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        GALAXY CLUSTERS: THE STARS & GALAXIES 

•  Typical galaxy cluster has 
 ~100s-1000s of galaxies 

•  The brightest (most massive) 
cluster galaxy (BCG) sits at  
the bottom of the potential  

 

BCGs are the most massive  
galaxies in the Universe! 

Abell 2029; SDSS DR7 Abell 1795; SDSS DR7 

Field: 
- Low-density 
- Lots of star 
   formation 

Cluster: 
- High-density 
- Little/no star 
   formation 



      THE INTRACLUSTER MEDIUM 

AGN Merger Sloshing 

•  ~15% of cluster mass 
 

•  Hot, low-density plasma 
•  ~In hydrostatic equilibrium 

 

•  Major energetic events imprint  
on X-ray morphology 

Recent interaction 
•  Single-peaked, 

spiral structure 

Ongoing merger 
•  Double-peaked, 

elongated  
X-ray emission 

AGN Feedback 
•  Bubbles  

in ICM 

Relaxed 
•  Smooth, 

symmetric 



      THE INTRACLUSTER MEDIUM 

•  Remarkably uniform 
properties from cluster to 
cluster 
•  E.g., baryon content, metal 

content, energy content 
 

When was uniformity established? 

Allen+08 462 A. Leccardi and S. Molendi: Radial metallicity profiles for a large sample of galaxy clusters observed with XMM-Newton

3. Data analysis

In this section we only recall the major steps of our data analy-
sis procedure and refer to Paper I for a detailed description. We
stress that in our procedure we used only EPIC-MOS data, be-
cause a robust characterization of EPIC-pn background was not
possible, mainly due to the small regions of the detector outside
the field of view, and to the non-negligible fraction of out-of-
time events (see Appendix B in Paper I for further details).

3.1. Spectra preparation

Observation data files (ODF) were retrieved from the XMM-
Newton archive and processed in a standard way with the
Science Analysis System (SAS) v6.1.

The soft proton cleaning was performed using a double fil-
tering process, first in a hard (10–12 keV) and then in a soft
(2–5 keV) energy range. We filtered the event file according to
PATTERN and FLAG criteria, and excluded the “bright” CCDs, i.e.
CCD-4 and CCD-5 for MOS1 and CCD-2 and CCD-5 for MOS2
(see Appendix A in Paper I for a discussion). Bright point-like
sources were detected, using a procedure based on the SAS task
edetect_chain, and excluded from the event file.

The RSB indicator, i.e. the ratio between surface-brightness
calculated inside and outside the field of view (see Eq. (1) in
Paper I), allowed us to quantify the amount of the quiescent
soft proton (QSP) component survived the double filtering pro-
cess. Values of RSB roughly span the range from 1.0 (negligi-
ble contamination) to 1.5 (high contamination). Since the obser-
vation 0084230401 of Abell 267 is extremely polluted by QSP
(RSB = 1.8), we excluded it from the sample.

The cluster emission is divided in 10 concentric rings
(namely 0′–0.5′, 0.5′−1′, 1′−1.5′, 1.5′−2′, 2′−2.75′, 2.75′−3.5′,
3.5′−4.5′, 4.5′−6′, 6′−8′, and 10′−12′) at fixed angular radii, to
maintain under control systematics related to the detectors (see
the Appendices of Paper I). The most external ring was used to
estimate background parameters only. The width of most of the
rings is limited by the PSF of the XMM-Newton telescopes. The
center of the rings was determined by surface-brightness isocon-
tours at large radii and is usually, but not necessarily, coincident
with the X-ray emission peak. We prefer that azimuthal symme-
try be preserved at large radii, where we are interested in char-
acterizing profiles, at the expense of central regions. For each
instrument (i.e. MOS1 and MOS2) and each ring, we accumu-
lated a spectrum and generated an effective area (ARF). For each
observation we generated one redistribution function (RMF) for
MOS1 and one for MOS2. We performed a minimal grouping to
avoid channels with no counts, as required by the Cash statistic.

3.2. Spectral analysis

The spectral analysis followed a substantially new3 approach:
we used the background modeling, rather than the subtraction,
and the Cash statistic rather than the χ2. We fit spectra with
an absorbed thermal (WABS*MEKAL in XSPEC v11.34) plus
background model in the 0.7–10.0 keV energy band, which rep-
resents a good trade off between statistical quality and level
of systematics. The details of the background model are re-
ported in the Appendices of Paper I. To model the background, a

3 A somewhat similar procedure was already used by Stanford et al.
(2001).
4 http://heasarc.nasa.gov/docs/xanadu/xspec/xspec11/
index.html

Fig. 1. Radial metallicity profiles for all clusters in our sample.
Abundances are expressed in Anders & Grevesse (1989) solar values
and radii in units of R180.

careful characterization of all its components is mandatory.
Ideally, one would like to estimate background parameters in the
same region and at the same time as the source. Since this was
not possible, we estimated background parameters in the exter-
nal 10′–12′ ring and rescaled them in the inner rings, by making
reasonable assumptions on their spatial distribution tested by an-
alyzing blank-field observations.

We fit spectra in internal rings leaving the temperature and
the normalization free to vary; the metallicity was constrained
between ±5 Z⊙ (see the discussion in Appendix A). The redshift
was constrained between ±7% of the optical measurement in the
two innermost rings and, in the other rings, was fixed to the av-
erage value of the first two rings, by considering independently
MOS1 and MOS2 spectra. The main reason for our choice is
to allow for EPIC calibration uncertainties, and for possible dis-
crepancies between X-ray and optical derived redshift values.
Typical shift values are on the order of 2%. Finally, we produced
metallicity profiles for each cluster, by computing the average
over the two MOS values.

4. Metallicity profiles

4.1. The mean profile

In Fig. 1 we show radial metallicity profiles for all clusters in our
sample. All our metallicity measurements are relative to the so-
lar values published by Anders & Grevesse (1989). Even if these
have been superseded by more recent values (Grevesse & Sauval
1998; Asplund et al. 2005), they allow straightforward compar-
ison with most of the literature (De Grandi & Molendi 2001;
Balestra et al. 2007; Baldi et al. 2007). Grevesse & Sauval (1998)
and Asplund et al. (2005) introduced a 0.676 and 0.60 times
lower iron solar abundance respectively, while other elements
are substantially unchanged. A simple scaling by 0.676 and
0.60 converts measures from the Anders & Grevesse (1989) iron
abundance to the Grevesse & Sauval (1998) and Asplund et al.
(2005) abundances.

The radius is rescaled by R180, i.e. the radius encompassing
a spherical density contrast of 180 with respect to the critical
density. We compute R180 from the mean temperature, kTM, and
the redshift, z, as in Paper I and in Arnaud et al. (2005):

R180 = 1780
!

kTM

5 keV

"1/2

h(z)−1 kpc, (1)
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Figure 5. Composite plots of entropy profiles for varying cluster temperature ranges. Profiles are color-coded based on average cluster temperature. Units of the color
bars are keV. The solid line is the pure-cooling model of Voit et al. (2002), the dashed line is the mean profile for clusters with K0 ! 50 keV cm2, and the dashed-dotted
line is the mean profile for clusters with K0 > 50 keV cm2. Top left: this panel contains all the entropy profiles in our study. Top right: clusters with kTX < 4 keV.
Bottom left: clusters with 4 keV < kTX < 8 keV. Bottom right: clusters with kTX > 8 keV. Note that while the dispersion of core entropy for each temperature range
is large, as the kTX range increases so does the mean core entropy.
(A color version of this figure is available in the online journal.)

Our temperature profiles were created using a minimum
number of counts per annulus criterion. One can therefore ask
if the length of an observation or the number of bins in the
temperature profile correlates with best-fit K0. K0 versus the total
used exposure time for that cluster and K0 versus the number
of bins in the temperature profile are, respectively, shown in the
bottom left and right panels of Figure 4. We do not find trends
with K0 in either comparison.

As expected, we do not find any systematic trends with the
profile shape, number of bins fitted in K(r), exposure time, or
number of bins in TX(r) that would significantly affect our best-
fit K0 values. Thus, we conclude that the K0 values discussed
in this paper are, as intended, an adequate measure of the core
entropy, and that any undetected dependence of K0 on the profile
shape or radial resolution affect our results at significance levels
much smaller than the measured uncertainties.

4.4. Power-law Profiles

Equation (4) is a special case of Equation (5) with K0 = 0,
meaning that the models we fit to K(r) are nested. A comparison
between the p-values (shown in Table 5) of each cluster’s best-fit
models shows which model exhibits more agreement with the
data. In addition, for each fit in Table 5 we show the deviation in
units of sigma, σK0 , of the best-fit K0 value from zero. In Table 4,
we also show the number of clusters and the percentage of the
sample that have a K0 statistically consistent with zero at various
confidence levels. Table 4 shows that at the 3σ significance
level, ∼10% of the full ACCEPT sample has a best-fit K0 value,
which is consistent with zero. Moreover, the fact that there
is a systematic trend for a single power law to be a poor fit
mainly at the smallest radii suggests that nonzero K0 is not
random.
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2.5 The stellar baryonic mass fraction

Observations of nearby and intermediate redshift clusters show that
for clusters in the mass/temperature range studied here, the average
mass fraction in stars (in galaxies and intracluster light combined)
f star ∼ 0.16 h0.5

70 f gas (Lin & Mohr 2004; see also White et al. 1993;
Fukugita et al. 1998; Balogh et al. 2001).

For the present analysis, we ideally require the ratio s = f star/f gas

measured within r2500 for each cluster. However, such measurements
are not yet available for the bulk of the clusters studied here. For
hot, massive clusters, the relative contribution of the central domi-
nant galaxy to the overall cluster light is less significant than for
cooler, less massive systems (e.g. Lin & Mohr 2004). We have
therefore assumed that the stellar mass fraction within r2500 is sim-
ilar to that measured within the virial radius, i.e. s = 0.16 h0.5

70 , but
have both included a conservative 30 per cent Gaussian uncertainty
in this value and allowed for evolution at the ±20 per cent level,
per unit redshift interval. Since the stellar mass accounts for only
∼14 per cent of the overall baryon budget within r2500 and less than
2 per cent of the total mass, these systematic uncertainties do not
have a large effect on the overall error budget. A program to mea-
sure the evolution of the optical baryonic mass content of the largest
relaxed clusters is underway.

3 T H E X - R AY G A S M A S S F R AC T I O N
M E A S U R E M E N T S

3.1 New f gas measurements

As mentioned above, in compiling the results on the X-ray gas mass
fraction, fgas, we have adopted a canonical measurement radius of
r2500. The r2500 value for each cluster is determined directly from
the Chandra data, with confidence limits calculated from the χ2

grids. In general, the values are well matched to the outermost radii
at which reliable temperature measurements can be made from the
Chandra data, given systematic uncertainties associated with the
background modelling.

Fig. 1(a) shows the observed f gas(r) profiles for the six lowest
redshift clusters in the sample, for the reference "CDM cosmology.
Although some dispersion in the profiles is present, particularly at
small radii, the profiles tend towards a common value at r2500. Fitting
the fgas measurements at r2500 for the six lowest redshift systems with
a constant value we obtain f gas = 0.113 ± 0.003, with χ2 = 4.3 for
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Figure 1. The X-ray gas mass fraction profiles for the "CDM reference cosmology (#m = 0.3, #" = 0.7, h = 0.7) with the radial axes scaled in units of
r2500. Left-hand panel: Results for the six lowest redshift clusters with z ! 0.15. Right-hand panel: Results for the entire sample. Note f gas(r) is an integrated
quantity and so error bars on neighbouring points in a profile are correlated.

five degrees of freedom. Fitting the results for all 42 clusters gives
f gas = 0.1104 ± 0.0016, with χ2 = 43.5 for 41 degrees of freedom.

Fig. 1(b) shows the f gas(r/r2500) profiles for all 42 clusters in the
sample. Fitting the data in the range 0.7–1.2r2500 with a power-law
model, we measure f gas = 0.1105 ± 0.0005(r/r2500)0.214±0.022. Note
that the error bars on the mean fgas measurements quoted above re-
flect only the statistical uncertainties in these values. A systematic
uncertainty of ∼10–15 per cent in the global, absolute fgas normal-
ization is also present due to uncertainties in e.g. instrument calibra-
tion, X-ray modelling and non-thermal pressure support; this must
be accounted for in the determination of cosmological constraints
(Section 4.2).

Table 3 summarizes the results on the X-ray gas mass fraction for
each cluster measured at r2500, together with the r2500 values, for the
reference "CDM cosmology. Fig. 2 shows a comparison of the fgas

results, plotted as a function of redshift, for the reference "CDM
cosmology and a flat, standard cold dark matter (SCDM) cosmology
with #m = 1.0, h = 0.5. Whereas the results for the "CDM cos-
mology appear consistent with the expectation of a constant f gas(z)
value from non-radiative simulations (e.g. Eke et al. 1998; Crain
et al. 2007), as evidenced by the acceptable χ 2 value quoted above,
the results for the reference SCDM cosmology indicate a clear, ap-
parent drop in fgas as the redshift increases. The χ2 value obtained
from a fit to the SCDM data with a constant model, χ2 = 144 for
41 degrees of freedom, shows that the SCDM cosmology is clearly
inconsistent with a prediction that f gas(z) should be constant.

Table 3 also lists the mass-weighted temperatures measured
within r2500 for each cluster. Fig. 3 shows fgas as a function of kT2500

for the reference "CDM cosmology. The dotted line in the figure
shows the best-fitting power-law model, f gas(r2500) ∝ kTα

2500, which
provides a good description of the data (χ 2 = 43.5 for 40 degrees
of freedom) and is consistent with a constant value (α = 0.005 ±
0.058). The solid lines shows the 2σ limits on the steepest and shal-
lowest allowed power-law models. It is clear from the figure that
fgas is independent of temperature for the clusters in the present
sample.

3.2 Comparison with previous f gas results

Approximately 0.75 Ms of the ∼1.6 Ms of Chandra data used here
were also included in the Allen et al. (2004) study. The current work
includes a reanalysis of those data using improved calibration infor-
mation, where available. The fgas results from the two studies show

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 383, 879–896
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3. Data analysis

In this section we only recall the major steps of our data analy-
sis procedure and refer to Paper I for a detailed description. We
stress that in our procedure we used only EPIC-MOS data, be-
cause a robust characterization of EPIC-pn background was not
possible, mainly due to the small regions of the detector outside
the field of view, and to the non-negligible fraction of out-of-
time events (see Appendix B in Paper I for further details).

3.1. Spectra preparation

Observation data files (ODF) were retrieved from the XMM-
Newton archive and processed in a standard way with the
Science Analysis System (SAS) v6.1.

The soft proton cleaning was performed using a double fil-
tering process, first in a hard (10–12 keV) and then in a soft
(2–5 keV) energy range. We filtered the event file according to
PATTERN and FLAG criteria, and excluded the “bright” CCDs, i.e.
CCD-4 and CCD-5 for MOS1 and CCD-2 and CCD-5 for MOS2
(see Appendix A in Paper I for a discussion). Bright point-like
sources were detected, using a procedure based on the SAS task
edetect_chain, and excluded from the event file.

The RSB indicator, i.e. the ratio between surface-brightness
calculated inside and outside the field of view (see Eq. (1) in
Paper I), allowed us to quantify the amount of the quiescent
soft proton (QSP) component survived the double filtering pro-
cess. Values of RSB roughly span the range from 1.0 (negligi-
ble contamination) to 1.5 (high contamination). Since the obser-
vation 0084230401 of Abell 267 is extremely polluted by QSP
(RSB = 1.8), we excluded it from the sample.

The cluster emission is divided in 10 concentric rings
(namely 0′–0.5′, 0.5′−1′, 1′−1.5′, 1.5′−2′, 2′−2.75′, 2.75′−3.5′,
3.5′−4.5′, 4.5′−6′, 6′−8′, and 10′−12′) at fixed angular radii, to
maintain under control systematics related to the detectors (see
the Appendices of Paper I). The most external ring was used to
estimate background parameters only. The width of most of the
rings is limited by the PSF of the XMM-Newton telescopes. The
center of the rings was determined by surface-brightness isocon-
tours at large radii and is usually, but not necessarily, coincident
with the X-ray emission peak. We prefer that azimuthal symme-
try be preserved at large radii, where we are interested in char-
acterizing profiles, at the expense of central regions. For each
instrument (i.e. MOS1 and MOS2) and each ring, we accumu-
lated a spectrum and generated an effective area (ARF). For each
observation we generated one redistribution function (RMF) for
MOS1 and one for MOS2. We performed a minimal grouping to
avoid channels with no counts, as required by the Cash statistic.

3.2. Spectral analysis

The spectral analysis followed a substantially new3 approach:
we used the background modeling, rather than the subtraction,
and the Cash statistic rather than the χ2. We fit spectra with
an absorbed thermal (WABS*MEKAL in XSPEC v11.34) plus
background model in the 0.7–10.0 keV energy band, which rep-
resents a good trade off between statistical quality and level
of systematics. The details of the background model are re-
ported in the Appendices of Paper I. To model the background, a

3 A somewhat similar procedure was already used by Stanford et al.
(2001).
4 http://heasarc.nasa.gov/docs/xanadu/xspec/xspec11/
index.html

Fig. 1. Radial metallicity profiles for all clusters in our sample.
Abundances are expressed in Anders & Grevesse (1989) solar values
and radii in units of R180.

careful characterization of all its components is mandatory.
Ideally, one would like to estimate background parameters in the
same region and at the same time as the source. Since this was
not possible, we estimated background parameters in the exter-
nal 10′–12′ ring and rescaled them in the inner rings, by making
reasonable assumptions on their spatial distribution tested by an-
alyzing blank-field observations.

We fit spectra in internal rings leaving the temperature and
the normalization free to vary; the metallicity was constrained
between ±5 Z⊙ (see the discussion in Appendix A). The redshift
was constrained between ±7% of the optical measurement in the
two innermost rings and, in the other rings, was fixed to the av-
erage value of the first two rings, by considering independently
MOS1 and MOS2 spectra. The main reason for our choice is
to allow for EPIC calibration uncertainties, and for possible dis-
crepancies between X-ray and optical derived redshift values.
Typical shift values are on the order of 2%. Finally, we produced
metallicity profiles for each cluster, by computing the average
over the two MOS values.

4. Metallicity profiles

4.1. The mean profile

In Fig. 1 we show radial metallicity profiles for all clusters in our
sample. All our metallicity measurements are relative to the so-
lar values published by Anders & Grevesse (1989). Even if these
have been superseded by more recent values (Grevesse & Sauval
1998; Asplund et al. 2005), they allow straightforward compar-
ison with most of the literature (De Grandi & Molendi 2001;
Balestra et al. 2007; Baldi et al. 2007). Grevesse & Sauval (1998)
and Asplund et al. (2005) introduced a 0.676 and 0.60 times
lower iron solar abundance respectively, while other elements
are substantially unchanged. A simple scaling by 0.676 and
0.60 converts measures from the Anders & Grevesse (1989) iron
abundance to the Grevesse & Sauval (1998) and Asplund et al.
(2005) abundances.

The radius is rescaled by R180, i.e. the radius encompassing
a spherical density contrast of 180 with respect to the critical
density. We compute R180 from the mean temperature, kTM, and
the redshift, z, as in Paper I and in Arnaud et al. (2005):

R180 = 1780
!

kTM

5 keV

"1/2

h(z)−1 kpc, (1)
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Figure 5. Composite plots of entropy profiles for varying cluster temperature ranges. Profiles are color-coded based on average cluster temperature. Units of the color
bars are keV. The solid line is the pure-cooling model of Voit et al. (2002), the dashed line is the mean profile for clusters with K0 ! 50 keV cm2, and the dashed-dotted
line is the mean profile for clusters with K0 > 50 keV cm2. Top left: this panel contains all the entropy profiles in our study. Top right: clusters with kTX < 4 keV.
Bottom left: clusters with 4 keV < kTX < 8 keV. Bottom right: clusters with kTX > 8 keV. Note that while the dispersion of core entropy for each temperature range
is large, as the kTX range increases so does the mean core entropy.
(A color version of this figure is available in the online journal.)

Our temperature profiles were created using a minimum
number of counts per annulus criterion. One can therefore ask
if the length of an observation or the number of bins in the
temperature profile correlates with best-fit K0. K0 versus the total
used exposure time for that cluster and K0 versus the number
of bins in the temperature profile are, respectively, shown in the
bottom left and right panels of Figure 4. We do not find trends
with K0 in either comparison.

As expected, we do not find any systematic trends with the
profile shape, number of bins fitted in K(r), exposure time, or
number of bins in TX(r) that would significantly affect our best-
fit K0 values. Thus, we conclude that the K0 values discussed
in this paper are, as intended, an adequate measure of the core
entropy, and that any undetected dependence of K0 on the profile
shape or radial resolution affect our results at significance levels
much smaller than the measured uncertainties.

4.4. Power-law Profiles

Equation (4) is a special case of Equation (5) with K0 = 0,
meaning that the models we fit to K(r) are nested. A comparison
between the p-values (shown in Table 5) of each cluster’s best-fit
models shows which model exhibits more agreement with the
data. In addition, for each fit in Table 5 we show the deviation in
units of sigma, σK0 , of the best-fit K0 value from zero. In Table 4,
we also show the number of clusters and the percentage of the
sample that have a K0 statistically consistent with zero at various
confidence levels. Table 4 shows that at the 3σ significance
level, ∼10% of the full ACCEPT sample has a best-fit K0 value,
which is consistent with zero. Moreover, the fact that there
is a systematic trend for a single power law to be a poor fit
mainly at the smallest radii suggests that nonzero K0 is not
random.
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2.5 The stellar baryonic mass fraction

Observations of nearby and intermediate redshift clusters show that
for clusters in the mass/temperature range studied here, the average
mass fraction in stars (in galaxies and intracluster light combined)
f star ∼ 0.16 h0.5

70 f gas (Lin & Mohr 2004; see also White et al. 1993;
Fukugita et al. 1998; Balogh et al. 2001).

For the present analysis, we ideally require the ratio s = f star/f gas

measured within r2500 for each cluster. However, such measurements
are not yet available for the bulk of the clusters studied here. For
hot, massive clusters, the relative contribution of the central domi-
nant galaxy to the overall cluster light is less significant than for
cooler, less massive systems (e.g. Lin & Mohr 2004). We have
therefore assumed that the stellar mass fraction within r2500 is sim-
ilar to that measured within the virial radius, i.e. s = 0.16 h0.5

70 , but
have both included a conservative 30 per cent Gaussian uncertainty
in this value and allowed for evolution at the ±20 per cent level,
per unit redshift interval. Since the stellar mass accounts for only
∼14 per cent of the overall baryon budget within r2500 and less than
2 per cent of the total mass, these systematic uncertainties do not
have a large effect on the overall error budget. A program to mea-
sure the evolution of the optical baryonic mass content of the largest
relaxed clusters is underway.

3 T H E X - R AY G A S M A S S F R AC T I O N
M E A S U R E M E N T S

3.1 New f gas measurements

As mentioned above, in compiling the results on the X-ray gas mass
fraction, fgas, we have adopted a canonical measurement radius of
r2500. The r2500 value for each cluster is determined directly from
the Chandra data, with confidence limits calculated from the χ2

grids. In general, the values are well matched to the outermost radii
at which reliable temperature measurements can be made from the
Chandra data, given systematic uncertainties associated with the
background modelling.

Fig. 1(a) shows the observed f gas(r) profiles for the six lowest
redshift clusters in the sample, for the reference "CDM cosmology.
Although some dispersion in the profiles is present, particularly at
small radii, the profiles tend towards a common value at r2500. Fitting
the fgas measurements at r2500 for the six lowest redshift systems with
a constant value we obtain f gas = 0.113 ± 0.003, with χ2 = 4.3 for
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Figure 1. The X-ray gas mass fraction profiles for the "CDM reference cosmology (#m = 0.3, #" = 0.7, h = 0.7) with the radial axes scaled in units of
r2500. Left-hand panel: Results for the six lowest redshift clusters with z ! 0.15. Right-hand panel: Results for the entire sample. Note f gas(r) is an integrated
quantity and so error bars on neighbouring points in a profile are correlated.

five degrees of freedom. Fitting the results for all 42 clusters gives
f gas = 0.1104 ± 0.0016, with χ2 = 43.5 for 41 degrees of freedom.

Fig. 1(b) shows the f gas(r/r2500) profiles for all 42 clusters in the
sample. Fitting the data in the range 0.7–1.2r2500 with a power-law
model, we measure f gas = 0.1105 ± 0.0005(r/r2500)0.214±0.022. Note
that the error bars on the mean fgas measurements quoted above re-
flect only the statistical uncertainties in these values. A systematic
uncertainty of ∼10–15 per cent in the global, absolute fgas normal-
ization is also present due to uncertainties in e.g. instrument calibra-
tion, X-ray modelling and non-thermal pressure support; this must
be accounted for in the determination of cosmological constraints
(Section 4.2).

Table 3 summarizes the results on the X-ray gas mass fraction for
each cluster measured at r2500, together with the r2500 values, for the
reference "CDM cosmology. Fig. 2 shows a comparison of the fgas

results, plotted as a function of redshift, for the reference "CDM
cosmology and a flat, standard cold dark matter (SCDM) cosmology
with #m = 1.0, h = 0.5. Whereas the results for the "CDM cos-
mology appear consistent with the expectation of a constant f gas(z)
value from non-radiative simulations (e.g. Eke et al. 1998; Crain
et al. 2007), as evidenced by the acceptable χ 2 value quoted above,
the results for the reference SCDM cosmology indicate a clear, ap-
parent drop in fgas as the redshift increases. The χ2 value obtained
from a fit to the SCDM data with a constant model, χ2 = 144 for
41 degrees of freedom, shows that the SCDM cosmology is clearly
inconsistent with a prediction that f gas(z) should be constant.

Table 3 also lists the mass-weighted temperatures measured
within r2500 for each cluster. Fig. 3 shows fgas as a function of kT2500

for the reference "CDM cosmology. The dotted line in the figure
shows the best-fitting power-law model, f gas(r2500) ∝ kTα

2500, which
provides a good description of the data (χ 2 = 43.5 for 40 degrees
of freedom) and is consistent with a constant value (α = 0.005 ±
0.058). The solid lines shows the 2σ limits on the steepest and shal-
lowest allowed power-law models. It is clear from the figure that
fgas is independent of temperature for the clusters in the present
sample.

3.2 Comparison with previous f gas results

Approximately 0.75 Ms of the ∼1.6 Ms of Chandra data used here
were also included in the Allen et al. (2004) study. The current work
includes a reanalysis of those data using improved calibration infor-
mation, where available. The fgas results from the two studies show

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 383, 879–896
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“COOL CORE” VS “NON-COOL CORE” DICHOTOMY 

One of the few 
similarity-breaking 
features in clusters 
 

Cool cores are: 
 

•  Overdense in core 
•  Cool in core 

•  Relaxed (circular) 
morphology 

ICM 
density 

ICM 
density CC NCC 

cool cores non-cool cores 

Courtesy of Steve Allen 



COOLING OF THE INTRACLUSTER MEDIUM 

Plasma cools via “Thermal Bremsstrahlung” 
•  Responsible for the X-ray photons that we observe 

•  Emissivity is strongly dependent on density 
 

                             and 
 

•  Density increases rapidly towards center 
 

    è Energy loss increases dramatically in the center of the cluster! 
 

ε ff ~1.4×10
−27T1/2neniZ

2

Credit: X-ray: NASA/CXC/Caltech/A.Newman  
et al; Optical: NASA/STScI, ESO/VLT, SDSS  

ICM 
density / 
cooling 

rate 
CC NCC 

Courtesy of Steve Allen 
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OVERCOOLING OF THE INTRACLUSTER MEDIUM 

1 2 

3 4 
Illustration: NASA/CXC/M.Weiss 

See reviews by Fabian (1984, 1994) 



THE COOLING FLOW / OVERCOOLING PROBLEM 

Silk (2011) 
•  Theory over-predicts star  

formation in both low-mass  
and high-mass halos 
 

         The “Overcooling Problem” 
 

•  Not enough systems with  
high/low stellar mass 

•  L < L★ à Supernovae expel  
gas from shallow potentials 

•  L > L★ à AGN feedback 

M82 
Credit: X-ray: NASA/CXC/JHU/D.Strickland; Optical: NASA/ESA/
STScI/AURA/The Hubble Heritage Team; IR: NASA/JPL-Caltech/

Univ. of AZ/C. Engelbracht 
Centaurus A 

Image Credit: X-ray: NASA/CXC/CfA/R.Kraft et 
al.; Submillimeter: MPIfR/ESO/APEX/A.Weiss et al.; 

Optical: ESO/WFI  



THE COOLING FLOW / OVERCOOLING PROBLEM 

•  Theory over-predicts star  
formation in both low-mass  
and high-mass halos 
 

         The “Overcooling Problem” 
 

•  Not enough systems with  
high/low stellar mass 

•  L < L★ à Supernovae expel  
gas from shallow potentials 

•  L > L★ à AGN feedback 

derived to date are very close to the inferred total star formation
rates for a number of objects (e.g., A1835). If this star formation
scenario is to survive, future deep X-ray observations of these
objects (with Constellation-X, for example) should detect this
cooling gas.

4.4. Quenching Cooling Flows

We have demonstrated that, in many systems, the net ICM
cooling (condensation) rate is in rough agreement with the total
star formation rate. However, we have not dealt with the question
of what maintains the bulk of the ICM at X-ray temperatures,
preventing it from cooling out at the expected classical rates
(typically!10Y100 times the star formation rates). AGN heat-
ing, through cavities, shocks, and sound waves, has emerged as
the favored mechanism to prevent this massive cooling in cool-
ing flows. To investigate whether AGN cavities are power-
ful enough to balance the radiation emitted by the ICM, we plot
in Figure 6 the cavity power of the central AGN against the to-
tal radiative luminosity of the intracluster gas within the cool-
ing radius (minus the luminosity due to net cooling, given in
Table 2). This plot supersedes Figure 2 of Bı̂rzan et al. (2004),
to whose sample we have added deeper X-ray data and 14 new
cavity systems, most of which lie in the upper half of cavity
powers.

Remarkably, most of the systems in our sample have cavity
powers sufficient or nearly sufficient to balance the entire radi-
ative losses of the ICMwithin the cooling radius. The remaining
systems may require other forms of heat to offset cooling com-
pletely, such as thermal conduction (Voigt & Fabian 2004). How-
ever, we note that the time-dependent nature of AGN feedback
does not require that cooling is always balanced by heating. It is
possible that those systems that do not currently balance are in a
cooling phase and will be entering a heating phase soon. Inter-
mittent heating and cooling would allow for cooling and star
formation at observed levels.

In Figure 6, a number of systems lie well above the 4pV line
and even above the pV line, implying that their cavities likely
representmore energy than required to balance cooling. These sys-
tems, many of which possess supercavities and shocks extend-

ing beyond the cooling radius, have enough energy to quench
cooling and to contribute to cluster preheating. An example is
MS 0735.6+7421, themost powerful such outburst know to date.
The AGN in this cluster has dumped ~13 keV per particle into
the ICM (including the energy of the shock; McNamara et al.
2005). The cavities alone have enough energy to quench cooling
15 times over. This amount of energy, even if distributed only

Fig. 5.—Left:Net cooling rate fromXMM-Newton (open symbols) andFUSE data ( filled symbols) vs. the star formation rate.Right:Net cooling rate from ourChandra
X-ray analysis vs. the star formation rate. The symbols are the same as those in Fig. 2. The diagonal lines denote different ratios of the cooling to star formation rate.

Fig. 6.—Cavity power of the central AGN vs. the X-ray luminosity of the
ICM inside the cooling radius that must be offset to be consistent with the spec-
tra (LICM ¼ LX # Lcool). The symbols and wide error bars denote the values of
cavity power calculated using the buoyancy timescale. The short- and medium-
width error bars denote the upper and lower limits of the cavity power calculated
using the sound speed and refill timescales, respectively. Different symbols
denote different figures of merit: circle: well-defined cavity with bright rims;
triangle:well-defined cavity without bright rims; square: poorly defined cavity.
The diagonal lines denote Pcav ¼ LICM assuming pV; 4pV; or 16pV as the total
enthalpy of the cavities.
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Energy Lost from Cooling 

Rafferty+06 

M82 
Credit: X-ray: NASA/CXC/JHU/D.Strickland; Optical: NASA/ESA/
STScI/AURA/The Hubble Heritage Team; IR: NASA/JPL-Caltech/

Univ. of AZ/C. Engelbracht 
Centaurus A 

Image Credit: X-ray: NASA/CXC/CfA/R.Kraft et 
al.; Submillimeter: MPIfR/ESO/APEX/A.Weiss et al.; 

Optical: ESO/WFI  

See reviews by: 
 

  McNamara & Nulsen (2007, 2012)   
  Fabian (2012) 



RESIDUAL COOLING FLOWS 
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Figure 1: Continuum-subtracted MMTF Hα images for the 5 clusters cores which we propose to
observe at FUV with the ACS/SBC. The warm, ionized filaments appear to originate from the
cooling ICM (McDonald et al. 2010). The horizontal bar in each panel corresponds to 5′′.

Name α δ z X-ray FUV Hα Spec IR mm
[deg] [deg] CXO HST Magellan Magellan HSO PACS CARMA

ACS/SBC MMTF IMACS & SPIRE & IRAM

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Abell 1644 194.3 −17.4 0.047
√ √ √ √

Abell 1795 207.3 +26.6 0.062
√ √ √ √ √ √

Abell 1991 223.6 +18.6 0.059
√ √ √ √

Abell 2052 229.2 +07.0 0.035
√ √ √ √ √ √

Abell 2597 351.3 −12.1 0.083
√ √ √ √ √ √

Abell 0478 63.3 +10.5 0.088
√ √ √ √

Abell 0496 68.4 −13.2 0.033
√ √ √ √

Abell 0780 139.5 −12.1 0.055
√ √ √ √ √

Abell S1101 38.5 −42.7 0.058
√ √ √ √

NGC 4325 185.8 +10.6 0.026
√ √ √ √

Table 1: Catalog of 10 cool core clusters in our sample with complex, extended filaments. We
have acquired a tremendous amount of ancillary data in order to fully trace the cooling process
and byproducts. We propose to observe the last 5 clusters which are currently lacking deep FUV
imaging. The columns refer to: (1) Name of cluster; (2) RA of BCG; (3) Dec of BCG;
(4) Redshift of BCG; (5) Available data from Chandra X-ray Observatory; (6) Available FUV
data from HST ACS/SBC; (7) Available Hα imaging from the MMTF; (8) Available long-slit
optical spectroscopy of ionized filaments; (9) Available IR imaging and spectroscopy from the
Herschel Space Observatory; (10) Available CO(2-1) or CO(1-0) data from a variety of telescopes.
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•  Low levels of star formation 
•  ~1% of predicted cooling rate 
•  Clumpy/filamentary 
•  Some correspondence with soft X-rays 

 

•  Confined to “cool core” (<100 kpc) 
 

Star formation appears related  
to residual cooling of ICM 

 

McD+10,11: Hα (cool gas) images from Maryland-Magellan Tunable Filter 
 

(See also Heckman+89, Crawford+99, Cavagnolo+08, O’Dea+08, Hicks+10, Fogarty+15, Tremblay+15) 

10 kpc 
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THE SPT-CHANDRA SURVEY 

•  2500 deg2 survey 
at 95, 150, 220 GHz 

•  ~1’ beam 
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(a) 95 GHz minimally filtered map cutout (b) 150 GHz minimally filtered map cutout

(c) Azimuthally averaged cluster-matched two-band filter (d) Cluster-filtered map, zoomed in to 1�-by-1�

Figure 1. Visual representation of the SPT-SZ data and matched filtering process described in Sections 2 and 3. Panels (a) and (b)
show 6�-by-6� cutouts of 95 and 150 GHz maps from the ra21hdec-60 field; the displayed temperature range is ±300µK. These maps
are made from data that have been only minimally filtered (scan-direction high-pass filter at `⇠50) and show the main features of SPT-SZ
survey data: large-scale primary CMB fluctuations, emissive point sources, and SZ decrements from galaxy clusters. Panel (c) shows
the azimuthally averaged spatial-spectral filter optimized for detection of ✓c = 0.250 clusters, with the red (dashed) curve showing the
Fourier-domain coe�cients for the 95 GHz data and the blue (solid) curve showing the Fourier-domain coe�cients for the 150 GHz data.
Panel (d) shows a zoomed-in view of the 1�-by-1� area delineated by the dashed box in panel (b) after the spatial-spectral filter has been
applied. The signal-to-noise in the image ranges from �5 < signal-to-noise < 5. Visible in this panel are the ⇠ = 22.2, z = 1.13 cluster
SPT-CL J2106-5844 and the ⇠ = 4.6, optically unconfirmed candidate SPT-CL J2106-5820.

readers are referred to Williamson et al. (2011) and R13
in particular for more details. The small di↵erences be-
tween R13 and this analysis are discussed in detail in
§6.2.

3.1. Cluster Extraction

As described in §2, the SPT-SZ survey fields are ob-
served at 3 frequency bands centered at approximately
95, 150 and 220 GHz. These maps contain signal from a
range of astrophysical sources. For the purposes of this
analysis, we characterize the observed temperature, T ,

in the maps at frequency ⌫
i

and location x by:

T (x, ⌫
i

) = B(x, ⌫
i

) ⇤ [fSZ(⌫i)TCMBySZ(x) + nastro(x, ⌫i)]

+nnoise(x, ⌫i).
(3)

Here B encompasses the e↵ects of the beam and applied
filtering; the expected thermal SZ signal is given by the
product of the frequency dependent term fSZ, the CMB
temperature TCMB, and the Compton-y parameter ySZ;
nastro includes all astrophysical signals other than ther-

•  2500 deg2 survey 
at 95, 150, 220 GHz 

•  ~1’ beam 

•  ~500 clusters 
detected in SZ 

•  0 < z < 1.85 
•  Bleem et al (2015) 
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Figure 1. Visual representation of the SPT-SZ data and matched filtering process described in Sections 2 and 3. Panels (a) and (b)
show 6�-by-6� cutouts of 95 and 150 GHz maps from the ra21hdec-60 field; the displayed temperature range is ±300µK. These maps
are made from data that have been only minimally filtered (scan-direction high-pass filter at `⇠50) and show the main features of SPT-SZ
survey data: large-scale primary CMB fluctuations, emissive point sources, and SZ decrements from galaxy clusters. Panel (c) shows
the azimuthally averaged spatial-spectral filter optimized for detection of ✓c = 0.250 clusters, with the red (dashed) curve showing the
Fourier-domain coe�cients for the 95 GHz data and the blue (solid) curve showing the Fourier-domain coe�cients for the 150 GHz data.
Panel (d) shows a zoomed-in view of the 1�-by-1� area delineated by the dashed box in panel (b) after the spatial-spectral filter has been
applied. The signal-to-noise in the image ranges from �5 < signal-to-noise < 5. Visible in this panel are the ⇠ = 22.2, z = 1.13 cluster
SPT-CL J2106-5844 and the ⇠ = 4.6, optically unconfirmed candidate SPT-CL J2106-5820.
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As described in §2, the SPT-SZ survey fields are ob-
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filtering; the expected thermal SZ signal is given by the
product of the frequency dependent term fSZ, the CMB
temperature TCMB, and the Compton-y parameter ySZ;
nastro includes all astrophysical signals other than ther-
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3.1. Cluster Extraction

As described in §2, the SPT-SZ survey fields are ob-
served at 3 frequency bands centered at approximately
95, 150 and 220 GHz. These maps contain signal from a
range of astrophysical sources. For the purposes of this
analysis, we characterize the observed temperature, T ,

in the maps at frequency ⌫
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and location x by:
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filtering; the expected thermal SZ signal is given by the
product of the frequency dependent term fSZ, the CMB
temperature TCMB, and the Compton-y parameter ySZ;
nastro includes all astrophysical signals other than ther-

3

TABLE 1
X-ray Properties of SPT-Hiz Sample

Peak Centroid
Name RA Dec z M500 R500 a

phot

n
e,0 a

phot

n
e,0

[�] [�] [1014 M�] [Mpc] [10�2 cm�3] [10�2 cm�3]

SPT-CLJ0156-5541 29.0405 -55.6976 1.281 3.90+0.57
�0.40 0.69 0.09+0.25

�0.06 0.83+0.17
�0.14 0.09+0.10

�0.05 0.81+0.06
�0.06

SPT-CLJ0205-5829 31.4459 -58.4849 1.322 3.44+0.63
�0.40 0.65 0.73+0.36

�0.20 0.93+0.37
�0.27 0.55+0.36

�0.18 0.60+0.24
�0.17

SPT-CLJ0313-5334 48.4813 -53.5718 1.474 2.01+1.54
�0.31 0.56 0.12+0.64

�0.20 0.75+0.41
�0.26 0.11+0.38

�0.21 0.64+0.37
�0.24

SPT-CLJ0459-4947 74.9240 -49.7823 1.85† 2.40+0.25
�0.27 0.49 0.46+0.07

�0.09 4.54+1.43
�1.09 0.51+0.07

�0.10 1.98+0.21
�0.19

SPT-CLJ0607-4448 91.8940 -44.8050 1.482 2.65+0.55
�0.36 0.56 0.07+0.05

�0.03 5.98+1.61
�1.27 0.10+0.05

�0.05 3.81+1.58
�1.12

SPT-CLJ0640-5113 100.0720 -51.2176 1.313 2.92+0.61
�0.24 0.63 0.08+0.03

�0.02 3.03+0.61
�0.51 0.07+0.03

�0.02 3.30+0.55
�0.47

SPT-CLJ2040-4451 310.2417 -44.8620 1.478 3.10+0.79
�0.47 0.60 0.35+0.22

�0.12 1.91+0.91
�0.62 0.36+0.26

�0.14 0.54+0.22
�0.16

SPT-CLJ2341-5724 355.3533 -57.4166 1.258 3.37+0.70
�0.34 0.67 0.28+0.05

�0.04 2.09+0.34
�0.29 0.18+0.05

�0.03 2.70+0.60
�0.49

Note. — Properties of the clusters in the SPT-Hiz sample. Unless otherwise noted, quoted redshifts are based on spectroscopy
of ⇠5–10 members per cluster. All 8 of these clusters have deep Chandra observations, from which we derive M500 based on the
M

gas

–M relation from Vikhlinin et al. (2009). We provide a quantitative estimate of the X-ray asymmetry (a
phot

) and the central
electron density (n

e

), measured with reference to the X-ray peak and the large-scale centroid of the X-ray emission, measured in
an annulus from 250–500 kpc.
†: Redshift is derived based on a combination of HST and Spitzer red sequences, along with X-ray spectroscopy (see §2.1.1).

Fig. 1.— Mass versus redshift for the three cluster samples de-
scribed in §2.1. The black stars represent the new clusters pre-
sented in this work, while the red circles and blue squares show
data from McDonald et al. (2013) and Vikhlinin et al. (2009), re-
spectively. The shaded tan region shows the expected growth track
for clusters with M500 ⇠ 2–3 ⇥ 1014 M� at z ⇠ 1.5, from McBride
et al. (2009). This demonstrates that the clusters we are observ-
ing at z > 1.2 are the progenitors of the intermediate- and low-z
samples to which we compare.

as the “SPT-XVP” sample in previous works (McDon-
ald et al. 2013, 2014). The bulk of these clusters were
observed by Chandra via an X-ray Visionary Program
(hence the name) to obtain shallow X-ray imaging of
the 80 most massive SPT-selected clusters at z > 0.3
(PI: Benson). Additional Chandra observations were
obtained through various smaller GO (PIs: McDonald,
Mohr) and GTO (PIs: Garmire, Murray) programs, or
were already available in the archive. For the most part,
these observations are of similar depth, with⇠2000 X-ray
counts per cluster (see Figure 2 in McDonald et al. 2014).

Details of these clusters (selection, masses, redshifts, po-
sitions) are provided in Bleem et al. (2015), while ad-
ditional information about the X-ray follow-up can be
found in McDonald et al. (2013, 2014). With few excep-
tions, clusters are selected for X-ray follow-up by mass,
with the ⇠20% most massive clusters in the full SPT-SZ
survey having Chandra X-ray observations. The masses
and redshifts of these clusters are shown in Figure 1. We
exclude from any surface brightness profile analysis the 7
highest rarity clusters (outliers from the shaded region),
which may bias any stacked density profile.

2.1.3. Low Redshift Clusters: 0.0 < z < 0.1

For a low-redshift comparison we use the sample of
49 X-ray selected clusters from Vikhlinin et al. (2009).
This sample was chosen due to the similarity between
our X-ray analysis pipeline and that used in Vikhlinin
et al. (2009) (the former was modeled after the latter).
We direct the reader to Voevodkin & Vikhlinin (2004)
and Vikhlinin et al. (2009) for a detailed discussion of
how these clusters were selected. In short, the sam-
ple is X-ray flux-limited, and constrained in redshift be-
tween 0.025 < z < 0.1. The fraction of merging clus-
ters (defined by eye) in this sample (31 ± 8%; Vikhlinin
et al. 2009) is similar to that in the REXCESS sam-
ple (39 ± 12%; Pratt et al. 2009) and in the SPT-XVP
sample (20+7

�4%; Nurgaliev et al. 2016). Each cluster in
this low-z sample has deep Chandra data, from which we
have gas density and temperature profiles from Vikhlinin
et al. (2009). From this sample, we only consider clus-
ters with M500 > 4⇥1014M�, to allow a fair comparison
to the high-z SZ-selected clusters (see Figure 1). This
yields a sample of 27 X-ray selected clusters with masses
spanning 4 ⇥ 1014 < M500 < 1.2 ⇥ 1015M�. Assuming
realistic evolution scenarios for massive halos (McBride
et al. 2009), the clusters in the SPT-Hiz sample, which
have typical masses of 2–3 ⇥ 1014M�, will ultimately
end up having M500 > 4⇥ 1014M� at z ⇠ 0.
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Fig. 6.— 0.5–4.0 keV X-ray images of the 8 clusters in the SPT-Hiz sample. Each image spans 3⇥R500 on a side, and has been smoothed
with a fixed-width Gaussian with fwhm = 500. In the insets, we show adaptively-smoothed images, where the smoothing conditions have
been chosen to suppress noise and highlight real structure. As discussed in §3.1, this smoothing has been tested on low-z, high signal-to-
noise data to ensure that noise peaks are not being identified as real structures. This figure shows the diversity of X-ray morphologies for
the 8 clusters in our sample.

Fig. 7.— Disturbed (light gray) and relaxed (dark gray) fractions
as a function of redshift for the SPT-XVP and SPT-Hiz samples,
as derived from the X-ray morphology. These fractions are cal-
culated in six independent redshift bins (z = 0.2 � 0.35, 0.35 �

0.55, 0.55� 0.7, 0.7� 0.9, 0.9� 1.2, 1.2� 1.9). The relaxed frac-
tion has been o↵set high by 0.3, to allow a more straightforward
visual comparison. We have chosen to show only the extremes of
the morphological distribution here, excluding all clusters near the
relaxed/disturbed boundary. The choice of threshold a

phot

val-
ues for classification as disturbed or relaxed is arbitrary, and does
not drive the result. We find that there is no strong evolution in
the fraction of clusters with symmetric or highly-asymmetric X-ray
morphologies.

4.2. Understanding the Evolution of Cluster Cores

In §3.1, we showed that the inner slope of the median
gas density profile has evolved significantly over the past
⇠10 Gyr. We first investigate whether this is due to
mass evolution in our sample, by isolating first a narrow
range in mass and considering the redshift dependence
and then isolating a narrow range in redshift and con-
sidering the mass dependence. For this test, we include
lower-mass systems from Vikhlinin et al. (2009), for a di-
rect (non-evolving) comparison to the low-mass systems
at z > 1.2. In Figure 9 we show the results of this test,
where we have used coarser redshift bins than in Figure
2 since the number of clusters in the narrow mass range
is small. We find that, even in a very narrow mass range
(14.3 < log10 M500 < 14.6), there is a strong redshift
dependence, with the low-z clusters having significantly
cuspier density profiles than their high-z counterparts.
In contrast, if we consider an order of magnitude range
in mass at roughly fixed redshift (0.25 < z < 0.55), we
measure no significant variation in the median gas den-
sity profile. This suggests that the core evolution shown
in Figure 2, and reported in McDonald et al. (2013), is
not a byproduct of the mass evolution of clusters, but is
indeed a steady change in the median density slope over
the past ⇠10 Gyr for clusters at a fixed mass.
Figures 2, 3, 4, and 5 reveal several important fea-

tures about the ICM density profiles in massive clus-
ters. Namely, we find remarkable similarity in the ab-
solute properties of cool cores as a function of redshift,
including the distribution of core densities, the average
central density, and the shape of the cool core excess
density profile. The lack of observable evolution in any
of these properties suggests that the three-dimensional
shape and quasi thermal equilibrium of cool cores were
established early in the evolution of clusters. These prop-
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Fig. 6.— 0.5–4.0 keV X-ray images of the 8 clusters in the SPT-Hiz sample. Each image spans 3⇥R500 on a side, and has been smoothed
with a fixed-width Gaussian with fwhm = 500. In the insets, we show adaptively-smoothed images, where the smoothing conditions have
been chosen to suppress noise and highlight real structure. As discussed in §3.1, this smoothing has been tested on low-z, high signal-to-
noise data to ensure that noise peaks are not being identified as real structures. This figure shows the diversity of X-ray morphologies for
the 8 clusters in our sample.

Fig. 7.— Disturbed (light gray) and relaxed (dark gray) fractions
as a function of redshift for the SPT-XVP and SPT-Hiz samples,
as derived from the X-ray morphology. These fractions are cal-
culated in six independent redshift bins (z = 0.2 � 0.35, 0.35 �

0.55, 0.55� 0.7, 0.7� 0.9, 0.9� 1.2, 1.2� 1.9). The relaxed frac-
tion has been o↵set high by 0.3, to allow a more straightforward
visual comparison. We have chosen to show only the extremes of
the morphological distribution here, excluding all clusters near the
relaxed/disturbed boundary. The choice of threshold a

phot

val-
ues for classification as disturbed or relaxed is arbitrary, and does
not drive the result. We find that there is no strong evolution in
the fraction of clusters with symmetric or highly-asymmetric X-ray
morphologies.

4.2. Understanding the Evolution of Cluster Cores

In §3.1, we showed that the inner slope of the median
gas density profile has evolved significantly over the past
⇠10 Gyr. We first investigate whether this is due to
mass evolution in our sample, by isolating first a narrow
range in mass and considering the redshift dependence
and then isolating a narrow range in redshift and con-
sidering the mass dependence. For this test, we include
lower-mass systems from Vikhlinin et al. (2009), for a di-
rect (non-evolving) comparison to the low-mass systems
at z > 1.2. In Figure 9 we show the results of this test,
where we have used coarser redshift bins than in Figure
2 since the number of clusters in the narrow mass range
is small. We find that, even in a very narrow mass range
(14.3 < log10 M500 < 14.6), there is a strong redshift
dependence, with the low-z clusters having significantly
cuspier density profiles than their high-z counterparts.
In contrast, if we consider an order of magnitude range
in mass at roughly fixed redshift (0.25 < z < 0.55), we
measure no significant variation in the median gas den-
sity profile. This suggests that the core evolution shown
in Figure 2, and reported in McDonald et al. (2013), is
not a byproduct of the mass evolution of clusters, but is
indeed a steady change in the median density slope over
the past ⇠10 Gyr for clusters at a fixed mass.
Figures 2, 3, 4, and 5 reveal several important fea-

tures about the ICM density profiles in massive clus-
ters. Namely, we find remarkable similarity in the ab-
solute properties of cool cores as a function of redshift,
including the distribution of core densities, the average
central density, and the shape of the cool core excess
density profile. The lack of observable evolution in any
of these properties suggests that the three-dimensional
shape and quasi thermal equilibrium of cool cores were
established early in the evolution of clusters. These prop-
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Fig. 6.— Comparison of the 2500 deg2 SPT-SZ cluster catalog to other X-ray and SZ-selected cluster samples. Here we plot the estimated
mass versus redshift for the 516 optically confirmed clusters from the SPT catalog, 91 clusters from the ACT survey (Marriage et al. 2011;
Hasselfield et al. 2013), 809 SZ-selected clusters from the Planck survey (Planck Collaboration et al. 2014a), and 740 X-ray clusters selected
from the ROSAT all-sky survey (Pi↵aretti et al. 2011) with M500c � 1 ⇥ 1014 h�1

70 M�. We mark 68%-confidence lower limits for the
redshifts of the three high-redshift SPT systems for which the Spitzer redshift model is poorly constrained (right arrows). We plot clusters
in common between SPT and the other datasets (see e.g., Table 5) at the SPT mass and redshift and, for common clusters in the other
datasets, at the mass and redshift of the dataset in which the cluster was first reported. While the SPT data provides a nearly mass-limited
sample, the cluster samples selected from ROSAT and Planck data are redshift-dependent owing to cosmological dimming of X-ray emission
and the dilution of the SZ signal by the large Planck beams, respectively.

861 confirmed clusters from the all-sky Planck survey
(Planck Collaboration et al. 2014a); and the 91 clusters
that comprise the ACT cluster sample (Marriage et al.
2011; Hasselfield et al. 2013).
The mass threshold of the SPT sample declines slightly

as a function of redshift owing to a combination of e↵ects.
At low redshifts (z < 0.3), increased power at large an-
gular scales from primary CMB fluctuations and atmo-
spheric noise raises the mass threshold for a fixed ⇠ cuto↵
(see e.g., Vanderlinde et al. 2010), while at higher red-
shifts the detectability of clusters is enhanced owing to
increased temperatures for clusters of fixed mass. How-
ever, both of these trends are shallow, and the nearly
redshift-independent selection function of the SPT cata-
log stands in contrast to the strong redshift dependence
in X-ray catalogs and the Planck sample. The mass
threshold for X-ray catalogs is redshift-dependent owing
to cosmological dimming of the X-ray emission, while the
redshift dependence of the Planck sample is driven by the
dilution of the small angular-scale signal of high-redshift
clusters by the large Planck beam (70 at 143 GHz).
We search the literature for counterparts to SPT can-

didates. We query the SIMBAD11 and NED12 databases

11 http://simbad.u-strasbg.fr/simbad
12 http://nedwww.ipac.caltech.edu/

as well as the union catalog of SZ sources detected by
Planck (Planck Collaboration et al. 2014a) for counter-
parts. For confirmed clusters with z  0.3 we utilize
a 50 association radius; otherwise we match candidates
within a 20 radius. All matches are listed in Table 5;
we discuss potential false associations in the footnotes of
this table. Additionally, we associate the brightest clus-
ter galaxies in two clusters (SPT-CL J0249�5658 and
SPT-CL J2254�5805) with spectroscopic galaxies from
the 2dF Galaxy Redshift Survey (Colless et al. 2003) and
the 6dF Galaxy Survey (Jones et al. 2009), respectively.
In total, 115 of the SPT candidates are found to have
counterparts in the literature (14 of these clusters were
first discovered in SPT data). We report the new discov-
ery of 251 clusters here, increasing the number of clusters
first discovered in SPT data to 415. We highlight par-
ticularly noteworthy systems below, and a subset of the
SPT cluster catalog is shown in Figure 8.

6.1. Cluster Mass Estimates

We provide estimated masses for all confirmed clus-
ters in Table 4. These estimates, determined from each
cluster’s ⇠ and redshift, are based upon the methodol-
ogy presented in Benson et al. (2013) and R13 but are
reported here for a fixed flat ⇤CDM cosmology—with
�8 = 0.80, ⌦

b

= 0.046, ⌦
m

= 0.30, h = 0.70, ⌧ = 0.089,

z 

M
50

0 

~100 clusters 
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DEVIATIONS FROM DENSITY SELF SIMILARITY 

•  At large radii, 
ICM density 
profile is well- 
described by 
gravitational 
collapse 

•  At small radii, 
no apparent 
redshift  
evolution in 
gas density 
•  See also: 

McD+13,14 

McDonald+17 

No evolution 

Self-Similar Expection 

ne (@ r/R500) α E(z)C 

Central density “frozen in time” 

Note: Similarity-breaking in temperature profile at r~0.2R500 
Vikhlinin+06, Baldi+12 
 

Bulk of cluster evolves as expected 
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•  No apparent change 
in cool core shape, 
size, density over 
the past ~ 7 Gyr. 
 

•  This is surprising! 
•  Core has tcool ~ 1 Gyr ! 

•   
 

•  Some evidence for 
evolution at z > 1 … 
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Evidence for long-standing,  
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Fig. 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.

the most extended star-forming filament yet detected in
a cool core cluster, exceeding the well-studied filaments
in the nearby Perseus (60 kpc; Conselice et al. 2001;
Canning et al. 2014), Abell 1795 (50 kpc; Cowie et al.
1983; McDonald & Veilleux 2009), and RXJ1532.9+3021
(50 kpc; Hlavacek-Larrondo et al. 2013) clusters. These
four filaments, particularly the northern pair, are excep-
tionally straight, similar to the northern filament in the
Perseus cluster. This morphology has been used to argue
for relatively low turbulence in the core of the Perseus
cluster(e.g., Fabian et al. 2008), although counter argu-
ments can be made on the basis of ICM density fluctua-
tions (e.g., Zhuravleva et al. 2015).
The filamentary emission is observed in both the g and

r bands for all four filaments, providing preliminary evi-
dence that this is continuum, rather than line, emission.
At the rest frame of the Phoenix cluster, the g-band
spans 2400–3300Å. This wavelength range is relatively
free of strong emission lines, with Mg iiλ2798 being the
only line that may be contributing significantly to the
flux in this band. This line should be faint in most sce-
narios, with the exception of fast (v ! 500 km s−1) ra-
diative shocks in a dense (n ! 100 cm−3) medium.
The total amount of rest-frame UV emission in the

outer filaments – those that were not included in
McDonald et al. (2013a) – is relatively small. For ex-
ample, the outer 50% of the northern filament (50–
100kpc) contributes ∼0.5% of the total blue emission,

Cool core clusters at z ~ 0 
BCG SFR ~ 1-10 M¤/yr 
(e.g., McD+11, Tremblay+15) 

Phoenix Cluster; z ~ 0.6 
BCG SFR ~ 600 M¤/yr 
(e.g., McDonald+12,13,15) 



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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Fig. 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 M⊙ 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 §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 from observed 22µm to rest-frame 24µm. 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.

Fig. 4.— Fraction of BCGs with SFR > 10 M⊙ yr−1 (fSF ) as a
function of redshift. Black points show data from this work in four
different redshift bins, while colored points show data from previ-
ous works over 0 < z < 0.6 (Donahue et al. 1992, 2010; McDonald
2011; Hoffer et al. 2012; Rawle et al. 2012; Fraser-McKelvie et al.
2014; Donahue et al. 2015). Samples marked with an asterisk in
the legend have had a bias correction applied, assuming that non-
cool cores have passively-evolving BCGs and that the true underly-
ing fraction of cool cores is 30% (see §3.2). This plot demonstrates
consistency between a wide variety of samples based on X-ray, op-
tical, and SZ selection. We find a steady rise in the fraction of
star-forming BCGs, from fSF ∼ 0% at z ∼ 0 to fSF ∼ 70% at
z ∼ 1.2. This growth is depicted with a best-fit dashed line. Ver-
tical error bars are derived based on the methods described by
Cameron (2011) for binomial populations.

TABLE 1
Average BCG Properties

z Ncl ⟨M∗⟩ ⟨SFR⟩ ⟨sSFR⟩
[1012 M⊙] [M⊙ 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 ⟨SFR⟩ and
⟨sSFR⟩ correspond to the combined uncertainty in the mea-
surements (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 num-
ber of BCGs due to the fact that we consider multiple potential
BCGs for several clusters.

SFR of 10 M⊙ yr−1 is negligible in terms of contribut-
ing to the overall mass of the cluster, requiring 100 Gyr
to double the stellar mass. However, this same star for-
mation rate in a low-mass galaxy like M82 is enough
to power massive outflows and modify the galaxy mor-
phology and stellar content on short (Myr) timescales
(Förster Schreiber et al. 2003). Thus, if we want to com-
pare BCG evolution to field galaxy evolution, we must
consider instead the specific star formation rate, or sSFR,
defined as sSFR ≡ SFR/M∗.
In Figure 5 we show the sSFR for BCGs in this work,

as well as BCGs in similar-mass, low-z clusters from
Haarsma et al. (2010); Fraser-McKelvie et al. (2014). In
calculating the sSFR, we use the stellar mass of the old
population obtained in the SED-fitting process (see §2.3).

McDonald+16 

Webb+15 

•  Factor of ~100 increase 
in SFR in BCGs over past 
~9 Gyr 

•  Observed independently 
in SZ- and IR-selected 
cluster samples 

McD+16 
overlaid Why the increase? 
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Fig. 8.— Upper row : Smoothed X-ray images from Chandra of five clusters from this paper at z > 0.7 with rest-frame near-UV imaging
from HST and with both relaxed X-ray morphology and a low-entropy core. The field of view for each cluster corresponds to R500 on
a side. Middle row : Near-infrared image (FourStar or Spitzer) of the inner region of the cluster. The footprint of this image is overlaid
on the X-ray image above. In all panels, the galaxy identified as the BCG is at the center of the field of view. Lower row : Rest-frame
near-UV image of the BCG from HST. The footprint of each image is shown on the near-IR image directly above it. These images show
that, for the most part, the relatively smooth UV emission in these galaxies is tracing the underlying old stellar populations, contrary to
the highly-asymmetric, filamentary star formation observed in the cores of low-z, relaxed galaxy clusters..

Fig. 9.— Similar to Figure 8, but now showing five clusters at z > 0.7 with disturbed X-ray morphologies. The BCGs in these clusters
all have highly asymmetric UV emission, suggesting a different mode of star formation than the BCGs in relaxed clusters.
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Fig. 7.— This plot shows the fraction of relaxed (blue) and dis-
turbed (red) clusters as a function of redshift, for two subsam-
ples: clusters harboring the 20% most star-forming BCGs (upper
panel) and those harboring the 80% least star-forming BCGs (lower
panel). For low-redshift clusters (z < 0.3, two leftmost bins) re-
laxedness has been determined based on the X-ray “symmetry”
reported in Mantz et al. (2015), while star formation rates come
from Fraser-McKelvie et al. (2014) and Crawford et al. (1999). For
the three higher-redshift bins, relaxedness is quantified following
Nurgaliev et al. (2013). This figure demonstrates that the most
star-forming BCGs tend to be found in relaxed clusters at low-z,
in agreement with the literature, while at high-z they are found
predominantly in morphologically disturbed clusters. There is no
strong trend in the the morphology of clusters hosting the 80%
least star-forming BCGs.

2008), that clusters hosting the most star-forming BCGs
have a typical central entropy of K0 ∼ 30 keV cm2, while
those hosting the least star-forming BCGs have K0 ∼ 100
keV cm2. As the redshift increases, the average core en-
tropy in clusters hosting the most star-forming BCGs in-
creases to ∼40 keV cm2 (z ∼ 0.4), and then to ∼100
keV cm2 (z ∼ 0.7). In the two highest-redshift bins
(z ! 0.6), there is no statistical difference between the
distribution of core entropy in clusters with star-forming
and passive BCGs. We find no strong evolution in the
core entropy of the full sample, or in the subsample of
clusters with passively-evolving BCGs. This seems to
suggest that, while ICM cooling is likely responsible for
providing the fuel for star formation in low-z clusters, a
different mechanism is responsible for star formation in
the high-z BCGs.
Another mechanism for forming stars in BCGs is via

mergers with gas-rich galaxies. Under the assumption
that such mergers happen most often shortly after the
infall of a group or other massive halo, which provides
an influx of new galaxies along orbits that may not be
stable, we would expect BCGs with star formation being
fueled by mergers to reside in clusters with disturbed X-
ray morphology. In Figure 7, we test this scenario. For

clusters in the SPT sample, we define X-ray morphology
using the “aphot” parameter, following Nurgaliev et al.
(2013), with a relaxed critereon of aphot < 0.1. This
quantity is less biased to signal-to-noise than other in-
dicators, such as power ratios and centroid shift, but is
consistent with these in the limit of high signal to noise,
as is demonstrated by Nurgaliev et al. (2013). At low-z,
we use the recently-compiled list of “symmetry” mea-
surements from Mantz et al. (2015), using overlapping
clusters to determine a common “relaxed” criterion. As
before, for clusters at z < 0.1 and 0.1 < z < 0.3, we use
BCG star formation rates from Fraser-McKelvie et al.
(2014) and Crawford et al. (1999), respectively, cutting
on mass (M500 ≥ 3× 1014 M⊙) in order to ensure unifor-
mity in the samples.
Figure 7 confirms that, at z < 0.3, the most star-

forming BCGs tend to reside in relaxed, cool core clus-
ters. The star formation in these BCGs is most likely
being fueled by the cooling ICM, where cooling flows are
most commonly found in relaxed clusters. On the con-
trary, at z !0.6, the most star-forming BCGs are found
more often in clusters with disturbed X-ray morphology,
with ∼90% of the most star-forming BCGs at z ! 0.6
being found in such systems. This implies that, at early
times, star formation in the BCG is more strongly cor-
related with the dynamic state, rather than the cooling
state, of the ICM – the inverse to what is observed in the
nearby Universe.
Figures 6 and 7 suggest that there is a transition be-

tween star formation in low-z BCGs being linked to low-
entropy, cool core clusters, to star formation in high-z
BCGs being related more to a disturbed cluster mor-
phology than to the cooling properties of the ICM. Be-
low we will discuss possible interpretations of this result,
and others presented thus far, while also addressing any
potential systematic biases in this study.

4. DISCUSSION

4.1. Comparing X-ray and UV Morphology for
Individual Star-Forming BCGs

Based on Figures 6 and 7, there appears to be an evolv-
ing connection between star formation in the BCG and
the host cluster morphology. In order to investigate the
fuel source for this star formation (i.e., cooling, gas-rich
mergers, etc), and determine whether this is linked to
the dynamical state of the cluster, we require rest-frame
UV imaging at significantly higher angular resolution.
Fortunately, many of the high-z clusters in this sample
have been observed by the Hubble Space Telescope (HST)
as part of various weak-lensing programs (PIs: Stubbs,
High, Schrabback). These observations are all in the
F606W filter, which corresponds to rest-frame u-band at
z ∼ 0.7 and <3000Å at z > 1. These data provide a
detailed view of the young stellar populations in a sub-
sample (10/14) of high-z star-forming BCGs.
In Figures 8 and 9 we highlight the X-ray and UV mor-

phology of the cluster and BCG, respectively, for all 10
clusters with available rest-frame u-band (or bluer) HST
imaging at z > 0.7. For each cluster, we also show a near-
IR image of the core region, to demonstrate that these
star-forming galaxies do indeed have the highest stellar
mass of all the galaxies in the core, consistent with being
the BCG. We have divided these 10 clusters by X-ray
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Fig. 7.— This plot shows the fraction of relaxed (blue) and dis-
turbed (red) clusters as a function of redshift, for two subsam-
ples: clusters harboring the 20% most star-forming BCGs (upper
panel) and those harboring the 80% least star-forming BCGs (lower
panel). For low-redshift clusters (z < 0.3, two leftmost bins) re-
laxedness has been determined based on the X-ray “symmetry”
reported in Mantz et al. (2015), while star formation rates come
from Fraser-McKelvie et al. (2014) and Crawford et al. (1999). For
the three higher-redshift bins, relaxedness is quantified following
Nurgaliev et al. (2013). This figure demonstrates that the most
star-forming BCGs tend to be found in relaxed clusters at low-z,
in agreement with the literature, while at high-z they are found
predominantly in morphologically disturbed clusters. There is no
strong trend in the the morphology of clusters hosting the 80%
least star-forming BCGs.

2008), that clusters hosting the most star-forming BCGs
have a typical central entropy of K0 ∼ 30 keV cm2, while
those hosting the least star-forming BCGs have K0 ∼ 100
keV cm2. As the redshift increases, the average core en-
tropy in clusters hosting the most star-forming BCGs in-
creases to ∼40 keV cm2 (z ∼ 0.4), and then to ∼100
keV cm2 (z ∼ 0.7). In the two highest-redshift bins
(z ! 0.6), there is no statistical difference between the
distribution of core entropy in clusters with star-forming
and passive BCGs. We find no strong evolution in the
core entropy of the full sample, or in the subsample of
clusters with passively-evolving BCGs. This seems to
suggest that, while ICM cooling is likely responsible for
providing the fuel for star formation in low-z clusters, a
different mechanism is responsible for star formation in
the high-z BCGs.
Another mechanism for forming stars in BCGs is via

mergers with gas-rich galaxies. Under the assumption
that such mergers happen most often shortly after the
infall of a group or other massive halo, which provides
an influx of new galaxies along orbits that may not be
stable, we would expect BCGs with star formation being
fueled by mergers to reside in clusters with disturbed X-
ray morphology. In Figure 7, we test this scenario. For

clusters in the SPT sample, we define X-ray morphology
using the “aphot” parameter, following Nurgaliev et al.
(2013), with a relaxed critereon of aphot < 0.1. This
quantity is less biased to signal-to-noise than other in-
dicators, such as power ratios and centroid shift, but is
consistent with these in the limit of high signal to noise,
as is demonstrated by Nurgaliev et al. (2013). At low-z,
we use the recently-compiled list of “symmetry” mea-
surements from Mantz et al. (2015), using overlapping
clusters to determine a common “relaxed” criterion. As
before, for clusters at z < 0.1 and 0.1 < z < 0.3, we use
BCG star formation rates from Fraser-McKelvie et al.
(2014) and Crawford et al. (1999), respectively, cutting
on mass (M500 ≥ 3× 1014 M⊙) in order to ensure unifor-
mity in the samples.
Figure 7 confirms that, at z < 0.3, the most star-

forming BCGs tend to reside in relaxed, cool core clus-
ters. The star formation in these BCGs is most likely
being fueled by the cooling ICM, where cooling flows are
most commonly found in relaxed clusters. On the con-
trary, at z !0.6, the most star-forming BCGs are found
more often in clusters with disturbed X-ray morphology,
with ∼90% of the most star-forming BCGs at z ! 0.6
being found in such systems. This implies that, at early
times, star formation in the BCG is more strongly cor-
related with the dynamic state, rather than the cooling
state, of the ICM – the inverse to what is observed in the
nearby Universe.
Figures 6 and 7 suggest that there is a transition be-

tween star formation in low-z BCGs being linked to low-
entropy, cool core clusters, to star formation in high-z
BCGs being related more to a disturbed cluster mor-
phology than to the cooling properties of the ICM. Be-
low we will discuss possible interpretations of this result,
and others presented thus far, while also addressing any
potential systematic biases in this study.

4. DISCUSSION

4.1. Comparing X-ray and UV Morphology for
Individual Star-Forming BCGs

Based on Figures 6 and 7, there appears to be an evolv-
ing connection between star formation in the BCG and
the host cluster morphology. In order to investigate the
fuel source for this star formation (i.e., cooling, gas-rich
mergers, etc), and determine whether this is linked to
the dynamical state of the cluster, we require rest-frame
UV imaging at significantly higher angular resolution.
Fortunately, many of the high-z clusters in this sample
have been observed by the Hubble Space Telescope (HST)
as part of various weak-lensing programs (PIs: Stubbs,
High, Schrabback). These observations are all in the
F606W filter, which corresponds to rest-frame u-band at
z ∼ 0.7 and <3000Å at z > 1. These data provide a
detailed view of the young stellar populations in a sub-
sample (10/14) of high-z star-forming BCGs.
In Figures 8 and 9 we highlight the X-ray and UV mor-

phology of the cluster and BCG, respectively, for all 10
clusters with available rest-frame u-band (or bluer) HST
imaging at z > 0.7. For each cluster, we also show a near-
IR image of the core region, to demonstrate that these
star-forming galaxies do indeed have the highest stellar
mass of all the galaxies in the core, consistent with being
the BCG. We have divided these 10 clusters by X-ray
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Fig. 10.— Here, we repeat Figure 5, now with a two-component
fit to the BCG evolution. This fit assumes two epochs of star
formation in BCGs: low-level star formation at present day, which
correlates with the presence of a relaxed morphology and cool core
in the ICM, and a rapid increase in star formation at z ! 0.8, which
correlates with the presence of disturbed ICM morphology. We
propose that this is indicative of two epochs of BCG star formation:
merger-driven at early times, and cooling-induced at late times.

cluster environment from Alberts et al. (2014), indicat-
ing that (unsurprisingly) quenching of star formation is
a strong function of local galaxy density. At late time,
from z ∼ 0.6 to z ∼ 0, the sSFR of BCGs is evolving
more slowly (τ = 4 Gyr) than both the field and cluster
environment. Considering that field galaxy evolution is
approximately passive, this implies that BCGs have an
additional source of fuel – presumably the cooling ICM
in relaxed systems. The non-zero slope of this evolu-
tion may be due to an ever-improving balance between
ICM cooling and AGN feedback in the cores of galaxy
clusters, leading to a reduction in the efficiency of ICM
cooling over time.
In summary, there appears to be a transition in the

source of fuel for star formation in BCGs over the past
∼10 Gyr. In nearby clusters, star formation is likely to
be fueled by the cooling ICM, and regulated by feed-
back from the central AGN. At early times, the most
star-forming BCGs are found in dynamically unrelaxed
clusters, suggesting that star formation may be predomi-
nantly fueled by interactions with other galaxies, similar
to the other, non-BCG members.

4.3. Lowering the Precipitation Threshold in Mergers

Several recent studies have suggested that the condi-
tion for thermal instability in the hot ICM can be de-
scribed as tcool/tff = 10, where tcool is the cooling time,
and tff is the local free-fall time (McCourt et al. 2012;
Sharma et al. 2012; Gaspari et al. 2012; Voit & Donahue
2015; Voit et al. 2015; ?). This threshold can be inter-
preted as the ratio of the cooling time to the mixing time.
Assuming that AGN feedback is anisotropic, preventing
local thermal instabilities requires that the heated gas
mixes with the cooling gas on timescales shorter than

the local cooling time.
In order to cross this threshold, one of two conditions

can be met. The gas can cool, reducing the local cooling
time, tcool. In the precipitation-driven feedback scenario
of Voit et al. (2015), this leads to rapid precipitation of
cold clouds, which fuel AGN feedback, leading to an in-
crease of tcool. This cycle can repeat indefinitely, until a
more energetic process drives tcool to much larger values
(≫1 Gyr). Alternatively, if the free-fall time is increased,
gas at a fixed density and temperature will more readily
condense out of the hot phase. This criteria is, in princi-
ple, met if the dense core of a galaxy cluster is dislodged
from the minimum of the dark matter potential, as is the
case during an interaction with another massive group or
cluster. It remains unclear, however, whether increasing
the free-fall time of the gas in this way would, in fact,
lead to more favorable cooling. Strictly speaking, a dis-
lodged cool core would have a lower value of tcool/tff ,
but the simulations which arrived at the threshold of
tcool/tff = 10 for thermal instability assumed relaxed
clusters. In the case of a relaxed cluster, tff is a proxy
for the convective timescale of the hot gas. However, in
a merging cluster, bulk flows will likely drive mixing on
faster timescales, perhaps leading to less efficient cooling.
This represents an alternate scenario which would lead

to a link between enhanced star formation in the BCG
and an unrelaxed dynamical state of the cluster core
at early times. We lean toward the merger-induced SF
scenario to explain the uptick in star-forming BCGs at
early times, but stress that follow-up studies, including
spatially-resolved far-UV (e.g., HST) and far-IR (e.g.,
ALMA) imaging and optical spectroscopy, of these BCGs
are necessary to provide additional insights into the
mechanism for enhancing star formation in these high-z
BCGs.

4.4. AGN Contamination

As we discussed in §2.6, it is possible that many of
the BCGs that we have identified as star-forming may,
instead, be AGN. With the inhomogeneous data set in
hand, it is challenging to differentiate between starburst
and AGN, or composite systems, in a uniform way for
the full sample. Thus, it may be that both the estimated
fraction of star-forming BCGs and the absolute star for-
mation rates of these BCGs may be biased high.
Considering only clusters at z > 0.75 (the two highest

redshift bins in Figure 4) we detect star formation in 9–
10 out of 22 (41–45%) of BCGs, where the uncertainty
represents cases where multiple BCGs were identified in
a given cluster. This is a factor of two higher than the
fraction of star-forming BCGs at z ∼ 0.4. If we con-
sider only the subsample of clusters with HST follow-up,
and label systems with symmetric, nuclear UV emission
as non-star forming (see Figures 8 and 9), we find evi-
dence of extended, asymmetric star formation in 4 of 10
(40%) of BCGs. Given the reduction in sample size by
requiring HST follow-up, the uncertainty on this frac-
tion is larger, with the 95% confidence interval being
16.7–69.2%. While this is consistent with the observed
star-forming fraction of ∼18% at z ∼ 0.4 (McDonald
2011; Donahue et al. 2015), it is inconsistent with the
lower value of ∼5% measured at z ∼ 0 (Donahue et al.
2010; Fraser-McKelvie et al. 2014). Thus, while we can
say with high confidence that the fraction of star-forming
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•  Recall, very little measurable scatter in metallicity of ICM 
462 A. Leccardi and S. Molendi: Radial metallicity profiles for a large sample of galaxy clusters observed with XMM-Newton

3. Data analysis

In this section we only recall the major steps of our data analy-
sis procedure and refer to Paper I for a detailed description. We
stress that in our procedure we used only EPIC-MOS data, be-
cause a robust characterization of EPIC-pn background was not
possible, mainly due to the small regions of the detector outside
the field of view, and to the non-negligible fraction of out-of-
time events (see Appendix B in Paper I for further details).

3.1. Spectra preparation

Observation data files (ODF) were retrieved from the XMM-
Newton archive and processed in a standard way with the
Science Analysis System (SAS) v6.1.

The soft proton cleaning was performed using a double fil-
tering process, first in a hard (10–12 keV) and then in a soft
(2–5 keV) energy range. We filtered the event file according to
PATTERN and FLAG criteria, and excluded the “bright” CCDs, i.e.
CCD-4 and CCD-5 for MOS1 and CCD-2 and CCD-5 for MOS2
(see Appendix A in Paper I for a discussion). Bright point-like
sources were detected, using a procedure based on the SAS task
edetect_chain, and excluded from the event file.

The RSB indicator, i.e. the ratio between surface-brightness
calculated inside and outside the field of view (see Eq. (1) in
Paper I), allowed us to quantify the amount of the quiescent
soft proton (QSP) component survived the double filtering pro-
cess. Values of RSB roughly span the range from 1.0 (negligi-
ble contamination) to 1.5 (high contamination). Since the obser-
vation 0084230401 of Abell 267 is extremely polluted by QSP
(RSB = 1.8), we excluded it from the sample.

The cluster emission is divided in 10 concentric rings
(namely 0′–0.5′, 0.5′−1′, 1′−1.5′, 1.5′−2′, 2′−2.75′, 2.75′−3.5′,
3.5′−4.5′, 4.5′−6′, 6′−8′, and 10′−12′) at fixed angular radii, to
maintain under control systematics related to the detectors (see
the Appendices of Paper I). The most external ring was used to
estimate background parameters only. The width of most of the
rings is limited by the PSF of the XMM-Newton telescopes. The
center of the rings was determined by surface-brightness isocon-
tours at large radii and is usually, but not necessarily, coincident
with the X-ray emission peak. We prefer that azimuthal symme-
try be preserved at large radii, where we are interested in char-
acterizing profiles, at the expense of central regions. For each
instrument (i.e. MOS1 and MOS2) and each ring, we accumu-
lated a spectrum and generated an effective area (ARF). For each
observation we generated one redistribution function (RMF) for
MOS1 and one for MOS2. We performed a minimal grouping to
avoid channels with no counts, as required by the Cash statistic.

3.2. Spectral analysis

The spectral analysis followed a substantially new3 approach:
we used the background modeling, rather than the subtraction,
and the Cash statistic rather than the χ2. We fit spectra with
an absorbed thermal (WABS*MEKAL in XSPEC v11.34) plus
background model in the 0.7–10.0 keV energy band, which rep-
resents a good trade off between statistical quality and level
of systematics. The details of the background model are re-
ported in the Appendices of Paper I. To model the background, a

3 A somewhat similar procedure was already used by Stanford et al.
(2001).
4 http://heasarc.nasa.gov/docs/xanadu/xspec/xspec11/
index.html

Fig. 1. Radial metallicity profiles for all clusters in our sample.
Abundances are expressed in Anders & Grevesse (1989) solar values
and radii in units of R180.

careful characterization of all its components is mandatory.
Ideally, one would like to estimate background parameters in the
same region and at the same time as the source. Since this was
not possible, we estimated background parameters in the exter-
nal 10′–12′ ring and rescaled them in the inner rings, by making
reasonable assumptions on their spatial distribution tested by an-
alyzing blank-field observations.

We fit spectra in internal rings leaving the temperature and
the normalization free to vary; the metallicity was constrained
between ±5 Z⊙ (see the discussion in Appendix A). The redshift
was constrained between ±7% of the optical measurement in the
two innermost rings and, in the other rings, was fixed to the av-
erage value of the first two rings, by considering independently
MOS1 and MOS2 spectra. The main reason for our choice is
to allow for EPIC calibration uncertainties, and for possible dis-
crepancies between X-ray and optical derived redshift values.
Typical shift values are on the order of 2%. Finally, we produced
metallicity profiles for each cluster, by computing the average
over the two MOS values.

4. Metallicity profiles

4.1. The mean profile

In Fig. 1 we show radial metallicity profiles for all clusters in our
sample. All our metallicity measurements are relative to the so-
lar values published by Anders & Grevesse (1989). Even if these
have been superseded by more recent values (Grevesse & Sauval
1998; Asplund et al. 2005), they allow straightforward compar-
ison with most of the literature (De Grandi & Molendi 2001;
Balestra et al. 2007; Baldi et al. 2007). Grevesse & Sauval (1998)
and Asplund et al. (2005) introduced a 0.676 and 0.60 times
lower iron solar abundance respectively, while other elements
are substantially unchanged. A simple scaling by 0.676 and
0.60 converts measures from the Anders & Grevesse (1989) iron
abundance to the Grevesse & Sauval (1998) and Asplund et al.
(2005) abundances.

The radius is rescaled by R180, i.e. the radius encompassing
a spherical density contrast of 180 with respect to the critical
density. We compute R180 from the mean temperature, kTM, and
the redshift, z, as in Paper I and in Arnaud et al. (2005):

R180 = 1780
!

kTM

5 keV

"1/2

h(z)−1 kpc, (1)
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TABLE 2
Comparison to Literature

Pub Extraction hZ[z = 0]i �Z
��z=0
z=1

Radius [Z�] [Z�]

Core-Included

This work 0 < r < R500 0.28± 0.04 0.04± 0.05
B12 0 < r < 0.6R500 0.41± 0.09 0.17± 0.12
A09 0 < r < RS/N 0.27± 0.11 0.03± 0.15
M08 0 < r < R500 0.92± 0.33 0.72± 0.36

Core-Excised

This work 0.15R500 < r < R500 0.21± 0.07 0.06± 0.09
This work 0.15R500 < r < 0.5R500 0.25± 0.06 0.05± 0.08

E15 0.15R500 < r < 0.4R500 0.40± 0.19 0.16± 0.24
E15⇤ 0.15R500 < r < 0.4R500 0.30± 0.20 0.09± 0.26
B12 0.15R500 < r < 0.6R500 0.34± 0.12 0.12± 0.15

BLS07 0.15Rvir < r < 0.3Rvir 0.40± 0.10 0.15± 0.12

Note. — Comparison of our evolutionary constraints on the ICM
metallicity to those from the literature, assuming a fitting function
of the form Z / (1 + z)�� . All literature values here are derived
from Table 4 of Baldi et al. (2012), with the exception of those from
Ettori et al. (2015). References are abbreviated to BLS07 (Balestra
et al. 2007), M08 (Maughan et al. 2008), A09 (Anderson et al. 2009),
B12 (Baldi et al. 2012), and E15 (Ettori et al. 2015). We separate
the comparison into literature measurements where the cluster core
was excised, and those where it was not. In general, there is good
agreement between this work and those of previous authors.
⇤: Non-cool cores only

Fig. 6.— Constraints on integrated (r < R500) ICM metallicity
evolution from this work compared to previous works. Colored
contours, which enclose 67% and 95% confidence regions, are taken
from Baldi et al. (2012). Constraints from this work, shown in
grey, are significantly improved, with a factor of 2 improvement
in the uncertainty of the evolutionary parameter �. The lack of
improvement in the normalization term stems from the fact that
we are not actually measuring the metallicity more precisely than
previous studies, nor do we have more clusters in our sample –
it is the redshift distribution of these clusters that leads to an
improvement in the slope.

tify precisely. For the full sample, combining metallic-
ities measured at all radii, the metallicity normalization
(Z

0

= 0.70± 0.12 Z�) is significantly higher (>4�) than
our measurement. We do not show a direct comparison
to this measurement in Figure 6, since it is not an inte-
grated measurement but rather a two-dimensional fit to
both radius and redshift. The high average metallicity
found by this work for the full sample suggests that it
may have a higher fraction of cool cores than is repre-
sentative of the true population. The strong evolution
(� = 1.31 ± 0.57) measured by Ettori et al. (2015) may
represent a redshift-dependent selection, with a higher-
than-normal fraction of cool cores at low-z and a lower-
than-normal fraction high-z, consistent with other X-ray
surveys.
If similar, single apertures are considered (e.g.,

0.15R
500

< r < 0.5R
500

), our analysis and that of
Ettori et al. (2015) agree well, with measurements of
Z
0

= 0.25 ± 0.06 Z� and Z
0

= 0.40 ± 0.19 Z�, re-
spectively. Further, if only non-cool cores are consid-
ered, this agreement is even better, with Ettori et al.
(2015) finding Z

0

= 0.30 ± 0.20 Z�. The larger dis-
agreement on the core-excised metallicity when cool core
clusters are included may be indicating an inability to
fully excise the core for clusters at z > 1 using data from
XMM-Newton. For a typical cluster in our sample, at
z = 1.2, 0.15R

500

⇠ 1200, which is similar in size to the
on-axis FWHM of XMM-Newton. Thus, we would expect
the core-excised metallicity measurements of high-z cool
core clusters based on XMM-Newton data to be biased
slightly high.
In general, our results agree well with previous works

and, in cases where there is disagreement, it is clear
how both selection biases and di↵erences in analyses
could conspire to account for any discrepancies. It is
worth repeating that the results presented here also agree
well with the indirect measurement of non-evolving ICM
metallicity from Werner et al. (2013) and Simionescu
et al. (2015). These works found azimuthally-uniform
metallicities in the outskirts of Perseus and Virgo, with
hZi = 0.21±0.01 Z� and 0.16±0.03 Z�, respectively (as-
suming the same solar abundances). These azimuthally-
uniform profiles were taken as evidence for a lack of
metallicity evolution, since mixing times are long at large
radii. These works compare favorably with ours, both in
terms of the average metallicity in the outskirts of clus-
ters at z = 0 (0.21± 0.07 Z� in this work), and in terms
of the implied weak evolution of the ICM metallicity.

5.2. The Origin of ICM Metal Enrichment

The results presented here strongly suggest that the
bulk of the metals (>67%) in the ICM were formed at
z > 1. This picture is consistent with observations of
the outskirts of galaxy clusters, which show remarkable
uniformity with azimuth (Werner et al. 2013; Simionescu
et al. 2015). These metals were likely formed in a mix of
core-collapse (CC) and type Ia supernovae (SNe) – the
fact that the relative metal abundances are also uniform
with azimuth imply that enrichment from both of these
sources happened relatively early.
The relative metal abundances in the outskirts of clus-

ters indicate that the enrichment was dominated by CC
SNe (see review by Werner et al. 2008), with only a small
fraction of the metals coming from type Ia SNe (12–37%;
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TABLE 2
Comparison to Literature

Pub Extraction hZ[z = 0]i �Z
��z=0
z=1

Radius [Z�] [Z�]

Core-Included

This work 0 < r < R500 0.28± 0.04 0.04± 0.05
B12 0 < r < 0.6R500 0.41± 0.09 0.17± 0.12
A09 0 < r < RS/N 0.27± 0.11 0.03± 0.15
M08 0 < r < R500 0.92± 0.33 0.72± 0.36

Core-Excised

This work 0.15R500 < r < R500 0.21± 0.07 0.06± 0.09
This work 0.15R500 < r < 0.5R500 0.25± 0.06 0.05± 0.08

E15 0.15R500 < r < 0.4R500 0.40± 0.19 0.16± 0.24
E15⇤ 0.15R500 < r < 0.4R500 0.30± 0.20 0.09± 0.26
B12 0.15R500 < r < 0.6R500 0.34± 0.12 0.12± 0.15

BLS07 0.15Rvir < r < 0.3Rvir 0.40± 0.10 0.15± 0.12

Note. — Comparison of our evolutionary constraints on the ICM
metallicity to those from the literature, assuming a fitting function
of the form Z / (1 + z)�� . All literature values here are derived
from Table 4 of Baldi et al. (2012), with the exception of those from
Ettori et al. (2015). References are abbreviated to BLS07 (Balestra
et al. 2007), M08 (Maughan et al. 2008), A09 (Anderson et al. 2009),
B12 (Baldi et al. 2012), and E15 (Ettori et al. 2015). We separate
the comparison into literature measurements where the cluster core
was excised, and those where it was not. In general, there is good
agreement between this work and those of previous authors.
⇤: Non-cool cores only

Fig. 6.— Constraints on integrated (r < R500) ICM metallicity
evolution from this work compared to previous works. Colored
contours, which enclose 67% and 95% confidence regions, are taken
from Baldi et al. (2012). Constraints from this work, shown in
grey, are significantly improved, with a factor of 2 improvement
in the uncertainty of the evolutionary parameter �. The lack of
improvement in the normalization term stems from the fact that
we are not actually measuring the metallicity more precisely than
previous studies, nor do we have more clusters in our sample –
it is the redshift distribution of these clusters that leads to an
improvement in the slope.

tify precisely. For the full sample, combining metallic-
ities measured at all radii, the metallicity normalization
(Z

0

= 0.70± 0.12 Z�) is significantly higher (>4�) than
our measurement. We do not show a direct comparison
to this measurement in Figure 6, since it is not an inte-
grated measurement but rather a two-dimensional fit to
both radius and redshift. The high average metallicity
found by this work for the full sample suggests that it
may have a higher fraction of cool cores than is repre-
sentative of the true population. The strong evolution
(� = 1.31 ± 0.57) measured by Ettori et al. (2015) may
represent a redshift-dependent selection, with a higher-
than-normal fraction of cool cores at low-z and a lower-
than-normal fraction high-z, consistent with other X-ray
surveys.
If similar, single apertures are considered (e.g.,

0.15R
500

< r < 0.5R
500

), our analysis and that of
Ettori et al. (2015) agree well, with measurements of
Z
0

= 0.25 ± 0.06 Z� and Z
0

= 0.40 ± 0.19 Z�, re-
spectively. Further, if only non-cool cores are consid-
ered, this agreement is even better, with Ettori et al.
(2015) finding Z

0

= 0.30 ± 0.20 Z�. The larger dis-
agreement on the core-excised metallicity when cool core
clusters are included may be indicating an inability to
fully excise the core for clusters at z > 1 using data from
XMM-Newton. For a typical cluster in our sample, at
z = 1.2, 0.15R

500

⇠ 1200, which is similar in size to the
on-axis FWHM of XMM-Newton. Thus, we would expect
the core-excised metallicity measurements of high-z cool
core clusters based on XMM-Newton data to be biased
slightly high.
In general, our results agree well with previous works

and, in cases where there is disagreement, it is clear
how both selection biases and di↵erences in analyses
could conspire to account for any discrepancies. It is
worth repeating that the results presented here also agree
well with the indirect measurement of non-evolving ICM
metallicity from Werner et al. (2013) and Simionescu
et al. (2015). These works found azimuthally-uniform
metallicities in the outskirts of Perseus and Virgo, with
hZi = 0.21±0.01 Z� and 0.16±0.03 Z�, respectively (as-
suming the same solar abundances). These azimuthally-
uniform profiles were taken as evidence for a lack of
metallicity evolution, since mixing times are long at large
radii. These works compare favorably with ours, both in
terms of the average metallicity in the outskirts of clus-
ters at z = 0 (0.21± 0.07 Z� in this work), and in terms
of the implied weak evolution of the ICM metallicity.

5.2. The Origin of ICM Metal Enrichment

The results presented here strongly suggest that the
bulk of the metals (>67%) in the ICM were formed at
z > 1. This picture is consistent with observations of
the outskirts of galaxy clusters, which show remarkable
uniformity with azimuth (Werner et al. 2013; Simionescu
et al. 2015). These metals were likely formed in a mix of
core-collapse (CC) and type Ia supernovae (SNe) – the
fact that the relative metal abundances are also uniform
with azimuth imply that enrichment from both of these
sources happened relatively early.
The relative metal abundances in the outskirts of clus-

ters indicate that the enrichment was dominated by CC
SNe (see review by Werner et al. 2008), with only a small
fraction of the metals coming from type Ia SNe (12–37%;
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•  Simulations and analytic theory tell us that the merger 
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BUT FIRST: QUANTIFYING MORPHOLOGY 

•  Use “photon asymmetry”  
from Nurgaliev+13 
•  Unbiased at low S/N 

The Astrophysical Journal, 779:112 (15pp), 2013 December 20 Nurgaliev et al.

Figure 3. Sensitivity of three substructure statistics: power ratios, P3/P0 (1st row), centroid shifts, w (2nd row), and photon asymmetry, Aphot (3rd row) to the quality
of observations: number of counts within R500 (1st column), background level (2nd column), telescope PSF (3rd column), and cluster redshift at a fixed exposure (4th
column). Only a representative subset of the clusters is shown in this figure—the complete sample is shown in Figure 4. An idealized morphological statistic would
be insensitive to the quality of observations, i.e., all the lines should be parallel to the x-axis. The photon asymmetry parameter presented in this paper shows a better
stability and better resolving power for observations of poor quality than commonly used power ratios and centroid shifts. The names of the clusters are identical to
those used in Vikhlinin et al. (2009a).
(A color version of this figure is available in the online journal.)

Figure 4. Similar to Figure 3, but now showing the full sample of 36 clusters from Vikhlinin et al. (2009a). Uncertainties are excluded in this plot for visual clarity—see
Figure 3 for a subset of these clusters with uncertainties. The points where uncertainties exceed the entire dynamic range for the corresponding substructure statistic
are excluded from the plots.
(A color version of this figure is available in the online journal.)
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low high Aside: SZ clusters are not all mergers 
 (Nurgaliev+16) 



THE EVOLUTION OF THE “DISTURBED FRACTION” 

•  Use “photon asymmetry” from Nurgaliev+13 
•  Unbiased at low S/N 

•  Find no evolution in the fraction of clusters 
that appear morphologically disturbed 

The Astrophysical Journal, 779:112 (15pp), 2013 December 20 Nurgaliev et al.
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of observations: number of counts within R500 (1st column), background level (2nd column), telescope PSF (3rd column), and cluster redshift at a fixed exposure (4th
column). Only a representative subset of the clusters is shown in this figure—the complete sample is shown in Figure 4. An idealized morphological statistic would
be insensitive to the quality of observations, i.e., all the lines should be parallel to the x-axis. The photon asymmetry parameter presented in this paper shows a better
stability and better resolving power for observations of poor quality than commonly used power ratios and centroid shifts. The names of the clusters are identical to
those used in Vikhlinin et al. (2009a).
(A color version of this figure is available in the online journal.)

Figure 4. Similar to Figure 3, but now showing the full sample of 36 clusters from Vikhlinin et al. (2009a). Uncertainties are excluded in this plot for visual clarity—see
Figure 3 for a subset of these clusters with uncertainties. The points where uncertainties exceed the entire dynamic range for the corresponding substructure statistic
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WHAT SHOULD CLUSTERS LOOK LIKE @ Z>1? 

•  Simulations and analytic theory tell us that merger rate 
is higher at z > 1 

•  But we don’t 
measure merger 
rate! 
•  Need merger 

rate *and* 
time appearing 
as merger 

•  Combined, 
simple model 
reproduces 
data well! 

dN ~ (dNmerger/dt) × (tcross) 

McD+17 



NO MAJOR EVOLUTION IN MORPHOLOGY 

•  Clusters at z > 1.2 look the same* as those at z ~ 0 
•  They merge more often, but also relax faster due to higher density 

* Insensitive to minor mergers, sloshing, etc. 8

Fig. 6.— 0.5–4.0 keV X-ray images of the 8 clusters in the SPT-Hiz sample. Each image spans 3⇥R500 on a side, and has been smoothed
with a fixed-width Gaussian with fwhm = 500. In the insets, we show adaptively-smoothed images, where the smoothing conditions have
been chosen to suppress noise and highlight real structure. As discussed in §3.1, this smoothing has been tested on low-z, high signal-to-
noise data to ensure that noise peaks are not being identified as real structures. This figure shows the diversity of X-ray morphologies for
the 8 clusters in our sample.

Before providing quantitative results, however, we con-
sider the X-ray images themselves in an attempt to draw
qualitative conclusions on the morphological evolution of
massive clusters.
In Figure 6, we show Gaussian smoothed and adap-

tively smoothed (using csmooth1) 0.5–4.0 keV images
of the 8 clusters in our high-z sample. The adaptive
smoothing parameters were chosen to highlight substruc-
ture, while avoiding the identification of noise peaks as
significant. The latter condition was tested on dozens
of images of the Bullet and El Gordo clusters, sub-
sampled to 2000 counts each, to determine the appro-
priate csmooth parameter settings to maximize res-
olution while minimizing false detections of substruc-
ture. This figure demonstrates that the X-ray mor-
phologies of these high-z clusters are not dramatically
di↵erent than their low-z counterparts. We see ev-
idence for highly-disturbed (elongated) systems (e.g.,
SPT-CLJ2040-4451, SPT-CLJ2341-5724), systems with
cores o↵set from their centroid which are likely sloshing
(e.g., SPT-CLJ0459-4947, SPT-CLJ0205-5829), and rel-
atively relaxed systems (e.g., SPT-CLJ0607-4448, SPT-
CLJ0640-5113). We find no obvious major mergers (i.e.,
two distinct, highly-separated peaks). With the limited
signal to noise of these exposures, there is no obvious
qualitative bias in the morphology of these clusters when
compared to the lower-z systems in the full SPT-XVP
sample (Nurgaliev et al. 2016).
We consider the dependence of the morphologically dis-

turbed and relaxed fractions as a function of redshift
in Figure 7. In this figure, we arbitrarily define “re-
laxed” as having a

phot

< 0.1 and “disturbed” as hav-

1
http://cxc.harvard.edu/ciao/ahelp/csmooth.html

Fig. 7.— Disturbed (light gray) and relaxed (dark gray) fractions
as a function of redshift for the SPT-XVP and SPT-Hiz samples,
as derived from the X-ray morphology. These fractions are cal-
culated in six independent redshift bins (z = 0.2 � 0.35, 0.35 �

0.55, 0.55� 0.7, 0.7� 0.9, 0.9� 1.2, 1.2� 1.9). The relaxed frac-
tion has been o↵set high by 0.3, to allow a more straightforward
visual comparison. We have chosen to show only the extremes of
the morphological distribution here, excluding all clusters near the
relaxed/disturbed boundary. The choice of threshold a

phot

val-
ues for classification as disturbed or relaxed is arbitrary, and does
not drive the result. We find that there is no strong evolution in
the fraction of clusters with symmetric or highly-asymmetric X-ray
morphologies.

ing a
phot

> 0.5. The latter is somewhat motivated
by simulations (Nurgaliev et al. 2016), and is approxi-
mately representative of major (nearly equal mass) merg-



TIMING OF MAJOR MILESTONES BECOMING CLEAR 
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LOOKING FORWARD 

Short term: 
 SPT-Chandra: X-ray obs. of 100 clusters at 0.2 < z < 1.8 
 SPTpol: factor of ~2 increase in mass sensitivity 

eRosita 



LOOKING FORWARD (X-RAY) 
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Figure 4. (Left) Mass versus redshift for three cluster samples: (1) SZ-selected clusters from 2500 deg2 of the spt-sz
survey,8 (2) SZ-selected clusters from the Planck survey, and (3) the projected spt-3g cluster sample. Also over-plotted
is the expected selection threshold from the upcoming eRosita X-ray cluster survey .42 (Right) Projected measurement
by spt-sz and spt-3g of the relative velocities of pairs of des-selected clusters using the kinetic SZ e↵ect,43 a unique
probe of gravity on scales of 100s of Mpc. spt-3g is expected to provide a 30� detection significance using the des cluster
sample with photometric redshifts.

2.4 Cluster Science

Clusters of galaxies are the largest gravitationally bound objects in the Universe. Their large masses make
them a unique cosmological probe sensitive to gravity and the growth of structure on the largest physical scales.
As demonstrated by spt-sz, a high-resolution SZ cluster survey can uniquely find the most massive clusters
in the Universe nearly independently of redshift. spt-3g will extend the work of spt-sz by covering a nearly
identical survey area with noise levels ⇠12, 7, and 20 times lower at 95, 150, and 220GHz, respectively. This will
lower the cluster mass threshold and therefore extend the redshift reach of spt-3g, allowing it to find an order
of magnitude more clusters, and, in combination with the des cluster survey, improved dark energy constraints.

In Figure 4, we show the projected mass and redshift distribution for the spt-3g cluster catalog, compared
to the SZ-selected catalogs from spt-sz 8 and Planck .44 spt’s smaller beam allows it to find higher redshift
clusters than Planck. Relative to spt-sz, the deeper spt-3g data will find more clusters and extend to higher
redshift, opening a new window into an earlier epoch of cluster formation. We project that spt-3g will find
⇠5000 clusters at a signal-to-noise > 4.5, corresponding to a 97% purity threshold. The spt-3g survey will
strongly complement the des cluster survey, which is expected to find tens of thousands of clusters at z ⇠< 1.
The SZ data e↵ectively provides a calibration of the scatter in the des richness-mass relation. Such a calibration
is predicted to increase the dark energy figure-of-merit by a factor of several.45 With improved calibration of
the des richness-mass relation, the des cluster survey is predicted to have a dark energy FOM of ⇠100.46 des,
in combination with the vista survey, will also measure photometric redshifts for the spt-3g clusters at z ⇠< 1,
which includes ⇠75% of the spt-3g sample, with higher redshift clusters requiring separate follow-up with optical
and near-infrared imagers on larger telescopes (e.g., Magellan/FourStar, Gemini/F2, SOAR/Spartan).

The deep spt-3g maps are essential to enable the detection and utility of CMB-cluster lensing, a signal that
has yet to be measured. On an individual cluster basis, spt-3g will measure CMB-cluster lensing with signal-
to-noise of ⇠1 for the most massive clusters.47 For the ensemble of 5000 spt-3g-selected clusters, we expect
to provide an absolute mass calibration with 3-5% accuracy using quadratic estimators of the cluster lensing
signal,48 using either temperature or polarization information. This is comparable to the predicted statistical
precision (2%) of the stacked optical weak lensing for des.46 The CMB-cluster lensing mass calibration would be
an important systematic check of the stacked weak lensing mass-calibration, especially at high redshift, because
of the CMB’s well characterized statistical properties and high, but known, redshift.

Benson+14 
Long term: 
 

SPT+Chandra 
z > 0.3, >3 x 1014 M¤ 
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Figure 4. (Left) Mass versus redshift for three cluster samples: (1) SZ-selected clusters from 2500 deg2 of the spt-sz
survey,8 (2) SZ-selected clusters from the Planck survey, and (3) the projected spt-3g cluster sample. Also over-plotted
is the expected selection threshold from the upcoming eRosita X-ray cluster survey .42 (Right) Projected measurement
by spt-sz and spt-3g of the relative velocities of pairs of des-selected clusters using the kinetic SZ e↵ect,43 a unique
probe of gravity on scales of 100s of Mpc. spt-3g is expected to provide a 30� detection significance using the des cluster
sample with photometric redshifts.

2.4 Cluster Science

Clusters of galaxies are the largest gravitationally bound objects in the Universe. Their large masses make
them a unique cosmological probe sensitive to gravity and the growth of structure on the largest physical scales.
As demonstrated by spt-sz, a high-resolution SZ cluster survey can uniquely find the most massive clusters
in the Universe nearly independently of redshift. spt-3g will extend the work of spt-sz by covering a nearly
identical survey area with noise levels ⇠12, 7, and 20 times lower at 95, 150, and 220GHz, respectively. This will
lower the cluster mass threshold and therefore extend the redshift reach of spt-3g, allowing it to find an order
of magnitude more clusters, and, in combination with the des cluster survey, improved dark energy constraints.

In Figure 4, we show the projected mass and redshift distribution for the spt-3g cluster catalog, compared
to the SZ-selected catalogs from spt-sz 8 and Planck .44 spt’s smaller beam allows it to find higher redshift
clusters than Planck. Relative to spt-sz, the deeper spt-3g data will find more clusters and extend to higher
redshift, opening a new window into an earlier epoch of cluster formation. We project that spt-3g will find
⇠5000 clusters at a signal-to-noise > 4.5, corresponding to a 97% purity threshold. The spt-3g survey will
strongly complement the des cluster survey, which is expected to find tens of thousands of clusters at z ⇠< 1.
The SZ data e↵ectively provides a calibration of the scatter in the des richness-mass relation. Such a calibration
is predicted to increase the dark energy figure-of-merit by a factor of several.45 With improved calibration of
the des richness-mass relation, the des cluster survey is predicted to have a dark energy FOM of ⇠100.46 des,
in combination with the vista survey, will also measure photometric redshifts for the spt-3g clusters at z ⇠< 1,
which includes ⇠75% of the spt-3g sample, with higher redshift clusters requiring separate follow-up with optical
and near-infrared imagers on larger telescopes (e.g., Magellan/FourStar, Gemini/F2, SOAR/Spartan).

The deep spt-3g maps are essential to enable the detection and utility of CMB-cluster lensing, a signal that
has yet to be measured. On an individual cluster basis, spt-3g will measure CMB-cluster lensing with signal-
to-noise of ⇠1 for the most massive clusters.47 For the ensemble of 5000 spt-3g-selected clusters, we expect
to provide an absolute mass calibration with 3-5% accuracy using quadratic estimators of the cluster lensing
signal,48 using either temperature or polarization information. This is comparable to the predicted statistical
precision (2%) of the stacked optical weak lensing for des.46 The CMB-cluster lensing mass calibration would be
an important systematic check of the stacked weak lensing mass-calibration, especially at high redshift, because
of the CMB’s well characterized statistical properties and high, but known, redshift.
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Figure 4. (Left) Mass versus redshift for three cluster samples: (1) SZ-selected clusters from 2500 deg2 of the spt-sz
survey,8 (2) SZ-selected clusters from the Planck survey, and (3) the projected spt-3g cluster sample. Also over-plotted
is the expected selection threshold from the upcoming eRosita X-ray cluster survey .42 (Right) Projected measurement
by spt-sz and spt-3g of the relative velocities of pairs of des-selected clusters using the kinetic SZ e↵ect,43 a unique
probe of gravity on scales of 100s of Mpc. spt-3g is expected to provide a 30� detection significance using the des cluster
sample with photometric redshifts.

2.4 Cluster Science

Clusters of galaxies are the largest gravitationally bound objects in the Universe. Their large masses make
them a unique cosmological probe sensitive to gravity and the growth of structure on the largest physical scales.
As demonstrated by spt-sz, a high-resolution SZ cluster survey can uniquely find the most massive clusters
in the Universe nearly independently of redshift. spt-3g will extend the work of spt-sz by covering a nearly
identical survey area with noise levels ⇠12, 7, and 20 times lower at 95, 150, and 220GHz, respectively. This will
lower the cluster mass threshold and therefore extend the redshift reach of spt-3g, allowing it to find an order
of magnitude more clusters, and, in combination with the des cluster survey, improved dark energy constraints.

In Figure 4, we show the projected mass and redshift distribution for the spt-3g cluster catalog, compared
to the SZ-selected catalogs from spt-sz 8 and Planck .44 spt’s smaller beam allows it to find higher redshift
clusters than Planck. Relative to spt-sz, the deeper spt-3g data will find more clusters and extend to higher
redshift, opening a new window into an earlier epoch of cluster formation. We project that spt-3g will find
⇠5000 clusters at a signal-to-noise > 4.5, corresponding to a 97% purity threshold. The spt-3g survey will
strongly complement the des cluster survey, which is expected to find tens of thousands of clusters at z ⇠< 1.
The SZ data e↵ectively provides a calibration of the scatter in the des richness-mass relation. Such a calibration
is predicted to increase the dark energy figure-of-merit by a factor of several.45 With improved calibration of
the des richness-mass relation, the des cluster survey is predicted to have a dark energy FOM of ⇠100.46 des,
in combination with the vista survey, will also measure photometric redshifts for the spt-3g clusters at z ⇠< 1,
which includes ⇠75% of the spt-3g sample, with higher redshift clusters requiring separate follow-up with optical
and near-infrared imagers on larger telescopes (e.g., Magellan/FourStar, Gemini/F2, SOAR/Spartan).

The deep spt-3g maps are essential to enable the detection and utility of CMB-cluster lensing, a signal that
has yet to be measured. On an individual cluster basis, spt-3g will measure CMB-cluster lensing with signal-
to-noise of ⇠1 for the most massive clusters.47 For the ensemble of 5000 spt-3g-selected clusters, we expect
to provide an absolute mass calibration with 3-5% accuracy using quadratic estimators of the cluster lensing
signal,48 using either temperature or polarization information. This is comparable to the predicted statistical
precision (2%) of the stacked optical weak lensing for des.46 The CMB-cluster lensing mass calibration would be
an important systematic check of the stacked weak lensing mass-calibration, especially at high redshift, because
of the CMB’s well characterized statistical properties and high, but known, redshift.
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Figure 4. (Left) Mass versus redshift for three cluster samples: (1) SZ-selected clusters from 2500 deg2 of the spt-sz
survey,8 (2) SZ-selected clusters from the Planck survey, and (3) the projected spt-3g cluster sample. Also over-plotted
is the expected selection threshold from the upcoming eRosita X-ray cluster survey .42 (Right) Projected measurement
by spt-sz and spt-3g of the relative velocities of pairs of des-selected clusters using the kinetic SZ e↵ect,43 a unique
probe of gravity on scales of 100s of Mpc. spt-3g is expected to provide a 30� detection significance using the des cluster
sample with photometric redshifts.

2.4 Cluster Science

Clusters of galaxies are the largest gravitationally bound objects in the Universe. Their large masses make
them a unique cosmological probe sensitive to gravity and the growth of structure on the largest physical scales.
As demonstrated by spt-sz, a high-resolution SZ cluster survey can uniquely find the most massive clusters
in the Universe nearly independently of redshift. spt-3g will extend the work of spt-sz by covering a nearly
identical survey area with noise levels ⇠12, 7, and 20 times lower at 95, 150, and 220GHz, respectively. This will
lower the cluster mass threshold and therefore extend the redshift reach of spt-3g, allowing it to find an order
of magnitude more clusters, and, in combination with the des cluster survey, improved dark energy constraints.

In Figure 4, we show the projected mass and redshift distribution for the spt-3g cluster catalog, compared
to the SZ-selected catalogs from spt-sz 8 and Planck .44 spt’s smaller beam allows it to find higher redshift
clusters than Planck. Relative to spt-sz, the deeper spt-3g data will find more clusters and extend to higher
redshift, opening a new window into an earlier epoch of cluster formation. We project that spt-3g will find
⇠5000 clusters at a signal-to-noise > 4.5, corresponding to a 97% purity threshold. The spt-3g survey will
strongly complement the des cluster survey, which is expected to find tens of thousands of clusters at z ⇠< 1.
The SZ data e↵ectively provides a calibration of the scatter in the des richness-mass relation. Such a calibration
is predicted to increase the dark energy figure-of-merit by a factor of several.45 With improved calibration of
the des richness-mass relation, the des cluster survey is predicted to have a dark energy FOM of ⇠100.46 des,
in combination with the vista survey, will also measure photometric redshifts for the spt-3g clusters at z ⇠< 1,
which includes ⇠75% of the spt-3g sample, with higher redshift clusters requiring separate follow-up with optical
and near-infrared imagers on larger telescopes (e.g., Magellan/FourStar, Gemini/F2, SOAR/Spartan).

The deep spt-3g maps are essential to enable the detection and utility of CMB-cluster lensing, a signal that
has yet to be measured. On an individual cluster basis, spt-3g will measure CMB-cluster lensing with signal-
to-noise of ⇠1 for the most massive clusters.47 For the ensemble of 5000 spt-3g-selected clusters, we expect
to provide an absolute mass calibration with 3-5% accuracy using quadratic estimators of the cluster lensing
signal,48 using either temperature or polarization information. This is comparable to the predicted statistical
precision (2%) of the stacked optical weak lensing for des.46 The CMB-cluster lensing mass calibration would be
an important systematic check of the stacked weak lensing mass-calibration, especially at high redshift, because
of the CMB’s well characterized statistical properties and high, but known, redshift.
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Fig. 6.— 0.5–4.0 keV X-ray images of the 8 clusters in the SPT-Hiz sample. Each image spans 3⇥R500 on a side, and has been smoothed
with a fixed-width Gaussian with fwhm = 500. In the insets, we show adaptively-smoothed images, where the smoothing conditions have
been chosen to suppress noise and highlight real structure. As discussed in §3.1, this smoothing has been tested on low-z, high signal-to-
noise data to ensure that noise peaks are not being identified as real structures. This figure shows the diversity of X-ray morphologies for
the 8 clusters in our sample.

Before providing quantitative results, however, we con-
sider the X-ray images themselves in an attempt to draw
qualitative conclusions on the morphological evolution of
massive clusters.
In Figure 6, we show Gaussian smoothed and adap-

tively smoothed (using csmooth1) 0.5–4.0 keV images
of the 8 clusters in our high-z sample. The adaptive
smoothing parameters were chosen to highlight substruc-
ture, while avoiding the identification of noise peaks as
significant. The latter condition was tested on dozens
of images of the Bullet and El Gordo clusters, sub-
sampled to 2000 counts each, to determine the appro-
priate csmooth parameter settings to maximize res-
olution while minimizing false detections of substruc-
ture. This figure demonstrates that the X-ray mor-
phologies of these high-z clusters are not dramatically
di↵erent than their low-z counterparts. We see ev-
idence for highly-disturbed (elongated) systems (e.g.,
SPT-CLJ2040-4451, SPT-CLJ2341-5724), systems with
cores o↵set from their centroid which are likely sloshing
(e.g., SPT-CLJ0459-4947, SPT-CLJ0205-5829), and rel-
atively relaxed systems (e.g., SPT-CLJ0607-4448, SPT-
CLJ0640-5113). We find no obvious major mergers (i.e.,
two distinct, highly-separated peaks). With the limited
signal to noise of these exposures, there is no obvious
qualitative bias in the morphology of these clusters when
compared to the lower-z systems in the full SPT-XVP
sample (Nurgaliev et al. 2016).
We consider the dependence of the morphologically dis-

turbed and relaxed fractions as a function of redshift
in Figure 7. In this figure, we arbitrarily define “re-
laxed” as having a

phot

< 0.1 and “disturbed” as hav-

1
http://cxc.harvard.edu/ciao/ahelp/csmooth.html

Fig. 7.— Disturbed (light gray) and relaxed (dark gray) fractions
as a function of redshift for the SPT-XVP and SPT-Hiz samples,
as derived from the X-ray morphology. These fractions are cal-
culated in six independent redshift bins (z = 0.2 � 0.35, 0.35 �

0.55, 0.55� 0.7, 0.7� 0.9, 0.9� 1.2, 1.2� 1.9). The relaxed frac-
tion has been o↵set high by 0.3, to allow a more straightforward
visual comparison. We have chosen to show only the extremes of
the morphological distribution here, excluding all clusters near the
relaxed/disturbed boundary. The choice of threshold a

phot

val-
ues for classification as disturbed or relaxed is arbitrary, and does
not drive the result. We find that there is no strong evolution in
the fraction of clusters with symmetric or highly-asymmetric X-ray
morphologies.

ing a
phot

> 0.5. The latter is somewhat motivated
by simulations (Nurgaliev et al. 2016), and is approxi-
mately representative of major (nearly equal mass) merg-
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Fig. 8.— Upper row : Smoothed X-ray images from Chandra of five clusters from this paper at z > 0.7 with rest-frame near-UV imaging
from HST and with both relaxed X-ray morphology and a low-entropy core. The field of view for each cluster corresponds to R500 on
a side. Middle row : Near-infrared image (FourStar or Spitzer) of the inner region of the cluster. The footprint of this image is overlaid
on the X-ray image above. In all panels, the galaxy identified as the BCG is at the center of the field of view. Lower row : Rest-frame
near-UV image of the BCG from HST. The footprint of each image is shown on the near-IR image directly above it. These images show
that, for the most part, the relatively smooth UV emission in these galaxies is tracing the underlying old stellar populations, contrary to
the highly-asymmetric, filamentary star formation observed in the cores of low-z, relaxed galaxy clusters..

Fig. 9.— Similar to Figure 8, but now showing five clusters at z > 0.7 with disturbed X-ray morphologies. The BCGs in these clusters
all have highly asymmetric UV emission, suggesting a different mode of star formation than the BCGs in relaxed clusters.


