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Fundamentals of Cosmic Shear

Lensing by large-scale structures

Galaxies in the distant
universe have (mostly)
randomly distributed

i & shapes
- &"° CAPTION

o l’ pv.
EY

Galaxy

oL TR S AN | ioht is distorted along the
Light i3 B i SR T e e . . ]
A A e n s i . SRR AL REST line-of-sight by massive
B Roauik SRR Y AR R O R R structures

o ’ .

b WAL G . UV Propagation through

. ..‘

similar structures imprints
coherent distortions on
galaxy shapes

Image Credit: Ruhr-University Bochum



Fundamentals of Cosmic Shear

The Shear-Shear Correlation Function

* Observed shear-shear correlation
function relates observed

tangential- and cross-shears

» Shear correlations directly relate

to the matter power-spectrum

» Requires knowledge of the

source redshift distribution
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The Shear-Shear Correlation Function
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Fundamentals of Cosmic Shear

The Shear-Shear Correlation Function
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Fundamentals of Cosmic Shear

Measuring Cosmological Parameters

COSEBIs

1.2 - Band Powers Degeneracy between amount of
2PCF's matter and strength of clustering
Planck

So we discuss cosmic shear in
terms of the degeneracy:

or more generally:

0.15 0.30 0.45 0.60

Asgari et al. (2021)



Fundamentals of Cosmic Shear

Measuring Cosmological Parameters

COSEBIs D . f
Band Powers egeneracy between amount o
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Planck
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Robust Cosmic Shear Requirements
What do you need to get right?

g b e Shape Measurements
i | ] Source Redshift
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Robust Cosmic Shear Requirements
What do you need to get right?

Shape Measurements
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Why is line-of-sight localisation
(1.e. redshirt distribution calibration)
important for cosmic shear?



Robust Cosmic Shear Requirements
What do you need to get nght?

Shape Measurements
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Stage-III Cosmic Shear
With
the final release of KiDS
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DRb & KiDS-Legacy Analysis

Photons to Blinded Cosmology ST
[ Optimal Smoothing
- 1347 sgdeg of optical & NIR data A N
=N Kernel
- Complete re-reduction, including added depth | ™ [ .
S w [
» Six bin tomographic analysis (0.1 < zz < 2.0) C';E o L
. . . . = [
. Multiple N(z) estimates and calibrations B = [
Il < ¢
. Joint N(z) and shear calibration simulations A - Blind A COSEBIs (E,)
~ [ —— BlindB
| . ) S L - Blind C
Updated covariance & IA modelling (NLA-M) - Planck-Legacy (CMB)
L Prior Vol
- New analysis infrastructure (CosmoPipe) @ - | Hon un:e | |
O i | | 7 | | | | | | | | | 7 | | | 1 | | |
» Papers written with Blinded results 0.2 0.3 0.4 0.5

Qn



KiDo-Legacy cosmo.
Consistent with Planck (0.76) 2
C,:]] LI N L I

| Smoothing £
| _ - -
i | Kernel - 00
| |l | Eo

© o _ G
® = _ S : ? l@
_ _ Il o

ot 1 @
S -
I _ —
NI N BT A NN NN T T A S S A A A A A A A A Ve
\O
02 03 04 05 06 =

Q2

Wright et al. (2025b)

ogical constraints

Kernel

COSEBIs (E,)
Bandpowers (C E)
—— Planck—-Legacy (CMB)

Prior Volume

Optimal Smoothin

(| 1]

0.2 0.3 0.4 0.5
2



KiDS-Legacy cosmological constraints
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KiDS-Legacy cosmological constraints

Consistent with DES-Y3 Hybrid (0.8¢) & HSC Y3 (1.806)
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What changed since 20217
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What changed since 20217

Updated Scale Cuts

New N(z) methods
New calib. sample

New images/photo-z
Additional bin, new A
Additional area
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What changed since 20217

| | I | | | | I | | | |
Driving Factors Planck Legacy —e—1
. New spectroscopic sample for N(z) estimation KiD5-1000 Analyses
Asgari et al. (2021) F—€— —3.750
- Updated N(z) calibration and estimation methods
(2) Li et al. (2023) —— —2930
- New Imaging, new area Legacy Nz est. & calib, '+ ~2.080
Further cha nges Legacy Tomo. & KiDZ (5 binsf——€— -1.6lo
. : Legacy Analyses
» Revised scale cut - New P(k) emulation
K 1000 Tiles; NLA; 5 bins —— -1.l7o
- New |A modelling - New sampler
K 1000 Tiles; NLA-M; 6 Bins —— —1400
- New tomography - New analysis pipelines Legacy (fiducial) —e— 0730
] ] I ] ] ] ] I ] ] ] ]
0.7 0.8

Wright et al. (2025b) Se=0g(9,/0.3)"



Calibration Improvements in
KiDs-Legacy
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KiDZ Redshift Calipration Sample KiD5

More spectra means more robust corrections
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KiDZ Redshift Calipration Sample KiD5

More spectra means more robust corrections
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KiDS

Improved N(z) calibration methods
Gold-welght replaces Gold-class

Cell mean redshift (true) Gold class (1 realisation)

o1

1
0.8
15
0.6

0.4

0.2
0.5

0

Wright et al. (20250)



Improved N(z) calibration methods

Gold-welght replaces Gold-class

Cell mean redshift (true)

_-J
a0 epn

Gold weight

Wright et al. (20250)



Complementary N(z) calibration metnods

Validated with multiple simulations, iIncl. new simulated samples

0.10F
m— SOM N(z) Bias | e,
| % o.ooT .
CC N(z) Bias 3 -
# -0.05F _
m | 0Zmed
. - - + (Dgrue)
N(Z) B10S 0'10: $ (DSOM) MICE2 Testing
difference oqsl b Ommes— (I

1 2 3 4 5 6
Wright et al. (2025a) Tomographic Bin



Complementary N(z) calibration metnods

Data N(z) blases are consistent: most different in bin 4, but..

0.10_-

mmmm SOM N(7) Bias

0.05 |

0.00 ;++ + #*

~0.05 |

+ CC N(z) Bias

Bias estimate

SKILLS
5Zmean

SKILLS

. - —— 67 5 E
~0.10 | mec | :
N(z) Bids 4 Do KiDS-Legacy

difference o1l ¥ OZmea— DI _ _ _
1 2 3 4 5 9}
Wright et al. (20250) Tomographic Bin




Complementary N(z) calibration metnods

.. our iIndependent N(z) blas estimation gives identical cosmology

COSEBIs (E,,) Bandpowers (Cg)

KiDS-Legacy Fiducial

Marginal Max + HPDI)
Marginal Mean CI)
Max. Post. + PJ-HPD)

CC §(z)

0.75 0.3 0.85
Ye=05(2,,/0.3)"*

Wright et al. (2025b)



Other N(z) calibration method updates

Prior Calibration Weights

1.5

All Calib. Sources

— Unweighted
- Prior weighted

o —
-
-
Lf)
-
< I I I |
Tomographic bin 3
o — Unweighted —
- Prior weighted
=
O o~ —
-

0 0.5

Wright et al. (20250)

Per-Bin Tomography

KiDS




COSEBIs (E,)

KiDS-Legacy Fiducial

Marginal Max + HPDI) 073
Marginal Mean CI) 120
Max. Post. + PJ-HPD)
0.110
Calib. weight: PV only = _ee o ,
0.170

Calib weight: shape only = -6 N _',

0.75 0.3 0.85

Wright et al. (20250)

Ropustness to N(z) calibration variations

Bandpowers (Cg)




Other changes in
KiDs-Legacy



New Imaging: updated astrometric calipration

KiDS-North KiDS-South
Improved P
astrometric b
solutions bring < £
higher quality 38
iImages £°79

0.05

® KiDS-Legacy

DeCtye — Decgan [arcsec]
—0.05 0

240 220 200 180 160 140 40 20 0 —20
Wright et al. (2024); Kuijken et al. (2019)

[6ap] S/Mysuod — M3HIH3Qg



New Imaging: updated astrometric calipration
KiDS-North KiDS-Southe . °

i ¢
Improved g ,
- 2 O 4
astrometric AR
solutions bring < & .
higher quality = 38 :
images £°79
S 0
Q
@ KiDS-Legacy = S
3 —2
KiDS-1000 £ ©
| LN
O

240 220 200 180 160 140 40 20 0 —20
Wright et al. (2024); Kuijken et al. (2019)

[Bap] S/Msuod — NM3HIHQg



B-modes

S

Improved astrometric A

. X

solutions can also .

: : -
trigger new failure - [ B-mode significance

modes =

-

-

10

Sources Removed (% of total)
0.1

0.05 0.1 0.2 0.5 1
Wright et al. (2025b) Threshold Value (arcsec)



B-modes

S
Improved astrometric A
solutions can also .
: : -
rigger new failure =« [ B-mode significance
modes = =
| 2 g
v Detected by our null = 7
tests X
'U Y
L
>
Q
=
L
%
0
P —
=5 o
A 005 0.1 0.2 0.5 1

Wright et al. (2025b) Threshold Value (arcsec)



B-modes

[Improved astrometric
solutions can also
trigger new failure
modes

P

100 10~® 107® 107* 1072

v Detected by our null
tests

v Cause identified
v Systematic removed

10

o

O Passes Null test
— X Fails Null Test

® Fiducial Choice

Sources Removed (% of total)
0.1

0.05 0.1 0.2 0.5 1
Wright et al. (2025b) Threshold Value (arcsec)



B-modes

[Improved astrometric
solutions can also
trigger new failure
Modes

P
1078 10°® 107* 1072

v Detected by our null

[ests 03T 8
Soo <

v/ Cause identified 7
v/ Systematic removed é;qoo =

v Does not Impact
COSMOology

-0.05

0.05 0.1 0.2 0.5 1
Wright et al. (2025b) Threshold Value (arcsec)



How do we know
KiDS-Legacy 1s
more ropust?
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nterna

[esting .

Consistency

Greatly expanded suite of tests all indicate full consistency

Tier 1

Evidence-based metric
Bayes tactor, Suspiciousness)

Stolzner et al. (2025)




[esting Internal Consistency

Greatly expanded suite of tests all indicate full consistency

0.8 |

0.4} |

N |

> |

Tier 2 <] i
Multi-dimensional 0.0 F---+--- e EEE R

parameter metric \\i\
—0.47 |
Tier 1 |

02 00 02 04 06
AN
Stolzner et al. (2025)

Evidence-based metric
Bayes factor, Suspiciousness)




[esting Internal Consistency

Greatly expanded suite of tests all indicate full consistency

4 l
T3
PPD 3
metric -
2
Tier 2 =
Multi-dimensional 11
parameter metric =
O ___________________________________
Tier 1

Evidence-based metric
Bayes factor, Suspiciousness)

Stolzner et al. (2025)




[esting Internal Consistency ,
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[esting Internal Consistency ,
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[esting Internal Consistency ,
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[esting Internal Consistency ,
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Other Results from
KiDs-Legacy
Cosmic Shear
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Baryonic Feedpack Constraints

Using correlation functions at small scales & P(k) reconstruction:

more extreme feedback is evident
o Mean suppression for k >3 h Mpc™! _
00 ) l | (Using P(k) reconstruction)
(Using COSEBISs) s [HUAAL AL L L A/ |
= i
% 0.951 0 KiDS Legacy 1o posterior "h:) 1 : H [
<§ — Flamingo, fgas+20 O |
Qqé —— Flamingo, fiducial = I I I I .I- T ‘ T
2090 —— Flamingo, fgas-20 O
A &9, 16 o 0.5
—— Flamingo, fgas-4o0 "; i
Flamingo, fgas-8o P~ FLAMINGO fgas+20
0.8597 —— KiDS Legacy max. posterior - . FLAMINGO fiducial
102 10! T | 1 FLAMINGO fgas—8c
k [h/Mpc] 0.27 Deprojected Py, (Z)
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Broxterman et al. (2025) k [h Mpc™]




Extended Cosmologies from Joint Analyses

2 ;

name data set

KiDS KiDS DRS5 cosmic shear catalogue
SPA SPT 3G D1 + ACT DR6 + Planck 2018

KiDS + DESY3+
lensing and primary SPA lensing
lensing KiDS + DESY3 + SPA lensing low-z
low-z  KiDS + DESY3 + DESIY2 BAO — Zzz o ;;Ejl + SPA
+eBOSS RSD low-z + SPA + Pantheon+ E
~20 -15 ~10 -0.5 0.0

Reischke et al. (in prep) Wo



Extended Cosmologies from Joint Analyses

2 ;

Lensing strongly prefers ACDM over extensions

name data set

KiDS KiDS DRS5 cosmic shear catalogue
SPA SPT 3G D1 + ACT DR6 + Planck 2018

KiDS + DESY3+
lensing and primary SPA lensing
lensing KiDS + DESY3 + SPA lensing low-z
low-z  KiDS + DESY3 + DESIY2 BAO — Zzz o ;;Ejl + SPA
+eBOSS RSD low-z + SPA + Pantheon+ E
~20 -15 ~10 -0.5 0.0

Reischke et al. (in prep) Wo



Extended Cosmologies from Joint Analyses

2 ;

Lensing strongly prefers ACDM over extensions
Low-z data strongly prefer ACDM over extensions

name data set

KiDS KiDS DRS5 cosmic shear catalogue
SPA SPT 3G D1 + ACT DR6 + Planck 2018

KiDS + DESY3+
lensing and primary SPA lensing
lensing KiDS + DESY3 + SPA lensing low-z
low-z  KiDS + DESY3 + DESIY2 BAO — Z‘jw"j o ?15\81 + SPA
+eBOSS RSD low-z + SPA + Pantheon+ E
~20 -15 ~10 -0.5 0.0

Reischke et al. (in prep) Wo



Extended Cosmologies from Joint Analyses

2 ;

Lensing strongly prefers ACDM over extensions

Low-z data strongly prefer ACDM over extensions
Excluding DESI:

- combination of low-z & CMB data prefer ACDM

name data set

KiDS KiDS DRS5 cosmic shear catalogue
SPA SPT 3G D1 + ACT DR6 + Planck 2018

KiDS + DESY3+
lensing and primary SPA lensing
lensing KiDS + DESY3 + SPA lensing low-z
low-z  KiDS + DESY3 + DESIY2 BAO — z‘jw"z o 18315\31 + SPA
+eBOSS RSD low-z + SPA + Pantheon+ 1;
~20 -15 ~10 -0.5 0.0

Reischke et al. (in prep) "



Lensing strongly prefers ACDM over extensions 2

Low-z data strongly prefer ACDM over extensions
Excluding DESI:

- combination of low-z & CMB data prefer ACDM
Including DESI or DESI & SN: 0

- wO-wa is preferred over ACDM

name data set

KiDS KiDS DRS5 cosmic shear catalogue

SPA SPT 3G D1 + ACT DR6 + Planck 2018
lensing and primary

lensing KiDS + DESY3 + SPA lensing

low-z  KiDS + DESY3 + DESIY2 BAO 4

+ eBOSS RSD

Reischke et al. (in prep)

Extended Cosmologies from Joint Analyses

e i B B B A B J

KiDS + DESY3+

SPA lensing

IOW-2

low-2 -

low-z no DESI + SPA

- SPA

low-2z -

)

- SPA + Pantheon+ E

-20

-15

-10
Wo

0.0



Modified Gravity from Joint Analyses

Co
K]

Mmbination of:

DS-Legacy, DESI BAO, eBOSS, & Planck

Models MG perturbations to a backgrouna

ACDM or wOwa cosmology

Includes sampling of lensing anomaly parameter

Weak preference for a wOwa over a ACDM in a

MG analysis,

(1.570)

MG paro

expectatl

out not statistically significant

meters consistent with their ACDM

ons, and stable with wOwa background

Stolzner et al. (in prep)

SC@




Conclusions from KiDS-Legacy

Data from the complete KiDS survey | —O
[Wright et al. (2024)] KiDS-Legacy (E,) 0.730
Improved calibration samples anao
met hOd S [Wl‘lght et al. (20250)]
DESY3 (&, Hybrid) = = ?;gg
Consistent with CMB
[Wright et al. (2025b)]
. . . 1810
No evidence for significant feedback |Hsc Y3 (g.) © 529G
[Wright et al. (2025b)]
Most robust KiDS analysis to date Planck-Legacy a-a
[Stolzner et al. (2025)] 07 08 0.9

Ys=0g(R,,/0.3)"®



ternal Probes

[T]
<

Conclusions from KiDS-Legacy +

2

Combined analysis with DES, DESI,
and Pantheon

[Stolzner et al. (2025)]

Additional analyses with CMB O oo AR

[Reischke et al. (in prep)]

ACDM preferred over extendeo $

models, except when including DESI ™
[Reischke et al. (in prep)] KiDS + DESY34+
Modified gravity consistent with SPA lensing
ACDM expectation T lowzno DESIHSPA
[Stolzner et al. (in prep)] low-z + SPA + Pantheon+ E
-20 ~15 ~10 -0.5 0.0

Wo



Additional Slides



Gravitational Lensing

Galaxy images are distorted by the presence of matter

galaxy cluster

- lensed galaxy images

distorted light-rays

Image credit:
NASA /ESA




Gravitational Lensing

Galaxy images are distorted by the presence of matter

Credit: NASA

Image credit:
NASA /ESA




Gravitational Lensing

Galaxy images are distorted by the presence of matter

’

. s

Image credit:
NASA /ESA




Strong and Weak Gravitational Lensing

Different implications for galaxy images

Strong lensing creates
visibly distorted galaxy
images, multiple

Images, arcs, etc.

Weak lensing is typically p M =
only measurable using
ensembles of galaxies

The of the

potential is measurable
from the mean ellipticity

of the galaxies

Image credit: Mellier (1999)



Weak Gravitational Lensing

Shear 1s estimated [rom average ellipticity

Weak gravitational lensing modifies the
observed ellipticities of galaxies:

6:6(5)—|—g

Per galaxy, the shear g is small. However
we can approximate the average shear
as being the average ellipticity:

() = () +(g) = (g)

The assumption of zero average source ellipticity can be
violated by, e.g., galaxy intrinsic alignments. In practice
this is modelled (more on this later).

Image credit: Mellier (1999)
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[maging Surveys tor Cosmology
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10*

10°
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Drivers of cosmological sensitivity

Four main observational considerations

Higher lensing SNR r unit area
Access to higher redshift samples

L ower statistical noise

Wide-Field Photometric Bands
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Better I\e—of—sight localisation
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Impact of scale-cuts
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Redshift Distribution
Estimation & Calibration



ML Redshift Distripution Calipbration

Farly work used k-nearest-neighbours. But for the last few years, the
cosmic shear community has been caught firmly in the grip of the
Self-Organising Map (SOM). This is because SOM gives us both:

(1) Unsupervised classification &

Wide SOM Tomographic Bin p(z)

(2) human-interpretable representations of R"-spaces T - S e
i peopeC: Fiducial SOM Phot: Fiducial SOM by M
R LR R ey e pcihont 1 : R AN
. """':‘.:fa.' . . |
: O 0 % le .P.' - 1w
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Wright et at (2020a) 59 Myles et al (2021)



Ways that your ML analysis can tail

There are three classic failure modes in ML regression/classification problems:

1. Covariate shift: p,(z]|c) = Pro(Z |c) & p,(c) # Pre(€)
2. Prior Probability shift: p..(c|z) = Pyo(C |2) & p(2) # Pre(2)
3. Concept drift: p(z| ¢) # p(z] )

These all affect redshift calibration datasets:

1. Targeting in spectroscopy differs from photometry

2. Redshift success and confidence is systematic

3. SOM cells have non-zero size

= the above effects persist below the cell level



Constraints on log T N 1N joint analyses

COSEBIS
Band powers
Combined
Combined Individual
analysis analyses




Example: Consistency of -
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Covariance and modelling

Framework for photometric
[.oo covariances

OneCovariance code by KiDS for kids and adults

Reischke et al. (2025) https://github.com/rreischke/OneCovariance



Covariance and mocelling
Framework for photometric \
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Covariance and modelling

Analytic covarliances are good enough for Stage-III

realspace correlation function
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Most ropust Ki
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analysis to date

Stolzner et al. (2025)
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P(k) Constraints

Modelling bias of P(k) 1s less than 0.1¢ of our posterior constraint

KiDS Legacy 1o posterior/10
AGN feedback contribution/10
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