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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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Towards a massive cluster, 
~1% of CMB photons scatter 

off of intra-cluster gas

The Sunyaev-Zel’dovich (SZ) Effect

CMB Spectrum

SZ Spectrum



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

6

95 GHz

150 GHz
ξ = 12 Detection

Coming with  
3G data! 

220 GHz



5,200 deg2 survey(s) of the southern sky



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%)

•Cosmology sample (SPT-SZ + SPTpol): 1,005 clusters z > 0.25
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Results: Mass calibration (fixed cosmology)
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P (⇠|⇣) = N (
p
⇣2 + 3, 1)

Excellent Consistency between masses derived from 

90 and 150 GHz cluster searches alone  (221 clusters)



10

Weak Lensing Mass Calibration
Low redshift High Redshift

20 T. Schrabback et al.

Figure 14. Contours of the signal-to-noise map of the Wiener-filtered mass reconstruction for SPT-CL J2337≠5942, starting at 2‡ in
steps of 0.5‡ with the cross indicating the peak location, overlaid on a VLT/FORS2 BIz colour image (left, 6Õ ◊ 6Õ), as well as a 1.

Õ8 ◊ 1.
Õ8

cut-out of the ACS imaging (right, using F606W as blue, F814W as red, and the sum F606W + 2 ◊ F814W as green channel). The cyan
circle, red square, and magenta star indicate the positions of the SZ peak, X-ray centroid, and BCG, respectively. The corresponding
plots of the other clusters are shown in Appendix G.

and the signal-to-noise (S/N) ratio of relative mass distri-
butions, but not to obtain quantitative mass constraints. To
compute the S/N mass maps we generate 500 noise maps
for each cluster by randomising the ellipticity phases and
repeating the mass reconstruction. We then define the S/N

mass map as the ratio of the reconstruction from the actual
data and the r.m.s. image of the noise reconstructions.

As an example, Fig. 14 shows an overlay of the S/N con-
tours of the mass reconstruction (starting at 2‡ in steps of
0.5‡) for SPT-CL J2337≠5942 on a FORS2 BIz colour im-
age (left) as well as a 1.

Õ8 ◊ 1.
Õ8 cut-out of the ACS imaging

(right). Here we also indicate the locations of the X-ray cen-
troid, BCG, and SZ peak (see Table 1). The corresponding
figures for the other clusters are shown in Appendix G.

For all clusters the weak lensing reconstruction shows a
mass peak associated with the cluster, with a peak signal-
to-noise ratio (S/N)peak between 2.9‡ and 6.0‡. Typi-
cally, the mass reconstructions follow the distribution of
red cluster galaxies well, especially for the clusters with
(S/N)peak & 4. Of these clusters, SPT-CL J0000≠5748 and
SPT-CL J2331≠5051 show relatively symmetric mass re-
constructions consistent with more relaxed morpholo-
gies, while SPT-CL J0102≠4915, SPT-CL J0559≠5249,
SPT-CL J0615≠5746, SPT-CL J2337≠5942, and SPT-
CL J2359≠5009 show more elongated or perturbed mor-
phologies. In particular, SPT-CL J0102≠4915 is known to
be an extreme merger (Menanteau et al. 2012), for which
our mass reconstruction separates both main components
well (see also the independent weak lensing analysis by Jee
et al. 2014).

In the mass signal-to-noise maps we determine the po-
sition of the mass peak of the corresponding cluster by iden-
tifying the pixel with the highest S/N within 90ÕÕ from the
SZ peak location. We report these positions in Table 4 along
with estimates of their uncertainty and peak signal-to-noise

Figure 15. Histograms of spatial o�sets between the peak in
the mass reconstruction signal-to-noise map and the indicated
centres.

(S/N)peak. The positional uncertainties are estimated by
generating 500 bootstrap samples of the source catalogue
for which we repeat the reconstruction and identification of
the peak location. The average r.m.s. positional uncertainty
(including both directions) for the full sample is 59 kpc.

Dietrich et al. (2012) investigate the origin of o�sets be-
tween peaks in weak lensing mass reconstructions and the
projected position of the 3D centre (defined as the mini-
mum of the potential) of cluster-scale dark matter haloes

c• 0000 RAS, MNRAS 000, 000–000

Schrabback et al. (MNRAS 474.2635S, 2018)


Schrabback et al. (MNRAS 505.3923S, 2021)


Zohren et al. (A&A 668, A18, 2022)

39 high-redshift clusters with 


weak lensing mass constraints from HST data

~700 SPT clusters with Dark Energy Survey Year 3 Shear 
measurements (Bocquet, Grandis, Bleem, Klein, Mohr et al. 2024a, 

PRD in press)


- DES photo-z and shear calibrations, use tomographic bins 
[2-4] of DES 3x2 analysis


- Simulation based calibration of shear profile observable 
-Mhalo relation using hydro sims (Grandis, Bocquet+21 

MNRAS, 507, 5671G)

http://adsabs.harvard.edu/abs/2018MNRAS.474.2635S


Cosmology Parameters
• 𝚲CDM Cosmology 

- Ωmh2, Ωbh2, As, ns, 𝜽s  

+𝚺m𝝂 
• Extension Cosmology 

- w, σ8(z)

Scaling Relation Parameters
A) normalization, 

B) slope, 

C) redshift evolution, 

D) scatter, 

E) correlated scatter

For SZ and optical cluster 
observables + WL-halo mass 
calibration parameters for the 3 
tomographic bins. 

Use Markov-Chain Monte Carlo (MCMC) method to vary 
cosmology and cluster observable-mass relation simultaneously, 
while accounting for SZ selection in a self-consistent way.

Cosmological Analysis: 

11
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Cluster sub-
samples

DES 
lensing

Blinding

Mean recovered model (with uncertainties) from blinded analysis.



SPT-SZ + SPTpol Clusters  
 w/ DES + HST Weak Lensing
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S. Bocquet, S. Grandis, L. Bleem, M. Klein, 
J. Mohr, T. Schrabback with SPTpol & DES 

collaborations 
arXiv: 2401.02075; PRD in press



New eROSITA results - Lots more to explore in 
cluster cosmology!
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Ghirardini et al. arXiv: 2402.08458



Meanwhile, in Antarctica …



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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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

The 10,000 square-degree SPT-3G Survey(s)

Finishing 
10k deg^2 
surveyed  
this month!
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8

The 10,000 square-degree SPT-3G Survey(s)

Fig Adapted from S. Naess



B. Benson | SPT Operations10/24/2022

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 has thus far achieved nominal observing efficiency and sensitivity over the 2019-2023 
observing seasons. 



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

• Observe 1500d field every ~2 days for 6 years
20



Planck 143 GHz



SPT-SZ 90 GHz



SPT-3G 90 GHz



SPT-3G 90 GHz

Clusters of Galaxies  
“Shadows” in the microwave 
background from clusters of galaxies



Forecasts for Full Survey Constraints
SPT-3G forecasting paper, Prabhu et al.  arXiv: 2403.17925
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Measurements from the SPT-3G 10k 
survey will enable powerful tests of 
the ΛCDM cosmological model. 


For power spectrum and lensing 
measurements this constraining 
power comes from multipoles highly 
complementary to those that 
determine Planck results. 
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Measurements from the SPT-3G 10k 
survey will enable powerful tests of 
the ΛCDM cosmological model. 


For power spectrum and lensing 
measurements this constraining 
power comes from multipoles highly 
complementary to those that 
determine Planck results. 


- Independent tests of ΛCDM from 
CMB of comparable or better 
constraining power than Planck. 

- ~2x better constraints than 
Planck on H0. 

- Significant improvements when  
combining datasets. 
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Forecasts for Full Survey Constraints
SPT-3G forecasting paper, Prabhu et al.  arXiv: 2403.17925
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The First SPT-3G Cluster 
Catalog: 100d Deep Field
• The 100d SPT deep field 
combines data from 5 years of 
SPT-3G with the SPTpol 100d+ 
500d surveys (10 years of CMB 
observations in total!) 

• SPT 100d field overlaps with 
multi-wave surveys: 

• Herschel SPIRE (250, 350, 500 um) 
(Viero et al., 1810.10643) 

• Spitzer SSDF (3.6, 4.5 um) (Ashby et 
al., 1308.0201) 

• ATCA (1.8 GHz)
• MeerKAT 
• XMM-XXL (25 deg2) (Pierre et al.)
• Targeted Chandra (LP PI: McDonald) 

on 18 clusters at 0.8 < z < 1.4
• Wide field surveys from DES, 

eROSITA, and (soon) Euclid

K. Kornoelje
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The First SPT-3G Cluster 
Catalog: 100d Deep Field
• The 100d SPT deep field 
combines data from 5 years of 
SPT-3G with the SPTpol 100d+ 
500d surveys (10 years of CMB 
observations in total!) 

• First cluster catalog to be 
constructed from data at CMB-
S4 noise levels. 

• Fantastic sample for cluster 
evolution studies. 

K. Kornoelje
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The First SPT-3G Cluster 
Catalog: 100d Deep Field
• The 100d SPT deep field 
combines data from 5 years of 
SPT-3G with the SPTpol 100d+ 
500d surveys (10 years of CMB 
observations in total!) 

• First cluster catalog to be 
constructed from data at CMB-
S4 noise levels. 

• Fantastic sample for cluster 
evolution studies. 

• Enabling us to explore 
systematics from correlated 
emission from member galaxies 
and to build and test robust 
cluster identification algorithms. 

K. Kornoelje



The SPT-3G wide field SZ Catalogs
• 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) seen in SPT-3G data 

at S/N>125 in 5 year data

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!

with L. Bleem, T. de Haan,  
F. Kéruzoré, K. Kornoelje, J. Sobrin

- SZ candidate lists in progress from 3 SPT 
surveys (~10,000 deg2 of sky coverage on 
disk!) 


- Preliminary cluster run on 1500d 5 year data 
has produced a catalog with 5200 candidates 
at xi>5 (>99% purity), >9400 candidates at 
x>4 


- Candidates to be confirmed with a 
combination of DES, DECALS, targeted 
Magellan 4*, and Euclid data


- 835 matches to eRASS1 Cluster sample 

- 2392 matches to eRASS1-m X-ray sources 
within 1’ 

-



Melanie Archipley 115Introduction | Observations | Methods | Results | Discussion | Conclusion

N %

90 GHz 
detection 12434 28%

150 GHz 
detection 15251 35%

220 GHz 
detection 15960 37%

Synch. 
sources 12464 43%

Dusty 
sources 16272 57%

SMG/
strict

14305/
4303

50%/
15%

Catalog results: 28736 total sources
Melanie Archipley

Emissive Sources in the SPT-3G Survey - a first look 



Emissive Sources in the SPT-3G Survey - a first look 

Melanie Archipley



University of Minnesota Cosmology Seminar
High S/N (>30σ) detection of CMB cluster lensing!

Cluster Forecasts

33

z<1 z>1
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Conclusions

34

• SPT has found thousands of massive galaxy clusters reaching 
to z~2 via the SZ effect. This clean, mass-limited selection 
leads to fantastic samples for cosmological and astrophysical 
studies. 


• Clusters from the first two generations of SPT surveys 
combined with optical weak lensing data from HST and DES 
are providing powerful tests of the ΛCDM cosmological 
model. Constraints are consistent with those from primary 
CMB. 


• SPT-3G is in the midst of a 10,000 deg2 survey of the 
Southern sky. This survey will enable tests of ΛCDM through a 
range of probes including TT/TE/EE power spectra, CMB 
lensing, and galaxy clusters. Stay tuned for upcoming results!



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

Excellent Consistency between Mass-  Scaling 
relation 


at fixed cosmology across SPT surveys of 
significantly different depths

ζ

Shift in Redshift 
Evolution parameter  

predicted by 
simulations



• 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) seen in SPT-3G data 

at S/N>125 in 5 year data

The SPT-3G wide field SZ Catalogs
- SZ candidate lists in progress from 3 SPT 

surveys (~10,000 deg2 of sky coverage on 
disk!) 


- Preliminary cluster run on 1500d 5 year data 
has produced a catalog with 5200 candidates 
at xi>5 (>99% purity), >9400 candidates at 
x>4 


- Candidates to be confirmed with a 
combination of DES, DECALS, targeted 
Magellan 4*, and Euclid data


- 835 matches to eRASS1 Cluster sample 

- 2392 matches to eRASS1-m X-ray sources 
within 1’ 

- with L. Bleem, T. de Haan,  
F. Kéruzoré, K. Kornoelje, J. Sobrin


