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A lantalizing ‘Hint
[hat Astronomers
Got Dark Energy

All Wrong

Scientists may have discovered a major flaw in
their understanding of that mysterious cosmic
force. That could be good news for the fate of the
universe.




What is the Dark Energy Spectroscopic Instrument (DESI)?

 Largest 2-D map of the universe (until Rubin Observatory in the late 2020s)
* Largest 3-D map of the universe
 Dark Energy experiment, measuring Universe’s expansion from z=4 = (0
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What is a map?

David Schlegel, N3AS 2025
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Maps of the Solar System

Observables: Pluto
6D information per object: X, y, z, Vx, Vy, Vz
(and in principle dv,, dv,, dv;, ...)

What do we learn?
- Demand consistency w/ physical laws (gravity)
- Initial conditions, e.g. formation of solar system

Neptune
Sun

" Mercury

——

Asteroid belt . Uranus
Saturn




Maps of the solar system

The speed of light (1676; Jupiter's moons)

Newton’s laws of gravity (1687; planetary orbits)

Scale of the solar system (1769; Venus transiting Sun)
Confirmation of Einstein’s general relativity (1916, 1919;
. precession of Mercury
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Maps of the Universe

‘Z(Our Universe| initial conditions, forces)
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What are the fundamental particles?

Standard Model of Elementary Particles

interactions / force carriers
(elementary bosons)

three generations of matter
(elementary fermions)

three generations of antimatter
(elementary antifermions)
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electron
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David Schlegel, N3AS 2025
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What are the fundamental particles?

three generations of matter
(elementary fermions)

mass = =1.28 GeV/c? =173.1 GeV/c?
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Standard Model of Elementary Particles

three generations of antimatter
(elementary antifermions)
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(elementary bosons)
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What are the fundamental particles?

Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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What are the fundamental forces?

The 4 known forces

Strong force Electromagnetic
binds the nucleus force binds atoms

'

Weak force in ’ Gravitational force

radioactive decay binds the solar system

13



three generations of matter
(elementary fermions)
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This Is the “standard model” of physics
... supposed to explain everything

Standard Model of Elementary Particles
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Cosmic maps are not consistent with the
known fundamental particles + forces

David Schlegel, N3AS 2025
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Dark Matter is most of the mass in the universe

Vera Rubin discovery in‘the 1970s, explams why gaIaX|es grawtatlonally bound
(oops — no Nobel Prlze) - d e

rotatlnnal VB|00IW
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Dark matter not yet found with “direct” searches
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What are the fundamental particles?

Known particles

Standard Model of Elementary Particles

three generations of matter
(elementary fermions)
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three generations of antimatter

(elementary antifermions)
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Dark Energy is most of the mass-energy of the universe

Discovered in 1998

Distant supernova explosions are too faint
(Nobel Prize for Perimutter, Schmidt, Reiss in 2011)
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What is Dark Energy?

Too much “space” between us + distant galaxies
Apparent force accelerating expansion of universe

David Schlegel, NoAS zuzo
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The 4 known forces

Strong force Electromagnetic
binds the nucleus force binds atoms

' 4

;;;/7.
o

Weak force in
radioactive decay

Gravitational force
binds the solar system

David Schlegel, N3AS 2025

The Fundamental Forces

Dark energy
(dominates today)
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The Fundamental Forces

Dark energy Inflation
dominates today) (<1 sec after Big Bang)

The 4 known forces

. > e " .
| -
: ' © .
Strong force Electromagnetic . B,
binds the nucleus force binds atoms > e . g
z » ‘ v
a ; - . - ¢
—=e . . -
P . . ’ » 9
SYS OGS i) Gravitational force | | : |
radioactive decay : o AV
binds the solar system

David Schlegel, N3AS 2025 23



Most of the Universe’s energy density is Dark Energy

Dark Energy is a component in the universe that can enter Einstein’s
equations of gravity like a cosmic fluid with a negative equation of state

Neutrinos
0.1-2%

Dark Matte'r

23%

Dark Energy
73 %

Dark Energy candidates can have slightly different w values
Dark Energy may be dynamic, conventionally parameterized
by the scale factor a:
w(a) = wp + (1-a) wa

Content of the Universe

David Schlegel, N3AS 2025
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Mappmg the Universe Dark Energy domination
Years after the Big Bang I_>
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Mapping the Universe: Point maps vs. Statistical maps
Supernovae are an excellent “standard-izable” candle in intrinsic luminosity

Absolute Apparent

;s

M — m = 2.51og dL'O) = 5 log (

mag

‘ , , light-curve timescale
as measured : R “stretch-factor” corrected -

My - 5 log(h/65)

Calan/Tololo SNe Ia

0

60

Kim, et al. (1997)
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Mapping the Universe: Point maps vs. Statistical maps
Supernovae are an excellent “standard-izable” candle in intrinsic luminosity

Large compilations of supernova samples recently published

 Pantheon+(Scolnic+ 2022)
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Mapping the Universe: Point maps vs. Statistical maps
Supernovae are an excellent “standard-izable” candle in intrinsic luminosity

Supernova “twinning” can double the accuracy of each supernova distance

Brightness

Twin SN Pair » Accurate Relative Distance

David Scr
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Mapping the Universe: Point maps vs. Statistical maps
Supernovae are an excellent “standard-izable” candle in intrinsic luminosity

Next generation of supernova prOJects startlng
e Zwicky Transient Fa ‘
e La Silla Schmidt Sout
- & Vera Rubin Observat

.
Promised improveme
o more statistics (millic
e improved flux calibration™ "
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Mapping the Universe: Point maps vs. Statistical maps

The beginning of redshift surveys
for 3-dimensional maps in 1983

The “Z machine” (now in the Smithsonian)
Redshifted 2401 galaxies... 1 galaxy at a time...

the famous “stick man”

First CfA Strip
285 £ 8« 325

mp & 16.6

Copyright SA0 1993

Huchra, Davis, Latham 1983
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The start of measuring statistics of the clustering of galaxies
with the 2-point function == excess probability of galaxies at each r

David Schlegel, N3AS 2025
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The start of measuring statistics of the clustering of galaxies
with the 2-point function == excess probability of galaxies at each r

A SURVEY OF GALAXY REDSHIFTS. V. THE TWO-POINT POSITION
AND VELOCITY CORRELATIONS

MARC DaAvis
Departments of Astronomy and Physics, University of California

AND

P.J. E. PEEBLES
Joseph Henry Laboratonies, Princeton University
Received 1982 August 5, accepted 1982 October 12

2019 Nobel Prize for

“contributions to for our
understanding of the
evolution of the universe”

David Schlegel, N3AS 2025
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Sloan Digital Sky Survey (SDSS)

Multiplexing with fiber optic cables to observe 640 galaxies simultaneously
... later upgraded to 1000 ... up to 9000 galaxies/night
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SDSS — the flrst 3- dlmensmnal map to make a good movie -
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Baryon Acoustic Oscillations (BAO) provide a standard ruler at 147 Mpc

BAO imprinted in the microwave background at z=1100
... and forever more in galaxy maps

Credit: D. Eisenstein

David Schlegel, N3AS 2025
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Baryon Acoustic Oscillations (BAO) provide a standard ruler at 147 Mpc

BAO imprinted in the microwave background at z=1100
... and forever more in galaxy maps

Credit: D. Eisenstein

David Schlegel, N3AS 2025
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Baryon Acoustic Oscillations (BAO) provide a standard ruler at 147 Mpc

BAO imprinted in the microwave background at z=1100
... and forever more in galaxy maps

[hese fluctuations of 1 part in 10°

ravitationally grow into...
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Universe at 380,000 years old (CMB)
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Baryon Acoustic Oscillations (BAO) provide a standard ruler at 147 Mpc

BAO imprinted in the microwave background at z=1100
. and forever more in galaxy maps

These fluctuations of 1 part in 105
tIOnaIIy grow into...
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Baryon Acoustic Oscillations (BAO) provide a standard ruler at 147 Mpc

BAO imprinted in the microwave background at z=1100
... and forever more in galaxy maps

Galaxy maps give us two measures:
along the line of sight, H(z),

+ perpenticular to the line-of-sight, D4(2)
Ar,=(C/H)AZz Ar =DaA0

H(z) = \/Qu(1+2)° + (1= Q= Q)1 +2)° +

Observer

David Schlegel, N3AS 2025 42
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Dark Energy Spectroscopic Instrument (DESI), 2021-2028
multiplexed with 5000 optical fibers on a robotic focal plane
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DESI — a much bigger map with 42 million galaxies... and counting...

Credit: David Kirkby



DESI year 1 results published in April 2024,
DESI year 3 results published in March 2025,
based upon several samples of galaxies + quasars

R, , +10 million stars

3 million (1.0<z<4.0
SDSS: 0.5M

16 million (0.6 <z < 1.6) SDSS: 0.2M

8 million (0.4 <z < 1.0) spss: 1M

13 million (0.1 <z <0.4) SDSS: 0.6M

David Schlegel, N3AS 2025



Lyman-alpha forest

light for the

Quasars at z > 2.1 used as a back
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Quasars at z > 2.1 used as a back-light for the Lyman-alpha forest

DA Definition

BAO scale

*—0

2
. = LyB/OVI

Normalized Flux F)\

¢ —CIII

S — Fell+Felll

.

-
)

- —

==NNN\Y

1200 1300 1400 1500
Rest Wavelength (&)

/ Sampling noise / \ \

n=surface density of lines of sight Resolution Detector noise
(analogous to galaxy shot noise)

Ideal 3D power
(perfectly sampled)

David Schlegel, N3AS 2025




DESI analyses were all conducted blinded
BAO feature well-measured in 7 samples at 7 redshifts

Overall BAO size

LRG3+ELG1
Pre ® Post

BAO anisotropy

().15 0.50
k [hl\"lpc_l]

100 125 150
s [h~Mpc] :
Fourier space

David Schlegel, N3AS 2025 configuration space



DESI analyses were all conducted blinded
Most of the maps underwent some “reconstruction”
to remove some of the non-linear gravitational growth

David Schlegel, N3AS 2025
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David Schiegel,

Bright Galaxy Sample, z<0.4, 0.9% distance

BGS

S0 1 00 1 20) | 40)
S [/1 % I\l[)(f]

DESI Collaboration; arXiv:2503.14738

N3AS 2025
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David Schiegel,

Luminous Red Galaxies, 0.4<z<0.6, 0.8% distance

S 00 1 20) 140
s [h~'Mpc]

DESI Collaboration; arXiv:2503.14738

N3AS 2025
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David Schiegel,

Luminous Red Galaxies, 0.6<z<0.8, 0.7% distance

30) 100 1 20 [ 40)
s [h~'Mpc|

DESI Collaboration; arXiv:2503.14738

N3AS 2025
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Luminous Red Galaxies, 0.8<z<1.1, 0.5% distance

60 all ' 1 20)
S [/1 % ,L\l[.)(']

DESI Collaboration; arXiv:2503.14738

David Schlegel, N3AS 2025
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Emission Line Galaxies, 0.8<z<1.1, 0.9% distance

29

ELG1

20)
1S

10

[0 | 20) 140
s [h~'Mpc]

DESI Collaboration; arXiv:2503.14738

David Schlegel, N3AS 2025
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David Schiegel,

N3AS 2025

LRG3 + ELG1, 0.8<z<1.1, 0.5% distance

LRG3+ELG1

30 100 1 20) | 40)
S [/1 % I\l[)(f]

DESI Collaboration; arXiv:2503.14738
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Emission Line Galaxies, 1.1<z<1.6, 0.7% distance

100 1 20)
S [/1 3 I\l])(f]

DESI Collaboration; arXiv:2503.14738

David Schlegel, N3AS 2025
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David Schiegel,

N3AS 2025

QSOs, 0.8<z<2.1, 1.5% distance

30 100 1 20) | 40)
S [/1 3 I\l[)(f]

DESI Collaboration; arXiv:2503.14738
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QSO Lyman-alpha forest, z=2.3, 0.65% distance

 Neutral hydrogen in the intergalactic
medium leaves a distinctive
sighature in the spectrum of quasars

* Measure the density along the line
of sight to each quasar, producing a
3-d map of neutral gas

* BAO peak 1.1% precision along
LOS

e BAO peak 1.3% precision
perpendicular

20 40 60 80 100 120 140 160 180
r [Mpc/h]

DESI Collaboration; arXiv:2503.14739
David Schlegel, N3AS 2025
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DESI gives a very precise history of the scale of the universe

13.9
1.0

The size of BAO along the
LOS, «;,, constrains the
expansion rate (slope).

H(z) « Dy o o,

O
o0

L)

The size of BAO on the
sky, a,, constrains their
distance from us.
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DESI DR2 results: Aggregate precision on BAO scale 0.3%

lookback time [Gyr]
3 9

— Planck ACDM ---- DESI wyw,CDM

15 2.0 2.5
redshift z

David Schlegel, N3AS 2025



Interpretation in context of Lambda-CDM (ACDM) model

DESI galaxies at different redshifts are compatible and complementary

e Taking the acoustic scale as uncalibrated, the
measurement of the acoustic peak at z=0
would measure Hgry

« Measuring at non-zero redshift gives some Q,,
dependence

e (Contours are bounded because we measure
D, and H at each redshift

100
Hyrq [100 km s_l}

David Schlegel, N3AS 2025 DESI Collaboration; arXiv:2503.14738

BGS
LRGI

| LRG?2
| LRG+ELG

ELG
QSO

IJ‘\’-( )
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Interpretation in context of Lambda-CDM (ACDM) model

DESI galaxies at different redshifts are compatible and complementary

DESI BAO gives:

BGS
54 .. LRG1
Matter density of the Universe measured to 2.9% A A\ \\ T\ ' LRG9
Q. =0.298 £+ 0.0086 | \ B [ RCLELG
A\ ELG
Hubble constant X sound horizon measured to 0.7% * N QSO

Horg = (101 o4 + 073) [102 Km S'1] ,, S, \ Ly-a

100
Hyrq [100 km s_l}

David Schlegel, N3AS 2025 DESI Collaboration; arXiv:2503.14738 64



Constraints on neutrino mass in flat ACDM model
Neutrino mass both shifts the position of the last scattering surface (CMB peaks + BAO)
and suppresses the growth of structure.
This analysis consideres only the former...




Constraints on neutrino mass in flat ACDM model

DESI breaks parameter degeneracies in the CMB to further limit the sum of neutrino masses
... but those limits substantially relaxed if Dark Energy is dynamic

-== CMB In ACDM model.

DES] 2m, < 0.064 eV (95%)
EEN DESI+CMB

In wowaCDM:
sm, < 0.163 eV (95%)

Constraints are model and prior dependent

ACDM

(.30 ().32 (.34 .56

- =l



Constraints on neutrino mass in flat ACDM model

DESI breaks parameter degeneracies in the CMB to further limit the sum of neutrino masses
... but those limits substantially relaxed if Dark Energy is dynamic

——| DESI+CMB [CamSpec] In ACDM model:
DESI+CMB [P1ik] >m, < 0.064 eV (95%)
|
|

——| DESI+CMB [L-H]

- == | DESI+CMB [CamSpec]| (wow,CDM)

In wowaCDM:
sm, < 0.163 eV (95%)

Constraints are model and prior dependent

But we know neutrinos have mass!!

0.0




DESI in the context of the “Hubble tension controversy”

DESI BAO is consistent with previous results, however late-time measures of the Hubble expansion
are still “in tension”

Planck
Planck+ lensin
BAO+Pantheon+BBN+6MC,p,ancg HO[km/S/M pC]
DES+BAO+BBN
ACT-DR4
SPT-3G TT/TE/EE

Indirect

Cepheids — SNI . .
Riess et al. 2022 DESI + BBN constraints on physical

Breuval et al. 2020 (D vs 2)

Burns et al. 2018 baryon density, Qyh? ;| breaks the Hy rg
g degeneracy:

Scolnic et al. 2023
Anderson et al. 2023
Jones et al. 2022
Anand et al. 2021
Freedman et al. 2021

e Ho = (68.51 £ 0.58) km s=1 Mpc-

Huang et al. 2019 in 5.40 tension with SHOES

Masers
Pesce et al. 2019

Tully Fisher Either the nearby distance scale is
ombert et al. 2020 wrong by 7% (15% in flux!!) or the

Schombert et al. 2020

Surface Brightness Fluctuations Sound hO”ZOn |S aCtua”y 7% Shorter
Blakeslee et al. 2021 .
than we infer!!??

SNII
de Jaeger et al. 2022

David Schlegel, N3AS 2025 68



DESI results alone consistent with ACDM (nhon-evolving dark energy)

DESI DR2 within 2-c of ACDM

DESI DR1 BAO
B DESI DR2 BAO

David Schlegel, N3AS 2025
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DESI results alone consistent with ACDM (nhon-evolving dark energy)

DESI DR1 + CMB _
W - W + 1- W
DESI DR2 + CMB (@) o+ (1-a) w,

DESI DR2 + CMB prefers evolving
dark energy by 3.1-c

(+0.5¢0 compared to DESI|I DR1)

David Schlegel, N3AS 2025
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Dark Energy with a time-varying equation of state wowa.CDM
appears to fit the data better than ACDM when including supernova data

w(a) =wp + (1-a) w,

Combining DESI+CMB+Supernova increased
preference for wo > -1 and wa <0

DESI| DR1
results

DESI+CMB+PantheonPlus: 2.5¢
DESI+CMB+Union3: 3.5
DESI+CMB+DESYS5 SN: 3.90

B DESI BAO + CMB + PantheonPlus
DESI BAO + CMB + Union3

B e e Are we seeing first hints for a time-varying w(a)

rather than ACDM?

David Schlegel, N3AS 2025
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Dark Energy with a time-varying equation of state wowa.CDM
appears to fit the data better than ACDM when including supernova data

w(a) =wp + (1-a) w,

Combining DESI+CMB+Supernova increased

results preference for wo > -1 and wa <0

DESI+CMB+PantheonPlus: 2.8c
DESI+CMB+Union3: 3.8c
DESI+CMB+DESY5 SN: 4.20

[ i DESI4+CMB+Pantheon-+
L DESI+CMB+Union3

BN | DESI+CMB-+DESY5 Are we seeing first hints for a time-varying w(a)
rather than ACDM?

David Schlegel, N3AS 2025
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Dark Energy with a time-varying equation of state wowaCDM
still preferred when using low-redshift probes otherthan supernovae

w(a) =wp + (1-a) w,

Replacing CMB with DESY 3 3x2pt
(weak lensing + galaxy clustering)

DESI + DESY3 (3x2pt) ==> 2.2¢
DESI + DESY3 (3x2pt) + DESY5 ==> 3.3¢

'DESI+DESY3 (3 x 2pt)
B DESI+DESY3 (3 x 2pt)+DESY5
B | DESI+CMB+DESY5

Are we seeing first hints for a time-varying w(a)
rather than ACDM?

—1.0

David Schlegel, N3AS 2025
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Evolving dark energy

The best-fit LCDM model in DESI+CMB doesn’t match the trend in the SNe — would need an
0.05 mag shift

isotropic BAO anisotropic BAO SN distance modulus: DESY5
0.08
DESI ] 0O DEsSYs
103 4 = ACDM: CMB 0.06 -
. —— ACDM: DESI ]
21004 — ACDM: DESI+CMB 0.04 -
£ ACDM: DESY5 ]
£ 0.02 -
= 1.01 -
-
gy

000 L_______--__———-’#%
—0.02 - ' 1

— 1.00 ——m—m—mm—m A ) 1
e . 3 %
\Q_/ 0.99 - : | _0.04 _
0.98 4 ' _0.06 j | -
$ 1 '
097 HBERRRRL ! ! | I 1 L I ) HBRRRRR | | I P 1 1 1 11 | _008 -IIIIIIII | | | P10 1 1 11 !
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redshift z redshift z redshift z
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Evolving dark energy

A model of a constant w doesn’t help...

isotropic BAO anisotropic BAO SN distance modulus: DESY5
0.08

DESI wCDM: DESI+CMB+DESY5 - O DESYs
103 4 —— ACDM: CMB ' 0.06 -

0.04 1

0.02 1

0.00 __%_%

—0.02 1

—0.04 1
—0.06 1

0.98 - ' ' -
® : ,
0.97 BB ! 1 ! | L I . FTrrrrenl ! I ! P 11 ri | _0.08 HERRRRL ! I 1 P TP !

0.02 0.1 0.5 1 3 0.02 0.1 0.5 1 3 0.02 0.1 0.9 1 3
redshift z redshift z redshift z
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Evolving dark energy

...But a model with wgy,w, Is able to bend to steer through the tensions...

isotropic BAO

DESI
—— ACDM: DESI+CMB

-~ 1.00
& \
o N\
Ei(lm)_ N L
0.98 - -
097 BB ERR | ! ! ! | I 11 |
0.02 0.1 0.5 1

redshift z

David Schlegel, N3AS 2025

anisotropic BAO

= wowe CDM: DESIH+-CMB4DESY5

0.02 0.1 0.5 1 3
redshift z

SN distance modulus: DESY5

0.08 -
006é
004;.
OﬂQé

0.00 -

[J DESY5

—0.02 1
—0.04 1
—0.06 -
—0.0S-IIIIHH ! | ! | !
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Apparent weakening of dark energy today
when combining DESI + CMB + supernovae

Togsyfs acceleration Acceleration started
lower than in ACDM sooner than in AGId
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_f q(z)
7

. -
O,
e
)
-
©
S
©
Q.
C
O
e
©
-
@
O
O
)
O

David Schlegel, N3AS 2025



Weakening dark energy today

Ask the theorists what this means... they're writing ~3 papers/day...

Credit: Cristhian Garcla-Quintero

Phantom Today Never Phantom

Always Phantom

David Schlegel, N3AS 2025
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