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Matter 
Component % total mass

Dark Matter 85-90%

Normal Matter 10-15%

Hot Gas 7-14%

Galaxies 0.5-4%
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3 Approaches: Optical, X-ray, SZ 
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Combined with other next 
generation multi-wavelength  
surveys, the combined CMB-S4 
cluster and protocluster sample 
will offer an unprecedented 
opportunity to explore the 
evolution of both the intracluster 
medium and the most massive 
galaxies across the entire epoch 
of cluster formation. 

Galaxy Clusters are powerful probes of both cosmology and 
astrophysical processes. 

Brodwin+13

McDonald+17

Adhikari+21
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Madhavacheril, Battaglia, Miyatake 2017 

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

Cluster Virialization and Cosmological Constraints from CMB Surveys 15
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MODEL 2: v(z) = Avln(1 + z) + Bv

15 z BINS: z 2 [0.1,1.5) (�z = 0.1) + [1.5, 3.0]; PRIOR(S): �re = 0.007

Figure 7. Marginalized Fisher constraints (68% CL) obtained by combining information from primary CMB spectra
(TT/EE/TE) and cluster counts N(z, ML, q): CMB-HD is in yellow, S4-Wide in green, and S4-Ultra deep in red. We use
a Planck-like prior �(⌧re) = 0.007 for all surveys. Both surveys can reduce the uncertainty on the dark energy equation of state
parameter �(w0) to . 1%. Combining primary CMB with clusters will also enable ⇠ 2.5�4.5� detection of the neutrino masses.
Lower and upper diagonal represent cluster virialization models 1 and 2 respectively. Model 1: Cluster virialization efficiency ⌘v

can be constrained to an accuracy of 2� 4% level by S4-Wide and S4-Ultra deep while CMB-HD can provide sub-percent level
constraints. All surveys provide < 1% constraints on the HSE bias parameter. Model 2: CMB-S4 can provide 33% and ⇠ 4%
constraints on Av and Bv parameters while CMB-HD reduces the uncertainties on both parameters by � ⇥3. Errors on other
parameters do not change significantly between the two cluster virialization models.

Modifying cluster virialization from model 1 to model
2 does not introduce statistically significant differences
in other parameter constraints as can be seen by com-
paring the lower and upper diagonals in Fig. 7.

3.4.2. Observable-mass scaling relation

The scatter in the Y
SZ

� M scaling relation is con-
strained to 13 � 16% level by CMB-S4 and 2% by
CMB-HD. The 1� errors on mass and redshift evo-
lution parameters of the relation are �(↵Y ) = 0.01,

�(�Y ) = 0.02, and �(�Y ) = 0.02 for S4-Wide. When
switching from model 1 to model 2, we note a strong
degeneracy between Av and �Y since they both probe
the redshift evolution of the tSZ signal. The mass and
redshift evolution parameters of the log-normal scatter
(↵� and ��) are an order of magnitude worse. The num-
bers are similar or sometimes slightly better for S4-Ultra
deep which is because of a better lensing S/N per cluster
for S4-Ultra deep. We note that CMB-HD can improve

Raghunathan+21

https://arxiv.org/search/astro-ph?searchtype=author&query=Miyatake%2C+H
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… [if systematics can be controlled]”  
- DOE Cosmic Visions Dodelson+1604.07626 
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FIG. 7. Upper panels: Comparison of the 68% and 95% confidence contours in the �8-⌦m plane derived in this work adopting
the BKG scatter model (black and orange contours) with other constraints from the literature: DES Y1 cluster counts and
weak lensing mass calibration [DES20, dot–dashed magenta contours]; DES-Y1 3x2 from [47, dark violet contours]; Planck
CMB from [39, brown contours]; cluster number counts and follow-up data from the SPT-SZ 2500 survey [7, dot-dashed pink
contours]; cluster abundance analysis of Weighing the Giants [5, WtG, dashed dark blue contours]. Lower panels: Same as left
panel but considering the projection e↵ect model (PRJ) for the scatter between true and observed richness (see section IIIA).

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

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

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

Bleem+2020

Costanzi+2021 
DES Collaboration 2020

Planck Collaboration 2016
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		Now	 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029
30-m	class	telescopes

Survey class facilities

Targeted Observation facilities

Sphere-X	

SPHEREx Roman	
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2030-2035 																																				2035-2040?

Targeted Observation facilities

Survey class facilities

Athena	

A Gonzalez
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Conclusion

• SZ cluster selection will lead to fantastic samples for cosmological and 
astrophysical studies. CMB-S4 will detect >70,000 SZ clusters. 

• Multi-wavelength survey data will be crucial in identifying and 
mitigating potential systematic baises. 
  

• The future is bright! Wide variety of cutting-edge targeted and survey 
facilities coming online over the next decade+ that will enable us to 
achieve the full potential of the CMB-S4 cluster sample to constrain 
cosmological and astrophysical models. 


