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Cosmology and the Large-Scale Structure
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3x2pt
Cosmology from the Large-Scale Structure
3x2pt
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Credit: Jessie Muir (https://www.jessiemuir.com/)

Three 
two-point correlation 
functions 
→ so-called 3x2pt

Abundance of

massive halos

3x2pt and abundance of galaxy clusters

gravitational lensing

galaxy positions

https://www.jessiemuir.com/
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Cluster Abundance Cosmology

• Halo abundance is predicted using the halo mass function dN(z)/dM


• Compare observed with predicted number
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Figure 2. Illustration of sensitivity of the cluster mass function to the cosmological model. In the left panel, we show the measured mass function and predicted
models (with only the overall normalization at z = 0 adjusted) computed for a cosmology which is close to our best-fit model. The low-z mass function is reproduced
from Figure 1, which for the high-z cluster we show only the most distant subsample (z > 0.55) to better illustrate the effects. In the right panel, both the data and the
models are computed for a cosmology with ΩΛ = 0. Both the model and the data at high redshifts are changed relative to the ΩΛ = 0.75 case. The measured mass
function is changed because it is derived for a different distance–redshift relation. The model is changed because the predicted growth of structure and overdensity
thresholds corresponding to ∆crit = 500 are different. When the overall model normalization is adjusted to the low-z mass function, the predicted number density of
z > 0.55 clusters is in strong disagreement with the data, and therefore this combination of ΩM and ΩΛ can be rejected.

insensitive to variations of n within the WMAP measurement
uncertainties and even to setting n = 1.

Once the combined likelihood as a function of cosmological
parameters is available, we use the quantity −2 ln L, whose
statistical properties are equivalent to the χ2 distribution (Cash
1979), to find the best-fit parameters and confidence intervals.

In addition to statistical uncertainties, we also consider
different sources of systematics. We do not include systematic
errors in the likelihood function but instead refit parameters with
the relations affected by systematics varied within the estimated
1σ uncertainties. This approach allows as not only to estimate
how the confidence intervals are expanded from combination of
all systematic errors, but also to track the most important source
of uncertainty for each case. A full analysis of systematic errors
is presented in Section 8.4 for the case of constraints on constant
w in a flat universe; in other cases the systematic uncertainties
contribute approximately the same fraction of the total error
budget. We also verified that in the constant w case, our method
of estimating the systematic errors produces the results which
are very close to the more accurate procedure using the Markov
chain analysis.

5. CONSTRAINTS FROM THE SHAPE OF THE LOCAL
MASS FUNCTION: ΩMh

The shape of the cluster mass function reflects the shape of
the linear power spectrum in the relevant range of scales, ap-
proximately 10 h−1 Mpc in our case. This shape, for a reason-
able range of parameters in the CDM cosmology is controlled
(Bardeen et al. 1986) mostly by the quantity ΩMh. It is useful
to consider constraints on this combination separately because
they are nearly independent of the rest of the cosmological pa-
rameters we are trying to measure with the cluster data.

Fixing the primordial power-spectrum index to the WMAP
value, n = 0.95, the fit to the local mass function11 gives ΩMh =

11 Including the high-redshift data, we obtain a consistent value,
ΩMh = 0.198 ± 0.022. Combined with the HST prior on h, this leads to a
measurement of ΩM = 0.275 ± 0.043. However, using the high-z data makes

0.184 ± 0.024 (purely statistical 68% CL uncertainties). The
best-fit value is degenerate with the assumed primordial power-
spectrum index, and the variation approximately follows the
relation ∆ΩMh = −0.31∆n. The variations of n within the range
constrained by the WMAP data, ±0.015, lead to negligibly small
changes in our derived ΩMh.

An additional source of statistical uncertainty is that related to
the derivation of the L–M relation, since we derive this relation
from the same set of clusters. Uncertainties in the L–M relation
are translated into those of the survey volume and hence the
cluster mass function. Most of our cosmological constraints are
primarily sensitive to the cluster number density near the median
mass of the sample. This median mass, the V (M) uncertainties
are small compared with statistics (see Section 6 in Paper II).
The ΩMh determination, however, is based on the relative
number density of clusters near the high and low mass ends
of the sample. Since the volume is a fast-decreasing function at
low M’s, the V (M) variations are important. The most important
parameter of the L–M relation in our case is the power-law slope,
α (see Equation (20) in Paper II). Variations of α within the
error bars (±0.14) of the best-fit value lead to changes in the
derived ΩMh of ±0.027. Adding this in quadrature to the formal
statistical errors quoted above, we obtain a total uncertainty of
±0.035 (see Table 1). We have verified that other sources of
systematics in the ΩMh determination are much less important
than those related to the L–M relation.

In principle, a nonzero mass of light neutrino has some
effect on the perturbation power spectrum at low redshifts. We
checked, however, that their effect on the shape of the cluster
mass function is negligible for any

∑
mν within the range

allowed by the CMB data (Komatsu et al. 2009). Therefore,
neutrinos do not affect our results on ΩMh.

the ΩMh constraints dependent on the background cosmology and therefore
we prefer to base this measurement only on the local mass function. Also, we
use the YX-based mass estimates for this and σ8 analyses. The other
observables, TX or Mgas, give essentially identical results, because all of them
were normalized using the same set of low-z clusters see Paper II. The
difference between mass proxies is only important for the measurements based
on the evolution of the high-z mass function (Section 7).

Vikhlinin et al. (2009)
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The South Pole 
Telescope (SPT)

10-meter sub-mm quality 
wavelength telescope

  95,  150, 220 GHz and           
  1.6, 1.2,  1.0  arcmin resolution

2007: SPT-SZ
 960 detectors
 95,150,220 GHz

2017: SPT-3G
 ~15,200 detectors
 95,150,220 GHz
 +Polarization

2012: SPTpol
 1600 detectors
 95,150 GHz
 +Polarization
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Cluster of Galaxies
Find cluster candidates

Clean and well-understood selection of cluster candidates…

… out to highest redshifts where clusters exist!
SZ spectrum

SPTpol @ 150 GHz

Measure detection significance ξ using matched filter.
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Cluster confirmation by eye
Optical / near-IR data to confirm the cluster and measure redshift z

7

Bleem et al. (2015)

Optical richness λ

is ~ number of red 

galaxies

No optical 
counterpart!


→Noise fluctuation
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Systematic cluster confirmation
Construct clean and deep cluster catalogs

• MCMF machinery (Klein et al. 2018, 2024; Bleem et al. 2024)


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


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

• Calibrate probability of chance association by 

measuring 
(λ, z) at random locations 

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

• For the experts:


• SPT detection significance 
ξ > 4.25 (SPTpol 500d), ξ > 4.5 (SPT-SZ)


• Outside DES footprint: ξ > 5


• See Matthias Klein’s talk this afternoon!

8

Bocquet et al. (2024a)

DES WISE
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SPT(SZ+pol) Cluster Sample
1,005 confirmed clusters above z > 0.25 over 5,200 deg2

9

SPT cluster catalogs: Bleem et al. (2015, 2020, 2024), Klein et al. 2024
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Cluster Cosmology

Calibrate observable–mass relation: 
mass calibration

10

halo mass function
theory: halos

observations: clusters

dN
dobs

= ∫ dM P(obs |M)
dN
dM

halo mass function

observable–mass relation

halo observable function
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Mass Calibration
• First principles / Hydrostatic equilibrium No, because of non-thermal pressure support.


• SZ–mass relation from hydrodynamic simulation No(t yet), because of uncertain calibration of sub-
resolution model.


• Weak gravitational lensing is faithful tracer of (total) mass. 

➡Empirically calibrate all other observable–mass relations.

11

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

Credit: Jessie Muir (https://www.jessiemuir.com/)

https://www.jessiemuir.com/
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Weak Gravitational Lensing by Massive Halos

• Red: SZ effect


• White: cluster galaxies


• Yellow: lensing


Now let’s use a big lensing dataset!

12

Example SPT cluster with Megacam lensing 
(Dietrich, Bocquet et al. 2019)
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3,600 deg2 overlap with Dark Energy Survey
5,200 deg2 (13% of full sky) SPT Cluster Surveys

13
by Jessie Muir 
https://www.jessiemuir.com/2019-09-03-markerblanco/

CTIO Blanco Telescope

DES Year 3 weak-lensing mass map (Jeffrey & Gatti et al. 2021)

https://www.jessiemuir.com/2019-09-03-markerblanco/
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Cluster lensing analysis
Shear profiles

• 688 SPT clusters with DES Y3 shear 
(Bocquet et al. 2024a)


• 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


• 39 high-redshift clusters with HST lensing 
(Schrabback et al. 2018; Schrabback, Bocquet et al. 2021; Zohren, Schrabback, 
Bocquet et al. 2022)

14

SNR = 32



Sebastian Bocquet — LMU Munichmm Universe 2025

Cluster Lensing Model 
Grandis, Bocquet et al. (2021)

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


• Simple model based on modified Navarro-Frenk-White profile


• Incorporation of all biases and stochastic and systematic 
uncertainties in cluster lensing measurements

✓Model mismatch (real cluster not pure NFW)

✓ photo-z and shear bias and uncertainty

✓Miscentering

✓Cluster member contamination

✓Baryonic effects (~2% impact on mass)


• < 10 % overall systematic uncertainty

15

Bocquet et al. (2024a)
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Likelihood Function II

16

d2N(p)
dM dz

d2V(z, p)
dz 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.

marginalize over
latent variables

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

17

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 .

Likelihood function

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



Pipeline verification using mock catalogs 

Blind analysis: Check our biggest worries blindly 
No changes after unblinding!

All results were blinded by applying the same unknown parameter offset.
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Does the model describe the data?
Binned and stacked data for visualization

19

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

Bocquet et al. (2024b)
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SPT clusters: ΛCDM with massive neutrinos
Bocquet et al. (2024b)

Competitive constraints, especially on 


No evidence for S8 tension with Planck (1.1 σ)


See Esra Bulbul’s talk for comparison with eROSITA eRASS1 (after coffee break)

Sopt
8 ≡ σ8 (Ωm/0.3)0.25

20
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SPT clusters: Where does the information come from?
Halo mass function dN(z)/dM from numerical simulations (Tinker et al. 2008) 
Clear path forward with emulators.


Observable–mass relations

SZ-to-mass modeled as power law with unknown parameters 
(amplitude, mass trend, redshift evolution) 
and unknown lognormal scatter

Lensing-to-mass from numerical simulations, only small corrections due to uncertain 
baryonic effects

Assumption about hydrostatic equilibrium 
Empirical lensing-based mass calibration absorbs all first-order biases in the SZ–mass 
relation


Baryons 
“Someone should worry about the impact of baryons on cluster abundance cosmology” 
(M. Schaller, yesterday)  
 → We did. We link the observables to the “gravity-only” halo mass and we include the baryon-
induced uncertainties in the weak-lensing-to-mass model. 
In other words, we solve the “baryon impact on halo mass function” problem by accounting for 
the baryon impact on lensing measurements, which is where we get the mass information 
from.

21

dN
dobs

= ∫ dM P(obs |M)
dN
dM



Sebastian Bocquet — LMU Munichmm Universe 2025

Selection Function of Clusters in Dark Energy Survey Year 3 Data
from Cross-Matching with South Pole Telescope Detections (Grandis et al. 2021, 2025)

22
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Beyond the standard model 
Interacting dark matter dark radiation model 
ξDR temperature ratio dark radiation / CMB

23

Asmaa Mazoun 

Mazoun, Bocquet, Garny, Mohr, Rubira, Vogt 
(2024)

Mazoun, Bocquet, Mohr, Garny, Rubira et al. 
[SPT and DES] (2025)

0.1 0.2

ªDR

0.75

0.80

0.85

æ
8

0.20

0.25

0.30

0.35

≠
m

0.24 0.30 0.36

≠m

0.75 0.80 0.85

æ8

CMB+BAO

SPT-clusters£WL (§CDM)

SPT-clusters£WL

SPT-clusters£WL+CMB+BAO



Sebastian Bocquet — LMU Munichmm Universe 2025

Beyond the standard model 
Modified gravity

24

Sophie Vogt 

Vogt, Bocquet, Davies, Mohr, Schmidt 
(2024)

Vogt, Bocquet, Davies, Mohr, 
Schmidt, Ruan, Li et al. 
[SPT and DES] (2025)


nDGP analysis in progress!
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eROSITA-clusters (Artis+24)

ROSAT-clusters+CMB+SN+BAO (Cataneo+15)

WLpeaks+Planck15priors (Liu+16)

galaxyWL+CMB+SN+BAO (Hu+16)

3x2pt+CMB (Kou+23)

SPT clusters + DES cluster lensing
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Cosmology from the Large-Scale Structure
3x2pt and abundance of galaxy clusters
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Credit: Jessie Muir (https://www.jessiemuir.com/)

Three 
two-point correlation 
functions 
–> 3x2pt

Abundance of

massive halos

+

https://www.jessiemuir.com/
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DES+SPT Dataset

26
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SPT Cluster Abundance + DES 3x2 pt = Multiprobe Cosmology

• Multiprobe analysis (w/ Chun-Hao To, Elisabeth Krause, Sebastian Grandis)


• Cosmological covariance


• SPT cluster abundance is dominated by shot noise


• SPT cluster mass calibration limited by lensing shape noise


• For simulated dataset, the difference in SNR between analysis with 
full covariance and independent analysis is 0.05%


• Covariance is negligible! We can use the existing analysis pipelines.


• Expect shared systematics such as calibration of DES lensing source 
photo-z

27
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Parameter inference
Importance sampling using normalizing flows (FLOWJAX)

• 6 cosmology parameters 
+ 29 3x2pt parameters 
+ 23 cluster parameters


‣  Joint sampling really hard (curse of dimensionality)


But: the analyses are almost independent!


‣ Learn the posteriors, so that one


‣ Can draw large number of samples for one probe


‣ Evaluate likelihood of other probe at that point quickly


‣ Use samples from fiducial DES Y3 3x2pt analysis


‣ Re-run SPTcluster analysis using the same cosmology 
priors as DES Y3 3x2pt

28
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ΛCDM with massive neutrinos
SPT clusters + DES 3x2pt

Ratio of areas of 95% credible regions

SPT clusters : DES 3x2pt : joint analysis

3.3 : 2.1 : 1


Ωm = 0.300 ± 0.017


σ8 = 0.797 ± 0.026


S8 ≡ σ8 (Ωm/0.3)0.5 = 0.796 ± 0.013


H0 = 73 ± 7 km/s/Mpc
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ΛCDM with massive neutrinos
SPT clusters + DES 3x2pt

Impact of shared systematics in lensing measurements 
on final cosmology results is negligible.

30

shared 
systematics

cosmology
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ΛCDM with massive neutrinos
SPT clusters + DES 3x2pt

Contours are only 15% wider than Planck 2018 TT,TE,EE


No strong suggestion for S8 tension (1.6 σ difference with Planck)


See Chun-Hao To’s talk for DES clusters + DES 3x2pt (after coffee break)

31

Bocquet et al. (2025)
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ΛCDM with massive neutrinos
Bocquet et al. (2025)

• CMB cannot constrain neutrino properties 
due to degeneracies


‣ Add large-scale structure probe


• CMB + SPT clusters + DES 3x2pt: peak at 
0.1 eV 
Measurement does not inform 
the neutrino hierarchy.


• Reminder


•  (neutrino oscillations)


• if  then normal hierarchy


 else inverted hierarchy

∑ mν > 0.06 eV

∑ mν < 0.1 eV

32
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wCDM with massive neutrinos

• SPT clusters + DES 3x2pt 



• In combination with Planck CMB 

w = − 1.15+0.23
−0.17

w = − 1.20+0.15
−0.09

33
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The South Pole 
Telescope (SPT)

10-meter sub-mm quality 
wavelength telescope

  95,  150, 220 GHz and           
  1.6, 1.2,  1.0  arcmin resolution

2007: SPT-SZ
 960 detectors
 95,150,220 GHz

2017: SPT-3G
 ~15,200 detectors
 95,150,220 GHz
 +Polarization

2012: SPTpol
 1600 detectors
 95,150 GHz
 +Polarization



SPT-3G clusters

2017: SPT-3G
 ~15,200 detectors
 95,150,220 GHz
 +Polarization

Bleem et al.
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2pt Correlation of Galaxy Clusters

SPT-3G cluster catalog large enough to measure the 2pt correlation of clusters with high significance.

36

Emily Martsen et al. – Go see the poster!
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SPT-3G cluster catalog large enough 
to measure the 2pt correlation of 
clusters with high significance.

Forecasts using mock catalogs from 
simulations show the ability to detect 
clustering in SPT-3G 5yr main with a 
detection S/N of >13. 

Complementary to abundance 
measurements.

2pt Correlation of Galaxy Clusters
Emily Martsen et al. – Go see the poster!
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Projected SPT-3G 1500d CMB Cluster Mass Calibration constraints

From an SPT-3G-like cluster 
catalog: 
● ~9000 clusters 
● 0.25 < z < 1.6 

We predict a constraint on the 
mean cluster mass of       0.22 
at ~19     based on a set of 20 
simulated SPT-3G like dipole 
signals 

To come: additional constraints 
with SPT-3G polarization data 
 

Kayla Kornoelje et al.
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SPT-3G clusters with DES lensing
Higher lens density, higher source density, better calibration

(SPTpol + SPT-SZ) x DES Y3

- lensing SNR = 32


(SPT-3G + SPT-SZ + SPTpol) x DES Y3

- 3 redshift bins, 4 SZ bins

- lensing SNR > 47 (preliminary!)


DES Year 6 lensing leads to further 
improvement over Year 3.

39
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SPT-3G Cluster Cosmology
Cluster abundance – Forecasts

40

S.Bocquet + L. BleemChaubal…Bocquet et al. 2021

(projection)



Image credit: Aman Chokshi

Summary 
Cluster abundance: SZ-selection 
  + weak-lensing mass calibration 
  = excellent control over systematics


Current SPT cluster cosmology stats limited → SPT-3G


Extensions of standard model


Multiprobe SPT clusters + DES 3x2pt analysis

SPT-3G cluster cosmology highlights 
Cluster abundance w/ DES Year 6, Euclid, LSST lensing 
mass calibration


+ CMB lensing mass calibration


+ Cluster clustering


+ Multiprobe analyses


Stay tuned!
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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


• Cluster cosmology using ICM-selected 
clusters works!

42

Ghirardini+24
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Cluster Lensing Model 
Grandis, Bocquet et al. (2021)

• Simple model shear(Mass) based on Navarro-Frenk-
White (NFW) mass profile


• Biased and noisy estimator 
(e.g., Becker & Kravtsov 2011)


• 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

43

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
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