT and HST in the wavelength
range 3500 Å to 2 µm. In the following we use VLT photometry
(VIMOS U, FORS2 R, HAWK-I J and Ks) and spectroscopy
(FORS2), and HST photometry (ACS F775W and F850LP –
hereafter i and z, and NICMOS F160W – hereafter H). A de-
scription of the first available HST/ACS data and VLT spectro-
scopic campaign has been published in Rosati et al. (2009); in
this work we use the full presently available ACS dataset, includ-
ing images from program GO-10496 (Dawson et al. 2009), as
was presented in Jee et al. (2009). VLT/HAWK-I data have been
published in Lidman et al. (2008), while VLT/FORS2 imaging
was presented in Mullis et al. (2005), thus we refer to these pa-
pers for a full description of these observations.

The NICMOS F160W data we used in this work were ob-
tained in August 2008 (GO 14, Proposal ID 10531, PI: Mullis),
resulting in a mosaic of about 2.5 × 2.5 arcmin2 with an average
exposure time of ∼1 h.
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ACS/NICMOS image of XMMU J2235-2557 at z=1.4 from 
Stazzulo et al. (2010)

The hierarchical formation of BCGs 5

where the mean H column density is given by

⟨NH⟩ = Mcold

1.4mpπ(a r1/2)2
atoms cm−2.

In the previous equation, r1/2 is the half-mass radius of the disc
and a = 1.68 is such that the column density represents the mass-
weighted average column density of the disc, which is assumed to be
exponential. As in Hatton et al. (2003) – see Guiderdoni & Rocca-
Volmerange (1987) for details – the extinction curve depends on the
gas metallicity Zg and is based on an interpolation between the solar
neighbourhood and the Large and Small Magellanic Clouds (s =
1.35 for λ < 2000 Å and s = 1.6 for λ > 2000 Å). The adopted
extinction curve for solar metallicity is that of Mathis, Mezger &
Panagia (1983). Finally, we assign a random inclination to each
galaxy and apply the dust correction to its disc component using a
‘slab’ geometry (see Devriendt et al. 1999).

In addition to this extinction from a diffuse ISM component,
we have also implemented a simple model to take into account
the attenuation of young stars within their birth clouds, based on
Charlot & Fall (2000). Stars younger than the finite lifetime of stel-
lar birth clouds (which we assume to be equal to 107 yr) are sub-
ject to a differential attenuation with mean perpendicular optical
depth:

τBC
λ = τBC
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"
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where µ is drawn randomly from a Gaussian distribution with
centre 0.3 and width 0.2, truncated at 0.1 and 1 (see Kong et al.
2004).

4 A C A S E S T U DY

In the framework of a hierarchical scenario, the history of a galaxy
is fully described by its complete merger tree. Whereas in the mono-
lithic approximation the history of a galaxy can be described by a set
a functions of time, hierarchical histories are difficult to summarize
in a simple form, because even the identity of a galaxy is sometimes

Figure 1. BCG merger tree. Symbols are colour-coded as a function of B − V colour and their area scales with the stellar mass. Only progenitors more massive
than 1010 M⊙ h−1 are shown with symbols. Circles are used for galaxies that reside in the FOF group inhabited by the main branch. Triangles show galaxies
that have not yet joined this FOF group.

ill defined. In hierarchical models, ‘a galaxy’ should not be viewed
as a single object evolving in time, but rather as the ensemble of its
progenitors at each given time. In this section, we focus on a single
model BCG and describe the formation and assembly history of its
stars in detail. This allows us to define and illustrate the behaviour of
quantities that capture different aspects of BCG evolution. We will
use these quantities later (in Section 5) to describe BCG formation
in a statistical fashion.

4.1 Trees and branches – definitions

Fig. 1 shows the full merger tree of the central galaxy of a dark
matter halo of mass M200 = 8.9 × 1014 M⊙ at z = 0. The BCG
itself lies at the top of the plot (at z = 0), and all its progenitors (and
their histories) are plotted downwards going back in time recur-
sively. Galaxies with stellar mass larger (respectively smaller) than
1010 h−1 M⊙ are shown as symbols (respectively lines), and are
colour-coded as a function of their rest-frame B − V colour. The
left-most branch in Fig. 1 represents what we will hereafter refer to
as the main branch. This particular branch is obtained by connecting
the galaxy at each time-step to the progenitor with the largest stellar
mass (the main progenitor) at the immediately preceding time-step.
It is tempting to consider this branch as the BCG itself, and the ob-
jects that merge on to it as other progenitors of the BCG. A clear
distinction between ‘main’ and ‘other’ progenitors is indeed often
quite appropriate – typically for late-type galaxies – and it is satisfac-
tory as long as galaxies merging on to the main branch have stellar
masses that are much smaller than the current mass of the main pro-
genitor. In this case, the evolution of the BCG can be characterized
by a series of accretion events (of much smaller objects) that do not
introduce major changes in the stellar population or identity of the
BCG itself.

This simple summary of a merger tree is however not sufficient to
describe histories as complex as those of BCGs (see also Neistein,
van den Bosch & Dekel 2006). Fig. 1 shows that in our case study,
the main branch captures the evolution of the BCG itself for the
last ∼8 Gyr. Before that time, the main progenitor of the BCG is
only marginally more massive than progenitors in other branches.
At this point, choosing one branch or another becomes arbitrary and
a single branch is certainly a poor proxy for describing the evolution
of the BCG and of its stellar population. In the following, we will
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Merger tree from De Lucia and Blaizot (2007)
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The stellar mass growth of BCGs 

Observationally, it was difficult to pin down, because of two effects

Numerical simulations inform us that stellar mass of BCGs below z~2 mainly 
grow through dissipationless (i.e. dry) mergers8 G. De Lucia and J. Blaizot

its stellar content. Interestingly, the total stellar content of all the
progenitors of the halo increases very rapidly and stays constant
after redshift ∼1. This indicates that many substructures accreted
below redshift ∼1 survive as independent entities to the present day
so that their galaxies do not contribute to the stellar content of the
halo.

5 S TAT I S T I C A L R E S U LT S

In the previous section we have analysed in detail the formation
and assembly history of one BCG chosen as a case study, and
we have related these histories to the history of the parent halo
itself. In this section, we extend this analysis to a statistical sam-
ple of BCGs selected from our simulation and study the dispersion
in the quantities defined above. This is of particular interest be-
cause observed BCGs exhibit a remarkably small dispersion in their
luminosities (see Section 1) and stellar population at low redshift
(e.g. McNamara & O’Connell 1989; James & Mobasher 2000). This
is commonly interpreted as a clear indication that these objects had
similar formation histories. In order to address this point, we have
selected the 125 haloes more massive than 7 × 1014 M⊙ at z = 0
from the Millennium Simulation and analysed their formation and
assembly histories, as in the previous section. The BCGs of these
objects have mean absolute magnitude MK = −26.58 and a dis-
persion of 0.20 mag. These values appear to be in nice agreement
with observational results (see e.g. fig. 10 in Collins & Mann 1998).
This agreement represents a major success of the underlying galaxy
formation model.

In Fig. 6 we show the fraction of clusters with identity (green), ex-
tended identity (red), assembly (blue) and formation (orange) look-
back times larger than that shown on the x-axis. The green line in
Fig. 6 shows that for only about 40 per cent of our BCGs was the
last major merger before redshift 1, and for ∼65 per cent of them
it occurred before redshift ∼0.5. The numbers are slightly lower if
one considers, instead of the time corresponding to the last major
merger, the time when the sum of the masses of the accreted ob-
jects is equal to one third the mass in the main branch at the time
of accretion (the extended identity time). The identity of the main
progenitor of a redshift zero BCG is thus typically ill defined be-
fore z ∼ 0.7. The assembly times measured for our BCGs are low:
half of them assembled after z ∼ 0.5, and only 10 per cent of our

Figure 6. Fraction of clusters with identity (green), extended identity (red),
assembly (blue) and formation (orange) look-back times larger than that
shown on the x-axis.

Figure 7. Assembly (blue) and formation (green) histories of our sample of
BCGs selected at redshift 0 (as in Fig. 3). Thick lines show the median of
the distributions, while the dashed regions show the 15th to 85th percentile
range.

BCGs assembled before z ∼ 1. In contrast, for almost 100 per cent
of our BCGs, half of the stars were already formed at redshift larger
than 4, which indicates that all our BCGs have uniformly old stellar
populations.

Thick lines in Fig. 7 show the median assembly (blue) and for-
mation (green) histories of our sample of redshift zero BCGs (as in
Fig. 3). The dashed regions in this figure indicate the 15th and 85th
percentiles of the distributions. Interestingly, there is a very small
scatter in the formation histories of the BCGs: for essentially all the
objects in our sample, 50 per cent of the stars are already formed at
redshift 5 (as noticed from Fig. 6). The assembly histories exhibit a
much larger scatter with the fraction of mass in the main progenitor
varying between 15 and 40 per cent at redshift 1, and between 40
and 70 per cent at redshift 0.5. In Section 4, we have seen that the
mass of the BCG mainly increases through accretion of satellites,
Fig. 7 shows that this is the case for the whole sample. The differ-
ence between formation time and assembly time that we find here
is higher than that found by De Lucia et al. (2006) for ellipticals, as
expected from the ‘extreme’ nature of BCGs. We note also that the
we find a median mass growth of a factor of ∼3 from z ∼ 1 to 0.
This is in apparent contradiction with observational data mentioned
in Section 1. We will show that this is probably only an ‘apparent’
contradiction in Section 6.1.

Fig. 8 shows how the evolution of the mass in the main progenitor
(orange) compares to the evolution in the stellar (green) and dark
matter (blue) content of the FOF group in which the main progen-
itor resides at each look-back time. Thick lines show the median
and shaded regions show the 15th and the 85th percentiles of the
distributions. Note that we have multiplied the stellar mass of the
FOF group by a factor of 50 and the mass of the main progenitor of
the BCG by a factor of 100 for display purposes. The figure shows
that the stellar content of the FOF group in which the BCG sits,
represents about 1.7 per cent of its dark matter mass, at all redshifts.
In turn, the mass in the main branch is ∼100 per cent of the stellar
content of the FOF group at high z, and then decreases to reach a
plateau at z ∼ 1, with a mass fraction of ∼6 per cent.

The example in Fig. 1 shows that most of the progenitors accreted
on to the main branch, are already red at the time of accretion. We
now want to quantify the distribution of the objects accreted on to
the main branch in terms of different physical properties. In Fig. 9
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Taken from De Lucia and Blaizot (2007)

A BCG at z~1.4 will increase in 
mass by a factor of ~5
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1. Introduction

Galaxy clusters at high redshift provide us with a unique yet
rare chance to investigate the effect of the highest density envi-
ronments on the evolution of galaxy populations. Due to the ex-
treme rarity of massive galaxy clusters, and especially more so at
early cosmic epochs, even wide-area deep surveys do not probe
these peculiar environments which thus need to be searched and
identified in specifically designed surveys, and then followed-up
with observations across a wide range of wavelengths in order to
maximize the scientific return of their discovery.

Thanks to considerable efforts with on-going cluster sur-
veys, which are utilizing a variety of methods (e.g., Gladders
& Yee 2000; Rosati et al. 2002; Eisenhardt et al. 2004; Wilson
et al. 2005; Wittman et al. 2006; Fassbender 2008; Staniszewski
et al. 2009; Andreon et al. 2009; Demarco et al. 2010, and refer-
ences therein), the number of known high-redshift clusters is in-
creasing, however only a handful of spectroscopically confirmed
galaxy clusters beyond redshift 1.3 have been discovered to date
(Mullis et al. 2005; Stanford et al. 2005, 2006; Eisenhardt et al.
2008; Wilson et al. 2009; Papovich et al. 2010; Tanaka et al.
2010).

Galaxy clusters at such high redshifts are not only important
for studying the emergence of the large scale structure and for
constraining cosmological models, but also specifically for the
evolution of massive early-type galaxies which seem to dom-
inate massive cluster galaxy populations even beyond redshift
one. The further back in cosmic time we can reach, and thus
the closer we can get to the major stages of the galaxy forma-
tion process, the tighter are the constraints we can set on the
evolution of these galaxies, as well as on the relevance of the
cluster environment in shaping their physical properties (among
many others, Toft et al. 2004; Blakeslee et al. 2006; Andreon
2006; Strazzullo et al. 2006; De Propris et al. 2007; De Lucia
et al. 2007; Kodama et al. 2007; Holden et al. 2007; Zirm et al.
2008; Andreon 2008; Lidman et al. 2008; Gobat et al. 2008;
Muzzin et al. 2008; Rettura et al. 2010; Mei et al. 2009; Collins
et al. 2009; Hilton et al. 2009; Rosati et al. 2009, and references
therein).

While the detailed study of galaxies with stellar masses
M <∼ 1010 M⊙ is still limited at z > 1, even with the current
generation of 10 m class telescopes, massive galaxy populations
can be studied out to high redshift in sufficient detail, in terms of
their structure, star formation histories, and stellar masses. These
studies allow us to constrain the evolution of massive galaxies in
more nuances than the old, and now widely superseded in its
original form, “monolithic vs. hierarchical” question. This pro-
vides valuable input to theoretical modeling of galaxy evolution,
the detailed comparison of cluster and field galaxies being one
of the many examples (Menci et al. 2008; Romeo et al. 2008).

Taking advantage of the full range of available observations,
across the widest possible range of cosmic epochs and envi-
ronments, has become particularly important in order to probe
different aspects of galaxy evolution, and to test specific pre-
dictions of theoretical models. As an example, the introduction
of various forms of so-called feedback mechanisms to modu-
late galaxy evolution has reconciled previously considered “anti-
hierarchical” observations with hierarchical predictions (e.g.,
De Lucia et al. 2006; Bower et al. 2006, and references therein),
and elucidated the decoupling between star formation and mass
assembly histories of massive galaxies. In order to probe these
two processes independently, galaxy evolution has to be stud-
ied by directly sampling galaxy populations up to the highest
redshifts.

Fig. 1. A color image of XMMU J2235 obtained by combining the ACS
F775W and F850LP and NICMOS F160W images (North is up, East to
the left). The image shows a region of about 2× 2 arcmin2, correspond-
ing to about 1 × 1 Mpc2 at the cluster redshift.

In this work we present multi-wavelength observations of
the X-ray luminous galaxy cluster XMMU J2235-2557 (Mullis
et al. 2005, hereafter XMMU J2235, RA = 22h35m20s.82,
Dec = −25◦57′40.3′′, J2000) at z = 1.39, which is the most
massive virialized structure discovered beyond redshift one (Jee
et al. 2009; Rosati et al. 2009), spectroscopically confirmed with
30 cluster members with redshift in the range 1.37 < z < 1.41.
This is a follow-up work of the first multi-wavelegth analysis
presented in Rosati et al. (2009), which uses an enhanced data
set and is aimed at obtaining a more comprehensive picture on
the star formation, stellar mass distribution, and morphological
structure of the galaxy populations in the cluster central regions.

Throughout this paper, we adopt a H0 = 70 km s−1 Mpc−1,
ΩM = 0.3, ΩΛ = 0.7 cosmology, and the AB magnitude system.

2. Data and derived quantities

2.1. Observations and catalog production

This work is based on a multi-wavelength dataset collected in the
field of XMMU J2235 with the VLT and HST in the wavelength
range 3500 Å to 2 µm. In the following we use VLT photometry
(VIMOS U, FORS2 R, HAWK-I J and Ks) and spectroscopy
(FORS2), and HST photometry (ACS F775W and F850LP –
hereafter i and z, and NICMOS F160W – hereafter H). A de-
scription of the first available HST/ACS data and VLT spectro-
scopic campaign has been published in Rosati et al. (2009); in
this work we use the full presently available ACS dataset, includ-
ing images from program GO-10496 (Dawson et al. 2009), as
was presented in Jee et al. (2009). VLT/HAWK-I data have been
published in Lidman et al. (2008), while VLT/FORS2 imaging
was presented in Mullis et al. (2005), thus we refer to these pa-
pers for a full description of these observations.

The NICMOS F160W data we used in this work were ob-
tained in August 2008 (GO 14, Proposal ID 10531, PI: Mullis),
resulting in a mosaic of about 2.5 × 2.5 arcmin2 with an average
exposure time of ∼1 h.
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XMMU J2235-2557 at z=1.4 



Bigger clusters have bigger BCGs

A photometric census of activity in BCGs 567

Figure 8. The WISE W1 (3.4 µm) luminosity of the BCG against the 0.1–
2.4 keV X-ray luminosity of the host cluster. The (red) dashed line indicates
our best fit, made using a BCES bisector fit.

3.2 Mid-IR analysis and results

3.2.1 BCG luminosity

In Fig. 8, we find that the BCG WISE W1-band luminosity correlates
with the X-ray luminosity of the host cluster. This reinforces the
results from our optical analysis (Fig. 2), but with less scatter in the
mid-IR. The interpretation is that BCGs with higher stellar mass
tend to reside in more massive clusters, as suggested from near-IR
observations also (e.g. Lin & Mohr 2004; Stott et al. 2008, 2010;
Lidman et al. 2012). Applying a linear regression BCES bisector fit
(Isobe et al. 1990) we find,

LW1 = (−1.61 ± 0.02) log10(E(z)−1LX) − (2.57 ± 0.02), (2)

where LW1 is the BCG W1-band luminosity (mag), LX is the X-ray
luminosity (1044 erg s−1) and E(z) = [!m(1 + z)3 + !"]1/2.

3.2.2 BCG colours

In the IR the contribution from stellar mass decreases with wave-
length, becoming more strongly dependent on dust emission at
larger wavelengths. Hence in the mid-IR, particularly at 12 µm, we
are sensitive to reprocessed emission from dust. An active BCG,
with recent star formation and/or AGN activity, is consequently ex-
pected to show an excess in mid-IR emission as the dust gets heated
by the hot young stars and/or AGN. The colour of an active galaxy
would as a result be redder than that of a passive galaxy, because the
dust contribution is more significant in the redder band. As AGN
output can heat dust to T > 80 K, the most extreme cases of mid-IR
excess are likely due to AGN contribution.

All BCGs are well detected in W1 and W2, but only 552 BCGs
are robustly detected (i.e. S/N > 3) in W3, due to the declining
continuum in the SEDs of passive galaxies with respect to wave-
length in the IR. In Fig. 9 we show the W1, W2 and W3 flux against
redshift, with arrows indicating upper limits (i.e. where S/N < 3).
The proportion of BCGs detected in W3 is clearly a function of red-
shift and beyond z ∼ 0.15 the quiescent BCG population is not well
sampled. Fortunately BCGs with a clear W3 excess continue to have
robust detections across the redshift range and hence we expect this
to have minimal effect on the detection of active BCGs. In order
to define a W3 excess however this does require an extrapolation
of the W3 flux–redshift relation for the bulk population of passive
BCGs. First a best fit is made to the bulk population, (ignoring

Figure 9. The WISE fluxes of our BCGs against redshift. The W1 (3.4 µm)
fluxes are given by the (green) diamonds in the top panel, the W2 (4.6 µm)
fluxes by the (blue) squares in the middle panel and the W3 (12 µm) fluxes
by the (red) circles in the bottom panel. The grey points correspond to the
values of the other bands with their respective symbols. Any points given as
arrows indicate limiting magnitudes with poor signal to noise (S/N < 3).
Clearly from this figure the depth of W3 is insufficient to probe the quiescent
galaxy population beyond z ∼ 0.1, but crucially for our study, those with a
strong W3 excess continue to show up at least until z = 0.5. The solid lines
show the respective best-fitting trends to the bulk quiescent population of
BCGs, in the case of W3, this is extrapolated from z ≤ 0.1.

those with clear excess), for W1 and W2. From the figure we see
the relation between these two is very similar and the relation for
W3 is expected to be similar also. Hence using the W2-z relation as
a template, we iteratively determine the best fit to those BCGs with
S/N > 3 and z < 0.15, again ignoring the BCGs with a clear W3
excess, and extrapolate this relation to the higher z, where our bulk
quiescent population is lost to the flux limit.

We can also deduce from Fig. 9 that WISE can measure BCG
fluxes beyond z > 0.5. In W1 and W2 it appears we can continue
detecting the bulk population further, but crucially for studies of
activity, we expect to be able to measure excesses even further.
This will be a useful factor when comparing BCG properties of
the low-z Universe to those at higher z. For instance, the most
extreme systems at z > 0.5, such as the Phoenix cluster (z = 0.598;
McDonald et al. 2012), that is an AGN-dominated BCG with W3
magnitude of 7.93 mag, would be detectable with WISE to at least
z = 1.5. So, while the less active AGN are lost at z > 0.3, we can
still identify the most active systems in any sample, such as the
XCS (Romer et al. 2001) in the X-ray, or MaDCoWS (Stanford
et al. 2014) in the mid-IR.

In order to test for a mid-IR excess we explore the mid-IR colours,
W1–W2 and W2–W3. In Fig. 10 the W1–W2 (3.6 − 4.6µm) colour
against redshift shows that the passive BCG population undergoes a
peaked evolution with redshift – due to the redshift of a continuum
break in the SED here. This effect has sometimes been ignored
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Figure 6. The evolving stellar mass of BCGs with redshift, presented as the ratio of the M∗
BCG at redshift z to the M∗

BCG at the comparison redshift zn. The
red points indicate the stellar mass ratio of the BCGs in their redshift bin, as compared with the comparison bin (black point). In the left column, the ratios are
calculated with a low-redshift comparison bin, whereas the ratios in the right column are calculated with a medium-redshift comparison bin. The results have
been scaled such that the comparison bin lies on the model [or on the data, in the case of the data from Marchesini et al. (2014)] to which the data are being
compared. By changing point at which the difference in stellar mass is calculated, it can be seen that the deviation between data and model may be occurring at
either low or medium redshifts, as indicated by the hatched regions. From the top row to the bottom, the three additional data sets to which the data are being
compared are the simulations model of Tonini et al. (2012), the observational results of Marchesini et al. (2014) and the semi-empirical model of Shankar et al.
(2015).

DLB07 model is poorer, the agreement between the data, excluding
the intermediate-redshift, 0.25 < z < 0.40 bin, and the Tonini et al.
(2012) model is better. In this model, the BCG accretes stellar mass
earlier than in DLB07. The data are also in better agreement with
both the observational data from Marchesini et al. (2014) and the
semi-empirical model from Shankar et al. (2015).

4.2.2 The second scaling

Here we scale our data to the intermediate-redshift, 0.25 < z < 0.40
bin. The motivation here is to see if the growth of BCGs stalls at

lower redshifts. We first plot this on top of the predictions made by
the DLB07 model, as shown in Fig. 5.

Although the data match the model very well at higher redshifts,
it is clear that the low-redshift point lies below the prediction of
the model. We test the robustness of our results around z ∼ 0.2 by
splitting the low-redshift bin into four smaller bins, and compare
the masses to the intermediate-redshift bin. While this causes an
increase in the errors of these points due to the smaller sample size
of each bin, it is clear to see from the blue points in the inset of
the right-hand panel in Fig. 5 that the masses of the BCGs in the
lower redshift range are consistently lower than what the DLB07
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Bellstedt et al. 2016 used the Ks band

BCGs grow by a factor of about two since z~1

Somewhat slower than the growth predicted from earlier numerical simulations

Is the growth stalling at z~0.2

Model from  
Shankar et al. 2015

The Astrophysical Journal, 771:61 (6pp), 2013 July 1 Lin et al.

Figure 4. Stellar mass growth of BCGs. The solid blue points are our
measurements, using the method presented in Section 4.1. The error bars do
not include systematic errors associated with conversion from luminosity to
stellar mass. The results from the SAM of Guo et al. (2011) are shown as open
triangles. The small black points show z ∼ 0 BCGs; their mean value is shown
as the pink star symbol in both panels. The model and measurement agree well
with each other at z = 0.5–1.5; at lower redshift, the growth of model BCGs
appears to increase, while very little growth is found for the observed BCGs.
(A color version of this figure is available in the online journal.)

(except for z ∼ 0 halos, for which σ = 0.08 is chosen to reflect
the much better accuracy of Chandra-based masses). We then
study the BCG growth in halos whose perturbed mass lies in the
appropriate halo mass range. The net effect is to lower the stel-
lar mass of model BCGs, and slightly increase the discrepancy
between the observations and model, but does not qualitatively
alter our conclusions. We conclude that the different behavior
of BCG mass assembly history between the model and obser-
vation at z < 0.5 as found above is robust against cluster mass
uncertainties.

5. DISCUSSION AND CONCLUSION

Given its area and depth, the ISCS provides a unique data
set to study cluster galaxy population evolution from z ∼ 2
to present day. We have developed an empirical approach that
takes into account the effect of cosmic variance and overcomes
the difficulty in inferring cluster masses from optical/IR cluster
surveys, and have applied it to study the evolution of BCGs in
progenitors of present day clusters with mass of (2.5–4.5) ×
1014 M⊙. Our two methods to construct cluster samples that
form an evolutionary sequence rely heavily on our knowledge of
the merger history of dark matter halos (provided by numerical
simulations), and both give consistent results (Sections 4.1
and 4.2).

Using a large but heterogeneous cluster sample, Lidman et al.
(2012) have detected a factor of 1.8 growth in BCG stellar mass
between z = 0.9 and 0.2, which is similar to our finding.
They have taken into account of the expected cluster mass
growth between different cosmic epochs (a bit similar to our
approach in Section 4.1), and have focused on more massive

clusters. It is encouraging to see consistent results emerging
from two independent analyses. It is worth emphasizing that our
method in Section 4.2 allows us to take the stochastic merger
history into account, while follow the evolution of clusters. Our
way of inferring the cluster mass via the luminosity ranking
also enables us to probe a wide range in redshift, pushing
the upper limit beyond the current capability of the X-ray
surveys.

A comparison of our results with the SAM of Guo et al. (2011)
shows good agreement between z = 1.5 and 0.5. At lower
redshifts, there are suggestions of different behavior between
the model and observation, however. While the growth of model
BCGs is accelerating at late times, that of the observed BCGs is
slowing down. Such a contrast suggests the period of z = 0–0.5
is potentially key in differentiating models of BCG assembly
history.

Our method is designed to trace the evolution of galaxies
in clusters. For the field galaxies, van Dokkum et al. (2010)
have studied the stellar mass growth by selecting galaxies at
a fixed number density. As advocated by these authors, such
a selection provides a meaningful way to pick up galaxies that
form an evolutionary sequence (although strictly not in the sense
of dark matter halo growth), and is therefore complementary to
our approach here.

Although in principle our method can be applied to study
the BCG evolution in progenitors of present-day clusters of any
mass range, extending much beyond the limited mass range
presented here is beyond the capability of the ISCS cluster
sample. Studying higher mass clusters requires progenitors too
massive to be found in sufficient numbers in the Boötes field
at intermediate-z. The depth of our photometry and the cluster
sample size at high-z also prevents us from tracing lower mass
present-day clusters. With the depth and large area coverage
of the upcoming Subaru HyperSuprime Cam Survey (Takada
2010) and SPT-Spitzer Deep Field (M. L. N. Ashby et al. 2013, in
preparation), we can apply this method and study the evolution
of BCGs in much greater detail, especially for the z = 0–0.5
period.

We thank Laurie Shaw and Antonio Vale for constructing
the merger trees used in this work. We are grateful to the
anonymous referee for a report that improved the paper. Y.T.L.
thanks Gabriella De Lucia, David Spergel, and Jerry Ostriker
for helpful discussions, and I.H. for constant encouragement.
Y.T.L. acknowledges supports from the National Science Coun-
cil grant NSC 102-2112-M-001-001-MY3, as well as WPI
Research Center Initiative, MEXT, Japan, during the course
of this work. This work was supported by National Science
Foundation grants AST-0707731 and AST-0908292. Computer
simulations and analysis were supported by the NSF through
resources provided by XSEDE and the Pittsburgh Supercom-
puting Center, under grant AST070015; computations were also
performed at the TIGRESS high performance computer cen-
ter at Princeton University, which is jointly supported by the
Princeton Institute for Computational Science and Engineering
and the Princeton University Office of Information Technol-
ogy. This work is based in part on observations made with
the Spitzer Space Telescope, which is operated by the JPL/
Caltech under a contract with NASA. This publication makes
use of data products from WISE, a joint project of UCLA
and JPL/Caltech, funded by NASA. The Millennium Simu-
lation databases were constructed as part of the activities of
the GAVO.
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Table 2. Observational summary. Full table is available online.

Cluster RA Dec. zspec zphot z Source Instrument/telescope Exposure time
J2000 J2000 (s)

SPT-CL-J0000−5748 00:01:00.04 −57:48:20.7 0.702 – (20) NTT/SofI 2700
MACS-J0011.7−1523 00:11:42.80 −15:23:18.34 0.379 – (18) WHT/LIRIS 2700
MACS-J0014.3−3022 00:14:15.82 −30:22:14.4 0.308 – (1) SofI/NTT 12 000
MACS-J0014.3−3022 00:14:17.26 −30:22:34.8 0.308 – (1) SofI/NTT 12 000
ACT-CL-J0014.9−0057 00:14:54.00 +00:57:10.1 0.533 – (7) NTT/SofI 2700

Redshift sources:
(1) Mantz et al. (2010); (2) Mann & Ebeling (2012); (3) Menanteau et al. (2013); (4) Kristian, Sandage & Westphal (1978); (5) Gioia et al. (1998); (6) Ebeling
et al. (2007); (7) Abell, Corwin & Olowin (1989); (8) SDSS, DR8; (9) Menanteau et al. (2010); (10) Werner et al. (2007); (11) Jones et al. (2009); (12) NASA
Astrophysical Database; (13) van Weeren et al. (2012); (14) Williamson et al. (2011); (15) Story et al. (2011); (16) Aganim et al. (2012); (17) Sifón et al.
(2013); (18) Ebeling et al. (2010); (19) Applegate et al. (2014); (20) Ruel et al. (2014); (21) Buddendiek et al. (2015); (22) Wen & Han (2013); (23) Piffaretti
et al. (2011); (24) Vanderlinde et al. (2010); (25) von der Linden et al. (2014); (26) Sifón et al. (2013); (27) Brodwin et al. (2010).

Table 3. Instrument summary.

Instrument Telescope Pixel scale FoV Detector
(arcsec) (arcsec)

SofI NTT 0.288 4.9 1024 × 1024 Rockwell Hawaii HgCdTe
WHIRC WIYN 0.099 3.7 2048 × 2048 Raytheon Virgo HgCdTe
LIRIS WHT 0.251 4.3 1024 × 1204 Hawaii HgCdTe

Figure 1. A SofI image in the Ks band of the BCG in the cluster Abell
1553. North is pointing up and east to the left, and the arrow has a length
of 20 arcsec, which at the cluster redshift of z = 0.165 corresponds to a
distance of 57 kpc. The extended light profile of this BCG is clearly seen
in many of the BCGs in our sample. Of particular note in this BCG are the
lens-like features offset from the centre of the BCG.

Since the galaxy clusters within the sample were selected to be
massive, most of the clusters have a large BCG. The BCG in each
cluster was identified visually as the largest, brightest galaxy in
the cluster. BCGs are typically in the centre with extended galaxy
haloes, unlike their surrounding galaxies. We verified the visual
BCG selection by ensuring that these were the galaxies which were
indeed the brightest as measured by MAG_AUTO. In some clusters,
there appear to be two BCGs of comparable brightness, such as
the cluster MACS J0014.3−3022. In such cases, both BCGs were
included in the sample. A typical BCG image from our data is shown
in Fig. 1.

There are a small number of cases in which the BCGs
were not clearly identifiable, usually because of foreground con-
tamination; these clusters are excluded from analysis. The ex-
cluded clusters are Abell 521, ACT-CL J0018.2−0022, ACT-CL
J0228.5+0030, ACT-CL J0301.1−0110, ACT-CL J0250.1+0008,
MACS J2243.3−0935, RX J1132+00 and SPT-CL J0615−5746.

2.3 Additional samples

To augment the sample used throughout this paper, we include the
sample used by Lidman et al. (2012, hereafter L12). This sample
includes 103 BCGs presented by Stott et al. (2008) over the redshift
range 0.04 ≤ z ≤ 0.83, 20 BCGs by Stott et al. (2010) over the higher
redshift range of 0.81 ≤ z ≤ 1.46 and 5 BCGs from Collins et al.
(2009) over the redshift range 1.22 ≤ z ≤ 1.46. The study by L12
produced two new BCG samples referred to as the CNOC1 (Yee,
Ellingson & Carlberg 1996) and SpARCS samples. The SpARCS
sample includes 12 BCGs spanning the redshift interval 0.867 ≤
z ≤ 1.630, and the CNOC1 sample has 15 BCGs over the lower
redshift range 0.193 ≤ z ≤ 0.547.

The photometric errors determined by SEXTRACTOR tend to un-
derestimate the true error as correlated signal in the pixels is not
taken into account. Some of the clusters imaged in the new set
of data had previously been analysed by L12. These clusters are
Abell 1204, Abell 1553, Abell 1835, Abell 2390, Abell 68, MACS
J0025.4−1222 and MACS J0454.10−0300. We use these clusters
to provide a more reliable measure of the errors. The median of
the absolute difference in Ks-band magnitude of the BCGs in these
images is 0.22 mag, which we have used as the magnitude error of
the BCGs in our sample.

2.4 Systematic drifts in the photometry

Throughout this paper, we use MAG_AUTO from SEXTRACTOR to es-
timate magnitudes, which are then used to derive masses. In essence,
it is an aperture magnitude, so by definition, it does not measure
the total magnitude of a galaxy. The amount of flux missed depends
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Figure 4. Stellar mass growth of BCGs. The solid blue points are our
measurements, using the method presented in Section 4.1. The error bars do
not include systematic errors associated with conversion from luminosity to
stellar mass. The results from the SAM of Guo et al. (2011) are shown as open
triangles. The small black points show z ∼ 0 BCGs; their mean value is shown
as the pink star symbol in both panels. The model and measurement agree well
with each other at z = 0.5–1.5; at lower redshift, the growth of model BCGs
appears to increase, while very little growth is found for the observed BCGs.
(A color version of this figure is available in the online journal.)

(except for z ∼ 0 halos, for which σ = 0.08 is chosen to reflect
the much better accuracy of Chandra-based masses). We then
study the BCG growth in halos whose perturbed mass lies in the
appropriate halo mass range. The net effect is to lower the stel-
lar mass of model BCGs, and slightly increase the discrepancy
between the observations and model, but does not qualitatively
alter our conclusions. We conclude that the different behavior
of BCG mass assembly history between the model and obser-
vation at z < 0.5 as found above is robust against cluster mass
uncertainties.

5. DISCUSSION AND CONCLUSION

Given its area and depth, the ISCS provides a unique data
set to study cluster galaxy population evolution from z ∼ 2
to present day. We have developed an empirical approach that
takes into account the effect of cosmic variance and overcomes
the difficulty in inferring cluster masses from optical/IR cluster
surveys, and have applied it to study the evolution of BCGs in
progenitors of present day clusters with mass of (2.5–4.5) ×
1014 M⊙. Our two methods to construct cluster samples that
form an evolutionary sequence rely heavily on our knowledge of
the merger history of dark matter halos (provided by numerical
simulations), and both give consistent results (Sections 4.1
and 4.2).

Using a large but heterogeneous cluster sample, Lidman et al.
(2012) have detected a factor of 1.8 growth in BCG stellar mass
between z = 0.9 and 0.2, which is similar to our finding.
They have taken into account of the expected cluster mass
growth between different cosmic epochs (a bit similar to our
approach in Section 4.1), and have focused on more massive

clusters. It is encouraging to see consistent results emerging
from two independent analyses. It is worth emphasizing that our
method in Section 4.2 allows us to take the stochastic merger
history into account, while follow the evolution of clusters. Our
way of inferring the cluster mass via the luminosity ranking
also enables us to probe a wide range in redshift, pushing
the upper limit beyond the current capability of the X-ray
surveys.

A comparison of our results with the SAM of Guo et al. (2011)
shows good agreement between z = 1.5 and 0.5. At lower
redshifts, there are suggestions of different behavior between
the model and observation, however. While the growth of model
BCGs is accelerating at late times, that of the observed BCGs is
slowing down. Such a contrast suggests the period of z = 0–0.5
is potentially key in differentiating models of BCG assembly
history.

Our method is designed to trace the evolution of galaxies
in clusters. For the field galaxies, van Dokkum et al. (2010)
have studied the stellar mass growth by selecting galaxies at
a fixed number density. As advocated by these authors, such
a selection provides a meaningful way to pick up galaxies that
form an evolutionary sequence (although strictly not in the sense
of dark matter halo growth), and is therefore complementary to
our approach here.

Although in principle our method can be applied to study
the BCG evolution in progenitors of present-day clusters of any
mass range, extending much beyond the limited mass range
presented here is beyond the capability of the ISCS cluster
sample. Studying higher mass clusters requires progenitors too
massive to be found in sufficient numbers in the Boötes field
at intermediate-z. The depth of our photometry and the cluster
sample size at high-z also prevents us from tracing lower mass
present-day clusters. With the depth and large area coverage
of the upcoming Subaru HyperSuprime Cam Survey (Takada
2010) and SPT-Spitzer Deep Field (M. L. N. Ashby et al. 2013, in
preparation), we can apply this method and study the evolution
of BCGs in much greater detail, especially for the z = 0–0.5
period.

We thank Laurie Shaw and Antonio Vale for constructing
the merger trees used in this work. We are grateful to the
anonymous referee for a report that improved the paper. Y.T.L.
thanks Gabriella De Lucia, David Spergel, and Jerry Ostriker
for helpful discussions, and I.H. for constant encouragement.
Y.T.L. acknowledges supports from the National Science Coun-
cil grant NSC 102-2112-M-001-001-MY3, as well as WPI
Research Center Initiative, MEXT, Japan, during the course
of this work. This work was supported by National Science
Foundation grants AST-0707731 and AST-0908292. Computer
simulations and analysis were supported by the NSF through
resources provided by XSEDE and the Pittsburgh Supercom-
puting Center, under grant AST070015; computations were also
performed at the TIGRESS high performance computer cen-
ter at Princeton University, which is jointly supported by the
Princeton Institute for Computational Science and Engineering
and the Princeton University Office of Information Technol-
ogy. This work is based in part on observations made with
the Spitzer Space Telescope, which is operated by the JPL/
Caltech under a contract with NASA. This publication makes
use of data products from WISE, a joint project of UCLA
and JPL/Caltech, funded by NASA. The Millennium Simu-
lation databases were constructed as part of the activities of
the GAVO.
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The hierarchical formation of BCGs 5

where the mean H column density is given by

⟨NH⟩ = Mcold

1.4mpπ(a r1/2)2
atoms cm−2.

In the previous equation, r1/2 is the half-mass radius of the disc
and a = 1.68 is such that the column density represents the mass-
weighted average column density of the disc, which is assumed to be
exponential. As in Hatton et al. (2003) – see Guiderdoni & Rocca-
Volmerange (1987) for details – the extinction curve depends on the
gas metallicity Zg and is based on an interpolation between the solar
neighbourhood and the Large and Small Magellanic Clouds (s =
1.35 for λ < 2000 Å and s = 1.6 for λ > 2000 Å). The adopted
extinction curve for solar metallicity is that of Mathis, Mezger &
Panagia (1983). Finally, we assign a random inclination to each
galaxy and apply the dust correction to its disc component using a
‘slab’ geometry (see Devriendt et al. 1999).

In addition to this extinction from a diffuse ISM component,
we have also implemented a simple model to take into account
the attenuation of young stars within their birth clouds, based on
Charlot & Fall (2000). Stars younger than the finite lifetime of stel-
lar birth clouds (which we assume to be equal to 107 yr) are sub-
ject to a differential attenuation with mean perpendicular optical
depth:

τBC
λ = τBC

V

!
λ

5500 Å

"−0.7

and

τBC
V = τ z

λ

!
1
µ

− 1

"
,

where µ is drawn randomly from a Gaussian distribution with
centre 0.3 and width 0.2, truncated at 0.1 and 1 (see Kong et al.
2004).

4 A C A S E S T U DY

In the framework of a hierarchical scenario, the history of a galaxy
is fully described by its complete merger tree. Whereas in the mono-
lithic approximation the history of a galaxy can be described by a set
a functions of time, hierarchical histories are difficult to summarize
in a simple form, because even the identity of a galaxy is sometimes

Figure 1. BCG merger tree. Symbols are colour-coded as a function of B − V colour and their area scales with the stellar mass. Only progenitors more massive
than 1010 M⊙ h−1 are shown with symbols. Circles are used for galaxies that reside in the FOF group inhabited by the main branch. Triangles show galaxies
that have not yet joined this FOF group.

ill defined. In hierarchical models, ‘a galaxy’ should not be viewed
as a single object evolving in time, but rather as the ensemble of its
progenitors at each given time. In this section, we focus on a single
model BCG and describe the formation and assembly history of its
stars in detail. This allows us to define and illustrate the behaviour of
quantities that capture different aspects of BCG evolution. We will
use these quantities later (in Section 5) to describe BCG formation
in a statistical fashion.

4.1 Trees and branches – definitions

Fig. 1 shows the full merger tree of the central galaxy of a dark
matter halo of mass M200 = 8.9 × 1014 M⊙ at z = 0. The BCG
itself lies at the top of the plot (at z = 0), and all its progenitors (and
their histories) are plotted downwards going back in time recur-
sively. Galaxies with stellar mass larger (respectively smaller) than
1010 h−1 M⊙ are shown as symbols (respectively lines), and are
colour-coded as a function of their rest-frame B − V colour. The
left-most branch in Fig. 1 represents what we will hereafter refer to
as the main branch. This particular branch is obtained by connecting
the galaxy at each time-step to the progenitor with the largest stellar
mass (the main progenitor) at the immediately preceding time-step.
It is tempting to consider this branch as the BCG itself, and the ob-
jects that merge on to it as other progenitors of the BCG. A clear
distinction between ‘main’ and ‘other’ progenitors is indeed often
quite appropriate – typically for late-type galaxies – and it is satisfac-
tory as long as galaxies merging on to the main branch have stellar
masses that are much smaller than the current mass of the main pro-
genitor. In this case, the evolution of the BCG can be characterized
by a series of accretion events (of much smaller objects) that do not
introduce major changes in the stellar population or identity of the
BCG itself.

This simple summary of a merger tree is however not sufficient to
describe histories as complex as those of BCGs (see also Neistein,
van den Bosch & Dekel 2006). Fig. 1 shows that in our case study,
the main branch captures the evolution of the BCG itself for the
last ∼8 Gyr. Before that time, the main progenitor of the BCG is
only marginally more massive than progenitors in other branches.
At this point, choosing one branch or another becomes arbitrary and
a single branch is certainly a poor proxy for describing the evolution
of the BCG and of its stellar population. In the following, we will

C⃝ 2006 The Authors. Journal compilation C⃝ 2006 RAS, MNRAS 375, 2–14
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z=1.63

SpARCS J022427-032354 at z=1.63

J. Nantais et al.: Redshift 1.5 clusters

Table 1. SpARCS high-redshift data summary.

Cluster RA (J2000) Dec (J2000) z Spectroscopy Photometry Spec. members
h:m:s d:m:s

SpARCS-J0224 02:24:26.33 –03:23:30.8 1.633 FORS2, MOSFIRE, OzDES ugrizY JKs 3.6 µm 4.5 µm5.8 µm 8.0 µm 45
SpARCS-J0330 03:30:55.87 –28:42:59.5 1.626 FORS2, MOSFIRE, OzDES ugrizY JKs 3.6 µm 4.5 µm5.8 µm 8.0 µm 38
SpARCS-J0225 02:25:45.55 –03:55:17.1 1.598 FORS2, MOSFIRE, OzDES ugrizYKs 3.6 µm 4.5 µm5.8 µm 8.0 µm 8
SpARCS-J0335 03:35:03.58 –29:28:55.6 1.369 FORS2, OzDES grizYKs3.6 µ m4.5 µm 5.8 µm 8.0 µm 22

N

E

Fig. 1. Tri-color gz[3.6] images of the central regions of the four southern z > 1.35 SpARCS clusters, with 40 ⇥ 40 fields of view. Spectroscopic
cluster members are marked with white squares, and the orientation of the image is shown in the lower left corner of each cluster image.

similar to that found in Nantais et al. (2013b) for FORS2 spec-
troscopy of a z = 1.2 galaxy cluster, and lower than the velocity
dispersion expected for galaxy clusters at these redshifts.

Additional spectroscopy exists for all fields in the Australian
Dark Energy Survey (OzDES; Yuan et al. 2015). OzDES targets
typically lie at lower redshift than these clusters. However, one
redshift is of a cluster member, a bright AGN in the outskirts
of SpARCS-J0335. The remainder of the OzDES redshifts, at

z < 1, are very useful for checking our photometric redshifts and
improving their quality.

Table 1 shows the number of spectroscopic members in each
cluster (totaling to 113), along with a brief summary of the data.
A substantial concentration of foreground galaxies, likely a sheet
or filament, with ⇠11 members at z ⇠ 1.4 was also discovered in
the SpARCS-J0225 field, but we do not analyze this system.
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Even higher redshifts

The hierarchical formation of BCGs 5

where the mean H column density is given by

⟨NH⟩ = Mcold

1.4mpπ(a r1/2)2
atoms cm−2.

In the previous equation, r1/2 is the half-mass radius of the disc
and a = 1.68 is such that the column density represents the mass-
weighted average column density of the disc, which is assumed to be
exponential. As in Hatton et al. (2003) – see Guiderdoni & Rocca-
Volmerange (1987) for details – the extinction curve depends on the
gas metallicity Zg and is based on an interpolation between the solar
neighbourhood and the Large and Small Magellanic Clouds (s =
1.35 for λ < 2000 Å and s = 1.6 for λ > 2000 Å). The adopted
extinction curve for solar metallicity is that of Mathis, Mezger &
Panagia (1983). Finally, we assign a random inclination to each
galaxy and apply the dust correction to its disc component using a
‘slab’ geometry (see Devriendt et al. 1999).

In addition to this extinction from a diffuse ISM component,
we have also implemented a simple model to take into account
the attenuation of young stars within their birth clouds, based on
Charlot & Fall (2000). Stars younger than the finite lifetime of stel-
lar birth clouds (which we assume to be equal to 107 yr) are sub-
ject to a differential attenuation with mean perpendicular optical
depth:

τBC
λ = τBC

V

!
λ

5500 Å

"−0.7

and

τBC
V = τ z

λ

!
1
µ

− 1

"
,

where µ is drawn randomly from a Gaussian distribution with
centre 0.3 and width 0.2, truncated at 0.1 and 1 (see Kong et al.
2004).

4 A C A S E S T U DY

In the framework of a hierarchical scenario, the history of a galaxy
is fully described by its complete merger tree. Whereas in the mono-
lithic approximation the history of a galaxy can be described by a set
a functions of time, hierarchical histories are difficult to summarize
in a simple form, because even the identity of a galaxy is sometimes

Figure 1. BCG merger tree. Symbols are colour-coded as a function of B − V colour and their area scales with the stellar mass. Only progenitors more massive
than 1010 M⊙ h−1 are shown with symbols. Circles are used for galaxies that reside in the FOF group inhabited by the main branch. Triangles show galaxies
that have not yet joined this FOF group.

ill defined. In hierarchical models, ‘a galaxy’ should not be viewed
as a single object evolving in time, but rather as the ensemble of its
progenitors at each given time. In this section, we focus on a single
model BCG and describe the formation and assembly history of its
stars in detail. This allows us to define and illustrate the behaviour of
quantities that capture different aspects of BCG evolution. We will
use these quantities later (in Section 5) to describe BCG formation
in a statistical fashion.

4.1 Trees and branches – definitions

Fig. 1 shows the full merger tree of the central galaxy of a dark
matter halo of mass M200 = 8.9 × 1014 M⊙ at z = 0. The BCG
itself lies at the top of the plot (at z = 0), and all its progenitors (and
their histories) are plotted downwards going back in time recur-
sively. Galaxies with stellar mass larger (respectively smaller) than
1010 h−1 M⊙ are shown as symbols (respectively lines), and are
colour-coded as a function of their rest-frame B − V colour. The
left-most branch in Fig. 1 represents what we will hereafter refer to
as the main branch. This particular branch is obtained by connecting
the galaxy at each time-step to the progenitor with the largest stellar
mass (the main progenitor) at the immediately preceding time-step.
It is tempting to consider this branch as the BCG itself, and the ob-
jects that merge on to it as other progenitors of the BCG. A clear
distinction between ‘main’ and ‘other’ progenitors is indeed often
quite appropriate – typically for late-type galaxies – and it is satisfac-
tory as long as galaxies merging on to the main branch have stellar
masses that are much smaller than the current mass of the main pro-
genitor. In this case, the evolution of the BCG can be characterized
by a series of accretion events (of much smaller objects) that do not
introduce major changes in the stellar population or identity of the
BCG itself.

This simple summary of a merger tree is however not sufficient to
describe histories as complex as those of BCGs (see also Neistein,
van den Bosch & Dekel 2006). Fig. 1 shows that in our case study,
the main branch captures the evolution of the BCG itself for the
last ∼8 Gyr. Before that time, the main progenitor of the BCG is
only marginally more massive than progenitors in other branches.
At this point, choosing one branch or another becomes arbitrary and
a single branch is certainly a poor proxy for describing the evolution
of the BCG and of its stellar population. In the following, we will
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z=2.00

CL J1449 at z=2.00

Strazzulo et al. 2016

2 Strazzullo et al.

Figure 1. F606W-F105W-F140W pseudo-color image of ClJ1449 (left, ⇠ 6000 ⇥ 7000), and a zoom into the cluster center (right, ⇠ 200 ⇥ 200 kpc2 (proper) at
z=2). In the right-hand panel, numbers mark red sources discussed in this work.

probably draws a more common picture of galaxy populations
in the first clusters at this crucial epoch.

We assume ⌦M=0.3, ⌦⇤=0.7, H0=70 km s�1 Mpc�1, and a
Salpeter (1955) IMF. Magnitudes are in the AB system.

2. OBSERVATIONS AND MEASUREMENTS

This work is largely based on HST Wide Field Camera 3
(WFC3) observations of ClJ1449 in the F105W and F140W
bands. Fig. 1 shows an image of the cluster field, and high-
lights all potential red cluster members in the central re-
gion (m105-m140>0.9, r < 200 kpc). We further use opti-
cal/NIR data and derived quantities from our previous work,
and specifically spectroscopic redshifts (G11, G13, V15) to
identify cluster members, complemented with photometric
redshift (photo-z) based membership (S13, see original pa-
pers for details). In the following we refer to: i) interlop-
ers including spectroscopic and photo-z interlopers, ii) pos-
sible members including uncertain, low-likelihood photo–z
candidate members (S13), and iii) members including spec-
troscopic and high-likelihood photo-z members (S13). We
use photometric measurements and derived quantities from
S13, complemented where needed with new measurements
performed with the same approach accounting for the new
F105W data1.

We also use a control field of ⇠60 arcmin2 in the CAN-
DELS (Grogin et al. 2011) GOODS-S field as a statistical
comparison for galaxy populations in ClJ1449. We use multi-
wavelength photometry from Guo et al. (2013) and photo–
zs from Schreiber et al. (2015). Lacking sufficiently deep
F140W-band imaging, we measure synthetic m140 magni-
tudes by convolving best-fit SEDs from Pannella et al. (2015)
with the F140W response function. In the magnitude range of

1 Measurements for some galaxies will thus differ from those in S13. We
note (in particular for source ID 1, see Fig. 1) that the new F105W data sup-
port in some (rare) case a different source extraction than the one used in S13,
resulting in different source properties. Furthermore, we redetermined stellar
masses using the newly available photometry, and - in contrast to S13 - using
the original photometric zero-points rather than those adjusted for photo-z
determination. Stellar masses used here are thus not identical to those in S13.

interest, we estimate a . 0.1 mag uncertainty for these syn-
thetic magnitudes, which is not relevant for our purposes.

3. THE COLOR-MAGNITUDE DIAGRAM

Fig. 2a shows the F105W-F140W CMD in the field of
ClJ1449, over a region extending to a maximum clustercentric
distance r=500 kpc (proper) at z = 2 (⇠1’, about the estimated
r200 ⇠ 0.780 ⇠ 0.4 ± 0.1 Mpc for ClJ1449, G13, V16). All
galaxies in the probed field are shown, but cluster members
are highlighted with colored symbols according to their stel-
lar population properties (Sec. 4, Fig. 5).

Fig. 2c shows an alternative, photo–z independent picture
of the CMD, largely based on statistical background subtrac-
tion (individual membership is only considered for spectro-
scopic sources, and only affects Fig. 2c in minor details). This
CMD is obtained by subtracting, for each galaxy in the control
(GOODS-S) field, an area-normalised fractional galaxy con-
tribution to the closest galaxy in color-magnitude space in the
ClJ1449 field (see e.g. van der Burg et al. 2016). All galaxies
in the ClJ1449 field are shown (black/gray and colored sym-
bols for the full-field and r < 150 kpc CMD, respectively), but
symbol size/color scales with their excess probability over the
control field CMD. The excess probability2 across the CMD
of Fig. 2c is meant to represent the background-subtracted
color-magnitude distribution of cluster galaxies in ClJ1449,
as an independent confirmation of the color distribution based
on individual membership shown in Fig. 2a.

As compared with z . 1 clusters, or even with the mas-
sive z = 1.8 cluster JKCS041 (Newman et al. 2014), the
CMD of ClJ1449 shows a clearly less dominant, more scat-
tered red galaxy population. Nonetheless, a first albeit still
sparsely populated red sequence is found close to the ex-
pected location, confirming the presence of a characteris-
tic population of red sources in the cluster core (G11, G13,
S13), and further highlighting red-sequence outliers. As a
reference, the red sequence predicted at z=2 by Kodama &

2 Being statistical, the excess probability in Fig. 2c obviously does not
directly reflect cluster membership probability on a galaxy-by-galaxy basis.

“Proto-BCG”



How do BCGs grow?

Mergers  (minor and major)

In-situ star formation

There is direct evidence for both

Which one dominates and does this change with redshift?



High redshift cluster sample

19 galaxy clusters 0.8 < z < 1.6 from SpARCS and HCS

> 600 confirmed members

High spectroscopic completeness

830 C. Lidman et al.

Figure 1. Ks-band image cutouts centred on the HCS BCGs. With the exception of RDCS 1252, the images are 18 arcsec on a side, which corresponds to
140 kpc for the nearest BCG and 155 kpc for the most distant. For RDCS 1252, the image covers twice the area. Annotating each image are the shortened
version of the cluster name and the redshift of the cluster. From left to right and from top to bottom, clusters are ordered in redshift. North is up and east is to
the left.

Table 4. J- and Ks-band photometry of the BCGs in the HCS clusters.

Name RA Dec. Redshift Ks J − Ks
(J2000)a (mag) (mag)

RCS 231953+0038.0 23:19:53.43 +00:38:13.4 0.9013 16.381 (0.007) –
RCS 234526−3632.6 23:45:24.94 −36:33:47.9 1.0380 17.411 (0.008) –
RDCS J1252.9−2927 12:52:54.42 −29:27:17.6 1.2343 17.238 (0.017) 1.888 (0.011)
RX J0152.7−1357 01:52:45.87 −13:56:58.6 0.8342 16.657 (0.010) –
XLSS J0223.0−0436 02:23:03.72 −04:36:18.2 1.2100 17.616 (0.008) 1.932 (0.009)
XMMU J1229.4+0151 12:29:29.29 +01:51:22.0 0.9740 17.255 (0.015) –
XMMU J2235.3−2557 22:35:20.85 −25:57:39.8 1.3943 17.317 (0.026) 1.960 (0.019)
XMMXCS J2215.9−1738 22:15:56.20 −17:37:49.9 1.4545 18.650 (0.011) 1.890 (0.016)
aCoordinates are those of the BCG.

not affect our sample of BCGs significantly. Apart from gaining
an additional BCG from the southern clump in RX 0152, only the
BCG in RCS 2345 would change.

It is worth reflecting on how robust our selection is to spectro-
scopic incompleteness. If the BCG occurs within 250 kpc of the
cluster centre and has a J − Ks colour that places it within 0.2 mag
of the red sequence, then we will have selected it, as our spec-
troscopy is 100 per cent complete for objects that are up to three
times brighter than the object that was chosen as the BCG. If it
lies beyond this radius, then there is a small chance that we would
not have selected it. Within 500 kpc of the cluster centres, our spec-
troscopy for objects that are up to three times as bright as the chosen
BCG is 85 per cent complete. As noted earlier, only the BCG of RCS
2345 is significantly more than 250 kpc from the centre of its cluster.
It therefore seems unlikely that we have missed many BCGs.

3.2 Photometry

Following Collins et al. (2009), Stott et al. (2010) and Lidman
et al. (2012), we use MAG_AUTO in SEXTRACTOR to estimate the total
Ks-band magnitude of the BCG in each cluster and use aperture
magnitudes to compute J − Ks colours. The colours are computed
within a 16 kpc diameter aperture after first matching the PSFs in
the J- and Ks-band images.

The error in MAG_AUTO is estimated from the distribution of inte-
grated counts in circularized apertures that are randomly placed in
regions where there are no visible objects. The error in the aperture
magnitudes, which are used to derive colours, are estimated in the

same way. These errors are added in quadrature as an estimate of the
error in the colour. Further details on the methods used to compute
the magnitudes and colours of the BCGs can be found in Lidman
et al. (2012). In Table 4, we list coordinates, redshifts, colours and
magnitudes of the BCGs.

In Fig. 2, we plot the Ks-band magnitude of the BCGs in our
sample as a function of redshift. In this figure, we also plot the
Ks-band magnitude of BCGs from other clusters (Collins et al.
2009; Stott et al. 2010; Lidman et al. 2012). As noted in Lidman
et al. (2012), the BCGs in the high-redshift subsample – defined
as BCGs with redshifts greater than z = 0.8 – are systematically
fainter than the model that best describes the evolution in the J −
Ks colour with redshift. The J − Ks colours of the BCGs are shown
in Fig. 3. The model is a composite of two models from Bruzual &
Charlot (2003), consisting of a model that has solar metallicity and
a model that has a metallically that is two-and-a-half times higher.
Both models have an exponentially falling star formation rate with
an e-folding time of 0.9 Gyr and a formation redshift of z = 5. Addi-
tional details on the model can be found in Lidman et al. (2012).

Five of the clusters in our sample were also observed in the Ks

band by Collins et al. (2009) and Stott et al. (2010) using MOIRCS9

on the Subaru Telescope. Collins et al. (2009) and Stott et al. (2010)
compute magnitudes in exactly the same manner as we do here, so
we can compare the fluxes we derive with theirs. We find a mean
offset of 0.12 mag with a dispersion of 0.04 mag, indicating a small

9 MOIRCS stands for Multi-Object InfraRed Camera and Spectrograph.
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Figure 3. Formation and assembly histories of our case-study BCG. The
black (respectively green) line shows the stellar mass in the main branch
(respectively the mass summed over all progenitors) of our case-study BCG
versus time. The horizontal dashed line corresponds to half the present mass
of the BCG. The vertical lines mark the identity and extended identity times
(see text for details).

mass of the BCG. This figure clearly shows that while the main
progenitor reaches half its final mass only at redshift za ∼ 0.5, half
of the stars are already formed at redshift zf ∼ 5. The identity time
and the extended identity time are equal in this particular case and
are indicated by the vertical line at z ∼ 1.2.

It is now interesting to investigate in more detail how the BCG
gained its mass and how the stars that end up in it were formed in
the first place. Was star formation mainly triggered by starbursts
in an early and dense environment? Or was star formation mostly
quiescent, fuelled by rapid cooling?

Fig. 4 shows the mass in the main branch as a function of time
(solid line), and the fraction of it that was gained through accretion
of galaxies (3-dot–dashed curve). The dashed (respectively dot–
dashed) curve indicates the contribution to accretion by galaxies
with stellar masses lower (respectively higher) than 1010 h−1 M⊙

Figure 4. Accretion history of our case-study BCG: fraction of the stellar
mass that was brought by mergers on to the main branch. The solid line is
the mass of the main branch. The 3-dot–dashed (respectively dot–dashed,
dashed) line is the mass accreted by all (respectively more massive than
1010 h−1 M⊙, less massive than 1010 h−1 M⊙) galaxies merging on the main
branch.

(the same cut as in Fig. 1). Fig. 4 shows that most of the stars of this
BCG were actually not formed in the main branch, but were instead
accreted steadily over time. It is also interesting to note that, although
the BCG tree has many branches, only a small fraction of these
contribute significantly to the build-up of its mass: ∼70 per cent
of the mass comes from accretion of 12 galaxies more massive than
1010 h−1 M⊙. Note also that the main progenitor becomes rapidly
massive enough that most galaxies falling on to the main branch
give rise only to minor merger events. Fig. 4 shows that since
z ∼ 4 the mass growth of the main branch is only due to accretion:
AGN activity has switched off cooling and hence star formation in
the main branch. The stars that compose the BCG today formed
in separate entities, mostly as a result of quiescent star formation:
less than 10 per cent of the stars were formed during starbursts (in
agreement with previous results by Aragón-Salamanca et al. 1998).
Note that this quiescent-to-bursty star formation ratio depends on
the star formation prescription that we use for discs. The results of
Somerville et al. (2001) and Baugh et al. (2005) suggest that our
model predicts an upper boundary of this ratio.

In a hierarchical framework, the formation of a BCG naturally
relates to the formation of the cluster itself. Fig. 5 shows how the
stellar mass in the main branch (in orange) compares to the evolution
of the dark matter (solid black line) and stellar content (dashed black
line) of the halo in which the main progenitor of the BCG resides at
each time. The red lines show instead the evolution in dark matter
(solid) and stellar content (dashed) of all progenitors of the halo
in which the galaxy sits today. Dark matter masses are normalized
to the dark matter mass of the FOF group at redshift zero, while
stellar masses are normalized to the total stellar content of the FOF
group at redshift zero. The figure shows that the assembly history
of the BCG follows the evolution of the dark matter and stellar
content of its own halo with a delay due to dynamical friction. The
parent halo of the BCG represents only 90 per cent of the total mass
of its parent FOF group, and its total stellar content accounts for
about 35 per cent of the stellar content of the FOF group. Note
that although dark matter substructures only represent ∼10 per cent
of the mass of the FOF group, they contain about 65 per cent of

Figure 5. Evolution of the stellar content (dashed lines) and dark matter
content (solid lines) of the subhalo in which our case-study BCG sits at z =
0. Black and red lines are obtained by following the main progenitor only
and all progenitors at any given redshift, respectively. Dark matter masses
are normalized to the dark matter mass of the FOF group at redshift zero,
while stellar masses are normalized to the total stellar content of the FOF
group at redshift zero. The orange line shows the stellar mass in the main
branch.
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The hierarchical formation of BCGs 5

where the mean H column density is given by

⟨NH⟩ = Mcold

1.4mpπ(a r1/2)2
atoms cm−2.

In the previous equation, r1/2 is the half-mass radius of the disc
and a = 1.68 is such that the column density represents the mass-
weighted average column density of the disc, which is assumed to be
exponential. As in Hatton et al. (2003) – see Guiderdoni & Rocca-
Volmerange (1987) for details – the extinction curve depends on the
gas metallicity Zg and is based on an interpolation between the solar
neighbourhood and the Large and Small Magellanic Clouds (s =
1.35 for λ < 2000 Å and s = 1.6 for λ > 2000 Å). The adopted
extinction curve for solar metallicity is that of Mathis, Mezger &
Panagia (1983). Finally, we assign a random inclination to each
galaxy and apply the dust correction to its disc component using a
‘slab’ geometry (see Devriendt et al. 1999).

In addition to this extinction from a diffuse ISM component,
we have also implemented a simple model to take into account
the attenuation of young stars within their birth clouds, based on
Charlot & Fall (2000). Stars younger than the finite lifetime of stel-
lar birth clouds (which we assume to be equal to 107 yr) are sub-
ject to a differential attenuation with mean perpendicular optical
depth:

τBC
λ = τBC

V

!
λ

5500 Å

"−0.7

and

τBC
V = τ z

λ

!
1
µ

− 1

"
,

where µ is drawn randomly from a Gaussian distribution with
centre 0.3 and width 0.2, truncated at 0.1 and 1 (see Kong et al.
2004).

4 A C A S E S T U DY

In the framework of a hierarchical scenario, the history of a galaxy
is fully described by its complete merger tree. Whereas in the mono-
lithic approximation the history of a galaxy can be described by a set
a functions of time, hierarchical histories are difficult to summarize
in a simple form, because even the identity of a galaxy is sometimes

Figure 1. BCG merger tree. Symbols are colour-coded as a function of B − V colour and their area scales with the stellar mass. Only progenitors more massive
than 1010 M⊙ h−1 are shown with symbols. Circles are used for galaxies that reside in the FOF group inhabited by the main branch. Triangles show galaxies
that have not yet joined this FOF group.

ill defined. In hierarchical models, ‘a galaxy’ should not be viewed
as a single object evolving in time, but rather as the ensemble of its
progenitors at each given time. In this section, we focus on a single
model BCG and describe the formation and assembly history of its
stars in detail. This allows us to define and illustrate the behaviour of
quantities that capture different aspects of BCG evolution. We will
use these quantities later (in Section 5) to describe BCG formation
in a statistical fashion.

4.1 Trees and branches – definitions

Fig. 1 shows the full merger tree of the central galaxy of a dark
matter halo of mass M200 = 8.9 × 1014 M⊙ at z = 0. The BCG
itself lies at the top of the plot (at z = 0), and all its progenitors (and
their histories) are plotted downwards going back in time recur-
sively. Galaxies with stellar mass larger (respectively smaller) than
1010 h−1 M⊙ are shown as symbols (respectively lines), and are
colour-coded as a function of their rest-frame B − V colour. The
left-most branch in Fig. 1 represents what we will hereafter refer to
as the main branch. This particular branch is obtained by connecting
the galaxy at each time-step to the progenitor with the largest stellar
mass (the main progenitor) at the immediately preceding time-step.
It is tempting to consider this branch as the BCG itself, and the ob-
jects that merge on to it as other progenitors of the BCG. A clear
distinction between ‘main’ and ‘other’ progenitors is indeed often
quite appropriate – typically for late-type galaxies – and it is satisfac-
tory as long as galaxies merging on to the main branch have stellar
masses that are much smaller than the current mass of the main pro-
genitor. In this case, the evolution of the BCG can be characterized
by a series of accretion events (of much smaller objects) that do not
introduce major changes in the stellar population or identity of the
BCG itself.

This simple summary of a merger tree is however not sufficient to
describe histories as complex as those of BCGs (see also Neistein,
van den Bosch & Dekel 2006). Fig. 1 shows that in our case study,
the main branch captures the evolution of the BCG itself for the
last ∼8 Gyr. Before that time, the main progenitor of the BCG is
only marginally more massive than progenitors in other branches.
At this point, choosing one branch or another becomes arbitrary and
a single branch is certainly a poor proxy for describing the evolution
of the BCG and of its stellar population. In the following, we will
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Merging history
The distribution of stars in the BCG depends on the merging history

Information about the merging history by studying other observables,
such as sizes, morphologies, light profiles, metallicity profiles, kinematics

Observationally, we are now starting to collect representative sample of BCGs with IFU surveys 
(e.g. the ATLAS3D, SAMI, MaNGA surveys)
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Figure 6. The lower panel shows �Re/2 as a function of stellar mass. The symbols are color-coded as per Figure 5.
The dashed line represents the critical mass from Cappellari (2013). Representative measurement uncertainties are
shown at the top of the lower panel. The �Re/2 uncertainties are propagated from errors on V and �. The stellar mass
uncertainties come from Taylor et al. (2011). The upper panel shows the mean P(SR) per stellar mass bin (shaded
regions), each stellar mass bin has the same number of galaxies. The mean P(SR) error bars are the standard errors
on the mean. The P(SR) increases with increasing stellar mass with a significance of 2.8�.

Figure 7. The lower panel shows �Re/2 as a function of cluster mass. The symbols and color-coding are as in
Figure 5. Representative measurement uncertainties are shown at the top of the lower panel. The �Re/2 uncertainties
uncertainties are propagated from errors on V and �. The halo mass uncertainties are propagated from �cl. The
simulations of Martizzi et al. (2014) are shown as black dots. The upper panel shows the mean P(SR) per halo mass
bin (shaded regions), each stellar mass bin has the same number of galaxies. The mean P(SR) error bars are the
standard errors on the mean. There is a weak trend of increasing P(SR) with increasing cluster mass, however, it is
not statistically significant.

momentum measured here (�Re/2 = 0.12 ± 0.02) is consistent with theirs (�Re = 0.09 ± 0.01).

4.3. Is the probability of slow rotation connected to the cluster status?

Dominance is a good indicator of the cluster/group merging status. Small magnitude gaps (�m1,2 < 1.0) are likely
to indicate a recent halo merger. This is supported by the high percentage of the mass of these clusters residing in
cluster substructure (⇠ 30%; Smith et al. 2010).

Oliva-Altamirano et al. 2016
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Figure 6. The lower panel shows �Re/2 as a function of stellar mass. The symbols are color-coded as per Figure 5.
The dashed line represents the critical mass from Cappellari (2013). Representative measurement uncertainties are
shown at the top of the lower panel. The �Re/2 uncertainties are propagated from errors on V and �. The stellar mass
uncertainties come from Taylor et al. (2011). The upper panel shows the mean P(SR) per stellar mass bin (shaded
regions), each stellar mass bin has the same number of galaxies. The mean P(SR) error bars are the standard errors
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Figure 7. The lower panel shows �Re/2 as a function of cluster mass. The symbols and color-coding are as in
Figure 5. Representative measurement uncertainties are shown at the top of the lower panel. The �Re/2 uncertainties
uncertainties are propagated from errors on V and �. The halo mass uncertainties are propagated from �cl. The
simulations of Martizzi et al. (2014) are shown as black dots. The upper panel shows the mean P(SR) per halo mass
bin (shaded regions), each stellar mass bin has the same number of galaxies. The mean P(SR) error bars are the
standard errors on the mean. There is a weak trend of increasing P(SR) with increasing cluster mass, however, it is
not statistically significant.

momentum measured here (�Re/2 = 0.12 ± 0.02) is consistent with theirs (�Re = 0.09 ± 0.01).

4.3. Is the probability of slow rotation connected to the cluster status?

Dominance is a good indicator of the cluster/group merging status. Small magnitude gaps (�m1,2 < 1.0) are likely
to indicate a recent halo merger. This is supported by the high percentage of the mass of these clusters residing in
cluster substructure (⇠ 30%; Smith et al. 2010).

Many minor dry mergers lead to round, slowly rotating galaxies

Major dry mergers can both spin up and spin down galaxies. The latter 
tend to be highly elliptical



Star Formation
Spectacular examples of star forming BCGs - 100-500 solar masses per year

z= 0.64 (J.-S. Huang, 2015, private communication, the Multi-
Mirror Telescope ) and z= 1.3 (Keck-MOSFIRE), for the blue
and red galaxy respectively. The detection of PAH lines at
z= 1.7 therefore removes these two galaxies as candidates for
the MIPS emission. Thus, the ground based-imaging leaves
only the BCG as the candidate ID; although some diffuse
emission is visible, no other source is seen within the 95%
confidence region.

The deep HST imaging reveals a more complicated situation,
however. In Figure 4 we show the two-color composite image
of the central region using the F105W and F160W filters (rest-
frame ∼u′ and r′, respectively). Here we see a long chain of
small objects embedded within a diffuse filament or tidal-tail.
The MIPS centroid is located directly on top of one of these
objects (in the approximate center of the chain) and thus it
seems likely that the MIPS emission is coming not from the
BCG itself, but from an object, or set of objects, within
∼16 kpc of the BCG. The details of this structure are discussed
in the following section, but we note its morphology and the
proximity to the BCG (possibly within its stellar envelope)
suggest that the strong infrared emission is driven by an
interaction with the central galaxy of the cluster.

3.3.1. Constraining the Infrared Spectral Energy Distribution

With such extensive multi-wavelength coverage of infrared-
bright object, we are in a position to constrain its spectral

energy distribution (SED) and derive simple parameters from
it. Flux measurements in the optical/NIR/MIR regimes are
straightforward, however the large beam sizes of the Herschel
instruments make confusion difficult to correct for in the
crowded central regions of the cluster. We therefore explain our
method in detail here.
The SPIRE data are publicly available and while there is

emission coincident with BCG in the HerMES 250 μm catalog
(Wang et al. 2014), the increasing beam-size at 350 and
500 μm results in a highly confused image of the cluster core.
However, utilizing positional priors from less-confused wave-
lengths can reduce the amount of source blending in far-
infrared photometry. In particular, Viero et al. (2013)
developed a novel algorithm called SIMSTACK to stack
SPIRE maps on prior positions from a user-defined catalog.
SIMSTACK simultaneously stacks lists of potentially clustered
populations, which effectively allows for a deconvolution of
fluxes from multiple sources within each SPIRE beam. We
exploit the Spitzer-MIPS 24 μm catalog from SWIRE for our
positional priors.
As we are only interested in the flux of the infrared source ,

we alter the code slightly to suit our needs. We collect all
24 μm sources within 90 arcsec of the BCG, which corresponds
to ∼50, 30, and 15 independent beams at 250, 350, and
500 μm, respectively. We separate each source into individual
lists, and simultaneously fit each list for the best value, yielding
a flux of 46± 6.2, 47± 6.7, and 21± 9.4 for ascending SPIRE
wavelengths, including the nominal confusion noise (Nguyen
et al. 2010). We compare these fluxes to those derived from the
HerMES XID catalog that uses the 250 μm source positions
(which have a FWHM beam ∼3 times larger than 24 μm) as
priors for 350 and 500 μm. While the individual SPIRE fluxes
can differ by 2–3σ between the two methods, the resulting best
fit SED (see Figure 5 and below), and subsequent infrared
luminosity, are robust, differing only by 1.3%.
At 850 μm we detect a point source at an offset of 4″ from

the BCG location with a significance of 4.2σ. A 450 μm peak is
detected at the same location at significance of 4.0σ (Figure 5).
Both of these offsets are within the expected positional error
radius for SCUBA2, given the signal-to-noise of the detection,
and these measurements are included in Figure 5. No useful
constraints are obtained from the MIPS 70 and 170 μm imaging
of SWIRE.
In Figure 5 we show the complete SED for the far-infrared

source using all available data from 24 to 850 μm (Table 1),
including the IRS spectrum in cyan. The reduced IRS spectrum
was obtained through the CASSIS. We have fit two sets of
template SEDs to the data: we use the the composite SED of
Kirkpatrick et al. (2012) of star forming ULIRGs at z∼ 2, and
the library of templates from Chary & Elbaz (2001). We fit
only to the photometry, for consistency, but include a
discussion of the information contained within the IRS
spectrum below.
The Kirkpatrick SED is derived from infrared-luminous

objects of similar luminosities to this source, at a similar
redshift of z∼ 2. As there is only one spectrum, we fit for the
amplitude and then integrate under the infrared portion
(8–1000 μm) of the SED to obtain the total infrared luminosity.
Uncertainties on the luminosity are produced by fitting the
extremes of the uncertainties/scatter on the composite template.
The Chary & Elbaz templates, on the other hand, are derived

from local galaxy templates and thus may not be appropriate

Figure 4. Top: the two-color (F160W, F105W) HST image of the central
region of SpARCS1049, showing the complex morphology of the core. Diffuse
emission in a tidal-tail shaped structure is visible, and embedded along its
length are multiple clumps. The cross marks the centroid of the 24 μm
emission. Bottom: the 3.6 μm image of the same region (grayscale) with MIPS
flux contours overlaid (orange) to show the location of the 24 μm centroid and
the mild extension of the source in the N/S direction. The two purple crosses
correspond to the 850 μm (large) and 450 μm (small) positions, where the size
of the cross denotes 1/2 the FWHM of the beams.
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the central AGN, are detected at a significance of ∼25σ in this
residual image. The unsharp mask technique is only sensitive to
substructure on a single angular scale, so it is unsurprising that
we detect no large-scale asymmetries beyond the core region in
this residual image.

In order to look for ICM substructure on multiple angular
scales, we model the 0.5–2.0 keV surface brightness map with
a sum of two beta models and a constant background, using
SHERPA.24 The two beta models, meant to represent the core and
outer ICM, share a common center, ellipticity, and position
angle. We note that since the X-ray spectrum of the central
AGN is highly obscured (McDonald et al. 2012b; Ueda
et al. 2013), there is no central point source detected in this soft
energy band. During the fit, the cavities (Figure 7) and point

sources were masked to prevent any spurious positive or
negative residuals. The best-fitting model was subtracted, with
the residual images shown in Figure 8. This residual image
shows a significant amount of structure in the central
∼150 kpc. On scales larger than ∼200 kpc (0.15R500) there is
little structure in the residual image (see rightmost panel in
Figure 8). If the cluster had recently experienced a recent minor
merger, one would expect to find large-scale spiral-shaped
surface brightness excesses that would be visible on >100 kpc
scales in the residual image (e.g., Roediger et al. 2011; Paterno-
Mahler et al. 2013). For comparison, the large-scale spiral
feature in Abell 2029 (Paterno-Mahler et al. 2013) represents
an excess surface brightness of 22% at a radius of ∼150 kpc. At
similar radii in the Phoenix cluster, the surface brightness
uncertainty in the 0.5–2.0 keV image is ∼15%, meaning that a
similar feature to that observed in Abell 2029 would be at the

Figure 6. Optical g, r, z image of the inner region of the Phoenix cluster (SPT-CLJ2344-4243). The central cluster galaxy is located at the center of the image.
Extending radially from this galaxy are several blue filaments, likely sites of ongoing star formation. We highlight the longest filament to the north, which is extended
for ∼100 kpc. In the lower right we show a zoom-in of the central galaxy, based on higher-resolution HST data in the same bandpasses. These data were originally
presented in McDonald et al. (2013a) and reveal a complex, filamentary morphology in this starburst galaxy.

24 http://cxc.harvard.edu/sherpa4.4/
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Three different fuelling mechanisms



Star formation in BCGs

contamination rate), it remains significant, in part because the
AGNs are scattered throughout most of the redshift bins.

We note, finally, a systematic effect that may be present in
this analysis. Several studies have shown that the Chary &
Elbaz (2001) methodology overestimates the infrared lumin-
osity above a redshift of z ∼ 1.5 (Murphy et al. 2009;
Rodighiero et al. 2010; Nordon et al. 2012) by roughly a factor
of five due to large PAH equivalent widths at these redshifts.
This redshift transition is the approximate location where we
see the largest change in the fraction of 24 μm detected BCGs.
It may be that due to this effect, we are sensitive to a lower
luminosity limit beyond z ∼ 1.5, which would in turn lead to a
larger fraction of detected galaxies. If we applied a downward
correction to the LIR in Figure 5, this would indeed flatten the
high-redshift tail and bring those estimations more in line with
the measurements below z ∼ 1.5, but it would not change our
results qualitatively as these systems would still remain at
LIR > 1012 Le. Moreover, the infrared luminosity of the most
luminous object in our sample, SpARCS1049+56 at z = 1.7,
has been studied in detail in Webb et al. (2015), where we
determine its luminosity using six infrared measurements and
two limits. We determine the LIR to be 6.6 ± 0.9 × 1012 Le,

compared to an LIR of 1.0 ± 0.3 × 1013 Le determined from
the 24 μm measurement alone. These estimates are within 1σ of
each other indicating, at least for this particular object, there is
no strong overestimate of the flux.

4.3. SFRs of the BCGs

We can scale the infrared luminosities determined in the
previous section to SFRs following the relation of Kennicutt
(1998). Based on Figure 4, we assume no AGN contribution to
the infrared flux, which would systematically reduce the
estimates. We show the SFRs for each BCG with redshift in
Figure 7. Uncertainties include the photometric uncertainty in
the MIPS 24 μm flux and the redshift uncertainty of zD 0.1.
A wide range in SFRs is seen from ∼1 at low redshift to
∼1000Me yr−1 for the highest-redshift BCGs.
Using stellar-mass measurements for the BCGs, we can

further convert the SFRs to SFRs per unit stellar mass, or
specific star formation rates (sSFRs). Given the uniformity of
the BCG optical colors, we adopt a simple methodology to
measure stellar mass. We use the observed 3.6 μm flux to
determine the rest-frame K-band luminosity, adopting an
11 Gyr single stellar population from Bruzual & Charlot
(2003) to calculate the K-correction. We then take the average
K-band mass-to-light ratio of a red galaxy (M/LK = 1) from
Bell et al. (2003), with a scatter of 0.1dex. To determine the
sSFR, we further scale the masses by 1.65 to convert to a
Salpeter IMF (Raue & Meyer 2012).
Figure 8 shows the sSFRs of the individual BCGs with

redshift. This figure also contains the evolution of the sSFR of
the main sequence of star-forming galaxies (Elbaz et al. 2011;
solid line), as well as the division between main-sequence and
starburst systems as defined by Elbaz et al.
In Figure 9, we show the sSFR of the 24 μm detected BCGs

as a function of stellar mass. The size of the points increases
with the redshift of the BCG so that the largest points
correspond to at z = 1.8 and the smallest points to z = 0.1.
Overlaid we show the location of the main sequence of star-
forming galaxies in the field for the three redshift regimes that
encompass our sample: z = 0, 1, 2 (Daddi et al. 2007; Elbaz
et al. 2007), again corrected to a Salpeter IMF.
In both Figures 8 and 9, general agreement is seen between

the sSFRs of the BCGs and the overall level seen in the field at

Figure 6. Top: the fraction of 24 μm detected BCGs in different redshift bins.
Blue points denote BCGs with inferred infrared luminosities of >LIR 1012 Le,
and orange points denote the fraction of BCGs above the evolving luminosity
cut shown by the orange line in Figure 5. Also shown (green) are the fractions
of BCGs detected at any 24 μm flux above the detection limit of the SWIRE
survey. Bottom: same as the top panel, but with possible AGN contaminated
galaxies removed from the analysis. For this plot, we define as AGNs those
galaxies lying in region 4 of Figure 4.

Figure 7. Inferred star formation rates of the BCGs with redshift. The orange
points correspond to those with IRAC colors consistent with AGNs following
the Donley et al. (2012) criteria. The solid line shows the approximate depth of
the SWIRE 24 μm imaging.
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McDonald et al. 2016 - SZ selected

For comparison, prior to this work there were only four
confirmed clusters with extinction-corrected SFR > 100
Me yr−1 in their BCG: Abell 1835 (McNamara et al. 2006),
RXJ1504.1-0248 (Ogrean et al. 2010), MACSJ1931.8-2634
(Ehlert et al. 2011), and the Phoenix cluster (McDonald et al.
2012a). The median SFR for the 31 star-forming BCGs
identified over the full redshift range is 50 Me yr−1. It is worth
noting that five of the seven most star-forming BCGs
(SFR > 100 Me yr−1) are at z�0.9, despite the fact that
only 15% of the clusters in this sample are at such high redshift.
Likewise, three of the most star-forming BCGs are at z>1.1,
despite this representing 6% of the sample.

We also showthe average SFR as a function of redshift in
five redshift bins, in the right panel of Figure 3. These averages,
provided in Table 1, have uncertainties that are derived by
bootstrapping errors on individual data points. For non-
detections, we assume zero SFR for the lower-bound of the
uncertainty and the upper limit for the upper bound. Thus, the
ranges shown encompass both the statistical uncertainty in the
mean from detections and the uncertainty in the true value of
the non-detections. This analysis reveals a strong evolution in
the average SFR in BCGs over the past nine Gyr. This increase
in the average SFR is driven largely by a decrease in the
number of non-detections at high-z, which we discuss next.

3.2. The Evolving Fraction of Star-forming BCGs

In Figure 4 we show how the fraction of BCGs with
SFR > 10 Me yr−1 (hereafter fSF) has evolved over time.
Within the sample presented here, this fraction evolves from
∼20% at 0.25<z<0.65, to ∼50% at 0.65<z<1.05, to
∼90% at z>1.05. This evolution is visible in Figure 3 as a
relative lack of non-detections at the highest redshifts compared
to the lowest redshifts. This result indicates that the fraction of
clusters harboring a starburst in their central, most massive
galaxy grows by a factor of ∼3 between z∼0.6 and z∼1.1.

Even more intriguing is that, at z∼0, fSF∼0%–10%
(Donahue et al. 2010; Fraser-McKelvie et al. 2014), suggesting
an even more dramatic decline since z>1. In Figure 4, we
compile estimates of fSF from various surveys, spanning
0<z<0.6. These surveys include both optically selected
(McDonald 2011; M. McDonald et al., in preparation) and
X-ray-selected (Donahue et al. 1992, 2010; Hoffer et al. 2012;
Rawle et al. 2012; Fraser-McKelvie et al. 2014; Donahue et al.
2015) clusters, and are being compared here to an SZ-selected
sample. For the ACCEPT (Cavagnolo et al. 2009) and CLASH
(Donahue et al. 2015) samples, we apply a small correction
because both of these cluster samples are biased toward cool
core clusters. This bias correction assumes that the true,
underlying fraction of cool core clusters is 30% (Haarsma
et al. 2010; Hudson et al. 2010; McDonald et al. 2013b) and
that non-cool cores do not have star-forming BCGs at z0.5
(Cavagnolo et al. 2008; O’Dea et al. 2008; McDonald et al.
2010). This well-motivated correction brings the observed

Figure 3. Left: measured star-formation rates (filled circles) and upper limits (arrows) for the BCGs in this sample as a function of redshift. We show individual
measurements from each method (UV continuum, IR continuum, [O II] emission line) where available. The horizontal dashed line represents our cutoff depth of
SFR = 10 Me yr−1. We highlight the most restrictive upper limit for each BCG with a black outline, showing that the best constraints at high-z come from deep rest-
frame UV imaging, while at low-z archival data from WISE is able to provide robust upper limits. Right: similar to left panel, but now showing only the most
constraining upper limit or detection (red) for each BCG. Where multiple SFRs were measured for a given cluster (see Figure 1), we take the average. Systematic
uncertainties (see Section 2.5) are shown as vertical error bars. For UV- and [O II]-based SFRs, the uncertainty is dominated by the extinction correction, while for IR-
based SFRs the uncertainty is dominated by the extrapolation of the observed 22 μm to rest-frame 24 μm. Black rectangles show the average SFR in different redshift
bins, where the height represents the combined statistical uncertainty in the mean and additional uncertainty due to non-detections.

Table 1
Average BCG Properties

z Ncl M*á ñ SFRá ñ sSFRá ñ
(1012 Me) (Me yr−1) (Gyr−1)

0.25−0.45 19 2.09 4.0−15 0.002−0.007
0.45−0.65 28 1.97 7.0−24 0.004−0.012
0.65−0.85 22 1.47 20−41 0.013−0.028
0.85−1.05 8 1.39 42−84 0.030−0.061
1.05−1.25 6 1.54 89−320 0.058−0.205

Note. Average values for BCGs in five redshift bins, as shown in Figures 3 and
5. The ranges quoted on SFRá ñ and sSFRá ñ correspond to the combined
uncertainty in the measurements (bootstrapping errors), the uncertainty in the
BCG choice, and the added uncertainty associated with stacking non-
detections. The total number of clusters is less than the number of BCGs,
due to the fact that we consider multiple potential BCGs for several clusters.
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Average star formation rate 
required to build a BCG from
stars alone

z=0

Most of the star-forming BCGs at high z
are in unrelaxed systems.

The converse is true at low z.



Gas rich mergers

Clusters at z~2, were
• 10 times less massive,
• physically smaller,
• and had less well developed ICM

z= 0.64 (J.-S. Huang, 2015, private communication, the Multi-
Mirror Telescope ) and z= 1.3 (Keck-MOSFIRE), for the blue
and red galaxy respectively. The detection of PAH lines at
z= 1.7 therefore removes these two galaxies as candidates for
the MIPS emission. Thus, the ground based-imaging leaves
only the BCG as the candidate ID; although some diffuse
emission is visible, no other source is seen within the 95%
confidence region.

The deep HST imaging reveals a more complicated situation,
however. In Figure 4 we show the two-color composite image
of the central region using the F105W and F160W filters (rest-
frame ∼u′ and r′, respectively). Here we see a long chain of
small objects embedded within a diffuse filament or tidal-tail.
The MIPS centroid is located directly on top of one of these
objects (in the approximate center of the chain) and thus it
seems likely that the MIPS emission is coming not from the
BCG itself, but from an object, or set of objects, within
∼16 kpc of the BCG. The details of this structure are discussed
in the following section, but we note its morphology and the
proximity to the BCG (possibly within its stellar envelope)
suggest that the strong infrared emission is driven by an
interaction with the central galaxy of the cluster.

3.3.1. Constraining the Infrared Spectral Energy Distribution

With such extensive multi-wavelength coverage of infrared-
bright object, we are in a position to constrain its spectral

energy distribution (SED) and derive simple parameters from
it. Flux measurements in the optical/NIR/MIR regimes are
straightforward, however the large beam sizes of the Herschel
instruments make confusion difficult to correct for in the
crowded central regions of the cluster. We therefore explain our
method in detail here.
The SPIRE data are publicly available and while there is

emission coincident with BCG in the HerMES 250 μm catalog
(Wang et al. 2014), the increasing beam-size at 350 and
500 μm results in a highly confused image of the cluster core.
However, utilizing positional priors from less-confused wave-
lengths can reduce the amount of source blending in far-
infrared photometry. In particular, Viero et al. (2013)
developed a novel algorithm called SIMSTACK to stack
SPIRE maps on prior positions from a user-defined catalog.
SIMSTACK simultaneously stacks lists of potentially clustered
populations, which effectively allows for a deconvolution of
fluxes from multiple sources within each SPIRE beam. We
exploit the Spitzer-MIPS 24 μm catalog from SWIRE for our
positional priors.
As we are only interested in the flux of the infrared source ,

we alter the code slightly to suit our needs. We collect all
24 μm sources within 90 arcsec of the BCG, which corresponds
to ∼50, 30, and 15 independent beams at 250, 350, and
500 μm, respectively. We separate each source into individual
lists, and simultaneously fit each list for the best value, yielding
a flux of 46± 6.2, 47± 6.7, and 21± 9.4 for ascending SPIRE
wavelengths, including the nominal confusion noise (Nguyen
et al. 2010). We compare these fluxes to those derived from the
HerMES XID catalog that uses the 250 μm source positions
(which have a FWHM beam ∼3 times larger than 24 μm) as
priors for 350 and 500 μm. While the individual SPIRE fluxes
can differ by 2–3σ between the two methods, the resulting best
fit SED (see Figure 5 and below), and subsequent infrared
luminosity, are robust, differing only by 1.3%.
At 850 μm we detect a point source at an offset of 4″ from

the BCG location with a significance of 4.2σ. A 450 μm peak is
detected at the same location at significance of 4.0σ (Figure 5).
Both of these offsets are within the expected positional error
radius for SCUBA2, given the signal-to-noise of the detection,
and these measurements are included in Figure 5. No useful
constraints are obtained from the MIPS 70 and 170 μm imaging
of SWIRE.
In Figure 5 we show the complete SED for the far-infrared

source using all available data from 24 to 850 μm (Table 1),
including the IRS spectrum in cyan. The reduced IRS spectrum
was obtained through the CASSIS. We have fit two sets of
template SEDs to the data: we use the the composite SED of
Kirkpatrick et al. (2012) of star forming ULIRGs at z∼ 2, and
the library of templates from Chary & Elbaz (2001). We fit
only to the photometry, for consistency, but include a
discussion of the information contained within the IRS
spectrum below.
The Kirkpatrick SED is derived from infrared-luminous

objects of similar luminosities to this source, at a similar
redshift of z∼ 2. As there is only one spectrum, we fit for the
amplitude and then integrate under the infrared portion
(8–1000 μm) of the SED to obtain the total infrared luminosity.
Uncertainties on the luminosity are produced by fitting the
extremes of the uncertainties/scatter on the composite template.
The Chary & Elbaz templates, on the other hand, are derived

from local galaxy templates and thus may not be appropriate

Figure 4. Top: the two-color (F160W, F105W) HST image of the central
region of SpARCS1049, showing the complex morphology of the core. Diffuse
emission in a tidal-tail shaped structure is visible, and embedded along its
length are multiple clumps. The cross marks the centroid of the 24 μm
emission. Bottom: the 3.6 μm image of the same region (grayscale) with MIPS
flux contours overlaid (orange) to show the location of the 24 μm centroid and
the mild extension of the source in the N/S direction. The two purple crosses
correspond to the 850 μm (large) and 450 μm (small) positions, where the size
of the cross denotes 1/2 the FWHM of the beams.
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At these redshifts, a galaxy will get to the centre more
quickly and will loose less of its gas in getting there

SpARCS1049+56 at z=1.71

Webb et al. 2015
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z= 0.64 (J.-S. Huang, 2015, private communication, the Multi-
Mirror Telescope ) and z= 1.3 (Keck-MOSFIRE), for the blue
and red galaxy respectively. The detection of PAH lines at
z= 1.7 therefore removes these two galaxies as candidates for
the MIPS emission. Thus, the ground based-imaging leaves
only the BCG as the candidate ID; although some diffuse
emission is visible, no other source is seen within the 95%
confidence region.

The deep HST imaging reveals a more complicated situation,
however. In Figure 4 we show the two-color composite image
of the central region using the F105W and F160W filters (rest-
frame ∼u′ and r′, respectively). Here we see a long chain of
small objects embedded within a diffuse filament or tidal-tail.
The MIPS centroid is located directly on top of one of these
objects (in the approximate center of the chain) and thus it
seems likely that the MIPS emission is coming not from the
BCG itself, but from an object, or set of objects, within
∼16 kpc of the BCG. The details of this structure are discussed
in the following section, but we note its morphology and the
proximity to the BCG (possibly within its stellar envelope)
suggest that the strong infrared emission is driven by an
interaction with the central galaxy of the cluster.

3.3.1. Constraining the Infrared Spectral Energy Distribution

With such extensive multi-wavelength coverage of infrared-
bright object, we are in a position to constrain its spectral

energy distribution (SED) and derive simple parameters from
it. Flux measurements in the optical/NIR/MIR regimes are
straightforward, however the large beam sizes of the Herschel
instruments make confusion difficult to correct for in the
crowded central regions of the cluster. We therefore explain our
method in detail here.
The SPIRE data are publicly available and while there is

emission coincident with BCG in the HerMES 250 μm catalog
(Wang et al. 2014), the increasing beam-size at 350 and
500 μm results in a highly confused image of the cluster core.
However, utilizing positional priors from less-confused wave-
lengths can reduce the amount of source blending in far-
infrared photometry. In particular, Viero et al. (2013)
developed a novel algorithm called SIMSTACK to stack
SPIRE maps on prior positions from a user-defined catalog.
SIMSTACK simultaneously stacks lists of potentially clustered
populations, which effectively allows for a deconvolution of
fluxes from multiple sources within each SPIRE beam. We
exploit the Spitzer-MIPS 24 μm catalog from SWIRE for our
positional priors.
As we are only interested in the flux of the infrared source ,

we alter the code slightly to suit our needs. We collect all
24 μm sources within 90 arcsec of the BCG, which corresponds
to ∼50, 30, and 15 independent beams at 250, 350, and
500 μm, respectively. We separate each source into individual
lists, and simultaneously fit each list for the best value, yielding
a flux of 46± 6.2, 47± 6.7, and 21± 9.4 for ascending SPIRE
wavelengths, including the nominal confusion noise (Nguyen
et al. 2010). We compare these fluxes to those derived from the
HerMES XID catalog that uses the 250 μm source positions
(which have a FWHM beam ∼3 times larger than 24 μm) as
priors for 350 and 500 μm. While the individual SPIRE fluxes
can differ by 2–3σ between the two methods, the resulting best
fit SED (see Figure 5 and below), and subsequent infrared
luminosity, are robust, differing only by 1.3%.
At 850 μm we detect a point source at an offset of 4″ from

the BCG location with a significance of 4.2σ. A 450 μm peak is
detected at the same location at significance of 4.0σ (Figure 5).
Both of these offsets are within the expected positional error
radius for SCUBA2, given the signal-to-noise of the detection,
and these measurements are included in Figure 5. No useful
constraints are obtained from the MIPS 70 and 170 μm imaging
of SWIRE.
In Figure 5 we show the complete SED for the far-infrared

source using all available data from 24 to 850 μm (Table 1),
including the IRS spectrum in cyan. The reduced IRS spectrum
was obtained through the CASSIS. We have fit two sets of
template SEDs to the data: we use the the composite SED of
Kirkpatrick et al. (2012) of star forming ULIRGs at z∼ 2, and
the library of templates from Chary & Elbaz (2001). We fit
only to the photometry, for consistency, but include a
discussion of the information contained within the IRS
spectrum below.
The Kirkpatrick SED is derived from infrared-luminous

objects of similar luminosities to this source, at a similar
redshift of z∼ 2. As there is only one spectrum, we fit for the
amplitude and then integrate under the infrared portion
(8–1000 μm) of the SED to obtain the total infrared luminosity.
Uncertainties on the luminosity are produced by fitting the
extremes of the uncertainties/scatter on the composite template.
The Chary & Elbaz templates, on the other hand, are derived

from local galaxy templates and thus may not be appropriate

Figure 4. Top: the two-color (F160W, F105W) HST image of the central
region of SpARCS1049, showing the complex morphology of the core. Diffuse
emission in a tidal-tail shaped structure is visible, and embedded along its
length are multiple clumps. The cross marks the centroid of the 24 μm
emission. Bottom: the 3.6 μm image of the same region (grayscale) with MIPS
flux contours overlaid (orange) to show the location of the 24 μm centroid and
the mild extension of the source in the N/S direction. The two purple crosses
correspond to the 850 μm (large) and 450 μm (small) positions, where the size
of the cross denotes 1/2 the FWHM of the beams.
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the central AGN, are detected at a significance of ∼25σ in this
residual image. The unsharp mask technique is only sensitive to
substructure on a single angular scale, so it is unsurprising that
we detect no large-scale asymmetries beyond the core region in
this residual image.

In order to look for ICM substructure on multiple angular
scales, we model the 0.5–2.0 keV surface brightness map with
a sum of two beta models and a constant background, using
SHERPA.24 The two beta models, meant to represent the core and
outer ICM, share a common center, ellipticity, and position
angle. We note that since the X-ray spectrum of the central
AGN is highly obscured (McDonald et al. 2012b; Ueda
et al. 2013), there is no central point source detected in this soft
energy band. During the fit, the cavities (Figure 7) and point

sources were masked to prevent any spurious positive or
negative residuals. The best-fitting model was subtracted, with
the residual images shown in Figure 8. This residual image
shows a significant amount of structure in the central
∼150 kpc. On scales larger than ∼200 kpc (0.15R500) there is
little structure in the residual image (see rightmost panel in
Figure 8). If the cluster had recently experienced a recent minor
merger, one would expect to find large-scale spiral-shaped
surface brightness excesses that would be visible on >100 kpc
scales in the residual image (e.g., Roediger et al. 2011; Paterno-
Mahler et al. 2013). For comparison, the large-scale spiral
feature in Abell 2029 (Paterno-Mahler et al. 2013) represents
an excess surface brightness of 22% at a radius of ∼150 kpc. At
similar radii in the Phoenix cluster, the surface brightness
uncertainty in the 0.5–2.0 keV image is ∼15%, meaning that a
similar feature to that observed in Abell 2029 would be at the

Figure 6. Optical g, r, z image of the inner region of the Phoenix cluster (SPT-CLJ2344-4243). The central cluster galaxy is located at the center of the image.
Extending radially from this galaxy are several blue filaments, likely sites of ongoing star formation. We highlight the longest filament to the north, which is extended
for ∼100 kpc. In the lower right we show a zoom-in of the central galaxy, based on higher-resolution HST data in the same bandpasses. These data were originally
presented in McDonald et al. (2013a) and reveal a complex, filamentary morphology in this starburst galaxy.

24 http://cxc.harvard.edu/sherpa4.4/
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