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Closing Comments

• A big thank you (again!) to the Local Organizing Committee for making 

the meeting work so well!

– Elisa Chisari, David Alonso, Ian Shipsey, Jo Dunkley, Aprajita Verma, 
Phil Marshall, Joe Zuntz, Matt Jarvis, Pedro Ferreira, Chris Linttot, 
Erminia Calabrese and Leanne O'Donnell.

• Thank you everyone for your participation in the meeting!

– Lots of energy and enthusiasm and great interactions in the sessions 

– Lots of cross-WG discussions and Task Force hacks

– Junior involvement in talks and discussion

• Three new milestones!

– First meeting outside the UK

– Largest DE School attendance to date

– First collaboration photo



Planck CMB measurements fit by νΛCDM parameterization:

‣ Expansion history measurements (BAO, SNe) agree to 1-2%

‣ Direct H0 measurements disagree by >5𝜎

‣ Low S8 at ~1-3𝜎 from many, but not all, structure growth probes

2020s: Concordance Cosmology?

<latexit sha1_base64="4rTkT+nkNc67tD1PJ7ZHes1UJxY="></latexit>

⌦m = 0.315± 0.007 , S8 = �8(⌦m/0.3)
0.5 = 0.832± 0.012 , H0 = (67.4± 0.5) km/s/Mpc

Cosmic shear surveys Clustering and galaxy-galaxy lensing Amon+22 
Secco+22

White+21 



2020s: Concordance Cosmology?

<latexit sha1_base64="4rTkT+nkNc67tD1PJ7ZHes1UJxY="></latexit>

⌦m = 0.315± 0.007 , S8 = �8(⌦m/0.3)
0.5 = 0.832± 0.012 , H0 = (67.4± 0.5) km/s/Mpc

Planck CMB measurements fit by ΛCDM+ν parameterization:

‣ Expansion history measurements (BAO, SNe) agree to 1-2%

‣ Direct H0 measurements disagree by >5𝜎

‣ Low S8 at ~1-3𝜎 from many, but not all, structure growth probes

‣ ΛCDM has described large range of observations over cosmic time, more analyses 
needed to tell whether late-time H0 and S8 indicate real tensions or systematics.  

‣ More fundamentally, model pillars dark energy, dark matter, inflation and neutrino 
mass all require new physics!



Photometric LSS Surveys
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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
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Springel+, 2006

Summary Statistics from the Galaxy 
Distribution

two-point correlations 
    clusters (over densities) 

voids (under densities)

three-point correlations,...

key uncertainties 
relation between light and 
matter distributions: galaxy 
bias, cluster mass proxy 
redshift uncertainties or 
failures 



Gravitational Lensing

credit: ESA



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 

Weak Gravitational Lensing 
of Galaxies



The Power of Combining Probes

‣ best constraints obtained by 
combining cosmological probes 
‣ independent probes: multiply likelihoods

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

The Observational Foundations of Dark Energy

• Weak-Lensing not presented is also complementary.
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The Power of Combining Probes

‣ best constraints obtained by 
combining cosmological probes 
‣ independent probes: multiply likelihoods 

‣ combining structure growth tracers 
(from same survey) requires more 
complicated analyses 
‣ large-scale structure tracers probe same 

underlying density field, are correlated 
‣ correlated systematic effects 

→ requires fully-integrated joint analysis

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

The Observational Foundations of Dark Energy

• Weak-Lensing not presented is also complementary.
2
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Joint Analyses in Practice

 EK & Eifler ’17 (1601.05779)



Joint Analysis Ingredients

Likelihood Function Model Data Vector

Joint Covariance

number counts: Poisson

2PCF: ~ Gaussian (?)

improvements needed for 
stage IV surveys

consistent modeling of all observables

including all cosmology + nuisance parameters
 

large and complicated,
non-(block) diagonal matrix

use template + regularization

External Data
Simulations

Science Case
parameters of interest
which science?

large data vector
which probes + scales?

Priors

Systematics Parameters
systematic effects
outnumber cosmology

parameterize + prioritize!validate

p(⇡|d̂) / p(⇡)

Z
L
⇣
d̂|d(⇡,n), C

⌘
p(n) dnn

Cosmology Priors



Real World Example: DES-Y3

Survey
Completion
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DES Y3

100M galaxies Billions of galaxies



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 



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



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



DES Y3 Results:
LCDM Multi-Probe Constraints

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

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

DES Collaboration 22 



DES Y3 ↔ Planck

(DES Collaboration 18) 

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

S8 and Ωm drive the result to  
1.5𝜎 or p=0.13
‣ Future: observe 

more galaxies, 
combine more 
probes, and achieve 
better systematics 
control!

DES Collaboration 22 



Beyond 3x2pt:
DES-Y1 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+ 2021a,b: cluster cosmology constraints from abundances 
and large-scale two-point statistics 



Beyond 3x2pt:
DES-Y1 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

To, EK+21 



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



Systematics Opportunities and Challenges:
Baryonic Effects in WL Analyses



Systematics Opportunities and Challenges:
Baryonic Effects in WL Analyses

DES-Y1 baseline: small 
scale correlation function 
measurements excluded 
because of baryonic 
effects 

Huang+2020: reanalyze 
DESY1 including all WL 
measurements down to 
2.5’



Baryonic Effects in WL Analyses



Baryonic Effects in WL Analyses
Cosmology Constraints

‣ DES-Y1 including all 
scales, baryons not 
included in the 
modeling (don’t do 
that!) 

‣ DES-Y1 baseline 
(conservative scale 
cuts) 

‣ DES-Y1 including all 
scales, baryonic effects 
modeled using PCA 
with non-informative 
prior

Huang+ 2020 



‣ DES-Y1 baseline 
(conservative scale 
cuts) 

‣ DES-Y1 including all 
scales, baryonic effects 
modeled using PCA 
with non-informative 
prior 

‣ DES-Y1 including all 
scales, baryonic effects 
modeled using PCA 
with informative prior 

Huang+ 2020 

Baryonic Effects in WL Analyses
Cosmology Constraints



Huang+ 2020 

Baryonic Effects in WL Analyses
Feedback Constraints

Huang+ 2020 



The Future
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“Precision” Cosmology

precision BIG SURVEYSprecision BIG SURVEYS

our situation today



“Precision” Cosmology

precision BIG SURVEYSprecision BIG SURVEYS

the future, 
if we’re complacent



“Precision” Cosmology
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ac
cu

ra
cy

BIG SURVEYS

COMPLEX  
ANALYSES

where I want to be with LSST-Y10



multi-probe analysis, pass 1 - now what?


Unknown Systematics? vs. New Physics?



Unknown Systematics? vs. New Physics?

‣ scale dependence?

‣ dependence on galaxy/cluster selection?

‣ calibrate with more accurate measurements
‣ spectroscopic redshifts

‣ low-scatter cluster mass proxies

‣ galaxy shapes from space-based imaging

‣ [potentially expensive]

‣ correlate with other surveys
‣ compare to predicted cross-correlations

‣ constrain uncorrelated systematics LSST WL x CMB-S4 lensing
calibrate shear calibration bias

Schaan, EK,+17
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FIG. 5. Left panel: 68% confidence constraints on the shear biases mi for LSST, when self-calibrating them with cosmic
shear alone (blue), LSST alone (green), combination 1 (orange), combination 2 (yellow) and the full LSST & CMB S4 lensing
(red). The self-calibration works down to the level of LSST requirements (dashed lines) for the highest redshift bins, where
shear calibration is otherwise most dificult. We stress that all the solid lines correspond to self-calibration from the data alone,
without relying on image simulations. Calibration from image simulations is expected to meet the LSSt requirements, and
CMB lensing will thus provide a valuable consistency check for building confidence in the results from LSST.
Right panel: impact of unaccounted intrinsic alignments. The lines show the bias in the self-calibrated value of mi, and
the colored bands show the 68% confidence constraints, corresponding to the curves in the left panel. Intrinsic alignment
contribution to the shear calibration is present, but still within the 68% confidence region.

VI. SENSITIVITY TO PHOTOMETRIC REDSHIFT UNCERTAINTIES

In Sec. IV, we showed that CMB S4 lensing can calibrate the shear from LSST, assuming that the photometric
redshift uncertainties are under control. In this section, we ask whether this assumption was crucial or not. We
therefore vary the priors on source and lens photo-z uncertainties and re-run our forecast. Fig. 8 shows that the
shear calibration is mildly dependent on the source photo-z uncertainties (left panel), and very insensitive to the lens
photo-z uncertainties (right panel). However, we have not taken into account photo-z catastrophic failures in this
analysis.

VII. APPLICATION TO SPACE-BASED LENSING SURVEYS: EUCLID AND WFIRST

In this section, we reproduce our main forecast on shear calibration in the cases of Euclid and WFIRST. Our
assumptions and results are summarized in Fig. 9 and 10. CMB lensing from S4 can calibrate the shear for the 5
Euclid source bins down to 0.4% � 1.4%, and for the 10 WFIRST source bins down to 0.6% � 3.2%. These results
are clearly very encouraging.

VIII. CONCLUSION

[Eli: Comment on possible degeneracies between shear calibration and more realistic photo-z uncertainties.]
Weak gravitational lensing of galaxy images is a potentially powerful probe of the geometry and growth history

of the universe, and therefore of the properties of dark energy, the neutrino masses and possible modifications to
general relativity. Realizing the full potential of upcoming weak lensing surveys requires an exquisite understanding
of systematics e↵ects, such as photometric redshift uncertainties, intrinsic alignments, theoretical uncertainties related
to non-linear growth and baryonic e↵ects, and shear multiplicative bias. Because these systematic uncertainties are
so challenging, alternative methods to calibrate are valuable: they provide redundancy and contribute to building
trust in the results. In this paper, we focused on calibrating the shear multiplicative bias from LSST by using CMB



Cosmology Analysis Parameters

Cosmology Parameters

5%

25%

70%

(previously)
unknown
unknowns

Systematics Parameters

observational systematics
survey specific

astrophysical systematics
observable + survey specific

known
unknowns



Conclusions

We’re entering the decade of very large galaxy surveys 

‣ BOSS, KiDS,DES, HSC, PFS  -> DESI, Rubin, Euclid, Roman,…

‣ + radio surveys: impressive forecasts, complementary systematics

‣ (most) cosmological constraints will be systematics limited

‣ require accurate systematics parameterizations+priors

‣ different probes and analysis methods enable accurate cosmology

‣ identify and understand systematics effects

‣ maximize constraining power 

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


