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Dark Energy Survey: Goals

e Constrain the nature of dark energy with four probes:

DES Collaboration:
~300 scientists from 28 institutions

Type la Supernovae
Baryonic Acoustic Oscillations
Weak Lensing + Galaxy Clustering E USA: Fermilab, UIUC/NCSA, University of

Chicago, LBNL, NOAO, University of Michigan,
University of pennsylvania, Argonne National Laboratory,

CI u ster Count S = . Ohio State University, Santa Cruz/SLAC Consortium,

-Texas A&M University , CTIO (in Chile)

O O O O

Brazil Consortium
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Cerro Tololo Inter-American Observatory
Chile



DES Field of View & Focal Plane

Dark Energy Survey

o 2.2deg field
e 5bands:g,r, i,z Y

o Wide survey (6 years):
~ 5000 deg?
~ Depth: i=23.8
— >100 million galaxies
with shapes and photo-z
uptoz~l.4

N. Jeffrey, Dark Energy Survey Collaboration

Elliptical galaxy at redshift = = 0.40
o Type la Supernova survey: iptical galaxy i

— ~3deg?x10 fields
- ~5-day cadence
— 5 seasons (~6 month each)

4000 5000 6000 7000 8000 9000 10000
Wavelength [4]
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BAO as a standard ruler Prusry. 95 2110 4§
SR TR R 6 B % e
*  Sound waves propagate in the early Universe 9 ¥l &
up to ~“recombination (drag epoch) & ' :
* Primordial overdensities at the center + w/u : Toaegy

overdensities form at the sound horizon radius (ry) ER s Lo SO

o OOCS(Z;Qth)
Td—/z H2) dz

d

®*  Excess of galaxy pair counts separated by this distance =
Standard ruler

* The angular distance-redshift relation depends on cosmology

dz
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Type la Supernova as standard candle

® Binary system of a white-dwarf (WD) and another star
e The WD accretes matter until reaching the Chandrasekhar
limit => SN la explosion

e The peak luminosity of these SNe is standardizable

e Distance-redshift relation tells us about the expansion of the
Universe

D) = (1+2 e Se|f 15
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Dark Energy Survey: Goals

Main probes:

Expansion
O Type la Supernovae history
© Baryonic Acoustic Oscillations
o ing + '
Weak Lensing + Galaxy Clustering } Crowilh 6
O  Cluster counts structure




Dark Energy Survey: Goals

Main probes:
o Type la Supernovae E.xpa nsion (this work)
o Baryonic Acoustic Oscillations history
o Weak Lensing (+ Galaxy Clustering)
0

Cluster counts

Rt - ®
} S .
Q, ’.\ —

Dy(2) = (1 +2)Dy(z2) Dm(2) =c fHCE;

H(a)\*
( o ) — ‘Q‘M . a—3 +'Q'K . a—Z +'Q‘DE X a—3(1+Wa+W0) e—3wa(1—a)
0

DES Collaboration 2025, arXiv:2503.06712



DES Y6 BAO

Optimized BAO galaxy sample:
16 million red & bright galaxies
(Mena-Fernandez+2402.10696)

6 tomographic bins in 0.6<z,,<1.2
3 redshift estimators

3 clustering statistics

Tests over 2000 simulations

Blinding and lots of checks

DES
BAO
team

2402.10696

+ N. Weaverdyck, E. Sanchez,
J. Elvin-Poole, I. Sevilla, J. de
Vincente, G. Giannini, L. Toribio,
R. Cawthon, others!

Femandez

I. Ferrero H. Camacho K. C. Chan

S. Avila for the Dark Energy Survey Collaboration — Y6 BAO 2402.10696



DES
BAO

DES Y6 BAO team

2402.10696 "emandez

A. Porredon

M. Rodriguez-
Monroy

® Optimized BAO galaxy sample: +N. Weaverdyck, E. Sanchez, ! o
- . . J. Elin-Poole, I. Sevilla, J. de 5
16 million red & brlght gaIaX|es Vincente, G. Giannini, L. Toribio, é /
(Mena-Fernandez+2402.10696) R. Cawthon, others!
|. Ferrero FRGaMEche K. C. Chan
® 6 tomographic bins in 0.6<z,,<1.2
® 3 redshift estimators
. . . —— Best fit model
® 3 clustering statistics ;- Pancctemplate
® Tests over 2000 simulations
® Blinding and lots of checks

® |solate the BAO peak position in a, with all the cosmology information

Dy(z)/

— < 80 100
(Dm/7a) piack s./ Mpch-!

Angular
distance

S. Avila for the Dark Energy Survey Collaboration — Y6 BAO 2402.10696



Galaxy Clustering: BAO signal

® Angular Correlation Function -~
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S. Avila for the Dark Energy Survey Collaboration — Y6 BAO 2402.10696



Galaxy Clustering: BAO signal

® Angular Correlation Function
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S. Avila for the Dark Energy Survey Collaboration — Y6 BAO 2402.10696



Galaxy Clustering: BAO signal

® Angular Correlation Function
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Galaxy Clustering: BAO signal

Angular Correlation Function ( Angular Power Spectrum ( Projected Correlation Function (

0.6<zpm<07 0.9<zph<1.0 0.6<z;p<0.7 b 09<zm<1.0
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All SNR in one 2PCF: Likelihood

(not used as default)

Best fit model ——
Planck template Emm— @
¢ Data, 0.6 < zpp < 1.2 .

Dy (2)
Angular
distance

,_1/

(04

- 1/9expected
D,

u(2)/
(DM/Td)Plaan S. Avila for the Dark Energy Survey Collaboration — Y6 BAO 2402.10696




BAO angular distance-ladder at the end of Stage-Il|

DES Y6 BAO:
® 2.1% precision angular BAO
measurement
) = 0.
M (1+2) =1951 4041
d

® 4.3% and 2.10 below Planck
® 3.50 significance of the BAO peak

® Most precise BAO measurement from a
photometric survey
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H):g btz ® Competitive with spectroscopic surveys,
designed for BAO
¢BOSS ®  Most precise stage-lll angular BAO at
DRI16 Ly-a 7>0.75.
- - —— ® Inagreement with central value of
"™ Redshift o eBOSS ELGs, but % error.
DES Collaboration 2402.10696 a=0.9571 1+ 0.0201 ® This is the screenshot of angular BAO at
+ eBOSS collaboration 2007.08991 the closure of stage-ll

S. Avila for the Dark Energy Survey Collaboration — Y6 BAO 2402.10696



BAO angular distance-ladder released in 2024

DESY6 BAO:

® 2.1% precision angular BAO
measurement
D 4(zefs = 0.85)
Td

-(1+2) =19.51 + 041

® 4.3% and 2.10 below Planck
® 3.50 significance of the BAO peak

DESI2024 ® Most precise BAO measurement from a
photometric survey

® 1 angular BAO, which is. competitive
with spectroscopic surveys, designed for
BAO

0.75
Redshift

® This is the snapshot of the angular BAO

DES Collaboration 2402.10696 «a = 0.9571 + 0.0201 released in 2024

+ DESI collaboration 2404.03000

S. Avila for the Dark Energy Survey Collaboration — Y6 BAO 2402.10696
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DES Y5 SN is the largest and deepest

N

\

supernova sample ever compiled from a M. Vincenzi D. Brout R. Camilleri T. DavisB, Sanchez A Moller G TaylorH. Qu_ P, Ammsirong

a\ i £
single telescope. Q * iu l é g I I m ' I r R
DES Collaboration 2024, arXiv:2401.02929 M. AoevedoR Chen B. Popovic|_ Kelsey ep W|semanC lemanS\Hlnton L GalbanyD Scolnic

® 1635 photometrically classified SNe la DES SN team +A. Carr, M. Sullivan, M. Sako, R. Kessler, J.
o eslirencd o 5 mmag accuracy Lee, E. Kovacs, M. Smith, and others! ++
O  Spectra for host galaxy redshifts

(OZDES) I
® For cosmology, combined with data

from 194 low-z SN from other samples 7 / )

Measured Depends on SN color,
magnitude stretch, host galaxy

SN intrinsic mag. 555 sample selection,
(degenerate with Ho calib. w simulations

_SP + Foundation sample (194 SNe Ia)
N (1635 SNe Ia)

»m SuperNNova




DES Y5 SN: main results

® If we allow the equation of state
(w=P/p) of dark energy to vary

DES-5N5YR+CMB-+BAO+-3x2pt

" SDSS BAO

w(a) = wgy + w,(1-a)

® SN shows a ~20 deviation from ACDM
(wg=-1, w,=0)

® Llarger significance, if combined with

other probes

DES Collaboration 2024, arXiv:2401.02929



2024: N's Annus Horribilis

January 2024, DES-SN:
~20 preference for wyw,CDM

February 2024, DES-BAO: ~2.10
D\(z=0.85)/r,4 deviation from Planck-ACDM

LIR!)
Redshift

April 2024, DESI-BAO + CMB + DES-SN:
~3.90 preference for wyw,CDM



Dark Energy Survey: Goals

Main probes:
Type la Supernovae E_xpa nsion i)
Baryonic Acoustic Oscillations istory

o)
o)
0 Weak Lensing + Galaxy Clustering
o)

Cluster counts _

A. Porredon M. Vincenzi  R- Camilleri T Davis

-

J. Muir

Femandez

e o B0 |
DES BAO+SN ‘ !é. —ﬂ N__% 0.75 L0 1.25
L =) ° z
comb. team e ) . .
- A. Ferté G. Campailla M. Raveri N. Deiosso d _
Dy(z) =cS,|f == D, (z) = (1+ 2)Dy(2)
+ P. Wiseman, D. Huterer, S. Lee, C. Chang, M. Toxel, + BAO team, + SN team, + exts. team H(z)

2
H(a
< ( )> — 'Q'M .q=3 +~QK . a2 +'QDE . a—3(1+wa+wo) e—3wa(1—a)
DES Collaboration 2025, arXiv:2503.06712



DES BAO+SN

DES Collaboration 2025, arXiv:2503.06712

2402.10696
_' <, THE DARK ENERGY SURVEY  [PZAORIOZLYAS

CMB = Planck 2018
temperature and
polarization power
spectra

6. - angular scale of the
acoustic peak of the
CMB spectra

BBN - Big Bang
nucleosynthesis
constraints on baryon
density




DES BAO+SN

DES Collaboration 2025, arXiv:2503.06712

BAO - DES Y6 BAO L ’ e ey U
SN - DES Y5 SN E DARK ENERGY SURVE

CMB = Planck 2018
temperature and
polarization power
spectra -

6. - angular scale of the
acoustic peak of the

CMB spectra ‘ ’
BBN - Big Bang ,....uﬂ.,.,..,-.M,,,_m,yu'-*oo-;m,._w~++|,|'++'|Lﬂ.“
nucleosynthesis B e
constraints on baryon

density (Planck Collaboration 2020)




DES BAO+SN

DES Collaboration 2025, arXiv:2503.06712

BAO - DES Y6 BAO L ’ 2401.02929
SN - DES Y5 SN THE DARK ENERGY SURWVEY 2402.10696

CMB = Planck 2018
temperature and
polarization power
spectra -
0- - angular scale of the
acoustic peak of the
CMB spectra

BBN - Big Bang D(z,)
nucleosynthesis

constraints on baryon

density

(Planck Collaboration 2020)

10060, = 1.04109 4 0.00030




DES BAO+SN

DES Collaboration 2025, arXiv:2503.06712

BAO - DES Y6 BAO B ’ THE DARK EMERGY SURWEY 2401.02929
SN - DES Y5 SN 2402.10696 Dps(z)/7g

CMB = Planck 2018
temperature and
polarization power
spectra -
6. - angular scale of the
acoustic peak of the
CMB spectra

I\

(Planck Collaboration 2020)

BBN - Big Bang

nucleosynthesis . 9
ensty o k% =0.02218£0.00055 . _ 0s(% Eh7)
Schoneb tal. 2024

(Schoneberg et a ) 24 H(Z)



DES BAO+SN ACDM: tensions

DES Collaboration 2025, arXiv:2503.06712

BAO - DES Y6 BAO
SN -DES Y5 SN —— BAO + BBN + 4,

SN

6. - angular scale of the
acoustic peak of the
CMB spectra

BBN - Big Bang
nucleosynthesis
constraints on baryon
density

Hubble parameter

0.25 ). 0.35

Matter density



DES BAO+SN ACDM: tensions

DES Collaboration 2025, arXiv:2503.06712

BAO - DES Y6 BAO
SN - DES Y5 SN —— BAO + SN + BBN

BAO + SN + 6.

—— BAO + BBN + 6.
SN

6. - angular scale of the
acoustic peak of the
CMB spectra

BBN - Big Bang
nucleosynthesis
constraints on baryon 0.35
density

Hubble parameter

Matter density



DES BAO+SN ACDM: tensions

DES Collaboration 2025, arXiv:2503.06712

BAO - DES Y6 BAO
SN -DES Y5 SN : —— BAO + SN + BBN

BAO + SN + 0.
CMB = Planck 2018 — BAO + BBN + 6. N
BN BAO + SN + BBN + 46, | /
temperature and OB /
polarization power

SN
spectra
6. - angular scale of the
acoustic peak of the
CMB spectra
BBN - Big Bang
nucleosynthesis
constraints on baryon

Hubble parameter

. 0.30 0.35 0.40
density .

Matter density



DES BAO+SN ACDM: tensions

DES Collaboration 2025, arXiv:2503.06712

BAO - DES Y6 BAO

SN - DES Y5 SN : BAO + SN + BBN e —— BAO + SN + BBN + 4,

BAO + SN + 0. — CMB

CMB = Planck 2018 BAO + BBN + 6, B BAO + CMB
BAO + SN + BBN + 6. /

HEl SN + CMB

temperature and
polarization power
spectra

6. - angular scale of the
acoustic peak of the
CMB spectra

BBN - Big Bang
nucleosynthesis
constraints on baryon 25 0.30 0.35 0.40 0.30 032 0.3
density Q O

“m

CMB

Hubble parameter

Matter density
BAO tends to pull constraints towards lower Q,,, SN

towards higher Q,,, producing several 2-3c tensions
between datasets.



DES expansion history models: kKACDM

® Tensions among probes persist

or increase

Qp=1—Qu+ 0y %0
o« q 2

kACDM

Il BAO + SN + BBN + 6,
Il CMB

0.35 0.40 0.45
Szlll

DES Collaboration 2025, arXiv:2503.06712



Qp=1—Qu+ 0y %0
o« q 2

DES expansion history models: kKACDM

kACDM
® Tensions among probes persist

or increase

e
(.35

0

DES Collaboration 2025, arXiv:2503.06712



DES expansion history models: wCDM Qpg(a) = (1- Qy) a~30+W)

® Tensions among probes persist
~2-30: e.g. SN vs.

SN

N cMB
EEl BAO + CMB

DES Collaboration 2025, arXiv:



DES expansion history models: wCDM Qpg(a) = (1- Qy) a~30+W)

Tensions among probes persist
~2-30

Most constraining case
BAO+SN+CMB:
w=-0.948%0.028

SN
—— BAO + SN + BBN + 6,

and SN still push in different 6 = BAG + CMB
directions

o Different effective redshift
o Evolving dark energy?

BAO + SN + CMB

DES Collaboration 2025, arXiv:2503.06712



DES expansion history models: wyw,CDM wpp(a) = wo + (1 - a)w,

woyw,CDM

® All probes compatible

-
B BAO + CMB
SN

BAO 4 SN 4

DES Collaboration 2025, arXiv:2503.06712



DES expansion history models: wyw,CDM wpp(a) = wo + (1 - a)w,

® All probes compatible
BAO+SN+CMB: 3.20
deviation from ACDM

® Only background ( ):

DES Collaboration 2025, arXiv:2503.06712



DES expansion history models: wyw,CDM wpp(a) = wo + (1 - a)w,

® All probes compatible
BAO+SN+CMB: 3.20
deviation from ACDM

® Only background ( ):

® Non-CMB, with age-of-the-Universe
priors ~20
(BAO+SN+BBN+t)
ty: Globular Clusters

DES Collaboration 2025, arXiv:2503.06712



DES expansion history models: wyw,CDM wpp(a) = wo + (1 - a)w,

All probes compatible
® BAO+SN+CMB: 3.20
deviation from ACDM

® Only background (BAO+SN+BBN+0,): 2.80
® Non-CMB, with age-of-the-Universe priors

~20
(BAO+SN+BBN+t)

® Similar deviation from ACDM as DESI-DR1 , o b B s D ESIEAD
(+DES-SN + CMB): 3.60 :

= DARK ENERGY
e '} SPECTROSCOPIC

NS INSTRUMENT
L

DES Collaboration 2025, arXiv:2503.06712



Hubble tension is not resolved

EACDM wCDM Wil vACDM Cosmog. exp

Even when allowing our most
flexible model ( ), we
recover a value compatible with
Planck-ACDM:

B Direct Hy
I CMB (ACDM)




Dark Energy Survey: Goals

® Constrain nature of dark energy with four probes:

Y6 Coming soon... (forecast)
Type la Supernovae r—......._

Baryonic Acoustic Oscillations
Weak Lensing (+ Galaxy Clustering) 0.9-
Cluster counts

DES Y6 3x2pt SIMULATED PRELIMINARY

O O O O




Dark Energy Survey: Goals

® Constrain nature of dark energy with four probes:

O O O O

Type la Supernovae

Baryonic Acoustic Oscillations
Weak Lensing + Galaxy Clustering
Cluster counts

Y3 results: 2503.13632

DESY6 BAO+0,+BBN



Dark Energy Survey: Goals

e Constrain nature of dark energy with four probes:

o Type la Supernovae All probe

O Baryonic Acoustic Oscillations | Combin_ations

o0 Weak Lensing + Galaxy Clustering E’;etLt)h(;z:year
O  Cluster counts 1 To+2503.13631
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ELG-halo connection

® ELG small scale clustering sensitive to ® HaELGs:
o Central-Satellite split o Conformity
o Conformity (galaxy-central I e Rl il
correlation) G. Reyes Peraza, SA, V. Gonzalez-Perez,+ 2312.13199
o Probability distribution Function of

satellites ‘ oo
Radial Profile of satellites
Velocity profile of satellites

—_— anilla HOD

. . .n—' W F
.lh'F -I-,u 0" ||+[ )
Ly

100

riMpe h™1)

Avila, V. Gonzalez-Perez+ eBOSS 2007.09012
+ PDF: in B Vos-Gines, SAVGP, 2310.18189



https://ui.adsabs.harvard.edu/link_gateway/2024MNRAS.529.3877R/arxiv:2312.13199
https://ui.adsabs.harvard.edu/link_gateway/2020MNRAS.499.5486A/arxiv:2007.09012
https://ui.adsabs.harvard.edu/link_gateway/2024MNRAS.530.3458V/arxiv:2310.18189

PNG-UNITsim suite ® PNG-UNITsim-XL

(A.G. Adame, + SA +in prep.)

o fy,=20
. = = 2
PNG-UNITsim o el o
m =1-
(A. Gutierrez Adame, SA, Gonzalez-Perez P oo
+2312.12405) O Fixed, and phases Matched to (f,=0)
- PNG-UNITsim-XL.
@) fNL =100
O L=1Gpc/h N=40963 5> Ver X70
0 my=1.2:10° h My, O DESI-like tracers + geom.
O Fixed, and phases Matched to (fy,=0) PNG- ® Goals:
UNITsim. O Test largest scales
=> Ve X70 o Test observational effects
Goals: o Testlow fy,
O Measure bg, for different tracers
B SAMs on the plan ger |
O Develop new methods: nighet fof
high-resolution TGSW%\ge\ to Sea"ch
FUTTeNG ¢ ord
unit \\o-



https://ui.adsabs.harvard.edu/link_gateway/2024A&A...689A..69G/arxiv:2312.12405

Conclusions

® DESY5SNis the largest compilation of SN from a single telescope
O 20 deviation from ACDM

® DESY6BAO
O  Tightest constrain from a photometric survey .
O  Competitive with spec surveys DES-BAO + DES-SN + Planck-CMB

O 20 (4%) deviation from Planck-ACDM
® Combining final BAO + SN from DES

O  Show several 2-30 tensions in ACDM, kACDM, and wCDM.
® Hints for evolving dark energy (w,w,CDM)

O  All data considered is consistent in this space

O  DES-BAO + DES-SN + Planck-CMB: 3.20 away from ACDM

O  Consistent for expansion-only (BAO+SN+BBN+t: 2.80)
® Coming soon from DES:

O  Galaxy Clustering and Weak Lensing (3x2pt)

O  Combination of BAO+SN+3x2pt+Clusters
® PNG-UNITsim suite: state-of-the-art

® ELG-halo connection:
O  Affects small scale clustering

O  Many ingredients to consider.
O  Confirmity and non-NFW fundamenal

—-1.0 —0.8 —0.6 —0.4

Wy
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