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Physics program \
Galaxy and quasar clusterﬁ;}g :
Lyman-alpha forest ‘ S
Clusters and cross-correlations ~ =%,
Galaxy and quasar physics
Transients and low-z
Milky Way Survey

Credit: Claire Lamman/DESI collaboration
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DESI galaxy samples

QSO: 3M (SDSS: 500k)
Lyal8 < z
Tracers 0.8 < z < 2.1

ELG: 16M (SDSS: 200k)
06<z<1.6

LRG: 8M (SDSS: TM)
04<7<0.8

Bright Galaxies: 14M
(SDSS: 600k)

0<z<04
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First batch of DESI cosmological analyses with Data Release 1 (DR1)

* DR1 BAO results (April 4th, 2024) https://www.desi.Ibl.gov/2024/04/04/desi-y1-
results-aptil-4-guide/

* DR1 Full-Shape results (November 19th, 2025) https://www.desi.lbl.gov/
2024/11/19/desi-y1-results-nov-19-guide/

* Data Release 1 (March 19th, 2025) https://data.desi.lbl.gcov/doc/releases/

Second batch of DESI cosmological analyses with Data Release 2 (DR2)

. (March 19th, 2025) https://www.desi.lbl.gov/2025/03/19/desi-
dr2-results-march-19-guide/
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* Over 30M galaxy and quasar redshifts
in 3 years of operation, ~14M of
which are used in this analysis.

* Compared to DR1 (~6M redshifts),
DR2 represents a tactor of
in data volume.

Redshifts for the BAO analysis

Tracer
BGS
LRG
ELG
QSO

Total

DR1

300043

2138627

2432072

1223391

6094133

DR2

1188526

4468483

6534844

2062839

14254692
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Clustering amplitude

ment of Erergy Oica of Science
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e The correlation function

measures clustering as a function
of scale: &(r) = (6(x) 6(x + 1))

\ * The BAO appears as a distinct

peak around 100 2~ "Mpc (or
wiggles 1n the power spectrum).
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Sl | * Effects such as redshift-space
9 Monopole . .
= distortions (RSD) due to galaxy
o 20F : ..
o peculiar velocities make the
— o} clustering appear anisotropic.
U7 :
% _oot - * Our clustering measurements
o = 5 = = capture this via a multipole
N Quadrupole decomposition of the 3D
= —25F : correlation function.
T
=, —50f . :
—~ o A Pull-Shape analysis is required
a -75f : to exploit cosmological
™ . .
® oo information from structure
0 80 100 120 140 formation and to test gravity.

s [h~"Mpc] 13
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What DESI BAO measures

|

0zga0 = T4/ Dy(z)

Lll N
P (] L]
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RO an
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What DESI BAO measures

* For tracers with low signal-to-noise ratio,
we only measure the angle-averaged BAO
distance:

Dy(2) = [:Dy(@)*Dy(2)]

* Used for the Bright Galaxy Sample (BGS)

in this analysis.
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Lya{A)x1 ya(B) Lya(B)»QSC
1R —— baszeline model 1504 — baselive mocel
=== with 20lynomial correctians === with polynemial corrertions
2.4 l 1254
2.2 £ i |- 10.0 1
2.0 o 15
W
8
=
2.2 o 5.0 1
=
2.4 §, 2.5
-6 YT
-28 25 x
-1.0 5.0
0 2 S0 S 100 145 150 175 20 0 25 sc 75 100 125 150 175 200
=" Mpc| r[h-TMpc)
Lya forest autocorrelation Lya-QSO cross-correlation

E(r) = (8p(x) 8p(x + 1)) E(r) = (8p(x) Qx+ 1))
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* DESI DR2 BAO measurements were kept
blinded during the validation process.

* For calaxies and quasars at z < 2: Catalog-
level blinding that modifies galaxy
redshifts and weights (Andrade++ 2024).

* For the Lya forest, blinding of the data
vector that shifts the BAO peak location
(DESI Collaboration 2024).

18
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Data vector
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Supporting paper: Validation of the DESI DR2
Measurements of Baryon Acoustic Oscillations

from Galaxies and Quasars (Andrade++2025).

Ditferences in the isotropic BAO dilation
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Key Paper I: Baryon Acoustic Oscillations
from the Lyman Alpha Forest (DESI
Collaboration).

Supporting paper: Validation of the DESI-
Y3 Lya forest BAO analysis (Casas++2025).

Supporting paper: Construction of the
Damped Lya Absorber Catalog for DESI DR2
Lyax BAO (Brodzeller++2025).
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DESI DR2 Clustering Measurements
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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.

0.4 1

“hm

()

(0.3

0.2 ACDM

BGS

LRGI1
LRG2
LRGHELG
ELG

QSO

IA:’ or

90) 100
Hyry 100 kan s+

Key Paper II: Measurements of Baryon Acoustic Oscillations
and Cosmological Constraints (DESI collaboration).

22



ey
w+‘

L.

I. Constra

o




. DARK ENERGY
|1 SPECTROSCOPIC
| INSTRUMENT

Fhdien]

0.34

0.32 1

= 0.30 1
G

0.28 1
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---- DESI DR1 BAO
. B DESI DR2 BAO
N o CMB

08

100 102 104
Hyrq [100 km S_l]

106

Constraints under ACDM

* 40% Improvement in the precision on Q, and
hry compared to DR1.

* Discrepancy in Q,, between BAO and CMB has
increased: 1.96 (DR1) —> 2.306 (DR2)

* No combination between DESI DR2 and CMB

Q, — 0.2975 £ 0.0086,

hrq = (101.51 & 0.73) Mpc, } DESL DR2.

24
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/ than DR1
0.34 7
., B DESI+BBN - CMB

* By calibrating the BAO relative distance
measurements using a BBN prior® on @, we obtain

- DESI4+BBN+4,

Ho = (68.51 £0.58) kms 'Mpc ! (DESI+BBN)  0-32]

g
G
* Adding a prior on the angular acoustic scale 6, : 0.30 1
Hy = (68.45 4+ 0.47) kms ! Mpe ! (DESI+BBN0.)
0.28 1
*BBN prior (Schoneberg 2024): 66 67 63 69 70
Q% = 0.02196 + 0.00063 Hy [km s~ Mpc™]

25
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76

74 1
L SHOES
I- .
5* 27 In ACDM, the tension between the
- DESI+BBN and SHOES H,
20 (Breuval++2024) now stands at
=3 4.50, independent of the CMB.
T 681

00 B DESI-BEN

0.3 0.4 0.5
2. 26



II. Dark Energy
beyond ACDM

For a cosmological constant, the dark
energy is given by

w=-L_—_1

= e

The equations of motion are well
approximated by (Chevalier & Polarski
2001, Linder 2003)

w(a) = wy+w, (1 —a)




DARK ENERGY

| SPECTROSCOPIC Dynamical Dark Eﬁ@l’gy

LS Deoartment of Erargy Ofica of Scienca

b

Cosmological
constant (ACDM)

* BAO data define a degeneracy
direction in the wy-w, plane.

* BAO data by itself does not rule out
the cosmological constant, but its
combination with more data sets leads
to tight constraints.

=== DESI DKL
BN DESI DR2

28
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2
=== DS DREI4CMB
BN DESI DR2+CMB
: Cosmological
* Last year: 2.60 preference for 1- . constant (ACDM)
evolving dark energy from DESI
BAO+CMB o
—>3.1cin DR2 =
o = —0.42 £ 0.21 Y
wy = —1.75+0.58 | DPESIHCMB
—3

—1.0

29 g
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Cosmological
constant (ACDM)

el

n-—---- I
* Significance of rejection of ACDM: —1-
« DESI+CMB+Pantheon+: 2.80 e
e DESI+CMB+
e« DESI+CMB+DESY5: 4.26 ol
E R DES4+CMB-Pantheon!’lus
: S DESICMB<Unions
; B DESI{ CMB- DESYS
0 —0.8 —0.6 —0.4

wi
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—/1 DESI'*‘('Q':- Yo -’*”l.(',:'(.'f'IH
m DESI+CMB

R T T T T =

A ————

10 05 0.0

L)

* Combining DESI with early-Universe priors on (6x, @y, @) derived from the CMB

shows preference for evolving dark energy at the 2.4¢ level.
31
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I '
| B DESIH(A,.w @1 lCMB " B DLSH CMBDLESYS
: B DESIH-CMRE : === DESIHCNB{DESYS (25> 0.1)

OF--- * ______________________________________ - ,,{ ______________________________________ .
|
I
I
I '
I '
I '
I '
-1 :

~ | '

= : :
| '
| '
| '
| '
| '
| '

—2F [ '
| '
| '
I '
I '
I '
I '
I '
I '
I I
1 1 1 1 1
—1.0 —(1.h (.0 —1.0 -5 (.0
1 iy

e Excluding z < 0.1 SINe reduces the statistical significance of the dynamical DE
detection, but the best-fit values for wy, w, remain far from ACDM.
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|
i B DESI+H(f,. w, wie)cMs
| e DESIH-CMRE
)] S gty s PSR
:
I ]
I ]
I ]
] |
I ]
I ]
-1t |

™ | '

) ) '
| )
| )
| '
| '
| )
| )

_'2 L | [}
| )
| )
I )
| |}
I |}
I )
I )
I |}
I |
1 1 1 1 1 1
—1.0 —(1.5 (.00 —1.0 —{1.5 (.0 —0.5 0.0
L)) iy Wy

* Replacing the CMB with DESY3 3x2pt (weak lensing), we obtain a constraint

coming entirely from low-redshift cosmological probes (BAO, weak lensing, SNe). o
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—— DESI+ACT :
: - == DESIH+P-ACT :
----- :t- 0-»-—-——-——l:.———————————-—-—-—————————-———--—-——————————--—-
g §-1{
: ) : —— DESI+ACT+DESY5
: - : - == DEST+P-ACT+DESYS
| : B DEST+PR4+ACT+DESYS
~1.0 —0.5 0.0 ~1.0 —0.8 —0.6 —04
wy Garcia-Quintero et al. 2025 wh

e Adding ACT DR6 (CMB data), the combination DESI+PR4+ACT gives a 30
preference for wyw,CDM and up to a 4o preference when adding SN Ia from DESY5
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Isotropic BAO distance
measurement

Supernovae distance
modulus

L § | SPECTROSCOPIC Dynamical Dﬂl‘k Eﬂ@l’gy

[sotropic BAO oy,
TITIar T | T L B
104 F | s

— NCOM:CMEB

s MCDM: DESI]
— NCDM:DES] CWIB

* There are ACDM models

, Lo g R
'_D'\"’f([)l(!.;\' ,’o.‘ ‘l

000 b that each dataset prefer,
ool but they are inconsistent
:"L B T -._.; in their Q_ values.

SN distance zuoduba o DESYS
010 -

2,02 C._ 0.5 g
Rexlskifl 35
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[sotropic BAO o,
T T || T LI B
;.'." r -

3 ] * There are ACDM models

' D'\"" d ’Il( D;n?/ n"!‘;d .l

g that each dataset prefer,
GO T e— A M .
[— cow: pest cu but they are inconsistent
CM F e aenn pesys } . .
PP in their Q_ values.
2,02 .2 0.5 1 J
SN distance mnodulas ;o DESYS
| * ACDM does not provide
10 ‘ a good fit to all data
_—— simultaneously.

B!

202 (¢l 0.5 1

Rexlshifl _ 36
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[sotropic BAO o,

i T T LA B A

'"': = Moen carm
r; CEEEE I -E- T %? * wCDM model: constant
e equation of state P/ (pc?), but
S ff-**ff 7 not necessarily equal to -1.
CM = o
L S F 3 * wCDM does not have enough
rrermiveence modubus - DESYS freedom in the expansion
ol ] history to fit BAO, CMB, and

SNe simultaneously.

Rexlsbifl _ 37
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[sotropic BAO o,

T T T L B

104 F W vFs I
L — DM OME -
& 2 - .
RN =
=0 - B . .
[ * wow,CDM has sufficient
Q. R L . eq e .
= 0 flexibility to simultaneously
oME : achieve good fits to all
oz e three datasets.
SN distance mnodulas ;o DESYS
;“611 ::l‘~'.' T T L B
0,10 | —+ wauaCDLL DRSI)OME | DESYS : * Resolves the mismatch in

Q_ between DESI and
CMB.

002 61 05
Raoxlsbiifl 38
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Deceleration parameter
I/

0500

| SPECTROSCOPIC Dynami(:al Dﬂl’k Eﬂ@l’gy

Acceleration i1s

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

vvvvvvvvvvvvvv

wow, CDN

2.0 25 3.0

Z

Redshift
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Dynamical Dark Energy

Supporting paper: Extended
Dark Energy analysis using DESI
DR2 BAO measurements
(Lodha++2025).
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Neutrino Observatory

Credit: Jordy Meow
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(.4
. : DESI
([ ]
Masswe neutrinos change the aggular SR DESICME
diameter distance to last scattering, ——= CMB
which is degenerate with the effects of 0.3
other cosmological parameters in CMB _ LT
ﬁtS ’: ’ l ("
§ 02 7 ,I" ',l
= ’
* DESI BAO helps to break this geometric [ S 7
degeneracy, leading to a tight joint o)
. . 0.1 !
constraint, given the preference for lower J o
Q. values from DESI. g ‘
g ACDM
0.0 —— 4t :
0.28 0.32 0.34 0.36

-
-‘zm

42



% secroscoric| Massive Neutrinos

INSTRUMENT

LS Deoartment of Erargy Ofica of Scienca Allowed by
normal hierarchy

1.2 , r
: i = DESI+CMB
* Assuming a ACDM background, we find 1.0 ,
Y m, <0.0642eV  (95%, DESI+CMB) i |
0.8- E '
- i i
B i |
* Close to 20 % higher precision compated to &~ 06- : | . Aﬂ(:iw;.d by .
DR1 (when using the same CMB likelihood). ~ | | fvertec flerarciy

0.1- i |
(.2 - : ,

0.0

(.00 0.05 0.10 015 0.20

> om, eV
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* Assuming a ACDM background, we find
Y m, <0.0642eV  (95%, DESI+CMB)

* Close to 20 % higher precision compared to

DRI1 (when using the same CMB likelihood).

* This constraint 1s significantly relaxed for a
wow,CDM model:
Y m,<0.163eV  (95%, DESI+CMB)
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Supporting paper: Constraints 0.8
on Neutrino Physics from DESI 3
DR2 BAO and DR1 Full Shape = 061
(Elbers++2025).
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DESI

e Assuming a ACDM background, we find
Y. m, <0.0733eV  (95%, DESI+ACT)

* And when combining with Planck PR4:
D m, <0.0606eV  (95%, DESI+PR4+ACT)

* The combination DESI+PR4+ACT leads to a
5% improvement with respect to DESI+PR4,
which is due to the specific choice of l-range

where Planck is cut and ACT is added.
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Garcia-Quintero et al. 2025
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. between DESI+BBN and CMB in the Q,_-H, plane
Also, DESI 1s somewhat in tension with the high Q  values preferred by SNe, Wthh—

contrary to DESI— prefer larger Q_, than Planck.
* Assuming a ACDM background, the combination of DESI and CMB data give the

tightest upper bounds for the sum of neutrino masses to date, in increasing tension with
the lower bounds from terrestrial experiments.

* The points above hint at a growing incompatibility between different datasets when
interpreted in the ACDM model.

* BEvidence for has increased with the DR2 BAO data (3.1¢ from
DESI+CMB alone), 2.86 to 4.26 when also including SNe. This also reconciles the
discrepancies between datasets mentioned above.
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. between DESI+BBN and CMB in the Q,_-H, plane
Also, DESI 1s somewhat in tension with the high Q  values preferred by SNe, Wthh—
contrary to DESI— prefer larger Q_, than Planck.

* Assuming a ACDM background, the combination of DESI and CMB data give the
tightest upper bounds for the sum of neutrino masses to date, in increasing tension with
the lower bounds from terrestrial experiments.

* The points above hint at a between different datasets when
interpreted in the ACDM model.
* BEvidence for has increased with the DR2 BAO data (3.1¢ from

DESI+CMB alone), 2.86 to 4.26 when also including SNe. This also reconciles the
discrepancies between datasets mentioned above.

Coming next:
* Summer/Fall 2026: 2-3pt Full-Shape, Peculiar Velocities, Cross-correlations with lensing

* DR3 (Y5) observations to be complete by Summer 2026 e
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* Maximum dark energy
density reached at z ~ 0.45
(phantom crossing).

* The phantom crossing
could indicate significantly
more complex dark sector
than traditionally assumed.
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Cortés & Liddle (2024)
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L.odha++2025
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e Binned reconstruction of w(z)
without assuming a functional

form for the equation of state.

* Consistent with our wyw, CDM
results.
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* Mild to moderate discrepancy between
the recovered values of Q_ from DESI
and SNe under ACDM.

* Might indicate that DESI and at least
some of the SNe datasets cannot be
consistently fit except with models that
have greater freedom in the background
evolution.
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