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Probes of the expanding universe

The Dark Energy Spectroscopic Instrument (DESI)

DESI First-year BAO results
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Expanding Universe
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Receding galaxies (Hubble & Lemaître, 1929)

PhotometrySpectrum

Redshift

(Doppler effect:             ) 
Source of known luminosity
Cepheids: period – luminosity
Type Ia supernovae: Max luminosity known
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Receding velocity increases with distance

Expanding universe

1929

v = H . D
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Expanding Universe
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Hubble diagram
Supernovae Ia (known intrinsic luminosity)
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SNIa fainter (~20%) 
than expected for a given redshift

so further away (~10%) 

Accelerated expansion

Inconsistent with matter-only universe

DARK ENERGY!

Accelerated
expansion

( ?!? )

Decelerated
expansion

(matter-only universe)2011 Nobel Prize

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

Supernovae Ia 
(known intrinsic luminosity)
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LCDM model
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Planck 2018
temperature

Prediction from physics we know 
+ our cosmological model

Simple model (6 free parameters)
Successfully predicts observations of last 20 yrs

Planck 2018
polarization
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LCDM model
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Cosmology model based upon 

Two components of unknown nature

• Dark Matter (galaxy formation, gravitational 
lensing, rotation curves, …)

• Dark Energy (late-time acceleration)

+ Non-yet proven assumption: early-time inflation?

Baryons
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Dark Energy
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Accelerated
expansion

Geometry?
Cosmological constant L

Additional fluid (energy content)?

Modified gravity?

Gµ⌫ + ⇤ gµ⌫ =
4⇡G

c4
Tµ⌫
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Baryon Acoustic Oscillations
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Baryon Acoustic Oscillations (BAO)
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Propagation of baryon-photon over-density sound 
waves in primordial plasma

At recombination (z~1100): p + e- → H
• Plasma evolves from optically thick to optically thin
• Baryons decouple from photons
• Waves freeze

Residual spherical shell        Peak in clustering of matter

Size of feature = distance sound wave traveled
  
Preferred 3D scale rs = cs . tCMB ~ 150 kpc (at recombination)
Preferred 3D scale rs ~ 150 Mpc (today)

CDM-induced

r 
r2

Radius (Mpc)

baryon-induced
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Baryon Acoustic Oscillations (BAO)
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Imprint of fluctuations in primordial plasma
         Standard Ruler to measure distances

DESI year 1

CMB
z = 1100

Galaxies
z ~ 0.5

IGM
z ~ 2.5

@ Claire Lamman / DESI collaboration
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The BAO standard ruler

11

DM(z) anf H(z) encode expansion history of the Universe

Artist’s view of BAO

𝜃BAO = rd / DM(z)

𝛿zBAO = rd H(z) / c

Angular diameter distance

Hubble parameter

rd

rd
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Probes of the expanding universe

The Dark Energy Spectroscopic Instrument – DESI
DESI First-year BAO results
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Thanks to our sponsors and 
72 Participating Institutions!
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DESI
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clustering power dominates over galaxy shot noise 

<latexit sha1_base64="O6QEkpiTQErdpCxpwhJTiX/G8j0=">AAACLHicbVDLSsNAFJ3UV62vqks3g0UQhJpIUZeFblxGsA9oSplMJ+3QySTO3Agl5IPc+CuCuLCIW7/DaZuFth4YOJxzD3fu8WPBNdj21CqsrW9sbhW3Szu7e/sH5cOjlo4SRVmTRiJSHZ9oJrhkTeAgWCdWjIS+YG1/3Jj57SemNI/kA0xi1gvJUPKAUwJG6pcbXqAITT3NhyHpu1nqZtiLVRRDhBeWkxn3UUHayjIPeMh0brgXzqWcBfrlil2158CrxMlJBeVw++U3bxDRJGQSqCBadx07hl5KFHAqWFbyEs1iQsdkyLqGSmKW9tL5sRk+M8oAB5EyTwKeq78TKQm1noS+mQwJjPSyNxP/87oJBLe9lMs4ASbpYlGQCGyamDWHB1wxCmJiCKGKm79iOiKmCTD9lkwJzvLJq6R1VXWuq859rVKv5XUU0Qk6RefIQTeoju6Qi5qIomf0ij7Q1Hqx3q1P62sxWrDyzDH6A+v7B3lAqYE=</latexit>

�P

P
/ 1p

V
⇥ P + 1/n

P

Stage-IV Dark Energy Experiment 

• Factor 10 on sw0 . swa compared to Stage-II (SNIa) 
experiments using expansion history (BAO) and 
growth of structures (RSD)

• Maximize volume V = A x Dz
– Maximize area: 14,000 deg2

– Maximize redshift coverage 0.1 < z < 4.2

• Maximize tracer number density n
– nP ~ 1 (beyond which more valuable to increase volume)
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DESI targets
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Redshift

0.2

0.7
1

2

4

8 million LRGs
0.4 < z < 1.0

13 million
Bright galaxies
0.0 < z < 0.4

3 million QSOs 
1.0 < z < 4.0

16 million ELGs
0.6 < z < 1.6

40 million 
galaxies and quasars

covering 0 < z < 4

+10 million Milky Way stars

Lookback tim
e

2 Gyr

8 Gyr

10 Gyr

12 Gyr
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DESI instrument
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Mayall telescope
at Kitt Peak Observatory (AZ)
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DESI instrument
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New corrector
8 deg2 FOV

(survey speed)

4m primary mirror
(collecting area)
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DESI instrument
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Focal plane:
5000 fiber positioners

(high multiplexing)
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DESI instrument
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40m-lo
ng

optica
l fib

ers

10 3-band spectrographs
(high multiplexing)
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The Dark Energy Spectroscopic Instrument – DESI

DESI First-year BAO results
BAO analysis
Cosmological interpretation
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DESI Data Release 1 footprint
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Year-1 sample – 2 to 3x larger than SDSS (20 years)
5.7 million galaxies and quasars

420,000 Lyman-a forests 

Year-1 sample is
25% (ELGs) to 45% (QSOs) 

of completed survey
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BAO detection
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LRG + ELG (0.8<z<1.1)

9s detection of BAO 
at zeff = 0.93 
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Background
quasar EarthIntervening gas

credit: Andrew Pontzen

The Lyman-α Forest at z>2.1
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• Quasars visible to high redshift (z ~ 5)
• Absorption of Quasar spectrum by neutral H in IGM
• Transmitted flux fraction F: proxy for neutral H density
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The Lyman-alpha forest
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DESI quasar at z=3.14



DESI 2024 BAO
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Blind analysis

• Catalog-level – Galaxies & quasars

• Cosmology-level – Lyman-alpha forest

+

Systematic uncertainty

leads to <5% increase of stot over sstat

→ Statistics-limited results!

Goals 

Determine analysis parameters 
& validate choices based on 
- Simulated data (mocks)
- Data splits (blinded data)
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DESI year-1 BAO
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DM / rd and DH / rd

WM and H0rd 

BAO data: Dq and Dz 
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Best LCDM fit

DESI 2024 VI (2404.03002)© de Mattia / DESI collaboration
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DESI year-1 BAO
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DM / rd and DH / rd

c2 = 12.66 for 12 data points and 2 parameters

WM and H0rd 

BAO data: Dq and Dz 
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Aggregated precision on BAO distance scale: 0.49% 
(vs. 0.60% for final SDSS)

DESI 2024 VI (2404.03002)
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H0
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H0
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Riess & Breuval 2023

Distance-ladder calibration 
approach

Extrapolation to z=0 of fit to 
early-universe data
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H0
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WM and H0rd 

Need rd from other probe

H0 = (68.53 ± 0.80) km s−1 Mpc−1 → 1.2%

• In agreement with CMB
• In 3.7σ tension with SH0ES

DESI + BBN (Wb → rd)

66 67 68 69 70 71 72 73 74

H0 [km/s/Mpc]

SH0ES : SNIa + Cepheids

CCHP : SNIa + TRGB

(DESI+SDSS) : BAO+BBN

(DESI+SDSS) : BAO+BBN+µ§

DESI : BAO+rd

DESI : BAO+BBN

DESI : BAO+BBN+µ§

SDSS : BAO+BBN

CMB

CMB (no CMB lensing)

Early

Late66 67 68 69 70 71 72 73 74

H0 [km/s/Mpc]

SH0ES : SNIa + Cepheids

CCHP : SNIa + TRGB

(DESI+SDSS) : BAO+BBN

(DESI+SDSS) : BAO+BBN+µ§

DESI : BAO+rd

DESI : BAO+BBN

DESI : BAO+BBN+µ§

SDSS : BAO+BBN

CMB

CMB (no CMB lensing)

Early

Late

Early-time

Late-time

DM / rd and DH / rdBAO data: Dq and Dz 
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Dark Energy
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Dark Energy – Equation of State w=P/r
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Constant EoS (w constant)  

Cosmological constant L

⟹  w = -1

(converse not true)

© de Mattia / DESI collaboration
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Dark Energy – Equation of State w=P/r
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DESI only: 

Ωm = 0.293 ± 0.015 (5.1%)
w = -0.99 ± 0.15 (15.2%)

DESI+CMB+SN (e.g. PantheonPlus):

Ωm = 0.3095 ± 0.0065 (2.1%)
w = −0.997 ± 0.025         (2.5%)

Assuming a constant EoS, 

DESI BAO compatible with LCDM 
(Dark Energy = cosmological constant)

but …
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DESI BAO + CMB + PantheonPlus

DESI BAO + CMB + Union3

DESI BAO + CMB + DESY5

Dark Energy – w0 wa
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DESI + CMB + Pantheon+: 2.5s
DESI + CMB + Union3: 3.5s
DESI + CMB + DES-SN5Yr: 3.9s

0 1 2 3 4 5 6 7 8 9 10 11

lookback time [Gyr]
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DESI w0waCDM

BGS

LRG

LRG

LRG+ELG

ELG

QSO

Lya

DESI 2024 VI (2404.03002)

LCDM
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w(a) = w0 + (1� a)waVarying EoS (CPL) 

CMB = Planck (Temp. & Polar) & Planck + ACT DR6 lensing

© de Mattia / DESI collaboration



Is dark energy weakening?

36

H
(z

) r
d /

 r d
, P

la
nc

k /
 (1

+z
) [

km
 s

-1
 M

pc
-1

]

H
(z

) /
 r d

 / 
10

0 
/ (

1+
z)

 [k
m

 s
-1

 M
pc

-1
]

Today

DecelerationAcceleration

DESI 2024 VI (2404.03002)
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Brand new
DESI Full shape results!

(= clustering on all scales)

37

DESI 2024 I: Year-1 Data release
DESI 2024 II: Year-1 catalogs (arXiv:2411.12020) 
DESI 2024 III: BAO results from galaxies and quasars at z<2 
DESI 2024 IV: BAO results from the Lyman-alpha forest at z>2
DESI 2024 V: Redshift-shape distortion (RSD) results from galaxy and quasars at z<2 (arXiv:2411.12021)
DESI 2024 VI: Cosmology implications of the BAO results from galaxies, quasars and Lyman-alpha forest
DESI 2024 VII: Cosmology implications of the RSD results from galaxies and quasars (arXiv:2411.120202)
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Redshift Space Distortions (RSD)
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P (k, µ) =
⇥
b+ fµ2

⇤2
Pm(k) Kaiser linear term

<latexit sha1_base64="ISYGFFAvp3xxsLAmNqN8cawSA5o=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAIFaTMFG8boeDGZQV7gU4pZ9JMG5rJDElGKEOfxI2v4saFIoIrfRsz0yLaeiDw83/nJDm/F3GmtG1/Wbml5ZXVtfx6YWNza3unuLvXVGEsCW2QkIey7YGinAna0Exz2o4khcDjtOWNrlPeuqdSsVDc6XFEuwEMBPMZAW2sXvHML8PJ6PjK9SWQxI1AagYcu1xgt0+5hgxPfkgKYNIrluyKnRVeFM5MlNCs6r3ih9sPSRxQoQkHpTqOHelukt5JOJ0U3FjRCMgIBrRjpICAqm6SrTfBR8bpYz+U5giNM/f3RAKBUuPAM50B6KGaZ6n5H+vE2r/sJkxEsaaCTB/yY451iNOscJ9JSjQfGwFEMvNXTIZggtIm0YIJwZlfeVE0qxXnvOLcnpZq1VkceXSADlEZOegC1dANqqMGIugBPaEX9Go9Ws/Wm/U+bc1Zs5l99Kesz29L4KH1</latexit>

f(a, k) =
@ ln �(a, k)

@ ln a

Logarithmic growth factor

<latexit sha1_base64="rB0OfXy0DBTtVEbtgrdNQuQl8Qg=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAI8RJ2g6gXIeDFYwQTA9klzE5mkyHzWOYhxJAv8eJBEa9+ijf/xkmyB00saCiquunuSjJGtQmCb6+wtr6xuVXcLu3s7u2X/YPDtpZWYdLCkknVSZAmjArSMtQw0skUQTxh5CEZ3cz8h0eiNJXi3owzEnM0EDSlGBkn9fxyxO11hKWuRgkx6KznV4JaMAdcJWFOKiBHs+d/RX2JLSfCYIa07oZBZuIJUoZiRqalyGqSITxCA9J1VCBOdDyZHz6Fp07pw1QqV8LAufp7YoK41mOeuE6OzFAvezPxP69rTXoVT6jIrCECLxallkEj4SwF2KeKYMPGjiCsqLsV4iFSCBuXVcmFEC6/vEra9Vp4UQvvziuNeh5HERyDE1AFIbgEDXALmqAFMLDgGbyCN+/Je/HevY9Fa8HLZ47AH3ifP/8mkpw=</latexit>

µ = cos(�)
Angle of galaxy pair w.r.t. LOS

<latexit sha1_base64="djl7wPaYscIsWdKBijkkQcheImM=">AAACCnicbVC7TsNAEDyHVwivACXNQYREFdkRAcpIFNAREHlIcbDOl3Vyyp1t7s5IkZWahl+hoQAhWr6Ajr/h8iggYaSVRjO72t3xY86Utu1vK7OwuLS8kl3Nra1vbG7lt3fqKkokhRqNeCSbPlHAWQg1zTSHZiyBCJ9Dw++fj/zGA0jFovBWD2JoC9INWcAo0Uby8vuBl7pS4IubIXYVE3CP3SsBXeKJu9QulstDL1+wi/YYeJ 44U1JAU1S9/JfbiWgiINSUE6Vajh3rdkqkZpTDMOcmCmJC+6QLLUNDIkC10/ErQ3xolA4OImkq1His/p5IiVBqIHzTKYjuqVlvJP7ntRIdnLVTFsaJhpBOFgUJxzrCo1xwh0mgmg8MIVQycyumPSIJ1Sa9nAnBmX15ntRLReek6FwfFyqlaRxZtIcO0BFy0CmqoEtURTVE0SN6Rq/ozXqyXqx362PSmrGmM7voD6zPH573mYY=</latexit>

fGR ' ⌦0.55
m

<latexit sha1_base64="hfYfkIlBHQrBAQcHZRCUly5i+OQ=">AAACCXicbVDLSgMxFM34rPU16tJNsAgtSJkpot0UCm5cVrAPaIchk2ba0CQzJBmhHbp146+4caGIW//AnX9j2s5CWw9cOJxzL/feE8SMKu0439ba+sbm1nZuJ7+7t39waB8dt1SUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORjczv/1ApKKRuNfjmHgcDQQNKUbaSL4NGz4vji4mJViDPUUHHPnV4qSUqTWn5NsFp+zMAVeJm5ECyNDw7a9eP8IJJ0JjhpTquk6svRRJTTEj03wvUSRGeIQGpGuoQJwoL51/MoXnRunDMJKmhIZz9fdEirhSYx6YTo70UC17M/E/r5vosOqlVMSJJgIvFoUJgzqCs1hgn0qCNRsbgrCk5laIh0girE14eROCu/zyKmlVyu5V2b27LNQrWRw5cArOQBG44BrUwS1ogCbA4BE8g1fwZj1ZL9a79bFoXbOymRPwB9bnD3OUl5Y=</latexit>

Pm(k, z) = �8(z)Pm(k, z = 0)

BAO
→ Expansion

Full shape
→ Growth of structure (s8 / S8)
→ Test of General Relativity (f)

vpec ~ fs8

zobs = zcosmo + zpec
Peculiar velocities ⟹ redshift-space distortion (RSD)

Monopole

Quadrupole

RSD

DESI 2024 II (2411.12020)
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Structure growth updates on dark energy

Varying dark energy

Constraints tightened by ~20%
Comparable shifts from LCDM as with BAO

DESI (BAO+FS) + CMB + Pantheon+: 2.5s
DESI (BAO+FS) + CMB + Union3: 3.4s
DESI (BAO+FS) + CMB + DES-SN5Yr: 3.8s

°1.0 °0.8 °0.6 °0.4

w0

°2

°1

0

w
a

DESI (BAO) + CMB + PantheonPlus

DESI (FS+BAO) + CMB + PantheonPlus

°1.0 °0.8 °0.6 °0.4

w0

DESI (BAO) + CMB + Union3

DESI (FS+BAO) + CMB + Union3

°1.0 °0.8 °0.6 °0.4

w0

DESI (BAO) + CMB + DES-SN5YR

DESI (FS+BAO) + CMB + DES-SN5YR

DESI 2024 VII (2411.12022)
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Neutrino masses

40
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Neutrino masses

Internal CMB degeneracies limiting sensitivity to neutrino masses

DESI 2024 VI (2404.03002)



Nathalie Palanque-Delabrouille (LBNL)

<latexit sha1_base64="gMsJysaoE0K5e08pnDe20lHCkek=">AAACBXicbVDLSsNAFJ34rPEVdamLwSK4KkkpWtBFwY3LCvYBTQiT6aQdOjMJMxOhhG7c+CtuXCji1n9w5984bbPQ1gMXDufcy733RCmjSrvut7Wyura+sVnasrd3dvf2nYPDtkoyiUkLJyyR3QgpwqggLU01I91UEsQjRjrR6Gbqdx6IVDQR93qckoCjgaAxxUgbKXROfJVxyENfZPAauhW3XrWhf+VLDkk7dMpGmQEuE68gZVCgGTpffj/BGSdCY4aU6nluqoMcSU0xIxPbzxRJER6hAekZKhAnKshnX0zgmVH6ME6kKaHhTP09kSOu1JhHppMjPVSL3lT8z+tlOq4HORVpponA80VxxqBO4DQS2KeSYM3GhiAsqbkV4iGSCGsTnG1C8BZfXibtasW7qHh3tXKjVsRRAsfgFJwDD1yCBrgFTdACGDyCZ/AK3qwn68V6tz7mrStWMXME/sD6/AFe/pXi</latexit>X
m⌫ < 0.082 eV

42

Neutrino masses

Internal CMB degeneracies limit sensitivity to neutrino masses

broken by BAO (through H0)

DESI prefers high values of H0, yielding

(95%, DESI (BAO)+CMB)

DESI 2024 VI (2404.03002)

* DESI 2024 VII (2411.12022) update

*
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Structure growth updates on neutrino mass

62 64 66 68 70

H0

0.0

0.2

0.4

0.6

P
m

∫
[e

V
]

§CDMDESI

DESI + ns

CMB (no lensing)

CMB

DESI + CMBSum of neutrino masses

Additional constraining power (15% tighter)
Pull to slighter higher H0

Relaxed in w0waCDM to 

(95%, DESI (FS+BAO)+CMB)
<latexit sha1_base64="Mw1uZe8HSF/9FJOlizY4o00hwOY=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkpYkVcFNy4rGAf0BmGTJppQ5PMkIdQSsGNv+LGhSJu/Ql3/o1pOwttPXDh5Jx7yb0nzhhV2vO+ncLK6tr6RnGztLW9s7vn7h+0VGokJk2cslR2YqQIo4I0NdWMdDJJEI8ZacfDm6nffiBS0VTc61FGQo76giYUI22lyD0KlOGQR4Ew8Bp6Fa/mB1eB5JC0Irds3zPAZeLnpAxyNCL3K+il2HAiNGZIqa7vZTocI6kpZmRSCowiGcJD1CddSwXiRIXj2Q0TeGqVHkxSaUtoOFN/T4wRV2rEY9vJkR6oRW8q/ud1jU4uwzEVmdFE4PlHiWFQp3AaCOxRSbBmI0sQltTuCvEASYS1ja1kQ/AXT14mrWrFv6j4d+flejWPowiOwQk4Az6ogTq4BQ3QBBg8gmfwCt6cJ+fFeXc+5q0FJ585BH/gfP4Aw6SVnw==</latexit>X

m⌫ < 0.071 eV

<latexit sha1_base64="6dUUdyktzjB94t05YZLSDscrRyc=">AAACGnicbVBLSwMxGMz6rPW16tFLsAielk1RK8VDwYvHCvYB3WXJpmkbmmSXJCuUpb/Di3/FiwdFvIkX/43p46CtA4HJzPeRzMQpZ9r4/rezsrq2vrFZ2Cpu7+zu7bsHh02dZIrQBkl4otox1pQzSRuGGU7bqaJYxJy24uHNxG89UKVZIu/NKKWhwH3JeoxgY6XIRYHOBBRRIDN4DX0PVS6CalCFeaAENMl4evG9so8ssxJtRm7J9/wp4DJBc1ICc9Qj9zPoJiQTVBrCsdYd5KcmzLEyjHA6LgaZpikmQ9ynHUslFlSH+TTaGJ5apQt7ibJHGjhVf2/kWGg9ErGdFNgM9KI3Ef/zOpnpXYU5k2lmqCSzh3oZt5nhpCfYZYoSw0eWYKKY/SskA6wwMbbNoi0BLUZeJs2yhy49dHdeqpXndRTAMTgBZwCBCqiBW1AHDUDAI3gGr+DNeXJenHfnYza64sx3jsAfOF8/YQGdSQ==</latexit>X
m⌫ < 0.175 to 0.201 eV (95%, DESI (FS+BAO)+CMB+SNIa)

0.030 0.035

H0rd/c

0.1

0.2

0.3

ß
m

∫

°2

°1

0

w
a

,D
E

°1

0

w
0
,D

E

0.25

0.30

0.35

0.40

≠
m

0.25 0.30 0.35 0.40

≠m

°1 0

w0,DE

°2 °1 0

wa,DE

0.1 0.2 0.3

ßm∫

DESI+Planck/ACT(+lens): mnu,w0,wa
DESI+Planck/ACT(+lens): mnu
DESI+Planck/ACT(+lens): w0wa

<latexit sha1_base64="O+w+VOWLxpl/eeQtJobG8Tjpy9w=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuiHoMePEYwTxgdwmzk9lkyMzsMg8hhHyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXknOmje9/e6W19Y3NrfJ2ZWd3b/+genjU1plVhLZIxjPVTbCmnEnaMsxw2s0VxSLhtJOM7mZ+54kqzTL5aMY5jQUeSJYygo2TwkhbgUQvkhb1qjW/7s+BVklQkBoUaPaqX1E/I1ZQaQjHWoeBn5t4gpVhhNNpJbKa5piM8ICGjkosqI4n85On6MwpfZRmypU0aK7+nphgofVYJK5TYDPUy95M/M8LrUlv4wmTuTVUksWi1HJkMjT7H/WZosTwsSOYKOZuRWSIFSbGpVRxIQTLL6+S9mU9uK4HD1e1xkURRxlO4BTOIYAbaMA9NKEFBDJ4hld484z34r17H4vWklfMHMMfeJ8/vFaQ1A==</latexit>X
m⌫

LCDM

w0-wa

Probability distribution

DESI 2024 VII (2411.12022)

<latexit sha1_base64="gMsJysaoE0K5e08pnDe20lHCkek=">AAACBXicbVDLSsNAFJ34rPEVdamLwSK4KkkpWtBFwY3LCvYBTQiT6aQdOjMJMxOhhG7c+CtuXCji1n9w5984bbPQ1gMXDufcy733RCmjSrvut7Wyura+sVnasrd3dvf2nYPDtkoyiUkLJyyR3QgpwqggLU01I91UEsQjRjrR6Gbqdx6IVDQR93qckoCjgaAxxUgbKXROfJVxyENfZPAauhW3XrWhf+VLDkk7dMpGmQEuE68gZVCgGTpffj/BGSdCY4aU6nluqoMcSU0xIxPbzxRJER6hAekZKhAnKshnX0zgmVH6ME6kKaHhTP09kSOu1JhHppMjPVSL3lT8z+tlOq4HORVpponA80VxxqBO4DQS2KeSYM3GhiAsqbkV4iGSCGsTnG1C8BZfXibtasW7qHh3tXKjVsRRAsfgFJwDD1yCBrgFTdACGDyCZ/AK3qwn68V6tz7mrStWMXME/sD6/AFe/pXi</latexit>X
m⌫ < 0.082 eV (95%, DESI (BAO)+CMB)

(FS+BAO)
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Modified Gravity

44
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ß0
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CMB

DESI + BBN + ns10

DESI + CMB

DESI + CMB[HiLLiPoP]

45

Modified Gravity

At late times, 
Poisson equations governing trajectories of particles

<latexit sha1_base64="Q/xJDoJoDErYUBch6i1Q6n72BKE="></latexit>

ds2 = a2(⌧)[�(1 + 2�)d⌧2 + (1� 2 )�ijdx
idxj ]Metric (inhomogeneous Universe):

<latexit sha1_base64="Zj+7jsqWOSXjfo+GQkTYTajAOUs="></latexit>⇢
k2 = �4⇡Ga2(1 + µ(a))⇢�

k2( + �) = �8⇡Ga2(1 + ⌃(a))⇢�

In General Relativity, 
<latexit sha1_base64="s2V1AdxKcpT3q2KF1wHzGVpYIa0=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN8Ei1E1JiqgboeDGZUV7gSaUyXTSDp2ZhJmJWEpfxY0LRdz6Iu58GydtFtr6w8DHf87hnPnDhFGlXffbKqytb2xuFbdLO7t7+wf2Ybmt4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+yeqdRyIVjcWDniQk4GgoaEQx0sbq22Wfp1V0du3f0yFHGbl9u+LW3LmcVfByqECuZt/+8gcxTjkRGjOkVM9zEx1MkdQUMzIr+akiCcJjNCQ9gwJxooLp/PaZc2qcgRPF0jyhnbn7e2KKuFITHppOjvRILdcy879aL9XRVTClIkk1EXixKEqZo2MnC8IZUEmwZhMDCEtqbnXwCEmEtYmrZELwlr+8Cu16zbuoeXfnlUY9j6MIx3ACVfDgEhpwC01oAYYneIZXeLNm1ov1bn0sWgtWPnMEf2R9/gDJIJLu</latexit>

µ(a) = ⌃(a) = 0

Clustering full shape →

Weak lensing & CMB →

<latexit sha1_base64="rmfkxdxYU6zfRQuS00iYAgDKGHk=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWME84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cTfagiQUNRVU33V1Rwpmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rc5n7niWrDlHyw04SGAo8kixnB1kntvkgHfnlQqfo1fw60SoKCVKFAc1D56g8VSQWVlnBsTC/wExtmWFtGOJ2V+6mhCSYTPKI9RyUW1ITZ/NoZOnfKEMVKu5IWzdXfExkWxkxF5DoFtmOz7OXif14vtfFNmDGZpJZKslgUpxxZhfLX0ZBpSiyfOoKJZu5WRMZYY2JdQHkIwfLLq6RdrwVXteD+stqoF3GU4BTO4AICuIYG3EETWkDgEZ7hFd485b14797HonXNK2ZO4A+8zx+1346D</latexit>µ0

<latexit sha1_base64="ZiYhsZYMHH12BjRkusqgrlWizrc=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48V7Ye0oWy2m3bp7ibsboQQ+iu8eFDEqz/Hm//GTZuDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvcn97hNVmkXywaQx9QUeSxYygo2VHgf3bCzw0K0MqzW37s6BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4GVaGEU5nlUGiaYzJFI9p31KJBdV+Nj94hs6sMkJhpGxJg+bq74kMC61TEdhOgc1EL3u5+J/XT0x47WdMxomhkiwWhQlHJkL592jEFCWGp5Zgopi9FZEJVpgYm1Eegrf88irpNOreZd27u6g1G0UcZTiBUzgHD66gCbfQgjYQEPAMr/DmKOfFeXc+Fq0lp5g5hj9wPn8Axx+PsA==</latexit>

⌃0

<latexit sha1_base64="8lxJJZU9Q0tYpXoXLo69uHNylnI=">AAACHXicbVDLSsNAFJ3UV62vqEs3wSLUTUlKUTdCwY0LwQr2AU0IN9NJO3QmCTMToYT+iBt/xY0LRVy4Ef/GaZuFth4YOJxz7szcEySMSmXb30ZhZXVtfaO4Wdra3tndM/cP2jJOBSYtHLNYdAOQhNGItBRVjHQTQYAHjHSC0dXU7zwQIWkc3atxQjwOg4iGFIPSkm/WXZ5W4PTSDQXgzL3lZAC+e6Mv6IPWJwvSRMd92zfLdtWewVomTk7KKEfTNz/dfoxTTiKFGUjZc+xEeRkIRTEjk5KbSpIAHsGA9DSNgBPpZbPtJtaJVvpWGAt9ImXN1N8TGXApxzzQSQ5qKBe9qfif10tVeOFlNEpSRSI8fyhMmaVia1qV1aeCYMXGmgAWVP/VwkPQPSldaEmX4CyuvEzatapzVnXu6uVGLa+jiI7QMaogB52jBrpGTdRCGD2iZ/SK3own48V4Nz7m0YKRzxyiPzC+fgDcTKG/</latexit>

µ(a) =
⌦⇤(a)

⌦⇤
µ0

<latexit sha1_base64="7RYXKAmZ7/lK8GCoF8k4hZ2yE7U=">AAACI3icbVDLSsNAFJ34rPUVdekmWIS6KUkRFUEouHEhWNE+oAnhZjpph84kYWYilNB/ceOvuHGhFDcu/BenbRbaemDgcM49M3NPkDAqlW1/GUvLK6tr64WN4ubW9s6uubfflHEqMGngmMWiHYAkjEakoahipJ0IAjxgpBUMrid+64kISePoUQ0T4nHoRTSkGJSWfPPSfaA9DmU4uXJDAThz7zjpge/e6ju6E300J41mCd/2zZJdsaewFomTkxLKUffNsduNccpJpDADKTuOnSgvA6EoZmRUdFNJEsAD6JGOphFwIr1suuPIOtZK1wpjoU+krKn6O5EBl3LIAz3JQfXlvDcR//M6qQovvIxGSapIhGcPhSmzVGxNCrO6VBCs2FATwILqv1q4D7oqpWst6hKc+ZUXSbNacc4qzv1pqVbN6yigQ3SEyshB56iGblAdNRBGz+gVvaMP48V4M8bG52x0ycgzB+gPjO8faHqkGQ==</latexit>

⌃(a) =
⌦⇤(a)

⌦⇤
⌃0 Compatible

with
General Relativity

(massive particles)
(mass-less ie light)

Test GR with 

CMB (through lensing)

DESI (BAO + FS)

DESI 2024 VII (2411.12022)
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More to come!

Enhanced science goal
- Improved precision from additional approaches (higher-order statistics, Alcock-Paczynski in Lyman-a)
- Enhanced structure growth (cross-correlations with CMB lensing or galaxy lensing, in addition to RSD)
- Mass profile of Milky Way and constraints on dark matter models

Year 3 sample already in hand!

31M galaxies & quasars

11M stars
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Conclusions

47

DESI Year 1 data set (vs. 20 years of SDSS)
• 5.7 million galaxies/quasars at z<2.1 (3x SDSS)
• 420,000 Lyman-alpha forests at z>2.1 (2x SDSS)

Most precise BAO measurement to date
• 0.5% for z < 2.1 
• 1.1% for z > 2.1 

Result highlights
• H0 consistent with Planck, in tension with local value (SH0ES)
• Clustering compatible with General Relativity
• DESI consistent with LCDM but hint for varying dark energy, at 2.6s (DESI+CMB) 

and 2.5s to 3.8s (DESI+CMB+SN)


