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Cosmic Microwave Background

Physics we know
+ cosmological model

successfully predicts most
observations of last 20 yrs
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Accelerated expansion
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Neutrinos
0.1-1%

Dark Matter
27.%

Content of the Universe

|| srecroscorc | Standard model of cosmology — ACDM

Cosmology model based upon

Two main two components of
unknown nature

« Dark Matter (galaxy formation,

gravitational lensing, spiral galaxy
rotation curves, ...)

« Cosmological constant (Dark
Energy) (late-time acceleration)
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Geometry (G,,)?

Cosmological constant A \ Accelerated

expansion
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Gp,u + ﬂgpv = 8—4 T,,u,u

Geometry (G,,)? Energy content (T ,,)?
pv/

Additional component
Cosmological constant A ¥~ Accelerated / p P
W= —

expansion p
Accelerating expansion needs, w < -1/3.

Eg., Cosmological constant, w= -1, very
successful so far.
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Geometry (G,,)? Energy content (T ,,)?
v/

Additional component
Cosmological constant A ¥~__ Accelerated / p P
W= —

expansion p
Accelerating expansion needs, w < -1/3.

Eg., Cosmological constant, w= -1, very
successful so far.

Modified gravity?
Beyond general relativity
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Mayall telescope
at Kitt Peak Observatory (AZ)
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Focal plane:
5000 fiber positioners
(high multiplexing

view

10 3-band
spectrographs
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Large-Scale Structure of the Universe

BARYON ACOUSTIC
OSCILLATIONS
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Sound waves in the photon-baryon plasma, propagating at ~ c/v'3

At recombination (z~1000),

* Optically thick — optically thin

» Baryons decouple from photons.
» Sound speed of gas decreases.
* The traveling wave stalls.

Eisenstein, Seo, White et al. 2007

A spherical peak at the distance that the wave has travelled
before the recombination

— the sound horizon scale (ry) at decoupling (~150 Mpc).
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The size of the BAO is precisely
measured from the CMB data.

Du(z) and H(z) encode the
expansion history as a
() function of time.
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Logarithmic growth
factor far ~ Q059
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Full shape
— Growth of structure

— Test of General Relativity
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o 8 million (0.4 <z < 1.0)
13 million (0.1<z<0.4)
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o 8 million (0.4 <z < 1.0)
13 million (0.1<z<0.4)
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Dec. [deg]

DESI Y1 D/;FSQ‘I)( : 2744/9929 observed tiles up to 20220613 (=28%)

R.A. [deg]
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[sreemoscone | The DESI DR1 sample (DESI 2024)

6M objects

Biggest data set.
Catalog-level blinded
analysis

Aggregate distance
precision with Year 1 data:
0.49%

Cf. All BAOs over two

decades:
0.60%
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A Tantalizing ‘Hint’
['hat Astronomers Got

\ - Dark Energy All Wrong
"R\\‘}"- "\\ S S rvtats wary have o vvesnd ._.41.”. e
S~ New 3D cosmic map raises quest S5 = 4 _
S over future of universe, scientist 5SS
o Researchers say findings from map with three times m - .
galaxies than previous efforts could challenge standard idea
of dark energy

arXiv:2404.03002,
2404.03001, 2404.03002



https://ui.adsabs.harvard.edu/link_gateway/2025JCAP...01..124A/arxiv:2404.03001
https://ui.adsabs.harvard.edu/link_gateway/2025JCAP...01..124A/arxiv:2404.03001

|$E5ciene | The DESI DR2 sample (2025)
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DESI DR2 (2025) results

Hee-Jong Seo
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DESI 2025:arXiv:2503.14738
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Aggregated precision on BAO distance scale:
0.28% (vs. 0.49% for DR1)

Hee-Jong Seo

Q) and Hyry

0.7

0.6

0.5

0.34

0.21

\  ACDM
70 80 90 100 110 120 130
Hyrg [100 km s™! Mpe™]

0.1

Agreement & complementarity
between tracers


https://ui.adsabs.harvard.edu/link_gateway/2025arXiv250314738D/arxiv:2503.14738

Local Expansion rate of the Universe

Ho
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Distance ladder /

approach from
late-time universe

Extrapolation to z=0 /

of data from
early universe
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Still in agreement with CMB (1.9-
>2.3sigma discrepancy)
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= (68.51 £ 0.58) kms~' Mpc™' (DESI+BBN)

In ACDM, the tension between the
DESI+BBN and SHOES Hy
(Breuval++2024) now stands at
4.50, independent of the CMB,
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Dark Energy
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Cosmological constant A = w = -1
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N 0123 4 5 ; ln--l-ﬂt:-fu‘!{ [jlm-:ll:l'.‘-'».r| . . DESI data are

comparable with w=-1
2. S A (ACDM) when w is
i e i ¥ assumed constant.
!— T But we observe mild
g u tensions between ACDM
S T I’]l}-;II;}J[,""IiI_"I.';_;.'T.',,'.."f{;." fits of different expansion
5 T “ %  probes (e.g., CMB and

SNe).
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Cosmological

/ constant (ACDM)

Varying EoS
0. _______________________________________________________
w(a) = wy + (1 — a)w,
* Significance of rejection of ACDM: 0. D
» DESI+CMB+Pantheon+: 2.5 3 : SN
« DESI+CMB+ i @
« DESI+CMB+DESYS5: 3.95 —2{ S
BN (DESI+SDSS) BAO + CMB + PantheonPlus
I (DESI+SDSS) BAO + CMB + Union3
W (DESI+SDSS) BAO + CMB + DESY5
AT -0.8 ~0.6 -0.4
Wo
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Varying EoS
w(a) = wy + (1 — a)w,

* Significance of rejection of ACDM:
* DESI+CMB+Pantheon+: 2.80
* DESI+CMB+
* DESI+CMB+DHESY5: 4.26

Pantheon+, Union3, DESY5:
SNIa data

Dynamical Dark Energy: DR2

Cosmological

/ constant (ACDM)

—91
R DESI+CMB+PantheonPlus
. DESI+CMB4Unton3
Bl DESI+CMB+DESYS

-3

~1.0 —0.8 -0.6 —04

Wy

29



| DARK ENERGY
1 SPECTROSCOPIC
INSTRUMENT

U.S. Department of Energy Office of Science

Deceleration

Weakening Dark Energy

Acceleration 1s

lower than ACDM Acceleration
at present. started earlier

/ / than in ACDM.

Deceleration
S
(D)
s
g o
< . wyir, COM
g I “"H.I.'l.'l I I . T
o 0.5 1.0 1.5 2.0 2.5 3.0
Acceleration z
Redshift

Supporting paper: Extended
Dark Energy analysis using
DESI DR2 BAO measurements
(Lodha++2025).
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But, except for the H tension... I
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Neutrino masses
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® Massive neutrinos is degenerate with the
effects of other cosmological parameters
in CMB fits. Eg. With Q_ under ACDM.

e DESI BAO helps to break this geometry
degeneracy, leading to a tight joint
constraint, given the preference for lower
Q. values from DESI.

* 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 likelithood).

S m, [eV]

0.4

0.3 1

0.1+

0.0

Massive Neutrinos

0.28

0.30

DESI
B DESI+CMB
-=-= CMB

7 ACDM

0

0.32

0.34 0.36
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» Assuming a ACDM background, we find
Ym, < 0.0642eV  (95%, DESI4+CMB)

* Close to 20% higher precision compared to

DRI1 (when using the same CMB likelithood).

* This constraint is significantly relaxed for a

wow,CDM model:

Ym, < 0.163eV  (95%, DESI+CMB)

z.fszﬁ:gszg:.c\ Massive Neutrinos

P f anx

= DESI+CMEB
=== DESI+CME (o, CDMA)
LY
LY
LY
LY
L
LY
LY
LY
.
LY
%
\'\
\“‘
. 0.15 .20
Sm, [eV]
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e DESI DR2 BAO analysis compiles 2.4 more data than DR1, with the
aggregate distance measurement of 0.28% from 0.5%.

e Growing incompatibility between different data sets under LCDM

e Assuming a LCDM background, DESI+CMB gives the tightest upper bounds
on the sum of the neutrino masses, in tension with the lower bounds from
the terrestrial experiments.

e Evidence for evolving dark energy has increased to 4.2 sigma with SNe (and
3.1 sigma without SNe) from DR1.

e Evolving dark energy model reconciles the various tensions between the
probes (but not HO).
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e DESI Collaboration et al. (2025), Data Release 1 of the Dark Energy Spectroscopic

Instrument (arxiv:2503.14745)
e DESI Collaboration et al. (2025), DESI DR2 Results I: Baryon Acoustic Oscillations

from the Lyman Alpha Forest (arxiv:2503.14739)
e DESI Collaboration et al. (2025), DESI DR2 Results II: Measurements of Baryon

Acoustic Oscillations and Cosmological Constraints (arxiv:2503.14738)

e With many supporting papers
https://data.desi.lbl.gov/doc/papers/
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