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The Dark Energy Survey: a photometric lensing survey

* 570 Megapixel camera
for the Blanco 4m
telescope in Chile.

® ( years of observations,

1/8th of the sky.

e Full data set (DES Y6):
Positions and shapes of

> 150M galaxies.

* DES Y3: Positions and
shapes of > 100M

galaxies.

N. Jeffrey; Dark Energy Survey Collaboration Dark Matter map from DES observations

JUDIT PRAT MARTI 2 X FUNDAMENTAL COSMOLOGY



.
Santa Cruz- 1

SLAC-Stanford % M
DES Consortium

35 UNIVERSITY OF CALIFORNIA

Stanford

University

~

A
freeerer ‘m
| m—

&
{
N

E

TR Ay S

JUDIT PRAT

Argonne &
\_

A
2% Fermilab |

E==3 THE UNIVERSITY OF

J CHICAGO

KVNCSA

ark Energy Survey Collaboration

—— S

NATIONAL LABORATORY )

R

I

TEXAS ASM

. T .
k: Cerro Tololo Inter-American Observatory
\/,-! a division of the National Optical .—\\(lmnw Uh.wn.llm)\ 4 T‘WF»

Mme p—

MARTI

United Kingdom k
DES Collaboration

&% THE UNIVERSITY
) of EDINBURGH

University of
01. ‘ Portsmouth

US

University of Sussex

r

The University of

Nottingham

v

k UNITED KINGDOM - CHINA - MALAYSIA)

THE OHIO STATE

Spain DES )

Collaboration

IEEC® CSIC
Ciemal

Energéticas, Medioambientales

: ) (Australian Collaborating b

Institutions

DES-Brazil Consortium

&) Des-Brozil

4 Dark Energy Survey

=

X FUNDAMENTAL CosSMOLOGY



%

-
.

‘.
-
. .
;0‘
S e S
" P
»
'
. .
. . P 4
: . Q.
® . s 9
' B .
- e |
B

bES@I&ébore}tion, E. Suchyta, P.

Melchior (OSU, CCAPP)
’ .

»
- »
»
-
,_
2 - “"
»
. :
.” 1 & o
> . .
ks
- »
»
.
. -
»
KN
L
-
»
) »
il .
LY
-

.
. v i
200skpc_ *



‘e
o .
- .
o
'.
-
. -
-

-
.
. ..
’
.
-
.
.
.
" .
Ay
.
.
»
»
-

.
-
.
5
.
-
-
.'
, .
»
-
o
‘ ‘l -
.
-
’
-
’
» > o
‘e N

& .

L

3

s

~

ey
'”.. v . .. ; ‘.
; &9 : —"."- .‘:. 3 . : '.
‘ p - o .
| ARy Sk 5l
Q. RRNE, AR
Credit: Gary Bernstein

LU Penn). .-



Credit: Gary Bernstein
UPenn



Credit: Gary Bernstein
(UPenn)



Credit: Gary Bernstein
(UPenn)



Credit: Gary Bernstein
(UPenn)



sicsieseatanenalieeieieiatuatattantanscatanacastetes

Credit: Gary Bernstein
(UPenn)



The Dark Energy Survey (DES)

RS

P

‘ ' ‘ i ‘ﬁjv
: )
g

e, A ¢
OB

JUDIT PRAT MARTI 11 X FUNDAMENTAL COSMOLOGY



Photometric surveys for weak lensing: Stage lll Surveys

Survey Area (deg?) Source density [arcmin2] Redshift range Observing Status
Stage III DES Y3 4,143 5.59 02-1.3 Completed

KiDS-1000 773 6.17 0.1-1.2 Completed
HSC Y3 416 15 03-1.5 Ongoing

BN HSC )

1
BN DES
KiDS
s Qe I'w ------ i-. —
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Detecting galaxies
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Detecting galaxies
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Detecting galaxies




Large Scale Structure (LSS)

By the effect of gravity, matter (mostly dark) forms a complicated filamentary network, known as the
Large Scale Structure (LSS) of the Universe. N

Credit: Samuel Hinton.



Large Scale Structure (LSS)

By the effect of gravity, matter (mostly dark) forms a complicated filamentary network, known as the
Large Scale Structure (LSS) of the Universe. N

Credit: Samuel Hinton.



Galaxy clustering: two-point correlation function (2PCF)

- Given a random galaxy in a location, the correlation function describes the probability that another galaxy
will be found within a given distance.

» It can be thought of as a lumpiness factor - the higher the value for some distance scale, the more lumpy
the Universe is at that distance scale.

DES Y3 measurements:
Rodriguez-Monroy et al. (2022)
S
-
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S
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101 107
RA Figure Credit.: 9 (arcmln)

Carles Sanchez
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Correlation function

Modeling two-point correlation functions...

)
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Modeling two-point correlation functions...

Correlation function

)

Figure Credit: Carles Sanchez
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Galaxy bias

® Matter correlation function cannot be observed directly because most matter is in the form of dark matter. Galaxies populate dark matter haloes
and thus trace dark matter, but not perfectly.

* Galaxy bias: The statistical difference between the clustering of galaxies and that of dark matter.

Egg(T) = 52(7") Ess(T) Pgg(r) = 52(7”) Pss(r)

N
s

. -

10 [Mpc.’h]'
]

Dark B

“50. [Mpc/h}ics =ie

7' Galaxies

From Orsi e al. (2009)
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source

Gravitational lensing

. Strong gravitational lensing: If the bending produces multiple images of the galaxy and/or arcs.

« Weak gravitational lensing: If the bending is small, the image of galaxies are distorted, stretched
and magnified in small amounts. The distortion can be quantified with shear (shape) and
convergence (size).

observer

Strong lensing Unlensed sources Weak lensing

@D @) @) = lo)

AR P
Y 666 6o © 6% 0e ..
(@ P N /\\ AR I N {.'@*‘ N j N @ \J(\@ Matter in between the
S @* @ \@ | @ \;@’ &7 & R background galaxies
: _ P : ' s’ AP
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089G A XX LX)
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09 9 vYv&
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Gravitationally distorted

Image of galaxy
Credit: ESA



Galaxy-galaxy lensing | . ‘i

Galaxy-galaxy lensing: lens-source correlation -
DES Y3 measurements:

langential distortion of galaxy shapes around Prat et al. (2022)

individual galaxies in the foreground.

§ z binl
Zs bin 2
1079 - : S .
Source galaxies 0.6 < 2z; < 0.80 Zgs DII 5!
redMaGiC HiLum 2. bin 4
1077 5 :

Lens galaxy

\

S,

f |arcmin|
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Weak gravitational lensing two-point correlation functions

Galaxy-galaxy lensing: lens-source correlation Cosmic shear: source-source correlation

langential distortion of galaxy shapes around

Coberent distorti laxy sh I
individual galaxies in the foreground. oherent distortion of galaxy shapes from large

scale structure.

Source galaxies

0
\
N .

Source galaxies

0
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3x2pt:

a synergetic and

robust

combination of DS e, /
weax lensing "l
and large-scale , P/
structure

measurements

© 2021 Jessie Muir




Large Scale Structure Weak Gravitational Lensing
LSS + WL , w

3x2pt analysis Lens galaxies tracing the Source galaxies
Large Scale Structure 'sh )
(Positions) apes
® Using two galaxy samples we can : <
construct three 2-point correlation / \
functions. Galaxy Galaxy- o
autocorrelation Len SSHEEREEAE
® 'The combination helps break (Position-Position) (Position SUENENIEND
degeneracies and self-calibrate \

nuisance parameters.

* 'This kind of analysis has been
performed using DES, KiDS and
HSC data.
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Large Scale Structure Weak Gravitational Lensing
LSS + WL , w

3x2pt analysis Lens galaxies tracing the Source galaxies
Large Sca.Ie. Structure (Shapes)
(Positions)

® Using two galaxy samples we can : <

construct three 2-point correlation / \

functions. Galaxy Galaxy- .

autocorrelation Len Cosmic shear

® 'The combination helps break (Position-Position)  (Position (Shape-Shape)

degeneracies and self-calibrate \/ N

nuisance parameters. Eqg = {040) Egm = <5g 5m> Emm = (Om Om)

x b2 (S Om) < b (0mOm)

* 'This kind of analysis has been
performed using DES, KiDS and
HSC data.
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Large Scale Structure Weak Gravitational Lensing
LSS + WL ,

3X2pt analysis Lens galaxies tracing the Source galaxies

Large Scale Structure

(Shapes)

(Positions)
® Using two galaxy samples we can A N
construct three 2-point correlation / \
functions. Galaxy

i mic shear
autocorrelation Cosmic shea

® 'The combination helps break (position-Position) (Shape-Shape)
degeneracies and self-calibrate v
nuisance parameters. Egg = (040,
x b% (8 6m)

* 'This kind of analysis has been
performed using DES, KiDS and
HSC data. 3x2pt

Cosmological
Results
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Large Scale Structure Weak Gravitational Lensing
LSS + WL ,

3X2pt anaIyS|s Lens galaxies tracing the Source galaxies
Large Scale Structure ‘sh |
(Positions) apes
® Using two galaxy samples we can
construct three 2-point correlation /
functions. Galaxy

Cosmic shear
(Shape-Shape)

autocorrelation

® The combination helps break - (Position-Position)
degeneracies and self-calibrate v

nuisance parameters. Eqg = {040) Egm = <5g 5m> Emm = 0m Om)
x b2 (8 Opn) x b (OmOm)\
* 'This kind of analysis has been 1x2pt
performed using DES, KiDS and 2x2pe p
HSC data. 3XZpt

Cosmological
Results
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Agreement between surveys: cosmic shear only

3j1(kR)

1 2
2 2 —
0g = 75 k (k)[ ] dk 58—0-8(

O 0.5
0.3 )

® All cosmic shear
results from Stage I1I
surveys are consistent.

0.1 0.2 03 04 0.5 0.1 0.2 03 04 0.5
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Testing the Standard model of Cosmology: ACDM

Is the late time Universe compatible with the ACDM prediction assuming initial
conditions from the CMB?

CMB experiments observe Galaxy surveys observe
the early Universe the late Universe
Years after the Big Bang
-
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Testing the Standard model of Cosmology: ACDM

Is the late time clustering compatible with the ACDM prediction assuming initial
conditions from the CMB?

CMB experiments observe Galaxy surveys observe
the early Universe the late Universe
I Years after the Big Bang
| | s
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Agreement between surveys: cosmic shear only

® All cosmic shear results
from Stage III are about

20 lower than the

expected result

assuming ACDM. o

EE HSC
BN DES
KiDS
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3x2pt combination: DES Y3 results

We find consistency between cosmic shear and 2x2pt.

1.0 -
0.9 -

0.7 -
0.6 -

Cosmic shear
2X2pt
B 3X2pt

JUDIT PRAT MARTI

DES Collaboration (2022): /10513549

0.9 -

0008_

0.7 -

ACDM
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Late time vs early time comparison

ACDM
® Planck and DES Y3

are consistent 0.9 0.9
assuming the ACDM

model (1.50), 0.8 0.8
although the clustering & 0.7 5
amplitude is lower for

DES Y3 than Planck. 0.6 0.7

® KiDS is ~-20 below 0.5

Planck. 0.2 03 04 0.5

O
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3x2pt in context: Low redshift Universe constraints

* In ACDM, 3x2pt mostly helps in the 0.Q), plane.

* When combined with other external redshift probes (Pantheon SNe IA, BOSS BAO, BOSS

RSD), they are also consistent (0.90), with smaller uncertainties.

AC D M DES Collaboration (2022): /10513549
0.9 -
0.9 - L N DES Y3 3x2pt
o 0.8 - 2 Y U BAO + RSD + SNe
NN . 0.8 - Al lOW—Z
0.7 - RN Bl Planck CMB
0.6 - 0.7 -
| | | |
0.3 0.4 0.3 0.4
QO O
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Work led by Jessie Muir and Agnes Ferte

DES Y3 results: Modified gravi

Other eXtended mOdeIS DESCoIIaboration(Z(:)ZZ):arX'v:2207.05766

BAO+RSD-+SN
DES 3x2pt
. . . —  Planck
Marginalized posterior on the number of 1 4 g DES 3x2pt
S .. . +BAO+RSD+SN
relativistic species. B Al data
7 —.= BAO+RSD+SN < |
/'/ _____ DES 3x2pt
/ +BAO+RSD+SN
./' - Planck
@, ! Planck+BAO+SN
g —— All data
. — = |
E
! 1
2 4 §) 8 10 —1

Neff
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The Standard Cosmological model is still standing: ACDM
® © ® ®

Dark Energy

Flat Universe Wlth Dark Development of oceleraled Bxpansior
. Afterglow Light Pattern ~ Dark Ages Galaxies, Planets, etc.
Energy in the form of a

375,000 yrs.

Inflation

cosmological constant A + 0
Cold Dark Matter, assuming
oeneral Relativity.

Present

- -4 .
.

< ®
~Me. -

...

Fluctuations W&t/

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

Image Credit: NASA / LAMBDA Archive / WMAP Science Team


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

However there are a few open questions

ACDM model under discussion

ACDM adds 2 new components to the
The cosmological constant interpreted as the

Standard Model of physics, neither of

which have been observed in a laborator vacuum energy is ~120 orders of magnitude
y: lower than the naive prediction coming from

particle physics.

5 D

D

Dark Energy or
modified gravity?
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How con we do beller?

And lessons learmned



DES Y6: Stay tuned.. results coming soon

Credit: Chihway Chang,

-0.015 K 0.01

Marco Gatti, Masa

moto, Theo Schutt,

| the DES Y6 shear
team!
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DES Y6: Stay tuned.. results coming soon

Credit: Chihway Chang,

-0.015 K 0.01

Marco Gatti, Masa

moto, Theo Schutt,

| the DES Y6 shear
team!

JUDIT PRAT MARTI 36 X FUNDAMENTAL COSMOLOGY



What’s coming?

Exciting times ahead!

Future!

o With LSST, we will be able to g -

1

|

|

|

. . hd : Stage III

constrain the equation of state of . SN Y10
. . ! 3x2pt Y10

dark energy very precisely, which ' LSST all+Stage ITT

determines the evolution of dark

energy with time.

<

Z
“0
Q
Z

A’UJO
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What’s coming?

Exciting times ahead!

DES Collaboration: arXiv 2401.02929
TOd ayo °0

Supernovae + CMB

Su ernovae_+ CMB + BAO + 3x2pt

QQ .......... ...... T L LL LT T T E T
S oo
<’.) .
A
N\
P

JUDIT PRAT MARTI

LSST all+Stage III

; Future!
i

i

|

; Stage II1

I SN Y10

: 3x2pt Y10

338

A’UJO
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Limitations of current 3x2pt analyses

Moving forward

m Only using large scales, due to not having good enough small scale models due to:

Uncertainty in the galaxy-matter connection and non-linear effects

Baryonic effects.
m Only using Gaussian information.
m Marginalizing over many nuisance parameters that include uncertainties from observational systematics:

Intrinsic alignments.

Redshift uncertainties.
Magnification.

Shear biases.
Blending.

m High dimensional space analysis sampling issues:

m MCMC’s with so many nuisance parameters take a long time.

m Volume effects

JUDIT PRAT MARTI 39 X FUNDAMENTAL COSMOLOGY



The small scale avenue



Prat et al. (2022): 2105.13541

Galaxy-galaxy lensing DES Y3: tangential shear

e REDMAGIC S/N:
i. Total:120.

ii. After scale cuts =1 ':

(>6Mpc/h): 55

iii. With PM marg: f
28 0
e MAGLIM S/N: m

i. Total:148. S
ii. After scale cuts

(>6Mpc/h): 67 10

iii. With PM marg:
32

JUDIT PRAT MARTI

10_33

10_53

0.20 < z; < 0.40
MagLim

$

0.40 < z < 0.55 0.55 < 2 < 0.70
MagLim ' MagLim
(]
:
E;ii

0.70 < z; < 0.85
MagLim

0.85 < 2 < 0.95 0.95 < 2 < 1.05
MagLim ] MagLim
{ 2z binl
| 2, bin 2
1 TadTr .
: | Zs bin 3
| Y . Zg bin 4

0 |arcmin]

Illb
6 |arcmin]
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dillgiiss

100
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How did we define scale cuts?

¢ e contaminate our fiducial model with effects that are not included:
> Non-linear galaxy bias using perturbation theory (Pandey et. al 2020, 2008.05991).

> Baryonic effects (from OWLS hydrodynamical simulation) to the power spectrum.

® Ciriteria: No more than 0.3 sigma effect in the Sg-Q, plane.

® Result: Scales > 6 Mpc/h for galaxy-galaxy lensing and >8 Mpc/h for galaxy clustering.

JUDIT PRAT MARTI 12 X FUNDAMENTAL COSMOLOGY



Prat, Zacharegkas et al. (2023): 2212.03734

- - 10 20
HOW mUCh WIII We Ioose If Cont: Baryons + Non-linear bias
we continue cutting scales? : -
Forecasted scale cuts for LSST Y1 ,; 0.0 TH-4ft-dbodobobobo bbb FFE—
* In a recent analysis we conclude that if we use E
linear galaxy bias we will need to cut below: ~1.0 = 8 o
X102
* 12 Mpc/h for clustering, + DES V3
—— {  LSST Y1
* 8 Mpc/h cuts for the tangential shear E“; 1.0 -
(40 Mpclh for the tangential shear if not using 1 0s-
point-mass marginalization) S 00 14 bobobobPirbdbbsbbadt—ss
" 05- 3 ;
-0 o o
6 [arcmin]
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How much will we loose if
we continue cutting scales?

Forecasts for LSST Y1

® Quite a lot!

* For experts: Also, in a recent analysis we
conclude that using a marginalization
scheme yields ~ 1.3 more constraining
power on the Sg parameter assuming a
LSST Y1 simulated scenario than just
applying larger scale cuts.

JUDIT PRAT MARTI

Prat, Zacharegkas et al. (2023): 2212.03734
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The beyond 2-point avenue. ..



Going beyond 2-point, how much do we gain?

Improvement is on the 2D plane, Ss is not a good metric to compare methods anymore

2nd & 3rd moments +
B Map-level DES Y3: C;, x CNN
ApIEvE ‘ - Scattering transform + Wavelet phase harmonics
— Power spectra DES Y3:
—— Peaks & power DES Y3: C, x Peaks Cosmic shear 2pt
Jeffrey etal. (2024): 2403.02314 Gatti et al. (2024): 2405.10881
Niall Jeffrey, research fellow at UCL | : : Marco Gatti, KICP fellow at UChicago
0.9+ | |
0.8 0.85 | :
"
0.7 l 0.80 - -
0.75 -
1.0 F + -
+ 0.9 F + -
S
0.8 + -
0.7 + -
A 0.6 0.7 0.8 0.9 -08 -0.6 -04 0.2 0.3 0.4 075 0.80 0.85 0.90 07 08 09 Lo
Qm 58 w Qm S8 Og
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The more probes avenue. ..



Strong Lensing + Weak Lensing

* Strong Lensing (SL) + Weak Lensing
(WL) is an example of how we can do
better by combing emerging
synergetic probes.

e SL is sensitive to Hp, and WL is

sensitive to ., +03 .

IDCOSMO likelihood publicly available in CosmoSIS now thanks
to work with Martin Millon (KIPAC) & Simon Birrer (Stony Brook)

JUDIT PRAT MARTI

48

Bl SI: TDCosmo
BN WL: DES Y3 3x2pt
SL + WL

X FUNDAMENTAL CosSMOLOGY




The DES Y3 dola is public, use ill )

Contact any DES member it you have questions :) You can Tind it here;
https://des.ncsa.illinois.edu/releases



https://des.ncsa.illinois.edu/releases

Examples of Things Thal we con
do wilh This dola




Galaxy-matter with low-surface brightness galaxies (LSBGs)

10724

1073 5

7t(67 R)

1075 4

1076 5
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Total Model (Best Fit)

(0, R)

.
.
B
.
.
.
.
.
.
-
.
.
.
.
.
T T T——r—rr—r-r T

100

10! 107
6 [arcmin]

JUDIT PRAT MARTI

1072 5
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1074 -

10~°
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OO

We performed a weak lensing study around
~24000 LSBGs galaxies using DES Y3 data

and measured the halo mass of such galaxies
for the first time.

Stellar-to-halo mass relation at small masses
and for satellite galaxies.

10t

Total Model (Best Fit)
-- Total Model (Upper Bound)
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M./ M,

1012 5

10% 5
| =«

107+
1012 5

1011

108

107+

Chicoine, Prat et al. (2024): 2407.19081

Stellar to Subhalo Mass Relation

Moster + 2010
Danieli+2023
This work

-- SAGA (Mao + 2021)
van Dokkum + 2016
—¢—  Sifon + 2018

1010 -

10?5

==

Stellar to Halo Mass Relation

Moster + 2010
This work

Thornton + 2023

101!

' '1012
My /Mg
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Nathalie
Chicoine,

PhD student at
University of
Pittsburg,
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undergraduate at
UChicago




Cosmic filaments and connectivity

® The study of the cosmic web offers insights into
galaxy formation and evolution.

Declination

-15*

-30°

—45°

—-60°

Declination

A . =

300° .

60°

60°
Right Ascension

240°

«5 /
%
v (e
4
i
e
4

) ®
S
- )
T LA Al

Preliminary — to be submitted soon
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from DES Y3 data

Geetika Gopidas — Undergraduate Student, California
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Conclusions and outlook

® We can obtain a lot of cosmological information from galaxy clustering and weak lensing.

® The late-time DES Y3 3x2pt cosmology results are in agreement with early-Universe predictions

assuming the ACDM model at the 1.50 level. 'This is a very important end-to-end test of ACDM.
Keep an eye for the DES Y6 results coming this year!

 When combined with the other most constraining low-z probes (BAO and RSD from BOSS DRI16,
and Type Ia Supernova from Pantheon) the agreement is at the 0.9 sigma level, with smaller
uncertainties.

® More stringent testing is needed to determine whether ACDM holds or not.

* A new generation of galaxy surveys, using more scales and higher order information and combining
with more probes will (hopetully) provide the answers.

e (Go use the DES data!
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