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• SPT Compton-y map


• Coming soon from SPT-3G
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or Cosmic 
Controversy?

34 Riess et al.

Figure 15. Extended MCMC sampling of the posterior for H0 to measure out to the ±5� confidence level. The upper panel
shows the probability density for the baseline from SH0ES and from the Planck Collaboration et al. (2020) chains. The bottom
panel shows the log of the probability density to improve the ability to see the tails. We note some asymmetry to the distribution,
with intervals on the low H0 side a little smaller than on the high side, as the measurements are Gaussian in magnitudes and in
5 log H0 so slightly skewed in H0.

Figure 16. Host distance (µhost) covariance matrix. This is the covariance for the baseline set of 37 hosts derived only from
the first two rungs and without the use of any SN Ia data. The nonzero o↵-diagonal terms result from common anchors, common
parameters of the Cepheid P–L relation, and covariance of the metallicity scale.

A&A proofs: manuscript no. KiDS_1000_3x2pt

tainly acceptable15, with the probability to exceed the measured
�2 given by p & 0.01. We note that the cosmic shear analysis
of Asgari et al. (2020b) shows no significant changes in the in-
ferred cosmological parameters when using different two-point
statistics which exhibit an excellent goodness-of-fit. As such, we
could be subject to an unlucky noise fluctuation that particularly
impacts the band power estimator in Eq. (1). Cautiously inspect-
ing Fig. 1, as ‘�-by-eye’ is particularly dangerous with correlated
data points, we nevertheless note a handful of outlying points,
for example the low `-scales in the fifth tomographic bin. We
also note that Giblin et al. (2020) document a significant but low-
level PSF residual systematic in the KiDS-1000 fourth and fifth
tomographic bins that was shown to reduce the overall goodness-
of-fit in a cosmic shear analysis, but not bias the recovered cos-
mological parameters (see the discussion in Amara & Réfrégier
2008). Future work to remove these low-level residual distor-
tions is therefore expected to further improve the goodness-of-
fit.

3.1. Comparison with weak lensing surveys

Our results are consistent with weak lensing constraints in the
literature. We limit our discussion in this section to published
3⇥2pt analyses, referring the reader to Asgari et al. (2020b) who
discuss how the KiDS-1000 cosmic shear results compare with
other weak lensing surveys. We note that direct comparisons of
cosmological parameters should be approached with some cau-
tion, as the priors adopted by different surveys and analyses
are often informative (see section 6.1 in Joachimi et al. 2020).
Homogenising priors for cosmic shear analyses, for example,
has been shown to lead to different conclusions when assessing
inter-survey consistency (Chang et al. 2019; Joudaki et al. 2020;
Asgari et al. 2020c).

Abbott et al. (2018) present the first year 3 ⇥ 2pt DES anal-
ysis (DES Y1), finding S 8 = 0.773+0.026

�0.020, where they report
the marginal posterior maximum and the tail credible intervals.
This is in excellent agreement with our equivalent result, dif-
fering by 0.3�, with the DES-Y1 error being 40% larger than
the KiDS-1000-BOSS 3 ⇥ 2pt results. The inclusion of BOSS
to our 3 ⇥ 2pt analysis results in tight constraints on ⌦m. This
leads to joint KiDS-1000-BOSS constraints on �8 = 0.760+0.021

�0.023
that are more than twice as constraining compared to the DES
Y1-alone 3 ⇥ 2pt analysis which found �8 = 0.817+0.045

�0.056, as
shown in Fig. 8. This comparison serves to highlight the addi-
tional power that can be extracted through the combination of
spectroscopic and photometric surveys, and the promising fu-
ture for the planned overlap between the Dark Energy Spectro-
scopic Instrument survey (DESI Collaboration et al. 2016) and
the 4-metre Multi-Object Spectroscopic Telescope (4MOST,
Richard et al. 2019), with Euclid and the Vera C. Rubin Ob-
servatory Legacy Survey of Space and Time (Laureijs et al.
2011; LSST Science Collaboration et al. 2009), in addition to
the nearer-term ⇠1400 deg2 of overlap between BOSS and HSC
(Aihara et al. 2019).

van Uitert et al. (2018) and Joudaki et al. (2018) present
3 ⇥ 2pt analyses for the second KiDS weak lensing release
(KiDS-450), finding, respectively, S 8 = 0.800+0.029

�0.027 (KiDS with
GAMA) and S 8 = 0.742±0.035 (KiDS with BOSS and 2dFLenS
limited to the overlap region). Both results are consistent with
our KiDS-1000 results, noting that the increase in our S 8 con-

15 We define acceptable as the PTE p � 0.001, which corresponds
to less than a ⇠ 3� event. Abbott et al. (2018) define acceptable as
�2/DoF < 1.4. We meet both these requirements.
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Fig. 8: Marginalised posterior distribution in the �8-⌦m plane,
comparing the 3⇥2pt analyses from KiDS-1000 with BOSS and
2dFLenS, with the 3 ⇥ 2pt analysis from DES Y1 (Abbott et al.
2018), and the CMB constraints from Planck Collaboration et al.
(2020). The KiDS-1000 3 ⇥ 2pt result can also be compared to
our previous KV450-BOSS analysis from Tröster et al. (2020).

straining power, by a factor of ⇠ 2 in this analysis, is driven by
increases in both the KiDS survey area, and the analysed BOSS
survey area.

The impact of doubling the KiDS area can be seen by com-
paring to Tröster et al. (2020), in Fig. 8, who present a joint cos-
mic shear and galaxy clustering analysis of the KV450 KiDS
release with the full BOSS area, finding S 8 = 0.728±0.026. The
⇠ 40% improvement in constraining power is consistent with
expectations from the increased survey area, but a straightfor-
ward area-scaling comparison is inappropriate given that KiDS-
1000 features improvements in the accuracy of the shear and
photometric redshift calibrations, albeit at the expense of a de-
crease in the effective number density (see Giblin et al. 2020;
Hildebrandt et al. 2020b, for details).

The offset in S 8 between the KiDS-1000-BOSS and KV450-
BOSS S 8 constraints reflects a number of differences between
the two analyses. First, as the S 8 constraints from the 3 ⇥ 2pt
analysis are primarily driven by KiDS (see Fig. 6), we expect
a reasonable statistical fluctuation in this parameter given the
sampling variance arising from the significant increase in the
KiDS survey area. Using a simple model analysis in Appendix F,
we conclude that we should expect differences, on average, of
|�S 8| = 0.016, and as such the increase that we find in S 8 be-
tween KV450 and KiDS-1000 is consistent with the expectation
from simple statistical fluctuations. BOSS primarily constrains
⌦m which is impacted by the choice of prior on ns. The wider ns
prior adopted in Tröster et al. (2020), favours a slightly higher
but less well-constrained value for ⌦m, leading to a slightly
lower but less well-constrained value for �8, when combined
with cosmic shear (see Appendix B). If we had also chosen an
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Clusters as Cosmological Probes

The number of massive galaxy 
clusters could emerge as the 
most powerful cosmological 

probe if masses of the clusters 
can be accurately measured. 
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Towards a massive cluster, 
~1% of CMB photons scatter 

off of intra-cluster gas

The Sunyaev Zel’dovich (SZ) Effect

CMB Spectrum

SZ Spectrum



The SZ-observable is tightly correlated with 
mass. 

9 Kéruzoré et al. (on the arXiv tonight!) 

Integrated Signal proportional to total 
thermal energy, should faithfully track 

cluster mass 



We require high-resolution, wide-area surveys 
to discover significant numbers of clusters. 

10

Planck

South Pole 
Telescope

Atacama 
Cosmology 
Telescope



We require high-resolution, wide-area surveys 
to discover significant numbers of clusters. 
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22 ACT Collaboration

Figure 16. The left panel displays a wedge plot showing the contents of the ACT DR5 cluster catalog, drawn in the equatorial
plane. Right Ascension is used as the angular coordinate, with 0� RA pointing to the right from the origin, and increasing
anticlockwise. The radial coordinate is co-moving distance in Mpc. Each point represents a cluster in the catalog, with the
size of each point scaling with cluster mass. The dashed circles mark the distances equivalent to redshifts 0.5, 1.0, 1.5, and
2.0, starting from the observer’s location at (0, 0). The larger number of clusters seen on the right of the plot compared to the
left reflects the fact that ACT surveyed much more sky area at those RA coordinates (see Fig. 1). The right panel shows a 3d
projection of the same information in spherical polar coordinates; here the axes are comoving distance in Mpc.

Figure 17. Redshift distribution of the ACT DR5 cluster
sample. The sample spans the redshift range 0.04 < z < 1.91
(median z = 0.52). The distribution split according to
redshift type (spectroscopic or photometric) is also shown;
39.4% of the clusters in the sample have spectroscopic red-
shifts.

Inspection of Fig. 18 suggests that there may be a
deficit of clusters in the redshift range 1 < z < 1.1.
This is extremely unlikely to be a real feature, and may
arise due to a bias in the photometric redshifts. We will
investigate this further with future spectroscopic follow-
up of such high redshift systems.

Figure 18. Comparison of the ACT DR5 cluster sample in
the (mass, redshift) plane with other blind SZ surveys: PSZ2
(Planck Collaboration et al. 2016b), SPT-SZ (Bocquet et al.
2019), SPT-ECS (Bleem et al. 2020), and SPTpol (Huang
et al. 2020a). The large blue points show the ACT DR5
sample selected with SNR2.4 > 5, which is similar to the
detection thresholds used in the other surveys. The small
blue points extend this to include the full ACT DR5 sam-
ple. The ACT DR5 SZ masses displayed here have been
rescaled according to a richness-based weak-lensing mass cal-
ibration, which is a close match to the SPT mass scale (see
Section 5.1). Mass measurements from the SPT surveys and
PSZ2 are as reported in the respective catalogs. The ACT
DR5 sample has been plotted behind the other surveys to
aid clarity.

> 4000 Massive Clusters published from SZ surveys

Hilton+ 2021 ApJS,253, 3H



The South Pole 
Telescope (SPT)

10-meter sub-mm quality 
wavelength telescope

  90, 150, 220 GHz and           
   1.6,  1.2,  1.0 arcmin resolution

2007: SPT-SZ
 960 detectors
 90,150,220 GHz

2017: SPT-3G
 ~15,200 detectors
 90,150,220 GHz
 +Polarization

2012: SPTpol
 1600 detectors
 90,150 GHz
 +Polarization

Funded by: 

Funded By:
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SPT-3G Collaboration 



22h 6h

-2
0°

-4
0°

-6
0°

-2
0°

-4
0°

10h 14h

SPT-ECS 
SPTpol	500d	
SPT-SZ	
DES

Survey Obs. Years Area
(deg2)

95 GHz
(uK-arcmin)

150
 (uK-arcmin)

220
(uK-arcmin)

SPT-SZ 2007-11 2500 40 17 80
SPTpol-Main 2012-16 500 12 5 -
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Planck
143 GHz
50 deg2

2x finer angular 
resolution WMAP
7x deeper 



SPTpol
150 GHz
50 deg2

6.5x finer angular 
resolution Planck
5x deeper



SPTpol
150 GHz
50 deg2



SPTpol
150 GHz
50 deg2 CMB Anisotropy


Primordial and secondary 
anisotropy in the CMB

Point Sources  

Active galactic nuclei, and the most

distant, star-forming galaxies 

Clusters of Galaxies 

“Shadows” in the microwave 
background from clusters of galaxies



Matched 
Filter

95 GHz

150 GHz

Finding Clusters in SPT Surveys

•  Matched-filter multi-frequency cluster 
finder (Melin et al. 2006)

S/N=6.3

20

95 GHz

150 GHz
ξ = 12 Detection

Coming with 

3G data! 

220 GHz



SPTpol 500d Cluster catalog
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•689 SZ candidates detected at ξ > 4

• 544 confirmed as galaxy clusters 

•  115 at z>1 (21%) Bleem et al (in prep), 


with M Klein, S Bocquet 

and the SPTpol Collaboration
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Multi-Component Matched Filter (MCMF) cluster 
confirmation tool (Klein+18,19)

❖ uses red-sequence to obtain richness & redshift with DES griz data

❖ use ICM based information (flux, S/N) to obtain estimate of r500 given redshift

❖ scans through redshift and calculates richness within apertures of r500 around 
ICM based position

❖ peak identified and fit by calibrated peak profiles to get redshifts & richness of 
potential counter parts

24M. Klein, Galaxy Clusters 2022, Apr. 26
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At high-redshifts we leverage the 1.6 m 
stellar bump feature

μ

Cosmos photos v/s [I1]-I[2[ color



26



27

Simulation-based calibration
‣ Used to calibrate relative masses 

of SPT samples as well as to 
estimate sample purity. 


‣ Based upon HACC OuterRim 
simulation; tSZ+kSZ added in post 
processing (with simplified 
“baryon-painting” of Flender+16 
for tSZ)


‣ Instrumental noise models based 
on realized SPTpol performance at 
90,150


‣ CMB, CIB, uncorrelated radio 
sources foreground power added 
to match observations


‣ In parallel development/analysis 
of other cluster observables:

‣ Significantly refined baryon pasting 


‣ (See F. Kéruzoré’s talk Wednesday!)

‣ Optical Strong + Weak Lensing  

y-map Mock Sky

Find 
Clusters

Redshift
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Output



Results: Mass calibration (fixed cosmology)
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P (⇠|⇣) = N (
p
⇣2 + 3, 1)

SPT-SZ+ECS         
SPT-ECS 
SPT-SZ 

SPTpol 500d

Shift in Redshift Evolution 
parameter predicted by 

simulations

ASZ Ln ASZ BSZ CSZ ECSγ

EC
S

γ
C

SZ
B S

Z
Ln

 A
SZ

Excellent Consistency between Mass-  Scaling relation 

at fixed cosmology across SPT surveys

ζ Excellent Consistency between Masses derived from 

90 and 150 GHz cluster searches alone  (221 clusters)
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Results: Sample Purity

As the instrumental noise drops, and foregrounds + tSZ 
signal become more important in the total noise sum


important to properly includes these signals in map-based 

purity simulations to capture non Gaussian components of 

these signals.
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4 σ tension between the slope of the 

Mass-Richness Relation inferred from SPT calibration versus 

optical weak lensing

10010 Richness         λ
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Comparisons across wavelength provide powerful tests of 
systematics control. 

Bleem et al. ApJS 247,25, 2020

Over 652 clusters in common between 

SPT-SZ/ECS and redMaPPer



Modeling the composition 
of the redMaPPer Sample

31

DES-Y1 clusters: cross calibration with SPT 5

A, to estimate X_(_̂, I) directly from the catalog. This model ac-
counts only for the photometric uncertainties in the background
subtraction. We call this model ‘background’ (‘bkg’).

A detailed study of projection e�ects on simulations by
Costanzi et al. (2019a), expanded the prescription above to provide
an accurate description of the impact of correlated structures, mask-
ing and percolation on the mapping between intrinsic and measured
richness. This e�ect is summarized by the fitted probability density
function %proj (_̂ |_, I). For the exact definition of this function see
Eq. 15 in Costanzi et al. (2019a). This model is called ‘projection’
(‘proj’).

All analysis steps that follow are performed for both models in
an attempt to grasp the impact projection e�ects might have on our
inference.

3.3 SPT cross calibration and priors

All objects of the matched redMaPPer-SPT cross-matched sample
have a redshift I8 , an observed SZE signal b8 and a measured rich-
ness _̂8 . For each set of scaling relation parameters, we then use
the SZE signal b8 to predict the expected distribution of intrinsic
richnesses _, by convolving the joint distribution of intrinsic ob-
servables with the measurement uncertainty of the SZE signal, i.e.

%(_ |b8 , W85 , I
8) /

π
dZ %(b8 |Z) d2#

dZ d_

���
I8 ,W8

f

. (6)

This equation depends on the scaling relation parameters through
the last factor from Eq. 1. As can be seen in Fig. 3, for each intrinsic
SZE b8 this expression defines a range of intrinsic richness at a
particular redshift. Given the typical measured mass-observable
scaling relation parameters, higher SZE b8 corresponds to higher
_, and the scatter about both underlying mass–observable relations
(Eqs. 2 and 3) together with the covariance in this scatter leads to
the width in the richness distribution for a given SZE b8 .

To account for observational uncertainties on richness, Eq. 6
can be convolved with the optical error model

%(_̂ |b8 , W85 , I
8) /

π
d_ %(_̂ |_, I)%(_ |b8 , W85 , I

8). (7)

The proportionality constant is determined by ensuring that the
equation above is properly normalized for all possible measured
richnesses:

Ø 1
40 d_̂%(_̂ |b8 , W85 , I

8) = 1. Note that this normalization
cancels any possible dependence on the absolute number of objects,
strongly reducing the cosmological dependence in this analysis.

Evaluation of the properly normalized Eq. 7 at the measured
richness _̂8 gives the likelihood of the measured observables for
each cluster in the sample

lnL8 = ln %(_̂8 |b8 , W85 , I
8) (8)

The total log-likelihood then results from summing the log-
likelihoods of the individual clusters.

We proceed with this model by first constraining the richness-
mass relation parameters by adopting priors on the SZE-mass scal-
ing relations from a recent, weak lensing informed analysis (Bocquet
et al. 2019). In that work, constraints on the SZE signal–mass scal-
ing relation parameters are derived by jointly fitting the number
counts of cluster sample together with mass calibration informa-
tion derived from pointed weak lensing follow up measurements.
E�ectively, we adopt the recent SPT-SZ analysis results (with cos-
mological constraints in good agreement with other probes) and ask:
given the adopted form of the richness-mass relation (Eq. 3), what

redMaPPer
object _̂8 , I8

is contaminant is cluster

is not SPT det. is SPT det.

cc 1 � cc

1 � ?8 ?8

1

? (!SPT |_̂8 , I8) ? (SPT |_̂8 , I8)

Figure 4. Probability tree descrIbing the di�erent possibilities for a redMaP-
Per object with measured richness _̂8 and redshift I8 to be detected by SPT
? (SPT |_̂8 , I8) and not being detected ? (!SPT |_̂8 , I8) . These probabilities
depend not only on the raw detection probabilities ?8 as obtained from the
observable–mass relations and the selection function, but also on the con-
tamination fraction cc, which models the fraction of objects for which our
richness-mass scatter model fails.

parameters are required for consistent SZE signals and richnesses
of the cross-matched clusters?

Specifically, the priors on the SZE scaling relation parame-
ters in the baseline a-⇤CDM model read �SZE = 5.24 ± 0.85,
⌫SZE = 1.534 ± 0.100, ⇠SZE = 0.465 ± 0.407, and fSZE =
0.161 ± 0.080 (symmetrized versions of the constraints reported
by Bocquet et al. (2019), Table 3, 2nd column ‘a⇤CDM, SPTcl’).
These priors encode the systematic mass uncertainty on the SZE
derived masses. We like to stress here that these masses do not as-
sume hydrostatic equilibrium, but are instead empirically calibrated
using number counts and weak lensing information. When predict-
ing the redMaPPer number counts we also use ⌦M = 0.276± 0.047
and (8 = f8 (⌦M/0.3)0.2 = 0.766 ± 0.025 (Bocquet et al. 2019)
to properly account for uncertainties in these cosmological param-
eters. All these priors are modelled as Gaussian distributions in the
likelihood inference.

3.4 Constraining contamination

The analysis outlined in the previous section can only be performed
on a matched SPT-redMaPPer sample, as for any cluster both a
measurement of the richness and the SZE signal are required. Con-
sidering instead the entire redMaPPer sample above _̂ > 40, we
can view being matched or not being matched by SPT as a boolean
measurement. We can also seek to predict the outcome of this event
for each single redMaPPer cluster 8 based on the observed richness
_̂8 , the redshift I8 , and the values of the scaling relation parameters.
Indeed, given a _̂8 , we can predict the probability for a redMaPPer
cluster to have a given intrinsic SZE signal by computing

%(Z |_̂8 , I8 , W8f ) /
π

d_ %(_̂8 |_, I8) d2#

dZ d_

���
I8 ,W8

f

, (9)

where in this case the proportionality constant is set byØ
dZ %(Z |_̂8 , I8 , W8f ) = 1, as no selection of SZE properties was per-

formed. For a graphical representation of this equation, see Fig. 3,
where we highlight how conditioning on a given richness (_0 de-
noted as blue horizontal line) selects a range of intrinsic SZE signal
to noises (bottom panel), based on the joint abundance. Note that
in this case, too, the normalization cancels the dependence on the

MNRAS 000, 1–20 (2018)

Using the Matched SPT-RM sample can explore the fractional contamination of the 
optically-selected cluster sample by correlated structures along the line-of-sight

Grandis et al. MNRAS 504, 1253G (2021)

At the high mass end, we leveraged SPT cluster data to 
characterize X-ray Clusters from RASS. 

Grandis et al. arXiv:2002.10834

S. Grandis
12 S. Grandis et al.

Figure 11. Marginal posteriors on the matter density ⌦M, the mass trend
of the richness mass relation ⌫_ and the parameters amplitude �c and
richness trend ⌫c of the contamination fraction from our work (green:
’bkg’, blue: ’proj’), in comparison with the joint analysis of the SPT multi-
wavelength data and the redMaPPer number count by Costanzi et al. (2020)
(red and yellow), which did not fit the SPT confirmation fraction. Black is
the ⌦M posterior from Bocquet et al. (2019). Clearly, the amplitude of the
contamination fraction is degenerate with the mass trend of the richness.
In the context of redMaPPer number counts fits, the matter density and the
richness slope are degenerate.

not fit. A strong degeneracy between the matter density ⌦M and the
mass trend of the richness, ⌫_, was found, as shown in Fig. 11. Note
that in that work, the authors did not entertain the possibility that the
richness–mass model would fail, leading to contamination. When
comparing to their constraints on the richness-mass trends, we find
them to be lower than but consistent with our results. Assuming the
same matter density prior as we did (Fig. 11, in black) would improve
the agreement. More interestingly, we find in our analysis of the SPT
confirmation fraction of redMaPPer objects a strong degeneracy
between the amplitude of contamination �c and the mass trend
of the richness ⌫_, suggesting that shallower mass trends would
lead to less contamination. Furthermore, a degeneracy between the
contamination fraction and the cosmological constraints is to be
expected when fitting the number counts. Future joint analysis of
the SPT confirmation fraction and the redMaPPer number counts are
expected to correctly explore these degeneracies in the likelihoods
while plausibly putting tighter constraints on the contamination
fraction.

4.2.2 Estimating the mean mass of contaminants

As discussed earlier, our richness dependent contamination model
provides a good fit to the SPT confirmation fraction of redMaP-
Per objects, as well as an improved prediction for the number of
redMaPPer objects in richness and redshift bins. Knowing the mean
mass of the clusters from our SPT calibration and the contamination
fraction from our study of SPT confirmations we can employ the
measured mean mass in richness–redshift bins to estimate the mean
mass of the contaminants (Eq. 22). Mean cluster masses, contamina-

Figure 12. Mean mass of the clusters (stars) and contaminants (diamonds) in
redshift and richness bins predicted from our posteriors for the background
error model (green), and the projection error model (blue). Full error bars
show the 16th/84th-percentile, while shaded error bars show the 2.5th/97.5th
percentile. Over plotted as gray bands the mean masses reported by Abbott
et al. (2020) from stacked weak lensing (empty boxes showing the 2f
uncertainty).

Table 2. Mean cluster masses "̄ , contamination fractions cc (_̂ 9 ) and
resulting mean contaminants masses "̄c in richness–redshift bins. These
values reflect the systematic uncertainty on the richness-mass relation and
the richness dependent contamination from the posteriors of the SPT cali-
bration and the SPT confirmation probability fits for the background only
model.

richness bins (20, 30) (30, 45) (45, 60) (60, 200)

redshift bins

log10 "̄
(0.2, 0.35) 14.06±0.07 14.23±0.06 14.39±0.06 14.58±0.05
0.35, 0.50) 14.02±0.07 14.20±0.06 14.36±0.06 14.55±0.05
(0.50, 0.60) 14.00±0.07 14.17±0.06 14.33±0.06 14.52±0.05

cc (_̂ 9 ) 0.66±0.21 0.51±0.18 0.38±0.14 0.16±0.06

log10 "̄c
(0.2, 0.35) 13.5±0.3 13.7±0.3 13.7±0.5 14.1±0.6
(0.35, 0.50) 13.5±0.3 13.7±0.4 13.9±0.4 14.3±0.5
(0.50, 0.60) 13.5±0.3 13.8±0.3 14.0±0.4 14.4±0.6

MNRAS 000, 1–20 (2018)
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Joint SPT-DES Analyses enable robust 
cosmological constraints.

Costanzi et al Phys RevD, 103, 043522 (2021) 
DES Collaboration  Phys RevD, 102, 023509 (2020)

M. Costanzi
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FIG. 7. Upper panels: Comparison of the 68% and 95% confidence contours in the �8-⌦m plane derived in this work adopting
the BKG scatter model (black and orange contours) with other constraints from the literature: DES Y1 cluster counts and
weak lensing mass calibration [DES20, dot–dashed magenta contours]; DES-Y1 3x2 from [47, dark violet contours]; Planck
CMB from [39, brown contours]; cluster number counts and follow-up data from the SPT-SZ 2500 survey [7, dot-dashed pink
contours]; cluster abundance analysis of Weighing the Giants [5, WtG, dashed dark blue contours]. Lower panels: Same as left
panel but considering the projection e↵ect model (PRJ) for the scatter between true and observed richness (see section IIIA).

amplitudes preferred by the latter, moves the ⌦m poste-
rior of the full data combination towards larger values.
The larger shift with respect to the DES-NC+SPT-OMR
data combination observed for the BKG analysis can be
understood in terms of the larger tension between multi-
wavelength and abundance data displayed in figure 8.
Despite the better agreement of the A�-ASZ posteriors

derived assuming the PRJ calibration, the DIC suggests
a mild preference for this model only for the full data
combination (see section IVA1).

Moving to the mass–richness relation, figure 9 com-
pares the scaling relations derived in this work (hatched
bands) with other results from the literature. The scal-
ing relation from DES20 originally derived for M200,m



Combined analysis of SPT + Planck data  
to isolate both CMB and SZ signals

Bleem+ ApJ 258, 36B (2022)

Multifrequency CMB Data can be Combined to Isolate 

Cluster Signals
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Multifrequency CMB Data can be Combined to Isolate 

Cluster Signals

Combined SPT + Planck maps  
isolating tSZ signals 1/19 SPT-SZ fields

Bleem+ ApJ 258, 36B (2022)

12 L. Bleem, T. Crawford, et al.

Figure 1. Relative azimuthally averaged band weights for the minimum-variance thermal SZ Compton-y map (upper left),
the CMB-nulled y map (lower left), and the tSZ-nulled CMB/kSZ map (lower right).

Figure 2. Left panel: Minimum-variance Compton-y map
for the SPT-SZ ra5h30dec-55 field constructed without cor-
recting for large scale dust emission. Right panel: The same
field after correcting for this emission as discussed in Section
3.3. The maps are smoothed with a beam of FWHM = 50

for display purposes.

As mentioned in Section 2.1.1, the SPT scanning
strategy and data filtering results in a set of two-
dimensional Fourier modes on the sky being removed
from the SPT-SZ maps used here. In particular,
the polynomial filtering of the SPT-SZ detector time-
ordered data removes modes at low frequency along

the scan direction. For nearly all observations, SPT is
scanned along lines of constant elevation, which, at the
geographic South Pole, correspond to lines of constant
declination. In the Sanson-Flamsteed projection used in
this work, lines of constant declination are parallel to the
x-axis; thus, the SPT-SZ maps used here have no infor-
mation at the lowest values of lx, or angular frequency
along the horizontal map direction. Planck data is not
missing these modes, so the LC algorithm uses Planck
data exclusively in this region of Fourier space. At high
` = |l|, the Planck data is heavily rolled o↵ by the fi-
nite angular resolution of the instrument, and the factor
needed to restore these modes to an unbiased estimate
of CMB/kSZ or Compton-y multiplies the Planck noise,
resulting in the high-ly, low-lx part of Fourier space be-
ing many times noisier than average.
We have chosen to suppress this noise by applying a

two-dimensional Fourier-space filter to the output com-
ponent maps. This filter is equal to unity everywhere ex-
cept in the “trough” of modes at low lx—in this trough
the filter is equal to a Gaussian in ly, with �ly set such
that the noise is roughly equal to the noise outside the
trough. We include two-dimensional (lx,ly) and one-
dimensional (`-space) versions of this filter as one of the
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nite angular resolution of the instrument, and the factor
needed to restore these modes to an unbiased estimate
of CMB/kSZ or Compton-y multiplies the Planck noise,
resulting in the high-ly, low-lx part of Fourier space be-
ing many times noisier than average.
We have chosen to suppress this noise by applying a

two-dimensional Fourier-space filter to the output com-
ponent maps. This filter is equal to unity everywhere ex-
cept in the “trough” of modes at low lx—in this trough
the filter is equal to a Gaussian in ly, with �ly set such
that the noise is roughly equal to the noise outside the
trough. We include two-dimensional (lx,ly) and one-
dimensional (`-space) versions of this filter as one of the

See Also Madhavacheril et al. Phys. Rev. D 102, 023534 , 2020

 Planck 2015 results. XXII.
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Multifrequency CMB Data can be Combined to Isolate 

Cluster Signals

Combined SPT + Planck maps  
isolating tSZ signals 1/19 SPT-SZ fields

Bleem+ ApJ 258, 36B (2022)

16 L. Bleem, T. Crawford, et al.

Figure 5. Top panel: Azimuthally averaged Compton-y
profiles for ACO 3667 at z = 0.0556. Bottom panels: On the
left is a cutout from the Planck Compton-y map (Planck Col-
laboration et al. 2016d) centered on the cluster. We make
a similar cutout on the right from the minimum-variance
Compton-y map presented in this work. The arcminute-scale
circular decrements in this image are located at the locations
of bright radio sources readily detected in SPT data, enabling
us to mask these regions when measuring the cluster’s pres-
sure profile.

provement in resolution will also aid in the detection of
higher-redshift clusters; we detail the results of a blind
cluster search below in Section 5.2.
As mentioned in the introduction, arcminute-scale

component maps—including minimum-variance and
CMB-nulled Compton-y maps and a y-nulled CMB/kSZ
map—constructed from Planck and ACT data were pre-
sented in Madhavacheril et al. (2020). In Figure 9 of that
work, the authors showed that the power spectra of the
y and CMB/kSZ maps including ACT data were (as
expected) signal-dominated to much higher multipole
values (smaller scales) than corresponding maps from
Planck alone. In turn, we compare the power spectra
of the maps in this release to those from the two sky
regions in Madhavacheril et al. (2020)—the ⇠1600-deg2

BOSS North or BN field and a deeper ⇠500-deg2 field
referred to as D56—in Figure 6.
There are many features worth noting in Figure 6.

First, the agreement in the signal-dominated multipole

regions—in particular of the CMB/kSZ map (bottom
left panel)—demonstrates that the output maps from
the two works are statistically consistent at the 10% level
or better. This is not surprising, especially because the
maps from both works are dominated by Planck data at
these angular scales, but it is a rough validation of both
pipelines.
The amplitudes of the power spectra in the noise-

dominated multipoles merit further discussion. As
shown in Figure 1 in this work and Figure 5 in
Madhavacheril et al. (2020), the high-` (` & 3000)
“minimum-variance” y map weights are dominated by
the 150 GHz SPT / 148 GHz ACT data. The typi-
cal SPT-SZ noise level at 150 GHz (⇠16 µK-arcmin)
is between the 148 GHz noise levels in the two ACT
regions (⇠25 and ⇠10 µK-arcmin in BN and D56, re-
spectively, cf. Table 1 in Madhavacheril et al. 2020), so
it is not surprising that the high-` power spectrum of
the SPT-SZ “minimum-variance” y map lies in between
that of the two ACT regions. By contrast, the SPT-SZ
high-` power spectrum is below that of both ACT re-
gions for both components of the two-component linear
combination (the CMB-nulled y map and the y-nulled
CMB/kSZ map). This is especially surprising given that
the 98 GHz ACT noise levels in the D56 region (⇠17µK-
arcmin) are significantly lower than the SPT-SZ 95 GHz
noise.
The two features of the data used in the SPT-SZ

linear combination that could account for this are: 1)
data from the SPT-SZ 220 GHz band are included; 2)
the SPT-SZ data are at slightly higher resolution, ow-
ing to the 10-meter SPT primary mirror compared to
the 6-meter ACT primary (though the diameter of the
primary region illuminated by the SPT-SZ camera is
closer to eight meters). In the bottom-right panel of
Figure 6, we show that both of these features contribute
to the lower SPT-SZ noise in the two-component maps.
The dot-dashed line shows the predicted ACT-D56 y-
nulled CMB/kSZ power spectrum if 220 GHz data (with
roughly the SPT-SZ noise level) are added, and the dot-
ted line shows that power spectrum if 220 GHz data are
added and if the resolution in all bands is improved by
a factor of 1.33 (the ratio of the di↵raction limits of 6-
meter and 8-meter apertures). This result demonstrates
the utility of higher-frequency data and higher angu-
lar resolution in component separation, particularly for
the goal of extracting the tSZ-nulled kSZ signal out to
` ⇠ 4000.

5. VALIDATION OF THE COMPONENT MAPS

In this section we detail several characterization anal-
yses of the SPT-SZ + Planck component maps described
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3 Intellectual Merit: Breakthrough Science with SPT
The data from the five years of SPT operations proposed here will be used to advance our knowledge of

fundamental physics, cosmology, and astrophysics. The SPT-3G survey is at the forefront of research in all
of these fields of study, by virtue of the unprecedentedly deep and wide, high-resolution maps of CMB total
intensity and polarization that it will deliver over the >10,000 deg2 of survey area. Among the many contri-
butions SPT-3G is poised to make in fundamental physics, the most potentially groundbreaking is the search
for gravitational waves from the early Universe in a joint analysis of the 1500 deg2 Main field with data
from the BICEP Array (BA). The Wide survey area, supported entirely by this proposal, will enable con-
straints on cosmological parameters—both within the ⇤CDM model and under well-motivated extensions
to ⇤CDM—that improve over current constraints by factors of two or more in individual parameters and
nearly 300 in the full parameter volume. These results will play a crucial role in clarifying the current ten-
sions in ⇤CDM and exploiting the full power of polarization and CMB lensing in constraining cosmology.

Figure 10: Mollweide view of the three SPT-3G surveys and other sur-
veys relevant to this proposal. Note that the BA survey is heavily
apodized; we show the equal-weight contour enclosing the effective
area from [12], while the SPT-3G Main field coincides with the BA
⇠15% weight contour.

Meanwhile, the high signal-to-noise
mass maps from CMB lensing and maps
of the tSZ and kSZ effects will also be
invaluable resources for joint analyses
with optical data, constraining cosmo-
logical parameters, the role of astrophys-
ical feedback processes in galaxy and
cluster formation, important astrophys-
ical processes, and potential systemat-
ics. The deep, high-resolution, multi-
band data and wide area coverage of
the SPT-3G surveys will enable the con-
struction of unprecedented catalogs of
galaxy clusters and high-redshift galax-
ies. In the new field of transient, vari-
able, and moving object studies with CMB surveys, which the SPT team helped pioneer, the SPT-3G sur-
veys enabled by this proposal will open discovery space and act as a pathfinder for CMB-S4, particularly
in conjunction with transient searches in VRO-LSST. Finally, through participation in EHT and the opera-
tion of the SPT-SLIM pathfinder spectrometer and the prototype of SPT-3G+, a sub-mm imaging camera,
the research proposed here will help open new windows on the physics and astrophysics of black holes,
make significant progress in the nascent field of mm-wave line intensity mapping, and exploit the sub-mm
capabilities of the SPT to produce deep CMB-like surveys into the sub-mm.

Survey Area Years observed Noise level (T )
[deg2] [µK-arcmin]

95 GHz 150 GHz 220 GHz Coadded
SPT-3G Main 1500 2019-2023, 2025-2026 2.5 2.1 7.6 1.6
SPT-3G Summer 2600 2019-2023 8.5 9.0 31 6.1
SPT-3G Wide 6000 2024 14 12 42 8.8

Table 1: Map depths for the three SPT-3G surveys. For comparison, maps in the deepest Planck band have a noise
level of ⇠30 µK-arcmin.

3.1 Primordial Gravitational Waves: B modes and Delensing
Among the most exciting pursuits in modern cosmology is the search for primordial gravitational waves

(PGW). If the paradigm of cosmic inflation is the correct description of our Universe, then quantum fluc-
tuations in the background metric provided the seeds for all the structures we observe in the Universe to-
day. These quantum fluctuations include tensor perturbations to the metric that provide a direct probe of
conditions during inflation. Stretched by the Universe’s expansion to astrophysically large scales, tensor
perturbations (i.e., PGW) will leave their imprint on the CMB at recombination (and again at reionization).

8
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SPT-3G Observations

Observing E�ciency

How we spent our time between April 1 and October 31 (in hours):
2019 2020 2021

CMB Field 2900 3124 2844
Fridge Cycle, Bolo Tuning 1223 1209 1150

RCW38, MAT5A 264 267 204
Calibrator, Noise, Elnod 222 223 199

Other (CenA, focus quasar, planets, etc.) 115 30 15
Unaccounted 413 283 723

I Overall observing e�ciencies of 57%, 61%, and 55% for
2019, 2020, and 2021, respectively

I Further details on the wiki.

Credit: Nick Huang
Credit: Amy Bender

• SPT-3G has thus far achieved nominal observing efficiency and sensitivity over the 2019 thru 
2022 observing seasons.  

Plot Credit: Amy Bender



• SPT-3G data gets to ~Planck depth on 1500d 
field with a ~week of data.

• Observe 1500d field every ~2 days for 6 years
40
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The SPT-3G SZ Catalog
The First SPT-3G Galaxy-Cluster Sample

Joshua Sobrin | 7

Galaxy Clusters Detected with S/N > 5 over SPT-3G 1500 deg2 field
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The current analysis 
detects 2457 galaxy-

cluster candidates
with detection 

significance (S/N) 
above 5.

- First catalog being produced from 
2019-2020 data


- Preliminary cluster run has produced a 
catalog with 2457 cluster candidates at xi>5 
(>99% purity)


- 5891 candidates at 3.85 < xi < 130.2(!)


- Candidates screened through DES, 
promising targets flagged for additional 
followup. A total of 12 nights of NIR followup 
with Magellan/FourStar of SPTpol 500d/
SPT-3G cluster candidates has resulted in 
124 SPT-3G cluster candidates with NIR 
imaging [2 more nights coming this July!], 
analysis of these systems is ongoing 

• Preliminary SPT-3G 
cluster catalog and DES 
matching from first ~5.5 
months of 2019 data
– 1086 candidates at  

S/N>4.75 (97.5% 
purity level) 

• 698 DES Y3 matches: 
More than SPT-SZ or 
SPT-ECS catalogs 
already!

SPT-CL J2344-4243 
(Phoenix Cluster, z=0.6), seen 

in SPT-3G data at S/N > 50 

SPT-CL J2344-4243  
(Phoenix Cluster, 

z=0.6) see in SPT-3G 
data at S/N>120

J Sobrin

with L Bleem, F Kéruzoré
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power spectra, including a 3� detection of kSZ and the strongest constraints on the duration of reionization
from kSZ [82]. The next SPT-3G release is expected to improve this by at least a factor of two.

Figure 6: High-` TT measurements from a combina-
tion of SPT-SZ and SPTpol [figure from 82].

Analyses of the gravitational lensing of the CMB by
intervening matter are at the heart of the SPT program,
highlighted by the potential of combining SPT data
with data from the BICEP/Keck family of telescopes to
achieve the best possible constraints on the tensor-to-
scalar ratio r with the potential to detect PGW. This mo-
tivated the design of the SPTpol and SPT-3G observing
strategies to maximize overlap with the BICEP/Keck
and BA regions, respectively. The first demonstra-
tions of delensing degree-scale B-mode data using high-
resolution CMB data have been achieved with SPTpol
and BICEP/Keck [64, 13], including the first demonstra-
tion of improved r constraints through delensing. Lens-
ing reconstructions using SPT data have also been used
to place competitive constraints on ⇤CDM and beyond-⇤CDM parameters [91, 11] and to conduct cross-
correlation analyses with data from other surveys (see next section).

Cross-correlation with Data from Other Surveys: A field that has seen remarkable growth in the last
decade, with the advent of high-resolution CMB data sets, is the cross-correlation of CMB data with surveys
at other wavelengths, in particular optical surveys such as the Dark Energy Survey (DES). DES was designed
to have almost complete overlap with the SPT-SZ survey, and close collaboration between the DES and SPT
teams has resulted in a wealth of results from DES-SPT cross-correlation. Most recently, the “6⇥2” analysis
of the six possible cross-correlations between galaxy positions and lensing shear from DES and CMB lensing
reconstruction from SPT and Planck provided new and crucial insights into the tension between the locally
measured value of S8 and that inferred from Planck CMB power spectra.2 Among the key insights from the
DES-SPT 6⇥2 analysis [1] is that a combination of low-redshift data that does not include galaxy lensing
returns a value of S8 that is perfectly consistent with the prediction from Planck CMB anisotropy data,
indicating that the source of the S8 tension may lie in the analysis and modeling of the cosmic shear data.

Figure 7: Mass-redshift distribution of >4000 confirmed
clusters from the first SPT-3G cluster sample, compared
to SPT-SZ+ECS, ACT, and Planck. Infrared follow-
up imaging and spectroscopy of high-redshift (z>1.1)
candidates are underway, including over 500 detected
at the >99% purity threshold.

Other major recent results from DES-SPT cross-
correlation measurements are the first cross-correlation
analysis with DES and SPT-3G data, which resulted
in one of the highest-significance detections of the
pairwise kSZ effect [87] and a measurement of the
difficult-to-detect warm/hot gas in the outskirts of mas-
sive galaxies [85], enabled by the cross-correlation of
a tSZ Compton-y map from SPT-SZ and Planck data
[15] and DES galaxy positions.

Clusters: The SPT team effectively inaugurated
the field of tSZ cluster surveys by discovering the first
previously unknown clusters through the tSZ effect
[96] and publishing the first catalog of tSZ-selected
clusters and the associated cosmological constraints
[100]. The wide reach of the 2500 deg2 SPT-SZ survey
resulted in the discovery of some of the most extreme
objects in the galaxy cluster zoo, including the most
X-ray-luminous cluster yet discovered [Phoenix clus-
ter, 66] and the most massive cluster at z > 1 [SPT-CL J2106-5844, 37]. Since the full 2500 deg2 SPT-SZ

2
S8 is defined as the product of �8, the rms density fluctuation in 8 h

�1 Mpc spheres, and the square root of ⌦m.

5

Preliminary!
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• SPT has found thousands of massive galaxy clusters reaching 
to z~1.9 via the SZ effect. 


• Clean, mass-limited selection leads to fantastic samples for 
cosmological and  astrophysical studies. They also enable 
important tests of systematics control in multi-wavelength 
cluster studies. 


• A new cluster catalog from SPTpol is coming this summer 
along with high-resolution CMB maps and associated data 
products.


• SPT-3G is in the midst of a 10,000 square degree survey of 
the Southern sky that will detect >104 SZ clusters. Progress 
on the first SPT-3G sample is well underway!
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Figure 6. Angular power spectra of selected output maps, with results from ACT+Planck (Madhavacheril et al. 2020) shown
for comparison. The agreement between the three curves in the signal-dominated multipole region (` . 2200 for SPT and ACT
D56, ` . 1500 for ACT BN) provides a rough validation of both sets of data products. The di↵erences in the noise-dominated
multipole region are discussed in the text. Top left : Power spectra of the minimum-variance y maps from this work and from
the two di↵erent sky regions used in Madhavacheril et al. (2020). Top right : Similar for the CMB-nulled y map. Bottom left :
Similar for the y-nulled CMB/kSZ map. Bottom right : Predicted power spectra for the y-nulled CMB/kSZ map from SPT and
the ACT D56 region, using noise levels reported in this work and Table 1 of Madhavacheril et al. (2020). To demonstrate the
importance of high-frequency data and angular resolution in the component-separation process, curves for ACT D56 noise levels
are shown in the hypothetical scenario in which 220 GHz data (at the rough noise levels of the SPT data) are added and in
which the resolution of the ACT data is improved (see text for details).

closer to eight meters). In the bottom-right panel of
Figure 6, we show that both of these features contribute
to the lower SPT-SZ noise in the two-component maps.
The dot-dashed line shows the predicted ACT-D56 y-
nulled CMB/kSZ power spectrum if 220 GHz data (with
roughly the SPT-SZ noise level) are added, and the dot-
ted line shows that power spectrum if 220 GHz data are
added and if the resolution in all bands is improved by
a factor of 1.33 (the ratio of the di↵raction limits of 6-
meter and 8-meter apertures). This result demonstrates
the utility of higher-frequency data and higher angu-
lar resolution in component separation, particularly for

the goal of extracting the tSZ-nulled kSZ signal out to
` ⇠ 4000.

5. VALIDATION OF THE COMPONENT MAPS

In this section we detail several characterization anal-
yses of the SPT-SZ + Planck component maps described
in the previous section. As discussed in Section 4.2, a
rough validation of the maps, particularly the y-nulled
CMB/kSZ map is provided by comparing the power
spectrum of maps from this analysis to the power spec-
trum of ACT+Planck maps in Figure 6; we apply more
quantitative measures in this section. These tests in-
clude validation of our assumptions for the input signal
model, tests of the blind detection from SZ clusters in

Multifrequency CMB Data can be Combined to Isolate 

Cluster Signals

18 L. Bleem, T. Crawford, et al.

Figure 7. Power spectrum of the CMB-CIB-nulled y map.
The data points show the measured power spectrum of the
y map from the three-component analysis in this work. The
power spectrum is estimated using independent halves of the
data to avoid noise bias. Error bars are estimated using re-
sampling of the values from the individual SPT-SZ fields.
Lines show the expectation for power from various compo-
nents in the y map, given the signal models used in the linear
combination algorithm. These are calculated by multiplying
the model power spectra at each band by the band weights
for the CMB-CIB-nulled y map and summing. The blue and
gray shaded areas indicate the possible e↵ect of dust clean-
ing on the CIB (see text for details). The by-eye agreement
between the solid black line (sum of all model components)
and the data points indicates that the signal variance models
are roughly representative of the true signals in the data.

the maps, and finally, a cross check of our tSZ nulling
in the CMB/kSZ map products.

5.1. Validation of the Input Signal Model

As discussed in Section 3, the linear combination al-
gorithm we use relies on models of the power in vari-
ous sky components, including the cross-power between
di↵erent frequencies. Even if these models are wrong,
the resulting CMB/kSZ or Compton-y map (or other
component maps) will still have unbiased response to
the desired signal (provided the instrument bandpasses
are correctly measured), but the linear combination of
bands used may not be optimal; i.e., there can be ex-
cess variance induced by the incorrect modeling of sky
signal.
Figure 7 shows a simple check of the signal model-

ing, namely the power spectrum of the output y map in
the case where the CMB/kSZ and one component of the
CIB are explicitly nulled. The data points are an aver-
age over power spectra from the 19 individual SPT-SZ
fields, calculated using the cross-spectrum of one half of
the data against the other to eliminate noise bias. The

data points are corrected by the 1.075 smoothing beam
and the “trough filter” (see Section 3.4) applied to the
maps, but no other corrections are made (e.g., for mode
coupling). Error bars are calculated using resampling
(with replacement) of the values from the individual
fields. Overplotted are the expected power from vari-
ous sky signals given the input model and the real band
weights  i(⌫j) returned by the linear combiner. The
model for the tSZ is the best-fit model from Reichardt
et al. (2020). The subtraction of the dust template de-
scribed in Section 3.3, constructed by smoothing the
Planck COMMANDER 545 GHz foreground map to 160

resolution, will a↵ect the low-` CIB power in the out-
put y map; for the purposes of this plot we bracket the
possible e↵ect by multiplying the residual CIB power in
the model by a 160-FWHM Gaussian, subtracting that
from the model, and plotting the result as a second set
of model lines. The shaded area between the unmod-
ified and modified models thus indicates the modeling
uncertainty introduced by the dust-cleaning step. Be-
cause of this uncertainty and the lack of correction for,
e.g., mode coupling, we do not report a formal goodness
of fit to the model; we simply note that at the 10% level
the total power in the model appears to agree with the
data, particularly above ` = 1000.
Somewhat more formally, we use the linear combina-

tion framework to investigate the potential impact on
y-map variance from incorrect signal modeling. The
signals in question have been reasonably well charac-
terized in previous studies. The primary CMB temper-
ature anisotropy has been measured at the percent level
in bins of �` ⇠ 50 (assuming a smooth power spec-
trum) by Planck (Planck Collaboration et al. 2016k)
and high-resolution ground-based experiments such as
ACT (Choi et al. 2020) and SPT (Story et al. 2013). At
` = 3000, Reichardt et al. (2020) measures the relevant
secondary and foreground signals, namely the CIB and
residual radio galaxy power after masking, with ⇠10%
precision. We create several sets of band weights us-
ing di↵erent signal model inputs, modifying each input
component by an amount that is in mild tension with
current data. For each of these sets of band weights, we
compute the predicted variance in the output maps un-
der the assumption that the modified inputs are correct
and under the assumption that the original signal model
was correct.
Specifically, we modify the primary CMB power spec-

trum by ±2% in amplitude and ±2% in spectral index,
both of which are four to five times the marginalized
error bar on the associated cosmological parameter or
parameter combination (Ase�2⌧ and ns, respectively).
We modify the amplitude of the input CIB model by

Bleem+ ApJ 258, 36B (2022)
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2018 survey data

• ~7000 detectors for 4 

months

• 1500 sq deg

• Similar sensitivity to multi-

year SPTpol survey

• Most sensitive measurement 

from SPT in  300 < ℓ < 1400 
for EE 


• Maps from  2019-2020 are  
3-4x deeper


• SPT-3G 2018 EE data does 
not resolve H0 tension 
between CMB & local probes

Dutcher et al.  Physical Review D, 104, 2, 022003 (2021) 
Balkenhol et al. Physical Review D, 104, 8, 083509 (2021)


D. Dutcher L. Balkenhol

First SPT-3G Science
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We report H0 = 71.6±2.2 km s�1 Mpc�1, which is higher
than the ⇤CDM value due to the increase in the e↵ective
number of neutrino species, similar to §IIIA. While an
increase to Ne↵ of the size needed to reconcile late- and
early-time probes of H0 is allowed by the SPT-3G 2018
dataset, it is disfavored by Planck [10].

Joint constraints from SPT-3G 2018, Planck , and BAO
data on sterile neutrinos are given in Table VII. We find
95% CL upper limits of

�Ne↵ < 0.30,

m
e↵
⌫,sterile < 0.20 eV.

(10)

The addition of Planck data reduces the upper limit on
Ne↵ five-fold, and as a result tightens the posterior on
H0 to 68.30 ± 0.70 km s�1 Mpc�1. The CMB-preferred
value of H0 remains in tension with the distance-ladder
measurement of R20 at 3.5 �. Finally, as an indicator
of the extent to which SPT-3G data reduces the allowed
parameter volume in the 8-dimensional space, we once
again calculate the square-root of the determinants of
the parameter covariance matrices, finding a reduction
by a factor of 1.6 when adding the SPT-3G 2018 dataset
to Planck and BAO data.

F. Spatial Curvature, ⌦K

Inflation in the early universe should suppress any
primordial spatial curvature, leading to a flat universe
today to well below the precision of current measure-
ments. While primary CMB observations can test this as-
sumption, they su↵er from geometric degeneracies which
limit their precision. The Planck dataset prominently
gives support for a closed universe at well over 2 � when
considering primary CMB data alone. However, adding
CMB lensing or BAO data drives the posterior back to
⌦K = 0 [10].

We report constraints on ⇤CDM+⌦K from SPT-
3G 2018 alone and jointly with BAO data in Table
VIII. From SPT-3G 2018 alone we determine ⌦K =
0.001+0.018

�0.019. This is perfectly consistent with a flat
universe. We highlight that the marginalized confidence
interval for ⌦K is close to the precision of the Planck
data (⌦K = �0.044+0.018

�0.015). The precision of this result
is not simply a reflection of the quality of the SPT-3G
2018 dataset, but also due to increasing slope of the
degeneracy between H0 and ⌦K observable in Figure 5.
This model barely changes the quality of fit compared to
⇤CDM (��

2 = �0.3, see Table II).
With the primary CMB information alone, spatial

curvature is degenerate with the Hubble constant; the
geometric impact of an open universe on the distance to
the last-scattering surface can be compensated for by a
higher expansion rate. Adding BAO information breaks
this degeneracy, and for SPT-3G 2018 plus BAO data we
report

⌦K = �0.0014 ± 0.0037. (11)
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FIG. 5. Marginalized 2D 68% and 95% posterior probability
contours in the H0 vs. ⌦K plane for SPT-3G (red), Planck
(dark grey), SPT-3G+Planck (blue), and the combination of
SPT-3G 2018, Planck , and BAO data (black lines). The SPT-
3G data by itself places constraints competitive with Planck
on curvature, in part due to the upturn in the degeneracy
between ⌦K and H0 as ⌦K increases. The combined SPT-
3G 2018 and Planck data results in a curvature constraint
consistent with the standard model prediction at 1.8�. While
this raises the inferred H0 value compared to Planck -only
constraints to 60.6± 3.4 km s�1 Mpc�1, it remains in tension
with the distance-ladder measurement by R20, for which we
show the 2� interval in the horizontal grey bands, at 3.5�

The central value is consistent with flatness at 0.4 �. The
BAO data also reduces the error on the H0 determination
from �(H0) = 8.5 km s�1 Mpc�1 by a factor of 11
to �(H0) = 0.76 km s�1 Mpc�1 for the SPT-3G 2018
dataset. The combination of SPT-3G 2018 and BAO
data constrains H0 to 68.11±0.76 km s�1 Mpc�1. Given
the inferred curvature is nearly zero, it is unsurprising
that the H0 central value is basically unchanged from the
result in the standard 6-parameter flat ⇤CDM model.
The mean value of H0 is 3.4 � lower than the R20
distance-ladder measurement.

The SPT-3G 2018 and Planck parameter posteriors
are statistically consistent in the ⇤CDM+⌦K model.
We compute the parameter-level �

2 between the two
datasets across the six free cosmological parameters as
in §III C and find �

2 = 13.0 (PTE = 4.3%). The largest
di↵erences are in ⌦K and ✓MC , which are degenerate with
one another and o↵set along this degeneracy direction by
1.8 � in both parameters. However, we point out again
that, as illustrated by the curved ellipses in Figure 5, the
posteriors on these parameters are not well-described by
a simple N-dimensional Gaussian assumed in a covariance
matrix formalism. Therefore, this result only provides a
qualitative view of the more complex parameter space.

We combine the SPT-3G 2018 and Planck data,
reporting joint parameter constraints in Table VIII.
The interplay of the di↵erent datasets is illustrated in
Figure 5. We find that the inclusion of SPT data pulls



Contamination suppression factor f_cont
❖ run MCMF on random lines of sight 

(“randoms”)

❖ do the richness histograms of 
candidates and randoms for sources 
within small redshift slices

❖ calculate f_cont for each counter part 
for cluster candidate

❖ a sample selected by f_cont< x has x 
times the contamination of the original 
ICM sample (e.g. x=0.1 -> 10% of the 
contamination of the original ICM 
sample)

❖ by construction the contamination is 
held constant over redshift.
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