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Lonaroseane | Standard model of cosmology - ACDM

Components we will discuss today

* Dark Energy (late-time acceleration):
= Cosmological constant (A)?
" Evolving equation of state?

* Neutrinos (cosmology, laboratory
experiments):

= Neutrino mass constraints

" Close to ruling out inverted
hierarchy?
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?&%‘%ESEE%T:.J Baryon Acoustic Oscillations (BAO)
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z~ 0.3

Imprint of fluctuations in primordial plasma
— Standard Ruler to measure distances
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o eeoncl BAO — standard ruler
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Op40 = Ta/Du(2)

0zpap = 1gH(2)/cC

D, (z) and H(z) encode expansion history of the Universe
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DESI measures BAO rulers at many times/redshifts

D, (z) and H(z) encode expansion history of the Universe
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All 5000 fibres can be positioned to accuracy of <56 um RMS in <120s
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| INSTRUMENT
: 40 million

galaxies and quasars
covering0<z<4

over 14,000 deg?

3 million QSOs
1.0<z<40

16 million ELGs
06<z<1.6

8 million LRGs
04<z<10 .l

13 million
Bright galaxies
00<z<04

+10 million Milky Way stars
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oacanerey | YEG) spectrum of a quasar at z = 3.20
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Rest-frame wavelength [A]
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i Lyg |
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Zgso = 3.20

Flux [10~Y erg/(cm? s A)]
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Observed wavelength [A]
DESI DR2 Results I: BAO from the Lya forest 17
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The DESI DR2 sample

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

R.A. [deg]
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et | The DESI DR2 sample

o INSTRUMENT

Tracer

* Over 14 million galaxies and
guasars in the sample used in

 Compared to DR1, this

represents a factor of ~2.4 0SO
improvement in data volume
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BAO scaling parameters
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| — Dot /ra and Qo = D /ra
L [DM/”"d]fz‘d ! [DH/""d]fid

OR

Dy /Dy
[DH/DM]fid

__ 2 1/3 —
Aijso = (O‘LO‘II) /3 and xAp =

Isotropic BAO scale anisotropy of BAO
(Alcock-Paczynski effect)
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* BAO measurements were kept
blinded during the validation process

* For galaxies and quasars: Catalog-
level blinding that modifies galaxy
redshifts and weights

* For Lya forest: Data-vector blinding
that shifts the BAO peak location

24
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no calibration
Mpip = 1

I fiss = 3.5
T M =244

l
I

Method to estimate
the fluctuations

Aons < 55004

Aobs > 36504

Are < 12004

f zZp=<378

—— > 50 pixels in forest

L | only quasar targets

f mask DLAs with SNR_RED > 3
H—— weak BALs

no sharp lines mask

DESI DR2 Results |: Baryon Acoustic
Oscillations from the Lyman Alpha Forest Variations in data set

i

Supporting paper: Validation of the DESI DR2
Lya BAO analysis using synthetic datasets
(Casas++ 2025)

dmat rj <200 Mpc/h
dmat 2%
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Method to compute

correlations and

covariances

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

Gaussian redshift errors

no prior on LO_HCD

no prior on beta HCD

no prior on drp_QS0

no prior on bias QSO

no prior on bias CIV eff

UV fluctuations

ignore small-scales correction
— O ignore modelling of sky residuals
} ignore quasar radiation
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Supporting paper: Validation of DESI DR2 BAO
from Galaxies and Quasars (Andrade++ 2025)

Differences in the isotropic BAO dilation




Honaroscanc| Systematics — folded in the final results
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Galaxy clustering

Tracer |Paramecter|Theory (%) HOD (%) |Fiducial (%)| Total (%)
BGS (¥ise 0.1 No detection 0.1 0.141
LRG1 ¥iso 0.1 No detection 0.1 0.141
QAP 0.2 0.19 0.18 0.329 Lya forest
LRG2 (¥ise 0.1 No detection 0.1 0.141
aap 0.2 0.19 0.18 0.329 Ay = 0.3%
LRG3 inc 0.1 0.17 0.1 0.221 Aa;, = 0.3%
(¥AP 0.2 0.19 0.18 (0.329
LRG3+ELGL|  criso 0.1 0.17 0.1 0.221 . _
o 0.2 0.19 0.18 0.329 (due to non-linear evolution of
ELG1 CKiso 0.1 0.17 0.1 0.221 the BAO pea k)
AP 0.2 No detection 0.1 0.224
ELG2 ¥iso 0.1 0.17 0.1 0.221
CEAP 0.2 No detection 0.1 0.224
Qs0 (¥isn 0.1 0.17 0.1 0.221
AP 0.2 0.19 0.18 (0.329
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amerosconc| DESI DR2 clustering measurements
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5&'%.5352%1.4 BAO Distance measurements
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DESI BAO measurements

lookback time [Gyr]
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redshift z

o
©
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DESI DR2 Results II: BAO measurements and Cosmology

Flat ACDM results

BGS
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00 100 110
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DESI BAO measurements

lookback time [Gyr]
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DESI DR2 Results II: BAO measurements and Cosmology

Flat ACDM results
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DESI BAO measurements

lookback time [Gyr]
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DESI DR2 Results II: BAO measurements and Cosmology

Flat ACDM results
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DESI BAO measurements Flat ACDM results

lookback time [Gyr]
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DESI DR2 Results II: BAO measurements and Cosmology
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DESI BAO measurements
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DESI BAO measurements
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DESI DR2 Results II:
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BAO measurements and Cosmology
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DESI BAO measurements
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DESI BAO measurements

Consistent with each other, 054

and complementary

0.4
Q,,=0.2975 + 0.0086 (2.9%) <
H,r;=(101.54 + 0.73) [100 km/s] (0.7%) ...
\ Y J
DESI 0.2-

DESI DR2 Results II: BAO measurements and Cosmology

Flat ACDM results

BGS

LRG1
B LRG2
Bl LRGH+ELG
Bl ELG
QSO

90

100
Hyrq [100 km s}
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0.34
DESI DR1 BAO was 1.90 from the

0.32 -

includes:

* primary CMB from Planck PR4 (CamSpec)  =0.304
e CMB lensing from Planck PR4 + ACT -

0.28 -

0.26 -

DESI DR2 Results II: BAO measurements and Cosmology

ACDM: Consistency with the CMB

ACDM

- DESI DR1 BAO

CMB

08

100 102
Hyrq [100 km s

106
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0.34

_ ---- DESI DR1 BAO

DESI DR1 BAO was 1.90 from the L — BAE/[S]; DR2 BAO
0.32 1 k v

includes:
 primary CMB from Planck PR4 (CamSpec)  -0.30-
c
e CMB lensing from Planck PR4 + ACT DR6

0.28 1
DESI DR2 BAO is:
* Consistent with DESI DR1 0.26 -
 2.30 from the 08 100 102 104 106

DESI DR2 Results II: BAO measurements and Cosmology 43
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* DESI DR2 consistent with DESI DR1

* DESI DR2 is lower than the

DESI DR2 Results II: BAO measurements and Cosmology
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* DESI DR2 is lower than the CIVIB

* DESI DR2 is lower than Supernovae:

m1.70
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* Isotropic BAO — H;1y,
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e Isotropic BAO — H,7,;(Q,,h?, Q,h?)
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e Isotropic BAO — H,7;((),,h?, Q,h?)
* Anisotropic BAO — Alcock-Paczynski — (),
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* Isotropic BAO — H,7;((),, h?, )
* Anisotropic BAO — Alcock-Paczynski — (),

. measured from Big Bang Nucleosynthesis
(BBN): Schoneberg et al., 2024
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* Isotropic BAO — H,7;((),, h?, )
* Anisotropic BAO — Alcock-Paczynski — (),

. measured from Big Bang Nucleosynthesis
(BBN): Schoneberg et al., 2024

— constraints on H
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H, = (68.51 £+ 0.58) km/s/Mpc o
| l
|
DESI + BBN 0.321
d
0.301
0.281

* |n4.50 tension with SHOES

omeroscanc| HUbble constant

B DESI+BBN
0 CMB SHOES

ACDM
66 68 70 79 74
Hy [kms™ Mpce™']
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H, = (68.51 £+ 0.58) km/s/Mpc 0.5
| |
|
DESI| + BBN 0.321
Hy, = (68.45 4+ 0.47) km/s/Mpc &
L ] 0.301
|
0.28

* In4.50 tension with SHOES
e 0, -CMB angular acoustic scale

| scrosconc| HUbDble constant

BN DESI4+BBN
DESI4+BBN+-0,

CMB SHOES

ACDM
66 68 70 79 74
Hy [kms™ Mpce™']
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‘Ho = (68.51 + 0.58) km/S/I\/Ipc' 0.34
|
DESI| + BBN 039

H, = (68.45 + 0.47) km/s/Mpc &
\ J
|

0.28 1

* |n 4.50 tension with SHOES

e 0, -CMB angular acoustic scale

 C(Closeto , but still higher

e CMB degeneracy direction
points to our result (dotted line)

e eerc|Hubble constant

0.30 1

BN DESI4+BBN
DESI4+BBN+-6,
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T beyond ACDM
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For a cosmological constant, the dark energy
equation of state is given by
% The equations of motion are well approximated
i by (Chevalier & Polarski 2001, Linder 2003)

w(a) =wy+w,(1—a)

W =
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i ---- DESI DR1 BAO
1 1 :"-~~“*~E,
\ ARRN
* BAO data define a degeneracy Lt
direction in the wy — w, plane 0 B S
\\ - N Cosmological constant
S . : \‘\ N
3 R NN
—1- NN NS
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_3 : ; \ : \\ I\ \\
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* BAO data define a degeneracy
direction in the wy — w, plane

e DESI DR2 still within 20 of ACDM

* Need to combine with other
probes to break this degeneracy

e [Evolving Dark Energy

-=-=- DESI DR1 BAO
B DESI DR2 BAO

o
|
-O .
Ut
=
o

~15
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| ---- DESI DR1 + CMB
1 - |
* DESI DR1 + CMB: 2.60 from ACDM |
v @ oo
i V Cosmological constant
—1 1 i
Y ;
B - | I .
—1.5 —1.0 —0.5 0.0
wo
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- DESI DR1 + CMB
| DESI DR2 + CMB

 DESI DR1 + CMB: 2.60 from ACDM b

preference for evolving dark Q
energy with DESI DR2 + CMB 3

Cosmological constant

—1 1
wo = —0.42 £ 0.21 .
w, = —1.75 + 0.58
_3 I | l R ."
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Combining all DESI + CMB + SN

Wo =—0838+0.055 w,=-062*37]
|

DESI + CMB + Pantheon+ = 2.8c

—2.01 ' DESI+CMB+Pantheon—+

~1.0 —0.8 —0.6 —0.4
Wo
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Combining all DESI + CMB + SN 0.0 boreneoeey Cosmological constant
Wo =—0838+0.055 w,=-062*37]
| —0.5 1

DESI + CMB + Pantheon+ = 2.8c

S -1.0-
wy = —0.667 + 0.088 w, = —1.0919:31 :
\ J |
' 5]
B | DESI-+ CMB-+Pantheon+
—2.01 ' DESI+CMB-+Union3
1.0 0.8 0.6 04
wy
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Combining all DESI + CMB + SN

Wo =—0838+0.055 w,=-062*37]
|

DESI + CMB + Pantheon+ = 2.8c

wo = —0.667 + 0.088  w, = —1.09i8;§%'

|

wo = —0.752 £ 0.057  w, = —0.86+3%3
t )
Y

DESI + CMB + DESY5 = 4.20

| sicroscorc| EVOlVing Dark Energy

' DESI-+CMB+Union3
—2.01 mmm ' DESI+CMB+DESY5
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0.4 o * Massive neutrinos change the
angular diameter distance to
. last scattering
=, L’ ; * This is degenerate with the
. ,’ /
LEJ K effects of other parameters,
Pl such as (), and H
01 7] ,,l, ,/,’ ,’I ’I,
,/ ,,’ I' 'l
¢ 4 II ’
’I, 1l ' Il ACDM
0.0 . vl it .
0.28 0.30 0.32 0.34 0.36
QIH
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04 o * Massive neutrinos change the
DESI angular diameter distance to
- W= DESI+CMB last scattering
= :
e * This is degenerate with the
S effects of other parameters,
: such as ,,, and H,
0.1 -
* DESI BAO helps to break this
0.0 geometric degeneracy

0.28

DESI DR2 Results II: BAO measurements and Cosmology
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normal hierarchy
. 1.2 1 : T
e Assuming a ACDM background: | | —— DESI+CMB
ym, < 0.0642 eV (95% Cl) 1.0 | §
0.5 5 i
* Close to the lower limit allowed by % | ;

' ' R 0.6 1 | | Allowed by
terrestrial experiments (), m,, > = | | e ke
0.059 eV) | |

0.4 1 | |

]
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Neutrinos

e Assuming a ACDM background:
ym, < 0.0642 eV (95% Cl)

* Close to the lower limit allowed by

terrestrial experiments (), m,, >
0.059 eV)

* Constraint significantly relaxed for
a wow,CDM model:

ym, < 0.163 eV (95% Cl)

Supporting paper on
neutrinos: Elbers++ 2025

— DESI4+-CMB
=== DESI+CMB

0.2 1

e g o e o e ]

(wow,CDM)

""‘-.
“

0.0 - ;
0.00 0.05 0.10 0.15

2.y [eV]
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CMB alternatives where we marginalize over
information dependent on late-time models

Bl DESI+(0,,wy, wWhe)cMB
--=- DESI+CMB (no lensing)

* Using early-Universe priors on
(0., wp, wp) derived from the CMB:

DESI + (0., wy, W) cyp = 2.40

* Using CMB without lensing:
DESI + CMB (no lensing) = 2.70

P o e s e o s A s

Preference for dynamic dark energy weakens wo
(from ), but posteriors remain very similar

DESI DR2 Results II: BAO measurements and Cosmology 69
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* Constraining power of SNe primarily from .
comparison of z < 0.1 and z > 0.1 SNe

—0.9 1

* No SNe compilation has uniformly
observed objects from both regimes

—1.5+
* Removing the z < 0.1 SNe weakens the - W DESL CMB-DESY5
preference for evolving dark energy T T DS OMBADESYS >0
—1.0 —0.8 —0.6 —0.4
wWo
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e Replacing the CMB with DESY3 3 X 2pt .
(weak lensing + galaxy clustering) !
~0.5
* Constraint coming entirely from low- ) i
redshift probes =Ry
~15{
» Still see preference for the same region: - gggi:ggzg Ejii;:;mm
—2.01 = DESI+CMB+DESY5

—1.0 —0.8 —0.6 04

Wy

DESI + DESY3 (3 x 2pt) + DESY5 = 3.30

DESI DR2 Results II: BAO measurements and Cosmology 71



|k ke The nature of the evidence

g INSTRUMENT

U.S. Department of Energy Office of Science
isotropic BAO

1.04
— 1.02
Isotropic BAO distance %' I T 3 & T
measurement ER [
é 0.96 4 —— ACDM: CMB
0.94 A
002 01 05 1 C3
SN distance modulus: DESY5H
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isotropic BAO

e There is a ACDM model that fits
DESI BAO well

Isotropic BAO distance &'

measurement = 08 ) * DESI points at z < 1 prefer
S 000] X Lo distances 1-2% lower than the
yor] — Acovw o CMB prediction
0.():2'””(;.'1 - I().l5I - Ii I 3
SN distance modulus: DESY5
1 O DESYs
0.10 1

Supernovae distance
modulus

0.05 - %
—~0.05 1 %

DESI DR2 Results II: BAO 002 0l redgifift ! i
measurements and Cosmology
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Isotropic BAO distance
measurement

Supernovae distance
modulus

DESI DR2 Results II: BAO
measurements and Cosmology

= 1 T Dbesi
Q 0964 —— ACDM: CMB
e
- ACDM: DESY5
: —— ACDM: DESI
0949 —— AcDM: DESI+CMB
Trrrrrrnm T T T T T E=cieh T
0.02 0.1 0.5 1 3

- /lﬁ(

isotropic BAO

SN distance modulus: DESY5

1 O DEsYs
| — ACDM: DESY$
0.10 A

0.05 1

0.00 1

—0.05 -

redshift z

TTTTTITaT T T T T 1T TTT T
0.02 0.1 0.5 1 3

el The nature of the evidence

There is a ACDM model that fits
DESI BAO well

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

There is that fits
SNe well

Tension with DESI and CMB due
to the contrast between z < 0.1
and z > 0.1 SNe
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Isotropic BAO distance
measurement

Supernovae distance
modulus

DESI DR2 Results II: BAO
measurements and Cosmology
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e
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: —— ACDM: DESI
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SN distance modulus: DESY5
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0.10 1
0.05 1

p— /lli(l

isotropic BAO

0.00 1

—0.05 -

redshift z
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-

el The nature of the evidence

ACDM does not provide
a good fit to all data
simultaneously
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isotropic BAO

1.04 +

1

o~ 1.02 4

1.00

Isotropic BAO distance
measurement
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SN distance modulus: DESY5S
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Supernovae distance

o= gt
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~0.05 ] }
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redshift =

-

The nature of the evidence

wCDM does not have
enough freedom to fit
everything either
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| meroseonc| The nature of the evidence

wow,CDM has sufficient
= flexibility to simultaneously
achieve good fits to all
three datasets
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—0.6 A

—1.8 1 ®
— wow,CDM
—2.0 A .
¢ Binned w(z)
_2-2 I I I — I I I I
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DESI DR2 Results II: BAO measurements and Cosmology

* Binned reconstruction of w(z)
consistent with wow,CDM

* Many more models tested in
Lodha et al. (2025)

Supporting paper on dark
energy: Lodha++ 2025

Does wyw,CDM capture the whole picture?
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Acceleration 1s
lower than ACDM Acceleration
at present. started earlier
than in ACDM.

......................

Deceleration parameter

05 10 15 20 25 30

zZ

Redshift
Supporting paper: Lodha++ 2025
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« DESI prefers smaller values of Q,, compared to the CMB
within ACDM, while SNe prefer larger values than the CMB

« Assuming ACDM, DESI + CMB give the tightest constraints
on the sum of neutrino masses to date, in increasing
tension with lower bounds from terrestrial experiments

* These points hint at growing incompatibility(1 between
different datasets when interpreted using the ACDM model

« Evidence for evolving dark energy has increased with DESI
DR2 BAO to 3.10 from DESI+CMB alone, and to between
2.80 and 4.20 when including SNe
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Multiple access points to redshifts, spectra,
photometry, and much more.

Tutorials (Python/Jupyter notebooks)

Access to all large-scale catalogs used for DESI
cosmological inference.

More than 20 value-added catalogs spanning
a wide range of samples and scales.

DESI Collaboration et al., Data Release 1 of
the Dark Energy Spectroscopic Instrument 2025,
AJ, submitted (arXiv:XX)

https://data.dest.Ibl.gov/doc/releases/drl

Ioaceneroy | Getting started with DESI Data Release 1

< 0.1% of full survey volume
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eBOSS LRG
=== DESI DR1 LRG2
B DESI DR2 LRG2
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Lodha++ 2025

/ Calib. Thawing

Mirage

" DESI DR1 BAO + CMB + Union3
BN DESI DR2 BAO + CMB + Union3

87



Equation
of state

Energy density
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—0.5 | —— DESI + CMB + Union3 |

A [ :
< 0.25¢ Reql |Rc wow,CDM ]

0.0 05 1.0 1.5 2.0

Redshift

* Maximum dark energy
density reached at z = 0.45
(phantom crossing)

* The phantom crossing could
indicate a significantly more
complex dark sector than
previously assumed
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| meroseonc| Impact of CMB likelihood
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e BAO measured in 7 redshift
bins

* One bin contains both LRGs
and ELG due to overlap

* We measure 2D BAO in all
bins except for BGS

The DESI DR2 BAO analysis

Tracer Redshift range Effective redshift Niracer

LRG1 0.4-0.6 0.510 1,052,151

LRG3 + ELG1 08—-1.1 0.934 4,540,343
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