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Abstract

We derive and compare the fractions of cool-core clusters in thePlanckEarly Sunyaev–Zel’dovich sample of 164
clusters with �-z 0.35 and in a � ux-limited X-ray sample of 100 clusters with�-z 0.30, using Chandra
observations. We use four metrics to identify cool-core clusters:(1) the concentration parameter, which is the ratio
of the integrated emissivity pro� le within 0.15r500 to that withinr500; (2) the ratio of the integrated emissivity
pro� le within 40 kpc to that within 400 kpc;(3) the cuspiness of the gas density pro� le, which is the negative of the
logarithmic derivative of the gas density with respect to the radius, measured at 0.04r500; and(4) the central gas
density, measured at 0.01r500. We� nd that the sample of X-ray-selected clusters, as characterized by each of these
metrics, contains a signi� cantly larger fraction of cool-core clusters compared to the sample of SZ-selected clusters
(44%�± �7% versus 28%�± �4% using the concentration parameter in the 0.15–1.0 r500 range, 61%�± �8% versus
36%�± �5% using the concentration parameter in the 40–400 kpc range, 64%�± �8% versus 38%�± �5% using the
cuspiness, and 53%�± �7% versus 39�± �5% using the central gas density). Qualitatively, cool-core clusters are
more X-ray luminous at� xed mass. Hence, our X-ray,� ux-limited sample, compared to the approximately mass-
limited SZ sample, is overrepresented with cool-core clusters. We describe a simple quantitative model that uses
the excess luminosity of cool-core clusters compared to non-cool-core clusters at� xed mass to successfully predict
the observed fraction of cool-core clusters in X-ray-selected samples.
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1. Introduction

Clusters of galaxies are the largest gravitationally bound
structures in the universe. In the standard� CDM cosmology,
massive halos dominated by dark matter assemble by the
accretion of smaller groups and clusters(e.g., Forman & Jones
1982; Allen et al.2011; Kravtsov & Borgani2012). Under the
in� uence of gravity, diffuse matter and smaller collapsed halos
fall into larger halos, and occasionally halos of comparable
mass merge with one another. X-ray observations of sub-
structures in clusters of galaxies(see, for instance, Jones et al.
1979; Jones & Forman1984; Mohr et al.1995; Buote & Tsai
1996; Jones & Forman1999; Jeltema et al.2005; Böhringer
et al. 2010; Laganá et al.2010; Andrade-Santos et al.2012,
2013) and measurements of the growth of structure(Vikhlinin
et al.2009b; Mantz et al.2010; Allen et al.2011; Benson et al.
2013; Planck Collaboration et al.2014, 2016) demonstrate that
clusters are still in the process of formation.

Early X-ray observations of galaxy clusters revealed that a
signi� cant fraction present a bright and dense core whose
central cooling time is much shorter than the Hubble time.
These observations led to the development of the cooling-� ow
model (Fabian & Nulsen1977; Fabian et al.1984; Fabian
1994, 2012). Analyzing deep Chandra observations of
Hydra-A, David et al.(2001) showed that the spectral� ts
yielded signi� cantly smaller mass deposition rates than
expected. UsingXMM-Newton, Peterson et al.(2003) presented
high-resolution X-ray spectra of 14 putative cooling-� ow
clusters that exhibit a severe de� cit of very cool emission
relative to the predictions of the isobaric cooling-� ow model.
However, as predicted by the cooling-� ow model, a temper-
ature drop is observed in the center of many clusters, typically
reaching one-third of the peak temperature(e.g., Peterson et al.
2003; Vikhlinin et al. 2005). Clusters presenting such a
temperature drop in their cores are referred to as cool-core(CC)
clusters(Molendi & Pizzolato2001).
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Using a very large, high-resolution cosmologicalN-body
simulation (Millennium-XXL), Angulo et al.(2012) showed
that cosmological conclusions based on galaxy cluster surveys
depend critically on the selection biases, which include the
wavelength used for the identi� cation of clusters of galaxies.
Planck Collaboration et al.(2011, 2013) presented the� rst
observational evidence of different morphological properties in
X-ray-selected versus SZ-selected samples: SZ-selected clus-
ters have a less peaked density distribution and are less X-ray-
luminous at a given mass than X-ray-selected clusters. Wen &
Han (2013) presented a method to diagnose the substructure
and dynamical states for 2092 optical galaxy clusters. They
found that the fraction of relaxed clusters is 28% in the full
sample, while the fraction increases to 46% for the subsample
matched withROSATdetections, indicating that the wave-
length used for detecting clusters plays a signi� cant role in the
dynamical state of the population that is selected. McDonald
et al. (2013) showed that CC clusters in his SZ sample
represent 40%�± �10% of the cluster population at low redshift.
Sommer & Basu(2014) constructed near-complete samples
based on X-ray and SZ catalogs. They found that roughly
70%�± �10% of the clusters in the X-ray selection have no radio
halos(indicating they are relaxed), whereas the fraction in the
Planckselection is only 30�± �10%, in agreement with� ndings
from Wen & Han(2013) and McDonald et al.(2013).

More recently, Rossetti et al.(2016) compared the dynamical
state of the 132 clusters with the highest signal-to-noise ratio
from the Planck Sunyaev–Zel’dovich (SZ) catalog to that of
three X-ray-selected samples(HIFLUGCS15, MACS16, and
REXCESS17). They showed that the fractions of relaxed
clusters in the the X-ray samples are signi� cantly larger than
those in the Planck sample, and interpreted this result to be an
indication of a CC bias(Eckert et al.2011) affecting X-ray
selection.

Recently, Rossetti et al.(2017) compared the fraction of CC
clusters in a Planck cosmology SZ sample(PSZ1, Planck
Collaboration et al.2014) to that in the MACS X-ray sample.
Using the concentration parameter that measures the ratio of
the integrated surface brightness in two� xed physical
apertures, as de� ned by Santos et al.(2008), they showed that
the CC fraction is signi� cantly higher in the MACS X-ray-
selected sample than in the Planck cosmology SZ sample
(59%�± �5% in their X-ray sample versus 29%�± �4% in their
SZ sample). This result agrees with that presented by Andrade-
Santos et al.(2017), which is fully described in this paper. The
X-ray sample presented in this paper spans a higher mass range
compared to the mass range in the X-ray sample presented by
Rossetti et al.(2017). Therefore, we also make use of three
parameters that are computed at radii that scale with total mass.
We note that the work presented by Rossetti et al.(2017) and
the work presented here were developed in parallel(Jones et al.
2016; F. Andrade-Santos et al. 2017, in preparation).

In this paper we compare the nature of the cores for 164
PlanckESZ clusters at ��z 0.35 to the 100 highest-� ux X-ray
clusters at Galactic latitudes �� �n� �b 20 and � � � �z0.025 0.30.
The X-ray sample is extended to 100 clusters from the sample
of 52 clusters presented by Voevodkin & Vikhlinin(2004) by

lowering the� ux limit to � � � q� � � � � �f 7.5 10 erg s cmX
12 1 2 in

the 0.5–2.0 keV band.
Throughout this paper, we assume a standard� CDM

cosmology with � � � 8 � �� � � �H 70 km s Mpc , 0.30
1 1

M , and
� 8 � ��- 0.7. All uncertainties are quoted at the�T1 level.

2. SZ and X-Ray-selected Clusters

The main goal of this work is to compare the fraction of CC
clusters in X-ray-selected and SZ-selected samples. In this
section, we describe the two samples.

2.1. SZ Sample

The � rst catalog of 189 SZ clusters detected by thePlanck
mission was released in early 2011(Planck Collaboration et al.
2011). A ChandraXVP (X-ray Visionary Program—PI: Jones)
and HRC Guaranteed Time Observations(PI: Murray)
combined to form theChandra-PlanckLegacy Program for
Massive Clusters of Galaxies.18 For each of the 164 ESZ
Planck clusters at �-z 0.35, we obtainedChandraexposures
suf� cient to collect at least 10,000 source counts.

2.2. X-Ray Sample

Voevodkin & Vikhlinin (2004) compiled a sample of the X-
ray-brightest clusters in the local universe by selecting the
highest-� ux clusters detected in theROSATAll-Sky survey at

�� �n� �b 20 and ��z 0.025—using the HIFLUGCS catalog
(Reiprich & Böhringer2002) as a reference. The sample used
here is an extension of the Voevodkin & Vikhlinin(2004)
sample, where the� ux limit in the 0.5–2.0 keV band was
lowered to � � � q� � � � � �f 7.5 10 erg s cmX

12 1 2. This sample con-
tains 100 clusters and has an effective redshift depth of��z 0.3.
All have Chandra observations. Of the 100 X-ray-selected
clusters, 49 are also in the ESZ sample, and 47 are in the
HIFLUGCS catalog.

2.3. Comparisons between the X-Ray-selected and ESZ-
Selected Clusters

Figure 1 presents the redshift distribution in both samples.
The Planck-detected clusters are clearly more broadly dis-
tributed in redshift than the X-ray clusters. This is due to the

Figure 1. Distribution of cluster redshifts in the ESZ-selected and X-ray-
selected samples. The ESZ sample extends to higher redshifts. The solid
histogram shows the X-ray� ux-limited sample, while the solid line
corresponds to the ESZ cluster sample.

15 HIFLUGCS—The HIghest X-ray FLUx Galaxy Cluster Sample(Reiprich
& Böhringer2002).
16 MACS—The MAssive Cluster Survey(Ebeling et al.2001).
17 REXCESS—The REpresentative XMM-Newton ClustEr Structure Survey
(Böhringer et al.2007). 18 hea-www.cfa.harvard.edu/ CHANDRA_PLANCK_CLUSTERS/
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