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THE STORY THUS FAR: COOLING FLOWS 

z ≈ 2 z ≈ 0 

Cooling Flow Prediction 

Prediction Reality 

What does this mean for the galaxies? 
Silk & Mamon (2012) 
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THE STORY THUS FAR: AGN FEEDBACK 

•  Mechanical energy  
from radio-mode AGN  
offsets cooling 
 

•  Not an exact science: 
•  Orders of magnitude 

in scatter 
•  Identifying cavities 

by eye (selection bias, 
false detections) 

•  How does the energy 
couple to the ICM?  

•  What triggers radio-mode 
outbursts? 
•  “Precipitation”,  

feedback valve 

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.

GROWTH OF BLACK HOLES AND BULGES IN CDGS 227No. 1, 2006
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THE STORY THUS FAR: RESIDUAL COOLING 

•  Severity of the cooling flow problem can be  
expressed as: SFR = � ! dM/dt 
 
 
 

 ~1% of classical cooling 
 rate is observed in SF 

 

•  But: 
•  SF should not be 100% efficient! 
•  Typically ~8-30% in GMCs 

•  Lada & Lada (2003) 

•  SFR = �hot ! �cold ! dM/dt 

~10% 
AGN feedback (?) 

~10% 
Inefficient star formation 

•  107 K " 105 K 
•  Constrained by  

OVI / X-ray 
•  e.g., Bregman+01 

•  105 K " Stars 
•  Constrained by  

SFR / OVI 
•  e.g., McDonald+14c 

          

Abell 1795 
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OPEN QUESTIONS 

 
•  How has the balance between cooling 

and AGN feedback evolved over time? 
 

•  How and when did cool cores develop? 

•  Did bonafide cooling flows ever exist? 

  

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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FINDING HIGH REDSHIFT GALAXY CLUSTERS 

•  Would like to understand how galaxy clusters form and evolve 
"  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 / optical 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! 

4

(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! 

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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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. 2013a), 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 as lower limits the redshifts of the three
high-redshift SPT systems for which the Spitzer redshift model is poorly constrained (black triangles). 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 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. 2013a); 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. 2013a) 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,
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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.
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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
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SPT-XVP OBSERVATIONS 
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CENTRAL GALAXIES 

Michael McDonald  -  "The Life and Times of Galaxies"  -  Zion, Utah – September 10, 2014 



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 

•  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?  
•  Is the starburst really  

fueled by cooling ICM? 

McDonald+12,13a 
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COOL CORES (INNER ~100 KPC) 
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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 

ACCEPT SPT-XVP 

McDonald+13b 
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THEORETICAL EXPLANATION 

ICM
 Entropy Evolution

It’s also illustrative to look at the 
same set of critical lines in a 
scaled entropy-radius diagram.

Notice that similarity breaking 
through condensation-driven 
feedback occurs at substantially 
larger radii in high-redshift 
clusters.

This implies that the surface-
brightness profiles of high-
redshift cool-core clusters 
should be significantly less 
cuspy than at lower redshift, 
also in agreement with the 
McDonald et al. SPT findings.0.01 0.10 1.00
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Voit+14 – Analytic prediction for 
evolving entropy profile 

Gaspari+11 – 
Simulations in which  

AGN feedback 
offsets cooling. 

•  Low entropy  
material will  
naturally fall 
into the cluster 
center 
•  As z " 0, “slide” 

gets steeper 
z~2 
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scaled entropy-radius diagram.

Notice that similarity breaking 
through condensation-driven 
feedback occurs at substantially 
larger radii in high-redshift 
clusters.

This implies that the surface-
brightness profiles of high-
redshift cool-core clusters 
should be significantly less 
cuspy than at lower redshift, 
also in agreement with the 
McDonald et al. SPT findings.0.01 0.10 1.00
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Voit+14 – Analytic prediction for 
evolving entropy profile 

Gaspari+11 – 
Simulations in which  

AGN feedback 
offsets cooling. 

•  Low entropy  
material will  
naturally fall 
into the cluster 
center 
•  As z " 0, “slide” 

gets steeper 
•  Density profiles 

become cuspier 
z~0 
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Gaspari+11 – 
Simulations in which  

AGN feedback 
offsets cooling. 

•  Low entropy  
material will  
naturally fall 
into the cluster 
center 
•  As z " 0, “slide” 

gets steeper 
•  Density profiles 

become cuspier 
 

But:  
AGN feedback 
prevents low- 
entropy gas in 
core from cooling 
$  Low-entropy 

 material will 
 accumulate in 
 core 

z~0 
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AND OUT TO THE VIRIAL RADIUS… 
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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 
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BUT WHAT ABOUT THE GALAXIES? 

•  ICM % Central Galaxy 
•  ~1% of growth from 

residual cooling flows 
•  What about Phoenix?  

Cooling more important at high-z? 
 

•  ICM % Satellite Galaxies 
•  Ram pressure stripping and strang- 

ulation less effective at z>1? 
•  Cluster masses down by ~2x 

•  Velocities down by √2 
•  Temperature down by ~2x 
•  Total “ramming column” down 

•  Core density down by ~5x 

•  ICM % AGN 
•  Central AGN in a feedback 

loop with cooling ICM at z~0 
•  Abundance of quasar-mode 

central AGN in high-z clusters 

Silk & Mamon (2012) 
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•  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) 

 

WHAT ELSE CAN YOU DO WITH THESE DATA? A LOT! 

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

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)

13

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

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.

D.N. acknowledges support by the National Science Foun-
dation grant AST-1009012. M.M. acknowledges support by
NASA through a Hubble Fellowship grant HST-HF51308.01-
A awarded by the Space Telescope Science Institute, which
is operated by the Association of Universities for Research
in Astronomy, Inc., for NASA, under contract NAS 5-26555.
B.B. acknowledges support by NASA through Chandra Award
No. 13800883 issued by the Chandra X-Ray Observatory
Center, which is operated by the Smithsonian Astrophysical
Observatory for and on behalf of NASA under contract NAS8-
03060, and the National Science Foundation through grant
ANT-0638937. E.M. acknowledges support from subcontract
SV2-82023 by the Smithsonian Astrophysical Observatory, un-
der NASA contract NAS8-03060.

We thank Christine Jones-Forman, William Forman, Marshall
Bautz, and Alastair Edge for their aid in morphologically
classifying these galaxy clusters by eye.

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
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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) 
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The ICM directly influences the evolution of galaxies in clusters. 
(e.g., cooling flows, ram pressure stripping, strangulation) 

1.  Between z ~ 1 and z ~ 0 : 
i.  Massive starbursts can be triggered in BCG by runaway cooling ICM 
ii.  ICM density/pressure has increased by a factor of ~5-10 in the cores of some 

clusters (above and beyond cosmological expectation!) 
iii.  Balance between cooling and feedback is long-standing, set up at z > 1 
 

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

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

 
 
 
 

 

 

TAKE-HOME POINTS 

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! 
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WHAT’S NEXT? (SPT – CHANDRA – MAGELLAN) 

SPT-XVP (SPT+Chandra) 
•  The largest, homogeneous X-ray survey of high-z (z > 0.5) clusters 
•  Much, much more to come: 
•  X-ray scaling relations (Benson+14), metallicity evolution (Miller+14), 

morphology evolution (Nurgaliev+14), cosmology (de Haan+14), AGN 
feedback (Hlavacek-Larrondo+14), BCG stellar populations (McDonald+14) 
 

SPT-Hiz (Chandra (750ks), Magellan (~10 nights), PI: McDonald) 
•  Extend SPT-XVP sample by a factor of ~2 in redshift! 
•  Probe ICM and BCG 

stellar populations  
during cluster assembly! 

•  First sample of z > 1 
clusters with X-ray, 
optical, SZ coverage 

•  First papers in 2015 
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WHAT’S NEXT? (SPT3G+DES, EROSITA) 

1

eRosita
(X-ray)

CMB-
S4

SPT-
3G

Future Sunyaev-Zel’dovich Cluster Surveys

SPT-SZ/pol:          Nclust ~ 1,000
SPT-3G:       Nclust ~ 10,000
CMB-S4:  Nclust ~ 100,000+

Cluster Mass vs Redshift
for CMB/SZ Experiments

CMB lensing measured from
individual clusters, can directly
calibrate cluster mass:
SPT-3G:  !(M) ~ 3%
CMB-S4: !(M) < ~0.1%

Cluster counts from next-
generation SZ surveys:

SPT-3G Collaboration

SPT-3G + Dark Energy Survey (DES):   
    & ~10,000 new clusters  & Simultaneous optical+SZ coverage  
 
 
 
 
 
 
 
 
 
 
 
 
 

ERosita:  
 & Groups @ z<0.5  & All-sky  & X-ray 

Complimentary science (low-mass low-z, high-mass high-z) 
  

BUT: SPT3G + DES is the best game in town for studying cluster evolution 

DECam: 
•  570 Mpix 
•  2.2° x 2.2° 
•  g,r,i,z,Y 

First light image: 
Fornax cluster 


