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

OUR MYSTERIOUS UNIVERSE



OUR UNIVERSE: THE COSMOLOGICAL LAB

Photo by Dr. Hideaki Fujiwara - Subaru Telescope, NAOJ



C(✓) = h�T (n̂)

T̄

�T (n̂0)

T̄
i C` = ha`ma`mi

n̂n̂0

✓

T (n̂0)
T (n̂)

Cosmic Microwave Background
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COSMOLOGICAL PROBES



Galaxy clustering

Images: 6dF, Science News
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Weak gravitational lensing

Images: NASA/ESA, radioGREAT
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Supernovae

Images: HST,  JLA

COSMOLOGICAL PROBES



Ruiz et al., 2015

JOINT ANALYSES I



Images: Planck, Science, icons made by  
Freepik from www.flaticon.com 
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JOINT ANALYSES II

Abbott et al., 2018

Combination of: 
DES Y1 weak lensing 
DES Y1 galaxy clustering 
SPT CMB lensing

DES Y1 & SPT
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Makiya et al., 2018

Combination of: 
Planck tSZ 
2MASS galaxy clustering



Tighter constraints due to complementary information 
Robust tests of cosmological model by comparing consistency  
of different tracers 
Cross-correlations: systematics identification

POTENTIAL OF INTEGRATED ANALYSES
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POWER SPECTRA & BACKGROUND PROBES
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MODEL PARAMETERS



COSMOLOGICAL PARAMETER CONSTRAINTS
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THE RELATIVE ENTROPY (AKA KL DIVERGENCE)
Measure for difference between 
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DATA SET CONSISTENCY

Kullback & Leibler, 1951 
Seehars et al., 2014, 2016

observed

Surprise =  
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DATA SET CONSISTENCY 
Comparison of y1, y2 
Comparison in model space 
Surprise: Seehars et al., 2014

MODEL TESTING/REJECTION 
Comparison of M1, M2 
Comparison in data space 
Nicola et al., 2019 

TWO TYPES OF CONSISTENCY TESTS
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MODEL REJECTION

Nicola et al., 2019
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MODEL REJECTION WITH RELATIVE ENTROPY

Planck Collaboration, 2015  
Betoule et al., 2014 
Nicola et al., 2019
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ATACAMA COSMOLOGY TELESCOPE (ACT)
ACT: 6-year survey, covering 20’000 sq. deg. 
s13-s15/s16 data to be released soon 
Current data: ~ 3000 sq. deg. at 90 & 150 GHz 
Results on temperature, polarization and CMB lensing soon

Map: S. Næss & S. Aiola



ATACAMA COSMOLOGY TELESCOPE (ACT)

Movie: Sigurd K. Næss



HYPER SUPRIME CAM (HSC) SURVEY

HSC: 5-year survey, covering 1400 sq. deg. 
Most analyses focused on 150 sq. deg. (DR1) 
Deep, very good seeing

DES

HSC
ACT

SDSS

Miyazaki et al., 2018 
Footprint: E. Medezinski



HSC COSMIC SHEAR

Hikage et al., 2019



LSST DESC et al., in prep.

HSC CLUSTERING

[Prelim
inary]
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THEORETICAL MODELING

Small-scale clustering (kmax ~ 1 Mpc-1) 
Halo model (e.g. Seljak 2000, Peacock et al., 2000, Ma et al., 2000) 
Halo occupation distribution (e.g. Berlind & Weinberg, 2002)

2-halo

1-halo
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[Prelim
inary]

HSC CLUSTERING



Nicola et al., in prep.

JOINT ANALYSIS HSC-ACT

Combination of HSC weak lensing and clustering with ACT CMB lensing 
Investigation of impact of photometric redshift uncertainties 
Internal HSC consistency check 
External systematics calibration 



Schaan et al., 2014

GALAXY CLUSTER COSMOLOGY & MASS CALIBRATION



SUMMARY

Integrated cosmological probe combination 
	 Break parameter degeneracies 
	 Robust test of cosmological model 
	 Identification, understanding and calibration of systematics 
Implementation with CMB temperature, CMB lensing, galaxy clustering, weak lensing 
from SDSS and DES SV and background probes 
Quantification of possible tensions with external data using relative entropy 
Proposed model selection framework based on relative entropy and posterior predictive 
distribution 
First results on HSC galaxy clustering 
Application of framework to combination of HSC & ACT 
Joint probes with galaxy clusters



Messi vielmol! 
(for reference: Thank you in swiss german)


