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Standard Cosmological Model: ACDM

responsible for the
accelerating expansion of the
Universe

(2 = 0.31

Dark Matter matter energy density

27%

Baryonic Matter
4%

L

Dark Energy
69%



Standard Cosmological Model: ACDM




Standard Cosmological Model: ACDM

Dark Energy acts like a fluid with energy density 1
L e . dark energy
constant with time and negative pressure :
equation of state

Need more precise measurements to test General Relativity and the nature of dark energy,
e.g. to check if its energy density is actually constant or it evolves slowly with time
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Testing ACDM: Are the late time observations compatible with
those from the early universe?

Dark Energy
Accelerated Expansion
Afterglow Light \
Pattern  Dark Ages Development of
380,000 yrs. Galaxies, Planets. etc.

Galaxy surveys
observe the late
universe

1st Stars
about 400 million yrs.

| Big Bang Expansion

! 13.7 billion years I

Image Credit: NASA / LAMBDA Archive / WMAP Science Team


https://lambda.gsfc.nasa.gov/about_lambda.cfm#captioncredit

Large scale structure and galaxy clustering

We can learn more about dark matter and dark energy by mapping the distribution
of the large scale structure (tracer of the matter distribution in the Universe)

e The positions of galaxies
are tracers of the
underlying matter
distribution

e \We use two-point
statistics to characterize
the distribution of the
positions of galaxies
(galaxy clustering)

Credit: Claire Lamman/DESI collaboration



Galaxy bias

Galaxies are a biased tracer of the underlying matter density field
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Weak gravitational lensing

background (source) galaxies

\

foreground (lens) galaxies,
which are clustered

redshift / distance

lensed /sheared image of
background galaxies
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cosmic shear

correlation in the shapes of
(source) galaxies

galaxy clustering

correlation in the positions of
(lens) galaxies

galaxy-galaxy lensing

correlation between
positions of the lenses and
shapes of the sources
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cosmic shear

galaxy clustering

calaxy-galaxy lensing
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cosmic shear

galaxy clustering

calaxy-galaxy lensing
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3x2pt cosmology

cosmic shear

galaxy
clustering

Credit image: DES Y3 3x2pt webinar

0.91

0.81

—cosmic shear

—3x 2pt

0.7

_ Sg = Ug(Qm>O.3)O'5J\_ 7

os, Amplitude of fluctuations

galaxy-galaxy
lensing

N\
N

\

0.18

0.24 0.30 0.36 0.42
Qun, Matter density

A joint analysis maximizes the cosmological
information and robustly constrains astrophysical
& observational systematics in the analysis!
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SURVEYS

e  Use a camera with broadband filters

e  Pictures of millions of galaxies

e Allows to measure weak gravitational lensing of
galaxies

e Needed to find the targets for spectroscopic surveys

e  Worse precision for the redshift of galaxies

Obtain the spectra from each object/galaxy

Allows to measure the redshift of galaxies with high
precision

Allows to measure galaxy clustering with high precision

14
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U.S. Department of Energy Office of Science
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Credit image: DES



The Dark Energy Survey

e 570 Megapixel camera for the Blanco 4m telescope in Chile.
e Full survey 2013-2019 (Y3 2013-16).
e Wide field: 5000 sq. deg. in 5 optical bands (grizY)

e Compared to Y3, Y6 reaches higher redshift, with 50% higher source
density (used for weak lensing)

180° 60° 300° 180°

________

= DES Wide Survey.
. ACT /
SPT

Declination

3 Euclid
‘4 —-- HSC-SSP wide survey
—— KiDS survey
BCEE DES SN/COSMOS
— LSST northern limit

A a0° 180 Wide field: ~5000 deg?, i~24
Right Ascension B Wide fie g’ i
DES Collaboration 2026 Deep field: ~27 deg?, ~7 day cadence
Credit image: DES arXiv:2601.14559




Probes used within DES Q/
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Probes used within DES Q/

N5 coomolo Y v
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Probes used within DES

5 cosmolo Jv|
arXiv:2401.02929 History of Expansion
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Probes used within DES
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Probes used within DES

N5 coomolo Y v
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DES Y6 Cosmology Papers

Webinar from Jan 22, 2026: DES Y6 3x2pt results webinar — January 22,
2026

Our Year 6 cosmology analysis of galaxy clustering and gravitational

lensing is a massive effort from more than one hundred scientists. There

will be more than 20 interconnected papers in all, with the main
cosmology analysis, and an ‘extended models’ analysis, at the bottom
of the page. We provide links to papers that are public.

Key paper: 3x2 cosmology result arXiv: arXiv:2601.14559

https://www.darkenergysurvey.org/des-y6-cosmology-results-papers/



https://www.darkenergysurvey.org/des-y6-cosmology-results-papers/

Galaxy samples

— redshift _

s
P

MetaDetect sources

(shapes)

T T

MagLim lenses

ﬁﬂ (positions)
0.5 1.0 1.5 2.0
Redshift Farther

We split the galaxy samples in several redshift bins

Weak lensing sources: MetaDetect
e Used for the cosmic shear measurements
e 140M galaxy shapes

e 4 tomographic redshift bins

Lens sample: MagLim

e Used for the galaxy clustering measurements
e 11M galaxy positions

e 6 tomographic redshift bins

e  Selection optimised in Porredon et al. 2021

24
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KExample: Galaxy Clustering Signals

Our full model for the 3x2pt data has over 50 parameters, only 6 of which are

cosmological.
We ignore small-scale measurements in the gray The effects of Qm are approximately
regions because we cannot make accurate orthogonal to S (i.e., tilting the signal vs.

predictions for them.

The parameter =
combination g
88=08(Qm/0.3)0-5 3,
approximately S

sets the overall

amplitude of the ~—

signal, and so is
the best
constrained
parameter.

fw [arcmin]

Slide credit: J. Muir & M. Becker

changing the amplitude).
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Pixels to cosmology

PSF model

Schutt +25

é =N

Wide Field ‘Gold’ data

Bechtol +22
—>

Anbajagane, Tabbutt +25
Synthetic

R

Lensing ‘source’
catalog
>

Yamamoto, Becker +25

Rodriguez-Monroy,
Weaverdyck +25
Clustering mask
0o *

®

Blendini calibration |

Mau, chker +

Redshift
calibration

Yin +25
Giannini +25
d’Assignies +25

Magnification |

> calibration

source injection

Image credit: A. Amon

Legnani +26

Mock cataloi

To+25

N osmic N
shear
N
| P(p/D. M) x 5(1‘)|p.A/)P(p\_\l)|
Model choices & galaxy-
covariance: -Sgalaxy
—  Matter power spectrum, | 5lensing
galaxy bias, intrinsic
alignment + Gjan/7fni +26
Sanchez-Cid, Ferté +26 . . galaxy
anchez-Cia, rere +20 o .
Doux, Muir +26 Bernstein +25 .dUStermg
Weaverdyck,

Rodriguez-Monroy +26

DES+

cosmic
shear

cosmology = |»

2x2pt
cosmology

DES+

DES+26

\

3x2pt
cosmology
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- Cosmic Shear: S/N = 83 - Galaxy- galaxy Lensing: S/N = 39
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Testing ACDM

Early-time CMB
measurements

Amplitude of
density fluctuations

SPace

tima | J

Late-time structure
measurements
from DES

Slide credit: J. Muir

S8

Inner contours: 68% confidence region
Outer contours: 95% confidence region

I Early Universe:
CMB from Planck, ACT, & SPT
I Late Universe:
DES Y6 weak lensing and clustering

N
\
)
/
\—/
0.110
Qm Matter density

DES Collaboration 2026, arXiv:2601.14559

28



DES 3x2pt vs CMB:
evolution across releases

DES 3x2pt Ss constraints are consistent across
releases.

CMB (Planck + SPT+ ACT) constraints and
3x2pt both have increased precision.

Full-parameter differences are:

Y6 vs CMB: 1.80
Y6 vs Planck: 1.00
Y3 vs Planck: 1.50

Sg (Clustering amplitude)

With respect to Planck the difference has
decreased, even with tighter constraints.

. ACDM
0.85F
0.80F | ¢
0.75F

~.
~
-~ -

B DES Y6 3 x 2pt
DES Y3 3 x 2pt
DES Y1 3 x 2pt
I CMB (Planck+ ACT+SPT)

—— Planck

L
0.3

N
0.4
Q) (Matter density)




Comparison of lensing probes

0.95
The final DES 3x2pt and cosmic shear
analyses are consistent with the latest fiall
results from the other Stage-Ill
weak-lensing surveys and with the CMB. .|
Tension metrics across weak lensing
experiments with the CMB still range 0.80
from ~ 10 to < 30.
0.75
0.70

I DES Y6: 3x2pt
—— DES Y6: Cosmic shear (TATT)
—— HSC Y3 + SDSS: 3x2pt

—— KiDS Legacy: Cosmic shear
I CMB

ACDM

KiDS Legacy

/ \
4 |
g - (Wright et al. 2025):
, ~._shear 1000 sq. deg.
‘ \
-

HSC Y3 + SDSS [Zhang et al. 2025]: 3x2pt using SDSS
lenses, 436 sq. deg. of shear catalogue.——"

0.2 0.3
O

0.4

0.5
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DES dark-energy probes combined: 3x2pt, BAO, SN, Clusters

e All four probes are fully consistent &r

e For the first time we combined all four
dark energy probes as originally
designed for DES.

e First time this is done within a single
survey.

e DES all-probes has similar constraining
power as CMB in both Ss and Qm.

Full-parameter difference of 2.80 with the
CMB, with fully consistent Qm

0.75

0.85

T |

s CMB

Current combination does nbtfully exploit
— mass calibration wl cross corr [paper in prep.] -

ACDM
0 3 x 2pt
------ Y5 SNe Ia + Y6 BAO

—— Y6 3 x 2pt + Y3 Clusters |
" DES all probes

T

Y5 SNe Ia +

Y6 BAO: Final,
SN updated with

SN-Dovekie.

030

0.35
-

0.40
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DES dark-energy probes in wCDM: 3x2pt, BAO, SN

We constrain the equation of state parameter to
4%, and find no evidence for departure from a
cosmological constant of w = -1

We find no significant preference of wCDM over
ACDM when doing model comparison via Ax?

The full parameter difference with the CMB is 2.£
o (similar to the ACDM case)

3

—0.5
—1.0

—1.9

T T l T
wCDM
I 3 x 2pt
I CMB

Y5 SNe Ia + Y6 BAO
| DES all probes (-CL) -

For wCDM, we .
combine three of the |
four probes (no
clusters).
1 | ! | ! 1 | 1
0.2 0.3 0.4
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Joint cosmological constraints in wCDM

From the best-available data sets to date:

Ss = 0.80779:907
Qm = 0.30570-904

w=— 0.981+8:8§%

We find no significant preference of wCDM
over ACDM.

Stay tuned for more complex evolving dark
energy models and modified gravity later
this year!

—0.91

./
3 —1.0_— --------- _

—1.5

DES SN+BAO +
DESI DR2 BAO +

SPT clusters abundance

[ cosmological\

constant (=

y

wCDM
B 3 x 2pt
Il CMB
I Ext. Low-z

B 3 x 2pt + Ext. Low-z -

B 3 x 2pt + All Ext.

0.2
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Cross-survey cosmology from
calaxy clustering and weak lensing



SURVEYS

DARK ENERGY
SPECTROSCOPIC
i INSTRUMENT

U.S. Department of Energy Office of Science

THE DARK

weak gravitational lensing

galaxy clustering with high precision
35



il DARK ENERGY
il SPECTROSCOPIC
3 INSTRUMENT

Dark Energy Spectroscopic Instrument

N 3
U.S. Department of Energy Office of Science

Stage IV 5-year spectroscopic survey using the Mayall 4-meter telescope at Kitt
Peak National Observatory

Image credit: DESI

The DESI survey started in May 2021
and is finishing the first 5 years of
observations

The instrument has 5000
robotically-controlled optical
fibres. In total, it's expected to

catalogue redshifts from over 60
million galaxies in 8 years, covering
17,000 sq. deg.

4m Mayall at Kitt Peak, Arizona. Twin to the Blanco, CTIO
36



DESI and weak lensing surveys

15°

Focus on combined-probe analyses of DESI spectroscopic samples with
public weak lensing data

NGP region

Overlap of DESI DR1
DESI footprint
B DESI Y1 Dark
3 I KiDS-1000: 446.8 sq deg
DES-Y3: 851.3 sq deg
HSC-Y1: 151.8 sq deg

‘o

0° 0°

faes 75

60°

750 SGP region ;5.

,71;;

30°

-/ 15

__/ :
-75°

Figure credit: Chris Blake

DESI objects
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DR1: 13.1M galaxy
redshifts released in
March 2025
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https://arxiv.org/abs/2412.12548

DESI DR1 3x2pt analysis

Porredon et al. 2025
https://arxiv.org/abs/2512.15960

DES-Y3 cosmic shear
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https://arxiv.org/abs/2512.15960

=l DARK ENERGY
(% | spectROSCOPIC
[ 38| INSTRUMENT

DESI DR1 x weak lensing cosmology papers

N SwWouis NT

U.S. Department of Energy Office of Science

e Porredon et al., 2025 - 3x2pt with projected two-point functions (2D), most
similar to DES 3x2pt.

e Semenaite, Blake, Porredon et al., 2025 - using full 3D information for the
galaxy clustering part

e Lange et al., 2025 - simulation-based analysis with a frequentist approach.
2D, but not including cosmic shear.



DESI-DR1 results comparison

0.85

2 0.80

0.75

0.70

W DESI x DES (Semenaite et al.)
&+ +7+w), (Porredon et al.)
== X (DES+KiDS) AX +w, (Lange et al.)

B BN Planck
/7
/
/4
/
1
[
I 1
B I 1
I 1
[ |
1\
A
v N
\
o \
\
0.25 0.30 0.35 0.40 0.45
Qn

Very different scales, priors, and
assumptions, but highly consistent
results!

I DESI x KiDS-1000 (Semenaite et al.)
&4 +y+w, (Porredon et al.)
== X (DES+KiDS) AX+w, (Lange et al.)
0.85F B Planck
2 0.80r
0.75F
0.70=0.35 0.30 0.35 0.40 0.45
Qum
I DESI x HSC Y3 (Semenaite et al.)
&4 471+ w, (Porredon et al.)
== x(HSCY3) AX+w, (Lange et al.)
0.85F I Planck
2 0.80F
0.75F
0707055 0.0 0.35 0.40 0.45




Comparison with other analyses

Cosmic shear

DES-Y3 &4 hybrid
KiDS-1000 &4 (this work)
KiDS-1000 COSEBIs hybrid
KiDS-Legacy COSEBIs fiducial
HSC-Y3 £, (this work)
HSC-Y3 &4 hybrid

https://arxiv.org/abs/2512.15960
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CMB

Clustering and WL
combinations

https://arxiv.org/abs/2512.15961
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https://arxiv.org/abs/2512.15960
https://arxiv.org/abs/2512.15961

DR?2 cross-weak lensing key project

| SPECTROSCOPIC
INSTRUMENT

U.S. Department of Energy Office of Science

Constraining power will improve significantly with DESI-DR2 data (first 3 years)

NGP region

/ -15°

750 SGP region 750

60°

Full DESI footprint
DESI-DR2 Dark
KiDS-1000: 446.8 sq deg
DES-Y3: 1090.3 sq deg
HSC-Y3: 469.2 sq deg
DECADE: 5175.3 sq deg

] 15°

-30°

_750 : - - _750

Figure credit: Chris Blake



Looking ahead: Euclid x DESI

About ~200 sq. deg. of overlap with DR1, which will increase
significantly with further Euclid and DESI data releases

758 Euclid DR1 x DESI Y1

g n'& ﬁw ..

gﬁv‘..m ;

DTITOTTS PPy

-75° S. Naess et al. 2025

Figure credit: Christoph Saulder - DESlonly
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Conclusions

e Presented legacy results from DES 6 years of observations from the combination of weak
lensing and galaxy clustering

o We find ~2-30 lower values of S (clustering amplitude) compared to the CMB

o First time we combine all four dark-energy probes proposed at the DES inception: 3x2pt, BAO,
SN and Clusters. Similar constraining power as CMB in the main constrained parameters.

o In wCDM: DES constraints dark energy equation of state to 4% (consistent with ACDM).
Full joint constraints find a 2% result on w, no preference for wCDM over ACDM.

Obtained cosmological constraints from the combination of KiDS, DES, and HSC weak
lensing data with DESI-DR1 galaxy clustering

o Reanalysed state-of-the-art public weak lensing data with a unified pipeline, finding consistency
between surveys and with each survey’s fiducial results.

o We find lower values of S, compared to the CMB from Planck (consistent with other analyses)
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Extra slides



Baryon Acoustic Oscillations (BAO)

Credit: Zosia Rostomian, LBNL

e The interplay between gravity and pressure in the
early-Universe hot plasma generated sound
waves that propagated through it

e At the time of decoupling, the waves froze,
leaving an imprint on the spatial distribution of
matter

e This particular scale can still be observed today in
the distribution of matter and serves as a
standard ruler

1 A [l T - S W

Credit: NASA WMAP (left), and SDSS (right)




DES is an imaging galaxy survey

Estimating the redshift (z) of each galaxy is challenging

—— Elliptical, z=0.3

H Ks
5000 7500 10000 12500 15000 17500 20000 22500
Wavelength [A] Adapted from R. Buchs+ 2019

DES optical filters



(Aand B Cosmic Shear: S/N = 83 Galaxy-galaxy Lensing: S/N =39

4 (s%,s) (s, (s, (s, (s1,sY) w 1072 e (D) F 2,sY) F ,sY) (14,8 F (15,5 - (1%,s%)
(=3 M i I [ 1 (=3 o
— = bt L
x X i
+2r 12
ur wr F -
£ 3 5 5
0 T “HO0 L i [
o 2f . 12 & L L - 2
G0t e e e e oo e« —d cefee eew . “elg T oo obet” “L__‘_‘L PN P
2{_2 L e p— JRSCICTTTA A R S mesettL e Tt . do -1 - “‘r “ c'“’cc O "‘I‘:l“r‘ R S
f ] . A . . . . . .
- (s%,5%) (s%8%) (s%5%) - 100 (s%5%) (s%5%) - s s s (#,5%) (5% F (@,%) - (1°,5%)
S 4f I I 6 [arcmin] 1 14 S
G X L L
L2 | i
ar L F -
> £
o 1l [T
5 2F 3 - : n : " "
g g . - - g\ “ee ege % e catel® g, [o pepe A Cee e ) - o cogeetee, coe e t‘ e
-2r . " o, . e S -t L [* e e Se L _eece G
4 3 3 .3 10 100 3 3 -
4} (;5 ,8°) L (s,%) 9 [arcinia] (s°,8%) PN (GRS (1, 3) L (1, s%) L (18, 5%)
= =
x , 5 ) | - 1 % \\
& w
< )
N L. ..‘I 0
© F pl 19 © L L
~ - - o «© Lby S - o L L
+ Loty =% e o Hee® e, 6 eee ®  Jee coser e 40 | o 2oF v F~ F7e 3 F Jt
oy , :.' = ‘:.c“ : '.., R I,..‘__ I¢ ] . R 1% & ; g: 't..,:.'if"t.."': ‘-..;..._ o Clrenits ‘r ce [oe =¢< oa e ":""rfe“ur u'(:t" i cee e |
10 100 i (s,5%) (s%,52) (s4,s) < - = d L S 2 L . S L
BAr, P i 0 [arcmin) s A7 1 3 ] 143 1073 @8 r (G (t%,5%) (%) K (t,5% ¥ (1,5
S e ) [ ] i =
% B i X —4
2 1 E L1075 AcDM T \\\— L
+: |
¥ (s ] /)/ ¥ < oos .
F2% 105 NL bias - L -
wCDM
3 < 1070 . [ - -
< m b e e = = Featetree =
b —i =l « 1oy s 2 iR L . o R — 1 . Fe ¢ oo eve = .
. . ) . . . . . . e s 0 . el = ot Tt Pl i M e e ST
10 100 10 100 10 100 10 100 10 100 -2 o > e v L L = ,e2 L ) & 'Cl L
0 [arcmin] 0 [arcmin] 9 [arcmin] 9 [arcmin] 0 [arcmin] 10 o 10 10 10 10 10 1o 10 w 10 10
6 [arcmin] 6 [arcmin] 6 [arcmin] 6 [arcmin] 0 [arcmin] 6 [arcmin]

We removed lens

bin 2 from the Galaxy Clustering: S/N = 90

. 101} @, B @2, 8) [~~~ (&,8) _\\\\ (11,11 _\\\ (»,1%) [ (18,15) . .
analySlS due to a \\\\\ \\.\ =N \.\\ =Ny Linear cuts (llght grey bﬂi’ld)
> <, L L LY L e L L \\

systematic effect > N‘b " g \ (R, w(6)> R »,) = (9,6) Mpe/h
we can detect, but 0 : i , e

L \s\ L \&l —— ACDM
NL bias .
don’t understand. , , , , , , , A I won Non-linear cuts (dark grey band)

E g_ iU e “.....,..;.-‘ et e Q._.._.“%“ e PAEL I AT T PPN (ijn, w(8)» ijm 7t) = (4, 4) MpC/h
—2[Svnri C A S L [ eetter, 3

. . . 10t 10% 10t 102 10t 10% 10t 10% 161 l(l)2 -+ l(l)1 167
Slide credit: D. Sanchez-Cid . . . i ) )

6 [arcmin] 6 |arcmin] 6 [arcmin] 6 |arcmin] 6 |arcmin] 6 [arcmin]



What about systematic effects?

[ ACDM = 2t We test for systematic effects by examining:
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https://arxiv.org/pdf/2601.14559

What’s up with lens bin 2?

The symptom we see is that our best-fit models prefer a different redshift distribution for lens bin 2
than we would infer from the data.

This specific problem is difficult and weird for a few reasons:

e Both broader n(z) mode priors and an alternative shift + stretch parameterization don’t help
significantly.

e Lens bin 2 is at a redshift
where we think a priori that
we should be able to constrain
the redshift distribution
accurately. g

e We see no signs of systematics /
in the clustering measurements L=~
themselves. R

=== Fiducial
u?’l +3

Posterior

e PGE

Redshift mode nuisance parameter Preferred n(z)
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What’s up with lens bin 2%

For the lens bin 2 redshift range, there
are possible effects from

1. Color-redshift degeneracies
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N(z)

N(z)

N(z)

o o

% % A __— but less statistical

Challenges in lens bin 2

Bin 2 particularly

susceptible to photo-z

error, misbinning.

Giannini+ (DES Collaboration) 2022
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What’s up with lens bin 2?

We see the effects of these

difficulties on our
magnification estimates.

Photo-z sensitivity to flux errors
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Lens bin 2

investigations
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DESI DR1 x weak lensing cosmology papers
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e Semenaite et al., Joint cosmological fits to DESI-DR1 full-shape clustering and weak
gravitational lensing in configuration space -- https://arxiv.org/abs/2512.15961

e Porredon et al., DESI-DR1 3x2-pt analysis: consistent cosmology across weak lensing
surveys -- https://arxiv.org/abs/2512.15960 (xi+/xi-, gamma_t, w_p)

e Lange et al., Cosmological Constraints from Full-Scale Clustering and Galaxy-Galaxy
Lensing with DESI DR1 -- https://arxiv.org/abs/2512.15962 (2x2pt: Delta Sigma, w_p)

o Simulation-based analysis based with a frequentist approach

e DeRose et al. (in preparation)

o Unified HEFT+LPT pipeline to analyze DESI and different shear surveys in
harmonic space
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