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Cosmology 
From the Big Bang to today
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Last Journey (on Mira supercomputer)
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Cluster Cosmology
Why do we measure parameters?

• Understand the accelerated expansion & dark matter by 
testing the ΛCDM model (this talk)


• Evolution from high-redshift to low-redshift universe. 
(No) S8 tension?


• Hubble parameter H0 tension? (not this talk)


• Understand neutrinos (e.g., hierarchy) through their 
imprint on large-scale structure


• Understand inflation by measuring tensor-to-scalar ratio 
r via BB mode in CMB


• Understand the formation of first stars/reionization

5
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Cluster Cosmology
The most massive collapsed objects ≳1014 M☉

• Composition


• 85—90% dark matter


• 10—15% ordinary matter, of which


• ~ 75% (gravitationally heated) gas


• ~ 25% galaxies/stars


• Somewhat arbitrary (but useful) definition


• Halo ≡ entire thing


• Cluster ≡ galaxies & gas (what we see)

6

Bullet Cluster. X-ray: NASA/CXC/CfA/M.Markevitch, Optical and lensing map: 
NASA/STScI, Magellan/U.Arizona/D.Clowe, Lensing map: ESO WFI
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Large-Scale Structure and Cosmology
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Credit: Katrin Heitmann

Sebastian Bocquet — LMU Munich
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Halo Mass Function
dN(z)/dlnM — vanilla ΛCDM cosmology
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Halo Mass Function
dN(z)/dlnM — now w = -1.1 (instead of -1)
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Halo Mass Function
Impact of changing dark energy equation of state parameter by 0.1
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Back to reality

11

Credit: NASA, ESA, and J. Lotz, M. Mountain, A. Koekemoer, and the HFF Team (STScI) 
 http://www.spacetelescope.org/images/heic1401a/ 

Credit: NASA, ESA, the Hubble Heritage Team (STScI/AURA), J. Blakeslee (NRC 
Herzberg Astrophysics Program, Dominion Astrophysical Observatory), and H. Ford 
(JHU) http://www.spacetelescope.org/images/heic1317a

Credit: NASA/CXC/Cinestav/T.Bernal et al.
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(a) 95 GHz minimally filtered map cutout (b) 150 GHz minimally filtered map cutout

(c) Azimuthally averaged cluster-matched two-band filter (d) Cluster-filtered map, zoomed in to 1�-by-1�

Fig. 1.— Visual representation of the SPT-SZ data and matched filtering process described in §2 and §3. Panels (a) and (b) show
6�-by-6� cutouts of 95 and 150 GHz maps from the ra21hdec�60 field; the displayed temperature range is ±300µK. These maps are
made from data that have been only minimally filtered (scan-direction high-pass filter at l⇠50) and show the main features of SPT-SZ
survey data: large-scale primary CMB fluctuations, emissive point sources, and SZ decrements from galaxy clusters. Panel (c) shows the
azimuthally averaged spatial-spectral filter optimized for detection of ✓c = 0.025 clusters, with the red-dashed (blue-solid) curves showing
the Fourier-domain coe�cients for the 95 (150) GHz data. Panel (d) shows a zoomed-in view of the 1�-by-1� area delineated by the
dashed box in panel (b) after the spatial-spectral filter has been applied. This map is in units of signal-to-noise, and the displayed range
is �5 < S/N < 5. Visible in this panel are the ⇠ = 22.2, z = 1.132 cluster SPT-CL J2106�5844 and the ⇠ = 4.6, optically unconfirmed
candidate SPT-CL J2106�5820.

product of the frequency dependent term fSZ, the CMB
temperature TCMB, and the Compton-y parameter ySZ;
nastro encompasses astrophysical signals—all of which
are modeled here as Gaussian noise—and nnoise corre-
sponds to instrumental and residual atmospheric noise
not removed by the filtering discussed in §2. For SPT
maps, nastro primarily consists of lensed primary CMB
fluctuations, kinetic and thermal SZ from the clusters be-
low the SPT detection threshold, and dusty extragalactic

sources; radio sources below the SPT detection threshold
contribute negligibly to the maps. As in previous work,
we model these noise terms based upon recent SPT power
spectrum constraints (Keisler et al. 2011; Shiroko↵ et al.
2011).
Given the known spatial and spectral characteristics

of galaxy clusters as well as the sources of noise in the
maps, we construct a filter designed to maximize our
sensitivity to galaxy clusters (Melin et al. 2006). This

Bleem et al. (2015)

http://www.spacetelescope.org/images/heic1401a/
http://www.spacetelescope.org/images/heic1317a
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Bleem et al. (2015)
“Halo Observable Function”

de Haan+16

redshift observable (detection significance)

http://www.spacetelescope.org/images/heic1401a/
http://www.spacetelescope.org/images/heic1317a
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Observable vs. Mass

12

halo mass function

halo observable function

de Haan+16

halos

clusters
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halo mass function

halo observable function

de Haan+16

halos

clusters

dN
dobs

= ∫ dM P(obs |M)
dN
dM
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Observable vs. Mass

12

halo mass function

halo observable function

de Haan+16

halos

clusters

dN
dobs

= ∫ dM P(obs |M)
dN
dM

halo mass function

observable—mass relation

cluster cosmology = cluster selection + mass calibration
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Modeling Framework
Observable—Mass Relations

• The bigger a halo, the stronger its 
SZ, X-ray, optical, lensing signal


• Supported by theory and numerical 
simulations


• These are average relations — there is 
intrinsic scatter, because no two 
objects are the same


• For the experts:


• Halo morphology and evolution lead to 
correlated scatter among observables

13

Simulations (Angulo+12)

optical richness (galaxies) X-ray luminosity

SZ signal lensing mass
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Mass Calibration
How do the observables relate to halo mass?

• We could use predictions from first principles (e.g., 
hydrostatic equilibrium) or numerical simulations

14
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By TallJimbo - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/
index.php?curid=4150002

Idealized (exaggerated) situation
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By TallJimbo - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/
index.php?curid=4150002

Idealized (exaggerated) situation

Real data

Dietrich, Bocquet et al. (2019)
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Weak-Lensing Mass Calibration
Robust observable—mass relations

• We could use predictions from first principles (e.g., 
hydrostatic equilibrium) or numerical simulations


• Systematically limited by uncertain astrophysics


• Weak-lensing-to-mass relation is known within few percents


• Used to demonstrate that hydrostatic mass  halo mass


‣ With lensing measurements of sample clusters, we 
empirically calibrate the observable—mass relations

≠

15

Medezinski+ 18
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• Performed as blinded analysis


• Unknown (additive) parameter shifts before looking at constraints


• Ability to cross-check results using alternative analyses (w/o knowing the 
absolute values)


• Unblind if we see no significant internal tensions

16

arXiv:2401.02075 — PRD accepted

arXiv:2310:12213 — PRD accepted

Image credit: SPT 2018 winter-overs Adam & Joshua
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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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mm-wave map

SPTpol @ 150 GHz
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Find 
Sunyaev-Zel’dovich  

19

Cluster of Galaxies

Clean and well-understood 
selection of cluster candidates

Out to highest redshifts where 
clusters exist!

SZ spectrumCMB spectrum

SPTpol @ 150 GHz
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Why use SZ-selected clusters?
Three approaches: X-ray, Optical, SZ

20
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Kéruzoré et al. 2023
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SZ: clean, well-understood selection


Complementarity with other methods
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The Dark Energy Survey
5000 deg2 galaxies & weak lensing

Catalog of SPT-selected cluster 
candidates needs


• Confirmation


• Cluster redshifts


• Weak-lensing (mass) measurement


all of which DES was designed for


(here we use DES Year 3 data = Y3)

21 Image credit: CTIO/NOIRLab/NSF/AURA/D. Munizaga

https://www.nsf.gov/
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SZ Cluster Selection + Optical Confirmation
—> clean and deep cluster catalog

• Confirm SPT cluster candidates by measuring 
redshift (photo-z) and optical richness λ


• For the experts:


• Get rid of chance associations 
(with SPT noise fluctuation)


• Calibrate probability of chance association by 
measuring (λ, z) at random locations 

• Establish λmin(z) to achieve target purity (> 98%)


MCMF machinery (Klein+18,23; Bleem+24)

22

DES WISE

15

A B

E F

C DD

Fig. 8.— A sample of clusters from the 2500 deg2 SPT-SZ cluster catalog. For each cluster we display an optical/NIR rgb image
with the SZ detection contours over-plotted; see §6.4 for more details on particularly notable systems. (a) SPT-CL J2248�4431 (ACO
S1063; ⇠ = 42.4, z = 0.351). This cluster is the most significant detection in the SPT sample (MPG/ESO WFI IRV -band image). (b)
SPT-CL J2106�5844 (⇠ = 22.2, z = 1.132)—also shown in SPT mm-wave data in Figure 1—is the most massive known cluster at z > 1.
(Spitzer/IRAC 3.6 µm, Magellan/FourStar J -band, Magellan/IMACS i-band image) (c) SPT-CL J0410�6343 (⇠ = 5.6, z = 0.52) is a
“typical” SPT cluster at approximately the median redshift and ⇠ of the confirmed cluster sample. (Blanco/MOSAIC-II gri-band image).
(d) SPT-CL J0307�6225 (⇠ = 8.5, z = 0.581) is undergoing a major merger. As SZ selection is not greatly influenced by mergers or
complicated astrophysics at the cores of clusters (e.g., Motl et al. 2005, Fabjan et al. 2011), the SPT sample is representative of the
entire population of massive clusters (Magellan/Megacam gri-band image). (e) SPT-CL J2344�4243 (the “Phoenix Cluster”; ⇠ = 27.4,
z = 0.596) is the most X-ray luminous cluster known. We confirm this cluster as a strong lens using newly-acquired Megacam imaging
(Magellan/Megacam gri-band image). (f) SPT-CL J0307�5042 (⇠ = 8.4, z = 0.55) is one of many strong-lensing clusters in the SPT
sample (Magellan/Megacam gri-band image).
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SPT(SZ+pol) Cluster Sample
1,005 confirmed clusters above z > 0.25 over 5,200 deg2

23



Sebastian Bocquet — LMU MunichEDSU Tools 2024

SPT Clusters and the Dark Energy Survey
3,600 deg2 overlap

24

Bleem+15,20,24

Klein+24

Bocquet+24II
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Cluster lensing analysis
Shear profiles

• Almost 700 SPT clusters (redshift 0.25—0.95) with DES Y3 shear


• Analysis uses individual cluster shear profiles


• Stacked for visualization purposes


• For the experts:


• Same source selection as in DES Y3 3x2pt


• Same photo-z and shear calibrations


• Radial range: 0.5 < r [h-1Mpc] < 3.2 / (1 + z) 
(avoid cluster centers, stay in 1-halo term regime)


• 39 high-redshift clusters (redshift 0.6—1.7) with 
the Hubble Space Telescope 
Schrabback+18, Schrabback,Bocquet+21, Zohren,Schrabback,Bocquet+22

25

SNR = 32

Bocquet+24II

Bocquet+24I
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Likelihood Function I
Bayesian Population Modeling

26

d3N(p)
dM dz dV

dV(z, p)
dΩs

Poisson draw {M, z} OMR + scatter {ζ, λ, MWL, z} measurement noise {ξ, λ, gt, z}

Let us generate a cluster dataset!

cosmological
halo mass function

astrophysical
observable—mass 

relation

observational
telescope, detector, 

atmosphere, etc.
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Likelihood Function I
Bayesian Population Modeling

26

d3N(p)
dM dz dV

dV(z, p)
dΩs

Poisson draw {M, z} OMR + scatter {ζ, λ, MWL, z} measurement noise {ξ, λ, gt, z}

Let us generate a cluster dataset!

cosmological
halo mass function

astrophysical
observable—mass 

relation

observational

marginalize over
latent variables

telescope, detector, 
atmosphere, etc.

Differential multi-observable cluster abundance

d4N(p)
dξ dλ dgt dz

= ∫ . . . ∫ dM dζ dλ̃ dMWL dΩs P(ξ |ζ)P(λ | λ̃)P(gt |MWL)P(ζ, λ, MWL |M, z, p)
d2N(p)
dM dV

d2V(z, p)
dz dΩs
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Likelihood Function II
Poisson likelihood function: ℒ(k events | rate μ) ∝ μk e−μ ⇒ ln ℒ = k ln(μ) − μ

27

ln ℒ(p) = ∑
i

ln
d4N(p)

dξ dλ dgt dz ξi,λi,gt,i,zi

− ∫ . . . ∫ dξ dλ dgt dz
d4N(p)

dξ dλ dgt dz
Θs(ξ, λ, z) + const .
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Likelihood Function II
Poisson likelihood function: ℒ(k events | rate μ) ∝ μk e−μ ⇒ ln ℒ = k ln(μ) − μ

28

ln ℒ(p) = ∑
i

ln
d4N(p)

dξ dλ dgt dz ξi,λi,gt,i,zi

− ∫ . . . ∫ dξ dλ dgt dz
d4N(p)

dξ dλ dgt dz
Θs(ξ, λ, z) + const .

ln ℒ(p) = ∑
i

ln∫
∞

λcut

dλ
d3N(p)
dξ dλ dz ξi,zi

− ∫
∞

zcut

dz∫
∞

ξcut

dξ∫
∞

λcut

dλ
d3N(p)
dξ dλ dz

+ ∑
i

ln

d4N(p)
dξ dλ dgt dz

ξi,λi,gt,i,zi

∫ ∞
λcut

dλ d3N(p)
dξ dλ dz

ξi,zi

+ const .

can be re-written as

d4N(p)
dξ dλ dgt dz

∫ ∞
λcut

dλ d3N(p)
dξ dλ dz

=
P(λ, gt, ξ, z | p)

P(λ > λcut, ξ, z | p)
≡ P(λ, gt |λ > λcut, ξ, z, p)

conditional “mass calibration likelihood”

cluster abundance likelihood
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Pipeline Verification
using mock datasets created from the model

• Create synthetic clusters from the halo 
mass function using observable—mass 
relations


• Analyze several statistically 
independent mock realizations


• Pipeline recovers input values


• We correctly implemented the analysis 
framework!

29

Bocquet+24I
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Robustness Tests during Blind Analysis Phase
All chains were blinded by applying the same unknown parameter offset

30

Bocquet+24II
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Robustness Tests during Blind Analysis Phase
All chains were blinded by applying the same unknown parameter offset

30

Cluster sub-samples

DES lensing

Systematics

Bocquet+24II
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Does the model describe the data?
Binned and stacked data for visualization

31

Bocquet+24II
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Does the model describe the data?
Binned and stacked data for visualization

31

Mean recovered model (and uncertainties) from full analysis. 
No significant signs of problems.

Bocquet+24II
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ΛCDM with massive neutrinos

• Competitive constraints, especially on 


• No evidence for “S8 tension” with Planck (1.1 σ)


• In combination with Planck 

Sopt
8 ≡ σ8 (Ωm/0.3)0.25

∑ mν < 0.18 eV (95 % C . L.)

32

Bocquet+24II
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Tracing the Growth of Structure
Phenomenological test

• Five bins in redshift with equal 
number of clusters


• Fit for independent amplitudes σ8(z)


• With loose prior on Ωm from the 
sound horizon at recombination θ∗


• Good agreement with ΛCDM model 
and Planck parameters from z = 0.25 
to z = 1.8

33

Bocquet+24II
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Outlook
select work by PhD students

Asmaa Mazoun 
Interacting dark sector 
models


Analysis of SPT+DES 
dataset ongoing 
(Mazoun+ in prep.)

34

Sophie Vogt 
f(R) and nDGP models


Analysis of SPT+DES 
dataset done 
(Vogt+ in prep.)

Vogt, Bocquet, Davies, Mohr, Schmidt 24
Mazoun, Bocquet, Garny, Mohr, Rubira, Vogt 24
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Outlook: Joint Constraints
SPT Cluster Abundance + DES 3x2 pt

• Joint analysis


• Cosmological covariance


• Shared (lensing) systematics


• Addressed w/ 
Chun-Hao To, Elisabeth Krause, Sebastian Grandis


• Expect powerful constraints on z < 2 large-scale structure


• Ideal complement to high-redshift CMB measurements by 
Planck

35
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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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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 deg2 SPT-3G Survey(s)

Slide from Lindsey Bleem

Wide is still 2—3 times 
deeper than SPT-SZ!
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deeper than SPT-SZ!
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Summary 
• Cluster abundance as a cosmological probe


• SZ-selection + weak-lensing mass calibration 
= excellent control over systematics


• Latest analysis of SPT (SZ+pol) clusters with 
DES Y3 + HST lensing is competitive and 
compatible with other probes


• Next few years will be spectacular (SPT-3G, 
advACT, SO, eROSITA, DES Y6, KiDS, HSC, 
Euclid, LSST, CMB-S4, etc.)

https://www.nsf.gov/
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Cluster Lensing Model 
Grandis,Bocquet+21

• Simple model shear(Mass) based on NFW profile


• Biased and noisy estimator                                     
(e.g., Becker&Kravtsov 11)


• Solution: Introduce latent variable MWL and establish 
 MWL—Mhalo relation such that shear(MWL) is unbiased


• establish MWL—Mhalo relation using hydrodynamic 
simulations to capture baryonic effects


• Incorporate all known sources of uncertainty in 
lensing measurements into MWL—Mhalo

39

Calibrate mean MWL—Mhalo relation and intrinsic scatter

ln σln MWL
=

1
2

sWL(z) + sM ln ( M200c

M0 )

⟨ln ( MWL

M0 )⟩ = bWL(z) + bM ln ( M200c

M0 )

Cluster weak-lensing mass bias and scatter 5

Figure 3. Example surface matter density map (left panel) around a halo in the hydrodynamical simulation. The grid denotes 1 ⌘
�1Mpc ⇥ 1 ⌘

�1Mpc squares. To
capture the impact of correlated structure along the line of sight, we project along ±20 ⌘

�1Mpc in the perpendicular direction. After applying the Kaiser-Squires
algorithm to obtain scaled versions of the shear components �1,2 along the Cartesian coordinates, we choose isotropically oriented, o�set centers (star in right
panel), around which we compute the scaled tangential shear �t in the presence of mis-centering.

Figure 4. To compress the surface density map (upper panel) and the scaled
tangetial shear map (lower panel), while conserving information on the az-
imuthal anisotropy of the maps, we define bins in polar coordinates, equally
spaced in log-radius ' and azimuthal angle q around the o�set center. Com-
bined with the critical surface density⌃crit (cf. Section 2.1.5), we can compute
the reduced shear profile while accounting for the azimuthal anisotropy of
surface matter density and the tangential shear.

2019a) and the South Pole Telescope cluster survey (Bleem et al.
2015). The values need to be adjusted to the specific weak-lensing
survey and cluster catalog before application in cosmological analy-
ses.

2.1.3 Cluster observables

Many weak-lensing systematics (such as the cluster member contami-
nation and the mis-centering distributions) are empirically calibrated
as functions of cluster observables. We thus need to assign such ob-
servables if we want to realistically model the weak-lensing system-
atics. Following Saro et al. (2015); Bleem et al. (2020); Grandis et al.
(2020), we assign a richness _ by drawing

ln_ ⇠ N
�
hln_i("200c, I);f2

tot
�
, (3)

with

hln_i("200c, I) = ln �_ +⌫_ ln
⇣

"200c

3414 ⌘
�1 M�

⌘
+⇠_ ln

⇣
⇢ (Icl)
⇢ (0.6)

⌘
,

(4)

where ⇢ (I) is the critical density of the Universe in units of the
present day critical density, and with

f
2
tot = exp

�
2 lnf_

�
+ exphln_i("200c, I) � 1

exp(2hln_i("200c, I))
. (5)

The parameters (�_, ⌫_, ⇠_, lnf_) parameterize the normalization,
mass trend, redshift trend and logarithmic scatter in the _-mass re-
lation, whose systematic uncertainties are reflected as parameter un-
certainties.

2.1.4 Mis-centering distribution

When extracting shear profiles in real data, the chosen center does not
coincide with the halo center. To properly assess how probable each
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Figure 5. Shear profiles stacked in mass bins multiplied with the square root of the area in degrees, visualised for di�erent dimensions of our shear profile
library: mass bins (left panel), mis-centring radius used for extraction (center), redshift of the snapshots (right). The amplitude of the signal can be compared to
the typical shape-noise of ⇠ 0.3/p=n , where =n is the source density per arcmin2. We construct this shear profile library for a given set of weak-lensing survey
specifications and systematics parameters. Varying these parameters allows us to sample the space of weak-lensing systematics.

of our mis-centering radii is, we adopt the following mis-centering
distribution:

%('mis |_) = dRayl
⇣
'mis

'_

;f0

⌘
+ (1 � d)Rayl

⇣
'mis

'_

;f1

⌘
, (6)

with '_ = (_/100)0.2 ⌘�1 Mpc. This is a two-component Rayleigh
distribution that provides a good description of the mis-centering of
optical centers such as the central brightest cluster galaxy (Saro et al.
2015; Bleem et al. 2020) with respect to true halo centers. A large
fraction d of clusters contain well centered objects (typically f0 <

0.1), and a smaller sub-population of disturbed and thus strongly
mis-centered clusters (typically f1 > 0.1) show large mis-centering
e�ects (see also optical–X-ray studies such as Lin et al. 2004). In
general, the strength of the mis-centering depends on some cluster
observables, such as richness. The parameters of the mis-centering
distribution in this case are (d, f0, f1).

2.1.5 Photo-z uncertainty in source redshifts

We assume that our generic survey has a source redshift distribu-
tion %(Is) = 0.5 I�3

s,0I
2
s exp(�Is/Is,0), with Is,0 = 0.2 (following

the parametrisation suggested by Smail et al. 1994). For a cluster at
redshift Icl we model the background selection by imposing the cut
Is > Icl + 0.1. In a realistic case, the real source redshift distribution
of a specific survey would have to be used. Also the background
selection method could be di�erent.

Given a source redshift distribution and a background selection
we compute the lensing e�ciency

⌃�1
crit (Icl) =

4c⌧3A (Icl)
2

2

D
3A (Icl, Is)
3A (Is)

E
Is>Icl+0.1

(7)
�
1 + XV (Icl) + UVfV (Icl)

�
,

where XV (Icl) ± fV (Icl) is an estimate of the bias on the lensing
e�ciency due to photometric redshift measurements, together with
the uncertainty on this bias. For a deep photometric survey aiming
at measuring cosmic shear, this quantity is one of the most relevant
systematics, and thus a natural calibration product (e.g. Hoyle et al.

2018). For our generic survey we assume

XV (Icl) =
8>><
>>:

0.025 for Icl < 0.7

0.05 � 0.025
⇣ 1 + Icl

1.7

⌘7
for Icl > 0.7,

(8)

and

fV (Icl) = 0.02
⇣ 1 + I

2
cl

1.49

⌘2
. (9)

This prescription qualitatively follows the photometric redshift bias
and uncertainty in the DES Y1 data which at Icl & 0.7 grow quickly
(McClintock et al. 2019a). The parameter UV is introduced to vary
the strength of the photo-z bias within its errors. By construction, its
mean value is 0, while its variance is 1.

The lensing e�ciency allows us to compute the convergence map,
and the tangential shear map,

^(', q |'mis) =
⌃(', q |'mis)
⌃crit (Icl)

, and Wt (', q |'mis) =
�t (', q |'mis)
⌃crit (Icl)

,

(10)

while accounting for the azimuthal anisotropy of both maps. Be-
sides the natural anisotropy introduced by the halo ellipticity and
morphology even for well centered cases, assuming o�set centers
strongly contributes to the anisotropy, as can be seen in Fig. 3 and
Fig. 4.

The reduced shear profile is then obtained by first computing the
reduced shear map, accounting for azimuthal anisotropy, and then
averaging over azimuthal angles,

6t (' |'mis) =
π

dq
Wt (', q |'mis)

1 � ^(', q |'mis)
. (11)

Inverting this precise order – reduced shear map first, azimuthal
average second – leads to errors in the reduced shear profile of a
few percent (especially around the position of the true center) and to
1% level shifts in the inferred WL bias.

2.1.6 Uncorrelated large-scale structure

The next step in the creation of a realistic shear measurement is
to add uncorrelated large-scale structure projections to the shear
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Figure 6. For a single realisation of WL systematics we can extract the so called weak-lensing mass for each halo projection as a function of the mis-centering
used in the extraction by assuming a shear profile model. We show the weak-lensing mass versus halo mass in the four di�erent simulation snapshots. Color-coded
is the probability weight, derived from the probability of the mis-centering. Strongly mis-centered simulated profiles have highly biased weak-lensing masses,
but they are also very improbable. The black line shows the 1–1 relation.

define one mis-centering radius for the extractions

'
extr,8
mis = '

_
8

r
c

2

✓
d̄f̄0 + (1 � d̄)f̄1

◆
, (17)

that is the mean mis-centering radius for the mis-centering distribu-
tion evaluated at the mean mis-centering parameters ( d̄, f̄0,1), eval-
uated for the measured richness _8 . Other works use centered NFW
profiles for the weak-lensing mass measurement, leading to less well
behaved weak-lensing–halo mass distributions (Sommer et al. 2021).
Given the model for the matter surface density ⌃(' |'extr,8

mis ,"), we

can easily compute the density contrast �⌃(' |'extr,8
mis ,"200c).

Fourth, we compute the lensing e�ciency ⌃�1
crit by setting UV = 0

in Eq. 7, i.e. just assuming the mean photo-z bias.
Fifth, we compute the convergence ^ = ⌃�1

crit⌃(' |'
extr,8
mis ,") and

the shear Wt = ⌃�1
crit�⌃(' |'

extr,8
mis ,"), as well as the reduced shear

6t (' |'extr,8
mis ,"200c) = Wt/(1 � ^). Our final model for the measured

reduced shear then takes account of the mean cluster member con-
tamination profile 5̄cl (' |_8) and the mean multiplicative shear bias
<, i.e.

6
mdl
t (' |"200c, _

8) = (1+<)
✓
1� 5̄cl (' |_8)

◆
6t (' |'extr

mis ,"200c) (18)

And sixth, we measure the weak-lensing mass by minimizing the
radial bin area–weighted di�erence between the simulated and model
shear profiles. The weak-lensing mass for the 8-th cluster, when taking
the simulated profile mis-centered by 'mis, then is

"
8

WL ('mis) = min
"200c

’
:

�
:

✓
6

mdl
t ('

:
|"200c, _

8) � 6̂
8

t (':
|'mis)

◆2
,

(19)

where : runs over the radial bins, and �
:

is the area covered by that
bin. The shape measurement variance in real measurements scales
like the inverse of the bin area. Sommer et al. (2021) explicitly
show how this setup produces unbiased weak-lensing mass estimates
independently on the amount of shape noise. This weight guarantees
that we are weighting the di�erent scale in the same way as they will

be weighted in the real data. Note also that we added the uncorrelated
LSS noise to the shear profile, rather than considering it a noise
source in the "WL extraction. This implies that the uncorrelated
LSS variance contributes to the WL scatter fWL, as it is a statistical
noise source on the shear profile. This configuration ensurers that
while extracting "WL we apply the correct relative weights to the
di�erent scales.

The choice of the innermost radial scale 'min and outermost radial
scale 'max has a great impact on the accuracy of the weak-lensing
mass extraction. As a baseline we choose 'min = 0.5 ⌘

�1 Mpc,
and 'max = 3.2(1 + Icl)�1

⌘
�1 Mpc. We will explore the impact

of varying the inner fitting radius and also argue for the redshift
dependence of the outer fitting radius below (cf. Section 3.2, and
Section 3.3).

This procedure provides us with 3 "
8

WL ('mis) for each halo and
for each 'mis thanks to the 3 projection axes. It is noteworthy here
that thanks to the mis-centering distribution %('mis |_8) we also know
how probable each mis-centering radius 'mis is.

Fig. 6 shows the scatter plot between the weak-lensing mass and
the halo mass in the five di�erent snapshots we analysed. Color
coded is the associated probability %('mis |_8). Clearly, some weak-
lensing masses underestimate the halo mass by more than an order
of magnitude. These are associated to large mis-centering radii 'mis.
However, such large mis-centering radii are also highly improbable.
Indeed, for the most probable mis-centering radii, the weak-lensing
mass is comparable to the halo mass, albeit with some scatter. Sta-
tistically speaking the highly biased weak-lensing masses due to
strong mis-centering are not very relevant, as can be seen in Fig. 7,
which shows the probability weighted distribution of the ratio be-
tween weak-lensing mass and halo mass (solid line) in comparison
to the raw distribution (dashed line). The weighting suppresses the
left tail of the distribution. The weak-lensing masses extracted for
probable mis-centering radii scatter around a ratio of ⇠1, indicating
that our simple model for the shear profile provides an adequate fit
to the data.

Following this approach, we are able to compress the complex
shear profiles in our realistic shear profile library into weak lensing

MNRAS 000, 1–19 (2021)
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• 5,259 clusters over 12,791 deg2


• Low-redshift lenses


• DES Y3 lensing SNR = 65

41

Ghirardini+24

Grandis, Ghirardini, Bocquet+24

Ghirardini+24
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eRASS1 cluster abundance
>5,000 X-ray selected clusters

• Mass calibration driven by DES Year 3 lensing 
data (SNR 65) (Grandis, Ghirardini, Bocquet+24)


• eROSITA largely follows our approach


• Individual cluster likelihoods


• Mwl—Mhalo relation


• DES Year 3 lensing analysis 
(but they also use KiDS and HSC data)


• Simultaneous constraints on Ωm, σ8, w, ∑mν


• Cluster cosmology using ICM-selected 
clusters works!

42

Ghirardini+24
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• SPT-3G data gets to ~Planck depth on 1500d field 
with a ~week of data.

• Observe 1500d field every ~2 days for 6 years
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The SPT-3G SZ Catalog

44

J Sobrin

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

- First catalog from 2019-2020 data


- Preliminary cluster run: > 2,400 cluster 
candidates at ξ > 5 (>99% purity)


- 5891 candidates at 3.85 < ξ < 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, 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
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Slide adapted from Lindsey Bleem



High S/N (>30σ) detection of CMB cluster lensing!

z<1 z>1
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