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Mass Calibration 
Goal and Strategy 

!  Star&ng	  point:	  
!  Cluster	  survey	  defined	  by	  selec&on	  func&on	  in	  some	  observable	  
!  (Incomplete)	  follow-‐up	  in	  further	  observables	  
!  Sunyaev-‐Zel’dovich	  effect,	  X-‐ray,	  velocity	  dispersion,	  weak	  lensing	  

!  Calibrate	  the	  survey	  observable-‐mass	  rela&on	  through	  follow-‐up	  mass	  
measurements	  

!  Account	  for	  cluster	  selec&on	  
!  Many	  more	  low-‐mass	  than	  high-‐mass	  clusters	  
!  For	  a	  given	  value	  of	  the	  mass	  observable,	  true	  cluster	  masses	  are	  more	  likely	  

to	  have	  scaRered	  up	  than	  down	  
!  Simultaneously	  fit	  for	  all	  scaling	  rela&on	  parameters	  (of	  all	  mass	  

observables)	  and	  cosmology	  
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Mass Calibration 
Method 



Mass Calibration 
Method 

!  Don’t	  compare	  masses	  but	  observables	  
!  Convert	  unbiased	  mass	  es&mate	  from	  survey	  observable…	  

!  …	  into	  distribu&on	  of	  expected	  values	  for	  follow-‐up	  observable	  O	  

!  Account	  for	  intrinsic	  and	  observa&onal	  scaRer	  in	  O	  
!  Compare	  with	  measurement	  

!  Calibrate	  SPT	  mass-‐observable	  rela&on	  
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Finally, the logarithm of the likelihood L for the ob-
served cluster counts is given by the Poisson probability

ln L(p) =
X

i

ln
dN(⇠i, zi|p)

d⇠dz
�

Z
dN(⇠, z|p)

d⇠dz
d⇠dz (7)

where i runs over all clusters in the catalog. We ac-
count for redshift measurement uncertainties for clus-
ters with photometric data only by marginalizing over
redshift weighting with a Gaussian corresponding to the
cluster redshift measurement uncertainty.

4.1.2. Mass Calibration

For each cluster in our sample containing additional
mass calibration information from X-ray and/or velocity
dispersions, we include the Y

X

or �v measurement as fol-
lows: At every point in cosmological and scaling relation
parameter space p, we calculate the probability distri-
bution P (M |⇠, z,p) for each cluster mass, given that the
cluster has a measured significance ⇠ and redshift z:

P (M |⇠, z,p) / P (⇠|M, z,p)P (M |z,p). (8)

In practice, we calculate the probability distribution
P (⇠|M, z,p) from the SZE scaling relation (Equations 1
and 2) taking both intrinsic and observational scatter
into account, and weight by the mass function P (M |z,p),
thereby correcting for Eddington bias. We then calculate
the expected probability distribution in the follow-up ob-
servable(s) which we here call O for simplicity:

P (O|⇠, z,p) =

Z
dM P (O|M, z,p)P (M |⇠, z,p). (9)

The term P (O|M, z,p) contains the intrinsic scatter and
observational uncertainties in the follow-up observable.
We assume the intrinsic scatter in the SZE scaling rela-
tion and the follow-up measurements to be uncorrelated.
For each cluster in the mass calibration sample, we com-
pare the predicted P (O|⇠, z,p) with the actual measure-
ment and extract the probability of consistency. Finally,
we sum the log-likelihoods for all these clusters and add
the result to the number count likelihood (Equation 7).

It is important that any cosmological dependence of
the mass calibration observations be accounted for. In
the case of a single velocity dispersion �v, the measure-
ment comes from the combination of redshift measure-
ments from a sample of cluster galaxies; the cosmological
sensitivity, if any, is subtle. On the other hand, the X-ray
observable Y

X

is calculated from the measured temper-
ature and gas mass within r

500

, and the limiting radius
and the gas mass are both cosmology dependent. There-
fore, Y

X

has to be extracted from the observations for
each set of cosmological and scaling relation parameters
as described in Section 2.4.

4.1.3. Unconfirmed Cluster Candidates

Out of the 100 cluster candidates in the survey, 6 detec-
tions could not be confirmed by the optical follow-up and
were assigned lower redshift limits based on the depth of
the imaging data (Song et al. 2012). In addition, each
of these unconfirmed candidates has some probability of
being a noise fluctuation.

Our treatment of these candidates takes into account
the false detection rate at the detection signal-to-noise

as well as the expected number of clusters exceeding the
lower redshift bound of the candidate as predicted by the
cluster mass function. We calculate the probability of a
candidate i to be a true cluster according to

P i
true

=
N

expected

(⇠i, zi
low

|p)

N
expected

(⇠i, zi
low

|p) + N
false detect

(⇠i)
(10)

where the number of clusters N
expected

above some lower
redshift limit is given by

R 1
zi
low

N(⇠i, z|p)dz. The expected

number of false detections as a function of ⇠ has been es-
timated from simulations and cross-checked against di-
rect follow-up and is assumed to be redshift independent
(Song et al. 2012; Reichardt et al. 2013).

In the cosmological analysis, each of the unconfirmed
candidates is treated like an actual cluster but weighted
with its P i

true

. However, the specific treatment of the
unconfirmed candidates has little e↵ect on the cosmolog-
ical and scaling relation parameters; for example, simply
removing these candidates from the catalog leads to neg-
ligible changes in the results.

4.2. Discussion of the Analysis Method

In previous SPT cluster cosmology studies, we have
used a somewhat di↵erent method. In that method the
expected number density of clusters as a function of ⇠,
Y
X

, and z is calculated on a three-dimensional grid. The
likelihood is evaluated by comparing this prediction to
the cluster sample in a way analogous to Equation 7.
For clusters without Y

X

data the likelihood is integrated
over the full range of Y

X

(Benson et al. 2013).
As we show in the Appendix, the method we em-

ploy in the current analysis is mathematically equiv-
alent to this other method; here we assume uncorre-
lated scatter. For the current application, where we
have �v and Y

X

follow-up measurements, we do not
work in the four-dimensional ⇠-Y

X

-�v-z-space, but rather
we treat the number count part of the likelihood in its
⇠-z-space, and the mass calibration part of the likeli-
hood P (O|⇠, z,p) separately. The results obtained with
this analysis method do not show any sign of biases
when tested against di↵erent sets of mock data (see Sec-
tion 4.4). This method is convenient when analyzing a
cluster sample with multiple di↵erent mass observables
where only a fraction of the clusters have those observ-
ables. In the limit where every cluster in the survey
has the same follow-up mass measurements, the likeli-
hood presented and used in our previous analyses (Ben-
son et al. 2013; Reichardt et al. 2013) would be more
computationally e�cient.

4.3. Priors Used in the Analysis

We present the priors used in our analysis and discuss
their motivation. All priors are also listed in the first
column of Table 1.

4.3.1. Priors on SZE ⇠-mass Scaling Relation Parameters

The SZE scaling relation parameters were estimated
from simulations of the SZE sky of about 4000 deg2 in
size (Reichardt et al. 2013). We adopt 30%, 20%, 50%
Gaussian uncertainties on A

SZ

, B
SZ

, and C
SZ

, respec-
tively (e.g., Vanderlinde et al. 2010). For the scatter
D

SZ

, we adopt a conservative 67% uncertainty (Benson
et al. 2013; Reichardt et al. 2013).
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Cluster Sample 

!  100	  cluster	  candidates	  from	  720	  deg2	  of	  SPT-‐SZ	  survey	  (Reichardt	  et	  al.	  2013)	  
!  16	  follow-‐up	  measurements	  in	  X-‐ray	  with	  Chandra	  and	  XMM-‐Newton	  

!  Use	  low-‐scaRer	  mass	  proxy	  YX	  	  
!  Calibrated	  YX-‐mass	  rela&on	  (Vikhlinin	  et	  al.	  2009)	  

!  63	  measurements	  of	  velocity	  dispersions	  
!  53	  observed	  by	  SPT	  team	  (Ruel	  et	  al.	  2014)	  
!  10	  from	  literature	  (Barrena	  et	  al.	  2002,	  Buckley-‐Geer	  et	  al.	  2011,	  Sifón	  et	  al.	  2013)	  
!  Few	  Ngal	  spectroscopic	  strategy:	  

!  Velocity	  dispersion	  is	  a	  high-‐scaRer	  mass	  proxy	  
!  ~31%	  log-‐normal	  scaRer	  in	  on	  a	  single	  σv	  measurements	  
!  Rather	  go	  wide	  than	  deep	  
!  Ngal	  ~	  20-‐30	  

!  σv-‐mass	  rela&on	  calibrated	  against	  N-‐body	  simula&ons	  (Saro	  et	  al.	  2013)	  
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Cosmological Results 

Ωm - σ8 

Cosmology with SPT Clusters – Sebastian Bocquet 6 

0.2 0.3 0.4 0.5 0.6 0.7
⌦m

0.60

0.65

0.70

0.75

0.80

0.85

0.90

�
8

N(⇠, z)+ASZ prior
N(⇠, z)+�v

N(⇠, z)+YX

SPTCL

0.2 0.3 0.4 0.5 0.6 0.7
⌦m

0.60

0.65

0.70

0.75

0.80

0.85

0.90

�
8

SPTCL+Planck+WP
SPTCL+WMAP9

Planck+WP
WMAP9

SPTCL

From	  simula&on	  prior	  to	  YX+σv:	  
Improve	  constraints	  on	  	  
σ8	  (Ωm/0.27)0.3	  by	  44%	  

Adding	  SPTCL	  to	  Planck+WP:	  
Improve	  constraints	  on	  Ωm,	  σ8,	  and	  	  
σ8	  (Ωm/0.27)0.3	  by	  ~15%	  



Impact of Mass Calibration 

!  When	  combining	  with	  CMB	  
data,	  the	  laRer	  dominates	  
the	  constraints	  

!  The	  mass	  calibra&on	  from	  
YX+σv	  helps	  in	  further	  
&ghtening	  constraints	  by	  
!  Ωm:	  36%	  
!  σ8:	  37%	  
!  σ8	  (Ωm/0.27)0.3:	  47%	  

!  In	  this	  case,	  the	  X-‐ray	  data	  
has	  more	  impact	  than	  
velocity	  dispersions	  
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Mass Scale 

!  Cluster	  mass	  es&mates	  depend	  
on	  SZ	  normaliza&on	  ASZ	  

!  Cluster	  masses	  increase	  by	  
!  16%	  from	  X-‐ray	  calibra&on	  

(purple)	  to	  dispersion	  
calibra&on	  (blue)	  

!  44%	  from	  X-‐ray	  calibra&on	  to	  
combined	  analysis	  including	  
Planck+WP	  (cyan)	  
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!  Parametrized	  structure	  growth	  

!  Strong	  degeneracy	  between	  γ	  
and	  σ8	  

!  Only	  weak	  degeneracies	  with	  
one-‐parameter	  extensions	  to	  
flat	  LCDM	  

!  Simultaneously	  probe	  the	  
growth	  and	  expansion	  histories	  
!  γ	  =	  0.73	  ±	  0.28	  (GR:	  0.55)	  
!  w	  =	  -‐1.007	  ±	  	  0.065	  

	  

Growth of Structure 
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Outlook 

!  Use	  mul&-‐wavelength	  mass	  calibra&on	  for	  accuracy	  and	  precision	  
!  Velocity	  dispersions	  are	  closer	  to	  the	  CMB	  preferred	  mass	  scale	  than	  YX	  
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!  SPT-‐SZ	  2500d	  catalog	  is	  now	  available	  
(Bleem	  et	  al.	  2014)	  

!  Coming	  soon:	  
!  Cluster	  cosmology	  with	  YX	  calibra&on	  

from	  ~80	  clusters	  (see	  Brad’s	  talk)	  
!  Weak	  lensing	  calibra&on	  sample	  (see	  

Tim’s	  talk)	  
!  ~40	  addi&onal	  velocity	  dispersions	  
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