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- The DESI project LR L
- Results on Dark Energy and neutrlnos masses”
- Prospects o ’ .




BAO : Propagation of density waves
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DESI — tracers of the matter distribution
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Five target classes

DESI (2021-2026)
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Measuring the “BAO” scale with Large scale surveys
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Multi-objects Spectrocopic Survey

2D photometric surveys
Target selection gy

MzLS+BASS
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Progress of observations

Main/DARK : 9690/7155)0160 completed tiles up to 20251002 (=95%, weighted=95%)

P -

——- adjusted % of time elapsed
% dark done
% bright done
% overall done

\

2024-05-14
2025-05-14

'
) \
2025-09-27
2026-05-14—

Percentage complete

adj. time elapsed: 85.41%
overall: 94.89%

dark: 94.70%

bright: 96.38%

implied margin: 11.10%

FracCov Area Fraction Expfae i S ) 750 1000 1250 1500 1750
> 0.00 15168 0.99 : nights since 2021-05-14
=0.25 14963 0.98

Stats for the 20251002 night: =1.00

oo mnason: 05 ' ' Downtime:
o - Weather (as expected)
- CovID
- Contreras fire
DR1 : 1 year of data — release in March 25 Hacking
DR2 : 3 years of data — BAO results in March 25 — Data release in 2026 Dome motion
Already taking additional passes over the footprint




DESI 3D.map- of the Universe

Density of discrete tracers
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Data analysis

Imaging

Spectroscopy

Catalogs:

R.A, Dec, redshfit
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Publications :

- Cosmological constraints : Abdul-Karim++ 2025
- Ly-alpha BAO : Abdul-Karim++ 2025

- BAO Systematics : Andrade++ 2025

- Dark energy : Lodha++ 2025

- Neutrino masses : Elbers++ 2025
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Catalogs:
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2-point statistics :
»| - Correlation function
Xcoms Ycoms Zcom - Power spectrum

\

” BAO scale(s)”

Universe expansion in reference cosmology
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DESI DR2 2-pt statistics

2-point correlation function : excess probability to find galaxies separated by distance s
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Density field reconstruction
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Systematics checks in BAO measurements

BGS_BR-21.35 LRG LRG LRG LRG+ELG ELG ELG QSO
2=[0.1, 0.4] 2=[0.4, 0.6] 2=[0.6, 0.8] 2=[0.8, 1.1] 2=[0.8, 1.1] 2=[0.8, 1.1] 2=[1.1, 1.6] 2=[0.8, 2.1]
baseline »—o—c }—O—I |—o—| l—O—I r—o—q
Data vector pre-recon 1 . e —— ] T
power spectrum - l—-o—c n—o—« b——o—| |—o—< —o———i
flat prior on X, 3, X1 1 ._o_. ,_0_4 ,_o_. | >—o—| s
polynomial broadband - —o— —o— —— i —o— ——o———
BAO mOd EI polynomial broadband iso - —o— —o— —to—— —— — e
fixed broadband - —o—i ——i ——i ——i R
fixed broadband iso 1 —0—i —o—i —to—— —o— —_——
dp € [0.25,1.75] ‘ —— —o— —— ——— PR S—
| magl ng SySte matics unweighted i—o—! n—o—1 ——o——i —_ p
NGC - S o .
GCcomb _noNorth - —o— r—o—c ——o——i ——o—i —_—y
GCcomb noDES - —o—i —o—1 ——rt —— ————o————i
Data splits bin 1, mass { e ||
bin 2, mass 1 —o—i ——o—
bin 3, mass 1 —o0—H ———
bin 1, magnitude 1 —— »—o——c _—
bin 2, magnitude 1 H——| | F————i ——i—
bin 3, magnitude 1 —o—— —
&S T T T IS T TFE Iy wEe
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Simulation (mocks) based systematics estimate : | BAO model Total systematic errors :
Galaxy-halo connection 0.2 % on 0., 0.3 % 0on aup
Choice of fiducial cosmology Limited by mock precison

Ly-alpha systematic errors : 0.3 % on o, 0.3 % on o, (non-linear evolution of the peak)



The BAO standard ruler

Ogao = Ta/Dm(2)

U.S. Department of Energy Office of Science

6zgao = 1aH(2)/c =14/Dy(2)

Also define an isotropic distance Dy (z) = [zDy(2)?Dy(2)]Y/3

Dy (z), Dy (z), H(Z) encode expansion history of the Universe



BAO inferred dilation parameters

Isotropic BAO Distance BAO Distance Ratio
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e DESI is consistent with ACDM
* ~2% /2.3 o discrepancy with Planck ACDM best fit



Cosmological constraints

0.34
5.5 BGS ) ---- DESI DR1 BAO
' LRG1 S, BN DESI DR2 BAO
B LRG2 N RN W CMB
BN LRGELG 0.32 )
N ELG
QSO
[ | Ly—a g 0.30 1
— S
0.28-
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* DESI tracers are consistent * Factor 2 improvement in the Q,,/Hyry plane with DR2
* Different degeneracy directions * 2%/ 2.3 o discrepancy with Planck ACDM best fit

* CMB includes:
- Primary CMB from Planck PR4 (camspec)
- CMB lensing from Planck PR4 and ACT DR6



Cosmological constraints including ACT & SPT results

—— CMB-SPA

A SPT+ACT
ACT DR6

— SPT-3G D1

TN —— Planck
BN DESI There is now a BAO-CMB tension
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arXiv:2507.12459
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0.30 | 1 /\—o— The BAO-CMB Tension and Implications for Inflation
0.28 F 4 /_.._\ Elisa G. M. Ferreira,’»2 Evan McDonough,® Lennart Balkenhol,* Renata Kallosh,? Lloyd Knox,® and Andrei Linde®
'Kavli IPMU (WPI), UTIAS, The University of Tokyo,
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The University of Tokyo, Kashiwa, Chiba 277-8583, Japan
hr d Qm 3 Department of Physics, University of Winnipeg, Winnipeg MB, R3B 2E9, Canada
4Sorbonne Université, CNRS, UMR 7095, Institut d’Astrophysique de Paris, 98 bis bd Arago, 75014 Paris, France
®Stanford Institute for Theoretical Physics, Stanford, CA 94305, USA
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The scalar spectral index ns is a powerful test of inflationary models. The tightest constraint on
CMB-SPA 31.66 = 0.50 98.89 + 0.63 2.80 ns to c%ate d'eriv_es from the combination of gosmic microw_ave ‘back'groun'd (CMB) data with baryf)n
acoustic oscillation (BAO) data. The resulting ns constraint is shifted significantly upward relative
SPT+ACT 32.774+0.72 97.51 £0.87 370 to the constraint from CMB alone, with the consequence that previously preferred inflationary
models are seemingly disfavored by 2 20. Here we show that this shift in ng is the combined
SPT+Pl(mck 31.89 £0.54 98.63 £ 0.67 3.00 effect of a degeneracy between ns and BAO parameters exhibited by CMB data and the tension
between CMB datasets and DESI BAO data under the assumption of the standard cosmological
ACT DR6 33.0+1.0 97.2+1.2 3.1c model. Given the crucial role of ns in discriminating between inflationary models, we urge caution
SPT-3G D1 32.47 +0.91 97.94+ 1.1 250 in interpreting CMB+BAO constraints on n, until the BAO-CMB tension is resolved.
Planck 31.45+0.67 99.18 +0.84 200

DESI 29.76 £0.87 101.52 +0.73




Constraints on the Hubble constant

0.34 76
. BB DESI+BBN e CMB
0 DESI4+BBN46,
74
0.32 1 ,_l'.—' SHOES
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=
& i
0.30 1 Z 701
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T 68
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66 1 BN DESI+BBN
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Model/Dataset L9 Ho [km s™! Mpc™?]
* rqcalibrated using ®, from BBN ACDM
° Com plementa r|ty Of DES| tracers CMB 0.3169 4+ 0.0065 67.14 & 0.47
) DESI 0.2975 & 0.0086 s
* 4.5 o tension between DESI+BBN and SHOES
DESI+BBN 0.2977 £0.0086  68.51 £ 0.58
DESI+BBN+4. 0.2967 £+ 0.0045  68.45 + 0.47

DESI4+-CMB 0.3027 £ 0.0036 68.17 £ 0.28



Constraints on Dark Energy

The nature of Dark Energy is encoded in the

equation of state parameter 5
: , --- DESI DRI
W= p ; cosmological NN DESI DR2
- 0 | e constant

Cosmological constant: w = —1

Dynamical Dark Energy (Chevalier & Polarski 2001,
Linder 2003)
General parametrization:

1.
w=wy+ (1—a)w a = — is the scale factor
0 a 1+2

Contribution to H(z) :

ppE(a) — o3 +wotws) ,—3wa(1-a)
PDE,0



Adding CMB data

DESI + CMB :

3.1 ¢ preference for wyw,CDM over ACDM DESI DR1
| cosmological DESI DR2
1- / constant
I . oo
S
—1
—2 1
-3 E T T
—1.0 —0.5 0.0

Wo



Adding “less” CMB data

DESI + CMB :
3.1 ¢ preference for wyw,CDM over ACDM

DESI + CMB :
- « early » time priors: 2.4 ¢
-No lensing: 2.7 ¢

==

------ DESI
Bl DESI+ (0., wh, Whe)CMB

______________________________________

- == DESI4+CMB (no lensing)

[ DESI+CMB

[l et ekt LT
E i

Wo



Adding CMB and SN1a data

DESI + CMB :

3.1 6 preference for w,w,CDM over ACDM o I
! BN DESI+CMB+Pantheon+
i DESI+CMB+Union3
DESI + CMB + Type 1a Supernovae : | — DESI+CMB+D§§§5
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Further studies on dynamical dark energy

Changing w(a) parametrization :

—0.5F ' ' ' :
DESI 4+ CMB + Union3

quintessence
_1.0 . - — —————————————————————————
g phantom

~ —1.57
\g/ —— CPL: wy + we(1 — a)
BA: wy + waﬁl(%%ﬂ
—2.0r1
— EXP: wy — wg + weexp (1 — a)
LOG: wy — we In(a)
—-2.5}

JBP: wy + wea(l — a)

0.0 0.5 1.0 1.5 2.0 25 3.0
4

- Similar results with gaussian process
- Data agrees with “mirage” DE model
with <w> = -1

Binned w(z) :

—0.6 1 — wow,CDM
¢+ Binned w(z)

00 05 10 15 20 25 30 35 40

- Signal is robust w.r.t. analysis choices

- “Phantom” crossing atz~ 0.4

- Challenging for single scalar field DE models
- Sensitive to ~2 additional d.o.f.



Constraints on the sum of neutrino masses in ACDM

In particle physics:
3 mass eigenstates and 3 flavor eigenstates
Solar neutrinos m3 —m? ~ 7.5 10% eV?

Atmospheric neutrinos  |m3 — (m? + m3)/2| ~ 2.4 103 eV?

Y

Y

m- m-
A -V, A
h
Normal [ == Y- Inverted
my>L | —_— — -,
solar~7x105¢V2 .
5 - -,
atmospheric 1
~2x1073e V2 ,
atmospheric
m,2 L — ~2x1073eV?

. solar~7x10-5¢V?2 .
m L - — 7,
0 0

Y. m, >0.06 eV Y. m, >0.10 eV

2 my [eV]

0.4
DESI
I DESI+CMB
--- CMB
0.3
’ff—\\
/" !
/,, Ill
0.2 1
,/,’ II'
,l, ,”‘l I,
’ P 4
/, ,/' 7 ,'
0.1' ,’ ,¢ Il ,I
’ 4 V4
4 ’
II /,
A /4 ACDM
00 T II L T
0.28 0.30 0.32 0.34 0.36
QIH

CMB data contraints are degenerate
in the ), m, vs Q,, plane
BAO data helps to break this degeneracy
Lower (},, for BAO drives the constraint
Quoted limits midly depend on ordering (DESI+CMB)



Constraints on neutrino mass

Measured sum of the neutrino masses depends on the assumed cosmological model

For DESI + CMB, the limit is :

—— DESI4+CMB
-=-=- DESI+CMB (wow,CDM)

z m, < 0.064 eV (95%, ACDM)

For DESI + CMB, the limit is :

z m, < 0.163 eV (95%, wow,CDM)

For DESI + CMB + SN1a, the limits are :

Z m, < 0.117 — 0.139 eV (95%, wow,CDM)




Beyond BAO : Full-Shape analysis

. Power Spectrum measurements
Infall velocity v;,(r)
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Infall velocity depends on: 2 . 2
1 =) § 600
- Matter content of the Universe Suw { S
H < w1 < 100
- Theory of gravity . P
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DESI DR1 Full-Shape analysis — Test of GR

https://arxiv.org/pdf/2411.12022

0.65

| - CMB-nl:»kDESY:} (3x2—pt)

0.6 | ! Bl DESI + CMB-nl + DESY3 (3x2—pt)
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05 [ e e
e 01T "N\~~~
045
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) (=]
£ 04 3
0.35 [ ==l '
i General |
0.3 | 1 Relativity |
I
-0.4 1
025 | ] .
—2 :
02} : !
' ' : : : : : : 06 .
02 04 06 08 1 12 14 16 |
Z T T T
-0.2 0.0 0.2 0.4

DESI DR2 Full-Shape results : Spring 2026



Tension on growth is vanishing...

CMB-nl 1 —eo—
_ CMB A —o—
| => Latest KIDS-legacy results —e—
DESY3 + KiDS-1000 - e
HSC-Y3 + BOSS (3 x 2-pt) - b &
KiDS-1000 + BOSS + 2dFLenS (3 x 2-pt) e
DESY3 (3 x 2-pt) i
SDSS (RSD+BAO) A ' 3
DESI (FS+BAO) + BBN + ng 1 I @ i
0.70 0.75 0.80 0.85 0.90

Sg = 0§ (Qm/03)05
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Conclusions

* DESI is taking data at a high pace
» Data Release 1 (1st year) is public !
 DR2 BAO data published, DR2 Full shape analyse in 2026
* Main survey (->mid '26) 6 month ahead, taking data until the end of 2028

* DESI measures BAO at sub-percent precision over 0.2 <z< 2.3

e ACDM results

e DESI alone in agreement with ACDM
e But there is now a 2.8 BAO-CMB tension

* Dynamical Dark Energy
e DESI + CMB has a 3o preference for Dynamical DE over ACDM
* Preference remains when adding SN1a data, but significant dispersion
* Favored DE models (a.k.a. Phantom) are surprising and challenging



Fits of available data

Isotropic

BAO « iso
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Upcoming results from other probes

Weak Lensing:

constraints on Dark Energy

from the complete Euclid (Forecast, 2030+) Cosmic Microwave Background :
- Atacama Cosmology telescope:

B DESI DRo - Combination DESI+Planck+ACT in press
| +CMB - South Pole telescope
+SN1a (DES Y5) Longterm: Simons Observatory, LiteBird, CMB-S4
=~ o~
=
] FoM =37 (GCsp) Type 1a Supernovae :
FoM = 455 (3x2pt) ) . .
BN FoM = 652 (3x2pt + GCsp) Zwicky Tr?n5|ent Factory (4x more SN1a)
> : , : , , - Vera Rubin — LSST
-14 -12 -1.0 -08 -0.6
wo

Euclid DR1 (2027) : similar as DESI DR2



Future of Large Scale
Spectroscopic Surveys

Stage 11 Stage III Stage IV Stage V

4 N/ N/ N/ N\

10° — ;

WST low-z ,//

108 + e— ',’ ST high-z
DESI o #~3Spec-ss |
. %< MUST =
g 7 e 3% — 10-fold increase every decade
T 7 =]

??o BOSS.»”~ oPFS 2 — Goals of future programs
Z. /" 2% * High-density low-redshift

106 4 SDngI’B/OSS (LRG) h « High redshift

4 SD8S-
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Neutrinos and cosmology

| | . o py T 4\4/3
- At early times, neutrinos act as additional relativistic species — = gNeﬂ‘ 11
Py

- At late times, neutrinos behave as matter

My Latest KATRIN results m<0.45 eV => z, < 800
leV N.O. lower valuer (degenerate mass) => z,,> 40

- Non-relativistic transition: 2, ~ 1900
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DESI-2 high-z target selection

LSS — 2029-2035 DESI-II

DESI-Il (after a 2.5 extension of DESI) § %01 5 oriaina seection

a pathfinder for Stage-5 spectroscopic surveys
- Modest hardware upgrades
- Low-z program:

- ~20x density of DESI %0 05 10 1I55h<§.too-§5 3.0 35 4.0
- Growth of structures
- Modified gravity Onset of Dark Energy
- Challenge for theoretical models ol — @ & oesi2
- High-z program 2 < z < 3.5: L feas T - R
- New tracers : star forming galaxies (LAE, LBG) £
- Onset of Dark Energy ¢
- Non-gaussianities 21 geameT
0
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LSS — “Stage 5” surveys (>2035) &

Key science goals ' DESI
“S ” H . —_ 4 —_— L —— DESI-II LBG
— "Saturate” cosmic variance up to z = X w0 /\ MUST LBG
— o(DE) < 2% — Rule out EDE models I —--- WSTz<2
: st | : —— WSTz>2
—_ < Bla 1
c(Zm,) < 15 meV - 4c detection, ks \\ WeT IFoMOS

S

— non-gaussianities : 100 I WST IFSXIFS
 Distinguish single and multi-field inflationary models

30

Constraint on the sum of neutrino masses

Matter density
40
201 power spectrum —— DESI = BGS (BAO) + LRG (BAO) + ELG (FS)
=== DESI + Stage-5 (BAO)
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The Wide-field Spectroscopic Telescope W W

The ultimate spectroscopic telescope :
— 12m segmented Telescope — 3 deg? field of view
— Spectroscopic capability:
» 20000-fiber Multi-Object Spectrograph
« 9 arcmin? Integrated Field Spectrograph
— In Chile
— Supported by ESO community

Timeline :

— Received EU funds for a 3-year
concept study phase ("Horizon”, -> Jan '28)

— ESO selection Q3 28
— ESO approval Q4 ‘28
— First light 2040
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BAO distance scale

Sound speed in primordial plasma
@ c 1
C.(Z) =
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Expansion of the universe H(z)
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Big Bang Nucleosynthesis
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Figure 24.1: The primordial abundances of *He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [47]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+*He concordance range (both
at 95% CL).




Telescope — Mayall 4m @ KLt Pe
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Fiber positioners
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