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Vanilla Cosmology

On large scales, the Universe can be modeled with remarkably few parameters 

‣ age of the Universe 

‣ geometry of space 

‣ density of atoms 

‣ density of matter 

‣ amplitude of fluctuations 

‣ scale dependence of fluctuations 

[of course, details are not quite as simple]



credit: NASA/WMAP
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Vanilla (ΛCDM) Cosmology

Does the dark energy  
equation of state 

change as space expands? 
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Are data from 
early Universe 

and late Universe 
fit by the same parameters?

Do measurements of 
expansion history and 

growth of structure 
agree?



comparison of distance and redshift

Standard candle: brightness of source with know luminosity

Standard ruler: angle subtended by known scale

Measurements of Expansion History



Expansion History Measurements: 

▸ Cosmic Microwave Background 
(CMB) angular scale of sound 
horizon in the early Universe  

▸ Baryonic Acoustic Oscillations 
(BAO) angular scale of sound 
horizon imprinted in late-time 
galaxy distribution 

▸ Supernovae (SNe) apparent 
brightness of exploding white 
dwarfs with ~known intrinsic 
luminosity

Early 2000s: Concordance Cosmology

Olivier Doré AAS, WFIRST Science, Kissimmee, January 5th 2016

The Observational Foundations of Dark Energy

• Weak-Lensing not presented is also complementary.
2

SNe luminosity 
distance measurement (Nobel 2011) 

CMB angular diameter
distance measurement
 and perturbations

BAO angular 
diameter distance
measurement

Combination

Matter Density

Cosmological 
Constant, 
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The Distance Ladder

credit: NASA/STSci



2020s: Concordance Cosmology? 

Hubble Parameter - expansion rate

significant tension between  
early and late Universe physics!

Verde+2019
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sensitivity to expansion

CMB 
BAO 
supernovae

cosmic shear 
galaxy clusters 

redshift    
space   
distortions 

“expansion history”

“late-time structure”

✓

Q: Do all these 
measurements agree 
with predictions in 
the same, fiducial 
ΛCDM model?  

2020s: Concordance Cosmology? 



Comparing Cosmic Structure Growth 
Over 13.4 Billion Years

Testing ΛCDM: Is the late time clustering compatible with the ΛCDM 
prediction assuming initial conditions from the CMB?

Spheres with 
radius
8 Mpc/h

As: Amplitude of primordial  
scalar density fluctuations.

σ8: Amplitude of mass 
fluctuations today.Image credit: NAOJ



2020s: Concordance Cosmology? 

Hubble Parameter - expansion rate
A&A proofs: manuscript no. KiDS1000_cosmic_shear

0.1 0.2 0.3 0.4 0.5
�m

0.64

0.72

0.80

0.88

S
8

HSC-Y1
DES-Y1
KiDS-1000
Planck

Fig. 10. Comparison between KiDS-1000 and other surveys in the S 8 � ⌦m plane. The fiducial KiDS-1000 results which use COSEBIs (orange)
and the Planck primary anisotropy constraints (red) are shown in both panels. The DES-Y1 results of Troxel et al. (2018b, purple) and HSC-Y1
results of Hikage et al. (2019, grey) are shown in the left panel, while the KV450 constraints of Wright et al. (2020b, green) and the joint KV450
and DES-Y1 results of Asgari et al. (2020, blue) are shown in the right panel. A summary of these constraints in S 8 can be found in Fig. 9.

KiDS-1000 mock catalogues. The key cosmological quan-
tity constrained by cosmic shear, the parameter S 8 =
�8(⌦m/0.3)0.5, is now used as a sampling parameter in evalu-
ating the posterior, enabling us to impose a wide top-hat prior
that is more conservative than previous analyses relying on
the primordial power spectrum amplitude, As, or a function
thereof.

• The analysis was conducted independently with three cosmic
shear two-point statistics: the angular shear correlation func-
tions ⇠±, Complete Orthogonal Sets of E/B-Integrals (COSE-
BIs), and angular band powers. The latter two are con-
structed as linear combinations of ⇠± that o↵er a clean sepa-
ration into cosmological E-modes and systematics-driven B-
modes (exact for COSEBIs and approximate for band pow-
ers), as well as additional data compression (the COSEBIs
and band powers data vectors are 66 % and 46 % smaller than
the 2PCFs data vector). Both derived statistics inherit the
beneficial lack of sensitivity to the survey mask and galaxy
ellipticity noise from the correlation functions, but avoid the
very broad responses of ⇠± to Fourier modes, which lead to
increased non-Gaussianity in the likelihood due to small `-
modes and increased sensitivity to small-scale features in the
modelling (large `-modes), such as baryon feedback.

These additions have increased the constraining power of
KiDS with little change in our best-fitting value for S 8. Compar-
ing the similar setups of our correlation function analysis with
the results from Wright et al. (2020b) who worked with KiDS
Data Release 3, we find a decrease in the marginal S 8 errors
by 54 %. The marginal posterior mode of S 8 has increased by
0.05 in KiDS-1000; however, the multivariate maximum poste-
rior agrees to within 3 ⇥ 10�3 for the two analyses, so the shift
in the marginal distribution is solely due to the di↵erent shape
of the posterior distribution. Our results are in good agreement

with those of the DES and HSC surveys, reducing marginal S 8
errors by 14 % with respect to Troxel et al. (2018b) and by 32 %
with respect to Hikage et al. (2019).

From a theoretical point of view we conclude that there is
a strong case for favouring COSEBIs and/or band power statis-
tics over the standard shear correlation functions in the likeli-
hood analysis, with COSEBIs providing the cleanest and most
compact data vector, and band powers o↵ering intuition through
directly tracing the angular power spectra predicted from theory.
Both of these methods allow for an E and B-mode decomposi-
tion, which are mixed with each other in the case of the correla-
tion functions. This will be of particular importance for analysis
of future data with improved constraining power.

Despite these di↵erences, we find the KiDS-1000 S 8 con-
straints derived from the three statistics to be in excellent agree-
ment. Due to the di↵erent scales probed, the analyses trace dif-
ferent sections of the ⌦m–�8 degeneracy line, which causes S 8
to not fully capture the constraining power transverse to the de-
generacy in all cases. Fitting the parameter ⌃8 = �8(⌦m/0.3)↵
to the posterior, we find a best fit of ↵ = 0.51 for ⇠±, i.e. S 8 is
very close to the optimal summary parameter as found in pre-
vious KiDS analyses. For COSEBIs and band powers, ↵ = 0.54
and 0.58, respectively. The constraining power on the optimal ⌃8
is then nearly identical between the three statistics.

Constraining a spatially flat ⇤CDM model, we obtain S 8 =
0.758+0.017

�0.026 (68% CI) for our fiducial setup using COSEBIs. The
quoted values are extracted from the mode and highest posterior
density of the marginal S 8 posterior (denoted by M-HPD). Since
the analysis of mock data shows that the marginal posterior mode
or mean can be shifted significantly from the global best fit, due
to a high-dimensional posterior with complex shape, we addi-
tionally provide the multivariate posterior maximum with an as-
sociated projected credible interval (PJ-HPD), S 8 = 0.759+0.024

�0.021.
For KiDS-1000 cosmic shear the two credible intervals are in

Article number, page 18 of 33

Asgari+2020

early Universe

S8 - amplitude of structure growth

significant tension between  
early and late Universe physics!

hints at possible tension between  
early and late Universe physics? 
→ let’s shrink these error bars

Verde+2019



Photometric LSS Surveys

Survey
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Cosmic Structure Formation

Springel+, 2006

time

gravity drives cosmic structure formation, dark energy slows it down

growth of structure constraints complementary to expansion rate

~linear (large) scales: perturbation theory

non-linear evolution: numerical simulations

‣ reliably predict dark matter distribution, for wCDM cosmologies (+ individual MG models)
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‣ reliably predict dark matter distribution, for wCDM cosmologies (+ individual MG models)

Cosmic Structure Formation

Springel+, 2006

time

n o t  d i r e c t l y  o b s e r v a b l e



cosmological model
+ parameters dark matter

Springel+, 2006

galaxies, light

simulation/
perturbation theory

astrophysics (?)

?

Connecting Theory and Observations

galaxy positions+shapes+colors (DES)
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Springel+, 2006

Summary Statistics from the Galaxy 
Distribution

two-point correlations 
    clusters (over densities) 

voids (under densities)

three-point correlations,...



linear
 growthtwo-point correlations 

excess probability of galaxy pairs 
(over random distr.)
as function of separation

Tracer: Galaxy Clustering

BAOs

non-lin.
structure



linear
 growthtwo-point correlations 

excess probability of galaxy pairs 
(over random distr.)
as function of separation

Tracer: Galaxy Clustering
requires ~3D distances (redshift),  
relation between galaxy density  
and dark matter density  
(galaxy bias)

Fourier transform

BAOs

non-lin.
structure



Tracer: Gravitational Lensing

credit: ESA



Tracer: Gravitational Lensing

credit: ESA

credit: ESA/Hubble & NASA



light deflected by tidal field of 
large-scale structure 

‣ coherent distortion of 
galaxy shapes - “shear” 

‣ shear related to (projected) 
matter distribution 

key uncertainties 
shape measurements 
average over many galaxies 
assuming random intrinsic 
orientation 

Tracer: Weak Gravitational 
Lensing of Galaxies



Weak Gravitational Lensing: 
typical DES galaxies



Real World Example: DES-Y3

Survey
Completion

Year

Survey 
Area

[sqr deg]

Observed 
galaxy
density
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DES Y3

100M galaxies Billions of galaxies



The Dark Energy Survey

Imaging survey on Blanco 4-m telescope at CTIO in Chile 

DECam: 3.0 sq. deg. field-of-view, 570 Mpixels, grizY filters

5000 sq. deg. footprint, observed 2013-2019, wide field + supernova fields 

DR2 (6 years) of 543M galaxies + 145M stars to r~23.5 

Data released to the public: https://des.ncsa.illinois.edu/home

credit: C. Doux 



Dark Energy Survey 
Collaboration

~400 scientists from 25 institutions in 7 countries 
Much of the analysis leadership by Early Career Scientists
Learn more about DES: Scientists of the Week, Darchive, #ThisIsDES, 
#Darkbite 

https://www.darkenergysurvey.org/education/scientist-of-the-week/
https://www.darkenergysurvey.org/news-and-results/darchives/
https://twitter.com/hashtag/ThisIsDES?src=hashtag_click
https://twitter.com/hashtag/darkbites?src=hashtag_click


DES-Y3 WL x LSS Analysis

galaxies x galaxies: 
angular clustering

lensing x lensing: 
cosmic sheargalaxies x lensing: 

galaxy-galaxy lensing

θ θθ

10M lens galaxies 
split in 6 redshift bins 

100M source galaxies 
split in 4 redshift bins 



DES-Y3 Cosmology
from pixels to cosmology in 30 papers

‣ algorithmic + modeling improvements in all analysis stages

credit: C. Doux 

σ8

Mock analysis 

Validated shape 
catalogue 

2-point function 
measurements 

Covariance 

Model and method 
choices  

Cosmic shear 
cosmology  Redshift distributions Redshift 

calibration

Image Simulations Calibration priors 

Point Spread Function 
Modelling 

Shear measurement 
& null tests 

Redshift samples

Wide Field Images

Deep Field 
Photometry

DES Year 3 pixels to cosmology: a long road 

Lens clustering sample

Galaxy clustering & 
galaxy-galaxy lensing

‘3x2’
cosmology  

Ωm       

Mitigate experimenter 
bias 

Jarvis +

Hartley, Choi, Amon +

MacCrann+ de Rose +

Muir +

Myles, Alarcon + 
Everett +  

Gatti, Giannini +  
Sanchez, Prat + 

Cordero, Harrison + 

Cawthon + 
Porredon +

Friedrich + 2020

Gatti, Sheldon +

Krause + 
Campos + ; Doux +  

Amon +
Secco, Samuroff +

Elvin-Poole, MacCrann +
Pandey +

Prat +

Sevilla, Bechtol +

coordinated by  
Michael Troxel ,  

Elisabeth Krause,  
Scott Dodelson



3x2pt measurements modeled by cosmology and simple systematics parameterization

astrophysics (15 parameters): relate galaxy density + shapes to matter distribution
‣ linear bias of lens galaxies, per lens z-bin

‣ magnification bias of lens galaxies, per lens z-bin

‣ intrinsic alignments, tidal alignment + tidal torquing,  power-law z-evolution

observational uncertainties (13 parameters)
‣ lens galaxy photo-zs, per lens z-bin

‣ source galaxy photo-zs, per source z-bin

‣ multiplicative shear calibration, per source z-bin

-> this list is known to be incomplete 
how much will known, unaccounted-for systematics bias Y3?
-> remove contaminated data points (i.e., throw out large fraction of S/N)

-> choice of parameterizations ≠ universal truth
are these parameterizations sufficiently flexible for Y3?

DES-Y3 Results
Systematics Modeling + Mitigation

EK+2021
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DES Y3 Results:
LCDM Multi-Probe Constraints

‣ marginalized 4 
cosmology parameters, 
lens and source sample 
clustering nuisance 
parameters

‣ consistent cosmology 
constraints from weak 
lensing and clustering in 
configuration space

DES Collaboration 22 



(DES Collaboration 18) 

Compatibility with Planck is measured 
over the full LCDM parameter space 
-> 6 parameters
(Lemos, Raveri + 20)

S8 and Ωm drive the result to  
1.5𝜎 or p=0.13 when considering  
parameter differences optimal metrics
(Raveri & Hu 18)

‣ Future: observe more 
galaxies, combine more 
probes, and achieve better 
systematics control!

DES Y3 Results:
Late vs. Early Universe

DES Collaboration 22 



Beyond 3x2pt:
Cluster Counts x 2PCFs

!! "!!
"!"!

"""!
""!
N

""""

3x2pt:
• Method: Krause&Eifler et al. (2017)
• Simulation: MacCrann&DeRose et al. (2018)
• Results: DES Collaboration (2018)

6x2pt+N:
• Results: This work

4x2pt+N:
• Method: To&Krause et al. (2020a)
• Simulation: To&Krause et al. (2020a)
• Results: This work

‣ joint likelihood analysis 
validated on DES-like 
mock catalogs (Buzzard, 
DeRose+2020) 

‣ MOR calibrated from 
large-scale clustering, 
account for selection bias 

cosmology constraints 
consistent with other 
DES probes 

To, EK+(DES) 2021a,b: DES-Y1 cluster cosmology constraints from 
abundances and large-scale two-point statistics 



Beyond 3x2pt:
Cluster Counts x 2PCFs

this analysis unlocks constraining power from number counts 
 substantial gain, iff accurate MOR calibration

Rubin/LSST joint probes forecast
EK & Eifler ‘17



3x2pt Systematics Mitigation
Opportunity Space…

(DES Collaboration 18) 

Galaxy lensing + galaxy counts

also depends on galaxy bias parameters

Marginally consistent/small tension with Planck

Some others more significant, but all require complex modelling

e.g. DES Y1

independent DES-Y13x2pt analysis by A. Lewis 

potential gain if current systematics model 
constrained from external data

modeling these scales requires  
new systematics parameterizations



Conclusions

The simple, 6-parameter ΛCDM model has been remarkably successful  

‣ describes wide range of cosmological epochs and observables

‣ intriguing tension (H0) and fluctuation? (S8) are emerging

‣ DES-Y3 and other weak lensing results hint at low amplitude w.r.t. CMB

‣ (most) cosmological constraints will be systematics limited

‣ require astrophysics, accurate systematics parameterizations+priors

‣ Precision cosmology requires collaboration across surveys + wavelengths, 
planning for analysis frameworks to combine data from all surveys!



Thank you!
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DES is producing exciting multi-probe cosmology constraints 
These analyses require expertise from pixels to galaxies to theory
Learn more DES science and scientist: Scientists of the Week, 
Darchive, #ThisIsDES, #Darkbite 

https://www.darkenergysurvey.org/education/scientist-of-the-week/
https://www.darkenergysurvey.org/news-and-results/darchives/
https://twitter.com/hashtag/ThisIsDES?src=hashtag_click
https://twitter.com/hashtag/darkbites?src=hashtag_click

