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WHAT IS A GALAXY CLUSTER? 

~2-5% stars: 
•  90% in galaxies, ~10% diffuse 
•  Single galaxy (BCG) typically 

dominates optical light 

~15% hot gas: 
•  “intracluster medium” 
•  visible in X-rays 

~80% dark matter: 
•  Mapped via strong & 

weak lensing, dynamics 

The ICM is subdominant in 
mass, but tells us the most 

about the history of the cluster! 
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THE INTRACLUSTER MEDIUM 

•  Temperature/Density 
•  >107K plasma 
•  Low density 

•  ~10-5-10-1 cm-3 

•  At large radii, ~10 e- per m3! 

AGN Merger Sloshing 

•  Extent/mass 
•  Extends for several Mpc 
•  Total mass in gas ~1014 M¤ 

•  Morphology 
•  Retains imprint of major events 

Recent interaction 
•  Single-peaked, 

spiral structure 

Ongoing merger 
•  Double-peaked, 

elongated  
X-ray emission 

AGN Feedback 
•  Bubbles  

in ICM Relaxed 
•  Smooth, 

symmetric 
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THE COOLING FLOW PROBLEM 

z ≈ 2 z ≈ 0 

Prediction 

Reality 

•  Intracluster plasma is cooling radiatively (εff  ∼ ne
2) 

•  In some clusters, central cooling time is < 1 Gyr 
•  Should lead to 100-1000 M¤/yr in cooling 

    BUT: 99% of cooling is somehow suppressed 
 

•  Massive amounts (>1012M¤) of low-entropy material  
is “frozen” in cool cores.  But how/why? 

Cooling Flow Prediction 
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THE COOLING FLOW PROBLEM 

z ≈ 2 z ≈ 0 

Prediction 

Reality 

Cooling Flow Prediction 

•  Intracluster plasma is cooling radiatively (εff  ∼ ne
2) 

•  In some clusters, central cooling time is < 1 Gyr 
•  Should lead to 100-1000 M¤/yr in cooling 

    BUT: 99% of cooling is somehow suppressed 
 

•  Massive amounts (>1012M¤) of low-entropy material  
is “frozen” in cool cores.  But how/why? 
 

•  Radio-mode AGN feedback appears to be perfectly 
offsetting cooling in every nearby galaxy cluster 

•  Deviations from energy balance are ~1% (star formation) 
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OPEN QUESTIONS 

•  Did bonafide cooling flows ever exist? 
 

•  How has the balance between cooling 
and AGN feedback evolved over time? 

 

•  How and when did cool cores develop?   
 

•  How/when did the ICM virialize and/or 
become enriched?  
Can we observe this evolution? 
(accretion, metal enrichment, etc)? 

Need a well-selected sample of high-z clusters!


Previous evolutionary studies of galaxy �
clusters have been restricted to 0 < z < 0.5
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GALAXY CLUSTER SURVEYS: OPTICAL 

Optical Selection – Tried and True 
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Red galaxy overdensity 
•  E.g., maxBCG/GMBCG 

Red Sequence 
•  E.g., RCS 

Galaxy overdensity 
•  E.g., Abell (1958) 

preparation; E. Sheldon et al. 2007, in preparation) indicate that
the lower richness objects really do trace lower mass systems, it
is not clear what other selection effects may be taking place below
this limit. In particular, below the averagemass for this limit, some
groups may have less well defined red sequences and central gal-
axies that have different properties. An important feature of the
execution is that the reported center of the cluster lands on a clus-
ter galaxy, which typically has the characteristic properties of a
BCG.

Figure 6 shows the local value of the composite likelihood
function in a 1! field centered onAbell 1689. A double peak, cor-
responding to two galaxies near the cluster’s center, is located
at (R.A., decl.) = (197.87!, "1.34!). The SDSS image of Abell
1689 is shown in Figure 7. Two other previously identified clus-
ters, one X-ray and one optical, fall in this same field and are eas-
ily singled out. Their images are shown in Figures 8 and 9. The
large number of peakswith 10 < Lmax

tot < 100 correspond to group-
sized objects, many of which are absorbed as members of the
higher likelihood cluster-sized objects.

4. MaxBCG SELECTION FUNCTION

A cluster catalog is only useful for cosmological constraints
insofar as its purity and completeness can be understood, both
as a function of redshift and of halo mass and/or halo richness.
Such measurements have typically been made in X-ray and opti-
cal cluster finding algorithms byMonte Carlo methods, in which
galaxies (or X-ray photons) with various radial distributions are
inserted into a suitable background (Postman et al. 1996; Gal
et al. 2003). The specific parameters of the model are usually
varied to demonstrate an insensitivity of the measurements to the
particular choice of parameters.

Here we begin by taking theMonte Carlo approach, following
a technique similar to that described by Goto et al. (2002). To
quantify completeness, we first shuffle input SDSS galaxy cat-
alogs (see Koester et al. 2007) by randomly reassigning galaxy
colors and smearing the positions by 500. We insert artificial
clusters in the following way: (1) at five discrete redshifts z,
0.1, 0.14, 0.18, 0.22, and 0.26, we extract photometric data for
Abell clusters in the SDSS. (2) After background subtraction,
we measure the average color and radial distributions of the
Abell clusters stacked at these five redshifts (B. Koester et al.

Fig. 6.—Cluster likelihoods in the field of Abell 1689 (middle circle). Two
other high-likelihood peaks also reside in this field. At (197.33!, "1.62!),
z = 0.08 is a REFLEX X-rayYselected cluster, MS 1306.7"0121 (left circle;
Böhringer et al. 2004). At (198.58!, "1.46!), z = 0.18 is NSC J131423"012734,
part of the Northern Sky Optical Cluster Survey (Gal et al. 2003).

Fig. 7.—Abell 1689, positioned on the maxBCG center. The field of view
(FOV) is ’0.75 h"1 Mpc wide. The image is overwhelmed with luminous red
cluster galaxies, essentially all at the same redshift. In Abell et al. (1989), the
position given is (R.A., decl.) = (197.8917!, "1.365!), which is 0.03! different
from the maxBCG position, or’230 kpc. The redshift given by Struble & Rood
(1999) is z = 0.1832, comparedwith z = 0.189 given bymaxBCG.Also, note that
the colors of these are less red than those from Fig. 5, the z = 0.23 cluster. [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 8.—NSC J131423"012734, at z = 0.18 in the field of Abell 1689,
#0.75! away. The FOV is also ’0.75 h"1 Mpc, centered on the maxBCG po-
sition. The NSC catalog (Gal et al. 2003) quotes a position at (R.A., decl.) =
(198.5983!, "1.4597!), 0.016! from the maxBCG center, or ’125 kpc. The
NSC photometric redshift of z = 0.247 is not consistent with maxBCG, which
gives z = 0.181. SDSS spectroscopy provides redshifts for four cluster mem-
bers, all at nearly z = 0.18. [See the electronic edition of the Journal for a color
version of this figure.]

KOESTER ET AL. 229No. 1, 2007
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R.A. 

•  Relies on an established red sequence 
•  Galaxy brightness goes like 1/dL

2 



GALAXY CLUSTER SURVEYS: X-RAY 

X-ray Selection – The Local Universe 
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•  Majority of X-ray surveys are still based on 
pre-selection with ROSAT All-Sky Survey 
•  Exceptions: Serendipitous surveys with 

Chandra (e.g., ChaMP), XMM (e.g., XCS, XXL), 
Swift(SWXCS) 
 

•  X-ray surface brightness ~ (1+z)4 

•  Very expensive to survey for high-z clusters 
 

•  Subtle biases 
•  Phoenix cluster misidentified as AGN 

X-ray surveys have enabled our current  
understanding of galaxy clusters at z < ~0.5 

 



HIGH REDSHIFT GALAXY CLUSTERS 

•  Would like to understand how galaxy clusters form and evolve 
à  Need a sample of “high  

redshift” galaxy clusters 
 

But: 
•  Deep surveys are narrow 
•  Wide surveys are shallow 
•  Natural result of 

finite observing time 
 

•  How can we do better? 
•  Dramatically improve X-ray 

telescopes 
•  More bang for your buck 

•  Use a different technique 
•  Ideally, get away from 

1/dL
2 or (1+z)4 sensitivity 
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GALAXY CLUSTER SURVEYS: SZ 

•  The Sunyaev-Zel’dovich (SZ) effect allows us to detect clusters by 
their imprint on the cosmic microwave background (CMB) 
•  Clusters are “shadows” on microwave background 
•  Detection in “color space” is redshift independent! 
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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-

CMB 
 
SMG 
 
Cluster 
 
 
 
 
SPT 95 GHz 
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THE SOUTH POLE TELESCOPE – 2500 DEG2 SURVEY 

•  SPT recently completed 2500 deg2 
survey of the southern sky 
•  516 clusters at M500 > ~2x1014 M¤ 

•  416 new discoveries! 
•  zmedian = 0.55 
•  Bleem et al. (~July 2014) 

•  Relatively insensitive to redshift 
•  ~40 new clusters at z > 1 

•  Complimentary to eRosita 
•  eRosita: low-mass, low-z 
•  SPT: high-mass, high-z 

•  Lots of overlap, of course! 

•  Problem: 
•  Very little additional info 

from SZ signal! 
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Figure 8. 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 optically-confirmed clusters from the SPT catalog, SZ-selected clusters from the Planck survey
(Planck Collaboration et al. 2013) and X-ray clusters selected from the ROSAT all-sky survey (Pi↵aretti et al. 2011). We plot clusters
in common between the datasets (see e.g. Table 5) multiple times, using the masses and redshifts reported for each catalog. While the
SPT data provides a 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.

6.3.3. Strong Lensing Clusters

A number of SPT clusters can be identified from the
literature and existing SPT follow-up observations as
strong gravitational lenses. Previous SPT publications
first identified SPT-CL J0509-5342, SPT-CL J0546-5345
(Staniszewski et al. 2009), SPT-CL J0540-5744, SPT-CL
J2331-5051 (High et al. 2010), SPT-CL J2011-5228 and
SPT-CL J2011-5725 (Song et al. 2012) as strong-lensing
clusters. The ACT team first reported the discovery of
several clusters in the SPT sample (see Table 5) and iden-
tified 3 of these systems as strong lenses: SPT-CL J0304-
4921, SPT-CL J0330-5228 (Menanteau et al. 2010b) and
SPT-CL J0102-4915 (Menanteau et al. 2012). Other pre-
viously identified strong-lensing systems include SPT-CL
J0658-5556 (1E0657-56/Bullet Cluster; Mehlert et al.
2001), SPT-CL J2248-4431 (ACO 1063S; Gómez et al.
2012) and SPT-CL J2351-5452 (SCSO J235055-530124;
Menanteau et al. 2010a).
In Table 4 we report an additional 18 strong gravita-

tional lenses and 3 candidate clusters for which higher
quality optical imaging is required for confirmation of
these systems as strong lenses. Optical images of two
newly identified strong lenses (SPT-CL J2344-4243 and
SPT-CL J2138-6008) are shown in Figure 6. We note
that, given the heterogeneity in image quality in exist-
ing follow-up data, this list of strong lenses represents
neither an exhaustive nor a uniformly selected sample of
systems.

6.3.4. Notable Individual Systems

• SPT-CL J2248-4431: First reported as ACO S1063,
it is the most significant detection (⇠ = 42.4) in the
SPT sample. This cluster, more X-ray luminous
than the Bullet Cluster and the second most X-
ray luminous cluster in the REFLEX X-ray catalog
(Böhringer et al. 2004), is the second most massive
cluster in the SPT-SZ sample.

• SPT-CL J0102-4915: First reported in Marriage
et al. (2011), this cluster is also known as “El
Gordo” (Menanteau et al. 2012). Detected in the
SPT survey at ⇠ = 39.9, this massive merging sys-
tem at z = 0.870 is the second most significant
detection in the SPT-SZ sample.

• SPT-CL J0658-5556: This cluster is the well-
known “Bullet” cluster (1ES 0657-558). Detected
at ⇠ = 39.0, this cluster is the most massive system
in the SPT cluster sample.

• SPT-CL J2344-4243: This system, first reported
in Williamson et al. (2011), is also known as the
“Phoenix Cluster.” This massive cluster at z =
0.596 exhibits an exceptionally high rate of star
formation and is the most X-ray luminous cluster
known. The properties of this system are explored
in detail in McDonald et al. (2012, 2013a, 2014b).

The SPT-SZ Survey (2007-2011): 
The highest resolution and sensitivity map of the CMB 
(covering 2500 deg2 ~ 6% of sky)
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-40
-50
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Final survey depths of:
-   90 GHz:  40 uKCMB-arcmin 
- 150 GHz:  18 uKCMB-arcmin
- 220 GHz:  80 uKCMB-arcmin

2

WMAP lower resolution full sky
map with SPT area marked

Monday, July 22, 13
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THE SOUTH POLE TELESCOPE – X-RAY FOLLOW-UP 

•  Details about ICM from X-ray follow-up 
•  Chandra Cycle 13 XVP (PI: B. Benson) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Couples pristine SZ selection with  

high-angular resolution of Chandra 

SPT – XVP 
•  Chandra follow-up of 80 

most massive SPT-
selected clusters from 
z=0.4 to z=1.2 

•  Observations finished in 
March, 2013 



SPT-XVP OBSERVATIONS 
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Concentration 

~2000 counts per cluster 
(independent of redshift) 

 
à Allows coarse evolutionary 

studies for a large sample 
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THE PHOENIX CLUSTER – A STARBURST BCG 

•  Discovered in 2010 by  
the South Pole Telescope 
•  z = 0.597 
•  Williamson+11 

 

•  Most X-ray luminous  
cluster known 

•  Top 2-3 most massive  
clusters known 

•  Highest X-ray cooling rate  
known (~3000 M¤/yr) 

 

•  IR/UV-inferred SFR of  
~800 M¤/yr in BCG 
 

•  UV, far-IR, [O II], Ha 
•  30% of cooling flow!!! 

 
Open questions: 
- Why is Phoenix cooling so efficiently? 
- Is this cluster unique? Or is this a  
  normal, short-lived phase? 
- Is the starburst really fueled by the  
  cooling flow? 
 
 

McDonald+12,13a 



EVOLUTION OF CLUSTER CORES 

Thermodynamics of cool cores: 
 

•  Minimum entropy at  
~10 keV cm2 has not  
changed since z ~ 1 
•  Same trend found for 

tcool and dM/dt 
 

•  Cool gas is stuck in 
“semi-cool” state 
 

See also: Cavagnolo+09 

Size of cool cores: 
•  Cool cores have 

grown in density 
by factor of 
~10 in 8 Gyr 

•  Above and 
beyond self- 
similar expectation 
 

See also: Vikhlinin+07, 
Santos+10, Samuele+11, 
McDonald+11 
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ACCEPT SPT-XVP 

McDonald+13b 
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Feedback! 

THE EVOLUTION OF COOL CORES FROM Z = 1 à 0 
A SIMPLE PICTURE? 

Interpretation: 
•  Cool core growth is the 

result of a long-standing 
cooling flow that is unable 
to efficiently cool below 
~10 keV cm2 

•  Low-entropy gas “piles 
up” over time 
•  Mean growth is ~150 M¤/yr 

no feedback w/ feedback 

Mhot ~ LX 

. 

Mcold ~ SFR 

. 

z ~ 1 

z ~ 0 

ρ
/ρ

c
rit

 

~100% cooling 
(classical  

cooling flow) 

~10% cooling 
 

see e.g. 
Gaspari+11 
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Fig. 4.— This figure shows the best-fit deprojected temperature profile for each of the six subsamples. Black points correspond to the
projected data (see also Figure 3). Colored curves correspond to the best-fit projected model and the uncertainty in this model. The
dashed colored line corresponds to the best-fit deprojected model. In all panels we show the average deprojected temperature profile from
Vikhlinin et al. (2006) for comparison. This figure highlights the lower-temperature cores and outskirts in high-z clusters, relative to their
low-z counterparts. The best-fit parameters which describe these curves are provided in Table 2.

completely unconstrained in the inner parts. To project
this function onto two dimensions, we follow the proce-
dures described in detail by Vikhlinin (2006), which re-
quire two additional ingredients, aside from the analytic
temperature profile: the three dimensional electron den-
sity and metallicity profiles. For the latter, we assume
the average metallicity profile from Leccardi & Molendi
(2008a), but confirm that radically di↵erent metallicity
profiles result in .5% di↵erences in the deprojected tem-
perature, and then only at low temperatures (. 2 keV).
For the electron density profile, we utilize the deprojected
density profiles for each cluster from McDonald et al.
(2013). Since each bootstrapped temperature profile is
actually the weighted average of N clusters, we compute
the appropriate three dimensional gas density profile as
follows:

⌧
⇢g(r)

⇢crit

�
=

NP
i=1

Ci(r)⇥
⇢g,i(r)
⇢crit

NP
i=1

Ci(r)

, (3)

where Ci(r) is the number of X-ray counts for cluster i

at radius r. This produces a mean gas density profile,
weighted in approximately the same way as the mean
temperature profile.
For each bootstrap realization, we use the same N

clusters in the calculation of both the mean temperature
and density profiles. From these profiles, we project the
temperature profile along a given line of sight, following
Vikhlinin (2006). This procedure accounts for di↵erent
contributions from continuum and line emission along the
line integral, providing an accurate estimate of the pro-
jected single-temperature model. In order to correctly

TABLE 2

Best-Fit Temperature Profile Parameters

Subsample r
c

T
min

/T0 r
t

b c

low-z 0.11 0.68 0.66 1.95 1.15
low-z, CC 0.07 0.70 0.37 3.62 0.68
low-z, NCC 0.12 0.82 1.45 2.80 5.31

high-z 0.05 0.53 0.94 2.83 3.40
high-z, CC 0.05 0.50 0.90 3.20 3.43
high-z, NCC 0.06 0.89 1.01 2.63 3.60

Note. — The functional form for these fits, which
are shown in Figure 4, is provided in Eq. 2. This
parametrization is adopted from Vikhlinin et al. (2006),
holding a

cool

= 2 and a = 0 fixed. Both r
c

and r
t

are
expressed in units of R500.

factor in the temperature-sensitive detector response, we
convert the measured temperature profile from kT/kT500
to kT using the average kT500 for the subsample of N
clusters. For each radial bin, the projected temperature
was computed by numerically integrating along the line
of sight over �4R500 < z < 4R500 as well as along the bin
in the radial direction. Once complete, this procedure
yielded a projected temperature profile which was fit to
the data. This process was repeated for each realization
of the projected temperature profile (Figure 3), allowing
an estimate of the uncertainty in the deprojected model.
The resulting deprojected temperature profiles, along

with the 1� uncertainty regions, are shown in Figure 4
and Tables 1 and A.1. These results suggest that high-
redshift clusters tend to be, on average, ⇠50% cooler at
large radii (r ⇠ 1.5R500) than their low-redshift coun-
terparts, both for cool core and non-cool core clusters.
This may be a result of more significant “clumping” in

STACKING X-RAY ANALYSIS 

•  Stacking analysis of all 83 clusters allows us to measure the 
evolution of the average temperature, pressure, and entropy profiles! 

•  Joint-fit technique 
allows us to reach 
>R500 at z~1 

•  Cool cores are  
cooler at high-z 
 

•  High-z clusters 
seem to have 
cooler outskirts 

•  Combine with 
gas density to 
get pressure, entropy 
 

•  McDonald et al. (2014a) 

 

z 

CC NCC 
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•  Pressure profile is constrained from the core (r < 0.1R500) to r ~ 1.5R500 

•  Complimentary to Arnaud+10 and Planck+13 profiles 

•  Simulations reproduce large-scale pressure profile (self-similarity) 
•  Fail to reproduce cool core growth, general core properties 

Planck 

THE UNIVERSAL PRESSURE PROFILE 

A+10 

McDonald+14b 

z ~ 0 z ~ 0.5 z ~ 1 

McDonald+14b Planck+13 



AGN feedback in the SPT-SZ Cluster Survey 9

Fig. 6.—: Plots of the total mechanical power being injected by the central AGN (Pcav, top-left), total energy output
stored in the cavities (PVtotal, top-right), and cooling luminosity as defined with the 7.7 Gyrs threshold (Lcool, bottom-
left) for each cluster. We also show the average radius of each cavity (Raverage, bottom-right) as a function of redshift.
Same symbols as Fig. 5. The red stars indicate the average value within each redshift bin. We only consider systems
at z > 0.2 and the “clear” cavities when calculating the average values.

z = 0.8−1.0 (although we do not find any cavities within
this range) and z = 1.0−1.2. The large error bars reflect
the scatter in the data points, computed as the square
root of the variance. For the SPT-SZ clusters, we only
consider the “clear” cavities for these calculations. We
also ignore the z < 0.2 Rafferty et al. (2006) systems,
since these will contain groups of galaxies at low redshift
(which translates to smaller and less powerful cavities),
as well as many smaller cavities in clusters that can only
be resolved at low redshifts. Figs. 6 shows that at least
for the largest and most powerful outbursts, there is no
dramatic evolution in any of the cavity properties.

In Fig. 7, we plot the ratio between mechanical power
and cooling luminosity. Cluster (or group) mass scales
with X-ray luminosity, which in turn scales with cool-
ing luminosity. This plot therefore better corrects for
the mass dependency than Fig. 6, and we include the
average value of the z = 0.0 − 0.2 redshift bin in red.
In the top panel, we define the cooling luminosity in
the standard manner (tcool = 7.7 Gyrs). The bottom
panel shows the same plot, but with the new definition
of the cooling luminosity (z = 2 look-back time). As we
will discuss in Section 6.1, we are strongly biased
against small cavity (r<

∼10 kpc) in the SPT-SZ

survey. Removing these from Fig. 7 for the lower
redshift samples does not significantly affect our
results: the bottom panel still shows that cavity
powers may be larger than the cooling luminosi-
ties at high-redshifts. We further discuss these
results in Section 6.3.1.

6. DISCUSSION

We find that 10 of the 83 SPT-SZ clusters may have
surface brightness depressions in their Chandra images
in the form of X-ray cavities. The majority (7/10) are
however just marginally detected and are considered to
be “potential” cavities. Stacking the X-ray images of
these potential cavities does not improve their signifi-
cance, as they are sufficiently different in size and shape
that the resulting image does not reveal a clear cavity.
We therefore stress that deeper Chandra observations
are necessary to confirm their existence.

6.1. Selection effects

In this section, we discuss various possible selection ef-
fects that may bias our results. We first mention that
we are clearly missing cavities that we cannot resolve
(Raverage

<
∼10 kpc, see Table 1). We also recall that we

STRONG AGN FEEDBACK 

•  Quantify the mechanical feedback 
strength by measuring power required 
to inflate X-ray cavities: Pcav 

•  Negligible evolution in Pcav over past ~8 Gyr 
•  AGN feedback has been important since 

at least z ~ 1 

•  Hlavacek-Larrondo (Summer 2014) 

June 24, 2014 Michael McDonald  -  "The X-ray Universe"  -  Dublin, Ireland -  

AGN feedback in the SPT-SZ Cluster Survey 5

B
1:

 S
1.

5

SPT-CLJ0509-5342

z = 0.4607
Chandra (0.5-7 keV)

B
1:

 S
1.

5-
S1

0

Cavity (C)

C
avity (C

)

Unsharp-masked
Chandra (0.5-7 keV)

B
1:

 S
1.

5

King-subtracted
Chandra (0.5-7 keV)

10 arcsec
58 kpc

Blanco Telescope

B
1:

 S
2

SPT-CL J0616-5227

z = 0.6838
Chandra (0.5-7 keV)

B
1:

 S
2-

S1
0

Cavity (P)

Cavity (C)

Unsharp-masked
Chandra (0.5-7 keV)

B
1:

 [S
2]

 S
1

King-subtracted
Chandra (0.5-7 keV)

10 arcsec
71 kpc 

Swope Telescope

B
1:

 S
1

SPT-CLJ2043-5035

z = 0.7234
Chandra (0.5-7 keV)

B
1:

 S
1.

5

King-subtracted
Chandra (0.5-7 keV)

C
avity (C

)

Cavity (C)

B
1:

 S
1-

S1
0

Unsharp-masked
Chandra (0.5-7 keV)

10 arcsec
72 kpc

Blanco Telescope 

B
1:

 S
1.

3

SPT-CLJ2331-5051

z = 0.576
Chandra (0.5-7 keV)

B
1:

 S
1.

3-
S1

0

Cavity (P)

Cavity (P)

Unsharp-masked
Chandra (0.5-7 keV)

B
1:

 [S
1.

3]
 S

1

King-subtracted
Chandra (0.5-7 keV)

10 arcsec
65 kpc

Magellan Telescope 

Fig. 2.—: SPT-SZ clusters with X-ray cavities. See caption on page 6.

use the radio data simply to verify that our BCGs with
X-ray cavities are radio-active. We note that the radio
sources in SPT CL J0033-6326 and SPT-CL J0156-5541
are not centered on the BCG, but that the BCG lies well
within the beam size of SUMSS. We therefore consider
that these sources have a radio counterpart. SPT-CL
J0509-5342 lies within two beam sizes of a nearby 120
mJy radio source, making its detection by SUMSS un-
clear since SUMSS is dynamic range limited by 1:100 on
average (Bock et al. 1999). This bright radio source is
most likely not associated with the BCG, since at its red-

shift, it would be located some 700 kpc from the galaxy.
As for SPT-CL J2043-5035, there are no detected radio
point sources in the catalogue. However, after examin-
ing the images, we find that this cluster lies within one
beam size of two nearby 20-30 mJy radio sources. Re-
calculating the integrated signal at the location of the
cluster, we find that SPT-CL J2043-5035 is marginally
detected at a 4σ level. While higher-resolution data is
ideally needed to confirm that this emission is associated
with SPT-CL J2043-5035, we consider for the purposes
of this study that this source has a radio counterpart.

6 Hlavacek-Larrondo et al.
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Fig. 2.—: SPT-SZ clusters with X-ray cavities. One cluster per line. For each cluster, we show the 0.5− 7 keV X-ray
image, the 0.5 − 7 keV unsharp-masked image, the 0.5 − 7 keV king-subtracted image and the optical image. The
position of the central AGN, taken to be the position of the BCG, is shown with the black cross. The smoothing
and binning factors are shown in the lower-left corners. We also highlight the cavities in green: “C” (“P”) for clear
(potential), see Section 3.1. In light blue, we illustrate the annuli used to compute the azimuthal surface brightness
profiles (Fig. 3).

Finally, we find no evidence from the SUMSS maps of
a radio source in SPT-CL J2342-5411. Considering that
this source is the second most distant cluster among our
candidates (z = 1.075), the non-detection may simply be
due to the limited sensitivity of the survey. In summary,
and as expected, the majority of our sources in Table 1
have a radio counterpart.

3.2. Cavity energetics

The energetics of the X-ray cavities are estimated us-
ing the standard techniques (see B̂ırzan et al. 2004, and
references therein). Assuming that the cavity is filled
with a relativistic fluid, the total enthalpy is:

Ebubble = 4pV , (2)

where p is the thermal pressure of the ICM at the ra-
dius of the bubble estimated from X-ray data, and V
is the volume of the cavity. We assume that the cavi-
ties are of prolate shape. The volume is then given by
V = 4πR2

wRl/3, where Rl is the projected semi-major
axis along the direction of the jet, and Rw is the pro-
jected semi-major axis perpendicular to the direction of
the jet. Errors on the radii are assumed to be ±20%,
and the jet is defined as the line that connects the cen-
tral AGN to the middle of the cavity. The position of
the central AGN is chosen to coincide with the position
of the BCG as seen from the optical images (Fig. 2). If
two central dominant galaxies were present in the optical
images, we chose the brightest one as the BCG. There is
only one cluster where this applies, SPT-CLJ0616-5227.
Modifying the location of the BCG to coincide with the
second dominant galaxies only modifies the cavity ener-

getics by a factor of ≤ 2. Such a small change is not
significant for the purposes of this study.

Cavity powers (Pcav) are determined by dividing the
energy in the X-ray cavity with its age. The latter is
given by the buoyancy rise time (Churazov et al. 2001):

tbuoyancy = R

√

SCD

2gV
. (3)

Here, R is the distance from the central AGN to the
middle of the cavity (projected), S is the cross-sectional
area of the bubble (S = πR2

w), CD is the drag coefficient
and is assumed to be 0.75 (Churazov et al. 2001), and g
is the local gravitational acceleration. We use the values
of deprojected g derived by M13.

4. COOLING LUMINOSITIES

The strength of a cool core cluster is often measured
in terms of its cooling luminosity (Lcool), defined as the
0.01 − 100 keV luminosity interior to the radius where
the cooling time is equal to a certain value. We adopt
two definitions of this threshold, one based on a standard
definition used in the literature, and another based on a
more appropriate estimate for high redshift clusters.

First, we define the threshold to be 7.7 Gyrs, chosen
such that it corresponds to a look-back time since z ≈ 1
for local clusters (Column 3 of Table 1). We use this first
definition so that we can directly compare our results
with those of Nulsen et al. (2009), Rafferty et al. (2006)
and HL12. As in HL12, we define the cooling time to be:

tcool =
5

2

1.9 ne kT V

LX
. (4)
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Fig. 9.—: Images of 4C+55.16 (z = 0.2412). Left: Un-binned Chandra image (74 ks, ≈ 40000 counts, top) and
corresponding unsharp-masked image (bottom). Middle: Chandra image (74 ks, ≈ 40000 counts, top) binned by a
factor of 1.7 to mimic its appearance as if it were at the average redshift of the SPT-SZ clusters with X-ray cavities
(z ≈ 0.7), and corresponding unsharp-masked image (bottom). Bottom: Limited exposure Chandra image (4 ks,
≈ 2000 counts, top) also binned by a factor of 1.7, and corresponding unsharp-masked image (bottom). The southern
X-ray cavity remains visible in all images.

Third, we note that we are also likely biased towards
identifying X-ray cavities in cool core clusters, as opposed
to non cool core clusters, since the strongly peaked sur-
face brightness distributions of these clusters implies that
the counts will be concentrated towards the central re-
gions. It also remains unclear if the non-identification of
X-ray cavities in the moderate cool core clusters (Fig. 4)
is due to an intrinsic lack of cavities in these systems,
or also due to the counts being more evenly distributed
across the cluster like in the non-cool core clusters.

The SPT-SZ survey in itself, could also be biased.
However, simulations suggest that the increased SZ sig-
nal due to the presence of a cool core is not significant
(Motl et al. 2005; Pipino & Pierpaoli 2010), and that
similarly, star formation does not fill in the SZ decrement
significantly (e.g. McDonald et al. 2012). Furthermore,
Lin et al. (2009) showed that at z = 0.6, less than 2% of
clusters with a mass exceeding 1014M! will host a radio
AGN that contributes to more than 20% of the SZ signal,
even when accounting for the amount of flat or inverted
spectra. This fraction is even less significant at higher
redshift due to the decreasing flux. These biases should
therefore not be significant.

Finally, we recall that the majority of our cavities
(7/10) are only ≈ 1σ detections. These depressions could
therefore be caused by fluctuations in the noise level,
or other activity in the cluster such as merger-induced
asymmetries in the X-ray gas distribution. This may the
case for the large eastern depression identified in SPT-
CL J2043-5035. We therefore stress that deeper data are
needed to confirm the majority of our cavities.

6.2. X-ray Cavity properties

The majority of our X-ray cavities (8/10 or 3/3 for the
“clear” cavities) are found in pairs, most of which are
symmetrically located on either side of the central AGN.
Most pairs consist of similar sized cavities, which gives
us further confidence that they are indeed cavities being
carved out by twin radio lobes.

The fraction of SPT-SZ clusters with X-ray cavities
varies between 4 and 15% depending on whether we con-
sider all cavities, or only the 3 clusters with “clear” cav-
ities. Although the uncertainties are large due to small
number statistics, these values are lower compared to
local clusters with X-ray cavities (20 − 30% Dunn &
Fabian 2006; Rafferty et al. 2006; Fabian 2012; B̂ırzan
et al. 2012) and those in MACS (≈ 20%, HL12). Con-
sidering all of the potential selection effects mentioned
Section 6.1, it therefore remains unclear if our lower de-
tection rates represent a true decrease in the AGN duty
cycles of BCGs at high redshift or not. Yet, on average,
the 10 X-ray cavities in the SPT-SZ survey have pow-
ers of ≈ 3 × 1045 erg s−1 , energies of ≈ 6 × 1059 erg,
radii of ≈ 18 kpc, and provide enough energy to offset
cooling of the hot ICM. If we only consider the 3 clus-
ters with “clear” cavities, then the cavities have powers
of ≈ 1 × 1045 erg s−1 , but similar average energies and
radii. They also provide enough energy to offset cooling.

6.3. Evolution of X-ray Cavity properties

6.3.1. Implications for AGN feedback

Fig. 6 shows that when we consider all the SPT-SZ
cavities, the sizes of the largest cavities remain relatively
constant out to z ≈ 1.2. The total energy stored within

40,000 counts, z=0.24 40,000 counts, z=0.7 2000 counts 

Radio jets 

X-ray 
cavities 



•  Identify “exciting” clusters 
•  Phoenix (McDonald+12,13,14) 

•  Extremely star-forming BCG 

•  SPT-CLJ2040-4451 (Bayliss+13) 
•  High global star formation rate 

•  SPT-CLJ0205-5829 (Stalder+13) 
•  Fully evolved @ z=1.322 

•  Measure global properties 
•  TX,500, YX,500, Mg,500 

•  Assuming YX-M scaling relation 

•  Benson et al. (in prep) 

•  Metallicity 
•  Miller et al. (in prep) 

•  Study the evolution of the  
cooling flow problem 
•  Is the Phoenix cluster unique? 

•  McDonald et al. (in prep) 

•  Stacking analyses! 
•  Temperature/Pressure/Entropy 
•  Electron density 

•  Nurgaliev et al. (in prep) 

 June 24, 2014 Michael McDonald  -  "The X-ray Universe"  -  Dublin, Ireland -  

WHAT ELSE CAN YOU DO WITH 2000 COUNTS? A LOT! 
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Figure 12. Clusters sorted by asymmetry (left) and “by-eye” level of disturbance (right). The value of the substructure statistics increases top-to-bottom and left-to-right
in both plots. The cluster name is in upper left corner and the value of the statistic is in the lower right corner. The names of the clusters are identical to those used in
Vikhlinin et al. (2009a). Left plot: clusters sorted by the value of asymmetry—the new substructure measure that is presented in this paper. Right plot: clusters sorted
by the average value of their “disturbness” evaluated by four numan experts. The size of the scale bar in the lower left corner is 0.5 Mpc.
(A color version of this figure is available in the online journal.)

to use centroid shifts instead of photon asymmetry as the mea-
sure of cluster disturbance, but asymmetry is preferable given
its better stability with respect to observational S/N.

We are currently applying the photon asymmetry metric
in a comparison of X-ray and SZ-selected cluster samples to
study the impact of morphology on cluster scaling relations and
measure how morphology evolves with redshift.
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APPENDIX

As explained in Section 3, our method of calculating asymme-
try includes two steps: calculating the asymmetry in an annulus
and combining the asymmetries from several annuli. To measure
the asymmetry in each annulus, we use the statistical framework
of testing whether a given sample is drawn from a given prob-
ability distribution. The sample in our case is the empirical

angular photon distribution function FN and the given probabil-
ity distribution is the true angular photon distribution function
G that would be produced by a perfectly circularly symmetric
source. We note that G is not trivial because of non-uniform
detector illumination and various detector imperfections.

We define FN as the empirical cumulative angular distribution
function of the photons in the kth annulus:

FN (x) = 1
N

∑

Rk
in<ri<Rk

out

1{φi/2π ! x}, (A1)

where 1{A} is the indicator function of event A and N is the
number of counts within the annulus Rk

in < r < Rk
out. Also, for

convenience, we rescale the angular range [0, 2π ) to [0, 1). We
also let F be the true underlying distribution function for FN ,
i.e., F is the limit of FN when N → ∞.

Note that Kolmogorov–Smirnov, Cramer-von Mises, and
similar tests are usually used to check for the equality of two
probability distributions. The values of these statistics give the
probability of the null hypothesis (that the given sample is
drawn from the given distribution), when compared with the
null distribution. In our case, instead of checking whether FN is
a realization of the known F, we need a measure of “distance”
between F and G based on the measurement of FN . In the
following, we show how one can use the value of Watson’s
test (a modification of the Cramer-von Mises test suitable for
distributions defined on a circle as opposed to a segment) to
quantify the distance between F and G based on the sample FN .

In the following, we use the notation

U 2[F,G; dH] =
∫

(F (x) − G(x)

−
∫

(F (x) − G(x))dH(x))2dH(x), (A2)
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Vikhlinin et al. (2009a). Left plot: clusters sorted by the value of asymmetry—the new substructure measure that is presented in this paper. Right plot: clusters sorted
by the average value of their “disturbness” evaluated by four numan experts. The size of the scale bar in the lower left corner is 0.5 Mpc.
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of testing whether a given sample is drawn from a given prob-
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probability distributions. The values of these statistics give the
probability of the null hypothesis (that the given sample is
drawn from the given distribution), when compared with the
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a realization of the known F, we need a measure of “distance”
between F and G based on the measurement of FN . In the
following, we show how one can use the value of Watson’s
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•  Cosmology 
•  Use YX-inferred mass to calibrate SZ 

mass estimator 
•  de Haan et al. (in prep) 

•  Baryon fractions 
•  Combine X-ray + optical to 

estimate total mass in baryons 
•  Chiu et al. (in prep) 

•  Quantify morphology 
•  E.g., concentration, 

centroid shift, asymmetry 
•  Nurgaliev et al. (in prep) 



1.  Between z ~ 1 and z ~ 0 : 
i.  Cool cores have grown by a factor of ~20 and (some) BCGs have 

gone through short-lived phases of vigorous star formation 
ii.  Feedback has, for the most part, regulated runaway cooling flows 
 

2.  The combined strengths of SPT (selection) and Chandra (follow-up) 
provides a powerful sample for studying galaxy cluster evolution 

3.  Shallow X-ray exposures (~2000 counts) are enough to address many of 
the interesting questions we have about galaxy cluster evolution 

4.  There is a lot more to come from the SPT-XVP survey! 
 

 
 
 
 

Food for thought: SPT-XVP was 80 most massive clusters out of 416 
 

How do we select clusters for X-ray follow-up when we  
have >>1,000 systems detected with SPT-3G / eRosita ? 

 

TAKE-HOME POINTS 
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1.  2500 deg2 Survey: Bleem et al. (2014) 
2.  Cooling flows: McDonald et al. (2014) 
3.  Cosmology: de Haan et al. (2014) 

4.  Scaling Rel’ns: Benson et al. (2014) 
5.  Baryon Fractions: Chiu et al. (2014) 

6.  Metallicity: Miller et al. (2014) 
7.  AGN Feedback: H-L et al. (2014) 
8.  SB Profiles: Nurgaliev et al. (in prep) 

9.  Morphology: Nurgaliev et al. (2014) 
 

…and much, much more! 


