DESI shakes up the Dark Universe '
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| ssecrroscoric] The expanding universe
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2011 Nobel Prize

Perlmutter et al., 1998
Riess et al., 1998

The expanding universe
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SN la
(known luminosity)

SNla are weaker (~20%)
for a given redshift
Hence more distant (~10%)

|

Accelerated expansion

Incompatible with matter domination
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1 orecroscorc] Standard model of cosmology
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| Standard model of cosmology — ACDM

Neutrinos ' Two main two components of unknown nature
0.1-1%

« Dark Matter (galaxy formation, gravitational

: lensing, rotation curves, ...)

Dark Matter

27 % : :

« Dark Energy (late-time acceleration)

Dark Energy
68 %

Other missing information

Content of the Universe

Nathalie Palanque-Delabrouille (LBNL)
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Energy content (T ,,)?
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Cosmological constant A —~—— Accelerated /
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expansion P

Modified gravity?
Beyond general relativity
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Baryon Acoustic Oscillations
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:ggzﬁggggg:,c| Baryon Acoustic Oscillations (BAO)
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Inflation

Propagation of baryon-photon over-density sound
waves in primordial plasma

At recombination (z~1100): p + e — H Firstlight Cosmic web
: . : : (recombination)

« Plasma evolves from optically thick to optically thin

« Baryons decouple from photons

 Waves stall

Residual spherical shell — Peak in clustering of matter

Nathalie Palanque-Delabrouille (LBNL) 9



b 2:;155352314 Baryon Acoustic Oscillations (BAO)

& INSTRUMENT

A G ~E

U.S. Department of Energy Office of Science

Inflation

Propagation of baryon-photon over-density sound
waves in primordial plasma

At recombination (z~1100): p + e — H Firstlight Cosmic web
: . : : (recombination)

« Plasma evolves from optically thick to optically thin

« Baryons decouple from photons

 Waves stall

Residual spherical shell — Peak in clustering of matter
Size of feature = distance sound wave traveled

Preferred 3D scale r, ~ 150 kpc (at recombination)
r, ~ 150 Mpc (today)

Nathalie Palanque-Delabrouille (LBNL) 10
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Artist’s view of BAO

Angular diameter distance

Hubble parameter

Ozppo =ryH(z)/ C

D,,(z) anf H(z) encode expansion history of the Universe

12
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DESI targets: 40 million galaxies & quasars!

U.S. Department of Energy Office of Science

+10 million stars

e
SO -
(4 3 million (1.0 < z < 4.0)
RO 8 million (0.4 < z < 1.0)

13 million (0.1 <z <0.4)
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|l srecroscorc| The Lyman-a Forest at z>2.1
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FepT * Quasars visible to high redshift (z ~ 5)
—¢ * Absorption of Quasar spectrum by neutral H in IGM
TXMNH] Transmitted flux fraction F: proxy for neutral H density
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Mayall telescope
at Kitt Peak Observatory (AZ)
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7 deg?
field of view

U.S. Department of Energy Office of Science

Focal plane:
5000 fiber positioners
(high multiplexing)

Nathalie Palanque-Delabrouille (LBNL)
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U.S. Deortment of Energy Office of Science 10 3-band Spectrographs [360nm — 980nm]

/ T [O11] 1373 nm

Lyo A121.6 nm uptoz=1.6
downtoz=2.0

s ziesan%mszg (ra.dec)=(36.158:7.~4.0919) r fiber mag = 22.6 VI quahty=4§
3} ' E z=2.3QSO0 |

) ]
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DESI DR2: data & analysis

Nathalie Palanque-Delabrouille (LBNL)
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DR1 analysis sample

420,000 Lyman-a forests
5.7 million galaxies and quasars

2 to 3x larger than SDSS (20 years)

Dec. [deg]

-15°

ES‘ERC"T,ESSEST,.C| DESI Data Release 1 footprint

DESI Y1 DA%IS : 2744/9929 completed tiles up to 20220613 (=28%)

15°

00

-30°

-45° Fraction of final coverage

4:“# —— —

0.0 U upsaes 04 05 06 07 0.809-1.0

~715°

R.A. [deq]

DESI 2024 11: Samples (arXiv:2404.03002)

Nathalie Palanque-Delabrouille (LBNL) 21
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DR1 analysis sample

420,000 Lyman-a forests
5.7 million galaxies and quasars

2 to 3x larger than SDSS (20 years)

DR2 analysis sample

820,000 Lyman-a. forests
14.3 million galaxies and quasars

2 (QSO) to 3 (ELG) x DR1

DESI DR2 results I: Lya (arXiv:2503.14739)
DESI DR2 results II: BAO (arXiv:2503.14738)

Dec. [deg]

DESI Data Release 2 footprint

DESI Y3 DA%IS : 6671/9929 completed tiles up to 20240409 (=67%)

-45° N Fraction of final coverage
e —— —_—
-60° 0

O0-0TNoZ™es" 0.4 0.5 0.6«0.7 0.8°0.9-1.0

-75°

R.A. [deq]

Nathalie Palanque-Delabrouille (LBNL) 22
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Blinded analysis to prevent confirmation bias
» Catalog-level for Galaxies & quasars: redshifts & weights

» Cosmology-level for Lyman-alpha forest: shift of BAO peak

|srecreoscoric| Blindi ng strategy

+ ﬂ/\—

Procedure

Determine analysis parameters
& validate choices based on

« Simulated data (mocks)

» Data splits (blinded data)

DESI DR2 results I: Lya (arXiv:2503.14739)
DESI DR2 results II: BAO (arXiv:2503.14738)

Robustnhess tests

« Variations in data vector

» Methods to compute correlations & covariances
 BAO modeling (priors, broadband, ...)

* Imaging systematics

« Data splits

Nathalie Palanque-Delabrouille (LBNL)
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Galaxy clustering

Dominant systematics

» Theoretical modeling

» Galaxy-halo connection
* Fiducial cosmology

Total systematic (tracer-dependent)

Adtiso = 0.14% to 0.22%
() ACZAP = 0.22% to 0.33%

\_/

Induced increase of 6,y over oy,
Ao(aiso) =1- 9% (BGS — LRG3+ELG1)

DESI DR2 results I: Lya (arXiv:2503.14739)
DESI DR2 results I1: BAO (arXiv:2503.14738)

Lya forest clustering

Dominant systematics
* non-linear evolution of BAO peak

Total systematic A\
Aa" = 0.3% (@) @

T

Induced increase of c,,; OVer o
Ao(aijso) = 9% (Lyo)

Ao(asp) =0.1-2% (QSO — LGR3+ELG1)

Statistics-limited!

Nathalie Palanque-Delabrouille (LBNL) 24
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DR2 clustering measurements
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o | DESI DR2 results II: BAO (arXiv:2503.14738)
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DESI DR2 BAO

BAO data: A and Az —— Dy /rqand Dy / ry4

Dy = (zDM(z)ZDH(z))1/3 é/ &)

U.S. Department of Energy Office of Science

Qy and Hyry

o1 2 3 4 5 6 T
1 1

lookback time [Gyr]
8 9

11

1 1 1 1

B LRG2 ELG Ty BGS
L L0754 i { 0.5 LRG1
E; 1.050 4 "*r—rw*r {:‘;,, { { BN LRG2
= 1 i * EEE LRG+ELG
£ 10 ! B ELC
S 1.000 P -« %’ 0.41 EEE QSO
g \\‘%' =T "-_-“““I;/ g Bl Lyv-o
= 0.975 1 _ c -

M 0.3
|

L1 LRG+ELG QSO
/—m\ 1.1 1/ ) \
S I ] 09 \CD‘ [
= ol 1y ! I ® J ' J
9/ 1.0 === e e e S pE— I_____J: ___________________________ I_ — 90 100 110
= : —— Planck ACDM  ---- DESI wyw,CDM Hyrq [100 km s71]
Qm 0'90 0 0.5 1.0 15 2.0 25
QE redshift z Agreement & complementarlty

Aggregated precision on BAO distance scale: 0.3% between tracers

(vs. 0.6% for final SDSS) Nathalie Palanque-Delabrouille (LBNL) 26



-'JaéﬁgDARKENERGY DESI DR2 results I1: BAO (arXiv:2503.14738)
" || SPECTROSCOPIC DESI DR2 BAO

Al BAO data: Ad and Az ——— Dy /rqand Dy /1y

U.S. Dortment of Energy Office of Science
1/3

Qy and Hyry

—f=
BN LRGH+ELG
hrq =101.54 +0.73 Mpc  (0.7%) . —p
. J
s 0.3
DESI
0o/ ACDM

90 100 110
Hyrq [100 km s71]

Agreement & complementarity
between tracers
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' DARK ENERGY DESI DR2 results I1: BAO (arXiv:2503.14738)
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0.34
i ---- DESI DR1 BAO
O BB DESI DR2 BAO
DESI DR2 BAO is: 039 - . m CMB
Consistent with DESI DR1 | A
« 2.30 from the
= 0.30 1
S
N 0.28 -
« primary CMB from Planck PR4 (CamSpec)
« CMB lensing from Planck PR4 + ACT DR6

08 100 102 104 106
Hyrq [100 km s™1]

Nathalie Palanque-Delabrouille (LBNL) 28



DESI DR2 results I1: BAO (arXiv:2503.14738)

| Srcsroscomc| ACDM: DESI DR2 vs. Supernovae
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60 - “he ---- DESI DRI BAO
e DESI DR2 consistent with DESI DR1 [\ 21]:348]31 DRz BAO
%50_ DESI —— Pantheon+
e DESI DR2 is lower than the CMB 7 —— Union3
@ 40 A DESY5
. =
e DESI DRZ is lower than Supernovae: = 204
o 1.70 lower than Pantheon+ :ga
o 2.1c lower than Union3 O 9 -
o 2.90 lower than DESY5 -
10 1
0_

0.45

Nathalie Palanque-Delabrouille (LBNL) 29
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_ ) Simulated Cosmology For All Mock Datasets :
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<f) _Qm =0.316 , Hy=67.24.
A
(@)
. . L _
Differences in Hy & Q,, . @Q
between DESI BAO, CME and &
=
'% -
expected % Q
. . U
when dynamic dark energy universe < & 1
fitted assuming ACDM &
" BAO
CMB
bf’ - ' ' ' '
© ™ So 4% ©
Q’y Qﬁl’ Q’b o

ACDM Fitted Qp,
Tang+ (arXiv:2412.04430)

Nathalie Palanque-Delabrouille (LBNL)
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Extrapolation to z=0
(normalization) of
early-universe data

Late-time Universe — r Early-time -

Distance-ladder calibration
approach in
late-time universe

Planck

Planck+ lensing

BAO+Pantheon+BBN+6uc, pianck -
DES+BAO+BBN -

ACT-DR4 -

SPT-3G TT/TE/EE -

Cepheids — SNIa
Riess et al. 2022

Breuval et al. 2020
Burns et al. 2018

TRGB - SNla

Scolnic et al. 2023
Anderson et al. 2023 -

Jones et al. 2022
Anand et al. 2021

Freedman et al. 2021 -

Li et al. 2021
Miras — SNla

Huang et al. 2019 -

Masers

Pesce et al. 2019 -

Tully Fisher
Kourkchi et al. 2020 -
Schombert et al. 2020

Surface Brightness Fluctuations

Blakeslee et al. 2021

SNII

de Jaeger et al. 2022

Nathalie Palanque-Delabrouille (LBNL)

| o |

i = Holkm/s/Mpc]

a1

' ,_,_," Indirect
d (I Direct

— + n (D vs 2)
L] L] L]

= r T 1
65.0 67'.5 7(;.0 72l.5 75I.0 77I.5 80.0

Riess & Breuval 2023
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BAO data: AO and Az

DESI DR2 results I1: BAO (arXiv:2503.14738)

—) DM / I'q and DH / I'q ‘ QM and Hord

0.34
Using ry from BBN (QQ, — ry) B DESI+BBN
Hy = 68.51+0.58 kms™' Mpc™'  (0.8%)  0.32; o SHOES
DESIIBBN .
- 0.30 -
— 0.8% precision on H;, independent of CMB
—» 4.55 tension with SH,ES "2 CDM
66 63 70 72 74

Nathalie Palanque-Delabrouille (LBNL) 33
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Dark Energy
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Dark Energy

U.S. Department of Energy Office of Science

Equation of state P = wp

Dynamic dark energy

z
1+ 2

w(z) = wo + Wq

Cosmological constant A
1 wy=-1and w, =10

X DM / Dg{lanck
=
=

0.950
1.050

1.025

X DH / Dglanck

Nathalie Palanque-Delabrouille (LBNL)

1.0 1.5

redshift z

2.0

2.0

+0.40

- +0.20

- 0.00 I

- -0.20

-0.40
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| Sroseonc| EvoOlVi Ng Dark Energy
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---- DESI DR1 BAO
|- LT B DESI DR2 BAO
w(a) = wo + (1 — a)w, \ .

Cosmological

e Degeneracy in wy —w, plane S constant
with BAO alone 1 AN
e DESI DR2 within 20 of ACDM —27 |
3L i
—1.5 —1.0 —0.5 0.0

Nathalie Palanque-Delabrouille (LBNL) 36



DESI DR2 results I1: BAO (arXiv:2503.14738)

5&’2’?58‘52‘514 Evolving Dark Energy
o INSTRUMENT

U.S. Department of Energy Office of Science

---- DESI DRI + CMB
] W DESI DR2 + CMB
w(a) = wg + (1 — a)w, i

e 3.1lo preference for evolving dark
energy with DESI DR2 + CMB S

Cosmological
constant

wy = —0.42 + 0.21
—1.75+ 0.58

} DESI+CMB  _,.

Waq

Nathalie Palanque-Delabrouille (LBNL) 37



— DESI DR2 results II: BAO (arXiv:2503.14738)
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SPECTROSCOP.c| Evolving Dark Energy
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9
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0.04------
w(a) = wo + (1 — a)w,
0.5 -
DESI + CMB + Pantheon+: 2.8c S —1.01
DESI| + CMB +
DESI + CMB + DES-SN5Yr:  4.2c —1.51
B  DESI+CMB-+Pantheon+
m | DESI+CMB 4 Union3
—2.07 B | DESI+CMB-+DESY5

—1.0 0.8 —0.6 —0.4
Wy

© de Mattia / DESI collaboration Nathalie Palanque-Delabrouille (LBNL) 38



R DESI DR2 results II: BAO (arXiv:2503.14738)
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Result robustness

U.S. Department of Energy Office of Science

CMB alternatives limited to early-time
Information 0

Bl DESI+(0.,wb, wbe)oMB
---- DESI+CMB (no lensing)

e Early-Universe priors on (6,, w,, p,)
derived from CMB: L
DESI + (0*; Wp, wa)CMB — 2.40 § E

e CMB without lensing:
DESI + CMB (no lensing) = 2.7¢ N

Weaker preference (3.10 for DESI + CMB) 3 1

but similar posteriors

Nathalie Palanque-Delabrouille (LBNL) 39
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: B DESI DR2 results I1: BAO (arXiv:2503.14738)
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Result robustness

S I PER
U.S. Department of Energy Office of Science

Constraint limited to low-redshift probes oo .......................................
e Replacing CMB with DESY3 3 x 2pt —0.51
(weak lensing + galaxy clustering)
3 —1.01 i
DESI + DESY3 (3 x 2pt) + DESY5 = 330
[— éDESI+DESY3 (3 x 2pt) _
Preference for same region gy VSRS i AR DRSNS
' 1 ;DESI+CMB+DESY5
10 —0.8 —0.6 —0.4
Wo

Nathalie Palanque-Delabrouille (LBNL) 40



DESI DR2 results I1: BAO (arXiv:2503.14738)

loerosconcl The nature of the evidence
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Isotropic BAO ay,

= 2. L ﬂ“"‘, ¥ TTTTTTTT T T T T T T TT T
U.S. Department of Energy Office of Science 1.04 F @ DEsI . .
— Aopronn |/« ACDM model can fit DESI BAO
2> 1.02 F—— ACDM: DESI+CMB 7
=T —

 DESI at z < 1 prefer distances 1-2%
lower than CMB prediction

Isotropic BAO
distance measurement

0.94 7
002 o1 o5 1 —

SN distance modulus p: DESY5
oof
T 005f ;
Supernovae oot I ]
distance modulus Y] — —= !
002 o1 o5 —

Redshift

Nathalie Palanque-Delabrouille (LBNL) 41
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Isotropic BAO
distance measurement

Supernovae
distance modulus

DESI DR2 results I1: BAO (arXiv:2503.14738)

The nature of the evidence

[sotropic BAO ayg,

fid

- ACDM model can fit DESI BAO

 DESI at z < 1 prefer distances 1-2%
= 3 lower than CMB prediction
§ 0.96 :E i(Ejf)IM: CMB :
| Acou pEsiecus ‘
0.94F — Acom: DESYs ]
O.OIQI””(I).II — I0?5I - Ill | d
SN distance modulus p: DESY5
S « ACDM model can fit SNe
0.10 7
el ]+ Tension with DESI and CMB

0.00 }

~0.05 |

No good ACDM fit
—> to DESIBAO, CMB & SN

002 0.1

o] L

0.5 1
Redshift

simultaneously

Nathalie Palanque-Delabrouille (LBNL) 42
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DESI DR2 results I1: BAO (arXiv:2503.14738)
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DESI DR2 results II: BAO (arXiv:2503.14738)
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DESI DR2 results I1: BAO (arXiv:2503.14738)
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DESI DR2 results I1: BAO (arXiv:2503.14738)
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DESI DR2 results I1: BAO (arXiv:2503.14738)
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' DESI DR2 results I1: BAO (arXiv:2503.14738)
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