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Galaxy Clusters 

  Most	  massive	  collapsed	  objects	  in	  the	  Universe	  
  Content:	  

  87%	  dark	  maUer	  
  11%	  hot	  gas,	  the	  intra	  cluster	  medium	  (ICM)	  
  2%	  galaxies	  

  Infalling	  gas	  is	  heated	  to	  O(keV)	  temperatures	  and	  emits	  X-‐ray	  
Bremsstrahlung	  

  Number	  of	  member	  galaxies	  varies	  between	  a	  few	  and	  thousands	  
  Mass	  range:	  1013	  –	  1015	  Msolar	  
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South Pole Telescope 

  (Sub)	  millimeter	  wavelength	  
telescope	  

  10	  meter	  aperture	  
  1’	  FWHM	  beam	  at	  150	  GHz	  
  5	  arcsec	  astrometry	  

  mm-‐wave	  receiver	  
  1	  deg2	  FOV	  
  3	  bands:	  95	  GHz,	  150	  GHz,	  220	  

GHz	  
  Depth	  ~	  15-‐60	  μK-‐arcmin	  
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SPT survey 
2500 deg2 

Cosmology with SPT Clusters – Sebastian Bocquet 6 

11

WMAP7

SPT

Fig. 4.— The SPT bandpowers (blue), WMAP7 bandpowers (orange), and the lensed ΛCDM+foregrounds theory spectrum that
provides the best fit to the SPT+WMAP7 data shown for the CMB-only component (dashed line), and the CMB+foregrounds spectrum
(solid line). As in Figure 3, the bandpower errors shown in this plot do not include beam or calibration uncertainties.

for a departure from ΛCDM, a systematic error in one

or more of the data sets, or simply a statistical fluctua-

tion. We assume the uncertainties reported for each of

the datasets are correct and combine them to produce

many of the results presented here.

6.5. SPT-only ΛCDM constraints

We begin by examining parameter constraints from the

SPT bandpowers alone. The SPT-only parameter con-

straints provide an independent test of ΛCDM cosmology

and allow for consistency checks between the SPT data

and other datasets. Because the scalar amplitude ∆2
R

and the optical depth τ are completely degenerate for

the SPT bandpowers, we impose a WMAP7-based prior

of τ = 0.088± 0.015 for the SPT-only constraints.

We present the constraints on the ΛCDM model from

SPT andWMAP7 data in columns two to four of Table 3.

As shown in Figure 5, the SPT bandpowers (including

a prior on τ from WMAP7) constrain the ΛCDM pa-

rameters approximately as well as WMAP7. The SPT

and WMAP7 parameter constraints are consistent for

all parameters; θs changes the most significantly among

the five free ΛCDM parameters, moving by 1.5σ and

tightening by a factor of 2.2 from WMAP7 to SPT. The

SPT bandpowers measure θs extremely well by virtue of

the sheer number of acoustic peaks – seven – measured

by the SPT bandpowers. The SPT constraint on ns is

broader than the constraint from WMAP7 due to the

fact that WMAP7 probes a much greater dynamic range

of angular scales. Degeneracies with ns degrade the SPT

constraints on ∆2
R, the baryon density and, to a lesser

extent, the dark matter density.

6.6. Combined ΛCDM constraints

Next, we present the constraints on the ΛCDM

model from the combination of SPT and WMAP7 data.

As previously mentioned, we will refer to the joint

SPT+WMAP7 likelihood as the CMB likelihood. We

then extend the discussion to include constraints from

CMB data in combination with BAO and/or H0 data.

We present the CMB constraints on the six ΛCDM

parameters in the fourth column of Table 3. Adding
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Fig. 1.— The 2500 deg
2
SPT-SZ survey. We show the full survey region with lightly filtered 95 GHz data from the SPT, using the data

and filters which best capture the degree-scale anisotropy of the CMB visible in this figure. The power spectrum measurement reported in

this paper is calculated from 2540 deg
2
of sky and analyzes 150 GHz data with a different high-pass filter, as described in § 2.2.

we refer to as observation “fields”. In the basic survey

strategy, the SPT was used to observe a single field until

the desired noise level was reached before moving on to

the next field. Two fields were observed in 2008, three in

2009, five in 2010, and nine in 2011. All nine fields from

2011 were observed to partial depth in 2010 in order to

search for massive galaxy clusters, then re-observed in

2011 to achieve nominal noise levels. The results of that

bright cluster search were published in Williamson et al.

(2011). In terms of sky area, this equates to observing

167 deg
2
in 2008, 574 deg

2
in 2009, 732 deg

2
in 2010, and

1067 deg
2
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 re-observed 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 with-

out affecting 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 ob-

servation field, slews back and forth across the azimuth

range of the field, and then executes a step in elevation,

repeating this pattern until the entire field has been cov-

ered. This constitutes a single observation of the field,

and takes from 30 minutes to a few hours, depending on

the specific field being observed. Azimuthal scan speeds

vary between fields, ranging from 0.25 to 0.42 degrees per

second on the sky. The starting elevation positions of the

telescope are dithered by between 0.3� and 1.08� to en-

sure uniform coverage of the region in the final coadded

map.

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

Story	  et	  al.	  2012	  
astro-‐ph/1210.7231	  



Sunyaev-Zel’dovich effect 
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•  About	  1%	  of	  CMB	  photons	  scaUer	  
•  SZ	  flux	  propor8onal	  to	  total	  thermal	  

energy	  in	  the	  electron	  popula8on	  
•  SZ	  surface	  brightness	  is	  independent	  

of	  redshik	  
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•Towards a massive cluster, 
~1% of CMB photons scatter 
off of intra-cluster gas
• SZ Surface Brightness is 
redshift independent

CMB Spectrum

SZ Spectrum

The Sunyaev Zel’dovich (SZ) Effect
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Zoom in on an SPT map
50 deg2 from 
2500 deg2 survey
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Optical / NIR follow-up 
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Fig. 26.— SPT-CL J2106-5844 at zspec = 1.133. Spitzer/IRAC [3.6] and Magellan/LDSS3 ig images are shown in the optical/infrared
panel.

Fig. 27.— SPT-CL J2201-5956, also known as Abell 3827 and RXCJ2201.9-5956, at zspec = 0.098. IMACS f/2 irg images are shown in
the optical/infrared panel. This detection is at the eastern edge of the survey field.

SPT-‐CL	  J2106-‐5844	  at	  z
	  
=	  1.133	  

Most	  massive	  cluster	  known	  at	  z	  >	  1,	  Foley	  et	  al	  2013	  



SPT SZ-selected Sample 
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  Clean	  and	  nearly	  redshik-‐
independent	  selec8on	  

  2500	  deg2	  sample:	  
  ~600	  candidates	  at	  S/N	  >	  4.5	  
  Confirma8on	  underway	  
  85%	  new	  discoveries	  
  95%	  pure	  at	  S/N	  >	  5	  
  ~450	  clusters	  at	  S/N	  >	  5	  
  Median	  z	  =	  0.55	  
  ~100%	  complete	  above	  

5x1014	  Msolar/h	  
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Galaxy Cluster Cosmology 

  Start	  with	  linear	  maUer	  power	  spectrum	  
  Simula8on-‐calibrated	  cluster	  mass	  func8on	  (Tinker	  et	  al.,	  2008)	  
  Exponen8al	  sensi8vity	  
  Probe	  growth	  of	  structure	  in	  the	  late	  8me	  Universe	  
  Need	  accurate	  knowledge	  of	  cluster	  masses	  
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Cluster Mass Function 

  Variance	  of	  the	  maUer	  power	  spectrum	  

  Probability	  that	  region	  of	  mass	  M	  exceeds	  collapse	  threshold	  

  Cluster	  Mass	  Func8on	  (Press	  &	  Schechter	  1974)	  

  Increase	  accuracy	  with	  numerical	  simula8ons	  
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Cluster Mass Functions 

hUp://ned.ipac.caltech.edu/level5/Sept12/Kravtsov/Kravtsov3.html	  
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Mass observables 

  Mass	  func8on	  provides	  predic8on	  as	  a	  func8on	  of	  cluster	  mass	  
  What	  do	  we	  actually	  observe?	  

  Mass	  
  SZ	  flux	  /	  SZ	  significance	  
  X-‐ray	  luminosity	  /	  X-‐ray	  Yx	  =	  Mg	  Tx	  
  Velocity	  dispersion	  σv	  

  Scaling	  rela8ons	  

  Each	  comes	  with	  an	  (unknown)	  intrinsic	  scaUer	  
  …	  and	  (known)	  observa8onal	  uncertainty	  
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Selection and Scatter 
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Figure A1. Fictitious cluster luminosity–mass relations (red lines) and simulated data (crosses) intended to illustrate the effect of
Malmquist and Eddington biases on the scaling relation data. In the top panels, clusters are distributed uniformly in log-mass, whereas
in the bottom panels the distribution of log-masses is exponential. The left-hand panels reflect the true distribution of all clusters in mass
and luminosity, while the right-hand panels show only the simulated clusters with luminosities greater than a threshold value, indicated
by the dashed, blue lines. The figure illustrates that both the sample selection function and the underlying mass function must be taken
into account when fitting the scaling relations.

tion of mass. Although usually thought of in terms of the
total number of cluster detections, the steep slope of the
mass function has the additional effect of exaggerating the
biased nature of the scaling relation data. This can be seen
in the lower panels of Figure A1, which show the true and
observed distribution of cluster masses and luminosities rel-
ative to the true relation and the luminosity threshold when
the distribution of cluster log-masses is exponential rather
than uniform. Straightforwardly, the presence of many more
low-mass than high-mass clusters results in a larger fraction
of heavily biased (i.e. more luminous than average) data.

In practice, the effects of selection bias on our
luminosity–mass data are less visually obvious (cf. Figure 3)
because the data are drawn from three flux-limited sam-
ples, each with a different flux limit. In effect, the applica-
ble threshold ! is a function of both redshift and the ap-
plicable flux limit, and therefore varies from cluster to clus-
ter. Nevertheless, the data are certainly affected by selection
bias, as reflected in the apparent offset between the data and
the best-fitting relation from our analysis in Figure 3. We
stress that re-measurement of cluster luminosities through
follow-up observations does not eliminate the effects of the

Malmquist and Eddington biases described above because
most of the scatter in survey-measured luminosity at fixed
mass is due to intrinsic scatter in the scaling relation, not
measurement errors.

Fitting methods that do not explicitly account for the
distribution of covariates (i.e. that assume they are uni-
formly distributed) will naturally assign disproportionate
importance to the lowest-mass systems, whose number is
very sensitive to the details of the mass function in addition
to the selection function. To properly compensate for this
effect, it is thus crucial that an analysis incorporate infor-
mation about both the mass function and sample selection
function, as described in Paper I. In practice, it is necessary
to marginalize over cosmological parameters which affect the
mass function, particularly σ8.

APPENDIX B: PREDICTING LUMINOSITY

MEASUREMENTS

The distribution P (!̂′|ẑ, m̂, I) describes the likelihood of a
cluster having luminosity !̂′ measured in follow-up observa-
tions, given that it was detected in the survey at redshift ẑ

c© 2010 RAS, MNRAS 000, 1–25
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Let’s do cosmology! 
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Chapter 1 (oans) 

  18	  SZ	  clusters,	  of	  which	  
  14	  with	  X-‐ray	  Yx	  measurement	  
  Consistent	  with	  other	  cosmological	  

probes	  
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Figure 1. Assuming a ΛCDM cosmology, the two-dimensional marginalized
constraints on σ8 and Ωm. Contours show the 68% and 95% confidence regions
for the SPTCL+H0+BBN (red), CMB (gray), and CMB+SPTCL (blue) data sets.
The black lines are the best-fit constraint (solid) and 68% confidence region
(dashed) for the combination of parameters that the SPTCL+H0+BBN data set
best constrains: σ8(Ωm/0.25)0.30 = 0.785 ± 0.037.
(A color version of this figure is available in the online journal.)

The number of clusters increases with either parameter, so the
cluster abundance data effectively constrain a product of the
two. We find that the SPTCL+H0+BBN constraints are well
approximated as σ8(Ωm/0.25)0.30 = 0.785 ± 0.037, which we
show in Figure 1 by the solid and dashed lines. Combining the
SPTCL and CMB data, we constrain σ8 = 0.795 ± 0.016 and
Ωm = 0.255 ± 0.016, a factor of 1.5 improvement on each over
the constraints from the CMB alone.

The SPTCL constraints are consistent with results using
optical and X-ray-selected cluster samples. Recently, Rozo et al.
(2010) compared the cluster constraints from several different
methods, and found generally good agreement and comparable
constraints. It is typical for cluster-based constraints to be quoted
in terms of the product of σ8 and Ωm to an exponent which varies
depending on the mass scale of the cluster sample. One example
for comparison is Vikhlinin et al. (2009b), who constrained
σ8(Ωm/0.25)0.47 = 0.813 ± 0.027. For typical ΛCDM model
constraints of Ωm ∼ 0.25–0.30, this agrees well with our result.

4.2. Scaling Relation Constraints

In Figure 2, we show the relationship between ξ and YX
for the 14 clusters with X-ray observations, overplotted with
the expected distribution of clusters and the best-fit relation
determined using the CMB+SPTCL data from Section 4.1. The
combination of the steep mass function and SZ selection yields
a distribution of clusters visibly offset from the best-fit scaling
relation, an effect often referred to as Eddington bias. We note
that our cosmological analysis method described in Section 3.2
explicitly accounts for the SZ selection and therefore Eddington
bias. We also predict the expected distribution of clusters in the
ξ–YX plane assuming the best-fit cosmology and scaling relation
parameters, and applying a comparable selection as was used for
the SPT X-ray follow-up (z > 0.3 and ξ > 5.45). The predicted
14.2 clusters is consistent with the 14 detected. In Figure 2,
we overplot the effective 68% and 95% confidence region in
the ξ–YX plane where we would expect to find these clusters.
Qualitatively, we find good agreement between the observed
and predicted cluster distribution.

In Table 3, we give the constraints on the YX–M500 and
ζ–M500 scaling relations using the SPTCL and CMB+SPTCL
data sets. Because the YX–M500 relation has significantly tighter
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Figure 2. Plot of the SPT significance, ξ , vs. the X-ray observable YX for the 14
SPT clusters with X-ray measurements. From the CMB+SPTCL data set fit to a
ΛCDM cosmology, we use the best-fit ζ–M500 and YX–M500 scaling relations
to calculate the expected form and redshift evolution of the ξ–YXrelation (solid
line), where Epiv ≡ E(z = 0.6). With the best-fit cosmology parameters, we
also predict the effective 68 and 95% confidence intervals for the expected
distribution of clusters in the ξ–YX plane (red contours). The measured and
predicted cluster distribution show qualitatively good agreement.
(A color version of this figure is available in the online journal.)

priors than the ζ–M500 relation, we will not give the YX–M500
constraints for the modified cosmologies presented in Section 5.
Similarly, for the parameter ρ, the correlated scatter between ζ
and YX , we have virtually no constraining power. In all cases,
ρ moves nearly uniformly across the entire allowed range,
and has a negligible effect on the cosmological constraints. In
Appendix C, we give posterior mass estimates for each cluster
using a similar method as described in V10 and briefly reviewed
in the Appendix.

If there were a significant discrepancy between the
simulation-based prior on the ζ–M500 relation and the obser-
vational prior on the YX–M500 relation, we would observe it
as an offset between the central value of the ζ–M500 prior
and its best-fit value. From the CMB+SPTCL constraints, the
largest offset is for ASZ, with a best-fit value of 4.91 ± 0.71
compared to the simulation prior of 5.58 ± 1.67. An offset
in this direction would be consistent with the SZ simulation
prior underestimating the mass of a cluster by a factor of
∼((4.91 ± 0.71)/5.58)1/1.4 = 0.91 ± 0.09. This result is consis-
tent with preliminary estimates from A11, who estimated this
factor to be 0.78 ± 0.06. We note that A11 did not marginalize
over uncertainties in either the X-ray scaling relation or cosmo-
logical parameters, both of which affect this result. The derived
offset is also a function of the assumed cosmology. For exam-
ple, if we assume a ΛCDM cosmology with a non-zero neutrino
mass, as in Section 5.2, we find a value closer to the simula-
tion prior, ASZ = 5.39 ± 0.79, using the CMB+H0+SPTCL data
set. Therefore, we find no significant inconsistency between the
simulation-based prior on the ζ–M500 relation and the observa-
tional prior on the YX–M500 relation.

5. EXTENSIONS TO ΛCDM

In this section, we consider extensions to a spatially
flat ΛCDM cosmology. For each extension, we also fit the
nine scaling relation parameters and six primary cosmology
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Table 4
wCDM Constraints

CMB H0+BBN CMB+BAO+SNe CMB+BAO+SNe
+SPTCL +SPTCL

Scaling ASZ . . . 5.12 ± 1.36 . . . 4.75 ± 0.79
Parameters BSZ . . . 1.40 ± 0.15 . . . 1.41 ± 0.15

CSZ . . . 0.92 ± 0.36 . . . 0.85 ± 0.29
DSZ . . . 0.22 ± 0.10 . . . 0.21 ± 0.10

Cosmology σ8 0.864 ± 0.120 0.773 ± 0.088 0.823 ± 0.040 0.793 ± 0.028
Parameters Ωm 0.244 ± 0.089 0.293 ± 0.113 0.279 ± 0.016 0.273 ± 0.015

h 0.775 ± 0.128 0.740 ± 0.025 0.698 ± 0.018 0.697 ± 0.018
w −1.19 ± 0.37 −1.09 ± 0.36 −1.014 ± 0.078 −0.973 ± 0.063

Notes. The marginalized constraints on a subset of the scaling relation and cosmology parameters from Table 2. Scaling relation and
primary cosmology parameters not given are still varied in the MCMC and marginalized over for these constraints. We report the mean
of the likelihood distribution and the 68% confidence interval about the mean.

parameters listed in Table 2. We consider four extension cos-
mologies where we include the following as free parameters: the
dark energy equation of state (w), the sum of the neutrino masses
(Σmν), the sum of neutrino masses and the effective number
of relativistic species (Neff), and a primordial non-Gaussianity
(fNL). For constraints on any individual parameter, we always
quote the mean of the likelihood distribution and the 68% con-
fidence interval about the mean. The confidence interval will
include uncertainties after marginalizing over all other parame-
ters, which includes systematic uncertainties in the cluster scal-
ing relations and mass calibration, as described in Section 3.1.
In this analysis, we use the SPTCL and external cosmological
data sets as described in Section 2.

5.1. wCDM

The first extension we consider is a wCDM cosmology,
a model in which the equation of state of dark energy is
a constant w. The cluster abundance and the shape of the
mass function depend on w through its effect on the growth
of structure, or equivalently the redshift evolution of σ8. The
CMB data measure structure at z ∼ 1100, and therefore require
significant extrapolation to predict the cluster abundance in the
redshift range of the SPT sample (0.3 < z < 1.1). Therefore,
consistency between the implied w from both data sets is already
an important systematic test of dark energy.

In Figure 3, we show the constraints on w and σ8 us-
ing the CMB and SPTCL+H0+BBN data sets. The likelihood
contours have significant overlap, implying that the data are in
good agreement. Relative to the CMB, the SPTCL data tend to
disfavor cosmologies with large σ8 and more negative w. In
Table 4, we give marginalized constraints for several cosmolog-
ical and scaling relation parameters. The SPTCL data constrain
w = −1.09 ± 0.36, and have similar constraining power to
the CMB data, for which the constraints have a significant de-
generacy between w and σ8. The SPTCL data simultaneously
constrain σ8 = 0.773 ± 0.088. This constraint has a factor of
∼1.4 lower uncertainty than that from the CMB data.

5.1.1. wCDM with BAO and SNe Data Sets

In this section, we consider the improvement in wCDM
cosmological constraints when adding the SPTCL data to the
CMB, BAO, and SN data sets. In Figure 4, we show the
constraints of the combined CMB+BAO+SNe data set, before
and after including the SPTCL data. The SPTCL data most
significantly improve the constraints on σ8 and w; reducing
the allowed two-dimensional likelihood area by a factor of
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Figure 3. Assuming a wCDM cosmology, the two-dimensional marginalized
constraints on w and σ8. Contours show the 68% and 95% confidence regions
for the SPTCL+H0+BBN (red) and CMB (gray) data sets.
(A color version of this figure is available in the online journal.)

∼1.8. In Table 4, we give the marginalized constraints for
several parameters before and after the inclusion of the SPTCL
data. The combined constraints are w = −0.973 ± 0.063 and
σ8 = 0.793 ± 0.028, a factor of 1.25 and 1.4 improvement,
respectively, over the constraints without clusters. The combined
data set also constrains Ωm = 0.273 ± 0.015 and h =
0.697 ± 0.018.

The above constraints are consistent with previous cluster-
based results (Vikhlinin et al. 2009b; Mantz et al. 2010c; Rozo
et al. 2010), which used X-ray and optically selected samples
of typically lower redshift clusters. The sensitivity of the SPTCL
cluster data to the amplitude of structure, σ8, is primarily what
gives it the ability to break degeneracies with the distance-
relation-based constraints from the BAO and SN data sets.
We note the slight tension with the H0 constraints from Riess
et al. (2011) of h = 0.738 ± 0.024. While this tension is not
significant, it helps to intuitively explain some constraints on
neutrino mass in Section 5.2.

5.1.2. ζ–M500 Constraints

Given the work of V10 and other cluster results (e.g.,
Vikhlinin et al. 2009b; Mantz et al. 2010c; Rozo et al. 2010),
we expect the cluster mass calibration to be the dominant
systematic uncertainty limiting our results. In Figure 5, we
show the constraints on ASZ and σ8. The SPTCL+H0+BBN
data set has a significant degeneracy between its constraints on
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Table 4
SZ Mass Normalization per Field

Name Year Scaling Factor

ra5h30dec-55 2008 1.00
ra23h30dec-55 2008 1.01
ra3h30dec-60 2009 1.25
ra21hdec-50 2009 1.09
ra21hdec-60 2009 1.31

Notes. The estimated scaling factors for the mass normalization ASZ for each
field. These factors correct for the different noise levels in each field.

systematic uncertainties on these scaling relation parameters.
Following V10, we apply conservative 1.872, 0.266, 0.415, and
0.048 (30%, 20%, 50%, and 20%) Gaussian uncertainties to
ASZ, BSZ, CSZ, and DSZ, respectively.

6.3. Cluster Likelihood Function

We have written a module extension to CosmoMC to calculate
the cluster likelihood function. In essence, this module uses the
Cash statistic (Cash 1979) to compare the observed number
counts to a known Poisson distribution at each step in the
MCMC. The method closely mirrors that presented by B11,
to whom we refer the reader for a complete description. Briefly,
we use the Tinker mass function (Tinker et al. 2008) to calculate
the mass function based on the cosmological parameters and
associated matter power spectra estimated by CAMB (Lewis
et al. 2000) at 20 logarithmically spaced redshifts between
0 < z < 2.5. The mass function is calculated for an over-
density of 500 times the critical density. Using the scaling
relation parameters at that step of the MCMC, the mass function
is translated from the native M500-z space into the three-
dimensional observable space, with axes corresponding to the
SZ detection significance ξ , the X-ray parameter YX , and the
optically derived redshift z. The observed number counts are
compared to the expectation values in this three dimensional
space to evaluate the likelihood for that step of the MCMC.

There are two differences between the likelihood function
used in this work and that presented by B11. The most significant
of these is the field-dependent SZ scaling relation described in
Section 6.2. In practice, this means that the above calculation is
done separately for each of the five fields, and the resulting log
likelihoods are summed.

The treatment of unconfirmed cluster candidates is the sec-
ond, more minor difference between this work and B11. B11
left unconfirmed clusters out of the analysis; this is appropriate
given the extremely high redshift lower limit on the single un-
confirmed (and almost certainly false) cluster candidate in that
cluster sample. A more rigorous treatment includes the like-

Figure 5. 68% and 95% likelihood contours in the Ωm–σ8 plane for different data
sets. The additional clusters in this catalog reduce the allowed parameter volume
by a factor of two compared to B11 when considering the SPTCL+BBN+H0 data.
However, the linear combination showing the most improvement is already well
constrained by the CMB data. Therefore as predicted by B11, the additional
clusters will not substantially improve constraints for the CMB+SPTCL data
until the mass calibration is improved.

lihood of each unconfirmed candidate, using the expectation
value of the candidate being either a higher redshift cluster or a
false detection. This expectation value is the sum of the expected
number of false detections at a given detection significance and
a redshift-dependent selection function convolved by the mass
function. In practice, the treatment of unconfirmed clusters is
nearly negligible since the S/N > 5 sample used to derive cos-
mological constraints has high purity and the precision of the
cosmological constraints is currently limited by the systematic
mass calibration uncertainty.

With this in mind, we make two simplifying approximations
in our implementation. First, we neglect any cosmological
dependence in the false detection rate—the simulations used
to calculate the false detection rate are only run for one
cosmological model. This effect should be negligible since the
CMB and foreground power levels are well-known. Second, we
treat the redshift selection function for unconfirmed candidates
as a Heaviside function at the quoted redshift limit for that cluster
candidate. The chance of detecting a cluster out to this redshift
is nearly unity with the current optical and NIR observations.
We have tested shifting the Heaviside function to z > 1.5 or
z > 2 and find no impact on the cosmological constraints.
This can be understood intuitively because (1) the overall purity
is high, and (2) the expected number of unconfirmed, real,

Table 5
Cosmological Constraints

ΛCDM wCDM
∑

mν

CMB +SPTCL CMB + BAO + H0 + SNe + SPTCL CMB + BAO + H0 + SPTCL

Ωch
2 0.1109 ± 0.0048 0.1086 ± 0.0031 0.1140 ± 0.0041 0.1104 ± 0.0029 0.1113 ± 0.0030 0.1113 ± 0.0025

σ8 0.808 ± 0.024 0.798 ± 0.017 0.840 ± 0.038 0.807 ± 0.027 0.775 ± 0.041 0.766 ± 0.028
Ωm 0.267 ± 0.026 0.255 ± 0.016 0.269 ± 0.014 0.262 ± 0.013 0.274 ± 0.016 0.275 ± 0.015
H0 70.71 ± 2.17 71.62 ± 1.53 71.20 ± 1.49 71.15 ± 1.51 69.83 ± 1.36 69.76 ± 1.31
w −1.054 ± 0.073 −1.010 ± 0.058∑

mν (95% CL) <0.44 <0.38

Note. Cosmological constraints for three models with and without the SPT cluster sample.
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Direct Mass Calibration of the SPT Galaxy Cluster Sample 5

Figure 3. Velocity distributions for the 23 SPT clusters. Cluster name and derived velocity dispersion are provided for each. Members
and non-members, defined through a sigma clipping algorithm, are noted in the histograms.

ical density, AX is the normalization, BX the slope and
CX a redshift evolution parameter. As with the SZ
significance-mass relation, there is also an intrinsic log-
normal scatter associated with the YX -mass scaling re-
lation. The values and ranges we adopt for all these
parameters appear in Table 5.

3. A DIRECT MASS CALIBRATION METHOD

Recent studies highlight that the cluster galaxy ve-
locity dispersion may be used to measure galaxy clus-
ter masses (e.g. Biviano et al. 2006; Evrard et al. 2008;
White et al. 2010; Saro et al. 2012). The motivation
to use velocity dispersion as a mass probe for galaxy
clusters stems from the fact that the galaxy dynam-
ics are unaffected by the complex physics of the intra-
cluster medium. Therefore, the dominant source of scat-
ter and bias in the σv-mass scaling relation is related to
gravitational dynamics of subhalos. Saro et al. (2012)
used the publicly available galaxy catalog produced us-
ing the semi-analytic model (De Lucia & Blaizot 2007)
on the Millennium simulation (Springel et al. 2005) to
precisely characterize, in terms of bias and scatter, the

σv-mass scaling relation as a function of parameters such
as redshift, number of selected red-sequence galaxy clus-
ter members and aperture size centered on the cluster.
In this way they provide mappings between σv and mass
that include the effects of galaxy selection that we ap-
ply to the study of the SPT clusters. The main results
of the study are: (1) the intrinsic scatter on dynamical
mass is typically between 30-40% depending on the red-
shift and mainly due to the random projection of the ve-
locity ellipsoid along the line of sight; (2) the estimated
systematic floor on dynamical mass is currently of the
order of 15%, due to current numnerical limitations in
cosmological simulations. The expectation is that with
additional theoretical work this systematic floor can be
reduced to ∼ 5%. We take advantage of the simulation
analyzed in Saro et al. (2012) in order to model a spec-
troscopic sample as close as possible to the one presented
in this work. This analysis demonstrates that the aver-
age expected bias on velocity dispersions is much smaller
than the systematic floor of 15% in velocity bias. This is
due to the competing effects between dynamical friction
which biases low the velocity dispersion and the effect of

Gemini	  South,	  Magellan,	  VLT:	  Ruel	  et	  al.	  in	  prep.	  



Galaxy Velocity Dispersion 

  Include	  velocity	  dispersion	  as	  a	  mass	  calibrator	  
  Not	  affected	  by	  gas	  physics,	  does	  not	  rely	  on	  hydrosta8c	  equilibrium	  
  Independent	  cross-‐check	  of	  the	  X-‐ray	  mass	  calibra8on	  

  Numerical	  calibra8on	  by	  Saro	  et	  al	  2013,	  arXiv	  1203.5708	  
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FIG. 1.— The relation between Mvir and the dynamical mass for all the clusters in the sample. For each cluster we infer the dynamical mass by applying
Eqn. 2 to the 3D velocity dispersion divided by

√
3 (left panel) and for each of the three projected 1D velocity dispersions (right panel). In both cases, we use all

the galaxies extracted from the De Lucia & Blaizot (2007) database that lie within the cluster virial region. The dashed (dotted) white-black line is the best fit of
the relation (plus and minus one σ) and is virtually indistinguishable from the one-to-one relation (dotted-dashed purple line), constraining the velocity bias of
the galaxies to be quite small.

FIG. 2.— The logarithmic 1σ scatter in the 1D galaxy velocity dispersion
mass estimate (dotted black, fit is solid black) increases with redshift and
can be decomposed into the scatter from the 3D galaxy velocity dispersion
mass scatter (dashed red) and the mass scatter due to scatter of the 1D disper-
sion around the three 3D dispersion (solid green line; equivalent mass scatter
shown as dashed-dotted blue). The quadrature addition of these two compo-
nents leads to the expected scatter (dotted-dashed purple), which is in good
agreement with the measured 1D dispersion mass estimator scatter (see Sec.
3.1).

Skewness of only 0.08. The merger induced Skewness is ap-
parently largely masked by the variation in dispersion along
different lines of sight.

3.2. Triaxiality and Dispersion Biases
The presence of pronounced departures from sphericity in

dark matter halos (Thomas & Couchman 1992; Warren et al.
1992; Jing & Suto 2002), if not approximately balanced be-
tween prolate and oblate systems, could in principle not only

increase the scatter in dynamical mass estimates, but also lead
to a bias. If, for example, clusters were mainly prolate sys-
tems, with one major axis associated to a higher velocity dis-
persion and two minor axes with a lower velocity dispersion,
there should be two lines of sight over three associated with
a lower velocity dispersion. This could potentially lead to a
bias in the 1D velocity dispersion with respect to the 3D ve-
locity dispersion. To quantify this possible bias, we compute
the moment of inertia for each cluster in the sample, and we
then calculate the velocity dispersions along each of the three
major axes. As has been pointed out before (Tormen 1997;
Kasun & Evrard 2005; White et al. 2010), the inertia and ve-
locity tensor are quite well aligned, with typical misalignment
angle of less than 30◦. In Fig. 4, we show (at different red-
shifts) the lowest velocity dispersion σ0 with black crosses,
the highest σ2 with green stars and the intermediate one σ1
with red diamonds normalized to the 3D velocity dispersion
σ3D (divided by

√
3). Dashed blue lines are the 16, 50 and 84

percentile of the full distribution and DEV is the associated
standard deviation which, as expected from Fig. 2 is increas-
ing with redshift. A perfectly spherical cluster in this plot
would therefore appear with the three points lying all at the
value 1, whereas prolate and oblate systems will have the in-
termediate velocity dispersions σ1 closer to the lower one σ0
and to the higher one σ2, respectively. The black solid line is
the best fit of the distribution of the intermediate σ1 velocity
dispersions and it is very close to unity, showing that dynam-
ically, clusters do not have a very strong preference among
prolate and oblate systems. This result holds for the range of
redshifts and masses we examine here.
This can be better seen in Fig. 5, where we show that we

measure only a mild excess (at ! 5% level) of prolate sys-
tems. In addition, for each cluster in the sample, we compute
a ”prolateness” quantity Prol as:

Prol =
(σ2 − σ1)− (σ1 − σ0)

σ3D
. (5)
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In Table 1 we present the results of the analysis of the
SPT SZ cluster sample and its mass calibration. Here we
do not include CMB data in order to isolate the galaxy
cluster constraints and the impact of the mass calibration
data. However, we include the prior on H0 as well as the
BBN prior on the baryon density as these parameters are
not well constrained by the data.
There is good agreement between the results obtained

using the different mass calibrators YX or σv and the
uncertainties are comparable. The mass slope BSZ, the
redshift evolution CSZ and the scatter DSZ agree to much
better than 1 σ. However, the most important scaling
relation parameter in terms of SZ cluster cosmology, the
normalization ASZ, is more affected by the choice of the
mass calibrator; using velocity dispersions results in de-
creasing ASZ by 20% compared to the result obtained
using X-ray YXs. This shift corresponds to slightly less
than 1 standard deviation and indicates that SPT clus-
ters might be ?% heavier than previously assumed.
As both mass calibration data sets agree nicely we can

proceed and combine them into a joint mass calibration.
We observe that the SZ normalization ASZ settles in be-
tween the individual results, but closer to the velocity
dispersion result than to the X-ray result. We also find
that the uncertainty on ASZ decreases by around 20%
while the constraints on the other SZ scaling relation
parameters basically remain the same as when only us-
ing the velocity dispersion mass calibration. Therefore it
follows that we do not expect tighter constraints on the
cosmological parameters than when using only one mass
calibrator.

5.2. ΛCDM Results

The principal cosmological model we consider is a spa-
tially flat ΛCDM model. When analyzing the SPTCL
sample without the CMB data set, we fit for 18 parame-
ters: 4 SZ, 4 X-ray YX and 5 velocity dispersion scaling
relation parameters and 5 cosmological parameters (in
this case we fix the optical depth τ = 0.88). When com-
bining with the CMB data set we include the optical
depth τ in the fit which then varies 19 parameters.
In general we find both data sets to be in good agree-

ment, but there are some interesting features to be noted.
When adding the CMB data set to SPTCL the SZ scal-
ing relation parameters are not much affected except BSZ
which decreases by 65 % or about 1.4 standard devia-
tions. When analyzing the SPT cluster sample we find
CSZ to be strongly degenerate with Ωm and σ8 (Maybe
include figure?!) which explains its huge shift when
adding CMB data, as the latter favors a smaller Ωm (-37
%) and a higher σ8 (10 %).
Say something about how good/bad the shift in

OMegam and sigma8 is...

5.3. Testing the Cosmological Growth of Structure

While the favored cosmological model, the flat ΛCDM
model, provides a spectacular fit to the data, it still re-
mains unclear what exactly is causing the accelerated
expansion in the present epoch. Amongst others, possi-
ble explanations include a new energy component or a
modification of gravity on large scales. While cosmolog-
ical experiments like the CMB anisotropies and cosmic
distance measurements (BAO and SNIa) have proven ex-

Table 1
Mass Calibration with YX and σv , ΛCDM Cosmology, no CMB data

Prior SPTCL+BBN+H0+

YX σv YX+σv

ASZ 6.24± 1.872 5.36+1.42
−1.20 4.62+1.44

−1.09 4.60+1.09
−0.97

BSZ 1.33± 0.266 1.58± 0.13 1.60± 0.13 1.60± 0.13

CSZ 0.83± 0.415 0.69± 0.35 0.75± 0.36 0.74± 0.39

DSZ 0.24± 0.16 0.25± 0.12 0.22± 0.13 0.23± 0.12

AX 5.77± 0.56 5.60± 0.54 · · · 5.77± 0.51

BX 0.57± 0.03 0.57± 0.03 · · · 0.57± 0.03

CX −0.40± 0.20 −0.46± 0.20 · · · −0.39± 0.18

DX 0.12± 0.08 0.13± 0.07 · · · 0.14± 0.08

Aσv 1048± 53 · · · 1080± 48 1083± 44

Bσv 0.34± 0.01 · · · 0.34± 0.01 0.34± 0.01

Cσv 0.32± 0.02 · · · 0.32± 0.02 0.32± 0.02

Dσv0 0.2± 0.04 · · · 0.20± 0.04 0.20± 0.04

DσvN 3± 0.6 · · · 2.97± 0.59 2.97± 0.58

100Ωb · · · 4.1± 0.5 4.0± 0.5 4.1± 0.5

Ωm · · · 0.34+0.13
−0.06 0.37+0.16

−0.07 0.37+0.22
−0.07

σ8 · · · 0.73± 0.05 0.74± 0.06 0.74± 0.06

H0 73.8± 2.4 73.1± 2.4 73.5± 2.4 73.4± 2.4

Note. — The priors are Gaussian as discussed in detail in Section

4.2. For the analyzes listed in this table we fix the reionization optical

depth to τ = 0.088 as this parameter is only well constrained by

measurements of the CMB anisotropies. The scalar spectral index

ns is also included in the analysis and varied by the PMC but is not

shown here.

tremely useful for probing the Universe’s expansion his-
tory, galaxy clusters provide a unique probe for testing its
growth history, that is testing General Relativity (GR)
on large scales (Rapetti papers).

5.3.1. Parametrized Growth of Structure

In the following we will present a consistency test
of the cosmic growth according to GR while assum-
ing the standard expansion history as described by the
ΛCDM model. While we do not assume any departure
of the cosmic growth from GR in the early Universe, we
parametrize the linear growth rate of density perturba-
tion f(a) at late times as a power law of the matter den-
sity following Peebles (1980); Wang & Steinhardt (1998)

f(a) ≡ d ln δ

d ln a
= Ωm(a)γ (12)

where γ is the cosmic growth index and δ ≡ δρm/ρm is
the ratio of the comoving matter density fluctuation and
the mean matter density. Solving for γ and assuming
GR one obtains

γGR ≈ 6− 3(1 + w)

11− 6(1 + w)
(13)

where the leading correction depends on the dark en-
ergy equation of state parameter w and γGR = 0.55 for
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Table 2
ΛCDM constraints from SPTCL and CMB

Parameter SPTCL+BBN+H0 CMB SPTCL+CMB SPTCL+CMB+BAO+SNIa

ASZ 4.60+1.09
−0.97 · · · 4.33+0.76

−0.71 3.64+0.64
−0.55

BSZ 1.60± 0.13 · · · 1.52± 0.12 1.51± 0.13

CSZ 0.74± 0.35 · · · 0.36± 0.24 0.36± 0.24

DSZ 0.23± 0.13 · · · 0.23± 0.12 0.27± 0.13

ns 0.971± 0.013a 0.970± 0.014 0.969± 0.014 0.960± 0.012

Ωm 0.37+0.22
−0.07 0.276± 0.030 0.262± 0.015 0.289± 0.010

σ8 0.74± 0.06 0.818± 0.030 0.799± 0.019 0.810± 0.019

H0 73.4± 2.4 70.1± 2.4 71.0± 1.6 68.6± 1.0

Note. — The results for SPTCL correspond to the last column of Table 1 and include all data sets
and priors listed there. Parameters not shown in this table are still varied in the PMC and marginalized
over.
aNote that we use a prior on ns when analyzing SPTCL without the CMB dataset, see section 4.2.4

a cosmological constant. Normalizing this parametrized
growth to some high redshift zini before matter-dark en-
ergy equality we can express the cosmic growth factor
as Dini(z) = δ(z)/δ(zini) and the parametrized matter
power spectrum becomes

P(k, z) = P (k, zini)D
2
zini

(z). (14)

Note that the complete wavenumber-dependence is con-
tained in P (k, zini) while the growth factor Dini(z)
evolves with redshift only.

5.3.2. Constraints on the Cosmic Growth Index

The parametrization presented above allows us to per-
form a consistency check of the cosmic growth as pre-
dicted by GR while keeping the standard expansion his-
tory. We choose an initial redshift of zini = 10 as a start-
ing point for the parametrized growth. While the CMB
as well as the distance-based BAO, SNIa and H0 exper-
iments are not affected by the cosmic growth, galaxy
clusters are.
We modified the likelihood code presented in Section

4.1.1 so that the matter power spectrum at redshift zini
is provided by CAMB and then evolves depending on the
growth index γ according to Equation 14.
Here we present the constraints obtained fitting for a

spatially flat ΛCDM cosmology with the additional de-
gree of freedom γ. In addition to the SZ clusters and their
mass calibrators we include the CDM data set which
serves as a high-redshift ”anchor” as it is not affected
by the cosmic growth. We also include distance infor-
mations from BAO and SNIa as well as the prior on the
Hubble constant. In doing so we are able to obtain the
best constraint currently available from SPT clusters.
We find γ = 0.72 ± 0.29 which shows no tension with

the value predicted by GR, γGR = 0.55. In figure 2
we show the posterior distribution for γ as well as its
likelihood contours with the most relevant cosmological
parameters Ωm and σ8 in terms of cluster cosmology. As
expected, we see strong degeneracies, especially with σ8.
On the other hand this implies that a better knowledge
of these parameters, which can be achieved e.g. by ana-

lyzing a bigger cluster sample will automatically lead to
tighter constraints on the cosmological growth.

6. DISCUSSION AND CONCLUSIONS

We use an SPT SZ-selected galaxy cluster sample in
combination with data from optical spectroscopy and X-
ray follow-up to undertake a direct mass calibration of
the SPT ξ-mass relation. This is the first velocity dis-
persion mass calibration of the SPT SZ-selected galaxy
cluster sample. We describe the observational program
on the VLT, Gemini and Magellan that we used to carry
out spectroscopy of SPT clusters over a broad range in
redshift (0.35 < z < 1.15.
We present a method to fit the SZ scaling relation

through comparison of the SZ observable ξ to the ex-
ternal calibrators σv and YX . Our method explicitly ac-
counts for selection effects in the SPT cluster survey and
for uncertainties in the scaling relation parameters of the
external mass calibrators. Furthermore, the follow-up
sample need not be complete above any selection criteria
as we use the follow-up observations to calibrate the ξ-
mass relation only and do not use their distribution in the
cosmological analysis. We couple this mass calibration
to a cluster number count experiment in the SZ observ-
able ξ in order to fully exploit the cluster data at hand.
We demonstrate that this coupling is accomplished with-
out introducing any bias by testing our analysis pipeline
against large mock data samples containing around 104

SZ and 500 mass calibration clusters.
Before combining the X-ray and velocity dispersion

mass calibration data sets we show that their individ-
ual constraints on the SZ scaling relation parameters are
comparable and agree at better than the 1σ level. How-
ever, we note that combining both data sets only leads
to a marginal improvement of the constraints. The best-
fit constraint on the SZ normalization ASZ = indicates
that SPT clusters are about % more massive than found
in the initial analysis by Vanderlinde et al. (2010) who
found ASZ.
Having validated our method of using the calibrated

SPT cluster sample as a cosmological probe we add mea-



Growth Rate of Structure 

  Parametrized	  maUer	  power	  spectrum	  (Peebles	  1980,	  Wang&Steinhardt	  1998)	  

	  
  Assume	  standard	  expansion	  history	  
  GR	  predicts	  γ=0.55	  
  Consistency	  test	  of	  the	  cosmic	  growth	  history	  

Cosmology with SPT Clusters – Sebastian Bocquet 24 

Parametrized growth of structure
Test GR in light of structure formation

δ̈ + 2
ȧ

a
δ̇ = 4πGρδ (1)

d2 ln δ

d ln a2
+

�
d ln δ

d ln a

�2

+
d ln δ

d ln a

�
1

2
− 3

2
w(1− Ω)

�
=

3

2
Ω (2)

f ≡ d ln δ

d ln a
≡ Ωγ (3)

γ ≈ 6− 3(1 + w)

11− 6(1 + w)
(4)

� Parametrized matter power spectrum

Pnorm(k , z) = P(k , zini)D
2
zini(z) (5)



Cosmic Growth Index 
  GR	  predicts	  γ=0.55	  
  Bocquet	  et	  al	  in	  prep	  
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Constraints on GR using SPTcl + Yx + dispersion + WMAP7 + BAO
+ SNIa + H0
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Direct Mass Calibration of the SPT Galaxy Cluster Sample 1

Table 1
Flat ΛCDM cosmology allowing for a

varying growth index γ.
Dataset:

STPcl+YX+σv+WMAP7+BAO+SNIa+H0

Parameter Prior Result

Ωch
2 . . . 0.114± 0.003

100Ωbh
2 . . . 2.23± 0.05

109∆2
R . . . 2.44± 0.09

ns . . . 0.966± 0.012

τ . . . 0.082± 0.13

H0 73.8± 2.4 69.1± 0.9

γ . . . 0.74± 0.27

Ωm . . . 0.286± 0.011

σ8 . . . 0.770.07



Outlook: Mass Calibration 

  Full	  SPT-‐SZ	  sample	  coming	  soon	  
  X-‐ray	  

  XVP	  with	  Chandra	  to	  get	  Yxs	  of	  ~80	  high	  ξ	  clusters	  
  XMM	  obs	  of	  ~30	  clusters	  (Magellan	  WL	  and	  high-‐z)	  

  Velocity	  dispersions	  
  ~100	  cluster	  velocity	  dispersions	  from	  ~25	  member	  veloci8es	  using	  

Gemini	  GMOS-‐S	  at	  z<0.8,	  VLT	  FORS2	  at	  z>0.8	  and	  MagellanIMACS	  	  as	  
available	  

  Weak	  Lensing	  
  18	  z~0.3-‐0.4	  clusters	  with	  Magellan	  Megacam	  
  HST	  Snapshot	  observa8ons	  of	  ~60	  clusters	  underway	  
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Outlook: SPT-3G 

  Star8ng	  2016	  
  10X	  more	  clusters	  than	  

SPT-‐SZ	  
  Expect	  4000	  clusters	  
  Purity	  99%	  
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Thank you for your attention! 
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