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General relativity

Gl“/ _|_ Agl“/ — 8(7:T_4GTNV :>
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The cosmological principle | mm)

s

“matter tells spacetime how to curve,
and curved spacetime tells matter how
to move”

The spatial distribution of matter in the
universe is isotropic and homogeneous
when viewed on a large enough scale

Vast observational basis (CMB, LSS, primordial

nucleosynthesis and abundance of light elements)
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ACDM is based upon two main components of
unknown nature:

e Dark Energy (late-time acceleration)

- Believed to be the

e Dark Matter (galaxy formation, gravitational
lensing, rotation curves, ...) - CDM.

Neutrinos

0.1-1%
Dark Matter
27 %

Dark Energy
68 %

Content of the Universe
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Causes the accelerated expansion of the universe.

We think it is the cosmological constant (the@from ACDM).

p = wp
(2) ) - d
. PDE(Z) o
- ~68% of the energy content of the universe! et exp [3/0 1 +] T z,]
o e Dynamical dark energy (w,w_CDM)
w=—1 w(a) = wy +we (1 — a)

ppE(2) = PDE,0 ppE (2) = f(2)
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Inflation

Baryon acoustic :

oscillations (BAO)

First light

Cosmic web

6000 -

Planck 2018
temperature

5000 -

4000 -

The physics we know Type la
+ our cosmological model supernovae (SN)
successfully predict most
s o 0 w0 1000 1500 2000 2500 observations of last 20 yrs!
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- January 2024: DES-Y5-SN.:
~20 preference for w,w_CDM.

- April 2024: DESI-DR1-BAO:
~3.90 preference for w,w_CDM when
combined with CMB + DES SN.

———
- March 2025: DESI-DR2-BAO

(this presentation).

|secrosconc | |s DE evolving with time?

w(a) = wy + we (1 — a)

wow,CDM

I DESI BAO + CMB + PantheonPlus
@8 DESI BAO + CMB + Union3
EEN DESI BAO + CMB + DESY5

-1.0

08 —06 04
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Baryon Acoustic Oscillations (BAO)
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The BAO peak

/

frequency

separation
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6zga0 = T4/ Dy(2)
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- DESI is a spectroscopic galaxy redshift survey: it measures the redshift
from the spectra of galaxies.

1+ 2Zobs = (1 + 2cos)(1 + zPeC)

16
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g -
Focal Plane Assembly with — |

Calibration Lamp
5000 Fiber Positioners

System

Six-lens, 8 sq. deg,
Wide-Field Corrector
on a Hexapod

Top Ring, Vanes,
and Cage

Ten Thermally-Controlled,
3-Channel Spectrographs
360-980 nm

Ten, 50-m long
Fiber Cables

Fiber View
Camera

R

Wide Field Corrector

|7 Dark Energy Spectroscopic Instrument
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Focal Plane with 5,000 Fiber Positioners 10 Multi-Object Spectrographs

- Mayall 4m telescope at Kitt Peak National Observatory (Arizona, US).

- Each fiber positioner controls an optical fiber that extends to the spectrographs.
- Spectral range: (360, 980) nm.



i DARK ENERGY

3 INSTRUMENT

—

| SWO0NLS N
U.S. Department of Energy Office of Science

Five target classes
40 million redshifts|

in 5 years

3 million QSOs
Lya 2321
Tracers 0.9<z< 2.

16 million ELGs
06<z<16

04<2<10

13.5 million

DESI (2021-2026)

Brightest galaxies
00<z<04

(secroscore | Dark Energy Spectroscopic Instrument

This talk: analysis
of the first 3
years of data
(2021-2024).
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The ruler gets blurred and shrinks during the structure
growth and also due to the distortions by peculiar velocities.

N

This degrades the accuracy and precision of the standard ruler test...

Padmanabhan et al. 2012

19
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Refurbishes the ruler!

Reconstruction

>

2771
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We estimate the displacement field applying the continuity equation on
the observed field and reverse it

Improves both precision and accuracy!
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Galaxy catalogs (RA, Dec, z)

ACDM
Scientific pipeline
| > =
-3

Cosmo. parameters

BN DESI+CMB+DESY5

-10 -09 -08 -07 -06 -05 -—-04
wo

We get an unexpected result: a new systematic? Issue with the baseline

pipeline settings?
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____— Blinded catalogs

A, Dec, z) (z—7) ACDM

Galaxy cat

Scientific pipeline

Goal: mitigate confirmation bias by concealing information (in
redshift).

Cosmo. parameters

BN DESI+CMB+DESY5

3 .
-10 -09 -08 -0.7 -06 -05 -04

wWo

our case, the



When do we unblind?
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e The base pipeline methods need to be determined (tests on simulations).
e The upper limit of the systematics needs to be set.
e Pre-unblinding tests need to be passed.

e Pre-define what is allowed to change after unblinding.
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Dec. [deg]

DESI Data Release 2 footprint

DESI Y3 DA%I;\‘!( : 6671/9929 observed tiles up to 20240409 (=67%)

-75°

R.A. [deg]
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Redshifts for the BAO analysis
Tracer DR1 DR2

* Over 30M galaxy and quasar redshifts
in 3 years of operation, ~14M of
which are used in this analysis. IRG 2,138,627 4,468,483

* Compared to DR1 (~6M redshifts),
DR2 represents a factor of ~2.4
;ii“np’r( yvement in data volume.

BGS 300,043 1,188,526

ELG 2432072 6,534,844
QSO 1223391 2,062,839

Total 6,094,133 14,254,692

1

The DESI DR1 data (~6M redshifts) is already public!
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sl - Four different large-scale tracers.
% ] - 14 million unique redshifts with the
10t effective cosmic volume of 42 Gpc?.
= 1 BGS
% o5l [T LRG - Split intp six. redshift bins tg probe the
T ] T HSE expansion history as a function of
e lookback time.

01 02 05 1.0 20 35
redshift z
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DESI DR2 BAO distance measurements

Isotropic BAO Distance

o4} _ ]
Lo2f S~ ]
| s i
100_ o ! ﬁl ]
0.98} - ]
® DESIDR2 |

0.96 $ DESI DR1
0.0 05 10 15 20 25

Redshift

BAO Dlstance Ratlo

- Planck18 ACDM with 1o ]

.1.0. - .115. \ IQ.O. - I2.5
Redshift

New QSO distance

ratio measurement






il DARK ENERGY

(srecroscorc | Pgrameters to keep in mind

3 INSTRUMENT

TN WO

N 0¥1s N
U.S. Department of Energy Office of Science

- Hg: Hubble constant. Present-day rate of expansion of the Universe.
- Q' total matter density parameter.

- r, sound horizon scale (~150 Mpc).
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* From low to high redshift, the increase
on the effective redshift of the sample
induces a counter clockwise shift in the
degeneracy direction.

* The results from each individual tracer
are mutually consistent and
complementary in providing tighter
constraints.

0.5 1

0.4 1

Qlll

0.3 1

0.21

{sreceoscorc | Constraints under ACDM

ACDM

BGS
LRG1
B LRG2
B LRG+ELG
Il ELG
QSO
Il Ly«

90

100 110
Horq [100 km s71]

32
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0.34
. ---- DESI DR1 BAO
N U BN DESI DR2 BAO * 40% Improvement in the precision on Q  and

0.321 N “ % _— CME hry compared to DR1.

* Discrepancy between BAO and CMB has
£0.301 increased: 1.9¢6 (DR1) —> 2.306 (DR2).

0.98 ] Qm = 0.2975 £ 0.0086, DESL DR2
hrq = (101.54 £+ 0.73) Mpc, '

0.26 1

98 100 102 104 106
Hyrq [100 km s™1]

An external calibration on ry allows us to constrain H0 with BAO data
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* By calibrating the BAO relative distance
measurements using a BBN prior on wy, we obtain

Hy = (68.51 £ 0.58) kms~*Mpc™! (DESI+BBN)

* Adding a prior on the angular acoustic scale 6k :

Hy = (68.45+0.47) kms~! Mpc™! (DESI+BBN+4,)

0.34

0.32 1

Q m

0.30 1

0.28 1

{seecrroscoric | Constraints under ACDM

28%0 more precise
than DR1

Pl

P
B DESI+BBN I CMB
7 DESI+BBN+4,
66 67 68 69 70

Hy [km s~ Mpc™]
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Hubble tension: significant discrepancy between the value of the Hubble constant
measured from the early universe and the local universe.

76

741

& SHOES

s 55, In ACDM, the tension between the
= DESI+BBN and SHOES H,

i, = (Breuval++2024) now stands at
E} 4.50, independent of the CMB.
T 68

66 A

I DESI+BBN

03 0.4 05
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- Present value (w,) and time evolution (w,) of the DE equation of state:

w(a) = wy + we(1 —a)



p = wp

w(a) = wy + we (1 — a)

i| DARK ENERGY

| SPECTROSCOPIC Dynamical dark energy

3 INSTRUMENT

0¥is NE

U.S. Department of Energy Office of Science

’ Cosmological -=-=- DESI DRI
i constant (ACDM) B DESI DR2
1] g
* BAO data define a degeneracy " §
direction in the wy-w, plane. 04— N e s ]
s LY
* BAO data by itself does not rule out —1.1 y \
the cosmological constant, but its
combination with more data sets leads ] PN
to tight constraints.
3 i ‘
~1.0 ~0.5 0.0
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* Last year: 2.66 preference for
evolving dark energy from DESI
BAO+CMB

—>3.16 1n DR2

wo = —0.42 £ 0.21

mf=—rmiﬁ58} DESI-+CMB

Dynamical dark energy

p = wp

- == DESI DR14+CMB
@ DESI DR2+CMB
Cosmological
constant (A\CDM)

S

—0.5 0.0

Wo

~1.0

w(a) = wy + we (1 — a)



p=wp
w(a) = wy + we (1 — a)
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Cosmological
constant (ACDM)

* Significance of rejection of ACDM:
e DESI+CMB+Pantheon+: 2.8c
e DESI+CMB+Union3 :

* DESI+CMB+DESY5: 4 20

_2 -
I DESI+CMB+PantheonPlus
I DESI+CMB+Union3
I DESI+CMB+DESY5

-3

~1.0 —0.8 —0.6 —0.4
Wo
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Isotropic BAO ays,

T T
104 | & pest
— ACDM: CMB
= ACDM: DESI
2~ 1.02 F=—— ACDM: DESI+CMB

Isotropic BAO distance

measurement * There are ACDM models

that each dataset prefer,
but they are inconsistent
in their Q_ values.

0.94

TERRTIIT Y SR N A W A i O 1
0.02 0.1 0.5 1 3

SN distance modulus y: DESY5

TTTTT

0.10 |

. 0.05
Supernovae distance

é ]
modulus 0.00 %ﬁ : =
—0.05 F %

0.02 0.1 0.5 1 3
Redshift

= pfd
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w(a) = wy + we (1 — a)
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Isotropic BAO g,

TTTTTTIT | PR P R R T

* There are ACDM models
that each dataset prefer,

T @ besI

S 0.96 F— AcpMm: oMB R
[— Acpw. prstecws 1 but they are inconsistent
0.94 1 ACDM: DESY5 b : th . Q 1
N RE % : 5 mn cir 82, values.

SN distance modulus p: DESY5

TTTTTTIT L S L T

* ACDM does not provide

e ] a good fit to all data
g o5 ] simultaneously.
¥
=000 ]
—0.05 [
00z 01 05 1 3

Redshift
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Isotropic BAO ayg,
T — T T T T
1.04 @ DpEsi
— ACDM: CMB |

_::1.02: :
%Lm (s nua I .E .Ei i} - i‘: * wCDM model: constant

equation of state P/(pc?), but

<3 L
-

ST ] not necessarily equal to -1.
0.94 1
002 o1 05 1 s * wCDM does not have enough
v e B e RS freedom in the expansion
ool ] history to fit BAO, CMB, and
SNe simultaneously.
0.05 F 1

:

t).()u“"--gL é_.....--_

i —

—0.05 [ b

INENERETI L (i SR - A i ol | 0 L

0.02 0.1 0.5 1 3
Redshift
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Isotropic BAO g,

=~ 1.02F

TTTTTTTT T L PR R FRY R e e

T
@ DpEsI

= ACDM: CMB

T

=
~

Y
Z-1.00 F
Q

e
~ 098}

ol L

0.94

S B &
% 3 -

INERERIT 1 T T T B N B 1

0.02 0.1 0.5 1 3

SN distance modulus p: DESY5

0.10

TTTTTTTT T T T LI LTT T
0 DbpEsYs
== * woweCDM: DESI+DESY5
== = wow,CDM: DESI4+CMB+DESY5 1

2 0.05 7
S
L SR A
0.00 ;TF:“ ]
—0.05 [ } 1
L L 1
0.02 0.1 0.5 1 3

Redshift

p = wp

w(a) = wy + we (1 — a)

* wow,CDM has sufficient
flexibility to simultaneously
achieve good fits to all
three datasets.

* Resolves the mismatch in
Q. between DESI and
CMB.



p = wp

w(a) = wy + we (1 — a)
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R
- Our baseline result is in
4.20 tension with
ACDM. —17
S i
- Our results suggest a i
preference for , |
wy > —1, w, <0 |

; BN DESI4+CMB+DESY5

. ; : . ; : ,
-10 -09 -08 -0.7 -06 —05 —04

Wo
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Acceleration is

lower than ACDM Acceleration
at present. started earlier
f / than in ACDM.

-
-
-
-

’LU()waCDM 1

Deceleration parameter

05 1.0 15 2.0 25 3.0
2

Redshift
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Phantom dark energy:
w(a) < —1

since

The phantom crossing
presents severe theoretical
difficulties for single-scalar
field models of DE.

JoE

(2) =

p>0

pPpE(2)
PDE,0

Implications: phantom dark

energy in the past?

p = wp

-0.5

= DESI 4+ CMB + Union3 |

wow,CDM |

—exp|3 {1+ w(z)] | 00

0.5 1.0 15 2.0

w(a) = wy + we (1 — a)

47
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Discrepant results within ACDM between
- DESIand CMB in the Q_- H, plane.
- DESland SNin Q_.

- Growing incompatibility between different datasets when interpreted in
the ACDM model.

- Our observables are reconciled in wowaCDM.

- Evidence for evolving dark energy using our DESI DR2 BAO data +
type la SNe + CMB of up to 4.2¢.



Thanks for your attention!

Something fus to é/ve...
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{‘ |
—0.6 1 | .\ — wyw,CDM

¢+ Binned w(z) . )
| * Binned reconstruction of w(z)

I without assuming a functional
form for the equation of state.

ﬁ * Consistent with our wyw,CDM
| results.




