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The Pillars of the ΛCDM Cosmological Model

Λ + DM + GR + Inflation
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“I say, there is no darkness but ignorance.” 
― William Shakespeare, Twelfth night (IV.II)

Our Dark Universe
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Cosmological Probes

Image: Nicolle R. Fuller, National Science Foundation
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Images: Planck, Science, icons made by  
Freepik from www.flaticon.com 
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Cosmological Observables
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The Potential of Joint CMBxLSS Analyses

Robust constraints on ΛCDM & extensions due to 
complementarity 
Consistency tests of cosmological model 
Constraints on astrophysical systematics, e.g. baryon 
feedback 
Systematics calibration & identification
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Cross-Correlation Results

García-García et al., 2021
Krolewski et al., 2021
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A New Era for Observational Cosmology

Images: ACT, Ivezić et al., 2008

e.g. SDSS, Planck e.g. HSC, LSST/Rubin, 
ACT/SPT, CMB S4

Past Present & Future
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The Cosmological Data Revolution

Images: DESI, Euclid, SO, Rubin/LSST, Roman, CMB S4, MSE, MegaMapper

2019 2021 2023 2025 2027 20292020 2022 2024 2026 2028
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Our Non-Linear Universe

Image: llustris Collaboration / Illustris Simulation

Additional information contained in: 
Cosmological fields at small spacial scales 
Non-Gaussian features
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Higher-Order Statistics
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Chen et al., 2021

Giri et al., in prep.

Stacked ISW / CMB lensing around 
superstructures - Hang, Cai et al., 2021



12

Moving Beyond Traditional Methods

Image: S. Skillman, Y-Y. Mao, KIPAC/SLAC National Accelerator Laboratory
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Alsing et al., 2019, Tejero-Cantero et al., 2020

Simulation-Based Inference
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Images: Millenium simulation, DES,  
CMB S4, PICO

Forward Modeling
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Correlated CMB / LSS simulations 
Liu et al.,  
MDPL2: Omori, in prep.
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ML-Assisted Joint Forward Models

CMB & Foregrounds Secondary Anisotropies

Thiele et al., 2020

Han et al., 2021

Input MillimeterDL
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Cross-Survey Coordination

Joint CMB and LSS analyses require 
Joint simulations / forward-models 
Homogeneous analysis tools 
Analyses of precursor data to learn about systematics 

Coordination 
Consistent theory predictions (FREECODES) 
Correlated simulations (Liu et al., Omori) 
Precursor data analyses performed across collaborations?
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Testing Pillars of ΛCDM with Future Surveys

Mishra-Sharma et al, 2018
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FIG. 3. Left: Forecast error on ⌃m⌫ achievable with CMB-S4 (grey), LSST shear (blue), LSST clustering (red), LSST clustering
and shear (green) and all together (orange), combined with Planck primary CMB data as described in Sec. IIIA, in the presence
of an uncertain dark energy equation of state. Center, right: Forecast error on w0 and wa with di↵erent combinations of probes,
revealing the degeneracies with ⌃m⌫ in each case. The corresponding forecast values are given in Tab. II.

FIG. 4. Achievable constraints on ⌃m⌫ (blue), w0 (bur-
gundy), wa (green) and ⌦k (yellow) as a function of the CMB
noise level in intensity NT . Forecasts are shown as a ratio
to the constraints achievable for a 1µKarcmin experiment.
Although w0, wa and ⌦k do not degrade significantly with
NT , the uncertainty on the sum of neutrino masses could im-
prove by ⇠ 40% from a Stage-3 experiment (⇠ 10µKarcmin)
to S4. Also shown (dotted blue) are the achievable con-
straints on ⌃m⌫ when w0, wa and ⌦k are fixed to their fiducial
⇤CDM values. The relative degradation with increasing CMB
noise level is much more modest in this case.

that an improved measurement of ⌧ is vital to break
the degeneracy with the amplitude of scalar perturba-
tions, not only for CMB-based measurements as found
in Allison et al. [7], but also for large-scale structure
surveys aiming to constrain neutrino mass. We also note
that, in the absence of S4, LSST alone would benefit
less from a better measurement of ⌧ , projecting only
a minimal improvement on �(⌃m⌫). Finally, we find
that improving the optical depth measurement has little
impact on the w0, wa and ⌦k forecast constraints.

Setup �(⌃m⌫) �(⌃m⌫) �(⌦k) �(w0) �(wa)
[meV] [meV] [⇥10�3]

S4 73 111 0.79 1.14 2.46
( + DESI BAO) 29 76 0.48 0.13 0.41
LSST-clustering 69 91 3.33 0.42 1.22
LSST-shear 41 120 2.99 0.19 0.57

LSST-shear+clust 32 72 2.06 0.11 0.33
S4+LSST 23 28 0.49 0.10 0.26

- 24 0.49 - -

TABLE II. Forecast constraints on ⌃m⌫ from various combi-
nations of probes combined with Planck primary CMB data as
described in Sec. IIIA. The first column assumes the ⇤CDM
model. The second allows for degeneracies with the spa-
tial curvature and a two-parameter dark energy equation of
state. The minimal mass sum in a normal hierarchy is ⌃m⌫ ⇡
60 meV, and ⌃m⌫ ⇡ 100 meV in an inverted hierarchy.

Setup �(⌃m⌫) �(⌃m⌫) �(⌦k) �(w0) �(wa)
(+CV-⌧) [meV] [meV] [⇥10�3]

LSST-clustering 69 91 3.3 0.42 1.20
LSST-shear 31 117 2.82 0.18 0.55

LSST-shear+clust 24 72 1.99 0.11 0.31
S4+LSST 14 21 0.49 0.10 0.26

- 15 0.49 - -

TABLE III. Forecast constraints on ⌃m⌫ as in Tab. II but
including a cosmic variance-limited ⌧ measurement matching
LiteBIRD sensitivity.

Additional BAO measurements

Primordial oscillations in the baryon-photon fluid im-
print characteristic geometric information in the distri-
bution of galaxies, known as Baryon Acoustic Oscilla-
tions (BAO). Massive neutrinos are sensitive to the BAO
scale through the angular diameter distance dA(z) and
expansion rate H(z). While galaxy clustering as mea-

LSST LSS

LSST WL
CMB S4+LSST

CMB S4+DESI

LSST WL+LSS
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Combining CMB & LSS is essential to constrain cosmology 
 Tight constraints on extended models & astrophysics (e.g. Krolewski et al., 2021,  
 Giri et al.) 

	 Consistency checks of cosmological model (e.g. García-García et al., 2021) 
	 Identification, understanding and calibration of systematics 

 Substantial synergies between CMB S4 and future LSS surveys (e.g. Slosar et al.) 
Future surveys will deliver high-precision data 

Significant information in small-scales, non-Gaussian features (e.g. Chen et al., 2021,  
Cai et al., 2021) 
Limited by systematics 

Need novel analysis methods 
Joint forward-modeling and SBI / Bayesian pipelines (e.g. Liu et al.) 
ML methods essential (e.g. Han et al., 2021, Thiele et al., 2020) 

Early coordination and collaboration between surveys  

Summary
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Thank you!
and all the session contributors!
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Synergies of CMB and LSS in K-space

Slosar et al.


