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Cluster Baryon Scaling Relations 

!  Existence of scaling relations 
constrains cluster formation 

!  Trends in ICM and stellar mass 
fraction with redshift and mass 
constrain the physical processes 
important in cluster evolution 

!  Measurements of f*(M,z) and 
ficm(M,z) can be compared 
directly to simulated clusters 
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Mohr & Evrard, 1997 

Steeper than Self-Similar Scaling Relations 
-- Feedback 

Require:  Simple selection, broad redshift and 
mass range,  accurate masses 



Overview 

!  SPT Cluster Sample 
!  Virial Mass Estimates 
!  Stellar and ICM Masses and Fractions 
!  RS Width and Concentration 
!  Future SZE and X-ray Surveys 
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Sunyaev-Zel’dovich Effect Galaxy 
Cluster Selection  

Adapted from L. Van Speybroeck 
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Cluster SZE Signature 
!  Measures total thermal energy in ICM 
!  Strongly correlated with mass (low scatter) 
!  Signature at fixed mass is ~independent of redshift! 



SPT-SZ 2500 deg2 Survey 
Carlstrom+ 10 

!  Maps produced from bolometer 
time stream of ~105 T 
measurements/s integrated over 
4 years with ~65% efficiency 
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Fig. 1.— The 2500 deg2 SPT-SZ survey. We show the full survey region with lightly filtered 95 GHz data from the SPT. The power
spectrum reported in this paper is calculated from 2540 deg2 of sky and analyzes 150 GHz data with a di↵erent high-pass filter, as described
in §2.2. We do not show the 150 GHz data because our filtering has removed the large-scale fluctuations which would be visible in this
figure.

167 deg2 in 2008, 574 deg2 in 2009, 732 deg2 in 2010, and
1067 deg2 in 2011. The fields are shown in Figure 2, and
the field locations and sizes are presented in Table 1.
Both fields from 2008 (ra5h30dec-55 and

ra23h30dec-55) were reobserved in later years to
achieve lower than normal noise levels. In this analysis,
we use data from only one year for each field because the
beam and noise properties vary slightly between years.
This choice simplifies the analysis without a↵ecting the
results as the bandpower uncertainties remain sample
variance dominated (see §3.5).
The SPT is used to observe each field in the following

manner. The telescope starts in one corner of the obser-
vation field. The telescope slews back and forth across
the azimuth range of the field then executes a step in
elevation, repeating this pattern until the entire field has
been covered. The starting elevation positions of the tele-
scope are dithered by between 0.30 and 1.080 to ensure
uniform coverage of the region in the final coadded map.
A complete observation covering one field takes from 30
to 120 minutes.
In four of the 2008 and 2009 fields, ra23h30dec-55,

ra21hdec-60, ra3h30dec-60, and ra21hdec-50, ob-
servations were conducted with a “lead-trail” strategy.
In this observation strategy, the field is divided into two
halves in right ascension. The “lead” half is observed
first, immediately followed by the “trail” half in a man-
ner such that both halves are observed over the same
azimuthal range. If necessary, the lead-trail data could
be analyzed in a way that cancels ground pickup. In this
analysis, we combine lead-trail pairs into single maps,
and verify that contamination from ground pickup is neg-
ligible – see below and §4 for details.
We apply several (often redundant) data quality cuts

on individual observations using the following criteria:
map noise, noise-based bolometer weight, the product of
median bolometer weight with map noise, and the sum of
bolometer weights over the full map. For these cuts, we
remove outliers both above and below the median value
for each field. We do not use observations that are flagged
by one or more of these cuts. We also flag observations
with only partial field coverage. Finally, we cut maps
that were made from observations in azimuth ranges that
could be more susceptible to ground pickup over the an-
gular scales of interest. We use “ground-centered” maps
to measure ground pickup on large (` ⇠ 50) scales, and
cut observations that were made at the azimuths with the
worst 5% ground pickup to minimize potential ground-
pickup on smaller angular scales. Although this cut does
have an impact on our null tests (see §4), we emphasize
that it does not significantly change the power spectrum,
the precision of which is limited by sample variance.

2.2. Map-making: Time Ordered Data to Maps

As the SPT scans across the sky, the response of each
detector is recorded as time-ordered data (TOD). These
TOD are recorded at 100 Hz and have a Nyquist fre-
quency of 50 Hz, which corresponds to a multipole num-
ber parallel to the scan direction (`

x

) between 72,000
and 43,000 at the SPT scan speeds of 0.25 to 0.42 de-
grees per second on the sky. Since we only report the
power spectrum up to ` = 3000, we can benefit compu-
tationally by reducing the sampling rate. We choose a
low-pass filter and down-sampling factor based on each
field’s scan speed such that they a↵ect approximately
the same angular scales. We use a down-sampling factor
of 6 for 2008 and 2009, and 4 for 2010 and 2011 with
associated low-pass filter frequencies of 7.5 and 11.4 Hz

First SZE selected clusters pulled from first year SPT data (Staniszewiski+09)  

!  Matched filter selection 
!  Painstaking optical followup 

SPT-SZ Sample 
Song+12, Bleem+15 

!  2500 deg2 sample  
!  516 at ξ>4.5 
!  387 at ξ>5.0 

Bleem+15 

 
!  High z subsample 

!  36 at z>1 
!  Max zspec=1.47  

Bayliss+13 
!  Highest phot-z 

Strazzullo+ 

 
!  Clean sample with M500>3x1014 Mo to z~1.7 
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Highest Redshift: SPT-CLJ 0459 
Strazzullo+ in prep 
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1.35	–	1.43	–	1.50	(0.06)	

1.70	–	1.85	-	..	(0.12)	

z=1.75 

Red Sequence  
redshift 

z=1.43 

zspec=1.48 

Cosmology with SPT Sample? 
Bocquet+16; de Haan+16 

!  Sure:  
(see Haiman, Mohr & Holder 2001) 

!  Observable distribution d2N/dzdξ must 
be mapped to cosmology dependent 
hydro mass function d2N/dzdΜ  

!  Need observable-mass relation 
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SPT Sample  
de Haan+16 

The resulting masses also support studies of the stellar and ICM mass fractions 
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Observable-Mass Relation 
Bocquet+15 
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!  Statistical relationship between observable and underlying halo mass 
!  Clusters are young, merging objects 
!  Crucial for selection observable (S/N, Y, Lx) 
!  Include lower scatter mass proxies (Yx, Micm) 

 
!  SZE Observable-Mass relation 

!  Minimum of four free parameters: power law plus (log-normal) intrinsic scatter 

!  Parametrization allows systematic uncertainties to be included 
!  Mass information added through weak lensing, galaxy kinematics, external priors 
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The Astrophysical Journal, 738:48 (25pp), 2011 September 1 Andersson et al.

Figure 4. YSZ–M500 relation for the sample. The plots show the YSZ,sph
estimates, deprojected assuming a universal temperature profile. Masses are
estimated from the M500–YX relation. The dashed line shows the best-fit relation
from Arnaud et al. (2010). SPT-CL J0551-5709 is shown as a red square and
SPT-CL J0516-5430 is shown with a blue triangle.

result from the previous section because the X-ray masses
are calculated directly from the YX measurements and the
M500,YX

–YX relation in Vikhlinin et al. (2009a). However, it
is useful in understanding the SZ mass calibration and can be
compared to previous measurements of this relation.

Using the method of Section 6.2.1, we fit a scaling relation
between YSZ and M500,YX

of the form

YSZ = 10A

!
M500,YX

3 × 1014M⊙

"B

E(z)2/3 M⊙ keV. (19)

In Figure 4, we show the YSZ–M500,YX
relation, and in Table 6

we give the best-fit parameters to Equation (19). The slope
of this relation is found to be 1.67 ± 0.29 for YSZ,sph–M500,YX

with intrinsic scatter of 0.09 ± 0.05 (see Table 6). This slope is
consistent with the self-similar expectation of 5/3 and previous
measurements (e.g., Bonamente et al. 2008; Arnaud et al. 2010).
In Arnaud et al. (2010), a slope of 1.790 ± 0.015 is measured
for their predicted YSZ,sph using X-ray observables.

We also fit the relation keeping the slope fixed at the
value expected from X-ray studies, 1.79, and note that the
normalization of the YSZ–M relation is lower than that of
Arnaud et al. (2010). The Arnaud et al. (2010) results imply
a normalization A = 14.115 ± 0.003, using our adopted
h while we find A = 14.03 ± 0.04, around a 2σ offset.
The best-fit relation is shown in Figure 4 (solid line) with
the Arnaud et al. (2010) relation shown (dashed line) for
comparison.

It should be noted that part of the offset is due to differences in
the mass estimates in our work and in the work of Arnaud et al.
(2010). The normalization in the M–YX relation (Equation (5)),
used here to estimate cluster masses, is different from the
normalization of the M–YX relation used in Arnaud et al.
(2010) to derive the YSZ–M500,YX

relation in that work. For our
adopted h, we find a mass, M500,YX

= 4.83 ± 0.17 × 1014 M⊙,
at YX = 3 × 1014 M⊙ keV from Equation (5). If we instead
use the M–YX relation from Arnaud et al. (2010), we find
M500,YX

= 4.64 ± 0.12 × 1014 M⊙, at the same YX . To account
for this scaling relation offset, we shift the normalization of
the Arnaud et al. (2010) YSZ–M500,YX

relation down by a factor
(4.83/4.64)1.79 = 1.074, resulting in A = 14.084 ± 0.003. This
reduces the offset to our measurement, A = 14.03 ± 0.04, to

a similar level to what we found for the YSZ–YX relation in the
previous section.

It is important to note that the intrinsic scatter in this scal-
ing relation does not directly reflect the low scatter relation-
ship between YSZ and the gravitational mass. The mass is de-
rived directly from YX and therefore includes the scatter in the
YX–mass relationship. Independent measurements of the gravi-
tational mass, e.g., through weak lensing or hydrostatic masses
from X-ray data, are necessary to diagnose scatter in the YSZ–M
relation.

7. CONCLUSIONS

We have presented the results from X-ray observations of a
subset of 15 clusters from the first SZ-selected cluster catalog
from the SPT cluster survey. We report the X-ray properties of
this sample, including measurements of Mg, TX , and YX , and
have used TX and YX to estimate the total masses of the clusters.
We find generally good agreement between the X-ray properties
of this sample and those expected from scaling relations of
X-ray-selected samples. Separate from this result, we find a
3σ significant difference in the normalization of the Mg–TX
relation when comparing the low- and high-redshift X-ray-
selected samples from Vikhlinin et al. (2009a). This deviation
from self-similar evolution could be indicative of an evolving
gas mass fraction. However, the X-ray measurements of the SPT
sample are not sensitive enough to confirm this.

Using the X-ray measured cluster positions and gas profiles,
we have re-analyzed the SZ measurements to calculate each
cluster’s integrated Compton-y parameter, YSZ. We further
use the X-ray measured gas profiles to deproject the SZ
measurements so that they correspond to a spherical integrated
Comptonization, YSZ,sph, that is more directly comparable to the
X-ray measurements.

We have calculated scaling relations between YSZ,sph and
the X-ray measured quantities YX and M500,YX

. We fit the
YSZ,sph–YX relation and find a slope consistent with unity,
0.96 ± 0.18. Fixing this slope to 1, we re-fit the relation and
find a normalization that implies a ratio of YSZ,sph/YX =
0.82 ± 0.07. This normalization effectively corresponds to
the ratio between the mass-weighted and X-ray-spectroscopic-
weighted temperature. For the spherically symmetric density
and temperature profiles assumed in this work, we would have
expected a ratio of 0.91±0.01, consistent with predictions from
other X-ray studies of clusters (see, e.g., Vikhlinin et al. 2006;
Arnaud et al. 2010). We therefore find a normalization of the
YSZ,sph–YX relation that is marginally consistent with, although
lower than, this prediction. This indicates that the SZ and
X-ray measured pressure largely agree. We find no significant
evolution in the YSZ,sph–YX relation. However, when considering
a high-z sub-sample at z > 0.7, we find a ratio of 0.72 ± 0.14,
offset by 1.4σ from the expected value. Further X-ray and SZ
observations of high-redshift clusters are needed to measure this
ratio more accurately.

Using the YX measurement as a proxy for the total clus-
ter mass with a relation calibrated in Vikhlinin et al. (2009a),
we find similar results when we fit a YSZ,sph–M500,YX

rela-
tion. We find a slope consistent with the self-similar expec-
tation of YSZ ∝ M5/3 and a normalization marginally consis-
tent with the predictions from X-ray measurements by Arnaud
et al. (2010). We have compared the YX inferred total mass to
the SZ-significance-inferred total mass from Vanderlinde et al.
(2010). Considering only the clusters used in their cosmologi-
cal analysis, we find an average ratio of M500,SZ to M500,YX

of

16

Andersson+11 

Characteristic SZE based mass scatter ~15-20% 



SPT Cluster Masses 
Bocquet+15 

!  External cosmo priors (Planck, WMAP) tend to prefer higher cluster masses 
!  Direct constraints (WL, Dyn, Hydro) prefer lower values 
!  Constraints are still weak- everything statistically consistent 
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Bocquet+15 
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Planck Cluster Mass Priors 
Planck Collaboration XXIV (2015) 

12 

!  External cosmology priors 
prefer higher masses than 
direct measurements 

!  CMB lensing and LoCUSS 
WL imply no hydrostatic 
mass bias (in conflict with 
simulations) 

!  Some tension among mass 
priors 
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WtG:           1-b=0.69+/-0.07      
CCCP:         1-b=0.78+/-0.09 
CMBLens:  1-b=0.99+/-0.19 
LoCUSS:     1-b=0.95+/-0.04 

Planck adopts hydrostatic masses as baseline 
b is hydrostatic mass bias scale factor 

Mhydro = b Mtrue 

Cluster Mass 

LoCUSS WL 



SPT Mass Calibration Continues 
!  Direct mass calibration of clusters 

!  Dynamical masses:   
!  Bocquet+15 (with dispersions) 
!  Capasso+ (Jeans analysis) 

!  Magnification masses:   
!  Chiu+16 

!  Shear masses:   
!  Dietrich+ (Magellan imaging) 
!  Schrabback+ (HST+VLT imaging) 
!  Stern+ (DES imaging) 
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Still wiggle room in mass scale of SPT clusters 

Overview 

!  SPT Cluster Sample 
!  Virial Mass Estimates 
!  Stellar and ICM Masses and Fractions 
!  RS Width and Concentration 
!  Future SZE and X-ray Surveys 
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Trends in Stellar Mass 
Chiu+15 

!  Massive clusters grow through 
accretion of low mass clusters 
and groups 

!  But on average groups have 
many times higher stellar mass 
fraction than clusters. 

!  How can this be? 
!  Intracluster light? (Lin et al 2004) 
!  Mvir errors? (Bocquet et al 2015) 
!  M* errors? 
!  Redshift trends? 
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SED Fitting Provides M* estimates 
Chiu+15 

!  One must use consistent stellar IMF  
!  In Chiu+15 we use 6 bands (VLT+HST+IRAC) to 

estimate galaxy stellar masses 
!  Possible to robustly examine trends in Mvir and z under 

assumption IMF trends are small 
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Redshift Trends in Stellar Mass 
Chiu+15,16 

!  None are seen in high 
mass sample 
(SPT&ACT + low-z) 
!  Chiu+2015 

!  None are seen in 
recent study of X-ray 
sample of groups and 
low mass clusters 
extending to z~1 

!  So what is going on? 
5. Dec 2016 KICC Workshop on Galaxy Clusters - Mohr 17 

Chiu+ 16 

Dark Energy Survey 

5000 deg2 
 

griz imaging 
 
525 nights 
 
Blanco 4m 
 
3 deg2 Camera 
 
~0.9” FWHM riz 
 
~2 mag deeper than 
SDSS 
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Y3 WF Observing Summary
(End of September 2015)

• Y3 Goal is to observe each field 6 times
• We are filling the hole in the central region.
• Part of Y-band field is finished (dark blue). 8

from 
Tom Diehl 

Goal:  Use DES (+Spitzer, WISE) to study stellar mass fractions over full SPT sample 



XVP Sample:  Trends in Stellar Mass 
Chiu thesis 

!  61 XVP clusters with available DES data in black 
!  Evidence for redshift trend still weak� 
!  Infall from field (low f*) roughly offset by infalling subclusters (high f*) 
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M*∝M500
0.75±0.14 1+ z( )0.23±0.34

Preliminary Results 

XVP Sample: Trends in ICM Mass 
Chiu thesis 

!  91 XVP clusters in black 
!  Evidence for redshift trend is also weak 
!  Infall from field (high ficm) roughly offset by merging subclusters (low ficm)  
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M*∝M500
1.24±0.06 1+ z( )0.19±0.14

Preliminary Results 



Overview 

!  SPT Cluster Sample 
!  Virial Mass Estimates 
!  Stellar and ICM Masses and Fractions 
!  RS Width and Concentration 
!  Future SZE and X-ray Surveys 
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Galaxies in DES-SV Subsample 
Hennig+16 

!  DES imaged a region of 
~150 deg2 of SPT-SZ to 
“full depth” as part of 
science verification 

!  Image quality ~1.1” 
!  Mean 50% completeness 

depths for SPT 
candidates: 
griz=24.3,24.0,23.1,22.8 

!  SPT-SZ subsample 
!  85 candidates/77 

confirmed 
!  RS z’s: δz/(1+z) ~ 0.016 
!  z<1.2 and M200>3x1014Mo 
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Hennig+16 



Galaxy Colors, Red Sequence 
Hennig+16 

!  By stacking and projecting in 
color space, we define red 
and blue components as f(z) 

!  8 bins with ~10 clusters each 
!  0.06-0.3-0.4-0.425-0.56-0.70-0.8

8-1.0-1.2 

!  RS present at all redshifts, 
lower contrast at higher z, 
blue pop also present 

!  No clear width evolution to 
z~1.   

!  Simple z=3 burst (τ~0.5Gyr) 
describes RS color evolution 
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Transition from Field to Cluster 
Hennig+16 

!  Cluster galaxies are 
predominantly ellipticals, 
while field galaxies are 
predominantly spiral 

!  Radial profile insights 
!  RS galaxies c=5.37 
!  Blue non-RS c=1.38 
!  No clear redshift trend 
!  Variation from cluster to 

cluster (38% RS and 55% 
full) 
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For	ul'mate	CMB	polarisa'on	maps	

The	Cosmic	Origins	Explorer	
	Lead	Proposer:	 		
			Jacques	Delabrouille	
	
	Co-Leads:	
			Paolo	de	Bernardis	
			Francois	Bouchet	 Future SZE Surveys 

Carlstrom, Delabrouille, Staggs, ++ 

!  SPTpol + SPT-3G + AdvACT 
underway 

!  CORE space mission 
proposed for ESA M5 

!  CMB-S4 ground based (US 
coordinated, seeking 
European participation) 

 

!  Large cluster samples: 
z>1.5:  500, 5000, 20,000 clusters 
 

!  Exquisite mass constraints 
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Melin+16 forecasts for CORE 

CORE 

CMB-S4 

CORE+CMB-S4 



e-ROSITA All Sky X-ray Survey 
Predehl+10, Merloni+12 

!  Good angular resolution – 
!  ~16” HEW on axis, 28“ HEW averaged over field (survey mode) 

!  Characteristic flux limit is ~2x10-14 erg/s/cm2  

(~30X deeper than ROSAT All Sky Survey w/ CCD spectroscopy) 
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~105 X-ray selected galaxy clusters 
~3x106 X-ray selected AGN 
 
Cosmological Studies 
Structure Formation Studies 
 
Launch scheduled end of 2017 

Summary 
SPT Cluster Sample Spans Broad Range 

!  Simple selection, extends to z~1.75 
!  Low scatter mass proxy provides 15-25% virial mass scatter 
!  Systematic mass uncertainties included with mass-obs relation 

!  Calibration w/ Weak Lensing and Galaxy Dynamics ongoing 

DES Enables Cluster Galaxy Studies to z~1 
!  Depth is good match to probe SPT clusters to m*+2 out to z~1 
!  Homogeneous, contiguous imaging enables infall region studies 

Galaxies, Stellar Masses and ICM Masses 
!  Width of RS ~constant to z=1; RS fraction falls moderately to z~1 
!  Strong mass trends in stellar and ICM mass fractions persist to z~1 
!  At fixed cluster mass, redshift trends in ICM and stellar mass are modest 
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LMU Cosmology and Structure  
Formation Group  

!  Focus:   
Observational cosmology 
and structure formation 
studies 

!  Survey Projects 
South Pole Telescope 
Dark Energy Survey 
eROSITA 
Euclid and LSST 
D-MeerKAT and CORE 
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!  Group Members: 
Research Scientists 
  Joerg Dietrich 
  Alex Saro 
  Veronica Strazzullo 
 
 
Postdoc Fellows 
  Matthias Klein 
  Maurillio Panella 
 
    

Euclid subgroup 
  Martin Kümmel 
  Moham. Mirkazemi  
  Holger Israel 
  Thomas Vassallo 
 
PhD Students 
  Nikhel Gupta 
  Corvin Gangkofner 
  Raffaella Capasso 
  Sebastian Grandis 

DES Gallery of SPT Clusters 
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z=0.33 

z=0.37 
z=0.42 z=0.64 

z=0.74 
z=0.85 z=0.87 z=1.02 



RS and non-RS Galaxies 
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Band Combinations 
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